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SUMMARY

Summary

Blood transfusions, especially transfusions of erythrocyte concentrates, are applied in hospi-
tals around the globe to treat anemia or blood loss during surgeries by increasing total hemo-
globin mass and oxygen capacity. As this procedure also enhances the performance of exer-
cising humans, it is considered as doping and prohibited by the World Anti-Doping Agency to
assure equality and fairness in competitive sports. Though the transfusion of homologous
erythrocytes can already be uncovered using accredited techniques, there is still no reliable
method to detect autologous transfusions. The current gold standard procedure of longitudi-
nally monitoring hematological markers is promising; however, it has been demonstrated that
many cases of blood doping remain undetected due to the lack of unequivocal verification

procedures, or unpunished due to conservative athlete sanctioning.

Recent findings substantiate the potential of microRNAs, which are already under intense in-
vestigation as diagnostic and prognostic disease marker, in doping detection. Interestingly, the
total microRNA profile of erythrocyte concentrates changes significantly during storage, but
whether this altered signature can be observed after transfusion in vivo has not yet been in-
vestigated. Therefore, we conducted a randomized controlled human study including 30
healthy, recreationally active men and performed supervised blood doping with two different
volumes of autologous erythrocyte concentrates. Multiple blood samples collected before and
after blood donation as well as after erythrocyte transfusion were subjected to hematological
profiling and microRNA sequencing. Comprehensive multivariate data analyses for single mi-
croRNAs and pattern recognition were performed to reveal discriminating biomarkers for the
doped and non-doped conditions. Finally, the classification performance of resulting microRNA

signatures was compared to the data from hematological profiling.

In addition to inducing specific changes in total microRNA profiles, erythrocyte storage also
stimulates the release of extracellular vesicles, which most likely mirror the altered microRNA
cargo of their parent cells and are also re-transfused. Remarkably, extracellular vesicles, their
cargo, and biodistribution have been examined in therapeutics and biomarker studies in which
a trans-renal release of circulating vesicles was ascertained. Since urine samples are routinely
taken in doping controls, urinary extracellular vesicles and their microRNA cargo might repre-
sent another promising analyte in doping detection. However, a lack of consensus on appro-
priate separation methods for urinary extracellular vesicles required a proof of principle. Thus,
we evaluated five different strategies of urinary extracellular vesicle separation for their feasi-

bility in and applicability for downstream microRNA sequencing.



SUMMARY

In essence, we could successfully establish a whole blood microRNA fingerprint (miR-144-3p
and miR-320d) that has potential to identify subjects who underwent autologous blood doping
with erythrocyte concentrates. Even though the obtained classification performance only
reached a sensitivity of up to 11 % and was thus inferior to the sensitivity of hematological
profiling (44 %), the window of detection could be slightly extended based on the microRNA
signature. Interestingly, the previously ascertained storage-induced microRNA signature was
not confirmed after re-transfusion in vivo. In the feasibility study on urinary extracellular vesicle-
derived microRNAs, all five approaches allowed downstream microRNA sequencing. How-
ever, different microRNA patterns and levels of purity in the vesicle preparations were ob-
served. This emphasizes the need for comprehensive characterization and proper reporting of
biophysical and transcriptional results to facilitate reproducibility and comparability. Once an
appropriate method is selected based on our findings, longitudinal monitoring of both whole
blood and urinary extracellular vesicle microRNA profiles might be implemented in routine dop-
ing controls in the future to verify their true applicability in the detection of autologous blood
doping. Such an approach could prove even useful in the presence of other drugs and masking

agents that could not have been controlled for in this present study.
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Zusammenfassung

Bluttransfusionen, und dabei die Transfusion von Erythrozytenkonzentraten im Besonderen,
werden in der klinischen Routine hauptsachlich zur Behandlung von Anamien und gréf3erem
Blutverlust wahrend Operationen eingesetzt. Durch den damit einhergehenden sofortigen An-
stieg von Hamoglobin wird gleichermalien die Sauerstoffkapazitat erhdht, welche auflerdem
in Zusammenhang mit erhéhter Ausdauer und Leistungsfahigkeit bei Sportlern steht. Aus die-
sem Grund werden Bluttransfusionen jeglicher Blutbestandteile von der weltweiten Anti-Do-
ping Agentur als Doping eingestuft und sind somit verboten, um die Gleichberechtigung und
Fairness wahrend sportlicher Wettkampfe sicherzustellen. Zwar kann die Transfusion von al-
logenen Erythrozytenkonzentraten mittlerweile zuverlassig durch ein anerkanntes Verfahren
bestatigt werden, doch fur den Nachweis von autologen Transfusionen fehlt derzeit noch ein
valides Konzept. Der aktuelle Goldstandard, welcher auf der individuellen Langzeitmessung
von hamatologischen Markern basiert, ist vielversprechend. Dennoch bleiben aufgrund feh-
lender eindeutiger Nachweisverfahren viele Dopingfalle unerkannt oder aufgrund konservati-

ver Sanktionierung der Sportler unbestraft.

Neuere Erkenntnisse belegen das Potenzial von microRNAs, welche bereits als diagnostische
und prognostische Biomarker bekannt sind, zum Nachweis von Doping. Interessanterweise
verandert sich das microRNA-Profil von Erythrozytenkonzentraten wahrend deren Lagerung
signifikant, allerdings wurde bisher noch nicht untersucht, ob dieses Lagerungsmuster nach
einer Transfusion auch in vivo beobachtet werden kann. Daher haben wir eine randomisierte,
kontrollierte Humanstudie mit 30 gesunden, sportlichen Mannern durchgefiihrt, in welcher ein
Uberwachtes Blutdoping mit autologen Erythrozytenkonzentraten in zwei unterschiedlichen
Volumina durchgefihrt wurde. Mehrere Blutproben wurden vor und nach der Blutspende sowie
nach der Erythrozyten-Transfusion entnommen, bevor sie der Analyse verschiedener hama-
tologischer Parameter und einer microRNA-Sequenzierung unterzogen wurden. Umfassende
multivariate Datenanalysen fur einzelne microRNAs sowie zur Mustererkennung wurden
durchgefuhrt, um diskriminierende Biomarker fur die Unterscheidung zwischen gedopten und
nicht-gedopten Bedingungen aufzuzeigen. SchlieRlich wurden die erzielten pradiktiven Werte

der microRNA Signatur mit den Ergebnissen der hamatologischen Analyse verglichen.

Zusatzlich zu den lagerungsbedingten Veranderungen im microRNA Profil fordert die Lage-
rung von Erythrozytenkonzentraten auch die Ausschittung extrazellularer Vesikel, welche ver-
mutlich das veranderte microRNA-Muster ihrer Ursprungszellen widerspiegeln und ebenfalls
transfundiert werden. Bei Untersuchungen von extrazellularen Vesikeln, ihrer Bestandteile und

Verteilung im Koérper zur Anwendung als Biomarker bzw. Therapeutika konnte zudem
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festgestellt werden, dass zirkulierende Vesikel die Niere passieren kénnen. Da Urinproben
routinemafig in Dopingkontrollen gesammelt werden, bilden extrazellulare Vesikel und die da-
rin enthaltene microRNA eine weitere aussichtsreiche Ebene bei der Detektion von Doping.
Bisher konnte allerdings keine allgemein anerkannte Methode flr die Isolation von extrazellu-
laren Vesikeln aus Urin etabliert werden, weswegen wir zuerst eine Machbarkeitsstudie durch-
geflhrt haben. In dieser wurden funf verschiedene Strategien zur Isolation von extrazellularen
Vesikeln aus Urin in Bezug auf biophysikalische Charakteristika der jeweiligen Vesikelprapa-

rationen sowie die nachgelagerte microRNA Sequenzierung verglichen.

Im Wesentlichen zusammengefasst konnten wir eine auf Vollblut basierte microRNA-Signatur
(miR-144-3p und miR-320d) ermitteln, welche da Potential hatte, Eigenblutdoping mit Erythro-
zytenkonzentraten zu identifizieren. Zwar wurde im Vergleich zur hamatologischen Analyse
(44 %) eine geringere Sensitivitdt von maximal 11 % erreicht, doch konnte das Detektions-
fenster mittels der microRNA-Signatur etwas erweitert werden. Das fruher ermittelte lage-
rungsabhangige microRNA-Profil konnte allerdings nicht nach Re-Transfusion in vivo bestatigt
werden. Hinsichtlich der Machbarkeitsstudie zur microRNA-Analyse aus extrazellularen Vesi-
keln im Urin erlaubten alle funf getesteten Methoden eine microRNA-Sequenzierung. Es wur-
den jedoch unterschiedliche microRNA-Muster sowie Reinheitsgrade der Vesikel festgestellt.
Dies unterstreicht die Notwendigkeit einer umfassenden Charakterisierung und ordnungsge-
mafen Protokollierung aller biophysikalischen und transkriptionellen Ergebnisse, um die Re-
produzierbarkeit und Vergleichbarkeit zu ermdglichen. Sobald basierend auf unseren Erkennt-
nissen eine geeignete Methode ausgewahlt ist, kdnnte die Langzeitiberwachung von
microRNA-Profilen sowohl aus Vollblut als auch aus extrazellularen Vesikeln im Urin in Zukunft
in Routine-Dopingkontrollen implementiert werden, um ihre tatsachliche Anwendbarkeit bei der
Erkennung von Eigenblutdoping zu verifizieren, insbesondere wenn andere Medikamente und

Maskierungsmittel, die in dieser Studie nicht kontrolliert werden konnten, eingesetzt werden.
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INTRODUCTION

1. Introduction

1.1. Doping — win at any price

1.1.1. Historical perspective and classification

As early as antiquity, numerous ways and means were found to outperform competitors and
achieve victory in all sorts of recreational and athletic endeavors [1]. Herbal mixtures and bo-
vine testicles were probably used for this purpose back then, matching the original meaning of
“to dope”, which has its etymology in Afrikaans and referred to any potation with stimulating
effects [2]. Later on, amphetamines and anabolic steroids were deliberately administered to
soldiers to increase their alertness and prisoners of war to promote convalescence of ex-
hausted and malnourished captives, respectively [1]. In 1963, doping was finally defined as
the application of foreign substances in physically abnormal ways for the purpose of unfair
performance enhancement by the Council of Europe [3]. However, this vague scope raised
confusion since naturally occurring hormones, such as testosterone, were not covered by the
definition, probably leading to its heavy misuse then [4]. Shockingly, the former German Dem-
ocratic Republic even enforced state-sponsored doping campaigns to improve its worldwide
image and shine as the third best sports nation [4, 5]. It even did not shy away from performing
unethical human subject research, which resulted in an earlier mortality age for those affected.
In order to centralize all ongoing efforts to protect an athlete’s health and likewise ensure
equality among competitors, which heretofore had happened on the national levels, the World
Anti-Doping Agency (WADA) was founded in 1999 as consequence of the first worldwide anti-
doping conference. One of its first actions was to adopt “The Code” which initially came into
force in 2009 and was recently updated in 2021 [6]. This comprehensive and harmonizing
document comprises not only a more extensive definition of doping, but also thoroughly lists
rules and sanctions that athletes who violate the regulations have to consider. With this regu-
larizing and widely accepted document, doping is classified as the occurrence of one or more
violations of any of the stated anti-doping rules, some of which are whereabouts failure, evad-
ing to submit collected samples, the presence of a prohibited substance or its metabolites in
an athlete’s sample, (attempted) use, trafficking, possession and/or administration of any pro-
hibited substance or method, even when complicity. Prohibited substances and methods that
violate the spirit of sports, represent a health risk, have the evidenced or expected potential to
enhance sports performance, or mask the use of such alone or in combination, are detailed
and updated regularly in the WADA'’s “Prohibited List” [7]. These include anabolic agents,
growth factors, beta-2 agonists, hormone modulators, narcotics, gene doping, and the manip-

ulation of blood and blood components, amongst others [7].
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1.1.2. Stamina boost by different forms of blood doping

Speaking of blood manipulation, the use of erythropoietin (EPO) stimulants, synthetic oxygen
carriers, blood substitutes, or blood transfusions is generally referred to as blood doping and
prohibited at all times, meaning in- and out-of-competition [7]. The overall aim of blood doping
is to enhance oxygen delivery, e.g. by increasing the blood hemoglobin mass or the oxygen
transfer capacity, as this is the limiting factor during aerobic exercise and is thus mainly but

not exclusively attractive to endurance athletes [8].

The peptide hormone EPO, for instance, is produced in the kidneys under the control of hy-
poxia-inducible transcription factors (HIFs), and stimulates erythropoiesis in the bone mar-
row [9]. By the use of HIF stabilizers or recombinant human EPO (rhEPO) — actually intended
to treat anemia caused by chronic kidney diseases, cancer-related chemotherapy, or autoim-
mune diseases — erythrocyte production can be accelerated disproportionally in healthy peo-
ple [9]. With varying half-life times around 25 — 160 hours, depending on the respective im-
proved biosimilar (“biobetter”), rhEPO has to be repeatedly injected with a lead time of about
one month before a competition to benefit from the peak hemoglobin concentration, as eryth-
ropoiesis requires several weeks [10, 11]. Apart from the enhanced oxygen capacity, which
was already demonstrated by a significant increase of maximal oxygen uptake and running
performance by 6 — 7 % [12, 13], rhEPO misuse has two more consequences. On the one
hand, endogenous EPO production is paused to maintain homeostasis, on the other hand, the

risk of thromboembolic complications is elevated due to increased blood viscosity [9].

As hemoglobin is the key compound for oxygen transfer, the application of pure hemoglobin
might seem straightforward to immediately increase circulating hemoglobin concentration and
oxygen supply. However, free hemoglobin is very unstable and can even induce toxic effects
to the kidney prior to its rapid metabolization by the liver [14]. To overcome these issues, syn-
thetic oxygen carriers with the ability to ferry oxygen, which are either based on biochemically
cross-linked and modified hemoglobin or on perfluorocarbons and feature a prolonged half-life
around 12 - 24 hours, were generated [15, 16]. The actual clinical indication for the use of
synthetic oxygen carriers was to substitute blood whenever the availability of blood products
for transfusions is limited [14]. When administered to a healthy athlete shortly before a com-
petition, an improved aerobic capacity is assumed [15]. However, more recent studies refute
the asserted performance-enhancing effect, demonstrating just how speculative this purported
effect still is [17]. Although the biological mechanism for the performance-enhancing effect of
synthetic oxygen carriers remains unclear, the adverse effects of hemoglobin-based oxygen
substitutes are meanwhile well-studied and include hypertension, induced by nitric oxide scav-

enging, and renal toxicity [14, 17].
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Beyond the clinical intention of increasing hemoglobin levels in anemia patients, blood trans-
fusions also represent a substantial area of blood doping [18]. Building on early practices in
which whole blood was withdrawn and transfused, more evolved blood doping rather focuses
on the concentrated administration of relevant blood fractions in order to reduce volume load
of blood vessels [19]. In this process, blood compartments are separated after withdrawal and
only the parts of interest are transfused. Regarding the enhancement of oxygen capacity,
erythrocytes correspond to the functional unit, which can be stored in appropriate solutions at
4 °C for 49 days or cryopreserved for up to 30 years according to current regulations [20]. Prior
to a competition, stored erythrocyte concentrates (ECs) are transfused, leading to an immedi-
ate increase in circulating erythrocytes and thus hemoglobin mass that lasts for a maximum of
70 days, which corresponds to the normal life span of erythrocytes of 120 days minus storage
time. Not being biological inert structures, however, erythrocytes age during storage and
around 25 % are already removed from the circulation within 24 hours after transfusion [21].
While EC transfusions significantly improve physical performance by around 15 % [22], there
are also adverse effects that have to be recognized. Comparable to rhEPO injections, in-
creased hematocrit levels lead to a rise in blood viscosity and thereby promote the risk of
stroke, heart attack, and venous thromboembolism [23]. Especially in case of homologous or
allogenic transfusions, in which blood donor and recipient are different persons, immunological
reactions have to be considered as well, which could presumably be neglected in case of au-

tologous transfusions, meaning that blood donor and recipient are the same individuum.

1.1.3. Detection of blood doping and its limitations

In 2009, the Athlete Biological Passport (ABP) was established by WADA to longitudinally
monitor athletes and evaluate their individual physiological range by applying Bayesian infer-
ence, which predicts the probability for a marker to fall within an individual’s normal range [24].
The ABP consists of three modules, hematological, steroidal, and endocrinological, with the
hematological module being thought to uncover any form of blood doping. The included test
parameters as well as sampling procedures, storage, transport conditions, and reporting are
tightly regulated in the WADA’s ABP operating and sample collection guidelines [24, 25]. The
primary markers of the hematological module include hemoglobin concentration and the
OFF-hr score, which is computed based on hemoglobin concentration and reticulocyte per-
centage [26]. Once an atypical passport finding is reported — which is triggered by one primary
marker exceeding an individual’'s 99 % probability threshold as determined by the adaptive
model of Bayesian inference — an expert panel reviews the results and considers additional
available information, such as longitudinal profiles of secondary (reticulocyte percentage and
Abnormal Blood Profile Score) and confounding marker (hematocrit, age, hydration levels,

whereabouts, etc.) [24]. Finally, the experts’ decision can be one of the following: “normal’,
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“suspicious”, “likely doping”, “likely medical condition”. Even in case of a “likely doping” deci-
sion, the longitudinal results are repeatedly reviewed, and the respective athlete is allowed to
submit his or her explanation of the event prior to any proceedings. With this very conservative
procedure, WADA implicitly aims at protecting innocent athletes from aspersions as sanctions
could irreversibly and disadvantageously affect their social as well as financial situation. How-
ever, this morale might get off many actually doped athletes without punishment unless they

are not justifiably unmasked by a test procedure other than the ABP.

In this context, more conclusive evidence for the misuse of prohibited substances or methods
can indeed be achieved by direct or indirect screening for exogenous substances or metabo-
lites thereof. In case of the illicit use of rhEPO, the hematological module of the ABP can only
substantiate an increase in erythropoiesis, whilst the reason for its stimulation remains un-
known; however, isoelectric focusing visualized by immunoblotting can clearly reveal the re-
combinant origin of the hormone in urine-based testing and was officially approved as a de-
tection method [27]. Likewise, hemoglobin-based oxygen-carriers can be detected reliably by
the combination of chromatography and mass spectrometry, a testing strategy which was im-
plemented in 2004 [28]. Perfluorocarbons remain unaltered in the body and can therefore be
directly detected in exhaled air or blood by gas chromatography-mass spectrometry [29, 30].
For the detection of blood or EC transfusions, it makes a difference whether the transfusion
was homologous or autologous. 360 distinct erythrocyte antigens have been discovered to
date, and their grouping varies between individuals, especially regarding the minor anti-
gens [31]. Therefore, homologous transfusions can be clearly detected by flow cytometric anal-
ysis, which readily distinguishes the specific antigen set of the donor from the distinct antigen
grouping of the recipient [32]. However, this approach is not possible in case of autologous

blood transfusions (ABT) in which donor and recipient are one and the same person.

Promising approaches to detect ABT that are based on the measurement of the total hemo-
globin mass applying the carbon monoxide rebreathing procedure were described by Gore and
coworkers [33-35]. Although an increase in total hemoglobin mass after ABT, allowing for its
detection with high sensitivity and specificity, was ascertained, the method to measure total
hemoglobin mass itself presents the bottleneck for effective implementation of this parameter
in the ABP, as it can easily be distorted by the athlete and, moreover, carbon monoxide is
potentially harmful, impacting both an athlete’s performance and health [35]. As another ap-
proach, blood bag plasticizers and their metabolites were proven to migrate from the bag to
the blood during storage and could thus be detected by liquid chromatography-mass spec-
trometry in urine after transfusion, even if plasticizer-free bags, which result in lower concen-
trations, are used [36, 37]. Nevertheless, anti-doping societies raised concerns about the spec-

ificity of this testing strategy, as they are of the opinion that plasticizer uptake via food,
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cosmetics, and other potential sources cannot be definitely excluded [36]. Interestingly, studies
focusing on the analysis of hepcidin, an important protein in iron metabolism, as well as imma-
ture reticulocytes detected by mass spectrometry in dried blood spots revealed promising re-
sults to recognize ABT [38, 39]. However, there is still no approved method to unequivocally
identify ABT. Though the general utility of hematological parameters included in the ABP to
observe ABT-dependent changes has already been demonstrated, genetic variations, altitude
training, the use of masking agents, and missing the appropriate window of detection can
heavily influence hematological profiles [22, 40-46]. This results in potentially high numbers of
unknown cases that remain undetected, as underpinned by the recently concluded trial of “Op-
eration Aderlass” (English: “Operation Bloodletting”) [47]. During this raid in 2019, police seized
several blood bags and appropriate equipment for blood transfusion after a whistleblower ac-
cused the physician of an Austrian cycling team of performing blood doping. In January 2021,
he was convicted of 26 cases of anti-doping rule violations [47]. While ultimately successful,
this anti-doping effort was not prompted by conspicuous test results and would not have been
possible without insider information. Thus, it is exceedingly obvious that reliable test methods

to prove ABT are urgently needed.

1.1.4. Transcriptomics as the new kid on the block

From the variety of “omic’-based research that is oftentimes applied to detect, monitor, and
prognose diseases [48], transcriptomics also proved highly attractive in the anti-doping field.
By whole blood mRNA profiling, Durussel and coworkers identified various genes affected by
rhEPO microdosing and suggested transcriptomics as a new facet in the ABP [49]. Similarly,
messenger RNA (MRNA) expression changes were observed in T-lymphocytes after ABT [50].
Of note, not only the coding but also the non-coding transcriptome was studied in the context
of blood doping. For instance, Leuenberger et al. detected promising changes in the levels of
some microRNAs (miRNAs) after the use of erythropoiesis-stimulating agents [51]. Remarka-
bly, several miRNAs were already associated with changes in erythropoiesis induced by ABT
[62, 53]. Based on these initial results and the facts that (1) erythrocytes are enriched with
miRNAs mirroring the whole blood miRNA profile [54, 55], and (2) erythrocytes display highly
significant changes in miRNA patterns upon storage [56, 57], miRNA signatures screened in

vivo after transfusion of stored ECs could potentially be the key in ABT detection.
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1.2. microRNAs — small but mighty epigenetic regulators

1.2.1. The family of non-coding RNAs

The non-coding RNA fraction makes up more than 98 % of the human genome and comprises
a huge variety of different RNA subclasses that carry genetic information and contribute to the
cellular infrastructure [58]. In this respect, Y RNAs interrelate with euchromatin, while circular
RNAs (circRNA) were thought to act as miRNA sponge [59, 60]. Alongside ribosomal RNAs
(rRNA) and transfer RNAs (tRNA), which participate in the translation of mMRNA, small nuclear
RNAs (snRNA) perform functions in splicing, while small nucleolar RNAs (snoRNA) are in-
volved in rRNA modification, but can also target other RNAs, such as snRNA or mRNA [61].
Likewise, long non-coding RNAs (IncRNA), piwi-interacting RNAs (piRNA), small interfering
RNAs (siRNA), and miRNAs assume a powerful function in the regulation of gene expression
on both the transcriptional and post-transcriptional level widely known as the RNA silencing
phenomenon [61-63]. By comprehensively interacting with each other as well as impacting
epigenetic mechanisms such as histone modification and DNA methylation [61], these RNA
subclasses build a complex regulatory network, the surface of which we have only scratched
so far and are still trying to elucidate. Consistent with this, miRNAs — although only accounting
for a minimal proportion of less than 0.02 % of total RNA by mass — were predicted to regulate
about 60 % of mMRNAs in a highly conserved fashion [64, 65]. In this mMiIRNA-mediated modu-
lation of gene expression, one particular miRNA can target up to several hundred mRNAs,
while one mRNA can be targeted by multiple miRNAs, creating a complex web of interactions
[66, 67]. Though these predictions were mainly based on bioinformatics, experimental proofs
render more and more evidence to its biological validity as exemplified by Wu et al. [68]. Fur-
ther, Plotnikova et al. revealed a negative correlation of the number of targeted mRNAs with
the abundance of the corresponding miRNA [69]. Interestingly, the expression state of miRNAs
can adapt and shift between relatively high and low expressed depending on the cellular envi-
ronment [69]. Even though the functional significance of these alternations seems to be un-
clear, it highlights the vast regulatory impact and adaptability of miRNAs in an astonishingly

sophisticated and still heavily investigated network.

1.2.2. Focusing on microRNA biogenesis

Since the first miRNA has been identified in 1993 [70], the number of detected miRNAs with
putative functional activity has risen enormously, nowadays amounting to up to 48,860 mature
sequences in 271 different organisms (miRBase [71], release 22.1). More than 2,600 mature
sequences are annotated in the human genome; however, only one third of them could be
backed up with ‘high confidence’ sequences so far. The typical mature miRNA sequence ap-

pears with a size range that centers on 22 nucleotides (nt) and originates mainly from introns
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of both protein-coding genes and non-coding transcription units [72, 73]. Hence, miRNA ex-
pression could depend on the host genes’ promotors but they are not necessarily linked to
each other in terms of biological relevance [74]. By contrast, clustered miRNAs that are tran-
scribed in a polycistronic way and subsequently further processed into individual miRNAs in-
deed oftentimes share similar biological functions [75]. Both post-transcriptional and post-
translational modifications of miRNA biogenesis factors, such as the impact of RNA-binding
proteins or non-coding RNAs as well as changes in phosphorylation or ubiquitylation, seem to
be involved in the adjustment of mMIRNA biogenesis [74]; however, the underlying mechanisms
of initiation of MiRNA transcription remain poorly understood. Remarkably, miRNA expression
might also be regulated by DNA methylation status, as an astonishing 50 % of miRNAs are
located adjacent to CpG islands [76, 77].

In the canonical pathway of mammalian miRNA biogenesis (Figure 1), the miRNA gene is
transcribed by RNA polymerases Il and Il into its primary miRNA sequence (pri-miRNA) that
forms a hairpin structure constituted of 60 to 70 nt with long flanking regions [78-80]. Further
processing from the pri-miRNA to the precursor miRNA (pre-miRNA) is performed by the so-
called microprocessor complex comprised of Drosha, an RNase lll endonuclease, and the
double-stranded RNA binding domain DiGeorge syndrome critical region 8 (DGCRS), leaving
a 5 phosphate and a short 2 nt 3’ overhang by trimming the flanking regions [81, 82]. After the
pre-miRNA is actively transported from the nucleus into the cytoplasm via the Exportin-5 re-
ceptor and Ran-GTP, a further RNase Il endonuclease called Dicer cuts the remaining stem
loop in concert with the human immunodeficiency virus-1 transactivating response RNA-bind-
ing protein (TRBP) and the Argonaute 2 protein (AGO2) [79, 83, 84]. The resulting miRNA
duplex is made up of two complementary sequences of similar size with approx. 22 nt; one of
which is handled as the guide strand, then called mature miRNA, and gets loaded into the
AGO2-associated RNA-induced silencing complex (RISC) [85]. Its complementary sequence,
on the other hand, is handled as the passenger strand and subsequently cleaved by
AGO2 [85]. Interestingly, only mediocre impairments in miRNA maturation were detected in
knockout experiments that separately depleted key enzymes and receptors of the canonical
pathway, implying the existence of other albeit less marked non-canonical routes independent

of Drosha or Dicer cleavage activities [86].
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Figure 1: Canonical biogenesis of mammalian microRNAs. Reprinted by permission from Springer Nature Cus-
tomer Service Centre GmbH: Springer Nature, Nature Cell Biology, Many roads to maturity: microRNA biogenesis
pathways and their regulation, Winter et al., © 2009 Macmillan Publishers Limited [87]. RNA Pol II/l1ll: RNA poly-
merase Il/lll, pri-microRNA: primary microRNA, pre-microRNA: precursor microRNA, DGCR8: DiGeorge syndrome
critical region 8, TRBP: transactivating response RNA-binding protein, RISC: RNA-induced silencing complex,
Ago2: Argonaute 2, mMRNA: messenger RNA.

The miRNA duplex is unwound during AGO2-associated RISC assembly with the help of chap-
erones prior to energy-dependent RISC loading with the guide strand [88, 89]. The decision of
which of the two miRNA arms, the miRNA strand stemming from the 5’ region (-5p) or the
strand stemming from the 3’ region (-3p) of the precursor, is integrated into RISC and exerts a
regulatory impact was previously assumed to result from thermodynamic base pair stability
and asymmetry of the 5’ end, leading to the preferential selection of one of the two arms [90].
However, we now know that both strands can be biologically functional, and that miRNA strand
selection is an active, highly dynamic, and adaptive process that depends on a variety of fea-
tures, including pathological conditions as well as tissue and species specificity [91-93]. Finally,
the incorporated miRNA arm directs the RISC to its specific target site(s) to carry out regulatory

activities.
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1.2.3. Target recognition and regulatory impact of microRNAs

It is well-established that the miRNA seed region, which is the highly conserved stretch from
the second to the eighth nt position from a miRNA’s 5’ end, is essential for target recognition
and Watson-Crick pairing [94, 95]. Notably, the eighth position and a flanking adenosine op-
posite of position one are dispensable for seed matching, but they both contribute to higher
specificity of Watson-Crick pairing [66]. There is also evidence of a second binding site at
positions 13 to 16 nt of the guide miRNA that can be supplementary or complementary to a
pairing at the seed region, compensating for mismatches and/or bulges in the seed region, and
improves miRNA targeting, just as an AU-rich sequence context does [94, 96]. Usually, the
miRNA seed sequence binds to its complementary sequence in the 3’ untranslated region of
an mRNA, but more than one fifth of miRNA target sites are predicted to lie in coding se-
quences or 5’ untranslated regions [97]. However, it remains to be investigated whether and

to what extent the alternative miRNA binding affects downstream biological functions.

The main and most commonly known biological action of miRNAs is downregulation of gene
expression transmitted via AGO2-associated RISC [72, 98]. Depending on the complementa-
rity of the guide miRNA and the target mRNA, RISC initiates either a translational repression
or mRNA cleavage [99]. Imperfect complementarity still sufficient for mMiRNA:mRNA binding
induces translational repression that occasionally appears to be reversible [100], and is
thought to interfere with translational initiation by preventing initiation factors from recognizing
the targeted MRNA'’s 5’- cap or impeding ribosome assembly, potentially leading to polysomal
shifts [101-103]. In addition, several studies proposed that translational repression also takes
place post-initiation, affecting elongation steps, for instance by the recruitment of proteolytic
enzymes or premature termination of translation and ribosome drop-off [104, 105]. Despite
ongoing research, the underlying mechanisms are still not fully understood yet. Perfect or al-
most perfect complementarity between a miRNA and its target, on the other hand, predomi-
nantly leads to enzymatic degradation of the target mMRNA with AGO2 as the key element [106].
In combination with GW182, which has evolved as an indispensable and highly conserved
component of the RISC, 3’-5" exonucleases for deadenylation are recruited upon base pairing
[107, 108]. Deadenylation can also take place concurrently with ongoing translation, suggest-
ing that its onset even precedes translational repression [109]. Interestingly, the miRNA re-
mains intact after mRNA decay and may enter multiple rounds of targeting, while repressed or
degraded mRNAs are reposited in P-bodies, which are specific cytosolic aggregates enriched

with proteins of the RNA decay machinery [99, 110].

In addition to the well-established mechanisms of miRNA-induced gene silencing, more recent
research also reports miRNAs to activate translation. Vasudevan et al. figured out a cell cycle-

dependent oscillation of miRNA activity as ascertained by translational repression during cell
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proliferation, whereas an AU-rich element-associated activation of mRNA translation was in-
duced in quiescent cells [111]. Likewise, the expression of ribosomal proteins was upregulated
during starvation by miRNA interaction with the corresponding 5’ untranslated regions [112].
Although these examples might not generalize the stimulatory impact of mMiRNAs on gene ex-
pression, they significantly expand horizons in the huge network of RNA-induced regulation,
thus challenging researchers to consider postulated (patho-)physiological pathways in all their

aspects.

Remarkably, the regulatory impact of miRNAs is augmented by the presence of miRNA
isoforms, also known as isomiRs, which arise from alternative processing of pri-miRNAs and
result in highly heterogeneous variations at the 5’ end, the 3’ end, or both ends [113-115].
Given that changes at the 5’ end can lead to a shift in nt positions and thus alter the seed
sequence, different target sites might be addressed by different isoforms of the same miRNA,
leading to alterations in the affected biological functions. By contrast, variations at the 3’ end
are assumed to expose the same seed sequence as cognate miRNAs, which suggests a sim-
ilar target selection, but changed miRNA stability [116]. Tan and coworkers confirmed the tis-
sue-specific functionality of isomiRs and conceded them to convey additional targeting in a
tightly regulated evolutionary context [117]. The presence of miRNA editing and single nucle-
otide polymorphisms in miRNA genes adds another layer of biological variability [118]. How-
ever, Cloonan et al. observed a concurrent targeting of canonical miRNAs and their variants
to a shared set of mMRNAs and postulated an increase in specificity and efficacy while reducing
off-target effects [119].

1.2.4. Relevance of circulating microRNAs

Interestingly, intracellular miRNAs are also actively or passively exported into the extracellular
milieu where they can reach recipient cells. Although the exact processes of extracellular RNA
stabilization and transport are still largely unknown, several RNA-binding proteins such as
AGO2, high-density lipoproteins (HDL), or nucleophosmin 1 have been suggested to shuttle
miRNAs in the extracellular milieu [120-122]. The uptake of HDL-bound miRNAs was demon-
strated to happen via the scavenger receptor Bl, which releases miRNAs into the recipient
cell’s cytoplasm [120]. The mechanisms behind the cellular uptake of miRNAs bound to other
RNA-binding proteins remains to be elucidated but internalization might not even be required
for biological effects. As Fabbri and coworkers have shown, miRNAs are able to transfer infor-
mation by triggering intracellular signaling cascades via Toll-like receptors on the surface of
recipient cells [123]. Vesicle-mediated export and extracellular transfer of miRNAs were also
studied based on the intracellular proximity of RISC and the sites at which intraluminal vesicles
are generated [124]. Some of these vesicles, a fraction of which is said to carry miRNAs, can

be exported into the extracellular milieu, presumably delivering bioactive cargo to recipient
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cells [125]. Shielded by these various shuttle systems, extracellular miRNAs are protected from
degradation by RNases and were also shown to be extremely stable upon multiple cycles of
freezing and thawing and long-term storage [126, 127]. Given their stability and their minimal
invasive accessibility in liquid biopsies derived from biofluids, such as serum, urine, bile, asci-
tes, and sputum, amongst others, circulating miRNAs were already comprehensively studied
as powerful diagnostic and prognostic biomarkers in multiple pathological conditions [128-130].
Interestingly, the biospecimen-specific expression of miRNAs is even exploited in forensic
analyses [131]. Moreover, the therapeutic application of miRNA mimetics or miRNA inhibitors,
either after chemical modification or encapsulated in delivery vectors, such as extracellular
vesicles, substantiated the crucial role of miRNAs in disease states and their appeal as drug
targets [132].

1.3. Extracellular vesicles — multifarious communicators

1.3.1. Generic classification

Formerly known as the “trash bin of the cell” and a mere mechanism to eliminate unwanted
material, these days extracellular vesicles (EVs) are well established as highly conserved, lipid
bilayer-enclosed nanoparticles that are unable to replicate, sequestered from assumingly all
cells, and take functional action in cell-to-cell communication [133]. Featuring said lipid mem-
brane, EVs protect their cargo and are highly stable upon storage [134, 135]. Over the past
decade, EVs have been investigated in many biofluids, including different blood compartments,
urine, saliva, milk, cerebrospinal fluid, ascites, and semen [136-140] (Appendix Il). Three main
classes of vesicles are covered by the umbrella term ‘EV’: exosomes (< 150 nm), microvesi-
cles (< 1,000 nm), and apoptotic bodies (< 5,000 nm) (Figure 2). Other names based on the
vesicles’ origin, such as prostasomes, oncosomes, or ectosomes can also be found in litera-
ture, which leads to confusion and low comparability between studies [141]. Though the differ-
ent types of vesicles vary widely in size, density, and composition, they might also broadly
overlap, leaving their biogenesis as their only reliable discriminator. Since the vesicles’ intra-
cellular origin can only be ascertained by life tracking the vesicles just in the moment of their
release, which is still challenging, the International Society for Extracellular Vesicles (ISEV)

endorses the generic use of the term “EV” [141].

Due to the increasing interest in EVs and the lack of appropriate standardization in this rather
young field of research, a tremendous number of experimental studies with just as many ap-
proaches for EV isolation have been published [142]. Moreover, the protocols utilized in many

of these studies not only tended to lack detailed description of the applied methodologies, but
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also to omit proper characterization of EV preparations resulting in minimal comparability and
reproducibility of study results. Consequently, the EV community agreed on a set of essential
steps to improve rigor and consistency and published this consensus in the minimal information
for studies of EVs (MISEV) guidelines in 2014, which were extensively updated in 2018 to

implement newly accrued lessons from this fast-paced field [141, 143].
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Figure 2: Outline of the different main subclasses of extracellular vesicles. Reprinted by permission from Elsevier:
Advanced Drug Delivery Reviews, Separation, characterization, and standardization of extracellular vesicles for
drug delivery applications, Buschmann et al. © 2021 Elsevier B.V. [144] (Appendix lll). ER: endoplasmic reticulum,
MVB: multivesicular body, ILV: intraluminal vesicle.

1.3.2. Biogenesis of extracellular vesicles

Exosomes were first discovered by Johnstone and coworkers in the 1980s during their studies
of reticulocyte maturation [145]. They observed that cultured reticulocytes formed vesicles in
the endosomal network and released them into the extracellular milieu via fusion of multivesic-
ular bodies (MVBs) with the plasma membrane. The endosomal sorting complex required for
transport (ESCRT) with its different subunits was allotted a pivotal role in MVB genera-
tion [146]. While ESCRT-0 is supposed to recruit and sequester ubiquitinated proteins thought

to be recycled or degraded and other content that clustered into trans-membranous
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microdomains, ESCRT-I and ESCRT-II initiate local budding of endosomal membranes. Fi-
nally, ESCRT-IIl participates in de-ubiquitination of sorted proteins and induces pinching off
intraluminal vesicles (ILVs) into the endosome, which is now called an MVB. These ILVs, which
contain cytosolic material, are named exosomes once they are released into the extracellular
space by fusion of the MVB membrane with the cell’'s plasma membrane [145]. Whenever the
MVBs fate is not to reach the membrane for exosome release, they usually fuse with lyso-
somes for cargo degradation [147]. Of note, there is also evidence for an ESCRT-I and Il -
independent pathway for exosome release, which can be prompted by ceramides but is espe-
cially requiring CD63 as trigger [148, 149]. Exactly how and under which circumstances one
or the other pathway will be activated is still mostly unknown, but it seems to be largely de-
pendent on the presence of various components involved in the endosomal network. In this
context, exosome secretion tends to be promoted via an orchestrated interplay of syndecan,
syntenin, and ALIX, the latter of which is also known as Programmed cell death 6-interacting
protein [150]. Moreover, microdomains of tetraspanins — CD9, CD63, and CD81, in particular
— and members of the Rab small GTPase family were functionally associated with MVB and
ILV formation, while soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARE) mediate final exosome secretion [151-155].

By contrast, microvesicles originate from direct outward budding of the plasma mem-
brane [156]. Though this process is less studied than the biogenesis of exosomes, a complex
interplay of phospholipid domains and cytoskeletal features has been ascertained so far. In
this context, neutral and acid sphingomyelinases, which promote the conversion of mostly
clustered membranous sphingomyelin to ceramide, were demonstrated to be central but not
essential to vesicle budding [157, 158]. In addition, calcium-induced stimulation of phospholipid
changes in the plasma membrane by translocases, which shift phosphatidylserine from the
inner to the outer leaflet, induces energy-dependent actomyosin contraction and actuates ves-
icle shedding [159, 160]. Interestingly, the recruitment of ESCRT proteins, tumor susceptibility
gene 101 (TSG101), as well as the small GTP-binding protein ADP-ribosylation factor 6 (ARF6)

to the plasma membrane were also shown to be involved in membrane scission [159, 161].

In contrast to exosomes and microvesicles, both of which are shed from living cells, apoptotic
bodies are generated during the programmed cell death [162, 163]. Commenced with chroma-
tin condensation, plasma membrane blebbing and pinching off of cellular content in membra-
nous vesicles is stimulated prior to and during phagocytic removal of dying cell material. Alt-
hough some mechanisms of apoptotic body biogenesis, such as the actin and microtubule-
independent formation of beaded apoptopodia, are known, more precise knowledge has to be
generated [164, 165].
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1.3.3. Extracellular vesicle’s cargo

Remarkably, EVs are packed with highly diverse cargo, which usually mirrors the conditions
of their originating cells; however, it may also happen that the EVs’ content differs from that of
their parental cell [166, 167]. This implies highly selective cargo sorting, which has been asso-
ciated with different steps during biogenesis but is not yet fully understood [168, 169]. Never-
theless, the implications of specific sorting raised great interest in EVs in a clinical perspective
and initiated deep profiling studies of EVs, as differentially loaded EVs might cause different

biological responses at their target sites [170, 171].

Proteomic profiling of different EV subclasses separated based on their sedimentation speed
and buoyant density established CD9, CD63, and CD81 as the most prominent marker pro-
teins for small EVs, while CD9 and CD63 were also present in EV fractions that sediment at
lower speed [172]. Indeed, most of the proteins, such as flotillin-1 and major histocompatibility
complex class | and class I, were commonly detected in all investigated fractions. However,
endosomal proteins, such as syntenin and TSG101, and proteins associated with the plasma
membrane were enriched, or even exclusively detected in smaller EVs [172]. By contrast, mi-

tochondrial and proteasomal proteins were mainly assigned to the larger EV subtypes.

Even though less studied than the EV protein content, nucleic acids also represent a substan-
tial payload. In their groundbreaking 2007 study, Valadi et al. revealed that EVs are loaded
with mRNA and miRNA and, moreover, that these are horizontally transferred to other
cells [125]. Interestingly, especially small EVs were observed to be enriched in miRNAs com-
pared to their parental cells [173]. Other classes of non-coding RNA, such as IncRNA, as well
as DNA were detected to be shuttled by EVs [166, 174]. While large vesicles of prostate cancer
origin were demonstrated to be enriched in DNA reflecting the genetic makeup of their parental

cells, this was not true for smaller vesicles [175].

Due their lipid-bilayered nature, a substantial amount of lipids represents another class of bio-
molecules integral to EVs, although their lipid composition highly differs from that of the cell
membrane [176]. Due to their endosomal origin this is especially true for exosomes [148, 176].
Deep profiling also confirmed differences in lipid composition in EV subclasses assigning gly-
colipids and free fatty acids mainly to exosomes, while ceramides and sphingomyelins appear

enriched in microvesicles [177].

1.3.4. Extracellular vesicles taking action

After the “garbage bin” hypothesis has been increasingly discounted, intercellular communica-
tion and cargo transfer are now deemed the major functions of EVs [133]. Targeting and bio-
distribution of EVs to their recipient cells are highly dependent on their originating cells and

their cargo composition [178]. Once finally reaching their addressed targets, three modes of
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transmitting information, which mostly take place concurrently, have been described for EVs.
First, vesicles were observed to directly fuse with the plasma membrane of acceptor cells [179].
Second, EVs can transmit signals by interacting with surface structures of the recipient cell to
active intracellular signaling cascades [180]. Third, they can be internalized by the recipient
cell via macropinocytosis, phagocytosis, or endocytosis, whereby the latter can be mediated
by clathrins, calveolin, or lipid-rafts [181-183]. The route of EV internalization results in EVs
being trapped in endosomes and needing to escape from lysosomal degradation to come to

release their cargo and exert their intracellular functions [184].

The supposed physiological as well as pathological functions of EVs are myriad, although it is
hardly feasible to attribute particular functions to specific EV subtypes because one cell can
release multiple types of EVs at once, resulting in a highly heterogenous set of vesicles that is
present in a particular biofluid at any given time. Nevertheless, there are exceptions in which
specific types of EVs could be linked to distinct functions, such as EVs with tissue factor on
their surface exhibiting coagulant properties [185]. Moreover, EVs demonstrated immunomod-
ulatory competencies with leukocyte-derived EVs promoting anti-inflammatory signaling, while
macrophage-derived EVs activate pro-inflammatory features upon microbial infection [186,
187]. In addition, cancer cells also release EVs which not only promote angiogenesis and tu-
mor-growth, but also make the vesicles — and their shuttled miRNAs, in particular — especially
attractive in clinical research as prognostic or diagnostic biomarkers [188, 189]. The fact that
patients suffering from type 2 diabetes mellitus or cardiovascular diseases exhibit higher con-
centrations and distinct compositional changes of EVs compared to healthy people underpins

the potential of EVs as powerful biomarkers [190, 191].

Besides their use in biomarker research, EVs are also explored in therapeutic contexts, either
as therapeutic agents themselves or as drug delivery system [144] (Appendix Ill). The EVS’
inherent abilities of crossing barriers, protecting their cargo from early degradation, tissue tro-
pism as well as their low immunogenicity make them favorable drug carriers. The endogenous
origin and the absence of nuclear or mitochondrial DNA confer a high biocompatibility to eryth-
rocytic EVs, in particular [192]. Moreover, the fact that large quantities of erythrocytic EVs are
produced during blood bag storage might make them superior to EVs originating from other
sources, such as mesenchymal stem cells, which have to be laboriously produced in bioreac-
tors [193-195]. Interestingly, the increased vesicularization of erythrocytes was already discov-
ered in the 80s as marker of storage lesions [196]. This effect is based on an intracellular drop
in ATP concentration, which in turn leads to destabilized cell membranes and increased per-
meability followed by a rise in intracellular calcium, all of which promote vesicle release [197,
198]. Thus, the transfusion of ECs, and the vesicles contained therein, induces an immediate

increase of circulatory EVs with a peak two hours after transfusion [199]. The majority of
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transfused EVs is rapidly removed from the circulation and degraded by macrophages in the
spleen [200]. Although a trans-renal release for circulatory EVs was also demonstrated [201],
the exact details of their clearance are not yet fully understood. When loaded with siRNA,
antisense oligonucleotides, guide RNA, or even mRNA using electroporation, erythrocyte-de-
rived EVs were already efficiently and safely applied to reduce the progression of breast cancer

and acute myelogenous leukemia in mice [202].

1.4. Aim of this work

The overall aim of the present thesis was to devise novel strategies to detect autologous blood
doping with ECs, for which conclusive tools remain to be established. As storage of ECs was
demonstrated to significantly alter whole blood miRNA profiles and elevate the release of EVs
with altered miRNA cargo [56, 193, 203], whole blood and EV-associated miRNAs were ex-

plored in vivo for their putative biomarker potential in the uncovering of ABT.

Thus, we performed supervised blood donations and autologous EC re-transfusions and con-
ducted small RNA sequencing of whole blood samples to both verify the storage-dependent
miRNA signature in vivo and to identify further potentially dysregulated miRNAs that might not
be brought into the context of blood doping or hematological regulation before. The thereby
obtained predictive classification performances were compared to those resulting from longi-
tudinal hematological profiling implemented in the ABP, which is currently the only approved

method to detect autologous blood doping but shows only limited sensitivity.

Furthermore, we hypothesized that the storage-dependent increase in EV concentration re-
sults in an increase in circulatory EVs, which would in turn promote faster EV turnover and
urinary excretion after re-transfusion. Moreover, these urinary EVs are thought to demonstrate
storage-dependent and transfusion-dependent differences in miRNA cargo. To prove this line
of hypotheses, we first had to establish an appropriate urinary EV separation method enabling
downstream miRNA profiling. Building on the results of our proof-of-principle study, we further-
more prepared a review of available EV separation and characterization methods and their

advantages and disadvantages.
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2. Methods

2.1. Study protocols

2.1.1. Autologous blood doping [204] (Appendix I)

Thirty healthy males with recreational activity were included in this study to assess the rele-
vance of miRNAs in the detection of autologous blood doping (Figure 3). The study was ap-
proved by the local ethics committee and conducted in accordance with the ‘Declaration of
Helsinki’ [205]. Written informed consent was obtained from all participants before they were
randomly assigned to one of the three study groups. Participants in group 1 and 2 performed
a standard whole blood donation one week after baseline measurements (-6w), group 2 do-
nated a second time two weeks later (-4w), while the control group did not donate any blood.
Subsequently, donated whole blood was instantly processed into ECs and stored at 4 °C prior
to autologous re-transfusion after four (-4w) or six weeks of storage (-6w), respectively. Each
volunteer was sampled once weekly for three consecutive weeks to record individual baseline
levels (-9w, -8w, -7w). Additional, further samples were drawn shortly before re-transfusion
(t=0) and at several hours and days during the week after re-transfusion to monitor doping-
dependent changes (+3h, +6h, +1d, +2d, +3d, +4d, +7d). Downstream examination of blood
samples encompassed the comprehensive assessment of hematological markers as included

in the ABP as well as thorough analyses of miRNA profiles obtained by small RNA sequencing.
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Figure 3: Underlying study design to monitor changes in hematological parameters and the whole blood microRNA
profile after blood withdrawal and re-transfusion of autologous erythrocyte concentrates. Urine samples were col-
lected at the same time points as blood and safely stored until future processing.
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2.1.2. Urinary extracellular vesicle characterization [140] (Appendix Il)

Prior to using urinary EVs in biomarker research, an appropriate method to separate them from
other biofluid components has to be carefully selected from the huge variety of available tech-
niques, all of which bare advantages and disadvantages [144] (Appendix Il). For this reason,
urine samples from six healthy participants, who also volunteered for the autologous blood
doping study, were collected at baseline, processed, and characterized with reference to the
current MISEV 2018 guidelines to evaluate their potential for miRNA investigations [141].
Equal volumes of cell-free urine were applied to five different EV separation methods, all of
which rely on different principles (Figure 4). The isolation process was conducted in duplicates,
one of which was used for further characterization of urinary EVs by western blotting (WB),
transmission electron microscopy (TEM), and both scattering and fluorescence nanoparticle
tracking analysis (NTA). Total RNA was isolated from the other portion of EV samples and

directed at miRNA screening via small RNA sequencing.
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Figure 4: Study protocol for the evaluation of five different urinary extracellular vesicle (EV) separation methods
with downstream characterization by transmission electron microscopy (TEM), Western blot (WB), and nanoparticle
tracking analysis (NTA) (scattering and fluorescence) for a combined evaluation with microRNA profiles obtained
by small RNA sequencing.
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2.2. Experimental workflow and data analyses

2.2.1. Study subjects

In- and exclusion criteria can be accessed in the supplemental information of Mussack et
al. [204] (Appendix ) with detailed information on the participants’ baseline characteristics in
Mussack et al. [204] (Appendix 1) and Mussack et al. [140] (Appendix Il). In summary, the
included volunteers were athletic and healthy males without any medication and vaccination
four weeks prior to and during their participation. On average, they were included with 27 (+ 4)
years, 182 (x 5) cm height, 80 (x 7) kg weight, and recreational activity for 5 (£ 2) hours per

week.

2.2.2. Preparation and transfusion of erythrocyte concentrates

Whole blood bags were processed and EC transfusion performed as described in Mussack et
al. [204] (Appendix I). In brief, around 500 ml blood were withdrawn from an antecubital vein,
e.g. the median cubital vein, collected in the sterile Composelect T3984-23 system (Fresenius;
Germany), and mixed instantly on a horizontal shaker. After four hours of storage at room
temperature, whole blood was separated into its components by lymphocyte filtration and cen-
trifugation. The resulting EC was then stored in PAGGS-M buffer, comprising a volume of ap-
prox. 250 ml, at 4 °C for either four or six weeks. Each study subject signed every bag of the
Composelect system and verified his signature prior to re-transfusion, thereby assuring the re-
transfusion of autologous ECs. Moreover, bedside tests were conducted to additionally ap-
prove blood group compatibility prior to autologous EC transfusion via peripheral venous ac-

cess. All steps were performed in compliance with official and in-house regulatory guidelines.

2.2.3. Sample collection and processing

Blood samples from an antecubital vein were collected in PAXgene Blood RNA tubes (PreAn-
alytiX; Switzerland) for downstream miRNA analyses and stored at -20 °C according to the
manufacturer’s instructions as described by Mussack et al. [204] (Appendix |). Additional blood
was sampled into EDTA, citrate and serum monovettes (Sarstedt; Germany) and mixed by
inverting to facilitate the subsequent measurements of various hematological markers. For the
comparison of different urinary EV separation methods, urine was saved in sterile containers
and processed into cell-free urine via differential centrifugation prior to storage at -80 °C, as
stated in Mussack et al. [140] (Appendix Il). A total urine aliquot was retained for immediate

urinary creatinine measurement and to assess general urinary health.
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2.2.4. Longitudinal hematological profiling

To assess the classification performance of whole blood miRNA profiles in the detection of
ABT and their superiority compared to the current gold standard in blood doping detection,
clinical data was first evaluated according to the hematological module of the ABP [24], as
already published by Mussack et al. [204] (Appendix I). For this reason, EDTA, citrate, and
serum samples obtained during blood sampling of the present human study were immediately
analyzed for the following parameters in local accredited laboratories: hemoglobin, reticulocyte
percentage, hematocrit, mean corpuscular hemoglobin, mean corpuscular hemoglobin con-
centration, mean corpuscular volume, platelets, erythrocyte count, white blood cell count, red
cell distribution width, EPO, iron, ferritin, transferrin, transferrin receptor, and transferrin satu-
ration. In addition, OFF-hr Score and Abnormal Blood Profile Score were calculated as de-
scribed by Gore et al. and Sottas et al. [26, 206]. Intra-individual and inter-individual variabilities
were assessed, and individual critical ranges to identify unphysiologically high or low concen-
trations were ascertained by longitudinal profiling of each single parameter based on the adap-

tive model of Bayesian inference [24, 207].

2.2.5. Urinary extracellular vesicle isolation and characterization

Mussack et al. [140] (Appendix II) particularized the comparative assessment of five different
EV separation methods for their suitability in miRNA-based biomarker research as well as the
downstream characterization of isolated urinary EVs by TEM, WB, and scattering and fluores-
cence NTA. In a nutshell, applied separation techniques were based on spin column chroma-
tography (Urine Exosome Purification and RNA Isolation Midi Kit; Norgen Biotek; Norway),
immunoaffinity (Exosome Isolation Kit Pan, human; Miltenyi Biotec; Germany), membrane af-
finity (exoRNeasy Serum/Plasma Midi Kit; Qiagen; Germany), precipitation (miRCURY Exo-
some Isolation Kit — Cells, urine and CSF; Exiqon; Denmark), and ultracentrifugation with den-
sity gradient (Optima LE-80 K; Beckman Coulter; USA; and OptiPrep; Merck; Germany).
Amicon centrifugal filter units (100K, Ultracel membrane of regenerated cellulose; Merck; Ger-
many) were utilized to concentrate cell-free urine to recommend input volumes, if required.
Then, obtained EV isolates were vacuum-concentrated to equal volumes prior to any down-
stream characterization. The morphology of the resulting EV preparations was visualized with
TEM via negative staining using aqueous uranyl acetate (Zeiss EM 900 instrument; Zeiss;
Germany). Further, the absence of impurities as well as the presence of EV-specific protein
markers were ascertained by WB with appropriate controls (XCell SureLock Mini-Cell Electro-
phoresis System; Thermo Fisher Scientific; USA). NTA examinations of intact EV preparations
were performed in the scattering and the fluorescence mode of the ZetaView PMX110 instru-
ment (Particle Metrix; Germany) using the CellMask Orange Plasma Membrane Stain (Invitro-

gen; USA) to allow a differentiation between biological and non-biological particles. Particle
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concentrations were normalized to urinary creatinine levels, which were determined by an ex-
ternal lab based on the Jaffé method [208], as they were shown to strongly correlate with
urinary EV numbers and can therefore be used to account for urine dilution variations [209].
Then, significant differences were assessed via one-way analysis of variance (ANOVA) with
Tukey post-hoc test adjusting for multiple comparisons. Adjusted P values < 0.05 were rated
as significant. At the request of the ISEV as mentioned in the MISEV guidelines [141], meth-
odological details were disclosed on the EV-TRACK platform (EV-TRACK ID:
EV190007) [142].

2.2.6. Total RNA isolation and small RNA library preparation

The PAXgene Blood miRNA Kit (PreAnalytiX; Switzerland) was deployed to isolate whole
blood total RNA from PAXgene samples followed by RNA quality control and quantification as
stated in Mussack et al. [204] (Appendix |). By contrast, total RNA from urinary EVs was puri-
fied using the miRNeasy Mini Kit (Qiagen; Germany), quality controlled, completely vacuum-
evaporated and resuspended in equal volumes of nuclease-free water [140] (Appendix II).
Small RNA library preparations were conducted applying NEBNext Multiplex Small RNA Li-
brary Prep Sets for lllumina (New England BioLabs; USA) as previously published [140, 204]
(Appendix I, Appendix II).

2.2.7. Small RNA sequencing and data evaluation

Small RNA sequencing of libraries size-selected for miRNAs was performed on the HiSeq
2500 (lllumina; USA) and obtained raw data was processed as previously described [140, 204]
(Appendix |, Appendix Il, Figure 5). Raw trimmed data was deposited in the European Nucle-
otide Archive (accession numbers PRJEB30403 and PRJEB38354).

2.2.8. Validation of differentially regulated miRNAs

A selection of miRNAs that appeared dysregulated after blood doping according to small RNA
sequencing results was orthogonally validated using quantitative real-time polymerase chain
reaction (QPCR) as described in Mussack et al. [204] (Appendix |). More detailed information
with reference to the minimal information for publication of real-time PCR experiments (MIQE)
guidelines [210] is provided in Mussack et al. [211]. In brief, quality-controlled total RNA was
reverse transcribed using 5’-poly T universal primers, amplified using miRNA-specific primers
(miRCURY LNA miRNA PCR system; Qiagen; Germany), and quantified. Appropriate controls
were included in all experiments. Moreover, primer efficiencies, potential PCR inhibition, and
unspecific PCR amplifications were controlled by performing calibration curve and melting
curve analyses. Reference candidates for normalization were pre-selected based on sequenc-
ing results and confirmed by qPCR based on the NormFinder and geNorm algorithms [212,

213]. Finally, data normalization and analyses were performed based on the 2*(-AACQ)
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method [214]. Statistical investigations comprised outlier detection, testing for normal distribu-
tion, and correlation analysis between log2 fold changes obtained by small RNA sequencing
and gPCR.
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Figure 5: Flow diagram of the sequencing data processing pipeline. Dashed boxes were only conducted in mi-
croRNA (miRNA) analyses of whole blood samples of the autologous blood doping study. Filled boxes included
exploratory data analyses, such as principal component analysis, hierarchical clustering, and heatmap analysis.
Computation was performed in the statistical environment of R applying appropriate packages for analysis and
visualization [215]. nt: nucleotides, rRNA: ribosomal RNA, tRNA: transfer RNA, snRNA: small nuclear RNA,
snoRNA: small nucleolar RNA, sPLS-DA: sparse partial least square discriminant analysis, DGE: differential gene
expression, ROC: receiver operating characteristics.
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3. Results

3.1.  “On the trail of blood doping — microRNA fingerprints to monitor au-

tologous blood transfusions in vivo” [204] (Appendix I)

Summary

The detection of the misuse of autologous blood transfusions in high-performance athletes
continues to be difficult. Direct detection methods focusing on exogenous substances admin-
istered to the body are not well applicable. Instead, reliable indirect detection is urgently
needed to meet the WADA'’s mission statement of assuring health and equality. Up to now,
per-individual longitudinal profiling of hematological parameters as specified in the ABP ap-
pears as the sole possibility of uncovering any form of blood doping, including ABT. However,
it can be assumed that a substantial number of cases remains unidentified as shown by the
many athletes that were convicted only based on evidence provided by whistleblowers during
the recent “Operation Aderlass” trial. As miRNAs have already proven their potential in unveil-
ing other forms of doping, such as the misuse of anabolic agents, and were shown to change
significantly upon erythrocyte storage, the present study aimed at examining their ability to
identify human subjects that received autologous transfusions of ECs. For this reason, whole
blood was sampled from 30 healthy males at three consecutive weeks to assess inter-individ-
ual and intra-individual reference ranges of total miRNA profiles. Two thirds of study partici-
pants donated whole blood, either once or twice, and were transfused with stored autologous
ECs, whereas the remaining third group served as an untreated control. To investigate trans-
fusion-dependent changes in total circulating miRNA profiles, multiple whole blood samples
were collected in the week after transfusion or the respective time frame in the non-treated
group. Holistic small RNA sequencing was conducted to screen total miRNA profiles and eval-
uated by complex multivariate statistics, including differential gene expression analysis, super-
vised clustering, and ROC curve analytics. Finally, the classification performance of a promis-
ing miRNA fingerprint (miR-144-3p, miR-320d) was compared to the sensitivity and specificity
measures that were obtained by applying a Bayesian adaptive model for longitudinal profiling
as described by the ABP to the hematological parameters monitored in the same study cohort.
Overall results demonstrated a true potential of miRNAs in the detection of autologous blood
doping, particularly six hours after transfusion, with < 11 % sensitivity at 100 % specificity.
While this could lead to an extension of the window of detection, classification performance of
miRNA patterns was inferior to that obtained by the current gold standard ABP, which yielded

higher sensitivity rates of < 44 % at 100 % specificity, highest at two days after transfusion.

23



RESULTS

Considering the very controlled study environment, which might not be comparable to the re-
ality in which cheating athletes might also use an unknown combination of masking agents,
elaborated miRNA signatures could be included in usual anti-doping tests to verify their true

utility in the combat against blood doping.
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3.2. “Comparing small urinary extracellular vesicle purification methods
with a view to RNA sequencing—Enabling robust and non-invasive

biomarker research” [140] (Appendix Il)

Summary

Despite an enormous increase in publications from various subfields, EV research is still in its
infancy and has just begun realizing the pressing need for thorough characterization of any
separated sample fraction to provide extensive understanding and contextualization of result-
ing outcomes. A variety of different methods claiming to isolate EVs or subpopulations thereof
were commercialized; however, comparison studies already revealed differences in blood EV
miRNA biomarker signatures depending on the selected isolation method. Furthermore, liter-
ature often fails to state methodological details, thus limiting the comparability and reproduci-
bility of results. As urine can be easily and non-invasively accessed and provides specific in-
formation on the health status of the urogenital tract, the comparability of different urinary EV
separation approaches was assessed in the context of biomarker research. Specifically, we
focused on the question of whether the obtained EV and RNA yield would be sufficient for
downstream small RNA sequencing with the goal of establishing a sound basis for tran-
scriptomic biomarkers. For this reason, the present study applied five different EV separation
methods to urine samples from six healthy subjects, and extensively characterized the purified
fractions by WB, standard and fluorescence NTA, TEM, and small RNA sequencing. The sep-
aration strategies in this study were chosen based on their broad application in the EV field,
applicability in routine diagnostics, costs and time required for separation, and comprised spin
column chromatography, immunoaffinity, membrane affinity, precipitation, and ultracentrifuga-
tion combined with density gradient centrifugation. The average size of biological particles
separated by each of the five methods was fairly comparable, but particle concentrations var-
ied significantly between the applied EV separation protocols. Further, WB and TEM analyses
confirmed that while each method was indeed able to separate EVs, both the yield and purity
of vesicle preparations differed significantly. All five approaches revealed enough vesicle-as-
sociated RNA to be sequenced; however, differences were observed in terms of library sizes,
mapping statistics, and miRNA transcript abundance as well as diversity. Overall degrees of
comparison of miRNA signatures were assessed by exploratory data analyses, indicating a
broad overlap of results obtained by immunoaffinity, membrane affinity, precipitation, and ul-
tracentrifugation followed by a density gradient, but also highlighted the distinctness of miRNA
patterns in EVs separated by spin column chromatography. Summed up, these findings em-

phasized the fact that different separation methods result in distinct EV subpopulations with
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discrete miRNA profiles, which in turn stresses the importance of proper EV characterization
and reporting thereof to ensure a standardized scientific environment that allows for reproduc-

ibility and comparability.
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3.3. “Separation, characterization, and standardization of extracellular

vesicles for drug delivery applications” [144] (Appendix IlI)

Summary

Drug discovery and development continuously thrive to devise new medications that address
novel treatment areas and improve therapeutic effectiveness while assuring patients’ safety by
reducing the risk of adverse side effects. As EVs are common and naturally occurring shuttle
and communication systems within the body, they are assumed to exhibit high biocompatibility
and low immunogenicity when administered exogenously. Additionally, other inherent features
such as their ability to penetrate barriers, the fact that they can be loaded with small molecules,
and the cargo protection offered by their lipid bilayer envelope make them attractive candidates
as therapeutics and drug delivery systems. Furthermore, the possibilities of not only producing
EVs in large-scale bioreactors, but also engineering them to fit a specific purpose, render EVs
a promising tool kit for therapeutic applications. For instance, EVs can be loaded actively or
passively with drugs or other bioactive compounds, genetically modified to express certain
markers, and decorated with surface structures that increase their circulation time or enhance
their tissue targeting capacity while reducing off-target effects. Due to these manifold advan-
tageous characteristics, EVs may outperform other nanoscale vehicles in the development of
drug delivery applications. Although more and more information on EVs has been generated,
EV research is still in a fledgling stage and lacks standardization. In this context, there is also
no consensus in the scientific community about which of the many available EV separation
methods, including differential ultracentrifugation, chromatography, filtration, and affinity-
based methods, should be favored to prepare vesicles to be used for drug delivery. While
some approaches seem superior to others due to the achievement of higher EV yield or purity,
others shine because of their high scalability and time efficiency. Nevertheless, thorough de-
cision-making on how to most appropriately separate EVs — while considering source material
and therapeutic target — is required. Once a suitable separation method, or combination of
methods, has been selected, the thereby obtained EV sample demands stringent characteri-
zation. This is not only recommended to achieve high consistency in EV production, but also
to control for the absence of potential impurities and the presence of engineered or naturally
occurring features that are eminently important for the appropriate choice of administration
route, EV targeting, and pharmacokinetics, such as EV distribution and clearance. At the pre-
sent, researchers can pick from a wide variety of characterization techniques, all of which focus
on different aspects — be it enumeration, sizing, morphology, phenotyping, or cargo profiling,
including lipidomics, proteomics, and genomics. Comprehensive profiling thus calls for com-

plementary methods to shine a light on all aspects of the complex molecular makeup of
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vesicles. Summed up, there is no doubt about the existence of distinct EV features that can be
exploited for therapeutic applications. However, the selection of EV separation methods should
be carefully considered and adapted to the respective therapeutic aim. In addition, very thor-
ough characterization of EV samples appears imperative especially at the beginning of setting
up an EV production pipeline, whereas using fewer and less sophisticated techniques could

be sufficient for in-process quality control of a well-established system.
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4. Discussion

4.1. Thoughts on the study protocol of a blood doping study

4.1.1. Employing the right study population

Ongoing research to establish new test strategies and enhance existing methods in the combat
against doping in high-performance sports is highly required to convict cheating athletes, who
perpetually seem to be one step ahead. Interestingly, blood doping by ABT is not an exceed-
ingly relevant issue in equestrian sports or dog racing, as both horses and dogs store immense
portions of their total erythrocytes in the spleen and release them immediately upon exercise
as kind of a natural oxygen booster [216, 217]. Moreover, results from animal studies might
not be well transferable to humans, thus, it appears unavoidable to conduct human studies.
An important ethical aspect of human (but also animal) studies is the choice of an appropriate
sample size. Basically, the smallest possible number of participants based on which detection
of effects can be assumed should be included [205]. However, inclusion of too few study par-
ticipants may lead to overestimation of effect sizes and low reproducibility. To steer clear of
this issue, we performed a power analysis using current results of doping research as the basis
for sample size calculations and obtained a power of 95 % at a beta error rate of 5 % when
including 30 study subjects divided into three groups of ten participants each [204] (Appen-
dix I).

Another important consideration when selecting the most appropriate study population in the
context of transcriptomic-based ABT detection is the fact that smoking can heavily influence
miRNA profiles [218]. The hypoxic environment at high-altitudes can also alter the miRNA pro-
file of erythrocytes and hematological marker [219]. Thus, only non-smokers were included in
the present study and any prolonged stay (> one week) in the high mountains in the past three
months was protocolled [204] (Appendix ). Moreover, the menstrual cycle of females affects
hematological parameters included in the ABP [220]. Therefore, women should be excluded,
as well. Although a study population only composed of males would be unfavorable in an ap-
plication study, excluding females is a necessary step in this exploratory study to ensure that
monitored ABT-dependent changes were not distorted or even masked by hormonal fluctua-
tions. Apart from the sex, the included study population has to be selected based on the athletic
community that stands to benefit most from the type of doping to be tested. High-performance
athletes participating in official competitions are usually subjected to the rules of WADA or
national anti-doping regulations, and thus are not allowed to perform ABT. Therefore, we in-

cluded highly recreationally active volunteers (five hours of activity per week on average), not
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participating in any regulated competitions [204] (Appendix 1). In comparison to other bi-
omarker studies, e.g. to detect a certain disease, where the study population represents the
later clinical patients quite well, any result of anti-doping studies can be rather seen as an
approximation to the outcome that might be observed in competing high-performance athletes

and thus urgently requires subsequent field test validation.

4.1.2. Creating the sampling and dosing schedule

As exemplified for hematocrit levels (Figure 6), the population-based reference range for a
“normal” hematocrit value is defined too broadly to identify an individual’s unphysiological
value [204] (Appendix |). Moreover, hematological parameters varied widely between individ-
uals, which could lead any individual outlier being masked by the average differences. For
these reasons, longitudinal monitoring of individual profiles and the creation of individual ref-
erence ranges are imperative. While there is no information available on the actual condition
(doped or non-doped) in “real world” doping controls, exploratory studies benefit from the pres-
ence of a known non-doped condition, which allows the generation of valid individual physio-
logical ranges, a more sensitive doping detection, and the evaluation of a certain biomarker in
its magnitude of change. According to Aikin et al., three samples collected during three to four
weeks are enough to monitor intra-individual variations of doping biomarkers caused by exter-
nal factors such as food, fluid balance, and exercise [221]. As for all discovery trials in doping
detection, the window of detection of the applied doping strategy is an important factor that
has to be assessed. In theory, ABT would be detectable for up to 120 days depending on the
maximum lifetime of erythrocytes. However, 25 % of erythrocytes are already degraded within
one day after re-transfusion and the performance enhancing effect of ABT was shown to last
only a few days [21, 222]. Therefore, the most likely window of detection for ABT was assumed
to be somewhen within one week post-transfusion. Hence, several samples were collected
during the week after ABT in the present study so as not to miss the sampling time frame with
highest sensitivity and specificity [204] (Appendix |). However, a potential reduction of effect
size by this strategy has to be considered, as a large proportion of the transfused EC volume

is withdrawn again during the week of post-ABT sampling.
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Figure 6: Individual hematocrit levels obtained from subjects included in our blood doping study. Dotted lines rep-
resent the group means; dashed lines represent the population-based reference range of hematocrit for recreation-
ally active males [223]. Reprinted and modified by permission from John Wiley and Sons: American Journal of
Hematology, On the trail of blood doping—microRNA fingerprints to monitor autologous blood transfusions in vivo,
Mussack et al. © 2020 The Authors [204] (Appendix I).

To investigate only ABT-dependent effects, a sufficient recovery from blood donation before
transfusion is essential. This should be reached within four to six weeks after blood dona-
tion [41, 224]. Though we exploited almost the maximum storage time for ECs and performed
transfusion four or six weeks after blood donations, we observed insufficient recovery in most
study subjects [204] (Appendix I). This led to the analysis of miRNA profiles which might rep-
resent both ongoing compensation for the blood loss and the onset of ABT-dependent reac-
tions. Encouragingly, the additional sampling right before re-transfusion (t=0) allowed us to
identify any ongoing donation effect and account for it in downstream analyses. The observed
conflated donation and transfusion effect might have been prevented by cryopreserving ECs
instead of storing them at 4 °C. As cryopreserved ECs can be stored for more than ten years,
there would be enough time to recover from any preceding blood withdrawal [20]. Indeed, the
use of cryopreserved ECs in the doping scene was at least partly substantiated during the
“Operation Aderlass” [47]. However, preparing ECs for freezing is highly laborious and expen-
sive, requiring specialized equipment and trained personnel. The immense effort needed and
the fact that frozen ECs are only prepared under exceptional circumstances in Germany

caused refrigerated ECs to be transfused in the present study [204, 225] (Appendix I).

The volume of donated blood and transfused EC also has to be elaborated thoroughly. The
standard volumes of one blood bag and EC unit are around 500 ml and 235 ml, respec-
tively [20]. However, micro-dosing of ABT, as already well-known in rhEPO misuse, may be
also performed by cheating athletes aiming at maintaining their hematological parameters
within their physiological ranges [226]. Low-volume transfusions of less than 150 ml EC were
already proven to increase cycling performance, but a correlation between EC transfusion vol-
ume and aerobic capacity was not ascertained [227]. Nevertheless, in avoidance of missing

any ABT-dependent changes in miRNA profiles, for which a potential dose-response
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relationship cannot be excluded, we decided to transfuse 235 ml ECs obtained from standard
blood bags [204] (Appendix I). In addition, we performed a second standard-volume donation
and transfusion, which was anticipated to generate an increased ergogenic aid resulting in

more conclusive differences in miRNA profiles.

4.1.3. Choosing an appropriate sample matrix

Currently, serum, EDTA-blood, and urine are the only approved sample matrices collected
during doping controls, with their collection, transportation, analysis, and storage being highly
regulated [25]. The samples’ stability during transport and storage as well as a low risk for
manipulation are particularly important. Moreover, sampling shall be possible by minimally in-
vasive procedures. In this context, novel sample matrices such as dried blood spots are cur-
rently under review as additional test material due to their easy sampling and resilience to-
wards transport-induced alterations [39]. As whole blood miRNA profiles sampled in PAXgene
Blood RNA tubes are exceedingly stable and minimally affected by transportation and temper-
ature (see manufacturer’s specifications), they could also serve as new test material in doping
controls. For any retrospective detection of blood doping using ABT, novel detection methods
have to be based on the already collected matrices, which is why we also collected urine sam-
ples and intended to screen them for ABT-dependent changes in the EV-associated miRNA

profiles in addition to the whole blood miRNA profiles [204] (Appendix I).

4.1.4. Selecting suitable screening technologies and data analysis pipelines

Selecting a comprehensive screening technology to obtain thorough insights into biological
processes that are induced by an intervention is essential in discovery trials. Thus, we applied
small RNA sequencing, which requires no a priori knowledge and even allows for detection of
novel transcripts [204] (Appendix |). Owing to the requirements for experienced staff, special-
ized equipment, and potential technical biases, any ABT-dependent miRNA signature estab-
lished by small RNA sequencing should be subsequently validated by and implemented in a
more convenient and cost-efficient technique [228]. In such a validation study special focus
should be given to lower and, if applicable, upper limits of detection as well as to analytical
measurement errors. Regarding small RNA sequencing, the method of choice for the imple-
mentation of ABT-related miRNA patterns as routine diagnostics in anti-doping testing would
be gPCR. Although RNA quantification is not yet an approved method in WADA'’s accredited
laboratories, there is no obvious reason why this should not change in the future, as qPCR is
a highly standardizable technique already used in clinical laboratories and is feasible with low

cost and personnel expenditures [229].

The large bulk of miRNA data generated by small RNA sequencing requires appropriate han-

dling that allows to filter for the most relevant miRNA candidates while benefiting from the
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presence of individual baseline and longitudinal measurements. Mixed-effects regression mod-
els appear very suitable to analyze longitudinal data and might also be applied to identify po-
tential confounding factors of biomarkers [230]. However, biostatistical tools allowing for pat-
tern recognition based on discriminant analysis, e.g. (sparse) partial least square discriminant
analysis ((s)PLS-DA) or orthogonal projections of latent structures discriminant analysis
(OPLS-DA), are superior to regression models as they can additionally reveal a more complex
and thus probably more robust doping-dependent signature [204, 231, 232]. In the following,
a reasonably pruned list of miIRNA candidates should be selected and validated by assessing
specificity and sensitivity, which are important measures to gauge a biomarker’s performance
in anti-doping. In this context, specificity levels of 100 % are particularly crucial to ensure that

clean athletes are not accused by mistake.

4.2. Evaluation of the ABT-induced miRNA fingerprint in blood

The number of studies investigating the miRNA biomarker potential for blood doping is small
(Table 1). Only two of these examined the application of ABT of stored refrigerated or cryo-
preserved ECs or blood [52, 53]. Though these studies underpinned the possibility of including
miRNAs into the ABP, their failure to establish adequate baseline measurements and to control
for sufficient recovery from the foregoing blood donation are reasons to treat the results with
caution. Moreover, Gasparello et al. only investigated the miRNA change 15 days after trans-
fusion [52], which might be too late to observe major ABT-induced effects during competitive
events for two reasons. First, the most pronounced impact of ABT on exercise performance
and hence on the athlete’s miRNA profile is assumed to happen within the first two to three
days after transfusion [222]. Second, cheating athletes are said to receive EC transfusion on
the day of a competition and could donate blood shortly afterwards to cast off the hematological

add-on effect before their next doping test [233].
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Table 1: List of anti-doping studies investigating the potential of microRNAs as biomarker for blood doping. ABT:
autologous blood transfusion, EPO: erythropoietin, HIF: hypoxia-inducible transcription factor.

Type of blood

dobi Sample matrix Regulated miRNAs
oping

Reference

Gasparello et al. [52] ABT Human plasma up: miR-197-3p

up: let-7d, miR-26b, miR-30c, miR-
Leuenberger et al. [53] ABT Human plasma 30b, miR-142-3p, miR-103, let-7g,
miR-26a, let-7b, miR-339-5p

up: miR-144, miR-19b, miR-106b,
O st ) miR-93, miR-101, miR-185, miR-19a,
Leuenberger et al. [51] EPO stimulating | 112 plasma | MiR-140-3p, miR-142-5p, miR-25,

agents miR-29¢, miR-92a, miR-17;
down: miR-874
Marchand et al. [234] HIF stabilizer Rat plasma up: miR-130a and miR-21

While accounting for the above-mentioned factors and choosing appropriate sampling time
points (as described in section 4.1), Mussack et al. was able to establish an ABT-induced
miRNA fingerprint (miR-144-3p and miR-320d) based on holistic miRNA screening by small
RNA sequencing [204] (Appendix I). Assuming that the miRNAs of the miR-320 family, which
share the same seed sequence, act similarly, both miRNAs of the fingerprint were already
described in the context of erythropoiesis, emphasizing their biological relevance in blood dop-
ing-dependent adaptions [235, 236]. The upregulation of miR-144 after treatment with EPO-
stimulating agents, which was observed by Leuenberger et al. (2011) [51], supports this rela-
tionship. Interestingly, none of the miRNAs differentially regulated upon ABT identified by Gas-
parello et al. and Leuenberger et al. (2013) could be confirmed in our study [52, 53, 204] (Ap-
pendix |). This might be a consequence of investigating different biofluids, as cellular and ex-
tracellular miRNAs seem partially blood compartment-specific [237]. While the research
groups mentioned above examined circulating miRNA profiles in plasma, we studied whole
blood to explore both the total circulating and cellular miRNAs and to verify storage-dependent
variations in the miRNA pattern. However, none of the miRNAs that were significantly altered
during EC storage at 4 °C were detected to be changed in vivo after transfusion [56, 204]
(Appendix I). Remarkably, miR-144-3p had significantly different levels when comparing sam-
ples obtained from venipuncture right before processing of blood into ECs with samples ob-
tained from the freshly prepared ECs [56]. This implies that the blood transition into a blood
bag and its processing into ECs for storage is the more relevant issue for doping detection

than the storage itself. Nevertheless, the eventual re-transfusion of stored ECs induced a
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detectable change in the miRNA profiles of miR-144-3p and miR-320d, which was exceeding
the individuals’ 99 % confidence interval six hours after transfusion irrespective of having re-
ceived one or two EC bags (Figure 7) [204] (Appendix |). Thereby, the detection window was
extended to an earlier stage compared to the ABP (ABT detection window: one to two days
after EC re-transfusion). Moreover, most of the hematological parameters included in the ABP
responded highly sensitively to the preceding blood donations. This impact was not present
when applying the miRNA fingerprint to screen for ABT, indicating a certain specificity for ABT.
Nevertheless, the classification performance of the ABP with a maximum sensitivity of 40 % is
still higher than the maximum sensitivity obtained by the whole blood miRNA fingerprint (11 %,
at 100 % specificity), which is why the miRNA profile should be used as a supplement rather

than a replacement to the ABP.

Another factor that needs to be considered is that the selection of a controlled study population
and investigational environment is beneficial to observe any ABT-induced effects, but that
cheating athletes are not likely to use only one well-defined doping method. Instead, they might
apply a cocktail of doping techniques and substances, for instance by combining ABT with
plasma expanders, rhEPO, and other drugs or masking agents, the impact of all of which was
not studied by Mussack et al. [204] (Appendix ). However, such distortions can hamper the
ABT detection rate enormously. In particular, plasma expanders can dilute hematocrit levels,
which are elevated by ABT of ECs mainly one to three days after transfusion, and shift the
detectable concentration back into the individuals’ physiological ranges [41]. In addition,
plasma volume and hematocrit levels are also influenced by exercise itself, which, on the one
hand initiates a short-term reduction of plasma volume [238], and, on the other hand, induces
a redistribution of circulating leukocytes [239]. In addition to this cellular shift that might also
influence circulating miRNA profiles, they are also impacted by exercise [240, 241]. Though
these studies revealed no exercise-related effect on specifically miR-144-3p and miR-320d
levels, Fernandez-Sanjurjo and coworkers indeed observed an up- and down-regulation of
miR-320d and miR-144-3p, respectively, after marathon running [242]. Thus, further investiga-
tion of putative confounding factors is highly required to assess the robustness of the whole

blood miRNA fingerprint in anti-doping testing.
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Figure 7: Exemplary juxtaposition of the longitudinal profile and detection window of autologous blood doping of
two study subjects (P6 and P1) applying (A) the primary hematological markers hemoglobin and OFF-hr score
included in the athlete biological passport (ABP) with the dotted red lines marking the 99 % confidence interval of
the individual’s critical range and the solid blue lines indicating the respective measured value; and (B) the mi-
croRNA fingerprint (miR-144-3p and miR-320d), visualized by principal components (PC) and the individual's 95 %
(solid line) and 99 % (dashed line) confidence interval. Reprinted and modified by permission from John Wiley and
Sons: American Journal of Hematology, On the trail of blood doping—microRNA fingerprints to monitor autologous
blood transfusions in vivo, Mussack et al. © 2020 The Authors [204] (Appendix ).
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4.3. The rationale of using miRNA patterns from urinary EVs for blood

doping detection

As shown by OFF-hr score and Abnormal Blood Profile Score, which are both calculated val-
ues based on several factors and as such are included in the ABP, the combination of multiple
readouts may enhance doping detection [26, 206]. In search of further data that could be in-
cluded in the ABP to improve the detection of ABT apart from hematological markers and total
blood miRNAs, urine presents a neglected biospecimen. Urine samples are routinely collected
in doping controls and are approved for the detection of rhEPO [27]. With respect to ABT,
however, urine has only been analyzed for residues of blood bag plasticizers exogenously
administered during blood or EC transfusions [36, 37]. Given that ABT might affect a multitude
of biological pathways, it does not seem far-fetched to assume that it will also be reflected in
urine. Transfusion of ECs immediately increases total blood volume and thus the volume load
on the blood vessels, which leads to a timely compensatory reaction via increased fluidic ex-
cretion stimulated by the atrial natriuretic peptide [243]. The kidney seems to be a pivotal sen-
sor in the physiological response to ABT, as it is the organ where not only blood filtration and
urine production, but also EPO synthesis are located, and is thus directly linked to the regula-

tion of hematocrit levels [244].

As already mentioned, exercise and the overall physical condition affect blood volume and
might heavily affect total blood circulating miRNA profiles by exercise-induced leukopede-
sis [239]. However, urinary miRNA patterns should remain largely unaffected by this cellular
shift. Moreover, urinary EV-associated miRNAs are highly stable [245, 246], putatively render-
ing them robust biomarkers for the detection of ABT. The particular interest in urinary EV-
associated miRNA signatures to uncover ABT originates from the facts that cold storage of
ECs leads to both an increase in EV concentration and significant changes in miRNA expres-
sion levels in just these EVs [193, 203]. Moreover, the fast increase of circulatory EVs after
transfusion and the rapid clearance within one day suggest an involvement of elevated urinary
excretion of a small but non-negligible amount of these transfused vesicles besides their pri-
mary metabolization in the spleen [199, 200]. In theory, EVs are thought to be too large to be
filtrated by the nephron in healthy humans [247, 248]. Nevertheless, a trans-renal release of
labeled EVs previously introduced into the circulation was observed in mice [201]. Moreover,
a significant increase in urinary EV concentrations shortly after re-transfusion of ECs was ob-
served by Mussack et al. in humans [249], strengthening the hypothesis of urinary excretion
of transfused EVs. So far, it has been assumed that urinary EVs mainly originate from the

urogenital tract [250]. Interestingly, recent studies of Mussack et al. showed that at least parts
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of urinary EVs indeed carry surface markers that are indicative of an hematological origin [251].
Moreover, tissue-specific proteomes of more distant sites were also detected in urinary vesicle
preparations investigated in the context of lung cancer and Parkinson’s disease [252, 253].
Despite these promising findings, however, studying urinary EVs for their biomarker potential
is accompanied by biological as well as technical challenges that can affect reproducibility as

well as comparability and should therefore be well considered.

4.4. Challenges in urinary EV research

4.41. Facing a complex and heterogeneous sample matrix

Urine is non-invasively available in large volumes, but both urine volume and composition de-
pend on diverse variables including sampling time (morning void vs. spontaneous void vs. 24-
hour void), fluid intake, age, and sex of the subject [247, 254, 255]. To account for said varia-
tions, different correction strategies were discussed [247]. Although not ranked as the optimal
strategy, estimating the absolute excretion rate by normalizing to urinary creatinine seems fa-
vorable [256]. In addition, a positive correlation of urinary creatinine levels with urinary EV
concentration was ascertained, affirming the applicability of this concept in vesicle-related bi-
omarker research [257]. Nevertheless, urinary creatinine is a waste product of muscle metab-
olism, and the effect of differences in the muscle mass of high-performance athletes during
exercise on the utility of urinary creatinine as normalizer remains to be established and might

require additional corrective actions in investigating urinary EVs [258].

Furthermore, it is advisable to assess urine contamination with bacteria, as these also re-
lease RNA-containing vesicles which may be co-separated and thus impair downstream anal-
yses [259, 260]. An initial dipstick analysis of urine prior to further downstream processing
could provide introductory information on both the general urine health and the presence of
bacteria [140] (Appendix Il). Moreover, the presence of the highly abundant Tamm-Horsfall
protein, which is also known as uromodulin and is synthesized in the loop of Henle, can con-
found urinary EV analyses by trapping the vesicles and thereby reducing vesicle yield [261].
Even though the use of reducing agents, such as dithiothreitol, might improve EV recovery by
breaking the polymeric structure, their overall benefit on the concentration of EVs and vesicle-
associated RNA is limited [262].

Based on the rising interest in EV research, many techniques have lately been adapted or
even specifically designed to separate EVs from various sample matrices [142]. However, the

presence of a heterogeneous assortment of EVs challenges each separation method. All cells
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of the urogenital tract mainly simultaneously release various subtypes of EVs that largely differ
in their cargo, size, and buoyancy, but may share characteristics not only with each other but
also with other non-vesicular features and impurities [144, 255] (Appendix Ill). The specificity
to separate EVs and/or EV subtypes while depleting non-vesicular material might thus be at
the expense of total vesicle yield, whereas higher vesicle yields most likely result in reduced
purity [144] (Appendix Il). Thus, there is no consensus for any biofluid on the one and only EV
separation method and, pending novel methods with increased selectivity, there might always
be a trade-off between purity and yield [142]. Concerningly, the use of different methodologies
to separate EVs from human sera resulted in highly distinct miRNA patterns [263]; a finding
that can most likely be extrapolated to EVs from other biofluids including urine. When separat-
ing urinary EVs, some methods are even clearly unsuitable for downstream mRNA sequenc-
ing [264]. Consequently, feasibility but also reproducibility and comparability of miRNA profiling
from different urinary EV preparations were questioned and assessed by Mussack et al. as
described hereafter [140] (Appendix Il).

4.4.2. The pros and cons of EV separation methods

The most frequently used approach for EV separation is based on differential ultracentrifuga-
tion [265], which is why it is oftentimes used as benchmark. Here, EVs are separated based
on their sedimentation. In this process, however, non-vesicular structures with similar sedi-
mentation speed are pelleted as well [263]. Hence, obtained pellets can be subsequently ap-
plied to sucrose or iodixanol density gradients, enabling further separation of EVs from un-
wanted material based on their different densities [172]. Once the expenditure on an ultracen-
trifuge has been made, large sample volumes can be processed in an inexpensive manner.
This is especially beneficial for urine samples because more diluted urine might require larger
input volumes. However, only a few samples can be processed in parallel, and the separation
is very time-consuming — especially with the addition of density gradient centrifugation, which
usually requires more than 12 hours of runtime. Moreover, the huge centrifugation forces may
possibly damage EVs, and large proportions of vesicles could adhere to the tube walls, both

of which could negatively impact EV yield [266, 267].

Another commonly applied strategy to enrich EVs is based on precipitation. Polyethylene gly-
col is currently the volume excluding polymer of choice, precipitating EVs from solution by
changing their solubility [268]. The problem with this is the very unspecific alteration of solubility
that leads to high amounts of non-vesicular material in the precipitate [263]. However, this
method is very fast, simple to use, cost-efficient, and allows substantial upscaling of samples,
all of which probably contribute to the reason for its vast usage though [144] (Appendix IlI).
Other strategies are also widely accepted. Spin column chromatography, e.g. based on a sili-

con carbide resin, is a centrifugation-independent system and thus an easy and rapid
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technique [262]. Often combined with membrane affinity binding, these approaches allow for
the release of intact vesicles and yield high concentrations, however they are not specific for

EVs and might co-separate a questionable number of impurities [144, 269] (Appendix IlI).

The aforementioned strategies are all based on the principle of negative selection, which gen-
erates high EV yields, but also bares an aggravated risk for unspecific co-separation of non-
vesicular particles that could heavily impact downstream applications and distort obtained
miRNA profiles. In contrast thereto, immunoaffinity-based EV separation rests upon positive
selection. In this approach, capturing antibodies, that target specific surface proteins, are im-
mobilized on beads and isolate bound structures from unlabeled material, e.g. by magnetic
separation [140] (Appendix Il). Though this ensures elevated levels of purity, obtained EV
yields might be greatly reduced because there is no surface marker protein that is valid for all
EVs, intrinsically biasing affinity capture to pre-determined EV populations [172]. Only subfrac-
tions of EVs exposing the respective epitope of nominated marker proteins will be recognized
by the selected antibodies. However, the combined targeting of the three tetraspanins CD9,
CD63, and CD81 seems promising in specifically capturing large quantities of EVs, as these
surface markers were already identified as key proteins in their biogenesis [149, 270]. Inter-
estingly, syntenin-1 was very recently reported as a universal marker for exosomes [271]. Re-
gardless of the respective target protein, the conventional attachment of capture antibodies to
magnetic beads facilitates a fast and simple procedure. However, these magnetic beads re-
main bound to the EVs, unless relatively harsh buffers are used to detach them, and can thus

interfere with downstream experiments or functional analyses.

4.4.3. Understanding the means for EV characterization

Finally, to evaluate the success and specificity of EV separation from urine and other biofluids,
the MISEV 2018 guidelines provide a list of minimal as well as optional EV properties that
should be characterized, including the particle number, size distribution, presence of EV-spe-
cific protein marker, and absence of non-EV markers and putative impurities [141]. A variety
of methods has been employed to achieve thorough EV characterization (Figure 8), the under-
lying principles of which were already extensively discussed, with each of the stated methods
demonstrating its own strengths and limitations [144] (Appendix Ill). While microscopic devices
enable a detailed morphological assessment of vesicle surfaces and inner-vesicular structures,
only a subset of EVs is captured thereby [144] (Appendix Ill). Furthermore, the results obtained
by techniques utilizing scattered light for sizing and enumerating EVs can be skewed towards
larger particles in case of polydisperse solutions, as larger particles scatter more light thereby
masking the less scattered light of smaller particles [272]. Nevertheless, they provide a fast
and simple measurement of EV preparations. In addition, most techniques were not initially

designed to investigate EVs and, thus, not only limits in the detectable size range and
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refractory index have to be considered, but also the putative characterization of both vesicular
and non-vesicular particles, unless any labeling has been performed to increase specific-
ity [144] (Appendix IIl). Several approaches are based on bulk analysis, which calls for a pure
sample preparation, but enables a quick multiparametric assessment of EV preparations,
whereas especially the more recently developed technologies are focusing on the investigation
of single-EVs with improved resolution and specificity [144] (Appendix Ill). Depending on the
available sample volumes, it is recommended to conduct various EV characterization methods
— the more, the better — and merge the outcomes thereof to increase the significance and
validity of obtained results [141]. As demonstrated by Mussack et al. [140] (Appendix Il), the
combinational application of TEM, WB, and fNTA prior to miRNA sequencing allows for a com-

prehensive evaluation of urinary EVs on both the bulk and the single-vesicle level.
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Figure 8: Graphical summary of techniques used to characterize extracellular vesicle preparations. Reprinted by
permission from Elsevier: Advanced Drug Delivery Reviews, Separation, characterization, and standardization of
extracellular vesicles for drug delivery applications, Buschmann et al. © 2021 Elsevier B.V. [144] (Appendix ).
AFM: atomic force microscopy, cryo-EM: cryogenic electron microscopy; DLS: dynamic light scattering, ELISA:
enzyme-linked immunosorbent assay, EV: extracellular vesicle, FCM: flow cytometry; IB: immunoblotting; IFCM:
imaging flow cytometry; LC-MS: liquid chromatography mass spectrometry; MRPS: microfluidic resistive pulse
sensing; MS: mass spectrometry; MS/MS: tandem mass spectrometry; NFCM: nanoflow cytometry; NGS: next-
generation sequencing; NTA: nanoparticle tracking analysis; qPCR: quantitative polymerase chain reaction; SEM:
scanning electron microscopy; SP-IRIS: Single-particle interferometric reflectance imaging sensing; TEM: transmis-
sion electron microscopy; TRPS: tunable resistive pulse sensing.
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4.5. Assessment of different urinary EV separation methods regarding

their utility in miRNA-based biomarker research

As recommended by the ISEV, methodological details of our studies were disclosed on the
EV-TRACK platform (EV-TRACK ID: EV190007) [141, 142], where the protocols of Mussack
et al. [140] (Appendix II) received EV-METRICs of 75 % and 100 % and thereby ranked among
the top five entries investigating human urinary EVs. The EV-METRIC was created to assess
the thoroughness of reporting experimental findings and methodological details that allow for
appropriate interpretation and reproducibility of results [142]. In our study comparing different
separation methods for urinary EVs, the highest metric of 100 % was obtained for ultracentrif-
ugation combined with density gradient centrifugation and further downstream characteriza-
tion, while all other separation methods combined with the same subsequent characterization
received scores of 75 % [140] (Appendix IlI). Remarkably, all of the selected separation meth-
ods were generally suitable for downstream miRNA sequencing, and the resulting miRNA pat-
terns were mostly congruent [140] (Appendix Il). Only spin column chromatography resulted
in a set of urinary vesicle-associated miRNAs distinct from those obtained by the other meth-
ods. This disparity was also observed to be true for mRNA profiles by Barreiro et al. [264] and
may be problematic for generating reproducible results in EV biomarker research whenever
methods of low comparability are used. The remaining four separation methods clearly over-
lapped in their miRNA patterns, even though a noticeable impurity with Tamm-Horsfall protein
was detected in the EV preparations obtained by membrane affinity and precipitation [140]
(Appendix II). This suggests that purity of urinary EV preparations is not a decisive prerequisite
for comparable biomarker studies when investigating miRNAs. In therapeutic approaches,
however, purity is of major importance to comply with good manufacturing and clinical prac-
tices and to avoid adverse events [144] (Appendix IIl). Expecting that any anti-doping decision
can be brought to law, it might be advisable to strive for very high purity EV preparations to
prevent miRNAs linked to unattended non-vesicular structures or other signal distorters from
interfering with transcriptomic analyses, thereby weaking the validity of an established ABT-

dependent urinary EV miRNA fingerprint.

Based on the general technical conditions, which were revisited earlier (see section 4.4 and
Appendix |11 [144] ), and the combined evaluation of both biophysiochemical and transcriptomic
features of urinary EVs and EV-associated miRNAs, which were assessed in Mussack et
al. [140] (Appendix Il), a competitive analysis of methods was performed (Figure 9). By as-
sessing each factor individually and calculating an overall grade, spin column chromatography
was rated as the least suitable and immunoaffinity as the most suitable urinary EV separation

method to study miRNA profiles as biomarkers in the context of anti-doping. However, it has
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to be emphasized that there is no “one-fits-all” solution and that the decision for or against a
specific separation strategy still strongly depends on the initial research question and should

be well contemplated.

Spin column chromatography

Ultracentrifugation combined

with density gradient =g Immunoaffinity

Precipitation‘wr Membrane affinity
---@--- \Western blot @ NTA
TEM EV-TRACK
--@--RNA yield ---@--- miRNA mapping
---@--- Number of detected miRNAs e=@==Overall

Figure 9: Spider plot illustrating the performance of five different methods to separate extracellular vesicles (EVs)
from urine. Each method obtained grades in different characterization disciplines with the figure’s center indicating
the lowest/worst level and the outer ring indicating the highest/best grade. miRNA: microRNA, NTA: nanoparticle
tracking analysis, TEM: transmission electron microscopy. The overall grade represents the average rate over all
disciplines.

4.6. Conclusion and future perspectives

Ever since humans started engaging in physical competition, and certainly since being an ath-
lete began opening avenues to make a living from professional sports, doping has been part
of the equation. While substances and methods changed over time, from consuming exotic
mushrooms and herbal potions to cocktails of steroids and stimulants, the goal remained the
same: to gain a competitive advantage over one’s competitors in the race for recognition, rec-

ords, price money, and sponsorships. The goal of anti-doping efforts has therefore always
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been clear. Not only detecting and preventing doping but also safeguarding the rights of clean
athletes and promoting a spirit of health and equality in sports are at the core of the anti-doping

notion.

What this present research amounts to is that a well-wrought human study providing longitu-
dinal data of both hematological markers and blood total miRNA profiles of subjects undergo-
ing ABT was performed. The comprehensive raw data generated in our experiments was gen-
erally made accessible and can thus be used by the anti-doping community in subsequent
studies. Although a previously reported storage-dependent miRNA signature in ECs could not
be verified in vivo, we establish an elaborated ABT-dependent miRNA fingerprint. This set of
miRNAs is an auspicious complementary marker to the currently applied ABP and could be
added in doping controls in order to screen for the illicit application of ABT shortly after trans-
fusion. This is a time frame that is both highly relevant to athletic competitive events and a
weakness of the ABP as unphysiological variations of hematological parameters might not yet
have changed noticeably. In contrast to its promising detection kinetics, the overall detection
rate of the miRNA fingerprint is rather low compared to the ABP and requires ultimate verifica-

tion in anti-doping field-tests and, in particular, in a more diversified population.

Even though, on the face of it, the success rate of devising a universally applicable marker for
ABT appears humbling, continued anti-doping research is indispensable to show presence in
the combat against doping and intimidate fraudulent athletes and potential dopers. Increased
screening for blood doping intends not only to uncover cheating athletes, but also to evoke a
recoil from illicit strategies for performance enhancement and a shift to less efficient doping
strategies. Moreover, continuously improving existing detection strategies and elaborating
novel biomarkers may help to understand the cause-effect relationship and enforce better anti-

doping decisions.

To continue on the path of investigating advanced anti-doping approaches, urinary EV-asso-
ciated miRNAs present a promising resource to detect ABT. To pave the way for a robust
transcriptomic analysis of these urinary vesicular miRNAs, we performed a comprehensive
comparison study evaluating the pros and cons of different EV separation methods and dis-
cussed available methodologies for their characterization. Based on the thereby gained
knowledge, the positive selection of urinary EVs by immunoaffinity-based separation seems to
be one of the more favorable strategies. Future experiments could use this technique to screen
for an ABT-dependent signature compiled of novel and established components. Beyond
doubt, the combination of transcriptomic markers with other “omic” data is highly conceivable

and might reach higher detection sensitivities of ABT.
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Juxtaposing the development of more sophisticated and potent strategies to enhance athletic
performance and the battle against their utilization and propagation, it is obvious that detection
methods for some forms of doping, autologous blood doping chiefly among then, remain
suboptimal. Judging by the enormous progress the past few years of anti-doping efforts have
witnessed, realizing the evident potential of miRNAs and EVs in this context seems feasible.
But many challenges will have to be overcome for miRNAs to be integrated into routine anti-
doping testing. With the advent of improved devices, experimental methods, and algorithms
for data analysis and integration, however, current detection strategies are likely to be outper-
formed by novel biomarkers and combinations thereof, with miRNAs among the most promis-

ing candidates to step onto the podium.
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