Aus der Medizinischen Klinik und Poliklinik 111
Klinik der Universitat Minchen
Direktor: Prof. Dr. rer. nat. Dr. med. Michael von Bergwelt

Description and optimization of a multiplex bead-based
flow cytometry method (MBFCM) to characterize
extracellular vesicles in serum or culture supernatants
samples from patients with hematological malignancies

Dissertation
zum Erwerb des Doktorgrades der Humanbiologie
an der Medizinischen Fakultat der

Ludwig-Maximilians-Universitat zu Minchen

vorgelegt von
Lin Li
aus Tian Chang, China
Munchen

Jahr 2023



Mit Genehmigung der Medizinischen Fakultat

der Universitat Miinchen

Berichterstatter: Prof. Dr. Helga Schmetzer

Mitberichterstatter: Prof. Dr. Uwe Kodel

Prof. Dr. Christian Ries

Dekan: Prof. Dr. med. Thomas Gudermann

Tag der miindlichen Priifung: 30.03.2023



Affidavit

LMU

LUDWIG-

MAXIMILIANS-

UNIVERSITAT
MUNCHEN

Promotionsbiiro
Medizinische Fakultat

MIVIRS

Eidesstattliche Versicherung

Lin Li

Name, Vorname

Ich erklare hiermit an Eides statt, dass ich die vorliegende Dissertation mit dem Titel:

Description and optimization of a multiplex bead-based flow cytometry method (MBFCM) to char-
acterize extracellular vesicles in serum or culture supernatants samples from patients with hema-

tological malignancies

selbstandig verfasst, mich auf3er der angegebenen keiner weiteren Hilfsmittel bedient und alle Er-
kenntnisse, die aus dem Schrifttum ganz oder annahernd Gibernommen sind, als solche kenntlich
gemacht und nach ihrer Herkunft unter Bezeichnung der Fundstelle einzeln nachgewiesen habe.

Ich erklare des Weiteren, dass die hier vorgelegte Dissertation nicht in gleicher oder in ahnlicher Form
bei einer anderen Stelle zur Erlangung eines akademischen Grades eingereicht wurde.

Munich, 13.02.2023

Ort, Datum
Doktorand

Unterschrift Doktorandin bzw.



Contents

2 i T N O 3
INhaltSVerzeiChnis ....... ... s s s e e s e s e e s e e e e e e e e nnnnmnnnnns 4
AbBKUIrZUNGSVErZEICHNIS ........eeieiiccerre s s e e sss e s s ss s s s s s s s e e s s s snr e e enssnnn e eenssnnnennans 5
PUbliKationsliste..........ccccoiiiiiiiii e s s s s s s s s s s e s e e e s e e e e e e e e e e e e e e nnnnnnnnnnnnnn 7
1. Your contribution to the publications ... 9
1.1 Contribution t0 PAPET | ...ceeieiiiiie e 9
1.2 Contribution t0 PAPET 11 ... 9
1.3 Contribution to paper H (APENAIX) ......coiciiiieeiiiiiiee e e e senaeee s 9
2. [T 1 1= 0T T 1
2.1 LBUKEIMIA ..ttt e e e e e e e e e e e e e e e e e e e e e e e as 1
2.2 Extracellular VESICIES (EVS) ...coiiuuiiiiiiiiiee et 11
2.3 Dendritic cells (DC) and mixed lymphocyte culture (MLC) ........cccooviieieieiiieeen. 12
2.4 Detection and quantification of EVS.........c..coociiiiiii e 12
2.5 Preparation and Characterization of EV derived miRNAS ............ccccoeeieieiiinnnnni. 13
2.6 Outline and overview of this thesis ... 13
3. AV EST- 10 01 41T ) £ L= UL e 16
4, Abstract (English):......ccocoiiiiiiiirii s 17
5. == 18
6. == | 34
7. L2 = =Y 0 L= S 63

Acknowledgements ... ——————— 67



Abkurzungsverzeichnis

AML
ALL
APCs
allo-SCT
BM
CAR-T
CD

CLL

CIK
CTX

DC

DCS
DCleu
DCmat
Deg

DS
EV(s)
fNTA
GM-CSF

HSCT
ICS
IFCM
LAA
MRC
MBFCM
MHC
MLC
MLCS

Acute myeloid leukemia
Acute lymphoid leukemia
Antigen presenting cells
Allogeneic stem cell transplantation
Bone marrow
Chimeric-Antigen Receptor-T cells
Cluster of differentiation
Chronic lymphoid leukemia
Cytokine-induced killer
Cytotoxicity fluorolysis Assay
Dendritic cells
DC culture supernatants
Leukemia-derived dendritic cells
Mature dendritic cells
Degranulation assay
Down syndrome
Extracellular vesicle(s)
Fluorescence nanoparticle tracking analysis
Granulocyte-macrophage colony-stimulating factor
Healthy
Hematopoietic stem cell transplantation
Intracellular cytokine staining
Imaging flow cytometry
Leukemia associated antigens
Myelodysplasia related changes
Multiplex bead-based flow cytometry
Major histocompatibility complex
Mixed lymphocyte culture

MLC culture supernatants



MNC
miRNA
NK
NOS
PB
PGE+
RNA-Seq
SEC
t-MN
TEM
WB

Mononuclear cell

MicroRNA

Natural killer

Not otherwise specified

Peripheral blood

Prostaglandin E1

RNA sequencing

Size exclusion chromatography
Therapy-related myeloid neoplasms
Transmission electron microscopy

Whole blood



Publikationsliste

1.1 Publications Included in This Thesis

The following publications were summarized for this cumulative medical thesis in accordance with
the examination rules of the medical faculty of the LMU Munich:

Publication | and Il are used for this cumulative dissertation.
Publication I:

Lin Li, André Gorgens, Veronika Mussack, Elena Pepeldjiyska, Anne Sophie Hartz, Andreas
Rank, Jorg Schmohl, Doris Kramer, Samir El Andaloussi, Michael W. Pfaffl, Helga Schmetzer:
Description and optimization of a multiplex bead-based flow cytometry method (MBFCM) to char-
acterize extracellular vesicles in serum samples from patients with hematological malignancies.
Cancer Gene Therapy 2022; Published online:27.04.2022, https://doi.org/10.1038/s41417-022-
00466-1, IF=5.987

Publication II:

Lin Li, Veronika Mussack, André Gorgens, Elena Pepeldjiyska, Anne Sophie Hartz, Hazal Aslan,
Elias Rackl, Andreas Rank, Jorg Schmohl, Doris Kramer, Samir El Andaloussi, Michael W. Pfaffl,
Helga Schmetzer: The potential role of serum extracellular vesicle derived small RNAs in AML
research as non-invasive biomarker. Accepted for publication by nanoscale advances 13.02.2023;
IF=5.598

To your information:
Publication Il (in addition):

Comments see in ,lhr Beitrag zu den Verdffentlichungen®: 1.3 contributions to paper Il and Ein-
leitung.

Lin Li, Veronika Mussack, André Goérgens, Elena Pepeldjiyska, Anne Sophie Hartz, Hazal Aslan,
Elias Rackl, Andreas Rank, Jorg Schmohl, Doris Kramer, Samir El Andaloussi, Michael W. Pfaffl,
Helga Schmetzer: Role of EVs as promotors to study activation of leukemia-derived dendritic cells’
(DCleu)-mediated antileukemic activation of adaptive and innate immune-reactive cells against
AML-blasts

(in preparation)

1.2 Other original Publications

1, Elena Pepeldjiyska, Lin Li, Jincheng Gao, Christian Blasi, Erdem Ozkaya, Jérg Schmonhl,
Christoph Schmid, Andreas Rank, Doris Kraemer, Helga Maria Schmetzer, et al: Leukemia de-
rived dendritic cell (DCleu) mediated immune response goes along with reduced (leukemia-spe-
cific) regulatory T cells. Immunobiology; published online: 11.06.2022,
https://doi.org/10.1016/j.imbio.2022.152237, IF=3.16

2, Elias Rackl, Lin Li, Lara Kristina Klauer, Selda Ugur, Elena Pepeldjiyska, Carina Gunsilius,
Melanie Weinmann, Fatemeh Doraneh-Gard, Nina Reiter, Corinna Seidel, Caroline Plett, Daniel
Christoph Amberger, Peter Bojko, Doris Kraemer, Jorg Schmohl, Andreas Rank, Christoph
Schmid, Helga Maria Schmetzer: Dendritic cell triggered immune activation goes along with pro-
vision of (leukemia-specific) Integrin beta 7 expressing immune cells and improved antileukemic
processes. International Journal of Molecular Sciences 2022; received 27.12.2022, IF=6.208

1.3 Manuscripts submitted for publication/in preparation:

1, Elias Rackl, Anne Hartz, Hazal Aslan, Lin Li, Lara Klauer, Elena Pepeldjiyska, Carina Gunsilius,
Melanie Weinmann, Fatemeh Doraneh-Gard, Corinna L. Seidel, Caroline Plett, Olga Schutti, Dan-
iel C. Amberger, Christoph Kugler, Peter Bojko, Doris Kramer, Jérg Schmohl, Andreas Rank,



Christoph Schmid and Helga Maria Schmetzer: Dendritic cell mediated provision of (leukemia
specific) T-cell receptor gamma delta (TCRgd) expressing cells improve antileukemic reactions.
Journal of Immunotherapy (under review)

2, Baudrexler Tobias, Boeselt Tobias, Li Lin, Bohlscheid Sophia, Boas Ursel, Schmid Christoph,
Rank Andreas, Schmohl Jorg, Koczulla Rembert, Schmetzer Helga: Volatile profiling using an
eNose allows differentiation of volatile phases derived from Serum, DC, or MLC culture superna-
tants from healthy or leukemic samples (under review)

3, Lin Li, Boeselt Tobias, Baudrexler Tobias, André Gorgens, Veronika Mussack, Elena Pe-
peldjiyska, Anne Sophie Hartz, Hazal Aslan, Elias Rackl, Andreas Rank, Doris Kramer, Samir El
Andaloussi, Michael W. Pfaffl, Helga Schmetzer: VOC pattern recognition of AML: evaluation of
eNose - based miRNA strategies (in preparation)

4, Lin Li, Veronika Mussack, André Goérgens, Elena Pepeldjiyska, Anne Sophie Hartz, Hazal
Aslan, Elias Rackl, Andreas Rank, Jérg Schmohl, Doris Kramer, Samir El Andaloussi, Michael W.
Pfaffl, Helga Schmetzer: Potential of extracellular vesicle (EV) derived small RNAs as non-inva-
sive biomarker for AML monitoring? (in preparation)

5, S. Bohlscheid, E. Pepeldjiyska, L. Li, J. Gao, C. Seidel, C. Blasi, E. Ozkaya, J. Schmohl, D.
Kraemer, C. Schmid, A. Rank, H. M Schmetzer: Kit-treatment of Antileukaemic T-cell responses
can be predicted by compositions of regulatory T-cell subpopulations-under hypoxic and normoxic
conditions (in preparation)

1.4 Contributions to conferences (poster presentations):

1, Lin Li, Veronika Mussack, Elena Pepeldjiyska, Anne Hartz, Andreas Rank, Christoph Schmid,
Erdem Ozkaya, Selda Ugur, Michael Pfaffl, Helga Schmetzer (Germany) Role of Exosomes as
promotors or biomarkers to study activation of leukemia-derived dendritic cells (DCleu)-mediated
antileukemic activation of adaptive and innate immune-reactive cells against AML-blasts. ITOC?,
2-3 October 2020; P01.11. Journal for ImmunoTherapy of Cancer Oct 2020, 8 (Suppl 2) A13-A14;
DOI:10.1136/jitc-2020-ITOC7.24

2, Lin Li, Veronika Mussack, Elena Pepeldjiyska, Anne Hartz, Andreas Rank, Christoph Schmid,
Erdem Ozkaya, Selda Ugur, Michael Pfaffl, Helga Schmetzer (Germany): Role of Exosomes as
promotors or biomarkers to study activation of leukemia-derived dendritic cells (DCleu)-mediated
antileukemic activation of adaptive and innate immune-reactive cells against AML-blasts. EBMT,
2020, A392, Bone Marrow Transplantation 54, suppl. 1

3, Lin Li, Veronika Mussack, André Gorgens, Elena Pepeldjiyska, Anne Sophie Hartz, Hazal
Aslan, Elias Rackl, Andreas Rank, Jérg Schmohl, Doris Kramer, Samir El Andaloussi, Michael W.
Pfaffl, Helga Schmetzer: The potential role of extracellular vesicle-derived small RNAs in AML
research as non-invasive biomarker, EBMT online (2021)

4, Lin Li, Veronika Mussack, André Goérgens, Elena Pepeldjiyska, Anne Sophie Hartz, Hazal
Aslan, Elias Rackl, Andreas Rank, Jérg Schmohl, Doris Kramer, Samir El Andaloussi, Michael W.
Pfaffl, Helga Schmetzer: The Potential role of extracellular vesicle-derived small RNAs in AML
research as non-invasive biomarker, ITOC9, 2022-A-34-ITOC, P0701

5, Baudrexler Tobias, Boeselt Tobias, Bohlscheid Sophia, Li Lin, Schmid Christoph, Rank An-
dreas, Schmohl Jorg, Helga Schmetzer: Volatile profiling using an eNose allows differentiation of
volatile phases derived from serum, DC, or MLC culture supernatants from healthy or leukemic
samples: J. Immunotherapy of cancer 10(supp1),10.1136/jitc-2022-ITOC9.37 (2022)



Ihr Beitrag zu den Veroffentlichungen

Co-Authors’confirmations

All co-authors signed a confirmation, that Lin Li has the permission to use the publications for her
PhD thesis. Furthermore, they confirmed that the publications are not part of another doctoral
thesis. The Documents were submitted separately with this thesis.

1.1 Contributions to Paper | (attached)

Title: Description and optimization of a multiplex bead-based flow cytometry method (MBFCM) to
characterize extracellular vesicles in serum samples from patients with hematological malignan-
cies

Authors: Lin Li, André Gorgens, Veronika Mussack, Elena Pepeldjiyska, Anne Sophie Hartz, An-
dreas Rank, Jorg Schmohl, Doris Kradmer, Samir El Andaloussi, Michael W. Pfaffl, Helga
Schmetzer.

Journal: Cancer gene therapy,2022, https://doi.org/10.1038/s41417-022-00466-1.

Contributions: Lin Li designed the study together with H.S. Lin Li conducted experiments for pre-
paring EVs from serum. Lin Li assessed clinical reports and performed all statistical analyses. Lin
Li prepared a manuscript draft (including abstract, introduction, methods, discussion and conclu-
sion) and prepared all figures and tables. Lin Li submitted the final manuscript (prepared together
with V.M, A.G and H.S) to the journal, revised it according to reviewers’ comments together with
H.S and resubmitted it to the journal.

1.2 Contributions to Paper Il (attached)

Title: The potential role of serum extracellular vesicle derived small RNAs in AML research as
non-invasive biomarker

Authors: Lin Li, Veronika Mussack, André Gorgens, Elena Pepeldjiyska, Anne Sophie Hartz,
Hazal Aslan, Elias Rackl, Andreas Rank, Jorg Schmohl, Doris Kramer, Samir EI Andaloussi, Mi-
chael W. Pfaffl, Helga Schmetzer:

Journal: Nano advances, 2022

Contributions: Lin Li designed the study together with H.S, M.\W.P and A.G. Lin Li conducted
experiments for preparing EVs from serum. Lin Li assessed clinical reports and performed all
statistical analyses. Lin Li prepared a manuscript draft (including abstract, introduction, methods,
discussion and conclusion) and prepared all figures and tables. Lin Li submitted the final manu-
script (prepared together with V.M, A.G and H.S) to the journal, revised it according to reviewers’
comments together with H.S and resubmitted it to the journal.



10

1.3 Contributions to Paper lll

Paper lll is not used for cumulative dissertation, but is important for state the experimental expe-
rience.

Publication lll,

Title: Role of EVs as promotors for activation of leukemia-derived dendritic cells’ (DCleu)-medi-
ated antileukemic activation of adaptive and innate immune-reactive cells against AML-blasts

Authors: Lin Li, André Goérgens, Veronika Mussack, Elena Pepeldjiyska, Anne Sophie Hartz,
Hazal Aslan, Elias Rackl, Andreas Rank, Jorg Schmohl, Doris Kramer, Samir EI Andaloussi, Mi-
chael W. Pfaffl, Helga Schmetzer

(in preparation)

Contributions: Lin Li designed the study together with H.S, M.W.P and A.G. Lin Li conducted great
parts of cellbiological and functional experiments (including dendritic cell cultures, mixed lympho-
cyte culture, degranulation assay (Deg), intracellular cytokine assay (ICS), cytotoxicity and other
(functional) assays). Lin Li assessed clinical reports and performed all statistical analyses. Lin Li
prepared a manuscript draft (including abstract, introduction, methods, discussion and conclusion)
and prepared all figures and tables.



11

2. Einleitung

2.1 Leukemia

Leukemias are malignant disorders of the blood and bone marrow (BM) *. Acute myeloid leukemia
(AML), Acute lymphoid leukemia (ALL) and Chronic lymphoid leukemia (CLL) are blood/BM can-
cers of mainly elderly patients, with uncontrolled proliferation of myeloid or lymphoid blasts 23.
AML is a heterogeneous disease, in which 220% of cells in the blood or BM are myeloblasts 4,
characterized by the accumulated proliferation and survival of immature myeloid cells. According
to the morphology and immunophenotype, AML is classified into categories . AML is the result
of genetic abnormalities, comprised of mutations and chromosomal rearrangements related with
clinical, morphological and immunophenotypic features °. ALL develops predominantly in children
and elderly patients. ALL is characterized in differentiation and proliferation of lymphoid precursor
cells. Therapeutic improvements showed that, 80-90% of children with ALL can be treated and
cured with combination chemotherapy >. Based on genome-wide analyses, ALL has been clas-
sified into B- and T-lineage subtypes ”. CLL is characterized by the progressive accumulation of
B cells (e.g.CD5, CD19, CD23) in the blood, bone marrow, lymph nodes and spleen®. Recently
chlorambucil is still the standard frontline therapy for elderly CLL patients °.

Due to high proliferation rates of leukemic blasts, symptoms mostly develop rapidly within weeks
after diagnosis and may finally lead to death. Accumulation of blasts in the blood or BM results in
an ineffective hematopoiesis, which leads to symptoms of neutropenia, erythrocytopenia or
thrombocytopenia going along with fever, infections, hemorrhages, inappetence or degradation
of performance status '%'". Therefore, it is essential to assess immediately diagnostic results and
to evaluate treatment options. The prognosis can be estimated by a distinction of three risk groups
(favourable, intermediate and adverse), based on clinical features like age, primary/secondary,
comorbidities and certain cytogenetic or molecular aspects 7-'"2. The immuno-microenvironment
contributes to predict the course of leukemia. The immune evasion mechanisms mediated by
tumors can inhibit T cell immunity specially '2-'4,

The main efficient curative treatments of leukemia are still chemotherapy with allogeneic stem
cell transplantation (allo-SCT) or Chimeric Antigen Receptor-T cells (CAR-T). Allo-SCT may sur-
vive longer or even cure more patients via an immune-mediated graft-versus-leukemia effect,
however still goes along with important risks e.g. for infections, graft versus host disease and
substantial non-relapse mortality '%'6. CAR T-cell immunotherapy is a promising treatment prin-
ciple, which concerns the engineering of T cells to kill tumors by targeting CD19, especially in
eliminating B-cell leukemia 1718, The discovery of new molecular mutations might result in individ-
ualized therapies and offer new biomarkers that can be used to monitor minimal residual disease
', The ability to detect minimal residual disease could help to prevent relapses by early interven-
tion.

2.2 Dendritic cells (DC) and mixed lymphocyte culture (MLC)

DCs are a portion of the innate immune system, specialized antigen-presenting cells (APCs),
which stimulate immune cells by processing antigens and presenting their fragments via major
histocompatibility complex (MHC) | and II. Leukemia-derived DC (DCieu) can be generated from
mononuclear cell (MNC) or whole blood (WB) using “DC-generating Kits” such as Kit M (GM-CSF
and PGE+) and are characterized by the expression of (patient-specific) blast markers/LAA (Leu-
kemia associated antigens) together with DC or other immunogenic antigens 20-22,
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After T cell-enriched mixed lymphocyte cultures (MLC), DCieu mediate activation of immune reac-
tive innate and adaptive immune reactive cells with the detection of increased frequencies of
(leukemia specific) T and innate (especially) NK cell (subtypes) 2324, The innate immune system
may comprise of macrophages, dendritic cells, cytokine-induced killer (CIK) and natural killer (NK)
cells, which provide the first-line defense against pathogens and tumors, the adaptive immune
system may comprise of T- and B- cells, which mediate tumor environment by antigen-specific
responses 202529,

2.3 Extracellular vesicles (EVs)

“Extracellular vesicles”, are actively or passively released from cells. EVs contain a lipid bilayer
membrane that protects the encapsulated material, including proteins, nucleic acids, lipids and
metabolites 3°. EVs have been classified into categories: apoptotic bodies, microvesicles and ex-
osomes. EV types have significant differences in their biogenesis, physiochemical properties,
molecular composition and biological function 3!. EVs can be harvested from all body fluids. EVs
can be released by dendritic cells (DCs), B cells, T cells and others that function within the adap-
tive immune system and they display a plethora of functions according to their origin 32.

EVs play an important role in antigen presentation and in communication between immune cells
32 and play a role in pathological and physiological systems, in cancer or neurobiology 3. EVs or
their subtypes could generate connections with the surrounding cells, mediate cellular uptake,
reform immune recognition via posttranslational modifications by the innate and adaptive immune
systems 3. Therefore, the multiple potential of EVs is to be used as biomarkers, therapeutic tar-
gets, immune evasion or immunotherapy and biologically engineered EV .

In hematological malignancies, EVs reorganize the environment of BM. In AML, EVs promote the
communication between cells and conduct adaptation of compartmental BM function via traffic of
protein, RNA and DNA 3¢. Tumor-derived EVs can deliver signals, inhibit cell differentiation, en-
hance expansion of regulatory T cells and myeloid-derived suppressor cells 3. On the other
hand, EVs, as cancer monitors, can offer a minimally invasive method to carry tumor molecular
information and represent collective parameters of tumor cells 3. The collection and purification
of EVs in AML might modulate disease stage, drug resistance or immune therapies *°.

Furthermore, EVs secreted by DCs mediate the mesenchymal stem or stromal cell recruitment.
This was shown to support time-controlled changes to the micromilieu and could promote regen-
erative responses. T-cell responses are down regulated by immature DCs, the activation, prolif-
eration and differentiation of effector T cells are promoted by mature DCs “°=2. This DC-to-DC
communication is essential to display functions, which is mediated through cell-to-cell contact,
soluble mediators and interaction with apoptotic cell derived EVs 4346,

2.4 Detection and quantification of EVs

EVs can be identified or characterized by ultra-centrifugation, precipitation, size exclusion chro-
matography (SEC), ultrafiltration or other methods 4748, EVs can be obtained by multiple methods
to assess purity and/or prove specific properties of interest 4849, e.g. transmission electron mi-
croscopy (TEM), fluorescence nanoparticle tracking analysis (fFNTA), western blotting 385051, |n
EV research, TEM is a focused beam of electron transmitted via a thin specimen to create a
sample image, 38 fNTA is particle tracking pattern to determine and identify EVs concentration
and size distribution of particles 385, both of them are popular and useful methods. Detailed phe-
notyping of EV subsets can be achieved by multiplex bead-based flow cytometry analysis
(MBFCM) ®" or by high resolution single vesicle imaging flow cytometry (IFCM) to quantify further
EV subsets %2. Advantages of combining such flow cytometric methods are, that subsets of EVs
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can be detected and enumerated together with microvesicles with diameters above 200 nm in a
multi-parametric way. The MISEV guidelines explain in detail which parameters are necessary for
a reliable and valid EV isolation and characterization 4’. Precipitarom real-life clinical blood sam-
ples deliver more reproducible microRNA candidates and hence a better and more valid bi-
omarker signature. As further advantage, the miRNA biomarker signature can be easily confirmed
by orthogonal methods, like RT-gPCR, which is an essential core point in a valuable biomarker
development.

MBFCM (39 capture bead populations) can reproducibly detect EV surface markers in sample
types (EV-containing) via a semi-quantitative pattern 5'. According to the assay documentation,
MBFCM assays focus on the 37 EV surface antigens and another two internal isotype negative
controls. Particularly three bead populations, i.e., CD9, CD63, CD81 are a mixture of pan anti-
tetraspanin. Other markers coated with specific capture antibodies, comprise T cell, B cell, mon-
ocyte, thrombocyte, integrin, endothelial, or MHC-associated antigens %' and can be character-
ized according to their individual fluorescence intensity.

2.5 Preparation and Characterization of EV derived miRNAs

MicroRNAs (miRNAs) are short, non-coding RNAs. MiRNAs are post-transcriptional regulators of
gene expression of many essential cellular processes *3. MiRNAs can be released into body fluids
in combination with lipoproteins or proteins or encapsulated in EVs 54. It has been reported that
EV-mediated transfer of surface- and intra-vesicular proteins, lipids and nucleic acids (RNA and
DNA) with direct effects on recipient cells. EVs carry and deliver essential molecular information,
in majority via microRNA and proteins for cell physiology and metabolism.

MiRNAs play gene-regulatory roles, generating remarkable functions in physiological and patho-
logical processes %3. MiRNAs can act as either tumor activating or suppressing RNAs in different
subtypes of leukemia, either by targeting them on the mRNA level or by working together with
concerning proteins to promote tumors, related with a series of leukemic processes, including
proliferation, survival, differentiation, self-renewal, tumor development and chemotherapy re-
sistance *.

Huan et al. isolated total RNA derived from EVs in AML cell lines and primary AML cells *¢. How-
ever, the content of RNA derived from EVs differed significantly in cell lines and primary AML
cells. Large amounts of small RNAs and miRNAs were detected in EVs %2557 with 5- to 13-fold
higher enrichment of miRNAs compared to parental cells found in cell lines 8. EVs and their
miRNAs are shown to play an important regulative role in nearly all physiological or immunological
processes and have been connected with leukemia 5°.

2.6 Outline and overview of this thesis

Leukemias are life-threatening malignant disorders of the blood and BM. For leukemia patients,
the major reason of disease recurrence is the minimal residual leukemia cells after chemotherapy
and/or hematopoietic stem cell transplantation (HSCT). DCs can be generated from leukemic
blasts in vitro and in vivo (DCieu). DCieu are characterized by simultaneous expression of dendritic-
and leukemic- antigens. EVs are membrane-bound particles, carrying large amounts of cargo
materials including miRNA, proteins and immune-related ligands active in cell-to-cell communi-
cation. Due to their enhanced stability, EVs and EV derived miRNAs are in the focus of most
biomarker and molecular studies and serve also as novel analyte in hematological neoplasms.
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The aim of this thesis was to (1) isolate EVs in serum and culture supernatants from leukemic
patients and healthy donors; (2) identify EVs (from serum and culture supernatant samples) by
TEM and fNTA; (3) characterize and compare the EV surface antigens with MBFCM from leuke-
mic patients versus healthy donors; (4) evaluate and compare resulting data for potential corre-
lation with AML patients’ clinical data or with immunological/functional features in culture super-
natants; (5) assess EV associated miRNA profiles that could be applied as potential biomarkers
comparing healthy donors’ with leukemic patients’ serum and culture supernatant.

Overview Publication I-Description and optimization of a multiplex bead-based flow cytom-
etry method (MBFCM) to characterize extracellular vesicles in serum samples from pa-
tients with hematological malignancies

The objective of publication | was to quantify and characterize serum-derived EVs from AML,
ALL, CLL and healthy controls and evaluate whether these profiles could be used as potential
diagnostic markers for clinical research.

TEM, fNTA and MBFCM were used to detect and assess EVs in serum, aiming to establish a
proof-of-concept workflow to characterize EVs and to potentially predict immune reactions from
leukemic and healthy samples.

Typical cup-shaped imaging of serum EVs by TEM was detected and EV concentrations and size
distribution profiles by fNTA were first characterized from AML, ALL, CLL patients and healthy
controls. In a next step MBFCM which comprises 39 capture bead populations was adapted for
serum. High signal intensities of CD133 in AML, HLA-DRDPDQ in ALL and CD11c and CD146 in
CLL derived EVs were found after normalizing data from leukemic to healthy samples. Frequen-
cies of immune cytologically detected leukemic cells as well as platelet, white blood cell counts
and cellular markers (e.g.CD14, CD19, CD3 and CD56) correlated in part with frequencies of
specific EV associated antigen expressions as characterized by MBFCM in leukemia samples.

In summary, MBFCM might contribute to indicate the involvement of EVs in leukemia. MBFCM is
good method to detect the specificity and heterogeneity of EVs and the role of specific EVs as a
suitable marker in leukemia classification and the monitoring of (leukemia-associated) EVs de-
rived and released from cells.

Overview Publication II-The potential role of serum extracellular vesicle derived small
RNAs in AML research as non-invasive biomarker

The objective of publication Il was to evaluate the differences of EVs derived miRNAs in serum
from AML compared to healthy controls and to deduce whether they could serve as biomarkers
for diagnostic and disease stratification.

Therefore, the quantitative and qualitative assessment of EV surface characteristics using
MBFCM and especially the characterization of the EV derived miRNA cargo by RNA-Seq were
evaluated in AML samples compared to healthy controls.

According to the manufacturer’s protocol, total RNA was isolated from purified EVs. 152 miRNAs
were found in Healthy and 159 in AML samples, 136 of which were detected in both H and AML
samples. 5 up regulated miRNAs (miR-10a-5p, miR-155-5p, miR-100-5p, miR-146b-5p, let-7a-
5p) and 5 down regulated miRNAs (miR-185-5p, miR-4433b-3p, miR-199a-5p, miR-451a, miR-
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151a-3p) were identified by small RNA sequencing in AML vs H samples. The largest difference
in AML compared to Healthy was detected for miR-10a-5p (Log2FC=4.89).

In conclusion, EV derived miRNA dysregulation in serum by tumor activators or suppressors might
have a significant impact on disease progression and prediction. MiRNA expression profiling
might provide important diagnostic and prognostic information and could qualify as biomarkers in
AML research.

Due to the pandemic situation, Lin was not allowed to perform any experiments in WG Pfaffl and
Gédrgens (related with paper | and Il). However, Lin could perform cellbiological and functional
experiments in the WG Schmetzer. Results of this experimental work (in cooperation with WG
Pfaffl and Gdérgens) are provided in publication Ill, that will be submitted to Journal in the next
weeks.

Overview Publication lll- Role of EVs as promotors for activation of leukemia-derived den-
dritic cells’ (DCleu)-mediated antileukemic activation of adaptive and innate immune-reac-
tive cells against AML-blasts (in preparation)

The objective of publication Il was to generate and quantify DC/DCies from WB using Kit M (GM-
CSF and PGE-) (vs control) and to stimulate the patients’ immune cells after MLC. The potential
role of DC or MLC culture supernatants derived EVs as biomarkers in AML patients versus healthy
controls as well as influences of blast/immune modulatory strategies to modify antileukemic pro-
cesses should be evaluated.

Therefore, DC/DCieu with blast modulating Kit M (GM-CSF and PGE-) (vs control) from AML and
healthy WB and stimulated T-cell enriched immunoreactive cells in MLC were generated. TEM,
fNTA and MBFCM were used for EV detection in DC culture supernatants (DCS) and MLC culture
supernatants (MLCS) from AML and Healthy samples.

DC/DCieu generated with Kit M from leukemic WB (vs control) were shown to activate T-cell's
(e.g.CD4+, CD8+, non-naive T cells, central memory T cells and effector memory T cells) differ-
entiation in AML compared to Healthy samples after MLC. Kit M pretreated WB moreover in-
creased leukemia-specific activity after MLC (specifically intracellular IFNy and CD107a expres-
sion) and anti-leukemic activity compared to control were evaluated and compared. EV concen-
trations by fNTA and EV surface antigens by MBFCM and cellular marker expressions by flow
cytometry in DCS and MLCS from AML and Healthy samples were evaluated and assessed.

In summary, specific EVs may play a fundamental role in the immune modulatory responses in
the AML.

Conclusion

MBFCM is generally suitable for EV characterization and can not only quantify and qualify EV
surface antigens but also contribute to compare different individual surface antigens between
leukemia and Healthy samples. We assume that EVs and EV derived miRNA cargo could be
considered as privileged biomarkers, demonstrating their physiological features and development
of the disease. These findings contribute to confirm the unique function of EVs (e.g.) also to im-
prove antileukemic immune responses, or with respect to the role of EVs/EV derived miRNA as
new biomarkers. Now we are going to analyze EVs’ potential role for predicting or mediating
antileukemic processes ex vivo or in vivo.
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3. Zusammenfassung:

EVs sind membrandse Vesikel und ein Verstandnis ihrer Rolle bei der Tumorentstehung oder
Immunaktivierung kdnnte dazu beitragen, antileukédmische Prozesse zu verstehen und zu moni-
torieren. EVs wurden aus dem Serum von AML-, ALL-, CLL-Patienten und gesunden Proben
isoliert. Das typische becherformige Erscheinungsbild von Serum-EVs wurde durch TEM identi-
fiziert, und EV-Konzentrationen und Grofken von Serum-EVs durch fNTA ermittelt. Hohe Anteile
an EVs (positiv fir CD81, CD63, CD9), die linienassoziierte EV-Marker exprimieren (CD8, CD42a,
CD62P und HLA-DRDPDAQ ) wurden in AML-, AML-, CLL- und gesunden Serum-Proben mit Hilfe
von MBFCM (unter Verwendung von 37 spezifischen Markern) detektiert. Unsere Daten zeigten
Korrelationen von EV-Markerexpressionen (gemessen durch MBFCM) in Serum mit immunzyto-
logisch nachgewiesenen Leukamiezellen, Blutplattchen- und Leukozytenzahlen in allen AML-,
ALL- und CLL-Proben.

Insbesondere wurden in AML- und gesunden Proben mit MBFCM hohe Anteile an EVs (positiv
fur CD81, CD63, CD9) gefunden, die zusatzlich CD8, CD41b, CD42a, CD62P, HLA-DRDPDQ
und SSEA-4 exprimierten. Gesamt-RNA wurde aus EVs Uber ,small RNA* Sequenzierung zur
qualitativen/quantitativen Charakterisierung von AML- und gesunden Proben isoliert: In AML vs
gesunden Serum-EVs wurden hochregulierte miRNAs (miR-10a-5p, miR-155-5p, miR-100-5p,
miR-146b-5p, let-7a-5p) und herunterregulierte mMiRNAs (miR-185-5p, miR-4433b-3p , miR-199a-
5p, miR-451a, miR-151a-3p) detektiert.

Wir konnten mehrere vielversprechende und spannende Ergebnisse zur EV - und (aus EV pra-
parierten) miRNA Charakterisierung erarbeiten. In den laufenden Projekten werden wir diese me-
thodischen Strategien anwenden, um neue Ergebnisse aus Kulturiiberstanden zu generieren.:

Nach der Generierung von DC/DCleus mit Kit M (GM-CSF und PGE1) aus leukdmischem Vollblut
konnten wir zeigen, dass nach T-Zell-angereicherter MLC mit DC/DCleu-haltigen Proben leuka-
miespezifische/ anti-leukamischen T-zellen entstanden. Dies fiihrte zu einer verbesserten anti-
leukdmischen Immunantwort. EVs wurden aus DC- und MLC-Kulturiiberstanden von AML-Pati-
enten und gesunden Probanden isoliert. In unserer aktuellen Studie werden wir EV-Zusammen-
setzungen vor vs nach DC/MLC- Kultur mit oder ohne Kit M-Einfluss in den -Kulturiiberstdnden
weiter charakterisieren und vergleichen. Wir méchten herausfinden, ob EVs wahrend der DC-
oder MLC-Kultur Modulationen durchlaufen kénnten.

Aus dieser Proof-of-Concept-Studie mit Serum- oder Kulturiiberstanden lieferte MBFCM einen
intensiveren Einblick in die Expression von Oberflachenmarkern auf EVs-von Leukamiepatienten.
Dies kénnte ein Ausgangspunkt fiir zukiinftige Studien sein. Darliber hinaus kdnnten Analysen
von EVs und miRNAs aus EVs dazu beitragen neue nicht-invasive Marker zur (Sub-)Klassifizie-
rung von Leuk@mien zu finden, die Vorhersagen zum Therapieansprechen oder zum Krankheits-
verlauf beitragen.
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4. Abstract (English)

EVs are membranous vesicles and their role in tumor or immune activation could contribute to
evaluate and monitor antileukemic processes. EVs were isolated from serum of AML, ALL, CLL
patients and healthy volunteers. Typical cup-shaped appearance of serum EVs was identified by
TEM and EV concentrations and size distribution profiles of purified serum EVs were character-
ized by fNTA. EV markers (CD81, CD63, CD9) and lineage associated EV markers CD8, CD42a,
CD62P and HLA-DRDPDQ were highly expressed in AML, AML, CLL and Healthy samples eval-
uated by MBFCM (using 37 specific markers). Our data detected correlations of serum-derived
EV marker expressions (detected by MBFCM) with immune cytologically detected leukemic cells,
platelet and white blood cell counts in all AML, ALL and CLL samples.

Especially, high frequencies of EVs coexpression CD81, CD63, CD9 and in addition CD8, CD41b,
CD42a, CD62P, HLA-DRDPDQ and SSEA-4 (as evaluated by MBFCM) were found in AML and
Healthy samples. Total RNA was isolated from EVs via small RNA sequencing for qualita-
tive/quantitative characterization from AML and Healthy samples. Up regulated miRNAs (miR-
10a-5p, miR-155-5p, miR-100-5p, miR-146b-5p, let-7a-5p) and down regulated miRNAs (miR-
185-5p, miR-4433b-3p, miR-199a-5p, miR-451a, miR-151a-3p) derived from EVs in AML vs
healthy samples were found.

We were able to work out several promising and exciting results in the field of EVs/EV derived
miRNA characterization. In the ongoing project we will apply these methodological strategies to
deduce more interesting results using culture supernatants:

After generation of DC/DCiey with Kit M (GM-CSF and PGE+1) from leukemic WB, DC and DCieu
containing WB lead to specifically stimulated anti-leukemic (T)-cells after T-cell enriched MLC,
giving rise to improved anti-leukemic immune response. EVs were isolated from DC and MLC
culture supernatants of AML patients and healthy volunteers. In our ongoing study, we will pre-
cede and further characterize and compare EV compositions before or after DC/MLC culture su-
pernatants with or without Kit M. We want to evaluate or identify, whether EVs could undergo
modulations during DC or MLC culture.

From this proof-of-concept study using serum or culture supernatants, MBFCM provided more
insight into general expression of EV surface markers from leukemia patients and could support
some starting points for future studies. Moreover, analyses of EVs and EV derived miRNAs, as
novel non-invasive markers, could contribute to (sub)classify leukemia and to predict outcome
and response to treatment for leukemia.
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Extracellular Vesicles (EVs) are membranous vesicles produced by all cells under physiological and pathological conditions. In
hematological malignancies, tumor-derived EVs might reprogram the bone marrow environment, suppress antileukemic immunity,
mediate drug resistance and interfere with immunotherapies. EVs collected from the serum of leukemic samples might correlate
with disease stage, drug-/immunological resistance, or might correlate with antileukemic immunity/immune response. Special EV
surface protein patterns in serum have the potential as noninvasive biomarker candidates to distinguish several disease-related
patterns ex vivo or in vivo. EVs were isolated from the serum of acute myeloid leukemia (AML), acute lymphoid leukemia (ALL),
chronic lymphoid leukemia (CLL) patients, and healthy volunteers. EVs were characterized by transmission electron microscopy and
fluorescence nanoparticle tracking analysis, and EV surface protein profiles were analyzed by multiplex bead-based flow cytometry
to identify tumor- or immune system-related EVs of AML, ALL, CLL, and healthy samples. Aiming to provide proof-of-concept
evidence and methodology for the potential role of serum-derived EVs as biomarkers in leukemic versus healthy samples in this
study, we hope to pave the way for future detection of promising biomarkers for imminent disease progression and the
identification of potential targets to be used in a therapeutic strategy.

Cancer Gene Therapy; https://doi.org/10.1038/541417-022-00466-1

INTRODUCTION

Leukemia

Leukemia and lymphoma are blood malignancies that affect
people of all ages and result in approximately 23,000 deaths in
the United States per year [1]. Acute myeloid (AML) [2],
lymphoid (ALL) [3], or chronic lymphoid leukemia (CLL) [4] are
clonal diseases with uncontrolled proliferation of myeloid or
lymphoid leukemic cells, that can be identified and character-
ized by flow cytometry. Rates of complete remission (CR),
prognosis and survival depend on the grade of anemia,
thrombocytopenia, white blood cell expansion and karyotypes.
Risk-adapted therapies for AML, ALL, and CLL patients consist of
chemotherapy with/without stem cell transplantation (SCT), but
the rate of early failures and relapses is still unsatisfying. Since
relapse rates in successfully treated AML, ALL, and CLL patients
are high, new therapy options are needed [5, 6].

Immune surveillance

Effective immune surveillance of patients with hematologic
malignancies such as leukemia is mediated by cellular and
noncellular arms of the innate and adaptive immune system.
The innate immune system includes macrophages, dendritic cells
(DC), and natural killer (NK) cells, which respond quickly to an
immunological threat. The adaptive immune system includes T
and B cells, which mediate tumor immunity by antigen-specific
responses and provide long-lasting protection by effector-
memory responses [6, 7]. Furthermore, other cells at the interface
of the innate and the adaptive immune system (e.g cytokine-
induced killer cells (CIK) or invariant natural killer T-cells (iNKT)) are
important mediators in antitumor-, autoimmune-, and antimicro-
bial responses and tumor surveillance. Moreover, soluble key
players and mediators of immune reactions trafficking through the
body like hormones, (B-cell-derived) antibodies, cytokines, che-
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mokines, and several macromolecules, membranous vesicular
entities, such as extracellular vesicles (EVs), circulating nucleic
acids and their derivatives appear equally relevant in immuno-
modulatory mechanisms [6-9].

Tumor and immune monitoring

Regularly, anergy of T cells or other immune cells can be regularly
reverted to anti-leukemic functionality. It is important to under-
stand leukemia-related as well as antileukemic processes. There-
fore analyzing and monitoring the involvement of different
(activating or inhibitory) cells, soluble or even the smallest
molecules in antileukemic processes is necessary: qualitative and
quantitative flow cytometric evaluations and monitoring of
leukemic- and immune-reactive cells and their subtypes in a
tumor-, inflammatory or infectious immunological context (in vivo
or in various cell cultures) is important and informative to evaluate
and monitor inhibitory or activating (antigen specific) cell
populations [6, 8, 9].

In recent years, previously unrecognized influences of physical
factors such as physiological hypoxia and other molecules (e.g.
soluble molecules or circulating vesicles (EVs)) have been put to
the test, and their role in tumor or immune activation or
monitoring of various events could contribute to further under-
standing of such processes [10].

Extracellular vesicles (EVs)

Extracellular vesicles (EVs) are membranous vesicles produced by
all cells under physiological and pathological conditions [11]. EV
mediated information transfer allows a crosstalk between cells of
the hematopoietic system and interactions between hematopoie-
tic cells and local or distant tissue cells [12]. Emerging evidence
suggests that EVs play a key role in the regulation of the entire
physiology, including tissue differentiation and repair, hemato-
poietic stem cell development, coagulation, pregnancy or immune
surveillance [13-15]. Due to the heterogeneity, the small size of
EVs and the lack of standardization and, in particular, a qualified
method to analyze multiple parameters of single EVs, a qualitative
and quantitative detection and evaluation of EVs is challenging. As
of now, only a few EV surface markers have been reliably linked to
specific cell sources [7, 16].

Methods to isolate and characterize EVs

EVs can be isolated by various methods, e.g. ultracentrifugation,
precipitation, size exclusion chromatography, ultrafiltration, and
other immunoaffinity-based binding strategies [17]. A combina-
tion of isolation methods will increase the EV purity. Isolated pure
EVs can be characterized by multiple methods to prove their
specific properties. For example, EV morphology and size can be
assessed by transmission electron microscopy (TEM) [18]. More-
over, (fluorescence) nanoparticle tracking analysis (fNTA) [15]
allows to determine particle size and concentration of vesicle
preparations. EV specific (surface) protein markers (e.g. CD9, CD63,
CD81) can be detected using Western blot and different flow
cytometry-based methods.

While high sensitivity and high-resolution methods like Imaging
Flow Cytometry (IFCM) are very promising to unravel EV
heterogeneity and to quantify subsets more accurately, such
methods also require further benchmarking against other
methods and standardization before they can be used widely
and ultimately in a clinical context [15, 19]. Here, we instead have
further explored the use of multiplex bead-based flow cytometry
(MBFCM) for analysis of EVs in human serum samples. MBFCM
does not provide information about single EVs, however, it is a
robust method to assess the overall EV surface protein signature in
isolated EV samples including human body fluids such as blood
serum/plasma [14, 15]. We previously have optimized this
multiplex bead-based method with a focus on cell culture-
derived EVs [20], and here we aim to further explore MBFCM to
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characterize EVs from patients suffering from various hematolo-
gical malignancies and relate results to clinical data in a first proof-
of-concept study.

The aim of this study was to (1) prepare EVs from standard serum
samples of leukemia patients and healthy donors; (2) characterize
resulting EV preparations by standard methods, i.e, TEM and fNTA;
(3) evaluate the use of MBFCM for comparing the overall EV surface
protein composition on EVs in minimally processed samples from
leukemia patients versus healthy donors; (4) evaluate resulting data
for potential correlation with patient’s cellular or clinical data. (5)
Proof of concept deduction of EV-associated prognostic and
diagnostic classification strategy for leukemia patients.

MATERIALS AND METHODS

Patients’ characteristics and diagnostics

Samples from patients with AML (n=4), ALL (n=3), CLL (n=2), and
healthy donors (n = 4), provided by the University Hospitals of Munich,
Stuttgart, Oldenburg, and Augsburg, were collected after obtaining
patients’ written informed consent in accordance with the Helsinki
protocol and the local Ethic Committee (Pettenkoferstr. 8a, 80336 Munich,
Ludwigs-Maximilians-University Hospital in Munich; Vote-No 339-05). The
mean age of AML patients was 60.75 (range: 38-81) years, of ALL patients
59 (range: 57-62) years, of CLL patients 80 (range: 76-84) years and of
healthy controls 36 (range: 29-56) years (Table 1).

AML patients presented with primary (p) (n = 2) or secondary (s) AML
(n=2) disease, three patients were analyzed at first diagnosis, one at
relapse. According to National Comprehensive Cancer Network (NCCN)
guideline, all four AML patients were risk categorized as Adverse. All three
ALL patients were classified as c-B/ALL according to the European Group of
Immunophenotyping of Leukemias classification and were risk-categorized
as “standard” (n = 1), “high” (n=1) or “highest risk” (n = 1) based on the
Study Group for Adult Acute Lymphoblastic Leukemia (GMALL). The two CLL
patients were classified as p/B-CLL and risk-categorized as Binet A (Table 1).
Leukemia samples contained between 18 and 82% of immune cytologically
detected leukemic cells (IC leukemic cells) and decreased sequence of
monocytes, T-, B-, and NK-cells compared to healthy samples (Table 2).

Preparation of serum samples

Around 10 ml serum were taken from patients with AML, ALL, CLL, and
healthy donors. Cells were sedimented and serum retained by centrifuga-
tion at room temperature for 10 min at 2000x g. The resulting supernatants
(containing EVs) were aliquoted in 0.5 ml tubes and stored at -80 °C until
further processing.

Enrichment of EVs from serum samples by immunoaffinity

As recommended by MISEV2018 guidelines, EVs were characterized by
TEM and fNTA [20]. For this purpose, EVs were enriched from 1.5 ml serum,
respectively, by immunoaffinity applying the Exosome isolation kit pan,
human (Miltenyi Biotec, Germany) as recommended by the manufacturer
including a one-by-one dilution with 1x PBS prior to an additional
centrifugation at 10,000x g for 45 min. After elution in 100 pl isolation
buffer, EV preparations were vacuum evaporated to a final volume of
around 20 pl, recording the exact volumes for later re-calculations.

Transmission electron microscopy (TEM)

TEM was performed to evaluate EV morphology and size, and to assess the
purity of enriched EV fractions. Therefore, five pl of freshly isolated EV
preparations were loaded onto formvar carbon-coated grids (Nickel Grid
200 mesh; Electron Microscopy Sciences, USA) and left there to adhere for
five minutes prior to five minutes of negative staining with 2% aqueous
uranyl acetate at room temperature in the dark. Surplus liquids were
removed. Images were acquired of air-dried grids on the same day at 80 kV
using the Zeiss EM 900 instrument (Zeiss, Germany) equipped with a wide-
angle dual-speed 2KCCD camera.

Fluorescence Nanoparticle Tracking Analysis (fFNTA)

Particle diameter/size distribution and concentration in resulting EV
preparations were analyzed by fNTA. For discrimination between biological
and non-biological particles a fluorescent membrane dye was used.
Analyses were performed on a ZetaView PMX110 instrument (Particle

Cancer Gene Therapy
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Table 2. Cellular composition of AML, ALL, CLL, and healthy samples.

Pat.Nr D14+ CD19+
expressing cell expressing cell
AML P1562 0.12 2.88
P1564 0.25 Bal
P1574 3.87 39.5*
P1584 8.15 0.77
ALL P1587 9.53 35.04*
P1588 143 14*
P1605 517/ 68*
CLL P1589 5.03 7/l
P1591 1.08 45.92%
H 1561 5.46 239
1566 3.15 0.74
1576 9.54 214
1582 1.59 0.65

CD3+
expressing cell

64.96

CD56+
expressing cell

Chspi

CD56+-/CD3-
expressing cell

2.96*

10.27 5.24* 334
11.93 1.02 0.32
8.55 26.9* 17.35%
32.87 31.72* 2015178
3273 5.08* 3.82%
10.78 8.23* Spi
11.38 9.4* 4.42*
1.9 1.78 1.77
20.75 9.92 6.67
11.83 4.67 3.16
8.96 12.28 478
nd 5.16 2.83

* (aberrant) expression of these markers on leukemic cells.

Metrix, Germany), and the corresponding software version 8.05.12 SP1 was
used as described before [21]. In brief, EV preparations were stained with
5 pg/ml CellMask Orange Plasma Membrane Stain (Invitrogen, USA) and
incubated for 30 minutes at 37 °C prior to appropriate sample dilution in 1x
PBS. After instrument calibration, the temperature was clamped at 23 °C,
and the pre-acquisition parameters to measure in the fluorescence mode
were set to a shutter of 70, frame rate of 30 and a sensitivity of 95 % at
high resolution. Post-acquisition parameters were as follows: minimum
brightness of 25, size range of 5-1000 nm and a trace length of 15. Two
cycles of measurement at eleven positions were conducted. To obtain EV
concentrations of initial serum samples, a recalculation according to Eitan
et al. [22] was applied accounting for sample dilution and EV sample and
serum volume. Additionally, thereby obtained EV concentrations were
normalized to the number of one million white blood cells.

Multiplex Bead-Based Flow Cytometry (MBFCM)

Serum samples were subjected to multiplex bead-based EV flow cytometry
analysis (MBFCM; MACSPlex Exosome Kit, human, Miltenyi Biotec) as
described previously [15]. In brief, EV-containing serum samples were thawed
and (without further purification) subjected to centrifugation at 2,500 x g for
15 minutes before supernatants were processed as follows: Unless indicated
otherwise, 30 L of sample was diluted 1:1 with MACSPlex buffer (MPB) to a
total volume of 60 uL and loaded onto wells of a pre-wet and drained
MACSPlex 96-well 0.22 um filter plate before 8 pL of MACSPlex Exosome
Capture Beads (containing 39 different antibody-coated bead subsets) were
added to each well and counterstained with APC-labelled pan-tetraspanin
antibodies (CD9, CD63, CD81) as described previously. Unless mentioned
otherwise in the results section data was analyzed as described before [15].

Statistical analysis

Data is presented as mean + standard deviation unless otherwise stated.
For the comparison of two groups a paired t-test was used, more than two
groups were analyzed applying one-way analysis of variance (ANOVA) with
Benjamini-Hochberg adjustments for multiple comparisons [23]. Differ-
ences were considered as ‘not significant’ in cases with p-values > 0.1, as
‘borderline significant’ () with p-values between 0.05 and 0.1, as
‘significant’ (¥) with p values between 0.01 and 0.05, as ‘highly significant’
(**) with p values between 0.001 and 0.01, as ‘very highly significant’ (***)
with p values between 0.0001 and 0.001 and as ‘extremely significant’
(****) with p-values < 0.0001. Pairwise Pearson-correlation with t-test was
used for correlation analyses. Statistical analyses and creation of diagrams
were performed using Microsoft Excel 2016, GraphPad Prism, version 8.4.0
and 8.4.3 and R programming language, version 4.1.0.

RESULTS
In this project, TEM, fNTA-based and MBFCM EV detection
technologies were used to characterize and quantify EVs in serum
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of leukemia and healthy samples, aiming to establish a proof-of-
concept workflow to evaluate EVs as potential diagnostic/
prognostic or predictive markers for clinical entities and to
identify EV protein markers potentially predicting immune
reactions in the serum leukemic compared to healthy samples.
Enriched EVs derived from leukemia patients and healthy donors
were first characterized by TEM and fNTA, and in a next step
MBFCM was adapted to analyze EV surface protein compositions
in minimally processed serum samples derived from leukemia
patients versus healthy donors.

Characterization of serum-derived EVs in leukemic and
healthy control samples

First, we performed TEM imaging, as recommended by the
MISEV2018 guidelines, to characterize morphology of freshly
prepared serum EVs and confirm successful enrichment thereof by
an immunoaffinity-based strategy. Indeed, we could ascertain a
typical cup-shaped appearance of serum EVs with heterogeneous
desiccated diameters around 100 nm in both AML and healthy
samples. No differences between EVs derived from patients versus
healthy donors could be detected (Fig. 1a).

Next, we performed fNTA to quantify EV concentrations
(particles/ml serum and particles/million cell counts) and assess
size distribution profiles of purified EV samples from the
peripheral blood of healthy donors and EVs derived from AML,
ALL, and CLL patients (Fig. 1b, c). We utilized a protocol we
previously optimized [21] and analyzed EVs derived from four
AML-patients, three ALL-patients, two CLL-patients and four
healthy donors. While conventional NTA only allows detection of
total particles including non-EV particles, we here applied a
protocol based on utilizing a fluorescent membrane dye to stain
and quantify concentrations of stained EVs and not non-EV
particles which was previously optimized by Mussack et al. [21].
Overall, mean diameters of particles ranged between 163 and 218
nm, as typically observed in EVs obtained after preparation by
immunomagnetic separation. EVs obtained from healthy serum
appeared with a (very) highly significantly lower diameter of 163
(95% ClI: 149-177) nm compared to EVs derived from ALL- or CLL-
serum with 201 (95% CI: 186-215) nm and 218 (95% Cl: 198-237)
nm, respectively (Fig. 1b). The diameter of CLL-derived EVs was
even significantly larger compared to AML-derived EVs represent-
ing a mean diameter of 183 (95% ClI: 162-205) nm (Fig. 1b).

In total, fNTA revealed average concentrations of 1.63 (95% Cl:
1.37-1.88) x 107 particles/million cell counts for healthy controls,
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Fig. 1 Identification and quantification of EVs purified from serum samples using TEM and fNTA. EVs were prepared by immunoaffinity
enrichment applying Exosome isolation kit pan prior to an additional centrifugation. a TEM identifies EVs with typical cup-shaped appearance
in healthy (left side) and AML (right side) serum samples. Scale bars are the same for all images and represent 100 nm. Arrows exemplarily
highlight vesicular structures. b fNTA enables size and concentration analyses of EVs. Results of mean diameter (nm) and concentration
measurements (particles/ml serum and particles/million cell counts) of purified EVs from AML (n = 4), ALL (n = 3), CLL (n = 2) and Healthy (n =
4) samples are given. Detected particle concentrations were corrected for sample dilution and normalized to serum cell counts. Data is given
as mean +/— 95% Cl of values. c Size distributions of EVs measured by fNTA are given in histograms and tables. #Orders with increasing
patient numbers are given. Statistical analysis was done with GraphPad Prism, version 8.4.3, by one-way analysis of variance (ANOVA) with
Benjamini-Hochberg adjustments for multiple comparisons. Differences were considered as ‘significant’ () with adjusted p-values between
0.01 and 0.05, as ‘highly significant’ (**) with adjusted p values between 0.001 and 0.01, as ‘very highly significant’ (***) with adjusted p-values
between 0.0001 and 0.001 and as ‘extremely significant’ (****) with adjusted p values < 0.0001.

1.28 (95% CI: 1.09-1.47) x 107 particles/million cell counts for AML labelled detection antibody added, here a mixture of pan anti-
patients, 2.9 (95% Cl: 2.51-3.47) x 107 particles/million cell counts tetraspanin (CD9, CD63, CD81) antibodies aiming to detect all
for ALL patients, and 2.89 (95% Cl: 2.21-3.58) x 10 particles/ tetraspanin-positive EVs bound to the respective capture bead
million cell counts for CLL patients (Fig. 1b). The obtained [14]. The assay principle ensures that only EVs and not free
normalized EV concentrations of ALL and CLL samples were proteins are detected, thereby facilitating specific detection of EVs
extremely significantly higher compared to normalized EV without further purification, in both cell culture supernatants and
concentrations of healthy and AML samples. Size distributions of biological fluids [15]. Detected signal quantities directly correlate
EVs from healthy and leukemic sera appeared comparably with with the abundance of respective surface proteins in EV samples.
one peaking area around 200 nm (Fig. 1¢). Analysis of serum samples with this MBFCM assay can lead to

background or unspecific signals if EVs are not further purified,
Robust characterization of EV surface protein signatures with e.g. by size exclusion chromatography [15], which is why we

MBFCM previously have purified EVs before analysis, and normalized the
Next, we performed MBFCM analyses to compare the EV surface assay input between different donors based on measured NTA
protein expression on healthy donor versus leukemia patient- particle concentrations. Since this doesn’t allow direct comparison

derived EVs. We previously have optimized an MBFCM-based of the abundance of respective EV surface proteins between
assay for analysis of cell culture-derived EV and demonstrated that donors and potentially can introduce a bias from purification
this assay also facilitates the detection of EV surface markers in steps, we here aimed to directly measure unprocessed serum
different biological fluid samples [15]. Of note, we also showed samples instead.
that freeze thaw cycles do not affect detected EV surface marker In a first step, we therefore measured blood serum samples at
profiles notably. different input doses by MBFCM to establish a simple yet robust
The MBFCM assay used here is based on the co-detection of assay workflow suitable for relating data directly to abundance per
two EV surface markers: One marker based on specificity of one of blood volume without further sample processing. Capture beads
37 capture beads coated with specific capture antibodies included were identified as described previously [15] (Fig. 2a). We chose
in the assay, and the other marker based on the fluorescence- serum input amounts of 3, 10, 30, and 60 pL in a total volume

Cancer Gene Therapy SPRINGER NATURE



23

L. Lietal

a . b
control
P
o
2 w
é 400 boads.
20 @
o £
o b w0 &0 w0 1 §
FSC-A :: FSC-A 5
10K g .
, £
0 10
3 §
§ ol e L H
i H
% 0 <
200 s
° 0]
3 7 3 T S
° 00 400 600 800 10K 10° ' 10° 0 IO‘ VOo 10 10° 103 10 |0“ W‘ 10° W’
RO NTEROR B1-A (488-525/50 nm) R1-A (APC: 638 - 655-730 nm)
migG 1 H migG 1 H mige 1 4m
REA H EA REA I
co9 1 coo ] ==
coe3 1 coe3 ] coe3 =
coat 1 cos1 = coa1 =]
co1c-jum €0 1c-jm— €0 1c-jmm—
coz co2z cozfi
co3 co3 cosd@l
cosdl cosmm cosfm
¢ 1 cos L]
cotte cottcfl cotteql
co1s4{mm co 14 Jum— co14
coto{ml co1ofmmm =1
cozo{mm cozojmm 020 jm—
cp24fm co24 N cp24
co2s cozs {8 co2s
1 1 €029 —
co31 co31 c31
coso{mm cosojmmm co4o
coa1 1 c41 1 cp4tb —
co. ] ] —
co4sfm co4s jmm D44 jumm—
coasfl coasfl coasa
coage fum D490 JEmm— D49
cose cos6 [
= o — coe2p —
1 1
coas cossfi cose fml
cD 105 co10s c10s
co133{m c0 133 Jmmm 0133 Jum—
€0 142 Ju— co1 co1s. 1
cotesfl coras{m co1sacll
©0209. c0209 €209
coaze{mm coaze Jmm D326 jmmmm
HLA-ABC HLA-ABC 1 HLA-ABC 1
HLA-DRDPDQ = HLA-DRDPDQ 1 HLA-DRDPDQ 1
Mcse P jmm mcsp jmm
ROR1 ROR1 ROR1
SSEA-4 sseA-4{EE ssea.dfEmm_

S ® O 5 LS OO S
¥ o® A% P 4 SRR &% < S

Median APC fluorescence intensity

Median APC fluorescence intensity

S OO I IR P IR PURCI
Median APC fluorescence intensity

2

Fig. 2 Establishment of a robust workflow to directly quantify EV surface protein expression in serumsamples by MBFCM. a Gating
strategy applied to identify capture bead populations. b Examples for signals detected when using different seruminput volumes for the
MBFCM assay. Control indicates procedural control without EVs but stained with pan-tetraspanin detection antibodies, volumes given indicate
seruminput volumes. Allsamples were diluted in MACSPlex buffer to a final volume of 60 pL during the initial capture step. ¢ Example data
showing detected background-subtracted signal intensities for each marker at different seruminput volumes.

of 60 uL during the capture step (Fig. 2b). During processing,
samples with 60 pL input regularly clogged the filter plates used
which resulted in low bead counts and highly variable data (not
shown). 3-30 pL input resulted in low background based on
internal mlgG and REA isotype control signals, with highest signals
detected for positive markers at 30 L assay input (Fig. 2c). Based
on these results, we decided to use 30 L serum as assay input for
pre-cleared and otherwise unprocessed serum samples through-
out this study.

MBFCM measurement of EV surface protein profiles on
leukemia patient and healthy donor-derived serum samples
In this study we included samples from patients diagnosed with
AML (n=3), ALL (n=3), CLL (n=2) and Healthy donor-derived
samples (n = 4; Tables 1, 2) and analyzed the EV surface protein
profile by MBFCM. This assay comprises 39 hard-dyed capture
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bead populations (4 um diameter), each of them coated with
different monoclonal antibodies against 37 potential EV surface
antigens or two internal isotype negative controls (details
summarized in Table 3 [24-27]). Surface proteins included in the
MBFCM assay comprise the tetraspanins CD9, CD63, and CD81,
and other surface proteins such as various leukocyte, T cell (CD4,
CD8), B cell (CD19, CD20, CD24), monocyte (CD14), thrombocyte
(CD41b, CD42a, CD62Pa, CD69), integrin (CD11c (integrin aX or
CR4), CD29 (integrin B1), CD41b (integrin allB), CD49e (integrin
a5)), endothelial (CD31, CD105, CD146 (Mel-CAM)), or MHC-
associated (HLA-ABC (MHC-I), HLA-DRDPDQ (MHC-Il)) associated
antigens. MBFCM results obtained are given in Fig. 3. The
commonly used EV markers CD9, CD63, and CD81 were detected
on EVs in all measured samples, as expected (Fig. 3a). In addition,
lineage-associated markers (e.g. CD8, CD42a, CD62P and HLA-
DRDPDQ) were found on EVs in high expression in all sample
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Table 3. List of antibodies used as capture antibodies bound to the polystyrene particles in the multiplex platform [24-27].

integrin aX or CR4, monocytes, macrophages, NK cells, granulocytes, myeloid dendritic cells (MDCs),

monocytes and macrophages, subset of neutrophils and myeloid dendritic cells

B lineage cells from the pre-B cell stage to the B cell lymphoblast stage

activated T and B cells, macrophages, subset of non-activated CD4+ regulatory T cells

B cells, macrophages, dendritic cells, endothelial cells, fibroblasts, plasma cells, subset of peripheral

Cancer stem cells (CSC), hematopoietic, fibroblastic, and glial cells.

integrin «5 chain, lymphocytes, monocytes, fibroblasts, endothelial cells
neural cell adhesion molecule (NCAM), resting and activated NK cells, minor subset of CD3+ T cells

B7-2, activated B and T cells, dendritic cells, and monocytes/macrophages
mature endothelial cells, some leukemic cells of B lymphoid and myeloid origin

multipotent progenitor cells, including immature hematopoietic stem and progenitor cells, circulating
endothelial progenitor cells, fetal neural stem cells, other tissue-specific stem cells, cancer stem cells

Tissue factor, activated endothelial cells, monocytes, macrophages, platelets, and some tumor cell types

MUC18, MCAM, Mel-CAM, endothelial cells, pericytes, smooth muscle cells, follicular dendritic cells,
melanoma cells, sub-population of activated T lymphocytes, marrow stromal cells (MSCs)

EpCAM, basolateral surface of carcinoma and epithelial cells in tissues, circulating tumor cells, cancer
stem cells, not on melanoma, neuroblastoma, sarcoma, lymphoma, leukemia cells, or normal fibroblasts

melanoma-associated chondroitin sulfate proteoglycan antigen, melanoma tissues and melanoma cell
lines but not carcinoma cells, fibroblastoid cells, and cells of hematopoietic origin

receptor tyrosine kinase-like orphan receptor 1, chronic lymphocytic leukemia (CLL) and mantle cell
lymphoma (McLellan), ovarian cancer, renal cancer, melanoma, and lung adenocarcinoma, adipose

Capture antibody Clone Target
mlgG1 1S5-21F5 Isotype control
REA REA293 Isotype control
CcD9 SN4 Extracellular Vesicle marker
CD63 H5C6 Extracellular Vesicle marker
CcD81 5A6 Extracellular Vesicle marker
CD1c ADS5-8E7 BDCA-1, major subpopulation of human myeloid dendritic cells
CcD2 LT2.2 T cells, subset of NK cells
cD3 BW 264/56 mature human T cells, thymocytes, subset of NK cells
CD4 Vit-4.3 T helper cells, thymocytes, monocytes, dendritic cells
cD8 BW 135/80 cytotoxic T cells, thymocytes, subset of NK cells
CD11c MJ4-27G12
subsets of T and B cells
CcD14 TUK4
cD19 LT-19 B cells
CD20 LT20.34
CD24 32D12 heat-stable antigen (HSA)
CD25 3G10
CD29 TS2/16.2.1 integrin beta 1
CD31 AC128 monocytes, platelets, and granulocytes
CD40 HB14
T cells
CD41b REA336 B chain of Integrin a-llb, megakaryocytes, platelets
CD42a REA209 Platelets, megakaryocytes
CD44 DB105
CD45 5B1 leukocyte common antigen
CD49%e NKI-SAM1
CD56 REA196
CD62P REA389 P-selectin, vascular endothelial cells and platelets
CD69 FN50 Activated lymphocytes, monocytes, and platelets
CD86 FM95
CD105 43A4E1.71
CD133 AC133.1.6. 2.1.1
CD142 HTF-1
CD146 541-10B2
CD209 DCN-475.4 DC-SIGN, dendritic cells, endothelial cells, macrophages, spleen
CD326 HEA125
HLA-ABC REA230 Nuclear cells
HLADP/DQ/D R REA332 Antigen-presenting cells
MCSP EP-1
ROR1 2A2
tissue, at early stages of B cell development
SSEA-4

Stage-specific embryonic antigen 4, undifferentiated human embryonic stem (ES) cells, induced
pluripotent (iPS) cells embryonal carcinoma (EC) cells, and embryonic germ (EG) cells, somatic stem cells

entities, whereas the markers CD2, CD3, CD25, CD56, CD142, and
CD209 showed low expression on EVs as given in the heatmap
analysis. A more detailed presentation of results of single cases
(Fig. 3b-e) showed that the thrombocyte or myeloid blast cell-
associated markers (CD42a, CD62P, and CD133) were highly
expressed on AML-sample-derived EVs (Fig. 3b), whereas T cell
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(CD8), thrombocyte (CD42a, CD62P) or MHC associated (HLA-
DRDPDQ) markers were highly expressed on lymphoid leukemia-
sample-derived EVs (Fig. 3¢, d).

On a first glance EVs from healthy samples also showed a high
expression of CD8, CD19, CD29, CD41b, CD42a, CD62P, CD69 and
ROR1 markers (Fig. 3e). This means that coexpression of several
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Fig. 3 Identification of serum-derived EVs from AML, ALL, CLL and healthy samples by MBFCM. MBFCM allows the detection of EVs (co-)
expressing 37 different antigens in a semi-quantitative manner. Results (median fluorescence intensity) obtained with AML (n = 3), ALL (n = 3),
CLL (n = 2) and Healthy (H) (n = 4) samples are given in a heatmap analysis (Fig. 3 a). Data from single cases referring to individual P-numbers
are given (Fig. 3 b-e). Median APC fluorescence intensities are displayed resulting from MACSPlex analysis of EVs isolated from serum of all

samples.

lineage-associated markers can be demonstrated in varying
expressions in individual samples from leukemic and healthy
sample donors.

Differential serum-derived EV surface marker detection from
leukemic and healthy samples as sorted by surface markers
When sorting our results according to expressions of CD markers
on EVs in different leukemic compared to healthy samples, we
found remarkable differences (Fig. 4). Myeloid leukemic marker
CD133 was detected with highest signal intensities in serum-
derived EVs from AML compared to ALL, CLL, and Healthy
samples. We further observed strong variations in signal
intensities for CD209, which was not detected in CLL samples,
and HLA-DRDPDQ, which showed the highest detection signals on
serum-derived EVs from ALL samples. Of note, the expression of
CD8, CD11¢, CD31, CD40, CD41b, CD42a, and CD62P was detected
at high signal intensities especially on serum-derived EVs from CLL
samples. We observed a complete lack of signal detection for
CD56 and CD209 on serum-derived EVs from CLL samples, while
there was a clear signal on serum-derived EVs from AML, ALL, and
Healthy samples (Fig. 4).

Significantly lower (*) signal intensities of CD42a positive serum-
derived EVs were found in AML and ALL compared to CLL
samples. Borderline significantly lower (*) signal intensities of

SPRINGER NATURE

CD62P positive serum-derived EVs were found in AML compared
to CLL samples, while significantly lower (¥) signal intensities of
CD62P positive serum-derived EVs were found in ALL compared
to CLL samples. Borderline significantly lower (*) signal intensities
of CD41b positive serum-derived EVs were found in ALL compared
to CLL and Healthy samples (Fig. 4).

Differential EV-marker detection in leukemic or healthy
samples normalized to several subgroups

In order to evaluate differences between leukemic and healthy
samples in more detail, we normalized data of leukemic samples
to healthy samples (a), to leukemic cell counts (b) and to WBC
counts (c).

Differential EV-marker detection in leukemic samples normalized to
healthy samples. To detect and describe the differences between
leukemic and healthy EV profiles in more detail we normalized
results of leukemic samples to results obtained from healthy
samples. As given in Fig. 5a we found higher fold-changes (> 1.5)
of CD11¢, CD44, CD133, and lower fold-changes (> 1) of CD49e
and MCSP positive serum-derived EVs in AML than in healthy
samples. We found higher fold-changes of CD81, CD45, HLA-
DRDPDQ positive serum-derived EVs in ALL than in healthy
samples. We found higher fold-changes of CD63, CD8, CD11c,

Cancer Gene Therapy
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Fig. 4 Quantification and comparison of EV surface marker exp

in leukemic and healthy serum |

samples were analyzed by MBFCM. Differences in marker expressions on serum-derived EVs from AML (n = 3), ALL (n = 3), CLL (n =2) and
Healthy samples (n = 4) are shown in mean values. For statistical comparison of more than two groups one-way analysis of variance (ANOVA)
with Benjamini-Hochberg adjustments for multiple comparisons was applied. Differences were considered as ‘borderline significant’ () with
p-values between 0.05 and 0.1 and as ‘significant’ (¥) with p-values between 0.01 and 0.05.

CD40, CD42a, CD44, CD62P, and CD146 positive serum-derived
EVs in CLL compared to healthy samples (Fig. 5a).

In summary, these data show that serum-derived EVs from AML,
ALL, or CLL can be differentiated from healthy serum-derived EVs.
Especially, AML derived EVs (positive for CD11c and CD133), ALL
derived EVs (positive for CD45, HLA-DRDPDQ) and CLL derived EVs
(positive for CD11c and CD146) were found in higher fold-changes
compared to EVs derived from healthy samples.

Differential EV-marker detection in leukemic samples normalized to
IC leukemic cells. In addition, we normalized results obtained
from leukemia samples to IC leukemic cell proportions. As given in
Fig. 5b, IC leukemic cell normalized signal intensities were higher
for CD133 in AML than ALL and CLL. We found significantly lower
signal intensities of CD81 (***¥) positive serum-derived EVs
comparing AML with ALL derived EVs and significantly lower
signal intensities of CD9 (*), of CD63 (***¥), of CD81 (¥), of CD42a
(***¥), of CD62P (****) positive serum-derived EVs comparing AML
with CLL derived EVs with results normalized to IC leukemic cell
counts.

We found significantly lower (****) signal intensities of CD63,
CD42a, CD62P positive serum-derived EVs, but significantly higher
(*) signal intensities of CD81 positive serum-derived EVs compar-
ing ALL with CLL derived EVs with results normalized to IC
leukemic cell counts (Fig. 5b).

Differential EV-marker detection in leukemic samples normalized to

WBC counts. To detect and describe differences in more detail,
we normalized MBFCM results of leukemic samples to WBC

Cancer Gene Therapy

counts. As given in Fig. 5¢, we found high signal intensities
(positivity) of CD29, CD69, and CD133 on serum-derived EVs in
AML when normalized to WBC counts.

We found high signal intensities (positivity) of CD86 and HLA-
DRDPDQ on serum-derived EVs in ALL and high signal intensities of
CD8, CD42a on serum-derived EVs in CLL when normalized to WBC
counts. We found significantly lower signal intensities of CD63 (¥),
of CD42a (****) positive serum-derived EVs comparing AML with
CLL derived EVs and significantly lower signal intensities of CD63
(¥), of CD42a (****) positive serum-derived EVs comparing ALL with
CLL derived EVs when normalized to WBC counts (Fig. 5¢).

Comparisons and correlation analyses of serum-derived EV
marker expression by MBFCM and cellular marker expression
by flow cytometry in leukemic and healthy samples

Possible relationships between EV marker expressions (as
detected by MBFCM) and cellular marker expressions (as detected
by cellular flow cytometry) in leukemic and healthy samples were
assessed.

Correlation analyses of serum-derived EV and cellular marker
expressions (monocytes, B cells, T cells) in leukemic and healthy
samples. Since leukemic cells in none of the AML-cases were
positive for CD14, we compared CD14 marker expressions on EVs
from all pooled AML, ALL and healthy samples. We found a
significant positive correlation between serum-derived EV and
cellular positive CD14 marker expressions in pooled AML and ALL
samples (r=0.63, p=0.04, n=6), while a significant negative
correlation of this marker was seen in healthy samples (r =-0.68,

SPRINGER NATURE
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Fig. 5 Identification and comparison of serum-derived EVs from I after nor to healthy data (a) IC leukemic cell counts
(b) or WBC (c). MBFCM allows a semi-quantification and comparison of results in different diagnostic entities based on their (differential)
expression profile of 37 different antigens. Results (median fluorescence intensities) normalized to healthy data (a), IC leukemic cell counts (b)
or WBC-counts (c) are given. a Presentation of EV data normalized to healthy samples; b Presentation of EV data normalized to IC leukemic cell
proportions; ¢ Presentation of EV data normalized to WBC. b, ¢ are given mean data with SD in individual dot plots. Fold changes (FC) of APC
fluorescence of different marker expressions are given. Arrows point to the most abundant findings. For statistical comparison of more than
two groups were analyzed applying one-way analysis of variance (ANOVA) with Benjamini-Hochberg adjustments for multiple comparisons.
Differences were considered as ‘significant’ (¥) with p-values between 0.01 and 0.05 and as ‘extremely significant’ (***¥) with p-values < 0.0001.
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white blood cells (WBC) in all leukemic samples. Correlation analyses of serum-derived EV marker expression (detected by MBFCM) with IC
leukemic cells, cellular PLT and WBC in all AML, ALL, and CLL samples. Immune cytologically detected leukemic cells (IC leukemic cells),
platelet counts (PLT) and white blood cells (WBC) are evaluated and given in Table 1. Especially correlation analyses of IC leukemic cells and
serum-derived leukemic EV markers (CD19, CD133, CD24, CD44, CD142, MCSP, ROR1, SSEA-4), Integrin-related EV markers (CD11¢c, CD29,
CD41b, CD49e), MHC-related EV-markers (HLA-ABC and HLA-DRDPDQ), platelet-related EV-markers (CD42a, CD62P, and CD69) and
endothelial-related EV-markers (CD31and CD146), cellular PLT, WBC and serum-derived EV markers (CD41b, CD42a, CD62P, CD69, and CD40)
were also supported. Blue color shows positive correlations (positive correlation coefficient r), red color shows negative correlations (negative
correlation coefficient r). Statistical analyses and creation of diagrams were performed using Microsoft Excel 2016 and R programming
language. H: healthy; r: Pearson’s correlation coefficient; n: numbers.

p=0.05, n = 4). Moreover, we found a high negative correlation
between serum-derived EV and cellular CD19 marker expressions
in pooled AML and Healthy samples (r=-0.70, p =034, n=7).
While a significant positive correlation between serum-derived EV
and cellular CD19 marker expression was found in pooled ALL and
CLL samples (r=0.61, p = 0.0026, n = 5). Actually, we found a very
weak negative correlation between the serum-derived EV and
cellular CD3 marker expressions in pooled leukemic and healthy
samples (CD3: r=—0.23, p=0.0008, n=11), and no correlation
between the serum-derived EV and cellular CD56 marker
expression in all leukemic and healthy samples was seen (CD56:
r=0.06, p=0.0005, n = 12) (Supplementary Fig. 1).

Correlation analyses of serum-derived EV marker expressions with IC
leukemic cells. We correlated leukemic cell counts (as evaluated
by flow cytometry as ‘IC leukemic cells’ in leukemic samples) with
leukemic cell-lineage-associated CD marker expressions on EVs
(details are given in Tables 1, 2).

There was a positive correlation between results obtained from
serum-derived EV markers and results obtained from AML, ALL
and CLL samples’ IC leukemic cells.

Moreover, we found a positive correlation between serum-
derived EV CD24 (GPl-anchored protein) (r=0.36, p=0.3, n=8),
CD44 (r=043, p=0.2, n=8), CD133 (r=042, p=0.2, n=8),
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CD142 (r=0.16, p=0.6, n=8), MCSP (r=0.56, p=0.1, n=8),
ROR1 (r=10.23, p=0.5, n = 8), SSEA-4 (r=0.42, p = 0.3, n = 8) and
IC leukemic cells in all pooled leukemic samples. A significant
positive correlation between serum-derived EV leukemic cell
marker CD19 (r=0.68, p=0.004, n=5) and IC leukemic cells in
ALL and CLL samples also was seen (Fig. 6).

A significant positive correlation was found between serum-
derived EV CD29 (integrin B1) (r=0.56, p=0.1, n=28), CD41b
(integrin allp) (r=0.34, p=04, n=8), CD49%e (integrin a5) (r=
0.80, p=0.01, n=8) and IC leukemic cells in AML, ALL and CLL
samples. A low negative correlation between serum-derived EV
CD11c (integrin aX or CR4) (r=-0.06, p=08, n=28) and IC
leukemic cells (Fig. 6), and a significant positive correlation
between serum-derived EV HLA-ABC (MHC-I) (r=0.80, p =0.01, n
= 8) and HLA-DRDPDQ (MHC-II) expression (r=0.49, p=0.2, n=
8) and IC leukemic cells in AML, ALL, and CLL samples were found
(Fig. 6).

Positive correlations were also observed between serum-
derived platelet associated EV CD42a (r=0.32, p=04, n=28)
and CD62P (r=0.23,p=0.5,n=8), CD69 (r=0.45,p=0.2,n=28)
with IC leukemic cells in AML, ALL and CLL samples (Fig. 6b), even
though not significant.

There was a significant positive correlation between serum-
derived endothelial associated EV CD31 (r=0.54, p=0.1, n=28)
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and IC leukemic cells, while a negative correlation was seen
between serum-derived endothelial associated EV CD146 (r=
—0.29, p = 0.4, n=8) and IC leukemic cells (Fig. 6).

Correlation analyses of serum-derived EV markers and cellular
platelets (PLT), white blood cells (WBC) in AML, ALL, and CLL. We
correlated PLT counts (as evaluated in leukemia samples Table 1)
with thrombocytes-lineage-associated CD marker expressions
on EVs.

We found a low and non-significant negative correlation
between serum-derived platelet associated EV CD41b (integrin
allp) (r=-031, p=0.4, n=8), CD42a (r=-0,19, p=0.6, n=8),
CD62P (r=—0.29, p=0.4, n=8), CD69 (r=—-0.32, p=04, n=28)
and platelets counts in all leukemic samples, while a positive
correlation between serum-derived EV CD19 (r=0.82, p=0.01, n
=8),CD24 (r=038, p=0.01, n=28), CD40 (r =043, p=0.2,n=8)
and cellular WBC in all leukemic samples were seen (Fig. 6).

In summary, the results presented in this study demonstrate
that MBFCM facilitates assessment of EV surface protein composi-
tions in biological fluid samples with minimal processing. Most
importantly, this study also demonstrates that there is a
correlation between serum-derived EV marker expression
detected by MBFCM and cellular marker expression detected by
flow cytometry or blood cell counting in leukemia and healthy
samples. Especially a significant correlation on monocytes, B cells,
T cells, blast markers, integrin associated markers, platelet
associated markers, and endothelial associated marker could be
assessed.

DISCUSSION

Leukemia and prognosis

A focus of leukemia research lies on the development of new
therapeutic strategies to reinduce an effective anti-leukemic
immunity and the development of new diagnostic strategies to
detect and monitor (risk associated) tumor-or immune-associated
processes during the course of the disease [28].

Monitoring of tumor load and immune reactions
Quantification and monitoring of leukemic cells (in peripheral
blood (PB)) in chronic and acute leukemia is done by morpho-
logical, immunological (immunophenotyping) [29, 30], cytoge-
netic and molecular methods (e.g. PCR or FISH-analysis) [31]. New
strategies with higher sensitivity like next-generation sequencing
or digital droplet PCR expand the armamentarium for risk
stratification, treatment monitoring and for the detection of
minimal residual disease [32]. The advantage of these methods is
their high sensitivity enabling the detection of low amounts of
(mutated) DNA, including circulating tumor DNA also in blood
samples- so-called liquid biopsies.

Despite these advantages, open questions are thresholds to
differentiate malignant from benign mutated DNA or whether all
relevant mutated gene sequences are addressed [32]. In addition,
the full implementation of these novel diagnostic tools is
expensive [33].

Quantification and qualitative monitoring of immune cells
(especially in PB) is possible by refined immunophenotyping like
multiparameter flow cytometry [29, 34].

EVs: new particles of biologic significance

EVs are highly heterogeneous vesicles of different size originating
from distinct subcellular compartments with a diverse molecular
make up [35]. EVs carry a wide variety of proteins, including MHC
molecules, chaperones, receptors, receptor ligands, cytokines,
nucleic acids (i.e. mRNA, miRNA, DNA), and lipids [36). The term
‘EV' is used as an umbrella term for mainly microvesicles,
exosomes, and apoptotic bodies. EVs are known to incorporate
proteins, including cell type-specific markers from their parental
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cells and might therefore qualify to provide information to
monitor malignant disease [37, 38]. Furthermore, it was shown
that molecular profiles of secreted vesicles faithfully reproduce
those of cancer cells [39]. It has been shown that EVs influence
immune responses and tumor progression: on the one hand, EVs
secreted by DCs have been shown to carry MHC-peptide
complexes allowing efficient activation of T lymphocytes, thus
displaying a potential as promoters of (adaptive) immune
responses [11]. On the other hand suppressive effects, e.g. of
leukemia EVs in a context of bone marrow-related stromal cells or
hematopoietic progenitor cells have been demonstrated [10]. Up
to now the influence of EVs produced by leukemic cell lines or
prepared from plasma on immune reactive cells of several lines in
ex vivo settings have been tested and ‘EV-derived suppressive or
stimulatory effects’ to modulate immune reaction were deduced
[2].

In vivo EVs delivered in experimental animals such as mice
supported ex vivo data, that differentiation, expansion, migration
to lymph nodes and survival of hematopoietic cells could be
modulated by EVs [40].

Potential of TEM and fNTA to detect and characterize EVs in
leukemic and healthy serum

In the context of this project, EVs prepared from serum from
healthy donors as well as from patients with leukemia should be
analyzed and compared to potentially deduce strategies to
monitor tumor- or immune-related EVs or processes.

Serum is known to contain mixtures of healthy (and malignant)
cells and their EV- derivatives [12]. The ‘identity’ of captured
healthy or leukemia-derived serum EVs in our settings was
confirmed by TEM, although a differentiation of malignant and
non-malignant EVs was not provided by TEM, demonstrating ‘cup
shaped’ forms in both entities [18].

Performing fNTA from leukemic and healthy serum samples, we
could detect differences in EV size and concentration: the mean
diameters of particles in leukemic samples were higher than in
healthy samples, the EV concentrations of ALL and CLL samples
were significantly higher compared to healthy samples and EV
concentration in AML samples were significantly lower compared
to ALL and CLL samples.

This means that we can confirm that fNTA allows a ‘rough’
characterization, however no refined differentiation of leukemic
compared to healthy EVs and especially no subclassification of
tumor or immune derived EVs [15, 21].

Multiplex bead-based flow cytometry assay for assessment of
EV surface protein profiles on EVs derived from biological
fluids

In general, it is meanwhile well known that the EV content,
including the protein and surface marker composition, is probably
strongly dependent on the cell source, the cells’ activation status,
and multiple other parameters. Since any EV will show similar
surface profiles than the cell type releasing them, analysis of EV
surface signatures in the biological fluid has the potential to reveal
any changes happening in abundance, frequency, and behavior of
respective cell types releasing the EVs. Thus, it is a promising
approach to identify EV surface marker profiles that correspond to
certain diseases such as leukemia and ultimately use EV-based
liquid biopsies for diagnosis and therapy decision making.
Importantly, we here demonstrated that MBFCM can be used to
detect and quantify EV surface proteins on EVs in blood serum
samples without the need for any processing or enrichment steps.
Blood samples were pre-cleared from cells and bigger aggregates
merely based on centrifugation which is typical for biobanked
samples. We titrated the input dose of serum volume and
ultimately used 30 pL of human serum as input for MBFCM,
diluted 1:1 with assay buffer. This has not led to increased assay
background but still yielded clear signals for all samples included.
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Due to the specificity of this sandwich MBFCM assay and the
requirement on both bead capture and binding of detection
antibodies on the same EV in order to measure positive signals in
this assay, non-EV contaminants like free protein, lipoproteins, and
other molecules won't be detected, thereby facilitating the direct
analysis of minimally processed human serum samples without
any purification steps. Thus, in contrast to an approach we used
previously where assay input would be dosed based on NTA
particle counts following sample isolation by SEC, the approach
presented in this study facilitates the relation of measured signal
intensities for respective markers directly to abundance in donor’s
whole blood.

MBFCM data pr and correl

MBFCM provides data for many different EV surface proteins, often
resembling classical lineage-specific blood cell surface markers. In
this proof-of-concept study, we evaluated different ways how to
present MBFCM data and correlate the data with clinical
parameters. In heatmap analyses and bar diagrams of our study,
we demonstrated that we could detect EVs positive for CD9, CD63,
and CD81 by MBFCM using 37 specific markers (Fig. 3), as already
shown by Koliha et al. and Wiklander et al. [14, 15]. MBFCM was
moreover shown to be sensitive enough in our hands to detect
different EV surface markers in serum from leukemic and healthy
samples, as already detected in other tumors or multiple cell type
associated with EV-subclassed analyses by other groups
[14, 24, 41, 42]. As shown in all entities and given in Fig. 3,
lineage-associated EV markers CD8, CD42a, CD62P, and HLA-
DRDPDQ were highly expressed in all sample entities. On a first
glance and presenting data of single as well as of pooled cases, we
found a high expression of some markers in leukemia or healthy
serum samples: thrombocyte or myeloid leukemic cell-associated
markers (CD42a, CD62P, and CD133) seemed to be highly
expressed on AML sample derived EVs (Fig. 3b), T cell (CD8),
thrombocyte (CD42a, CD62P) or MHC associated (HLA-DRDPDQ)
markers seemed to be highly expressed on lymphoid leukemia-
sample-derived EVs (Fig. 3¢, d) and EVs from healthy samples also
showed a high expression of CD8, CD19, CD29, CD41b, CD42a,
CD62P, CD69, and ROR1 markers (Fig. 3e).

Focusing on certain EV markers and comparing their expression
in different leukemic and healthy samples, we demonstrated
differences: As given in Fig. 4, significantly lower frequencies of
platelet-derived EV CD42a marker expression was found in AML
and ALL compared to CLL samples, platelet-derived EV CD62P was
found with (borderline significantly) lower frequencies in AML
compared to CLL samples and significantly lower frequencies in
ALL compared to CLL samples. Borderline significantly lower
frequencies of platelet-derived EV CD41b were found in ALL
compared to healthy samples. All platelet-derived EV markers
(CD41b, CD42a, and CD62P) were expressed high in CLL. This
could mean that the frequencies of these platelet EV markers are
altered in different leukemic patients. Platelet microparticles have
been also shown to be involved in metastasis, angiogenesis, and
invasiveness in lung cancer [43], breast cancer [44], and melanoma
[24]. Therefore, a surplus of platelet-derived EVs might indicate
tumor progression.

In addition, analyses of plasma-derived EVs from healthy male
athletes during the course of physical exhaustion showed
elevated frequencies of platelet-derived markers CD41b, CD42a
and CD62P positive on EVs, which could indicate that a release of
EVs by activated platelets might not be restricted to large EVs
(>500 nm), but also be related to smaller EV populations [42]. This
could mean that platelet-derived EVs may play a role in exercise-
triggered  processes such as immune-modulation and
inflammation-associated tissue regeneration even in healthy
samples.

Interestingly, we found higher frequencies of EV-associated
myeloid leukemic cell marker CD133 in AML. According to Tolba

Cancer Gene Therapy

L. Lietal

et al,, cellular CD133 expression correlates with poor prognosis in
AML patients [45]. Our findings might point to a positive relation
of cellular CD133 with EV CD133 expression, although our patient
samples were not tested for cellular CD133 expression.

In a next step, we tried to find relevant differences in EV
frequencies when normalizing results from leukemic to healthy
samples, IC leukemic cell counts, or WBC (Fig. 5). Compared to
healthy samples we found elevated fold changes of CD133 in AML
derived EVs, HLA-DRDPDQ in ALL derived EVs and of CD11c and
CD146 in CLL derived EVs. As we discussed before, EV CD133
might have a closer relation with AML compared to ALL and CLL.
Human leukocyte antigens (HLA) can be divided into HLA-A, B,
and C which are encoded by major histocompatibility complex
(MHCQ)- and HLA-DP, DQ, and DR which are encoded by MHC-II.
Here, we found HLA-ABC antigens expressed with low signal
intensities on serum EVs in all samples. This might be due to a
high percentage of EVs with low MHC-I expression, such as those
secreted by NK cells and platelets. According to Merkenschlager
et al,, cellular MHC-II expression restrained growth of murine B-cell
leukemia cell lines in vitro and in vivo, independently of CD4+
T-cell surveillance [46). Their results showed that MHC-Il cells
autonomously regulate the balance between self-renewal and
differentiation of normal and malignant B cells. Our findings might
point to a possible relation of MHC-II positive EVs with cellularly
expressed MHC-Il. Moreover, MHC-II positive EVs might also
regulate differentiation of normal and malignant B cells.

An increased production of integrin CD11c (integrin aX or CR4)
positive EVs was shown in melanoma patients [24]. We could also
find an increased production of CD11c positive EVs in serum of
CLL samples.

Umit et al. demonstrated that cellular CD11c is not only
expressed on CLL including 259 CLL patients, but also on dendritic
cells, macrophages and monocytes as a marker for inflammation
[47]. In our context, this might reflect that released CD11c positive
EVs and cellularly expressed CD11c could point to inflammation
processes in CLL. Prolonged inflammation in the microenviron-
ment of CLL cells may cause a pragmatically unfavorable
susceptibility to autoimmune disorders and secondary tumors in
CLL [47).

While platelet markers and lymphocytic markers are highly
specific, markers like CD146 are regularly found on endothelial
cells and on mesenchymal stromal cell subtypes and their derived
EVs might point to an involvement of endothelial cells and
mesenchymal stromal cells in these diseases [48].

Increased production and release of CD133 positive EVs to
serum in AML, of HLA-DRDPDQ positive EVs to serum in ALL and
of CD42a, CD62P positive EVs to serum in CLL were found after
normalization of results to IC leukemic cell and WBC counts. This
might reflect again that leukemic cell-derived EV marker CD133
and platelet-derived EV marker CD42a and CD62P have a clear
correlation with the cellular expression of these markers [24, 45].
These studies confirm that EVs may play a role in immune
modulation, and moreover, EVs liberated from AML, ALL, and CLL
were hypothesized to be involved in multisystemic signaling
mediating regeneration and long-term adaptive responses
[14, 42].

Comparison and corr analysis b cellular and EV
associated antigen expressions by MBFCM

Serum-derived EVs might provide information about the cell-cell
interactions, resulting stimulations or inhibitions of immune cells.
These correlations could be detected using MBFCM to quantify
EVs and their corresponding cellular markers by flow cytometry in
leukemic and healthy samples.

We found a significant positive correlation between serum-
derived EV and cellular CD14 marker expressions in pooled AML
and ALL samples. Although the detailed characteristics are not
known, microvesicles isolated from plasma of advanced
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melanoma patients, but not from healthy donors were shown to
address CD14+ monocytes, resulting in CD14+ suppressed T-cell
functions (possible with downregulation of HLA-DR) [49]. These
findings could suggest that an immunosuppressive circuit conduct
(e.g. mediated by tumor cells) and the generation of suppressive
myeloid cells through the release of circulating microvesicles
might work without the need for cell-to-cell contact. Likewise,
cellular CD14 is mainly associated with monocytes/macrophages,
but also present on the surface of neutrophils, though at lower
levels [50]. This could mean that CD14+ cells could produce EVs,
that could mediate various reaction in leukemia and healthy
samples.

We found a high negative correlation between serum-derived
EV and cellular CD19 marker expression in AML and healthy
samples, however, a significant positive correlation in pooled ALL
and CLL samples. These findings might reflect different functions
of CD19 positive EVs (in AML and healthy serum) compared to
CD19 positive EVs (in ALL and CLL with CD19 being the leukemic
cell marker).

According to Gutzeit et al, exosomes derived from Burkitt's
lymphoma cell lines induce B cell (CD19+ or CD20+) proliferation
and differentiation towards a plasma cell-like phenotype with
class-switched recombination [51]. Human B cell lymphomas
produce EVs which carry components of the Wnt signaling
pathway, transfer them to B cells, and thus promote tumor
progression and stabilize the malignant phenotype [52]. We
hypothesize that, along with the previously discussed elevated
frequencies of CD19 positive EVs in ALL and CLL, down regulated
frequencies of CD19 positive EVs from AML and healthy serum
samples might indicate tumor progression and an attenuated
immune response. Our findings might suggest that CD19 positive
EVs derived from leukemia in general could induce proliferation
and differentiation.

Additionally, a positive correlation for CD3 positive EVs and
cellularly expressed CD3 was found, implying a contribution of
T cells to the mixture of vesicles in serum, but with low correlation
between EVs’ and cellular CD3 expression. It is known from the
literature that T cell-derived EVs might transfer functional miRNAs
to antigen-presenting cells (APCs) to generate an immune
response [53]. This could mean that T cell-derived EVs might be
able to support immune responses against tumors.

Studies of molecular EV profiles have indicated that there are
significant differences in protein and nucleic acid content of EVs
derived from tumor cells compared to that of EVs produced by
normal cells [37].

Leukemia-derived EVs have been shown to suppress activities
of various immune cells, to induce apoptosis of activated CD8
T cells, to promote the expansion of regulatory T cells (Treg), and
to interfere with differentiation of DC, favoring the proliferation of
myeloid-derived suppressor cells [54]. These attributes of tumor-
derived EVs are a manifestation of their distinctive molecular
profiles and seem to be general phenomena in cancer. Interest-
ingly, many of the proteins (e.g. oncoproteins, oncogenes,
transcripts of proteins) found in tumor-derived EVs are well-
known for their role in promoting tumor progression. Many of
these proteins are also involved in inflammatory reactions,
chemokine receptors, immunosuppressive ligands, or soluble
factors involved in regulating angiogenesis [55, 56]. This suggests
that tumor-derived EVs might play a critical role in cancer
development and progression, although much of the currently
available evidence originates from in vitro studies. In vivo
evidence for exosomes as drivers of cancer pathogenesis is still
incomplete.

Clinical cor analyses b is and EV
expression by MBFCM

Correlations of experimental findings with clinical subtypes of
leukemia could contribute to refine the classification of the disease.

ek
clinical diag
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We found direct correlations between immune cytologically detected
leukemic cells (IC leukemic cells) with EV marker expressions (e.g. of
CD24 (GPl-anchored protein), CD44, CD133, CD142, MCSP, RORT1,
SSEA-4) as evaluated by MBFCM.

Detection of lymphoid-derived EV marker CD19 or myeloid-
derived EV marker CD133 in leukemia could contribute to refine
detection of residual disease [24, 45].

Our data moreover might point to a role of integrins: EV-
associated integrinmarkers such as CD11c (integrin aX or CR4),
CD29 (integrin B-1), CD41b (integrin allB) and CD49e (integrin a-5)
as described here could play a role for targeting special EV
subtypes. CD29 is known as an interaction partner of tetraspanins
on cells and is probably transferred together with tetraspanins to
exosomes during their biogenesis [24]. Accordingly, CD29 had
already been detected on different types of exosomes [57]. CD49e
(integrin a5) was considered as a potential marker for melanoma-
derived EVs because it was found to be expressed by melanoma
cells and we detected CD49e signals on EVs from melanoma cell
cultures [24].

Our data might point to an additional role in leukemia: we found
a positive correlation of EVs positive for CD29, CD41b and CD49%e
with IC leukemic cells in all pooled leukemia samples. These
findings might suggest that the complexity of EV signaling in
leukemia and expand the spectrum of conceivable functions of EVs.

In addition, platelet-derived EV markers CD42a, CD62P and
CD69 showed direct positive correlations with IC leukemic cell
counts. By contrast, a negative correlation of these markers with
platelet counts was shown. These findings could confirm again
that platelet microparticles might be involved in metastasis,
angiogenesis and invasiveness, might indicate tumor progression
[24, 42, 43].

We found a direct positive correlation of EV-associated markers
HLA-ABC (MHC-I) and HLA-DRDPDQ (MHC-II) with IC leukemic cells
in all leukemia samples. MHC-peptide complexes on exosomes
can be presented to T cells either in a direct or an indirect manner
[10, 13]. Zitvogel and coworkers demonstrated that murine bone
marrow-derived DCs secreted EVs carrying MHC-I, MHC-Il, and T
cell costimulatory molecules, leading to a priming of tumor-
specific cytotoxic T lymphocytes (CTLs) and suppress tumor
growth in vivo [13, 16, 58]. In our context this could mean that
HLA-ABC and HLA-DRDPDQ positive EVs might directly indicate
progressive in leukemia.

LAMA84 CML cell-derived EVs are able to alter functions of
various tissue cells, including endothelial cells (EC), and thus exert
proangiogenic effects [59]. Similar effects on angiogenesis were
induced by EVs from K562 cells [60]. Here we detected a positive
correlation of EV marker CD31 and a negative correlation of EV
marker CD146 with IC leukemic cells. Overall, these data
emphasize that exosomes released from leukemic cells could
directly affect EC and modulate the process of neovascularization.

CONCLUSION

In summary, we have comprehensively evaluated and optimized
MBFCM based EV detection technology: MBFCM can not only
quantify robust EV surface signatures in a given sample but is also
useful for comparing differentially expressed surface markers
between samples. It thereby facilitates the identification of
heterogeneities between different EV sources, which may lead
to the identification of EV markers being specific for certain
cell types.

Our own data and findings of the literatures suggest that EVs
may play a role in immune modulation, inflammation-associated
tissue regeneration and regulation of coagulation. Although it is
not yet clear which signals trigger the release of EVs from all these
cell types and the target cells.

EV profiling might qualify as a highly reliable strategy to
indicate the involvement of different subtypes in leukemia or in
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the mediation of antitumor reaction in leukemia compared to
healthy samples. MBFCM is qualified as a suitable marker to detect
heterogeneity of EV markers as well as the role of specific EVs in
the classification of diseases as well as the monitoring of (disease
related or unrelated) of EVs derived and released from cells.

However, the results obtained from this assay could be
influenced by several factors, including cross-linking of beads by
single EVs binding to more than one bead population and thus
should be interpreted not as a single vesicle quantification.

In general, the combination of this rather robust and fast
approach with more dedicated methods to validate candidate
surface markers distinguishing EV subpopulations (i.e., single EV
flow cytometric analysis cell sorting or detection) would pave the
way to studying the function of EV subsets, which will be of the
highest relevance to further improve our understanding of their
molecular content and related functions. In addition, new
applications provide a potential prognostic role or might allow
to monitor the disease under the influence of new (immune)
therapeutic approaches.
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Abstract

Background: Extracellular vesicles (EV) are cell-derived vesicles released by all cells in health and
disease. Accordingly, EVs are also released by cells in acute myeloid leukemia (AML), a hematologic
malignancy characterized by uncontrolled growth of immature myeloid cells, and these EVs likely carry
markers and molecular cargo reflecting the malignant transformation occurring in diseased cells.
Monitoring antileukemic or proleukemic processes during disease development and treatment is essential.
Therefore, EVs and EV-derived microRNA (miRNA) from AML samples were explored as biomarkers

to distinguish disease-related patterns ex vivo or in vivo.
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Methodology: EVs were purified from serum of healthy (H) volunteers and AML patients by
immunoaffinity. EV surface protein profiles were analyzed by multiplex bead-based flow cytometry
(MBFCM) and total RNA was isolated from EVs prior to miRNA profiling via small RNA sequencing.
Results: MBFCM revealed different surface protein patterns in H versus AML EVs. miRNA analysis
showed individual as well as highly dysregulated patterns in H and AML samples.

Conclusions: In this study, we provide a proof-of-concept for the discriminative potential of EV derived

miRNA profiles as biomarkers in H versus AML samples.

Introduction

Acute myeloid leukemia (AML)

AML is characterized by an uncontrolled and excessive proliferation and an impaired differentiation of
myeloid progenitor cells, leading to an expansion of leukemic cells (blasts) in the bone marrow (BM),
peripheral blood (PB) and other tissues, going along with a replacement of the physiological
hematopoiesis, leading to anemia, bleeding and infections. ' In order to fight AML, several (immune)
therapeutic cellular, antibody based or chemotherapeutic strategies have been developed (e.g. checkpoint
blockades, chimeric antigen receptor (CAR)-T cell therapies and vaccinations or immune modulating
hypomethylating agents). >* Currently, the major challenge is still in the development of effective

(immune) therapies in AML to overcome many immunosuppressive mechanisms. *

Extracellular vesicles (EVs)

The term ‘EVs’ comprises a broad variety of extracellular vesicle types with overlapping chemical and
biophysical properties, including exosomes (which originate from the endocytic system) and
microvesicles or ectosomes (formed by budding from the plasma membrane). * EVs carry and deliver
essential molecular information for cell physiology and metabolism. Overall, their composition,
concentration and biodistribution as well as the functional role in intercellular signaling can impact the
general health status, but EVs also can play a role in pathological events, including malignant
transformations of cells. ® In hematological malignancies, tumor- or immune cell-derived EVs might
reprogram the bone marrow environment, suppress or activate anti-leukemic immune response, modulate

drug resistance, and could therefore interfere with immunotherapies. * Composition of EVs collected
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from patients’ serum might correlate with disease stage, drug- and/or immunological resistance, or
response to (immune) therapies. °

A comprehensive EV purification and characterization to provide high reproducibility and comparability
of data is necessary. '© According to MISEV guidelines, * EVs can be enriched by various methods, !
e.g. ultra-centrifugation, precipitation, size exclusion chromatography, ultrafiltration, immunoaffinity-
based binding strategies. Obtained EVs can be characterized by multiple methods to assess purity and
specificity. '? Vesicular surface marker expressions (e.g. CD9, CD63, CD81) can be studied using flow
cytometry, size and concentration measurements by fluorescence nanoparticle tracking analysis (fNTA).
1314 EV morphology can be investigated by Transmission Electron Microscopy (TEM). '* Western
blotting is used to assess the presence of EV specific and non-specific (surface) protein markers. Detailed
phenotyping of EV subsets co-expressing specific pairs of protein surface markers can be achieved for
instance through high resolution single vesicle imaging flow cytometry (IFCM) !¢ or by multiplex bead-
based flow cytometry (MBFCM). The MBFCM assay includes 39 hard-dyed capture bead populations,
each of them coated with different monoclonal antibodies against 37 potential EV surface antigens or

two internal isotype negative controls. 1

Characteristics and potential of small RNAs

MicroRNAs (miRNA) are evolutionarily conserved small non-coding RNAs (20-24 nucleotides) and
have important physiological effects through their post-transcriptional gene regulation mainly by
repression of target messenger (m)RNA. '8 It has been discovered that miRNAs are released into
various body fluids in complexes with lipoproteins, soluble proteins or encapsulated in EVs. 7 EV-
associated miRNAs as well as other molecular cargo can be shuttled to recipient cells via transfer through
the blood circulation, which plays an important role in long distance cell-to-cell communication. *°
Beyond dysregulated miRNA expression profiles, it is now well accepted that selected
cellular/extracellular miRNAs can function as either tumor activating (oncomiRs) or tumor suppressing
miRNAs in many subtypes of tumor processes, including tumor proliferation, survival, differentiation,
self-renewal, epigenetic regulation, going along in vivo with chemotherapy resistance and disease

717 These observations indicate that the circulating miRNA profiles may reflect

progression.
physiological and pathological processes occurring in different cells and tissues, and might qualify as

valuable blood-based biomarkers for various diseases. ’
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Biomarker research has already shown, that EV marker profiles and their miRNA cargo might contribute
to monitor the disease as well as the (antileukemic) immune status and to select risk-adapted therapies.
20 These findings might be used as a powerful tool to detect both novel and known (EV-derived) miRNAs
that could qualify as biomarkers.

The aim of this study was to (1) prepare and characterize EVs from serum samples of healthy donors and
AML patients; (2) evaluate the use of MBFCM for comparing the overall EV surface protein composition
on EVs in minimally processed samples from healthy donors versus AML patients; and (3) assess EV-
associated miRNA profiles that could be applied as potential biomarkers comparing healthy donors’ with

AML patients’ serum.

Material and Methods

Sample preparation

Blood sample collection was conducted after obtaining written informed consent of the blood donor and
in accordance with the World Medical Association Declaration of Helsinki and the ethic committee of
the Ludwig-Maximilians-University-Hospital Munich (vote no. 33905). Serum samples were collected
with 4.5 ml serum tubes (S-Monovette) and provided by the University Hospitals of Augsburg, Stuttgart
and Munich. Around 3 ml of serum were isolated from each healthy or AML donors’ sample. Cells and
larger particles were sedimented from serum after centrifugation (2,000 x g, 10 min, room temperature).
The resulting supernatant (containing EVs) was aliquoted in 0.5 ml tubes and stored at -80°C until further
processing.

Serum samples were obtained from healthy (H) volunteers (n=5) with a mean age of 28.6 (range 24-31
years) and from AML patients (n=5) with a mean age of 77 years (range 61-98 years). AML patients
were classified by the French-American-British-(FAB)-classification (M1-M7), the aetiology (primary
or secondary AML), the stage of disease (first diagnosis, relapse) and the frequencies of blasts and blast
phenotype are given in Table 1.

Flow cytometric analyses were carried out to evaluate and quantify frequencies and phenotypes of blasts,
T-, B- and monocyte subsets in the WB-fractions. Panels with various monoclonal antibodies (moAbs)
labeled with Fluorescein isothiocyanat (FITC), phycoerythrin (PE), tandem Cy7-PE conjugation (Cy7-
PE), or allophycocyanin (APC) were used. Erythrocytes in blood samples were lysed using Lysing-
Buffer (BD, Heidelberg, Germany). Cells dissolved in PBS (Biochrom, Berlin, Germany) and 10% fetal

5
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calf-serum (FCS, Biochrome, Berlin, Germany) were performed by a 15-min incubation in the dark at
room temperature. Afterwards, the cells were washed, centrifuged, resuspended in 100-200 uL PBS and
measured using fluorescence-activated cell sorting Flow-Cytometer (FACSCaliburTM) and Cell-Quest-
data-acquisition and analysis software (Becton Dickson, Heidelberg, Germany). Isotype controls were
conducted according to manufacturer’s instructions.’! The cellular composition of AML patients
presented an average of 44.4% (immune cytologically detected, IC) blasts (range 30-72), 14.74% CD3+
cells (range 7.14-27.68), 3.88% CD19+ cells (range 1.32-6.98), 27.37% CD56+ cells (range 7.18-64.58),
and 10.53% CD14+ (range 3.81-28.18). H-controls presented with 10.51% CD3+ cells (range 1.27-
20.69), 1.33% CD19+ cells (range 0.28-2.38), 6.38% CD56+ cells (range 1.41-11.95), and 3.15% CD14+
(range 0.47-5.43). In case of aberrant CD56 or CD14 expression on blasts, these values were excluded

from NK/monocytes quantification. An overview is given in Table 2.

Extracellular vesicle preparation
1.27 (£ 0.09) ml were used as input volume for EV isolation using Exosome Isolation Kit, pan, human
(Miltenyi Biotec) according to the manufacturer’s instructions which includes a further centrifugation

step at 10,000 x g for 45 min at room temperature.

EV characterization
As recommended by MISEV2018 guidelines, * purified EVs were characterized by TEM and fNTA as

described before.

Multiplex Bead-Based Flow Cytometry (MBFCM)

Serum samples (each tube 0.5 ml) were thawed and subjected to MBFCM (MACSPlex Exosome Kit,

human, Miltenyi Biotec). '*?? EV-containing serum samples were centrifugated at 2,500 x g for 15

minutes before supernatants were processed. 30 uL of each sample was diluted with 30 pL. MACSPlex

buffer (MPB) and loaded onto wells of a pre-wet and drained MACSPlex 96-well 0.22 pm filter plate.

Next, 8 uL of MACSPlex Exosome Capture Beads (containing 39 different antibody-coated bead subsets)
were added to each well as described elsewhere. 2

Surface proteins included in the MBFCM assay comprise the tetraspanins CD9, CD63, and CD81, and

other surface proteins such as various leukocyte, T cell (CD4, CD8), B cell (CD19, CD20, CD24),

6
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monocyte (CD14), thrombocyte (CD41b, CD42a, CD62P, CD69), integrin (CD11c¢ (integrin aX or CR4),
CD29 (integrin B1), CD41b (integrin alIp), CD49e (integrin a5)), endothelial (CD31, CD105, CD146
(Mel-CAM)), or MHC-associated (HLA-ABC (MHC-I), HLA-DRDPDQ (MHC-II)) antigens.

In this study, we removed values for capture beads coated with hIgG (REA) antibodies for the samples
AML P1598 and H P1580 due to high background signals for internal hIgG (REA) isotype control beads.
Background-subtracted median APC fluorescence values <1 were considered negative (~2 fold average

mIgG/REA control bead SD).

Extracellular RNA isolation

Total RNA of a complete EV eluate was isolated using the miRNeasy Mini Kit (Qiagen, Germany)
according to the manufacturer’s protocol. The obtained RNA eluate was applied twice to the membrane
to obtain higher RNA yields. The resulting eluate of 30 uL. was completely vacuum-evaporated and
resolved in a total volume of 12 pL nuclease-free water.

Isolated RNA was quality controlled and quantified by capillary gel electrophoresis using the RNA 6000
Pico Kit (Agilent Technologies, Germany) and the Bioanalyzer 2100 (Agilent Technologies). Total RNA

was stored at -80°C until small RNA-Seq library preparation.

Small RNA library preparation and sequencing reaction

Equal amounts of RNA of the biological replicates were pooled, and 6.0 ng total RNA were used as
starting material for library preparation using the NEBNext Multiplex Small RNA Library Prep Set for
Illumina (New England BioLabs, USA) in accordance with the manufacturer’s instructions. After a pre-
amplification, PCR products were purified by applying the Monarch PCR Cleanup Kit (New England
Biolabs). Then, cDNA libraries were evaluated via capillary gel electrophoresis using the DNA 1000 Kit
and the Bioanalyzer 2100 (Agilent Technologies) according to the manual. A miRNA-specific length of
130-150 base pairs of barcoded cDNA libraries was selected by applying and fractionating 5 ng of pooled
c¢DNA on a 4% agarose gel (MetaPhor, USA). Clean-up of cut gel slices at the appropriate size range
was performed using the Monarch Gel Extraction Kit (New England Biolabs) and correct size and
molarity were analyzed via capillary gel electrophoresis using the Bioanalyzer DNA High Sensitivity

Kit (Agilent Technologies). Finally, 50 cycles of single-end sequencing-by-synthesis reactions were
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conducted on the HiSeq 2500 instrument (Illumina, USA) with the HiSeq Rapid SBS Kit v2 (Illumina,

USA).

Small RNA-Seq data analysis

The Quality Phred Score generated by the FastQC software (Babraham Bioinformatics, UK, Version
0.11.9) was used to explore successful sequencing. > Next, 3’ adapter sequences were trimmed from raw
sequencing reads using Btrim. ** In case no adapter could be detected or reads appeared with less than
16 nucleotides, the respective reads were discarded. Residual reads were aligned to sequences provided
by RNAcentral v12. >* Reads that mapped to ribosomal RNA (rRNA), small nuclear RNA (snRNA),
small nucleolar RNA (snoRNA), or transfer RNA (tRNA) were not considered in further processing.
Remaining reads were then mapped to human precursor miRNA sequences while allowing for one
mismatch (miRBase, release 22.1 and Bowtie). ***” Reads that still remained unmapped were named as
such and not processed further. Read count tables were created by summing up all hits per specific

sequence.

Statistical analysis

Data is presented as mean + SD unless otherwise stated. For comparison of two groups a paired t-test
was applied. Differences were considered as ‘not significant’ with (adjusted) p-values > 0.1, as
‘borderline significant’ (#) with (adjusted) p-values between 0.05 and 0.1, as ‘significant’ (*) with
(adjusted) p-values between 0.01 and 0.05, as ‘highly significant’ (**) with (adjusted) p-values between
0.001 and 0.01, as ‘very highly significant’ (***) with (adjusted) p-values between 0.0001 and 0.001 and
as ‘extremely significant’ (****) with (adjusted) p-values < 0.0001. Statistical analyses and creation of
diagrams were performed using Microsoft Excel 2016, GraphPad Prism version 8.4.0 and R
programming language, version 4.1.0.

Processed by the Bioconductor package DESeq2 (version 1.20.0) and pheatmap (version 1.0.12), only
miRNAs with more than 20 DESeq2- normalized reads were treated as valid. Exploratory data analysis
was visualized by Venn diagram, hierarchical clustering and heatmap analysis based on Euclidean
distances. Differential gene expression was assessed by calculating miRNA-specific log2 fold chances

(FC).
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Results

We aimed to establish a proof-of-concept workflow to evaluate EV-associated miRNA profiles as
potential diagnostic, prognostic or predictive markers to predict immune reaction, clinical subvision or
response to treatment in AML patients compared to healthy volunteers.

Typical cup-shaped appearance of serum EVs were identified by TEM and EV concentrations and size
distribution profiles of purified serum EV samples from H and AML patients by fNTA, as shown before.
2 In this manuscript, we focused on the quantitative and qualitative assessment of EV surface
characteristics via MBFCM and especially the characterization of the EV-derived miRNA cargo by

RNA-Seq to evaluate their potential as biomarkers in AML samples compared to healthy volunteers.

EV surface protein profiles of H and AML samples by MBFCM

The MBFCM assay is based on the co-detection of two EV surface markers: one marker (based on the
fluorescence-labelled detection antibody), aims to detect all tetraspanin-positive EVs bound to the
respective capture bead, which is a mixture of pan anti-tetraspanin (CD9, CD63, CD81) antibodies.
Another marker (based on specificity of one of 37 capture beads) is coated with specific capture
antibodies. 2® The principle of MBFCM make sure that only EVs are directly captured, not free proteins,
without further purification, specific detection of EVs are identified. '*

In this study we included serum from 5 H and 5 AML samples (Table 1) and analyzed the EV surface
protein profiles by MBFCM. An overview presentation of results showed that EV markers CD81, CD63,
CD9 and in addition lineage markers CD8, CD41b, CD42a, CD62P, HLA-DRDPDQ and SSEA-4
markers were both highly expressed on H and AML derived EVs (Fig. 1). Comparing individual EV

markers in AML and H samples, we found differences for some markers (Fig. 2).

Characterization of extracellular vesicle associated RNA by RNA-Seq

To systematically characterize the miRNA profiles associated with serum-derived EVs, we performed
small RNA-Seq analysis in 5 AML and 5 H sample pools. First, total RNA was extracted from purified
EVs. Quality control using capillary gel electrophoresis revealed low average RIN values of 1.6 (+0.5)
for RNA samples obtained from H derived EVs and 1.7 (+1.6) for RNA samples obtained from AML

derived EVs. This is a typical range for EV-associated RNAs, as EVs are considered to have minimum
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amounts of ribosomal 18S and 28S rRNA amounts, mostly bound to the EV surface. Further, total EV-
associated RNA yields of 2.1 (+0.8) ng (H) and 2.5 (+1.1) ng (AML) were quantified, respectively.
Furthermore, small RNA-Seq was conducted to analyze the miRNA cargo of EVs. In total, in average
8.7 x10"6 reads were detected in serum-derived EVs from H samples and 14.2 x10"6 reads in serum-
derived EVs from AML samples (Fig. 3A and C).

For an overview of mapping distributions, most reads were shown to be unmapped or short. The other
reads mainly mapped to rRNAs and miRNAs in both serum H and AML samples. Interestingly, more
reads in total and of all types of RNA were detected in AML compared to H samples (Fig. 3A and C).
Since a large proportion of reads were unmapped or shorter than 16 reads, we excluded these reads as
well as no_adapter reads and prepared a relative mapping distribution among the remaining RNA reads.
The most abundant category of transcripts was rRNA, followed by miRNA, tRNA, snRNA and snoRNA.
Of note, more than 60% of retained reads mapped to rRNA, more than 20% of retained reads mapped to
miRNA and smaller fractions to tRNA, snRNA and snoRNA (Fig. 3B and D). Interestingly we found
that AML showed a substantially higher proportion of all categories of RNA compared to H (not
including miRNA) in relative mapping distributions. Although the absolute miRNA read count was
higher in AML samples, the relative mapping distribution of reads mapping to small RNA species showed

a higher percentage of miRNAs in H samples.

Comparison of miRNA profiles in extracellular vesicles from H vs. AML serum samples

After filtering miRNAs with at least 20 DESeq2-normalized reads 152 miRNAs were retained in H and
159 in AML samples, 136 of which were detected in both H and AML samples (Fig. 4A, Supplementary
Table). 16 miRNAs, (10.5% (16/152) of the detected miRNAs) were exclusively found in EVs purified
from H samples. 23 miRNAs, (14.5% (23/159) of the detected miRNAs) were exclusively found in EVs
purified from AML samples (Fig. 4A). Based on the 136 shared miRNAs heatmap analysis depicted
different miRNA patterns in H or AML samples (Fig. 4B) emphasized by the high number of miRNAs
(45/33.1%) that showed a log2 fold change >|1| (Fig. 4C).

To examine expression differences between H and AML samples in more detail, we selected 5 highly up
regulated miRNAs (miR-10a-5p, miR-155-5p, miR-100-5p, miR-146b-5p, let-7a-5p) (Fig. SA) and 5
highly down regulated miRNAs (miR-185-5p, miR-4433b-3p, miR-199a-5p, miR-451a, miR-151a-3p)
identified by small RNA sequencing (Fig. 5B). The largest difference in AML compared to H was

10
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detected for miR-10a-5p (Log2FC=4.89).

We summarized that EVs could be prepared from healthy and AML serum samples: some EV-derived
miRNAs prepared from AML samples are up regulated and others are down regulated compared to
healthy samples. These disproportions might indicate physiological changes related to the disease and

that these miRNA mechanisms may be affected in AML in different ways.

Discussion

In this study, we compared serum EV-derived miRNA contents from H and AML patients to assess
relevant differences that could qualify as novel non-invasive and RNA-based biomarkers. Both H and
AML patient samples were further subjected to MBFCM, which is a reliable method '*?* to detect and
quantify EV surface protein signatures. By applying MBFCM, we demonstrated that serum-derived EVs
of Hand AML patients both showed high abundancies of the tetraspanins CD9, CD63 and CD81 on their
surface (Fig. 1). Several other EV surface markers were detected in blood in accordance with previous
findings: ** T cell EV associated marker CD8, integrin associated EV marker CD29, megakaryocyte (or
thrombocyte) associated EV marker CD41b (integrin oIl B) and CD42a and MHC-II associated EV
marker HLA-DRDPDQ could be detected in H as well as AML samples.

Previously it was shown that leukemic blasts can express CD133. 2 Moreover it was shown, that CD133
can be secreted into EVs. 2 Here, we detected elevated levels of CD133 in AML compared to healthy
samples by MBFCM, suggesting that CD133+ EVs were released by AML blasts and subsequently
became detectable in human blood. This could mean that these markers (in combination) could qualify
as biomarkers to detect even a low tumor load.

In summary, this study presents a proof-of-concept approach to characterize EVs in the blood of AML
patients versus healthy donors. The authors would like to emphasize that based on the relatively small
patient cohort and other limitations (e.g. not age matched cohorts) that impact the data no ultimate
conclusions can be drawn in terms of specificity for observed differences for AML. Respective
differences will have to be confirmed and investigated in larger studies and more complementary
upcoming EV analysis methods such as single EV Imaging Flow Cytometry'® for additional markers
and combined subpopulations of EVs, thereby leading to a higher resolution between EV

subpopulations. The MBFCM data obtained from this proof-of-concept study still provides some more
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insight into general expression of EV surface markers in blood of leukemia patients and provides some
starting points for future studies.

MiRNA profiles might serve as highly promising biomarkers in AML for improved classification and
determination of the appropriate treatment in patients initially presenting with leukemia. Interestingly,
specific subtypes and mutant drivers of AML are associated with distinctive miRNA expression profiles,
again suggesting that miRNAs could be useful in the initial classification of the disease. 3

In general miRNAs are known to function as tumor activator or suppressor RNA. ! To obtain a better
insight into changes of molecular profiles specific for H in comparison with AML, we focused on the
cellular (Table 3) and EV (Table 4) levels of individual miRNAs and observed that ten miRNAs were
deregulated in AML patients’ samples. In addition to AML, we also identified a large set of other tumors
to support or investigate our selected ten miRNAs’ function, e.g. tumor activator (oncomiR) or
suppressor, based on EV level detected by the RNA-Seq.

Concerning cellular derived miRNAs (Table 3), the expression level of miR-10a-5p in AML and
myelodysplastic syndrome (MDS) was shown to be significantly higher compared to controls. ™! MiR-
10a-5p and miR-155-5p are highly expressed in FLT3-ITD associated AMLs. 3> MiR-155 was shown to
control B and T-cell differentiation and the development of regulatory T-cells. '***3* Inhibiting miR-155
expression in LPS activated DCs resulted in an increase in pro- inflammatory cytokines gene expression
(eg. IL-1a, IL-1B IL-6, TNF-a and IL-23). ** MiR-100 expressed highly and regulated cell differentiation
and survival by targeting RBSP3 in AML. 3¢ MiR-146b-5p was shown to be significantly increased in
MDS patients compared to controls in plasma. 7 In human AML cell lines OCI-AML3, cellular let-7a
was shown to be downregulated by SDF-1o—mediated CXCR4 activation and increased by CXCR4
inhibition. ** By targeting GPX1, miR-185-5p inhibited AML progression and downregulated AML cells'
proliferation and invasion. ** MiR-185-5p was shown to be associated with the negative regulation of
myeloid leukocyte differentiation, negative regulation of myeloid cell differentiation, and positive
regulation of hematopoiesis in the regulation of CN-AML. *' MiR-199a-5p was shown to play an
important role in regulating the sensitivity of AML cells to Adriamycin (ADM) treatment. *?
Concerning EV derived miRNAs (Table 4), miR-10a-5p was significantly increased in MDS, prostate
cancer (PCa) and human immunodeficiency virus (HIV) patients compared to controls in plasma derived
EVs. 7% We found miR-155 derived from EVs upregulated in AML, chronic lymphocytic leukemia
(CLL) and Waldenstrom’s macroglobulinemia (WM) compared to controls. ** Dunand-Sauthier et al

12
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found that miR155-induced repression of Arg2 expression appeared critical for DCs to activate T cells
by controlling arginine availability in the extracellular environment. ** EV-associated miR-100-5p was
significantly upregulated (>3-fold) in type 1 autoimmune pancreatitis (AIP) patients when compared
with controls. * MiR-146b-5p was significantly increased in MDS patients compared to controls in EVs.
7 In urinary EVs, miR-146b-5p was exhibited significantly higher expression from patients with muscle-
invasive bladder cancer (MIBC) compared with non-muscle-invasive bladder cancer (NMIBC). *¢ Let-
7a-5p purified from EVs was upregulated in plasma of both P. vivax-infected and P. falciparum-infected
patients compared to controls. *” EV derived let-7a-5p was found to be abnormally expressed in brain
microvascular pericytes obtained from spontaneous hypertensive rats compared to normotension Wistar
Kyoto rats. ** In addition, let-7a-5p in EVs could also serve as the mechanism contributing to the reduced
cell apoptosis and elevated cell autophagy in AKI. #

On the other hand, EVs with miR-185-5p as cargo was shown to be elevated in the setting of profound
epithelial cell death. ° Exosomal miRNAs miR-4433b-3p was found downregulated in immune
thrombocytopenia (ITP) patients compared to control. *' EV miR-199a-5p and miR-451a were reduced
in higher-risk MDS compared to lower-risk disease. *> EV miR—199a-5p was associated with three metals
(barium, mercury, and thallium) in early pregnancy, and their predicted target genes were enriched in
pathways important for placental development. 5 A significant increase of miRNA-451a copies (in EVs)
was detected in breast cancer (BC) patients’ sera compared to controls. '* EV miR-451a levels correlated
also with the severity of experimental autoimmune encephalomyelitis (EAE). ** Plasma derived EV miR-
151a-3p was shown to be significantly decreased in Alzheimer’s disease (AD) compared to controls. 3
As evidenced in differential gene expression (DGE) analyses based on small RNA-Seq, we focused on
136 shared miRNAs between H and AML (Fig. 4B) and selected ten miRNAs (miR-10a-5p, miR-155-
5p, miR-100-5p, miR-146b-5p, let-7a-5p and miR-185-5p, miR-4433b-3p, miR-199a-5p, miR-451a,
miR-151a-3p) expressed with Log2FC >|1| (Fig. 4C). The highest fold change (Log2FC=4.89) was
detected for EV-derived miR-10a-5p, which was upregulated in AML compared to H. It is well known
that, miRNAs impact disease development and progression through collaboration with known oncogenes
or tumor suppressors, either by directly targeting them on the mRNA level or by working in concert with
resulting proteins to promote malignancy.

In this study, we found miR-10a-5p derived from EVs (Log2FC=4.89) upregulated in AML compared
to H samples, which might confirm a direct correlation between EV miR-10a-5p level with poor

13
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prognosis in leukemic patients. 3! miR-155-5p derived from EVs was also upregulated (Log2FC=3.39)
in AML compared to H samples, which might suggest that EV-associated miR-155 deficiency in these
hematologic compartments may cause attenuated immune regulation. Our findings confirm that miR-
100-5p, miR-146b-5p and let-7a-5p derived from EVs were upregulated in AML compared to H samples.
Let-7a-5p might regulate genes involved in adherents junction or transforming growth factor- pathways.
Interestingly, our data showed that miR-185-5p (Log2FC=-2.27) from serum derived EVs was down
regulated in AML compared to H samples, what might support that miR-185-5p in extracellular vesicles
might be a key regulator of pathological processes. Our serum data also showed that miR-4433b-3p,
miR-199a-5p, miR-451a and miR-151a-3p derived from EVs were down regulated in AML compared
to H samples. These EV derived miRNAs have been shown to accumulate phosphorylation enzymes,
proteasome-related proteins and genes involved in cell death among others and could therefore point to

sufficiently altered metabolic processes.

Conclusions

In summary, we demonstrate that MBFCM is generally suitable for EV characterization in minimally
processed AML samples. Our data indicates that EV-derived miRNA cargo changes between H and
AML might not only reflect differences in levels of many hematopoiesis-related, but also general
metabolic differences. In particular, miRNAs derived from EVs could be considered privileged players
as biomarkers due to their impact on target cells and tissues, and we assume that EV derived miRNA
dysregulation in blood circulation by tumor activators (oncomiR) or tumor suppressors could have a
significant impact on multiple recipient cells, affecting their physiological features and contributing to

the development of myelodysplasia.
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Figure 1 Characterization of serum derived EVs from H and AML samples by MBFCM
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Figure | MBFCM allows the d ion of EVs (co-) expressing 37 different antigens in a semi-quantitative manner. Results

(median APC fl intensities) d d by MBFCM in H (left side, A) and AML (right side, B) serum samples are

displayed. Results are given as mean = SD.
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Figure 2 Quantification and comparison of EV surface marker expressions from serum derived EVs in
H and AML samples with MBFCM
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Figure 2 Serum samples were analyzed by multiplex bead-based flow cytometry (MBFCM). Selected several lineage associated
EV marker expression on serum from 5 H and 5 AML samples are shown by violin plots (with all individual points) of median
APC intensities. Longdash horizontal lines means ‘median data’, dotted horizontal line means ‘quartile data’. For statistical

comparison of two groups applying two-way analysis of variance (ANOVA) with Benjamini-Hochberg adj were analyzed.
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Figure 3 Small RNA species in serum derived EVs of H and AML samples
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Figure 3 Assignment of small RNA sequencing results to different RNA species from isolated EVs in 5 H and 5 AML serum
samples: A Reads mapping to miRNA, tRNA, snoRNA, snRNA and rRNA, (remained) unmapped, short (shorter than 16

leotides) and dapter (no adapter ds ble). B Relative frequencies of reads that mapped to miRNA, tRNA, snoRNA,

PP

snRNA and rRNA (unct ized d reads were excluded). C Mapping distribution of RNA reads. D Relative mapping

distribution of RNA reads (uncharacterized unmapped reads were excluded).
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Figure 4 Profiling and characterization of DESeq2-normalized miRNA data derived from EVs in H and
AML serum samples
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Figure 4 Various expression patterns of miRNAs with more than 20 DESeq2-normalized read counts derived from EVs in H and
AML serum samples: A Venn diagram of distinct miRNA patterns detected in H and AML samples. B Heatmap and hierarchical

cluster analysis of H from AML samples. C Log2 fold change (FC) of overlapping miRNAs (136) between H and AML samples.
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Figure 5 Selected 10 DESeq2-normalized miRNAs derived from EVs in H and AML serum samples

A Up regulated miRNAs derived from EVs in AML vs. H serum samples
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Figure 5 Given are up or down regulated miRNAs derived from EVs in AML vs. H serum samples: A 5 miRNAs (miR-10a-5p,
miR-155-5p, miR-100-5p, miR-146b-5p, let-7a-5p) were up regulated. B 5 miRNAs (miR-185-5p, miR-4433b-3p, miR-199a-5p,
miR-451a, miR-151a-3p) were down regulated.
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Table 1 Patients’ and healthy individuals’ characteristics

Pat.No. [ Age/Sex | Dgn. subt: stage IC Blasts (%) | blast phenotype (CD) o WBC b gray| PLT :::.:l‘:.‘;
No. | Ag - subtypes 2 ) EhmetyRe Stratification’ [  (G/1] 1G]
chemotherapy
1567 98F PAML Dgn 16 34,117,56,14,15,65 Adverse 7.96 83 12 NCR
1597 | 84 SAML Dgn 7 117,34,56,65,1533,13 | Intermediate |  88.6 13 4 NCR
AML 1609 2M SAML Dgn 59 117,34,56,65,33 Favourable | 10.04 9.5 14 CR
1594 | 70F PAML/M4 Pers. 30 34,117,13,33,65 Favourable | 1.32 68 125 NCR
1598 | 6UF SAML Rel 4s 117.33.13 Adverse 19.6 83 15 NCR
1579 | 3im nd nd nd nd nd nd nd nd nd
1580 | 24/F nd nd nd nd nd nd nd nd nd
H 1583 | 29m nd nd nd nd nd nd nd nd nd
1585 | 30m nd nd nd nd nd nd nd nd nd
1586 | 29M nd nd nd nd nd nd nd nd nd

Table 1 AML acute myeloid leukemia; H healthy; Pat. No. Patient’s number; F female; M male; p primary AML; s secondary
AML; CD Cluster of differentiation; dgn first diagnosis; Hb hemoglobin; IC Blast immune cytologically detected blasts; Bold

markers used to quantify blasts; rel relapse; CR Complete remission; NCR no plete remission; pers. persisting disease; PLT

platelets; WBC white blood cells; nd, no data. 'AML patients were classified based on the National Comprehensive Cancer

Network (NCCN) guidelines as “favorable”, “intermediate”, or “adverse risk”.
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Table 2 Cellular composition of H and AML peripheral blood samples

Nanoscale Advances

Pat. No. CD14+ expressing cells (%)  CD19+ expressing cells (%) CD3+ expressing cells (%)  CDS6+ expressing cells (%)
P1567 28.18* 2.74 7.14 44.9*
P1594 9.42 2.56 16.91 8.18
AML  P1597 6.02 1.32 9.29 64.58*
P1598 3.81 5.81 12.68 7.18
P1609 5.22 6.98 27.68 12¢
1579 294 238 12.73 321
1580 5.43 114 8.71 11.95
H 1583 312 0.72 9.13 438
1585 0.47 0.28 1.27 141
1586 38 2.12 20.69 10.94

*(aberrant) expression of these markers on leukemic cells; AML acute myeloid leukemia; H healthy donors; Pat. No. Patient’s

number;
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Table 3 Selected miRNAs involved in AML pathogenesis

Nanoscale Advances

Compared to Targeted Functional cffect of expression
Cullalar Somrols Healthy (H) Costions! Tumes cells OncomiR “Tumor suppressor Refesnces
AL 1 cell survival,f cellular growth, and induce
. FLT3-ITDNPMI, angiogencsis, protease inhibitors 1 chemotherapy
miR-10-Sp | scrum,BM,plasma ‘:C" K'; lMll"s CEBPA, C-KIT, MDM4| ™ |drug scsitivity of AML, 1 pathogenesis of NPM1 ~ 731,32
(plasma) va.H; mutated (NPMImut), | MDM4 downregulation
1 Prolifcration, 1 survival, overexpression
TON-AML vs H
BM, plasma, cell lines (normal FLT3-ITD, CEBPB, leads o myeloprotiikeative neoplasa
miR-155-(5p) (KG! and NB4) etic SHIP1. PU.1 T cells in mice, confers negative prognosis in nd 17,32,33,34,35
s U ON-AML, no effect in MLL-AF9 mouse
J model of leukemia
and monocyte
miR-100-(5p) | BM, plasma, cell lines d RBSP3 nd 1 Proliferation, 1 survival, | differentiation el 36,37,38
| Proliferation, | survival, | NF-kB
miR-146b-5p plasma ™08 ";:""‘" SF3B1, DNMT3A nd nd activation, deletion lcads to 7
e ‘myeloproliferation
1SDF-la-mediated CXCR4 activation and 1
let7a-5p celllines d CXCR4 nd d by CXCR4 inhibition, | c-Mye and BCL-XL 3
protein, 1 chemosensitivity
1 Proliferation, | invasion, 1
miR-185-5p cell lines d GPXI nd nd - i} 0,41
‘miR4433b-3p nd d d nd od od d
BM, cell lines (KG1 1 inducible autophagy, fprosurvival, |drug
miR-199-5p and NBA) | RR(BM) vs. CR DRAMI nd nd scasitivity, upon ADM 2
miR4s1s d od d nd d nd od
miR-151a3p plasma d SF3BI, DNMTIA nd nd nd 7

Table 3 AML acute myeloid leukemia; H healthy donors; FC fold change; BM: bone marrow; AML-DS Down syndrome; PB peripheral blood; MDS myelodysplastic syndromes; LSC: leukemic stem-like cells; RR

relapsed/refractory; CR complete remission; 1 up regulated; § down regulated; nd: no data;

Nanoscale Advances

Table 4 Selected extracellular miRNAs involved in tumor pathogenesis

Targeted cxpression Predicted change
EV-miRNA Cellular sources ‘Compared to Healthy (H) Confirmed Targets | cells iR T = References. ( )
oSl P, el | 00 e EV) . 1 | SF3BL DANITIA o i oo | ed o g
miR-100-5p |  plasma; HIV, plasma; breast 1 (plasma derived EVs) HIV-positive vi|  (MDS) nd transcription actin cytoskelcton, 7,43, 44 1
cancer, hepatocellular carcinoma HIV-egaive ‘and cphrin receptor signaling
HMs (AML, CLLWM, MDS, MM, | TAML, CLL, WM (scrum derived EV)
miR-155-5p FL. DLBCL. HL). wll nd nd nd nd » 1
| DOX-induced ROS, LDH, and
. . 1(p = 3.23) AIP (scrum derived EV) vs. » MDA, | SOD, tapoptotic cells,
miR-100-5p | HucMSC; type 1 AIP, CP, serum H NOX4 nd nd 1 NOX4 and cleaved. 3 45 T
protein expression
1(FC = 7.84;P = 0.004) (urinary EVs)
R-146b-5p | MDSPlasma; MIBC. tumor ssues| MIBC VS NMIBC puicns. f(plsma | SF3BI, DNMTIA [ ‘“I:‘ e sogad] ‘::‘"" of AML . i
and urinary EVHIV, plasma derived EVs) HIV-positive vs. HIV- (MDS) T e ey " d i
negative Ieskamogenss
‘microvascular pericytes from ‘abnormally expressed in beain
- 5 brain microvascular pericytes and
let-7a-Sp  |SHR; plasma o(;h:“: vivax-infected| microvascular pericyte EVs of SHR vs. | TGF- f pathway |  nd ad o ot bypen 47,48 '
‘murine model ( mimics human THyperoxia vs. Room air, T Mimics | IFADD and caspase-8, 1
mIR-185-5p ARDS), cell lines vs. Control FADD! gt od - necroptosis = '
miR-4433b-3p ITP, plasma | ITP (plasma derived EV) vs. H nd nd nd nd 51 1
miR-199a-5p MDS, plame; progaancy [ #MOS (Plasma derived EV) (p<0.05) d nd na.90 '
IMDS (plasma derived EV) (7<0.05) | Avr camso ‘involved in neuron
miR-451a  |MDS, plasma; BC, AD, DLB, murine EAE| vs. H; 1BC (serum derived EV) vs. H;| (;’0 nd od differentiation-prolifcration and 14,52, 54 4
EVive H eath, genes related to SMAD
4 cell apoptosis ! viability of AML
miR151-3p MDS plasma; AD, plasma L AD (plasma derived EV) va | SPIBLDNMIBAL o i vivo and vitro, oncogene in od 288 '
Ieukemogenesis
Table 4 AML acute myeloid leukemia; CLL chronic lymphocytic leukemia; WM s MDS syndrome; MM multiple myeloma, FL follicular lymphoma, DLBCL diffuse

large B-cell lymphoma; HL Hodgkin's Lymphoma, H healthy donors; HueMSC human umbilical cord

CP chronic

stem cells; AIP

FC fold change: BM bone marrow;

MIBC muscle-invasive bladder cancer: SHR spontaneous hypertensive rats; PCa prostate cancer; HIV human immunodeficiency virus; ARDS acute respiratory distress syndrome: ITP Immune thrombocytopenia; AD

Alzheimer's discase; DLB dementia with Lewy bodies; BC breast cancer; EAE

Tup

regulated; nd no data;
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Supplementary Table 136 DESeq2-normalized miRNAs detected in H and AML samples

Nanoscale Advances

| AML __ [Fold change (FC) [Log2FC |
miR-10a-5p 458.8083[ 13568.8 2957401462 4886258195
miR-155-5p 69.89218] 7343148 10.50639422 3393195718
miR-100-5p 32.12786] 284.4989) 8.855210192 3.146526552,
miR-181b-5p 43.96444] 305.0034] 6.937501817 2794416244
miR-139-5p 243.4953] 1269.352 5.213045177 2.382126363
miR-10b-5p 643.6844| 3041.704) 4725457784 2.240454099)
miR-125a-5p 117.8021] 493.3878 4.188275091 2.066356203
let-7b-5p 1238.895]  4935.8 3.984033391 1.994229739
miR-378a-3p 46.21902[ 166.5985 3.604543371 1.849816508
let-7c-5p 82.29241] 281.9359) 3.426025417 1.776535854
miR-181a-5p 395.6799] 1307.798 3305191692 1.724733947
miR-99a-5p 629.5933] 2078.636 3.301554208] 1.723145334
miR-30a-3p 46.21902] 152.5017 3.299543547 1.722266459)
miR-941 55.23737| 179.4137 3.248050071 1.699573873
miR-146b-5p 1030.346] 3241.622 3.146148719) 1653586869
miR-222-3p 155.0028| 446.6121 2.88131569 1.526727737
miR-150-5p 108.7838] 294.7511 2.709513271 1.438033714
miR-30a-5p 199.5309| 456.8643 2289691794 1.195153416)
miR-27a-3p 851.1064] 1890.252 2.220934899) 1.151167105
let-7d-3p 49.03726] 107.6482 2195233841 1.134374627
miR-197-3p 22.54586] 48.69801 2.159953297 1.111000118
miR-122-5p 1869.616| 4035.528 2.158479581 1.110015445
let-7e-5p 136.9661] 292.1881 2.133287207 1.09307821
let-7a-5p 5637.03] 11428.66 2027424995 1.019648542
miR-29a-3p 69.89218] 137.7641 1.971094902 0.978997239
miR-320b 51.29184] 99.31832 1.936337542 0953330465
miR-99b-5p 387.2252| 749.6931 1.93606478 0953127225
miR-126-3p 20127.26] 36998.32 1.838219516] 0.87830906|
miR-181d-5p 21.41857| 39.08656| 1.82489129) 0.867810524)
miR-342-5p 25.3641] 46.13496] 1.81890804 0.863072605|
miR-139-3p 31.56421] 57.02794) 1.806727852 0.853379209)
miR-1-3p 47.90996] 84.58076 1.765410744 0.820003883
miR-361-3p 101.4564] 176.2099 1.736804552 0796435412,
miR-223-5p 321.2786[ 557.4641 1.735142538 0795054182,
miR-629-5p 43.96444| 69.20244) 1.574055034 0.654485983
miR-30c-5p 433.4442[ 676.6461 1.561091425 0.642555031
miR-335-3p 80.03782[ 124.3081 1.5531169 0.635166423
miR-543 73.83771] 112.1336] 1.518649365 0.60278881
miR-342-3p 27.05504] 39.08656| 1.444705604, 0.530775537)
miR-92a-3p 2735.377| 3919.549 1.432910117 0.518948116,
miR-532-5p 98.63816] 140.9679) 1.429142031 o.slsnmozl
miR-192-5p 132.457| 187.7437 1.417393765 0.503240608
miR-148a-3p 13972.8[ 17839.49) 1.27673 0.35245346
miR-16-2-3p 117.8021] 148.0163 1.256482527 03
miR-320a-3p 941.2898] 1162.345 1.234842509) 0304327053
miR-25-3p 865.7612[ 1031.629) 1.191586077 0252883172,
miR-23a-3p 129.0751] 152.5017 1.181495943 0.240614675|
miR-625-3p 80.03782[ 90.9884) 1136817525 0.1850007
miR-486-3p 20.85492[ 23.06748 1.106092727 0.145472336
miR-140-3p 217.5676| 235.1601 1.080860185 0.112179915|
miR-194-5p 23.67316] 24.34901 1.028549189) 0.040610791
miR-203a-3p 105.4019 108.289 1.027391239) 0.038985676,
miR-20a-5p 157.2574| 160.1908 1.018653696) 0.026663673
miR-1301-3p 29.30962| 29.47511 1.005646272 0.008122938|
miR-32-5p 33.8188] 33.96046 1.004188813) 0.006030559)
miR-24-2-5p 31.00056] 30.75664) 0.992131658 -0.011396513
miR-7-5p 236.7316] 231.9563 0979828438 -0.029398931
miR-382-5p 47.90996] 46.77572 0.976325639) -0.034565677
miR-142-5p 645.3754] 627.9481 0.972996659) -0.039493244
miR-19a-3p 21.41857| 20.50443 0.957320021 -0.062926814
miR-3615 46.78267| 44.21267 0945065171 -0.081514275
miR-340-3p 49.6009[ 46.13496] 0.930123429) -0.104505917
miR-381-3p 151.0573| 139.0456 0.920482846) -0.119537258|
miR-363-3p 145.4208| 133.2788| 0916504051 -0.125786837
miR-3168 82.85605| 74.96931 0904813948 -0.144306925
miR-22-5p 38.32797| 34.60122 0902766858 -0.147574639
miR-423-5p 2535.846] 2281.118 0.899548875 -0.152726426
miR-22-3p 313.9512[ 277.4505 0.88373786| -o.mao%ﬁl
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miR-140-5p 37.76432] 33.31969) 0.882306139] __ -0.180648772
miR-409-3p 209.1129] 181336 0867168085 __ -0.205616434
miR-191-5p 1732.65 1500.027 0.865741648 -0.207991531
miR-30d-5p 3055.528] 2598.936 0.850568508 -0.233500655,
miR-423-3p 1189.858] 1011.765 0.85032443 -0.233914708,
miR-183-5p 30.43692| 25.63053 0.842087055 -0.247958707)
miR-143-3p 564.2103| 473.5241 0839268882 -0.252795005
miR-495-3p 31.00056] 25.63053 0826776382, -0.274430919
let-76-5p 9902.707| 8147.306 0.822735206 -0.281499916
let-7g-5p 3569.01] 2923.803 0819219578 -0.287677902,
miR-186-5p 206.2947] 168.5208 0.816893467 -0.291780149)
miR-224-5p 77.78323| 63.43557 0.815543007, -0.294167137,
miR-30¢-3p 379.8978 299.2365 0787676237 -0.344325342
lct-7d-5p 640.3026] 494.0285 0771554852, -0.37415937)
miR-27b-3p 810.5238| 624.1035 0770000187 -0.377069299)
miR-128-3p 772.1959] $92.0653 0.766729484, -0.383210437)
miR-28-3p 214.1857] 164.0354 0.765856017, 0384854908
miR-330-3p 29.30962] 22.42672 0.765165642, -0.386156001
miR-223-3p 355.661] 265.9168 0747669212, -0.419527969)
miR-101-3p 915.3621 683.0537 0746211503, -0.422343495
miR-17-5p 91.8744] 66.63939) 0725331427 -0.463287736
miR-126-5p 195.0217| 137.1234 0703118353 -0.508160541
miR-379-5p 135.8388] 95.47374) 0.70284569) -0.508720116|
miR-134-5p 52.41913| 36.52351 0.696759128 0521268097
miR-15b-5p 45.65538] 313974 0.687704429) -0.540139459)
miR-28-5p 53.54643| 36.52351 0.682090515, -0.551964894
miR-654-3p 44.52808] 30.11588 0.676334477 0564191197,
miR-127-3p 64.25571] 42.93114 0.668129598 ~0.581800124,
miR-26b-5p 1087.274] 718.9365 0.661228234 -0.596779768|
miR-493-3p 74.965| 49.33878 0658157514, -0.603495195
miR-24-3p 1299.205] 851.5745 0.655457913, -0.609424946,
miR-411-5p 45.09173] 29.47511 0.653670077 -0.613365439)
miR-425-5p 293.6599 191.5882 0652415432, 0616137188,
miR-484 72.14677| 46.77572 0.648341245 -o.625174741|
miR-1307-3p 327.4787] 206.9666 0.632000104,

miR-21-5p 13918.69] 8789.351 0631478334

miR-30b-5p 114.9839] 72.40626| 0629707747

miR-221-3p 603.6655 355.6237 0589107121 -0.763398104)
miR-26a-5p 20441.77]_11699.7 0.572342658 -0.805048956
miR-486-5p 1334.152] 762.5084] 0.571530568, -0.807097433
miR-30¢-5p 459.9356] 262.0722 0.569801921 -0.811467609)
miR-182-5p 95.81992 54.46488 0.568408762. ~0.8149993
miR-432-5p 44.52808| 24.98977 0.561213715, -0.833377829
miR-142-3p 361.2975] 194.1513 0537372402 -0.896005863
let-7i-5p 15391.5] 8190.878 0.532168983 -0.910043668,
miR-328-3p 139.7844] 73.68778 0.527153288| -o.9zs7osss|
miR-98-5p 353.9701] 177.4914 0.50143066| -0.995877883
miR-370-3p 217.5676] 107.0075 0491835561 -1.023752045,
miR-374a-5p 82.85605| 40.36809 0487207511 -1.037391721
miR-106b-3p 168.5303] 79.45465 0471456097 ~1.084804664,
miR-146a-5p 2130.021] 958.582 0450034141 -1.151893644)
miR-199a-3p-miR-199b-3p | 1030.346] 449.8159 0.43656778 -1.195722435
miR-16-5p 200.0945 86.50305 0.43231089) ~1.209858917)
miR-93-5p 135.8388] 58.30946| 0.42925475 ~1.220093996|
miR-340-5p 371.4431 147.3756 0396764842 -1.333643904)
miR-151a-3p 10364.9] 4091915 0394785835 -1.34085787)
miR-152-3p 107.0929] 41.00885 0.382928008 ~1.384854908,
miR-339-5p 56.92831| 21.78595 0382691048 -1.385747942,
miR-493-5p 100.3291] 37.80504] 0376810303, -1.408089682,
miR-744-5p 564.2103| 208.2481 0.369096599) -1.437929651
miR-11400 121.7477] 42.93114] 0352623954 -1.503797612,
miR-451a 5646.612| 1961.377 0347354606 -1.525518867,
miR-103a-3p 632.4115| 207.6073 0328278857 -1.607006258|
miR-584-5p 302.6782| 78.81389 0.260388372. -1.941263073
miR-148b-3p 624.5204] 144.1718 0.230851934 2114960275
miR-199a-5p 324.0968 73.68778 0227363505, 2136927395
miR-4433b-3p 238.4225| 53.18336 0223063486 2164473722
miR-185-5p 635.7934] 131.9972 0207610293 2268050125
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