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Abstract

As means of intercellular communication, cells release extracellular vesicles (EVs) into
the extracellular space. EVs encapsulate specific biomolecular cargoes by a protective
lipid bilayer, important for signal transfer during physiological and pathological
processes. The short regulatory microRNAs (miRNAs) mainly play a decisive role here,
as they regulate gene expression in a highly specific manner on the post-transcriptional
level. Disease-related changes in EV miRNA expression profiles in minimally invasive
liquid biopsies make them promising candidates for use as biomarkers in clinical
practice. Within the scope of this work, the suitability of blood-derived EV miRNAs for
the early detection of acute pulmonary infections was investigated. In order to create
the basis for these investigations, an optimized and MISEV-compliant workflow was
developed. First, various methods for the isolation of EVs were tested to evaluate the
ideal method for analyzing EV miRNAs by next-generation sequencing. Each method
separated unique EV preparations, demonstrating the strong influence of sample
preparation on downstream analysis. The precipitation method was particularly
suitable due to its substantial miRNA yield, which precisely grouped healthy controls
and sepsis patients. In addition, arterial and venous EV miRNA profiles were examined
to compare their joint applicability in biomarker studies. Since, additionally to standard
venous blood sampling in healthy controls or less severely ill patients, the collection
takes place via existing arterial access in intensive care patients. The marginal
differences between arterial and venous EV miRNA profiles suggest equivalent
suitability. Finally, based on findings from the preliminary studies, a comprehensive
human study was conducted. In this framework, an EV miRNA signature was
developed and validated to enable the early detection of community-acquired
pneumonia and sepsis as a severe secondary complication. Furthermore, EV-miRNAs
were investigated as regulators in the pathophysiology of COVID-19. To prove the
actual validity and applicability of EV miRNA biomarkers, the performance of
multicenter studies in increasing cohorts is incessant. However, fundamental
challenges in EV research currently still stand in the way of the clinical implementation
of these promising biomarker candidates.
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Zusammenfassung

Zur Steuerung der interzellularen Kommunikation setzen Zellen extrazellulare Vesikel
(EVs) in den extrazellularen Raum frei. EVs enthalten spezifische Biomolekdle, welche
durch eine Doppellipidschicht geschitzt fur die Signalibertragung wahrend
physiologischer und pathologischer Prozesse dienen. Hierbei sind die kurzen
regulatorischen miRNAs bedeutend, da diese hochspezifisch die Genexpression auf
post-transkriptionaler Ebene regulieren. Krankheitsbedingte Veranderungen der EV-
miRNA-Expressionsprofile in minimalinvasiven Flussigbiopsien machen diese zu
zukunftstrachtigen Biomarker-Kandidaten fur die Anwendung in der klinischen Praxis.
In dieser Arbeit wurde die Eignung aus Blut isolierter EV-miRNAs zur Friherkennung
akuter pulmonaler Infektionen untersucht. Um die Basis fur diese Untersuchungen zu
schaffen, wurde ein optimierter MISEV-konformer Arbeitsablauf entwickelt. Zunachst
wurden verschiedene Verfahren fur die Isolation von EVs getestet, um die ideale
Methode fur die Analyse von EV-miRNAs mittels Next-Generation Sequencing zu
evaluieren. Mit jedem Verfahren wurden einzigartige EV-Praparate isoliert, was den
starken Einfluss der Probenaufbereitung auf die nachgeschaltete Analyse verdeutlicht.
Das Prazipitationsverfahren uberzeugte durch eine gro3e miRNA-Ausbeute, die eine
prazise Gruppierung gesunder Kontrollen und Sepsis-Patienten ermaglichte.
Zusatzlich wurden arterielle und venose EV-miRNA-Profile untersucht, um deren
gemeinsame Anwendbarkeit in Biomarker-Studien zu vergleichen, da neben der
venosen Standard-Blutgewinnung bei Gesunden oder weniger stark Erkrankten die
Abnahme uber bereits vorhandene arterielle Zugange bei Intensivpatienten erfolgt. Die
marginalen Unterschiede zwischen arteriellen und vendsen EV-miRNA-Profilen
sprechen fur eine vergleichbare Eignung. Basierend auf den Erkenntnissen der
Voruntersuchungen wurde schlieRlich eine umfassende Humanstudie durchgeflhrt.
Es erfolgte die Entwicklung und Validierung einer EV-miRNA-Signatur, um die
Friherkennung der ambulant erworbenen Pneumonie sowie der Sepsis als schwere
Folgeerkrankung zu ermdglichen. Daruber hinaus wurden EV-miRNAs als
Regulatoren in der COVID-19 Pathophysiologie untersucht. Zur Prufung der
tatsachlichen Validitat und Anwendbarkeit von EV-miRNA-Biomarkern, ist die
Durchfuhrung multizentrischer Studien in grofleren Kohorten unerlasslich.
Grundlegende Herausforderungen in der EV-Forschung stehen der klinischen
Umsetzung dieser zukunftstrachtigen Biomarker-Kandidaten aktuell noch entgegen.
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1 Introduction

1.1 MicroRNAs are gene expression master regulators

MicroRNAs (miRNAs) are short, endogenous, non-coding RNAs of ~22 nucleotides
(nt) in length, which regulate gene expression post-transcriptionally. In 1993, the first
miRNA was described in the nematode C. elegans [1, 2]. Upon discovering miRNAs in
other organisms and particularly humans seven years later [3, 4], miRNAs were
defined as a separate class of partially highly conserved small gene-regulatory RNAs
[5-7]. Since then, in the early 2000s, miRNAs have emerged in diverse research areas.

Currently, this large class of small RNAs comprises 48,860 mature miRNAs from 271
different organisms. Thereof 2,654 mature sequences are found in humans [8].
MiRNAs target approximately > 60 % of human protein-coding genes. Along with the
fact that in mammals, most conserved miRNAs have conserved messenger RNA
(mRNA) targets [9], it has become evident that miRNAs are fundamentally involved in
regulating all biological pathways. In humans, most miRNAs are encoded within the
introns (intronic) of protein-coding and non-coding genes, while some are located in
protein-coding regions (exonic). MiRNAs are encoded by individual genes
(monocistronic) or by gene clusters (polycistronic) that are generally co-transcribed
[10].

The canonical pathway of mammalian miRNAs biogenesis (Figure 1) initiates in the
nucleus, where mainly RNA polymerase Il transcribes the primary miRNA (pri-miRNA)
from its gene [11]. The 5’ capped and 3’ polyadenylated pri-miRNA transcript consists
of hundreds of nt and is sequentially processed [12, 13]. The microprocessor complex,
assembled by the ribonuclease (RNAse) Ill enzyme Drosha and cofactors, including
the RNA-binding protein DGCRS, converts the pri-miRNA into the precursor miRNA
(pre-miRNA) [14]. DGCRS8 recognizes the pri-miRNA through specific motifs [15], while
Drosha cleaves the pri-miRNA into the ~70 nt pre-miRNA with its characteristic 2 nt
3’ overhang [13, 16].

Besides, several pathways of non-canonical miRNA biogenesis exist, e.g., mirtons.
Intron lariats are excised from intronic regions of the mRNA via splicing. After
linearization by the debranching enzyme, mirtons fold into pre-miRNAs and bypass

Drosha processing [17].
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Figure 1: Overview of the canonical miRNA biogenesis pathway in mammals. After pri-miRNA
transcription in the nucleus, the pri-miRNA transcript is processed into the pre-miRNA,
translocated to the cytosol, and catalyzed into the miRNA duplex. The strand loaded into RISC
is selected as mature miRNA. pri-miRNA: Primary miRNA; pre-miRNA: Precursor miRNA;
DGCRS: DiGeorge Syndrome Critical Region 8; Exp5: Exportin 5; TRBP: Trans-activation-
responsive RNA-binding protein; AGO: Argonaute protein; RISC: RNA-induced silencing

complex. Figure adapted from [18].

The pre-miRNA from either pathway is translocated to the cytoplasm via the

Exp5/RanGTP complex [19, 20]. Then, the RNAse Ill enzyme Dicer, in coordinated

action with the RNA-binding protein TRBP, removes the terminal loop and thereby

processes the short ~22 nt mature miRNA duplex from the stem of the pre-miRNA [21,
22].



The miRNA duplex is loaded into an argonaute (AGO) protein (AGO1-4 in humans) to
assemble the RNA-induced silencing complex (RISC) [23]. Either strand of the duplex
retains as mature miRNA (guide strand), while the other (passenger strand) is
degraded. Occasionally both strands may become mature miRNAs [10]. Mature
miRNAs from the 5’ end of the pre-miRNA hairpin are termed the 5p variant, those
from the 3’ end the 3p variant. The strand preferred for loading into the pocket within
AGO often has a 5’ uracil [24] and exhibits less stable base pairing at the 5’ end [25].

The miRNA directs RISC to complementary sequences in the 3’ untranslated region
(UTR) of its target mRNA, which match the seed sequence of the miRNA (nt 2-7) to
direct their post-transcriptional repression [26]. In the case of extensive sequence
pairing, the endonuclease activity of AGO2 induces mRNA cleavage [27], which rarely
occurs in humans and other mammals. Instead, the miRNA only pairs partially to

mMRNA target transcripts and acts via translational repression or mRNA decay [28].

Upon miRNA-mRNA base pairing, the TNRC6 protein is recruited by AGO to link
downstream effector complexes (Figure 2). While tryptophan-containing motifs within
the AGO-binding domain of TNRC6 enable interaction with AGO, those within its
silencing domain bridge the deadenylase complexes PARN2-PARN3 and CCR4-
NOT. The silencing domain of TNRCG6 also interacts with Poly(A)-binding proteins that
are associated with the mRNA poly(A) tail [18, 29]. The PARN2-PARN3 and CCR4-
NOT complexes shorten and remove the mRNA’s poly(A) tail. The DCP1-DCP2
complex is recruited to remove the 7-methylguanylate (m7G) cap from the mRNA 5’
end. Consequently, the target mRNA is exposed to degradation by 5-3’
exoribonuclease 1 activity [30]. MiIRNAs enable translation repression through
translation inhibition of the target mRNA by impeding the assembly and/or activity of
the elF4F complex. DDX6 can repress translation, stimulate decapping, and couple
the molecular processes of deadenylation and decapping by interacting with the
CCR4-NOT complex [18, 29].
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Figure 2: Mechanisms of miRNA-mediated gene silencing in mammals. Upon miRNA-mRNA
base pairing, TNRC6 interacts with AGO to couple downstream effector complexes. MRNA
silencing can be induced by mRNA decay or translational repression. AGO: Argonaute protein;
TNRCEG6: Trinucleotide repeat containing gene 6; PARN2/3: Poly(A)-specific ribonuclease 2/3;
CCR4: Carbon catabolite repressor 4; NOT: Negative regulator of transcription; DCP1/DCP2:
MRNA-decapping enzyme 1/2; DDX6: DEAD box helicase DEAD box protein 6; elF4F:
Eukaryotic translation initiation factor 4F; ORF: Open reading frame; W: Tryptophan residues;
pink hexagons: Poly(A)-binding proteins. Figure duplicated from [18].

Due to the occurrence of RISC and target mRNAs in distinct cytoplasmic loci termed
processing (P)-bodies, also accumulating factors of the mRNA decay machinery, P-
bodies were assigned as potential sites for miRNA-mediated gene silencing. However,
since miRNA-based target regulation still occurs in the absence of P-bodies, and RISC
seems to be distributed throughout the cytoplasm, the fundamental role of P-bodies in
miRNA-mediated target regulation remains obscure. Besides their localization in the
cytoplasm, mature miRNAs are found in multiple cellular compartments, in the nucleus,
and are secreted into extracellular fluids. MiRNAs are protected from endogenous
RNase activity by RNA-binding proteins but can also be associated with extracellular
vesicles (EVs) [31, 32]. As miRNA expression is specific for different tissues and
biofluids, and disease-specific concentration changes are common for many
pathologies, liquid biopsy-derived extracellular miRNAs are promising targets for
transcriptomic biomarker approaches (as reviewed in Appendix | [33]).



1.2 Extracellular vesicles shuttle intercellular messages

Cells naturally release a heterogeneous group of small-sized, membranous vesicles
that cannot replicate, termed extracellular vesicles (EVs) [34]. Their secretion is
evolutionarily conserved throughout all kingdoms of life [35]. A lipid bilayer delimits EVs
to protect their cargo biomolecules. Eukaryotic cells release EVs that primarily
comprise three subtypes, including exosomes, microvesicles, and apoptotic bodies,
classified according to their biogenesis (Figure 3) [36].
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Figure 3: Basic mechanisms of EV biogenesis. MVE: Multivesicular endosome. Figure
duplicated from [37].



Exosomes originate from the endosomal system, whereas microvesicles arise from the
plasma membrane. Apoptotic bodies emerge by cell fragmentation and blebbing during
programmed cell death. While exosomes (~50-150 nm) are generally the smallest
EVs, microvesicles (~100-1000 nm) are intermediate-sized, and apoptotic bodies
(~100-5000 nm) are the largest. Characteristically vesicles from each subtype have
overlapping sizes [38]. Although EVs were formerly deemed cell garbage, several
research groups explored significant biological functions contrary [39-42]. With their
groundbreaking discovery in 2007, Valadi and colleagues uncovered the exosome-
mediated transfer of genetic material as a novel system for short- and long-distance
paracrine cell-to-cell communication [43]. With this finding, considerable scientific
interest has emerged, and other EV subtypes were reported to transfer intercellular
information [44, 45].

Besides the cellular origin, EV composition reflects particular cell type characteristics
and the condition of the individual cell. Therefore, specific biomolecules accumulate in
different EV subtypes. Common mechanisms involved in the biogenesis of vesicle
subtypes often impede correct classification. Exosomes and microvesicles contain
cytosolic and transmembrane proteins, lipids, and nucleic acids [36, 46]. Apoptotic
bodies additionally enclose fragmented cell organelles and nuclei [47]. Insights into EV
biology only recently have started to be revealed and are still incompletely
characterized. For example, there are currently many endeavors to uncover the
association of EVs with nucleic acids. Besides their intraluminal location, nucleic acids
may be located outside EVs [48], likely anchored in the EV membrane or bound by EV
surface proteins. The hitherto proposed processes for EV secretion, uptake, and cargo
delivery are complex and may depend on specific cell types, conditions, or functions,

impacting the molecular mechanisms involved.

Exosome biogenesis (Figure 4) starts within the endosomal system, where lipids and
transmembrane proteins segregate on microdomains of the limiting endosomal
membrane. These discrete microdomains likely recruit soluble biomolecules, e.g.,
proteins and RNA classes. The endosomal membrane buds inward to form
multivesicular endosomes (MVEs), thereby sequestering cytosolic cargoes into
intraluminal vesicles (ILVs) [46]. Various RAB GTPases are involved in sorting cargoes
originating from endocytic uptake or the trans-Golgi network [49]. Microtubules
transport mature MVEs to the plasma membrane for fusion. Subsequently, MVEs
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release ILVs as exosomes into the extracellular space [46]. MVE mobility involves
RABs, tethering to the plasma membrane RABs and SNARE proteins [49, 50].
Alternately, MVEs are trafficked for enzyme-assisted lysosomal degradation. Different
molecular mechanisms regulate the biogenesis of exosomes. Components of the
endosomal sorting complex required for transport (ESCRT-O0, -1, -Il, -Ill) machinery and
accessory proteins act sequentially to promote the formation of ILVs by membrane
shaping, vesicle scission, and sorting of cargoes [51, 52]. Syntenin binding to the
cytosolic domain of the transmembrane protein syndecan results in ALIX recruitment,
bridging cargoes and ESCRT subunits, and supporting endosomal membrane budding
[53].

MicrovesicleR

T
C ide-rich
Extracellular Cargo eramide-ric
medium clustering (1) @ membrane /
T ® Lipid
Membrane — Lipid  — — I
cargo? ? Y ? ?Jmicrodomain A Q;R /\Ap flipping
IPlasma Taiiramerin RNA binding ' Lipid :{ \:
membrane P protein f translocation  Actin ‘m \
RNA Cytoplasmic
Cytoplasmic €arge
sorting
Cytoplasm ESCRT—indlependent ESCRT-d?pendent
| 1 | 1
Cytoplasmic Cytoplasmic
©) sorting @ ® @ sorting )
Limiting - ‘ Clathrin
membrane yntenin ::ﬁ ) ESCRT-0
of MVE - ESCREID ESCRTD ™ “(fESCRTD Ubiquitin
e — 4]
Membrane~$ > —> — N X e — é
cargo Tetraspanin = =
> «
l Ceramide-rich membrane
MVE lumen Clargo i Q\ il
clustering /
IV | /O
(future exosome) | %

Figure 4: Mechanisms involved in the biogenesis of exosomes and microvesicles. Lipids and
transmembrane proteins cluster in distinct membrane microdomains (1) and recruit cytosolic
cargo for sorting into EVs (2). Together with other types of machinery, microdomains drive
membrane budding and vesicle fission (3). MVE: Multivesicular endosome; ILV: Intraluminal
vesicle; ALIX: ALG-2 interacting protein X; ARF6: ADP-ribosylation factor 6; ESCRT:
Endosomal sorting complex required for transport. Figure duplicated from [46].

Additionally, exosome secretion occurs after depletion of ESCRT proteins

independently via alternative routes [54]. One pathway requires lipid rafts: ceramide-
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enriched domains are formed from sphingomyelins via hydrolyses by neutral
sphingomyelinase. Small ceramide microdomains coalesce into larger domains and
induce a spontaneous negative curvature on the limiting membrane [55, 56].
Tetraspanins such as CD9, CD63, and CD81 regulate cargo sorting into exosomes.
Additionally, tetraspanin-enriched microdomains, including other transmembrane and
cytosolic proteins, are supposed to initiate budding at the endosomal membrane,
possibly via a cone-like tetraspanin structure shown for CD81 [46].

Multiple molecular components and rearrangements within the plasma membrane are
essential for forming microvesicles. Similar to exosome biogenesis, the clustering of
transmembrane proteins and lipids in distinct membrane microdomains involves cargo
sorting. Moreover, ESCRT proteins and ceramide-enriched plasma membrane
microdomains promote the biogenesis microvesicle [46]. Additionally, a local cytosolic
Ca?* increase activates several Ca?*-dependent enzymes. Calpains destabilize the
anchorage of the cytoskeleton to the plasma membrane by disassembling cytoskeletal
components. Scramblases and floppases induce the collapse of the phospholipid
asymmetry within the lipid bilayer by exposing phosphatidylserine (PS) from the inner
to the outer leaflet of the lipid bilayer. These local phospholipid rearrangements cause
the outward budding of the plasma membrane [57, 58]. The small GTP-binding protein
ARF6 selectively recruits cargo proteins into microvesicles. Moreover, ARF6 activates
a signaling cascade that initiates the myosin light chain phosphorylation, resulting in

actomyosin contraction and the subsequent release of the microvesicle [59].

Apoptotic bodies emerge during a highly regulated process of programmed cell death.
Throughout cell disassembly, apoptotic cells undergo a series of morphological
changes, including plasma membrane blebbing, the formation of thin membrane
protrusions, and fragmentation into apoptotic bodies. Cytoskeletal dynamics, such as
actomyosin contraction and microtubule assembly, foster plasma membrane blebbing.
Due to hydrostatic pressure within the dying cell, intracellular fluids are pushed into
plasma membrane blebs. Finally, shear forces and interactions with neighboring
phagocytes may support the release of apoptotic bodies, which are promptly engulfed
by phagocytosis [60, 61].

Once secreted by the donor cell, EVs target the recipient cell to deliver their cargoes
and induce a specific cellular response. The unique molecular composition of EV



subtypes defines their path. Docking of EVs with the plasma membrane is mediated
through specific ligand-receptor interactions that may activate receptor-mediated
signaling. EVs may also fuse with the plasma membrane to directly release their
contents into the recipient cell’'s cytosol. Alternatively, EVs are internalized into the
recipient cell through clathrin-mediated endocytosis, endocytosis by caveolae or lipid
rafts, as well as phagocytosis and micropinocytosis (Figure 5) [62]. Inside the recipient
cell, EVs follow the endocytic pathway by reaching endosomes. EVs either fuse with
the limiting endosomal membrane to deliver their cargo or are directed for lysosomal
degradation. EVs may also target back from endosomes to the plasma membrane for

recycling [38].
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Figure 5: Overview of the molecular mechanisms involved in EV cargo delivery. EVs may
release their contents directly into the recipient cell’'s cytosol by fusion with the plasma
membrane or uptake by various endocytic pathways. In addition, internalized EVs may be
targeted to endosomes and fuse with the limiting membrane to deliver their contents. Figure
duplicated from [62].



Secreted by all cells, EVs regulate physiological pathways, such as embryonic
development, immune regulation, angiogenesis, and coagulation. Furthermore, EVs
act as mediators in the pathogenesis of various types of cancers, cardiac injury,
infectious diseases, neurodegenerative disorders, and numerous others [63-65].

EVs are studied in many research fields, ranging from basic sciences to therapeutic
applications and biomarker investigations. Cells release EVs to all tissues and body
fluids, e.g., blood, urine, saliva, cerebrospinal fluid, and breast milk [64]. After sampling
by minimally invasive liquid biopsies, EVs are isolated from biofluids based on their
physical-chemical properties. Differential ultracentrifugation, designated as a gold
standard, is a widely used method to isolate EVs [66]. However, the co-isolation of
non-EV contaminants desires more pure separation methods [34]. Density gradient
centrifugation includes an extra purification step [66], resulting in more pure vesicle
subpopulations [67]. However, the time-consuming and labor-intensive characteristics
and the low recovery of EVs make this method less practical. Although various
commercially available EV separation methods evolved in the last years, none has yet
proven to be the benchmark. Therefore, researchers must choose their method based
on their requirements on EV sample yield and purity. The sequential use of multiple
separation methods has recently become quite popular to obtain more pure vesicle
subpopulations [34].

Addressing the challenges in the quickly developing EV field and promoting rigor
standardization, the International Society of Extracellular Vesicles (ISEV) developed
the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines to
provide researchers with a guiding standard [34]. Other position statements cover
topics such as EV RNA [48]. In addition, the knowledgebase EV-TRACK offers a
platform for more transparent reporting by centralizing knowledge and facilitating
interpretation and replicating experiments [68].

10



1.3 Next-generation sequencing: a comprehensive high-throughput

method to study microRNA biomarkers

The development of the next-generation sequencing (NGS) technology 15 years ago
has revolutionized genomic science. This deep sequencing technology rapidly evolved
over the years by realizing speed, read length, and throughput improvements,
alongside a substantial reduction in sequencing costs. Nowadays, NGS has become
a widely available high-throughput method for sequencing millions of DNA fragments
in parallel per run while producing massive data output. Finally, raw reads can be
evaluated by specifically adapted downstream bioinformatical pipelines [69, 70].

The translation of NGS technologies in daily routine has enabled meaningful, new
diagnostic applications in molecular genetics. In particular, diseases based on
mutations in numerous genes have only become diagnostically accessible through
their simultaneous analysis [71].

By ongoing investigations in translational research areas, novel classes of analytes
such as circulating nucleic acids are likely to develop into molecular biomarkers of
clinical relevance prospectively. Molecular biomarkers are, per definition, objectively
(1), precisely (2), reproducibly (3), and quickly (4) measurable molecular alterations
directly correlating to a specific disease or condition [72]. Deep RNA sequencing
technologies are of immense importance in the expanding field of molecular biomarker
research since transcriptome profiling uncovers insights into dynamic gene regulatory
networks and cellular states [73]. In contrast, DNA profiling provides genetic
information exclusively. As reviewed in Hermann et al. 2020 (Appendix 1) [33], highly
sensitive and specific transcriptomic biomarkers provide early access to data on
cellular physiological changes, disease states, or conditions, even at low cellular
abundance levels using previously established and relatively cost-efficient methods
[73, 74]. Due to their remarkable stability, shorter RNA classes with fewer recognition
sites for omnipresent RNAses [75] are favored over longer RNA targets, e.g., mRNAs
or long non-coding RNAs (IncRNAs), particularly the extensively studied miRNAs.
Compared to other small RNA classes, e.g., PIWI-interacting RNAs (piRNAs), miRNAs
are better understood [76], and thus, a significant number of miRNA sequences and
annotations are easily accessible on databases such as miRBase [77].
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Infectious disease is a typical example, underlining the significant advantages of early
detectable diagnostic miRNAs (Figure 6). In the incubation period, pathogen replication
starts while patients are still asymptomatic. Ongoing replication of pathogens in the
prodromal phase induces immune activation with unspecific symptoms, and finally,
clinical illness. With disease progression, treatment options often become limited.
However, pathogen detection can be difficult, particularly before the onset of clinical
illness. Since cells continuously release MiRNAs throughout all stages of infection,
these targets provide essential clinical information while reflecting the disease state
[78].

Incubation Prodromal
Period Period

Clinical lllness

“ Pathogen Diagnostic miRNAs

Figure 6: Extracellular miRNAs during infection. Before the onset of clinical iliness, pathogen
detection can be difficult, while specific miRNA signatures are detectable early on and in each
stage of infectious disease. Figure duplicated from [78].
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1.4 The unmet need for new clinical biomarkers for community-

acquired pneumonia and severe secondary complications

As an acute infection of the pulmonary parenchyma acquired outside of the hospital,
community-acquired pneumonia (CAP) remains a major global health threat with the
considerable cause of morbidity and mortality in humans of all ages across all
populations. The incidence of CAP varies by demographic factors, including country,
gender, and age [79], and is significantly highest in low and middle-income countries
[80]. CAP varies from mild forms of infections with local inflammation to secondary
complications with systemic inflammation present in respiratory distress and sepsis.
Sepsis manifests as a serious life-threatening organ dysfunction because of a
dysregulated host response to infection. A significant cause of sepsis is CAP since up
to half of the cases originate from pulmonary infections [81]. High-risk groups for CAP
include, in particular, children younger than five years and adults over the age of 65
years or patients with significant comorbidity. With three million global deaths annually,
lower respiratory infections are the most deadly communicable disease and the fourth
leading global cause of death worldwide [82].

CAP is mainly caused by microbes including bacteria such as Streptococcus
pneumoniae and Mycoplasma pneumoniae, and respiratory viruses, e.g., influenza A
and B. Primary viral etiologies may result in secondary bacterial infections. Notably,
mixed viral and bacterial infections are likely to induce a more severe disease than
bacteria alone [83, 84]. Recently, the newly emerged coronavirus SARS-CoV-2 has
caused the pandemic outbreak of hundreds of millions of cases of acute respiratory
infections globally. As a consequence, attention to the burden of CAP is evoked
throughout the world. Pathogens access the lower airways, e.g., by inhalation of
contaminated aerosols or aspiration from the oropharynx. After they accumulate and
multiply in the alveoli, an inflammatory host response is induced. This inflammatory
response is the leading cause of the pathology of lower respiratory infections [84].

Primary functioning and non-specific innate host defense mechanisms include nasal
hairs, nasal turbinates, cought reflexes, and the branching structure of the conducting
airways [84]. Impacted particles are cleared away from the bronchioles to the trachea
by mucociliary transport, coordinated through ciliary movements of epithelial cells in
the mucus of the bronchi. This airway surface liquid, secreted by epithelial cells and
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submucosal glands, additionally contains protective macromolecules with anti-
microbial, anti-protease, and anti-oxidant activity [85]. Finally, if microbes still manage
to reach the alveoli, alveolar macrophages patrolling the alveolar surface are enrolled
to kill microbes through phagocytosis directly [84, 85].

Once the infection in the lung is overwhelming and not defended efficiently, the
inflammatory host response is initiated. Microbial structures termed pathogen-
associated molecular patterns (PAMPs), and host-derived cell damage-related
danger-associated molecular patterns (DAMPs) can both activate cell surface and
cytosolic pattern-recognition receptors (PRRs). Upon receptor-ligand interactions,
intracellular pathways, such as NF-kB and MAPK signaling, are activated, and pro-
inflammatory mediators such as cytokines and chemokines are secreted [86]. These
inflammatory mediators, primarily released from epithelial cells and alveolar
macrophages, rapidly stimulate the accumulation of neutrophils in the lung. Neutrophils
are crucially involved in eliminating pathogens by phagocytosis and the release of
extracellular traps. Additionally, other leukocytes participate in the host defense of the
lung. These include, for example, monocytes that can differentiate into macrophages
and dendritic cells, lymphocytes including natural killer cells, T cells, and B cells, as
well as mast cells [87]. With inflammatory progress, anti-inflammatory mediators are
released to slow or reverse the activation of inflammatory pathways and the infiltration
of neutrophils and other inflammatory cells into the lung. Apoptotic neutrophils and
other dead or dying inflammatory cells are removed, while specialized anti-
inflammatory cells, e.g., regulatory T cells and myeloid-derived suppressor cells, are
targeted to the lung to reduce inflammation and injury and enable healing [88].
Exaggerated pro-inflammatory cytokine responses and the overwhelming infiltration of
immune cells to the lung may cause sepsis, septic shock, organ failure, as well as
death [84].

The diagnosis of CAP is based on an abnormal physical examination along with fever,
shortness of breath, cough, sputum production, and pleuritic chest pain. Clinical
findings can be supported by lung infiltrates in chest imaging. Pathogen classification
by analyzing throat swabs, sputum, or blood cultures enables targeted antibacterial or
antiviral treatment. Molecular assays, serology, urine antigen tests, or bronchoscopy
can be provided for selected patients [89]. In about half the cases of CAP, however,
the causative pathogens remain unidentified [79]. Acute-phase proteins of
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inflammation, signaling molecules, and other targets associated with the inflammatory
host response may assist in assessing CAP severity [90]. Levels of blood biomarkers,
including C-reactive protein (CRP), procalcitonin (PCT), interleukin-6 (IL-6), white
blood cell count, and lactate, are evaluated for monitoring the onset and course of the
disease [91]. Additionally, scoring systems such as the Confusion, Blood Urea,
Respiratory Rate, Blood Pressure, Age = 65 (CURB-65) score may help define CAP
severity [92].

High-risk groups, however, frequently present with atypical symptoms. In elderly
patients, for example, clinical features and findings from the physical examination can
be altered or even absent [89]. Therefore, as an accurate CAP diagnosis can be
clinically challenging, misdiagnoses are common and are likely to be followed by
inappropriate treatments, such as antibiotic overuse in consequence [93]. In addition,
increasing anti-microbial resistance among bacterial pathogens and population aging
contribute to the escalating disease burden [94].

To provide more effective treatment with declining proportions of hospitalization and
mortality among patients with CAP, on-site diagnosis and risk stratification are
essential. Both, however, remain one of the most challenging tasks, as presently no
reliable CAP biomarkers are available [95] to enable early diagnosis and prevent
disease spread through the detection of patients at risk for progression to severe

secondary complications.

1.5 Aim of the thesis

This thesis aimed to establish a viable workflow to study blood-derived EV miRNAs as
novel biomarker targets for the early detection of acute pulmonary infections. After
optimizing the sample preparation procedure and examining the possibility of an
arterial versus venous sampling bias, the approved methods were implemented in a
large study population of patients with CAP and related progression to sepsis.
Furthermore, as the SARS-CoV-2 pandemic emerged, EV-miRNAs were investigated

as regulators of pathophysiological processes in patients with COVID-19 pneumonia.
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2 Materials and methods

2.1 How to establish a potential extracellular vesicle microRNA

biomarker signature?

State-of-the-art technologies for EV-based miRNA biomarker research, as well as
potentials and limitations for their application, were examined in a fundamental
literature review (Appendix I) [33]. Main findings evaluating the goals and pitfalls of EV
miRNA biomarkers are summarized in the discussion of this work. The way discussed
and developed in this thesis, studying novel disease-related EV miRNA biomarkers
requires a robust and appropriate workflow for commonly low concentrated or low

volume patient samples (Figure 7).

Optimization
[ ‘o€ €

Adapted signature Potential signature

— Yy 7N\
l—vﬂ—v—h o~ ,_ﬁ/ —

Figure 7: Visualization of the exemplary workflow for the study of EV-based miRNA
biomarkers. After method development (a), high-throughput screening is performed (b),
following independent validation of the EV miRNA signature (c) and proof of concept (d). Figure
duplicated from Appendix | [33].
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The first step of this process consists of method development, along with pre-analytical
factors, adapted techniques for sample preparation, high-throughput screening
(particularly small RNA-seq), and orthogonal validation (particularly RT-qPCR).
Additionally, strategies for multivariate data analysis need to be established. Next,
researchers can apply these advanced methodologies to a defined cohort of patients
to obtain a candidate EV miRNA signature. Additionally, validation needs to be
performed in an independent cohort of patients by using the approved methods.
Confirming the stability and reproducibility of preliminary findings improves the
diagnostic, prognostic, or monitoring value of the candidate biomarker. Finally, the final
EV miRNA signature can be further tested by applying the validation method to multiple
sample sets across different laboratories.

2.2 Optimization of the extracellular vesicle separation approach for

small RNA sequencing applications

As precisely described in Buschmann et al. 2018 (Appendix Il) [96], the performance
of different EV separation methods was investigated in a study population of healthy
controls (n=10) and sepsis patients (n=9). The aim was to determine the optimal
approach for small RNA-seq experiments. The workflow included multiple steps:
sample preparation, library preparation, small RNA-seq, NGS data analysis, and EV

sample characterization.

Precipitation (miRCURY Exosome Isolation Kit, Exiqon), membrane affinity
(exoRNeasy Serum-Plasma Midi Kit, Qiagen), size-exclusion chromatography (SEC;
Exo-spin Midi Columns, Cell Guidance Systems; qEV Columns, Izon Science), and
sedimentation (Beckman Coulter Optima LE-80K, Beckman Coulter) were compared
side-by-side. Due to the limited availability of patient sera, the latter method was
applied to healthy controls solely. The physicochemical principles of the collated EV

separation methods are described in Table 1.
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Table 1: Principles of the collated EV separation methods.

Method Principle

Precipitation Adding a polymer-based buffer to the biofluid diminishes the
hydration envelope of EVs and other particles, allowing for
precipitation with low-speed centrifugation.

Membrane affinity | EVs are bound to a membrane by biochemical interactions
and elute with a proper buffer subsequently.

SEC* A matrix with bead pores separates EVs and other particles.
While particles larger than the pores (EVs) are the first to
elute, smaller particles (proteins) enter the pores and

consequently elute delayed.

Sedimentation Differential ultracentrifugation sequentially separates EVs
and other particles with high-speed centrifugal forces
according to their sedimentation rate, mainly affected by

particle size and density.

*SEC: Size-exclusion chromatography

After separating EVs with either method, total RNA was extracted by employing a
column-based extraction method. Eluates were reapplied to the column membrane to

maximize the enrichment of EV total RNA.

Small RNA libraries were prepared from six pl of concentrated EV total RNA (NEBNext
Multiplex Small RNA Library Prep Set for lllumina, New England BioLabs Inc.) by
performing the following steps: 3’ adaptor ligation (1), reverse transcription primer
hybridization (2), 5’ adaptor ligation (3), first-strand copy DNA (cDNA) synthesis (4)
and PCR enrichment (5). The protocol was adapted for low quantity EV samples by
diluting all adaptors and primers 1:2 in nuclease-free water. CDNA libraries were
quantified by capillary electrophoresis (2100 Bioanalyzer, DNA 1000 Kit, Agilent
Technologies). If feasible, the same amount of cDNA was pooled from each bar-coded
specimen. Alternatively, for low concentrated samples, the whole amount of cDNA was
used. Following on 4 % agarose gel electrophoresis, size-selection for cDNA
constructs matching small RNAs in size (130-150 bp) was conducted. After purifying

cDNA libraries (Monarch DNA Gel Extraction Kit, New England Biolabs Inc) and quality

18



control (2100 Bioanalyzer, DNA High Sensitivity Kit, Agilent Technologies), single-end
small RNA-seq was performed in 50 cycles (HiSeq2500, lllumina Inc.).

Quality control of NGS data was performed using FastQC. After trimming adaptor
sequences by Btrim, short reads and reads lacking adaptors were discarded. The
remaining reads were mapped to RNAcentral and miRBAse using Bowtie, and read
count tables were generated. Finally, differential gene expression (DGE) analysis was
performed by DESeq2.

According to the MISEV guidelines, the biological properties of the EV preparations
from each separation method were characterized. Following the particles’ Brownian
motion, the particle size distribution and quantity were determined by nanoparticle
tracking analysis (NTA; NanoSight LM10, Malvern). EV preparations were visualized
by transmission electron microscopy (TEM; Zeiss EM900, Carl Zeiss Microscopy) after
negative staining with uranyl acetate. Western blotting assessed pan-EV protein
markers and potential contaminants (WB; XCell SureLock Mini-Cell Electrophoresis
System, Thermo Fisher Scientific).

2.3 Control for possible blood sampling differences in arterial

versus venous blood

As published extensively in Hermann et al. 2019 (Appendix Ill) [97], arteriovenous
differences in the composition of blood-derived EV:s still have to be explored. According
to the patient’'s health status and the type of vascular access, blood samples may
derive from arterial or venous sampling sites. For example, in daily hospital routine,
healthy controls and patients with less severe disease (e.g., CAP) are sampled by
venipuncture. In contrast, specimens from critically ill intensive care unit patients (e.g.,
sepsis) are usually drawn via arterial lines inserted to monitor patients. Currently,

various biomarker studies use EV miRNA as starting material.

To control for sampling bias, matched arterial and venous crude (miRCURY Exosome
Isolation Kit, Qiagen) and additionally by SEC-purified EVs (miRCURY Exosome

Isolation Kit, Qiagen, and qEV Columns, Izon Science) isolated from sera were
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compared. The study included patients with severe heart disease (n=20). Blood was

preoperatively drawn from the radial artery and the internal jugular vein.

After column-based RNA extraction, small RNA-seq and subsequent DGE analysis
were performed as mentioned above. In addition, evaluation of arteriovenous
differential expressed miRNAs from the crude EV NGS data set was performed by RT-
gPCR (miRCURY LNA SYBR Green PCR Kit, Qiagen) in the same study population.

Crude and purified EVs were analyzed by NTA (ZetaView PMX 110, Particle Metrix)
and TEM (Zeiss EM900, Carl Zeiss Microscopy), while WB (XCell SureLock Mini-Cell
Electrophoresis System, Thermo Fisher Scientific) was solely performed for purified
preparations.

2.4 Extracellular microRNAs as biomarkers in community-acquired

pneumonia and sepsis as a secondary complication

As depicted comprehensively in Hermann et al. 2020 (Appendix 1V) [98], crude EV
miRNAs were studied as biomarker candidates in patients with severe pulmonary
disorders. The objective was to develop an innovative approach that may facilitate the
often time-consuming and challenging diagnosis of CAP and indicate the risk of sepsis

progression.

The study population comprised 142 individuals and was separated into a training
(n=67) and a validation cohort (n=75). Patients with CAP (training cohort n=12,
validation cohort n=18), sepsis (training cohort n=28, validation cohort n=37), and

healthy controls (training cohort n=27, validation cohort n=20) were included.

MiRNAs were quantified by applying the established small RNA-seq procedure to
crude EV samples from sera of the training cohort. A candidate biomarker signature
was developed by combining DGE analysis (DESeq2) and sparse partial-least-squares
discriminant analysis (sPLS-DA, miXOmics). Subsequently, these extracellular
miRNAs were evaluated by RT-qPCR (miRCURY LNA SYBR Green PCR Kit, Qiagen)
technically in the training cohort and additional in the biologically independent
validation cohort.
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2.5 Extracellular microRNAs in the pathophysiology of COVID-19

Crude EV miRNAs were studied in patients with acute SARS-CoV-2 infection
(manuscript under review). The purpose of this study was to identify a possible role of

extracellular miRNAs as regulators of pathophysiological changes in COVID-19.

The study included symptomatic patients with confirmed COVID-19 pneumonia (n=15)
and healthy controls (n=18).

Extracellular miRNAs from crude EV samples precipitated from sera were analyzed by
the established methods, including small RNA-seq, DGE analysis (DESeqg2), and
technical RT-gPCR validation (miRCURY LNA SYBR Green PCR Kit, Qiagen). In
addition, based on small RNA-seq expression data, gene targets and causal networks
were identified by Ingenuity Pathway Analysis (IPA, version 57662101, autumn release
2020, Qiagen Digital Insights).
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3 Results and Discussion

3.1 Precipitation is a favorable method for extracellular microRNA

biomarker studies

EV separation was compared side-by-side for precipitation, membrane affinity, and
SEC in sera from critically ill sepsis patients and healthy controls.

In agreement with isolation-specific differences in RNA quantity and size distribution,
total library sizes and mapping frequencies varied between EV separation methods.
MiRNA mapping was manifold-higher for precipitates when compared to other sample
types. Additionally, the number of miRNAs with an altered expression between sepsis
patients and healthy controls was 90, considerably highest for precipitated specimens.

According to grouping, membrane affinity and precipitation separated groups by
miRNA expression, while SEC failed to form accurate clusters (Figure 8).
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Figure 8: Hierarchical clustering analysis of different EV separation methods by miRNA
expression. According to grouping, precipitation (miRCURY, blue) and membrane affinity
(exoRNeasy, red) formed accurate clusters. SEC methods (Exo-spin, orange; qEV, green)
showed a high degree of heterogeneity with less precise clustering. As the availability of sera
was limited, ultracentrifugation (UC, purple) was only performed for healthy controls.
Volunteer: V, dark color; Sepsis: S, bright color. Figure duplicated from Appendix Il [96].

As outlined in our study, each separation method recovered divergent EV
subpopulations with specific biological properties that diverged in particle size, yield,
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and purity. In addition, pan-EV protein markers and non-EV impurities were detectable

to varying degrees in different EV preparations.

In conclusion, the choice of the EV separation approach highly affects results of
downstream RNA analysis, e.g., when performing small RNA-seq experiments
(Appendix 1) [96]. Precipitation, for example, co-isolates high levels of non-EV miRNA
carriers, e.g., high- and low-density lipoproteins, AGO proteins, and others [99, 100].
This approach, however, seems to be a feasible option to enrich extracellular miRNA
from crude EVs for small RNA-seq, while cleaner separation methods, e.g., SEC, tend

to perform poorly (Appendix 1) [96].

Up to now, several researchers have systematically studied the applicability of different
EV separation methods to various types of starting material, as well as diverse
approaches of downstream analyses of EVs and their molecular cargoes [101-103]. In
line with our data (Appendix 1) [96], findings from these studies clearly show that each
separation method results in individual EV preparations. Depending on the research
question and the specific approach used for downstream analyses, EVs isolated by

different separation methods may be suitable to varying extents.

3.2 Arterial versus venous blood sampling has a minor impact on
extracellular vesicle microRNA expression profiles and their

biological properties

The possibility of an arteriovenous sampling bias was investigated in each crude and
additionally by SEC-purified EVs of patients scheduled for cardiac surgery.

RNA yields, total library sizes, and relative miRNA frequencies were equivalent for
arterial and venous EVs from either preparation. MiIRNA expression broadly
overlapped in crude and purified EVs isolated from arterial and venous sampling sites
(Figure 9A + C). In addition, all arterial and venous miRNAs from both crude and

purified EVs correlated to a high degree.

Additionally, crude and purified EVs did not systematically form consistent clusters but
tended to group by individuals rather than sampling site (Figure 9B + D). Overall, this

finding was revealed, as the variability of the most abundant transcripts within

23



individuals was lower than their variability in arterial and venous specimens across

individuals.
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Figure 9: Visualization of arterial (red) and venous (blue) miRNA expression. Principal
component analysis from crude (A) and purified (C) EVs. Arterial and venous preparations
generally displayed overlapping miRNA expression profiles. Hierarchical clustering analysis
from crude (B) and purified EVs (D). Crude specimens tended to cluster by individuals rather
than sampling site, purified EVs clustered by individuals to a lower extent. A: Arterial, V:
Venous. Figure duplicated from Appendix III [97].

Four miRNAs displayed a marginal tendency towards arterial up-regulation in crude
EVs by setting a less stringent threshold for filtering NGS data than commonly used
for DGE analysis. This finding, however, only proved for miR-493-5p in the subsequent
RT-gPCR validation, while the other three miRNAs exhibited comparable

arteriovenous expression patterns.
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On the contrary, in SEC-purified EVs, miRNA expression changes between arterial

and venous specimens were not detected at all.

Moreover, arterial and venous EVs from either preparation had similar morphologies
with no considerable difference in size and yield. Pan-EV protein markers were

enriched in purified EVs (Figure 10).
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Figure 10: Characterization of crude and purified arterial and venous EVs. NTA revealed
comparable particle size and concentration for crude (A + C) and purified (B + D) specimens.
Particle size is depicted by boxplots from the 10th to the 90th percentile with median (line) and
mean (+) diameters. Spherical particles of about 100 nm were illustrated by TEM for crude (E)
and purified (F) preparations. Scale bar first and third column: 250 nm; Scale bar second and
fourth column: 100 nm. Immunoblotting in purified EVs (G) detected pan-EV markers (ALIX,
CD63, Syntenin, and CD81) in the absence of the negative control (calnexin, CNX). Samples
were positive for other non-EV contaminants (Apolipoprotein A1, ApoA1; serum albumin).
Figure duplicated from Appendix Il [97].

To summarize, expression alterations between arterial and venous preparations are
marginal and seem not to be the primary cause for different miRNA content when
comparing crude or purified EV miRNA profiles. Therefore, minor arterial versus
venous sampling bias is expected when studying EVs and their associated miRNAs to
discover biomarkers from sera. However, this finding may not apply to all individuals
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and diseases. Therefore, further arteriovenous comparison studies are necessary to
evaluate these findings under different pathophysiological conditions, e.g., severe
cardiopulmonary disorders (Appendix IIl) [97].

To the best of our knowledge, this was the first study to collate the composition of
matched human arterial and venous blood compartments concerning mMiRNA
expression. By now, only a few studies aligned matched arterial and venous
specimens from different sampling sites. Researchers detected similar levels of protein
biomarkers by ELISA in human arterial versus venous sera [104]. The study of whole
porcine blood by small RNA-seq identified 12 miRNAs with arterial versus venous
expression alteration [105]. Though mIRNA expression was broadly similar,
researchers detected 24 differentially expressed miRNAs by microarray when
comparing arterial versus venous rat plasma specimens [106]. In accordance with our
study (Appendix IIl) [97], these findings indicate that protein and miRNA content of
arterial and venous blood may have many similarities. However, in the same way,

differences may exist in specific blood components.

3.3 Extracellular microRNAs are innovative biomarker candidates
for community-acquired pneumonia and sepsis as a secondary

complication

Extracellular miRNAs, extracted from crude EV preparations, were studied as
biomarker candidates to assist in the CAP diagnosis and detect patients at risk for

progression to sepsis.

Expression profiles of extracellular miRNAs separated patients with CAP and sepsis
from healthy controls using an unsupervised or a supervised clustering approach.
Patients with CAP and less severe disease to sepsis tended to localize closer to
healthy controls, and critically ill sepsis patients were located more distantly (Figure
11A). Supervised clustering of all groups was realized by sPLS-DA based on the

expression levels of 12 miRNAs (Figure 11B).
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Figure 11: Multivariate NGS data analyses by unsupervised and supervised clustering.
Principal component analysis (A) and sparse partial-least-squares discriminant analysis
(B) separated groups, which partially had slight overlaps. Figure duplicated from Appendix IV
[98].

DGE analysis identified 29 significantly regulated miRNAs differentiating CAP and
healthy controls and 25 miRNAs distinguishing CAP and sepsis. Based on DGE and

sPLS-DA data, a miRNA subset was selected as a potential biomarker.

When analyzing data from the technical RT-qPCR validation in the training cohort by
partial-least-squares discriminant analysis (PLS-DA), groups were separated and
comparably distributed to the small RNA-seq data. Additionally, a multitude of samples

from the validation cohort could be assigned to the correct groups by PLS-DA.

In the subsequent RT-qPCR validation, a three miRNA signature, including miR-193a-
5p, miR-542-3p, and miR-1246, proved significantly for either the training or the
biologically independent validation cohort. The expression of miR-1246 increased from
healthy controls to CAP and sepsis patients according to the severity of the disease,
while miR-193a-5p and miR-542-5p distinguished patients with an infectious disease

(CAP or sepsis) from healthy controls (Figure 12).
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Figure 12: Depiction of miRNAs from the RT-qPCR validation in the whole study population for
each miRNA (A) and the mean value of all mMiRNAs (B) by cycle quantification values (Cq).
Normalized Cq values are displayed by boxplots from the 5th to the 95th percentile with median
(line) and mean (square). Lower ACq values indicate higher miRNA expression. *p < 0.05; **p
= 0.005; ***p < 0.001; ns: Not significant. Figure duplicated from Appendix IV [98].

In summary, crude EV miRNAs are innovative biomarker candidates that may
prospectively assist in diagnosing CAP and the risk stratification for progression to
sepsis. Further studies in increasing patient cohorts across different laboratories will
be required to prove the applicability of our biomarker signature under clinical settings
(Appendix 1V) [98].

Many researchers have studied miRNA expression in acute inflammation, while some
reported a contributing role of miR-193a-5p, miR-542-3p, and miR-1246. In a previous
study from our group, miR-193a-5p expression correlated with sepsis severity [107].
By mediating mitochondrial dysfunction, miR-542-3p/5p may cause muscle atrophy in
intensive care unit patients [108]. Elevated expression levels of miR-1246 may regulate
lipopolysaccharide-induced apoptosis of pulmonary endothelial cells and acute lung
injury by targeting angiotensin-converting enzyme 2 [109]. Many biomarker studies
have investigated extracellular miRNAs to elucidate new targets for severe pulmonary
disorders. Several have studied patients with CAP [110-113] and those with CAP and
severe secondary complications [114, 115]. Extracellular miRNAs have great potential
and are promising diagnostic and prognostic biomarker candidates. As discussed in
this work, significant challenges remain, as the minority of extracellular miRNA
biomarkers is reported consistently across different investigations [116]. Much
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research is yet to accomplish to evolve extracellular miRNAs into clinically applicable

biomarkers for routine testing.

3.4 Extracellular microRNAs are regulators in the pathophysiology
of COVID-19

This study aimed to identify a possible role of extracellular miRNAs from crude EVs in
the pathophysiology of COVID-19.

Out of 43 significantly regulated miRNAs in patients with COVID-19 pneumonia versus
healthy controls, differential miRNA expression was further analyzed by a
bioinformatically constructed regulatory network including only transcripts with the

highest level of significant expression alterations (Figure 13).
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Figure 13: Comparison of significantly regulated miRNAs between patients with COVID-19
pneumonia and healthy controls and their predicted targets by in silico analysis. Upregulated
miRNAs are colored red, their predicted and presumably inhibited targets blue. Downregulated
miRNAs are colored green, their activated targets orange. IL-6: Interleukin-6; OR52N2:
Olfactory Receptor Family 52 Subfamily N Member 2; IL-19: Interleukin-19; SERPINB8: Serpin
Peptidase Inhibitor, Clade B (Ovalbumin), Member 8; APOH: Apolipoprotein H.
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Upregulated miRNAs, miR-338-5p, miR-542-3p, and miR-197-3p, were essential

regulators in the network, targeting most mRNAs.

Interestingly, miR-338-5p inhibited the olfactory smell receptor OR52N2 triggering the
perception of smell in the nose. This finding may help explain a prominent clinical
COVID-19 symptom, the decrease or loss of smell (hyposmia or anosmia), frequently
observed in the early phase of SARS-CoV-2 infection [117].

Furthermore, miR-542-3p was identified as a negative regulator for APOH, which
inhibits coagulation factors, and SERPINBS8, which promotes fibrinolysis. This negative
regulation of anticoagulant targets may be an additional risk factor for thromboembolic
complications, present in about 30 % of COVID-19 cases [118]. Additionally, as
SERPINBS inhibits the protease furin [119], SERPINBS inhibition by miR-542-3p was
predicted to increase furin activity. Interestingly, SARS-CoV-2 binding to its host cell
receptor ACE2 for cellular entry requires cleavage of the viral spike protein by furin
[120].

Moreover, upregulated miR-3168 inhibited IL-6, a key mediator of the SARS-CoV-2-
induced pro-inflammatory cytokine storm observed in severe COVID-19 cases [121].

The only downregulated miR-150-5p in this regulatory network induced the
upregulation of the immunosuppressive cytokine IL-19, elevated in SARS-CoV-2-
infected patients in association with increased disease severity [122].

In conclusion, amongst others [123, 124], this study indicates essential functions of
extracellular miRNAs as regulators in the pathophysiology of COVID-19. Thus, once
significant challenges in miRNA biomarker research are solved, these targets may also
serve as COVID-19 biomarkers.

With the outbreak of the COVID-19 pandemic, significant research efforts are carried
out to reach scientific progress to further understand SARS-CoV-2 and the associated
COVID-19 disease. Hence, it is no surprise that miRNAs are currently studied
extensively, e.g., as therapeutic targets for COVID-19 treatment or biomarkers [124,
125].
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3.5 Potentials and limitations of extracellular vesicle microRNA

biomarkers

With the discovery of functional RNA in exosomes [43], the EV field has started to
evolve more than one decade ago. Current research demonstrated that human
biofluid-derived EV preparations have great potential as early, minimal invasive
disease biomarkers. Therefore, EV-associated miRNAs are often preferred over other
compartments [126]. While relatively stable, EVs protect their miRNA cargoes from
RNAse degradation in the extracellular space [127]. Loaded with specific information
from their releasing cells and for transfer to their target cells, EVs may reflect the
patients’ actual health status. While the specific patterns of miRNA expression
changes may be overwhelmed and undetectable in unfractionated liquid biopsies, EVs
are strikingly reduced in unspecific background noise. For that reason, EV-related
mMiRNA expression data often has a remarkably high power to classify different groups

correctly.

Although very promising, significant limitations hamper the applicability of EV miRNA
biomarkers. The heterogeneity of EVs, along with the co-isolation of non-vesicular
material and the lack of standardization, face challenges to our fundamental
understanding [128]. Consequently, little is known about the molecular mechanisms
for loading miRNAs into EVs and their actual influence as novel regulators on target
gene expression in recipient cells [48]. Current research has demonstrated that most
extracellular miRNAs are associated with protein complexes and are not contained in
EVs [128]. Low miRNA: EV ratios indicate that only a fraction of EVs seems to carry
miRNA as a cargo [129, 130]. Researchers recently queried the relevance of EVs in
cell-to-cell communication due to the deficiency in delivering functional miRNAs to
target cells [130]. Contrary, functional effects of EVs on recipient cells via small RNA

cargoes were reported by others [131, 132].

Since the study of EVs is affected by multiple factors, controversial findings are the
subject of current research. Significant challenges about the study of EVs and their
cargoes remain to be solved. Pre-analytical factors, including the collecting, handling,
and storing of biofluids, introduce huge variability [133]. The small size of EVs and low
yields of cargoes demand susceptible and accurate analysis methods [34, 48].
Different EV-separation methods are applied to various biofluids with the diverse
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recovery of extracellular compartments and rare comparability between labs [34].
Additionally, a broad range of miRNA analysis platforms with varying settings and
overall performance are used for analysis [101]. All these limitations currently hamper
reproducibility and lead to relatively non-specific extracellular miRNA biomarkers [116].
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4 Conclusion and perspectives

Several classes of biomolecules are currently under investigation to improve diagnostic
and prognostic tests and prospectively complement already established clinical
markers. Since the EV field exploded in recent years, EVs and their biomolecular
cargoes were related to a spectrum of diseases. As stable, specific liquid biopsy
biomarkers, EV-associated miRNA expression alterations can be quantified early after
disease onset by previously established methods. This thesis and many other studies
revealed the potential of extracellular miRNAs as novel molecular biomarkers enabling

early intervention and expedient treatment, a critical milestone to limit disease spread.

In this work, a viable workflow was developed to study blood-derived EV miRNAs as
potential disease biomarkers in the course of acute pulmonary infections. We
demonstrated that sample preparation has a high impact on downstream small RNA-
seq experiments. For the specific purpose of biomarker research, miRNA expression
data from precipitated EVs outperformed cleaner separation methods in our study.
Additionally, EVs and associated miRNA expression from arterial and venous blood
were highly comparable for crude and purified EV preparations. Therefore, blood from
either sampling site can be used with comparable results to study EV-associated
miRNAs as biomarker targets. Finally, based on the established achievements, we
developed and validated a three miRNA signature as a potential extracellular disease
biomarker to detect patients with CAP and those at risk for the associated progression
to sepsis. Furthermore, we identified a possible role of extracellular miRNAs in the
pathophysiology of COVID-19.

Even in the presence of continuous progress and next-generation technologies, the
translation of EV miRNAs into clinics is hampered since critical milestones still need to
be achieved. To overcome current challenges, national and international EV societies
work on concepts to enhance transparency, standardization, and reproducibility of EV
research. Moreover, the study of biomarker signatures in increasing study populations
and across multicenter studies is likely to improve the value of EV miRNAs as reliable,
specific, and clinically applicable targets in the future. By translating such scientific
innovations in biomarker research into clinical practice, progress in the employment of
personalized medicine will become more likely and foster patient-tailored treatment of

various diseases, e.g., acute pulmonary infection, prospectively.
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Extracellular vesicle-derived
microRNA biomarkers:
goals and pitfalls
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Liquid biopsy-derived extracellular vesicles (EVs) are an auspicious source for transcriptomic biomarker studies.
Here, we review the potential of EV microRNAs (miRNAs) biomarkers, exemplary outline commonly used methods to
elucidate new biomarker signatures, and pivotally discuss their applicability at present.

Keywords: Liquid biopsies, transcriptomic biomarkers, microRNAs

Molecular biomarkers

A biomarker is a “defined character-
istic that is measured as an indicator of
normal biological processes, pathogenic
processes, or responses to an exposure or
intervention, including therapeutic inter-
ventions” [1]. Biomarkers should be di-
rectly associated to a certain disease state
or condition, allowing for precise, repro-
ducible and fast evaluation of molecular
alterations in an objective manner [2, 3].
Multiple marker signatures are preferred
over single biomarkers [4], as analytical
specificity strengthens the diagnostic,
prognostic or monitoring potential.

The development towards the routine
use of high-throughput molecular tech-
niques, like next generation sequencing

(NGS) or proteome profiling, led to a
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massive increase in potentially valuable
molecular biomarkers [2]. But up to now,
their clinical implementation is still lim-
ited. More than 150,000 biomarker stud-
ies have been published by 2011 from
which only around 100 reliable biomark-
ers have been successfully transferred for
clinical routine use to the hospitals [5].
In this review, we want to address the
goals and pitfalls of extracellular vesicle
(EV)-derived microRNA (miRNA) bio-
markers in the context of molecular di-

agnostics.
Transcriptomic biomarkers

Why do we focus on RNA - also re-
ferred to as transcriptomic - biomarkers?
As compared to DNA, besides genetic

insights, the transcriptome provides dy-

namic information on cellular states and
regulatory processes [6]. First early re-
sponse genes, like transcription factors,
are activated within 10 to 20 minutes, after
hours mid to late response genes are tran-
scribed. Thus, quantifying RNA biomark-
ers enables an earlier evaluation of cellular
physiological changes, disease states or
conditions than measuring proteins.
Moreover, transcriptomic biomarkers
show higher sensitivity and specificity,
and are more cost-efficient than prot-
eomic markers. Nucleic acid biomarkers
are easy to quantify at very low cellular
abundance levels by either polymerase
chain reaction (PCR) [6, 7], such as reverse
transcription real-time PCR (RT-gPCR),
or RNA sequencing (RNA-Seq). RNA-Seq
analyses can be performed comprehen-

sively, since all transcripts are measurable
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in parallel in one run [8], thereby reducing
possible batch effects. Additionally, good
pathway and network interaction tools are
available for the RNA world, e. g. DIANA
tools [9] (www.microrna.gr).

But what are the advantages of miR-
NAs over other transcriptomic biomark-
ers? Short is better - miRNAs have excep-
tional high stability [10], unlike longer
RNA classes, as for example messenger
RNAs (mRNAs) or long non-coding
RNAs (IncRNAs). The potential of other
small regulatory RNA classes, such as
piwi-interacting RNAs (piRNAs) have not
yet been thoroughly investigated and
only few biomarker relevant articles have
been published so far [11]. Although miR-
NAsand IncRNAs have both been discov-
ered almost 30 years ago [7, 12], miRNAs
have been studied more extensively as
potential biomarkers than IncRNAs [13],
and therefore more extensive miRNA
databases are currently available, e. g.
miRBase [14] (www.miRbase.org) and
miRDB [15] (www.miRDB.org). Addi-
tionally, miRNAs are protected from en-
dogenous RNase activity by being encap-
sulated in EVs or by forming complexes
with different kinds of RNA-binding
proteins, such as Argonaute proteins or

high-density lipoproteins (7, 16].
Liquid biopsies

The availability of high-throughput
and highly sensitive methods enables the
detection of nucleic acid biomarkers even
in low concentrated or low volume patient
samples. This allows for minimally inva-
sive sampling of body fluids like blood,
urine and saliva amongst others [17].
Liquid biopsies, as these sampling meth-
ods are called, offer the possibility to de-

tect diseases in very early stages or in
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patients where conventional tissue biop-
sies cannot be performed [17-19]. Fur-
thermore, liquid biopsies make it possible
to take multiple samples at any point of
time in one patient, to monitor the stage
or progress of the disease or follow the
therapy success [17, 18]. Because these are
crucial advantages for the successful
treatment of numerous diseases, e. g. in
most types of cancer, liquid biopsies have
become quite popular in recent years.

In liquid biopsy samples different
targets can be used for molecular diag-
nostics (Table 1), e. g. circulating cell-
free DNA (ccfDNA), circulating RNA,
circulating tumor cells (CTCs), and EVs
[17].

EVs and more specifically their miR-
NA content, being present in all kinds of
body fluids, are an excellent and often
chosen target for liquid biopsy analysis
[17, 20]. While circulating nucleic acids
are relatively easy to purify from blood
samples, EVs are not. EV isolation meth-
ods often co-isolate contaminants, most
notably various lipoproteins, which are
similar to EVs in size and density [21] and
may interfere with downstream analysis.
Although the choice of purification meth-
od can influence the results of EV analy-
sis, a consensus on EV isolation has not
yet been established [22, 23].

However, circulating free RNA or
DNA is rapidly degraded by nucleases in
the extracellular space [19]. Although
ccfDNA is more stable than RNA, due to
its protection by nucleosomes or other
proteins, it is also subject to degradation
and fragmentation [17, 24]. Inside EVs,
however, nucleic acids are protected from
nucleases by the vesicle membrane [20].
Furthermore, the EV cargo is similar in
composition to the original cell, meaning
that EVs shed by cells involved in a cer-
tain disease contain a biomarker signa-
ture closely related to the disease [25].

CTCs, on the other hand, are cells
that disassociated from the original tu-
mor and therefore carry its mutations and
biomarkers [18, 19]. However, they are
primarily found in blood and urine and
only focus on tumor diagnosis [17]. Fur-
thermore, few CTCs are found in early
stage tumor patients, limiting their po-

tential for early diagnosis [26].

EV miRNAs as new avenues
for transcriptomic
biomarker studies

EVs participate in cell-cell communi-
cation amongst others by transferring
miRNAs [25]. The discovery of functional
mRNA and miRNA in EVs [29] opened

Table 1: Comparison of targets to be analyzed in liquid biopsies.

Target Source [27] Advantages Disadvantages

EVs All body fluids | Protection of (RNA) Difficult to purify,
cargo from degradation | isolation method may
[20], cargo resembles influence results [28]
cell of origin [25]

ccfDNA All body fluids | Relatively easy to purify | Fragmented [17, 24]

Circulating RNA

All body fluids

Relatively easy to purify

Fragmented, fast
degradation [19]

CTCs

Blood, urine

Whole tumor cell with all
information [18,19]

Limited to tumor
diagnosis, low abundance
in early-stage tumors [26]

EVs: extracellular vesicles; ccfDNA: circulating cell-free DNA; CTCs:

circulating tumor cells.
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up new avenues for transcriptomic bio-
marker studies that offer definite advan-
tages. EVs are isolated from non-invasive
liquid biopsies (I), are relatively stable (II),
protect miRNAs from degradation (III),
and are specifically loaded with miRNAs
(IV) [30, 31]. EV-based RNA biomarkers
would frequently be undetectable in un-
fractionated or unprocessed biofluids due
to high, unspecific background signals.
However, one must be aware that different
purification methods may result in dis-
tinct EV subpopulations and may there-
fore effect the results of downstream RNA
profiling [22, 23].

Liquid biopsies from blood appear to
be a robust source for EV RNA research,
as storage of plasma samples for up to 12
years at -80 °C, two weeks at 4°C, two days
at room temperature, and multiple cycles
of thawing and refreezing, all resulted in
intact, non-degraded EV RNA [32, 33].

Long-term storage and freeze-thaw
cycles of EVs themselves seem to only
marginally impact their amounts [34].
Additionally, EV-derived nucleic acids
imply to be stable under various condi-
tions, as for example storage of EVs for
one week at 4°C, one day at room tem-
perature and repeated freeze-thawing,
only minorly impact the stability of EV
DNA [35].

Hence using EV-related miRNA for
molecular diagnostics has major advan-
tages over other target molecules [36]. A
PubMed (www.pubmed.ncbi.nlm.nih.
gov) search for “extracellular vesicle, mi-
croRNA biomarker” identified more than
1,200 publications (May 2020) related to
various disorders including diverse types
of cancers, neurodegenerative diseases
and sepsis, indicative for the innovative
exploration of EV miRNAs as biomarker

source.

By now, a vast number of EV-related
miRNAs has been associated with nu-
merous diseases, one example being can-
cer. Many potential EV-associated miR-
NA biomarkers have been discovered for
various types of tumors . To name just a
few examples, the exosomal miRNAs
miR-486-5p, miR-181a-5p and miR-30d-
5p have recently been identified as circu-
lating markers of high-risk rectal cancer
[37]. Another example is miR-21, which
has been shown to be involved in many
types of cancer [38], e. g. glioblastoma
[39], non-small-cell lung cancer [40] or

hepatocellular carcinoma [41].

How to elucidate potential
EV miRNA biomarkers

Molecular profiling of EV miRNAs
from non-invasive liquid biopsies by

high-throughput technologies, in par-

ticular small RNA-Seq, is a powerful
platform to comprehensively screen for
new disease-related miRNA biomarker
candidates (Figure 1) [8].

Although EVs are enriched for miR-
NAs in various physiological or patho-
physiological conditions [20] and library
preparations for small RNA-Seq typi-
cally include a size selection step to ex-
clude larger RNA fragments (>200 nu-
cleotides). NGS data from EV isolations
can still include a considerable amount of
non-miRNA sequences that need to be
removed to reduce background noise and
strengthen miRNA-specific disease- or
treatment-related signals. Origins of
these unspecific RNA fragments can be
manifold and range from library prepara-
tion artefacts like sequencing adapter
dimers to degradation products caused by
handling or storage [8]. Furthermore,

significant variance is also added to EV

Figure 1: Exemplary workflow on how to elucidate potential EV miRNA biomarkers. a) Method development:
After controlling for pre-analytical variables, optimization of methods for sample preparation, high-throughput
screening and orthogonal validation takes place, prior to the development of a strategy for multivariate data
analysis. b) High-throughput screening: Optimized methods are applied to a defined training set (Cohort 1) to
obtain a candidate EV miRNA biomarker signature. c) Independent validation: Methods are applied to a defined
validation set (Cohort 2) to confirm and optimize the EV miRNA biomarker signature. d) Proof of concept by
applying the approved validation method to various sample sets.
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biomarker studies by vesicle isolation
methods and the resulting prevalent sub-
populations of EVs [42]. Researchers need
to pay special attention during experi-
mental setup to consider possible conse-
quences on required sample sizes or se-
quencing depths arising from less pure
but highly concentrated EV preparations
such as precipitation methods compared
to for instance size-exclusion chromatog-
raphy [22].

Having navigated these pitfalls, re-
searchers are rewarded with an extensive
miRNA profile from EVs that often dis-
play much higher discriminatory power
than comparable data sets from unfrac-
tionated and unprocessed liquid biopsies.
By using different bioinformatical ap-
proaches of multivariate data analyses, or
combinations thereof, a candidate bio-
marker signature is developed from miR-
NA expression data in a training set of
individuals. Outliers or dominant batch
effects can be visualized by unsupervised
clustering methods such as hierarchical
clustering analysis (HCA) and especially
principal component analysis (PCA) or
t-distributed stochastic neighbor embed-
ding [43]. Differential gene expression
(DGE) analysis detects the most drasti-
cally dysregulated transcripts between
treatment groups [44], while sparse par-
tial least squares discriminant analysis
(SPLS-DA) reveals a subset of EV miR-
NAs efficient to discriminate all the avail-
able groups [45]. Resulting potential bio-
marker patterns can be cross-referenced
with results from pre-existing studies
collated in databases such as Vesiclepedia
[46] or EVmiRNA [47] to validate speci-
ficity for tissues or diseases not included
in the experimental setup. By expanding
potential miRNA biomarker sets with

their corresponding mRNA targets, func-
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tional and biological relevance can be
assessed through gene enrichment analy-
sis of disease-associated pathways. Data-
bases for mRNA targets include compu-
tational prediction models [48] as well as
repositories of experimentally validated
mRNAs [49]. If available, integrated anal-
yses of miRNA with mRNA or protein
information can also be incorporated by
directly obtaining data sets of comparable
studies from publicly available data re-
positories like the European Nucleotide
Archive [50] or the Sequence Read Ar-
chive [51].

Subsequently, the candidate biomark-
er signature is quantified in a validation
trial, to proof for stability and reproduc-
ibility, and hence improve the diagnostic,
prognostic or monitoring value of the EV
miRNA profiles. Ideally, the EV miRNA
signature is quantifiable in the same
training set by using an orthogonal miR-
NA analysis platform, particularly RT-
qPCR, and additionally confirmable in a
larger, biologically independent valida-
tion set of individuals. Outsourcing of
validation experiments to external labo-
ratories allows for independent proof of
validity of the EV miRNA biomarker
signature [52].

A long and stony road to the
applicability of EV miRNA
biomarkers

Although we assume the transfer of
EV miRNAs as messages from the “re-
leasing cells” to the “target cells” in inter-
cellular communication, there is a con-
siderable knowledge gap. Cells secrete
different subtypes of EVs with varying
sizes and compositions, some of which
are believed to not even contain RNA as

a cargo [53]. The mechanisms which actu-

ally regulate miRNA loading into EVs
and how these information influence re-
cipient cells are still poorly understood.
Whether these miRNAs are exclusively
intraluminal, or maybe located at the
outer EV membrane, is yet uncertain [54].

Affected by an irreproducibility prob-
lem [52], circulating miRNA biomarkers
are currently rather non-specifically re-
lated to a multitude of disorders and
outcomes, with few accordance between
equal studies of even the same disease
[55]. But what are the obstacles in the path
generating this enormous diversity?

There is mostly an insufficiency of
control for pre-analytical variables in-
cluding collection, handling and storage
of human biofluids, affecting both their
quality and consistency, and in the same
way the recovery of EVs, as well as the
grade of potential EV miRNA biomark-
ers. Thus it is essential to process all
samples identically and report all known
pre-analytical parameters [52, 56].

The comparability between labs is
often limited, as different miRNA analy-
sis platforms with divergent sensitivities,
settings and overall performance are
available, thereby highly impacting re-
sults [57]. Additionally, diverse biofluids
and starting volumes are the basis for a
multitude of EV separation and RNA
extraction protocols resulting in diver-
gent EV miRNA expression profiles [22,
23].

To facilitate and improve standardiza-
tion in the EV field, the MISEV guidelines
were published and provide recommen-
dations with regard to the minimal infor-
mation for studies of EVs [56]. Other
position statements from the Interna-
tional Society of Extracellular Vesicles
(ISEV) focus on EV subtopics, for in-
stance EV-associated RNA [54]. EV-
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TRACK offers a platform for transparent
reporting and centralizing knowledge in
EV research [28].

Now the question comes up: what is
the best strategy for normalization?
While some researchers apply a definite
starting volume of the respective biofluid
and thereof extracted EV total RNA, oth-
ers consider EV numbers or RNA concen-
trations for their assays [58, 59]. However,
as EVs are nanosized and carry only
limited quantities of RNA, accurate
quantification of EVs themselves and
their RNA cargo by highly specific and
sensitive techniques still remains chal-
lenging [54, 56]. Moreover, different
amounts of miRNAs in EV subtypes
might hamper normalization based on
the vesicle level.

Currently, most EV miRNA biomark-
er studies are conducted in fairly small
study populations, while generating truly
homogenous cohorts can be challenging.
It is well-known that miRNA expression
is affected by biological properties such as
sex, age or body mass index [60], and it is
obvious that EV composition is influ-
enced by demographics as well [61, 62]. As
each patient represents an individual
medical condition, prescribed treatments
and medications may lead to distinct
outcomes due to heterogeneous patient
responses to therapy. Profiling of EV
miRNAs is therefore recommended in
large cohorts, to minimize the confound-
ing effects of differential expression due
to individual variability in both patients

and healthy controls.
Conclusion

Despite the tremendous effort in EV
miRNA biomarker research, there are

currently no specific and validated targets
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with real potential for clinic routine set-
tings available. High inter-lab variability
is introduced by divergent pre-processing
approaches of multiple human biofluids,
various combinations of EV separation
and RNA extraction methods, added by
different miRNA analysis platforms, nor-
malization, and data evaluation strategies.

A future focus on standardization of
the EV-based transcriptomic biomarker
workflow is urgently required. Increased
efforts aiming to solve the challenges re-
lated to EV research are essential, filling
the knowledge gaps by strengthening
research, to exploit the opportunity of a
new innovative approach of clinically ap-
plicable and non-invasive molecular bio-
markers. Since single miRNAs are in-
volved in many different pathogenic path-
ways, diagnostic strategies should focus
on patterns of up- and downregulated
miRNAs that are specific for certain dis-

e€ases.
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ABSTRACT ARTICLE HISTORY
Extracellular vesicles (EVs) are intercellular communicators with key functions in physiological and Received 12 February 2018
pathological processes and have recently garnered interest because of their diagnostic and Accepted 18 May 2018
therapeutic potential. The past decade has brought about the development and commercializa- KEYWORDS

tion of a wide array of methods to isolate EVs from serum. Which subpopulations of EVs are Extracellular vesicle:
captured strongly depends on the isolation method, which in turn determines how suitable exosome isolation: MiRNA:
resulting samples are for various downstream applications. To help clinicians and scientists small RNA sequencing; next-
choose the most appropriate approach for their experiments, isolation methods need to be generation sequencing;
comparatively characterized. Few attempts have been made to comprehensively analyse vesicu- sepsis; biomarker;

lar microRNAs (miRNAs) in patient biofluids for biomarker studies. To address this discrepancy, we precipitation;

set out to benchmark the performance of several isolation principles for serum EVs in healthy ultracentrifugation
individuals and critically ill patients. Here, we compared five different methods of EV isolation in

combination with two RNA extraction methods regarding their suitability for biomarker discov-

ery-focused miRNA sequencing as well as biological characteristics of captured vesicles. Our

findings reveal striking method-specific differences in both the properties of isolated vesicles

and the ability of associated miRNAs to serve in biomarker research. While isolation by precipita-

tion and membrane affinity was highly suitable for miRNA-based biomarker discovery, methods

based on size-exclusion chromatography failed to separate patients from healthy volunteers.

Isolated vesicles differed in size, quantity, purity and composition, indicating that each method

captured distinctive populations of EVs as well as additional contaminants. Even though the focus

of this work was on transcriptomic profiling of EV-miRNAs, our insights also apply to additional

areas of research. We provide guidance for navigating the multitude of EV isolation methods

available today and help researchers and clinicians make an informed choice about which

strategy to use for experiments involving critically ill patients.

Introduction This work compares five different methods of EV iso-
lation and their suitability for miRNA-based biomarker
discovery. We isolated serum EVs from sepsis patients
and healthy volunteers, sequenced their small RNA
cargo and performed differential miRNA expression
analysis. Additional experiments assessed method-spe-
cific differences in vesicle composition and morphol-
ogy. Our data reveal that precipitation and membrane
affinity are highly suitable for both small RNA-Seq and
patient classification based on cell-free miRNAs.
Comparative evaluation demonstrates that miRNA
yield correlates with robust separation of sepsis patients
and healthy individuals, while vesicle purity seems less

A multitude of isolation methods for extracellular vesi-
cles (EVs) has been developed and commercialized in
the last decade. Many methods claim rapid, reliable
and highly efficient isolation from serum, yet there is
no consensus on each method’s suitability for scientific
and clinical applications. Comparative data on meth-
ods for isolating EVs from patient biofluids are scarce,
despite clear interest in utilizing EVs and their miRNA
cargo for biomarker studies. Further, few attempts have
been made to comprehensively analyse vesicular
miRNAs in biofluid samples from critically ill patients,
a population highly relevant to many clinical situations.
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relevant for RNA-based biomarker applications.
Differences in size, quantity and composition of iso-
lated vesicles indicate that each method captures dis-
tinctive, but partially overlapping EV populations
accompanied by varying degrees of contamination
with non-EV material.

EVs are intercellular communicators with key func-
tions in physiological and pathological processes and
have recently garnered significant interest as potential
diagnostic and therapeutic agents. Rapidly increasing
research in this field is accompanied by the demand for
reproducible, time-efficient and economic isolation
methods. A recent survey conducted by Gardiner
et al. revealed that although ultracentrifugation (UC)
remains the most commonly used isolation method,
other approaches have gained preference when starting
volume is limited [1]. Capturing EV's from blood-based
biofluids such as serum and plasma is of particular
interest for clinical applications. As a consequence,
manufacturers offer a wide array of commercial isola-
tion kits. These rely on principles ranging from filtra-
tion, precipitation and sedimentation to size-exclusion
chromatography (SEC) and immunocapture.

One of the most important aspects of EV research is
analysing their nucleic acid cargo, particularly small
RNAs. These are commonly quantified by RT-qPCR
or, increasingly, comprehensive transcriptomic profil-
ing by next-generation sequencing (NGS, small RNA-
Seq). Applications of EV transcriptomics range from
basic research to biomarker discovery and drug devel-
opment, making use of EVs as an easily accessible,
enriched sampling fraction [2,3]. Inferring credible
information from the transcriptome relies on precise
quantification of target RNA, which in turn requires
samples of high quality and integrity [4]. Additionally,
methods for RNA extraction itself influence down-
stream analyses by yielding non-identical, kit-specific
isolates [5]. This holds true particularly for extracellu-
lar RNA, which bears additional challenges such as low
concentrations, diminished RNA integrity and high
variability between individuals. Indeed, recent publica-
tions have highlighted the impact of cell-free RNA
extraction strategies on small RNA-Seq, reporting
quantitative and qualitative differences in resulting
sequencing libraries [6,7].

Similarly, the impact of EV isolation strategies on
RNA quantification assays has been demonstrated for
cell culture supernatant [8], urine [9,10], milk [11] and
serum [12]. Depending on the respective isolation
principle, different populations of EVs with varying
degrees of contamination seem to be isolated, resulting
in only partially overlapping RNA profiles. Being able
to detect specific RNA patterns in bulk populations of

blood-derived EVs is challenging due to the vesicular
secretome’s complexity. Although most EVs in blood
are secreted by erythrocytes, platelets and endothelial
cells, various other tissues also secrete vesicles into the
circulation, further complicating analysis [13,14].
Multiple classes of EVs are secreted from even one
specific cell type, each carrying its individual RNA
signature [15]. Beyond RNA profiles, kit-specific iso-
lates also differ in EV composition, size, concentration,
purity and functionality [16-20]. Selecting appropriate
isolation methods is therefore a critical step in all areas
of EV research.

There are excellent publications comparing different
strategies of isolating EV's from human serum for RNA
analyses. Rekker et al., Andreu et al. and Crossland
et al. relied on RT-qPCR to profile vesicular miRNAs,
comparing isolation based on UC, precipitation and
filtration [12,21,22]. Helwa et al. isolated EVs from
different starting volumes by precipitation and UC
and quantified associated miRNAs by droplet digital
PCR [23]. Analysing EV miRNAs using PCR-based
assays is an important and well-established approach
supported by excellent protocols and methods [24-26].

However, as NGS has become an increasingly popular
downstream application to study miRNAs in EVs, it is
crucial to define the EV isolation method most suitable
for this particular technique. Several previous publica-
tions reported the feasibility and utility of sequencing
small RNA in EVs isolated from serum, plasma, urine,
and cell culture supernatant [2,27-30]. Small RNA-Seq
experiments often focus on valuable applications such as
liquid biopsy-based diagnostics and, consequently, clin-
ical samples. Screening potential isolation methods
should therefore include samples from healthy indivi-
duals as well as diseased patients, who often display
severe anomalies in blood parameters. These matrix
effects could conceivably interfere with EV isolation
and hamper the transfer of methodologies from healthy
to diseased subjects. Prime examples of critically ill
patients are individuals suffering from sepsis and septic
shock. This complex, life-threatening disease comes
along with various clinical complications such as multi-
ple organ failure, dysregulated coagulation and altered
blood lipid profiles [31,32]. Findings derived from com-
paring EV isolation strategies for healthy donors, how-
ever, might not be readily transferred to such challenging
samples. We therefore believe it is important to verify
each method’s applicability in samples relevant for the
respective clinical situation.

The objective of the current study was to compare
several methods of isolating EVs from healthy and
septic sera and to identify the one most suitable for
biomarker-focused small RNA-Seq in this population



of critically ill patients. Routine biomarker applications
call for time-efficient, simple and streamlined proce-
dures, ideally provided to clinical laboratories as one-
box solutions. We did therefore not screen all potential
combinations of EV isolation and RNA extraction
methods but focused on either recommended RNA
kits by the same manufacturer or combinations com-
monly used in the EV field. Additionally, isolates from
each method were comparatively characterized in order
to assess method-specific differences in captured EV
populations and potential contaminating material.

Material and methods
Ethics approval and consent to participate

The study was approved by the Ethics Committee of the
Medical Faculty of the University of Munich (protocol
#551-14). Written informed consent and approval of a
patient’s legal representative was obtained when the
patient lacked capacity to give informed consent for par-
ticipation in the study. The study was carried out in
accordance with approved guidelines, and all study sam-
ples were anonymized during analysis. Written informed
consent for publication of blinded individual person’s
data was obtained from each participant or the patient’s
legal representative.

Patient recruitment

Four patients with sepsis and five patients in septic shock
were included in the study and sex-matched to 10 healthy
volunteers (Supplemental Table 1). Patients included in
the study were >18 years of age and within 24 h of admis-
sion to the intensive care unit (ICU). Exclusion criteria
were pregnancy, immunosuppression, leukopenia, haema-
tological malignancies or the initiation of palliative care.
Healthy volunteers were recruited from hospital personnel
and by advertisement. Only volunteers with a Charlson
Comorbidity Index [33] of <1 were included.

Sample collection

Blood was drawn from 20G catheters within the radial
artery of sepsis patients on the day of admission to the
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ICU (day 0) and 24 h later (day 1). Healthy volunteers
were sampled by venipuncture using 20G needles. In
order to prevent haemolysis, aspiration was performed
slowly and evenly for both procedures. Blood was col-
lected in 9 ml serum tubes (S-Monovette, Sarstedt
AG&Co) and centrifuged at 3400 g for 10 min at
room temperature (RT) within 10 min of sampling.
Resulting serum was aliquoted and stored at —80 °C.

Isolation of extracellular vesicles

EVs were isolated from serum using four commercially
available isolation kits as well as differential UC
(Table 1). One millilitre serum from each patient and
volunteer was used as starting material for all isolation
methods. EV isolation was performed as detailed
below, following manufacturer’s recommendations for
pre-clearing of serum and subsequent steps. For all
commercial isolation methods, we sequenced vesicular
RNA from both patients and volunteers. Small RNA-
Seq was performed for all samples except in the case of
UC-derived EVs where it was only performed for
healthy volunteers, but not for sepsis patients, as
serum availability was limited. Serum EVs from day 0
were used for RNA extraction and small RNA-Seq.
Five septic shock patients and five matched volun-
teers from our small RNA-Seq cohort were selected for
additional biological characterization of EVs. In these
supplemental experiments, we isolated EVs from 1 ml
serum sampled on day 1 of intensive care therapy in
patients with sepsis. These day 1 EVs were isolated as
described below, concentrated to 50 pl using Amicon
Ultra-4 30 kDa NMWL spin filters (Merck Millipore)
and split into separate aliquots for protein analysis and
particle characterization, respectively. A schematic dia-
gram that summarizes all steps of the EV isolation and
characterization workflow is provided in Figure 1.

Precipitation

EVs were precipitated from 1 ml serum using the
miRCURY Exosome Isolation Kit (Exiqon) according to
the manufacturer’s instructions. For RNA extraction, EV
pellets were lysed with the provided miRCURY biofluid

Table 1. EV isolation methods and RNA extraction kits utilized in this study.

Principle of EV isolation Method

RNA extraction kit

Precipitation

Size-exclusion chromatography
Size-exclusion chromatography
Membrane affinity
Sedimentation

gEV Columns (Izon Science)

Differential ultracentrifugation

miRCURY Exosome Isolation Kit (Exiqon)
Exo-spin Midi Columns (Cell Guidance Systems)

exoRNeasy Serum-Plasma Midi Kit (Qiagen)

miRCURY RNA Isolation Kit — Biofluids (Exiqon)
miRCURY RNA Isolation Kit — Biofluids (Exiqon)
miRCURY RNA Isolation Kit — Biofluids (Exiqon)
exoRNeasy Serum/Plasma Midi Kit (Qiagen)
exoRNeasy Serum/Plasma Midi Kit (Qiagen)

(Beckman Coulter Optima LE-80K)
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Figure 1. Schematic summary of EV isolation, RNA extraction and downstream analyses. EVs were isolated from human serum using

five (healthy donors) or four (sepsis patients) different methods.

After extracting total RNA from EV isolates, small RNA species were

profiled by NGS. Differential expression of miRNAs between volunteers and patients was assessed to identify potential biomarker
candidates. Sera from a subset of volunteers and patients were used to additionally characterize isolates from each method by
Western blot (WB), nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM).

lysis solution. Pellets for biological characterization were
resuspended in phosphate-buffered saline (PBS).

Size-exclusion chromatography

For Exo-spin (Cell Guidance Systems), EVs from 1 ml
serum were purified on the provided columns and
eluted in 3 ml particle-free PBS according to the man-
ufacturer’s quick start protocol. For gEV (Izon
Science), columns were equilibrated, overlaid with 1
ml serum and flushed with particle-free PBS, collecting
sequential fractions of 0.5 ml. Fractions 7-9 were
pooled to maximize EV yield.

Membrane affinity

Pre-cleared serum was applied to exoEasy columns
(Qiagen) as per the manufacturer’s protocol. EVs
were captured and washed using reagents provided in
the kit. For RNA extraction, EVs bound to the mem-
brane were lysed by adding QIAzol (Qiagen). Intact
EVs for biological characterization were eluted from
the column by addition of the provided buffer XE
(analogous to the procedures in Qiagen’s exoEasy kit).

Sedimentation

Serum was diluted 1:4 in PBS and subjected to low-
speed centrifugation (12,000 g, 1 h, k-factor: 1401.3).
EVs from the pre-cleared supernatant were then pel-
leted at 120,000 g for 14 h (k-factor: 139.7). All

centrifugation steps were carried out at 4°C using an
Optima LE-80K ultracentrifuge (Beckman Coulter) and
a SW60 rotor. Pellets were lysed in QIAzol for RNA
extraction or resuspended in PBS for EV
characterization.

RNA extraction and characterization

Total RNA was extracted from day 0 serum EVs using
commercial column-based kits listed in Table 1. For all
extraction methods, RNA eluates were reapplied to the
membrane for a second elution.

Precipitation

RNA was extracted from EV lysates using the corre-
sponding miRCURY RNA Isolation Kit for biofluids.
Procedures were carried out according to the manufac-
turer’s protocol, and RNA was eluted in 30 ul nuclease-
free water.

Size-exclusion chromatography

Eluted EVs (Exo-spin: 3 ml; qEV: 1.5 ml) were con-
centrated to 200 ul on Amicon Ultra-4 30 kDa NMWL
spin filters. RNA was subsequently extracted from the
concentrate using the miRCURY biofluids kit as
described above.



Membrane affinity

RNA was extracted from EVs lysed in QIAzol using
reagents provided in the exoRNeasy kit. Procedures
were carried out according to the manufacturer’s pro-
tocol, and RNA was eluted in 14 pl nuclease-free water.

Differential UC

Following lysis of pellets in QIAzol, RNA was extracted
using the exoRNeasy kit as described above.

In order to compensate for the varying elution
volumes, all RNAs were gently dried in a centrifugal
evaporator and resuspended in 10 pl nuclease-free
water. Yield and size distribution of EV-RNA were
assessed by capillary electrophoresis on the 2100
Bioanalyzer (Agilent Technologies). We wused the
RNA 6000 Pico Assay (Agilent Technologies) to assess
the total RNA profile including potential contamina-
tions with cellular RNA.

Next-Generation Sequencing

EV-RNA from sepsis patients and healthy volunteers
was profiled by small RNA-Seq. For all isolation meth-
ods, we used 60% (6 ul) of eluted total RNA as starting
material. Library preparation was performed as
described in Reithmair et al. [34], using the NEBNext
Multiplex Small RNA Library Prep Set for Illumina
(New England BioLabs Inc.). To compensate for the
low RNA input, all adaptors and primers were diluted
1:2 in nuclease-free water. Size selection of PCR pro-
ducts was performed by high-resolution 4% agarose gel
electrophoresis, selecting bands of 130-150 base pairs.
Fragment sizes of purified libraries were assessed using
capillary electrophoresis prior to 50 cycles of single-end
sequencing on the HiSeq2500 (Illumina Inc.).

Data analysis

Sequencing data were processed as described elsewhere
[35]. Briefly, FastQC (version 0.10.1) [36] was used to
assess sequence length distribution and quality. Adaptor
sequences were trimmed using Btrim [37], and all reads
without adaptors were discarded. Additionally, reads
shorter than 16 nt, probably degradation products from
longer coding and non-coding RNA species, were
excluded from the data set before proceeding to align-
ment [4]. To avoid false-positive hits during miRNA
analysis, reads that mapped to sequences from human
rRNA, tRNA, snRNA and snoRNA (obtained from
RNAcentral) were initially removed from the data set
[38]. Remaining reads were then aligned to human
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miRNA sequences in the most recent version (21) of
miRBase [39]. Mapping was performed using Bowtie
[40] and the “best” alignment algorithm, allowing one
mismatch for alignment to both RNAcentral and
miRBase. For all RNA classes, final read count tables
were generated directly from Bowtie output by summing
up all hits per sequence. Differential gene expression
(DGE) analysis was subsequently performed via the
Bioconductor Package DESeq2 (version 1.8.1) [41]
using the included normalization strategy based on med-
ian ratios of mean miRNA expression and the
Benjamini-Hochberg method to correct for false discov-
ery. A log, fold change >|1| and an adjusted p-value of
<0.05 were set as thresholds to identify significantly regu-
lated miRNAs. Only transcripts with a baseMean 250
were included in the analysis. Hierarchical clustering
(Euclidean distances, Ward’s method), principal compo-
nent analysis (regularized log-transformed, sizefactor-
corrected counts obtained from DESeq2) and visualiza-
tion of significantly regulated miRNAs in Venn diagrams
were carried out in R (version 3.4.0) using the packages
gplots, ggplots2, RColorBrewer, dendextend, ggfortify
and VennDiagram [42-48]. Trimmed sequence reads
were deposited in the European Nucleotide Archive
under accession number PRJEB24913 (http://www.ebi.
ac.uk/ena/data/view/PRJEB24913).

Nanoparticle tracking analysis

EV suspensions were diluted in particle-free PBS (pre-
pared by a 120,000 g spin at 4°C for 14 h, k-factor:
231.6) and analysed using a NanoSight LM10 (Malvern
Instruments GmbH) equipped with a 405-nm laser and
a high-sensitivity sCMOS camera. Samples were intro-
duced manually, and six videos of 45 s each were
captured at a frame rate of 25 frames/second. With
sample temperatures monitored manually, individual
particles were tracked using NTA 3.0 software
(Malvern Instruments GmbH) at camera level 10 and
the Finite Track Length Adjustment (FTLA) algorithm.
For analysis, we used a conservative detection thresh-
old with blur and minimum track length set to auto
and only considered captures with at least 2000 com-
pleted tracks. Starting from concentrations measured
by NTA, initial particle concentrations in serum were
calculated using the respective dilution factors for each
sample as described elsewhere [49].

Transmission electron microscopy

EVs were fixed in 2% paraformaldehyde and adsorbed
onto formvar/carbon-coated 200-mesh nickel grids
(Electron Microscopy Sciences) for 15 min. Grids
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were then washed with PBS, fixed in 2.5% glutaralde-
hyde for 5 min and washed with milliQ water. After
performing negative staining with 2% uranyl acetate
for 1 min, grids were washed again and air-dried over-
night. Images were acquired on a Zeiss EM900 (Carl
Zeiss Microscopy GmbH) with a wide-angle dual-speed
2K-CCD camera at 80 kV.

Western blot

EV samples were lysed in ice-cold
Radioimmunoprecipitation Assay (RIPA) buffer on
ice for 15 min intermitted by three bouts of sonica-
tion in a water bath. After centrifugation at 13,000 g
for 10 min, protein concentration in the supernatant
was analysed using Bicinchoninic Acid (BCA) assay
(Sigma Aldrich). Input for exoRNeasy, Exo-spin,
miRCURY and UC was normalized to 25 pg total
protein. Due to very low protein concentrations,
maximum volumes were loaded on the gel for qEV.
For electrophoresis, samples were reduced in
Laemmli buffer and heated at 70 °C for 10 min.
Protein lysates for analysis of CD63 were incubated
with non-reducing sample buffer at RT for 20 min.
Proteins were separated using NuPAGE 4-12% Bis-
Tris Gels (Invitrogen) prior to transfer to a 0.45 um
nitrocellulose membrane (GE Healthcare Life
Sciences). Membranes were blocked with 1% non-
fat milk powder in Phosphate Buffered Saline with
Tween (PBST) for 1 h at RT and incubated with
primary antibodies at 4°C overnight. Secondary anti-
bodies were added for 1 h at RT. After washing with
blocking buffer, blots were developed using the
Clarity Western ECL Blotting Substrate Kit (Bio-
Rad). Primary antibodies were from Abcam (mouse
anti-TSG101 clone 4A10, ab83, 1:800, rabbit anti-
Syntenin clone EPR8102, 1:5000, ab57113, 1:250,
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mouse anti-CD63, clone TS63, ab59479, 1:500,
mouse anti-Human Serum Albumin clone 1A9,
ab37989, 1:250), OriGene (rabbit anti-CD81,
TA343598, 1:500) and Biomol (goat anti-Calnexin,
WA-AF1179a, 1:2500). All marker proteins except
CD63 were analysed using reducing conditions.
HRP-conjugated secondary antibodies were pur-
chased from Abcam (goat anti-Mouse, ab97040,
1:10,000, goat anti-Rabbit, ab97080, 1:10,000, rabbit
anti-Goat, ab97105, 1:10,000).

Results

Analysis of isolation-specific EV-RNA composition
by small RNA-Seq

Total EV-RNA was characterized by capillary electro-
phoresis, revealing major differences in quantity and
size distribution across EV isolation strategies
(Supplemental Figure 1). Similarly, sequencing of
small RNA resulted in vastly differing total library
sizes, ranging from 3.68E6 + 1.72E6 reads (qQEV sepsis)
to 1.17E7 + 3.76E6 reads (UC volunteer). Two EV
samples precipitated from sepsis patients did not prop-
erly amplify during sequencing and were excluded
from subsequent analyses. Method-dependent capture
of miRNAs was assessed by aligning reads to miRBase
and expressing mapped miRNAs as percentages of
library size (Figure 2). miRNA enrichment was highest
for precipitation-based EV isolation, followed by UC,
membrane affinity and SEC. Even though library sizes
were similar for UC, exoRNeasy and miRCURY, the
latter displayed a 3.5-5-fold higher percentage of
mapped miRNAs, respectively. For all isolation meth-
ods, relative frequencies of mapped miRNAs for sepsis
patients were slightly lower than for volunteers
(Figure 2). The top 10 most highly expressed miRNAs
for each method are provided in Supplemental Table 2.
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Figure 2. Mean library size and mapped miRNAs for EVs isolated from healthy volunteers (a) and sepsis patients (b). miRNA
mapping frequencies (red diamonds) are expressed as percentages of total library size and plotted against the right x-axes.
Enrichment of miRNA reads was highest for miRCURY (35.08% and 27.56% for volunteers and patients, respectively) and lowest for
gEV (0.79% for volunteers and 0.57% for patients). All data are mean = SD for 10 volunteers and 9 sepsis patients.



Similar differences were found when mapping reads
to further classes of small non-coding RNA (Figure 3).
Expressed as the ratio of non-target reads to miRNA
reads, both SEC-based methods tended to isolate more
rRNA fragments than other methods (Supplemental
Figure 2). Increased frequencies of rRNA reads were
also observed in sepsis EVs isolated by membrane
affinity. Additionally, membrane affinity captured sig-
nificantly more tRNA fragments than other methods
from both septic and healthy EVs. SEC-based methods,
particularly qEV, also isolated large numbers of frag-
ments shorter than 15 nt. Mean library sizes, mapped
miRNAs and results from DGE are provided in
Supplemental Table 3.

EV-miRNAs from precipitation and membrane
affinity separate volunteers and patients

DESeq2 was used to assess differential regulation of
miRNA levels between sepsis patients and volunteers
for commercial isolation kits. After applying stringent
filtering criteria (baseMean >50, log, fold change >|1|,
adjusted p-value <0.05), we found 6 (qEV), 14 (Exo-
spin), 60 (exoRNeasy) and 90 (miRCURY) miRNAs to
be significantly regulated. While there was minimal
overlap between all EV isolation strategies, most
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regulated miRNAs were unique for a specific isolation
method (Figure 4). A common set of two significantly
regulated miRNAs was detected for all EV isolation
methods. Data for unfiltered differential expression
analysis are provided in Supplemental Figure 3.
Similarities between miRNA patterns from each
patient and isolation method were assessed by hier-
archical clustering analysis (HCA) (Figure 5). Based
on all miRNA reads, HCA separated isolation by pre-
cipitation, UC and membrane affinity from both SEC-
based methods. Within these principal clusters, preci-
pitation and membrane affinity flawlessly separated
sepsis patients from healthy volunteers. Even though
samples from precipitation and UC showed a high
degree of similarity, UC volunteers were more closely
related to miRCURY sepsis patients. Clustering of
miRNAs from SEC isolation revealed substantial het-
erogeneity within and overlap between qEV and Exo-
spin. Subsequently, these methods did not accurately
distinguish volunteers from patients. This was also
demonstrated by principal component analysis

(Supplemental Figure 4), where separation of patient
groups was achieved exclusively by miRCURY and
exoRNeasy.

The number of differentially regulated miRNAs
detected in DESeq2 analysis varied significantly
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Figure 3. Mapping statistics for various classes of small non-coding RNA. Highest frequencies of miRNA mapping were observed in
isolates from precipitation, sedimentation and membrane affinity. Both SEC-based methods were prone to capture short sequences,
while libraries from membrane affinity-derived samples contained an increased share of tRNA fragments. Short: sequence is shorter
than 15 nt; unmapped: sequence did not align to human rRNA, snRNA, snoRNA, tRNA or miRNA. Data are expressed as mean
mapping percentages for 10 volunteers (V) and 9 sepsis patients (S).
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exoRNeasy

miRCURY

Exo-spin

Figure 4. Differential expression of miRNAs in EVs isolated by commercial methods. Precipitation and membrane affinity yielded
high numbers of differentially regulated miRNAs (miRCURY: 90; exoRNeasy: 60). Far fewer regulated miRNAs were detected in SEC-
derived samples (Exo-spin: 14; qEV: 6). Two differentially regulated miRNAs were detected in EVs isolated by all methods. Data are
filtered for baseMean >50, log, fold change >|1| and adjusted p-value <0.05.
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Figure 5. Hierarchical clustering analysis of miRNAs in EVs isolated by commercial methods. Samples split up into two clusters,
separating precipitation and membrane affinity from both SEC-based methods. miRCURY (blue) and exoRNeasy (red) accurately
distinguished between healthy volunteers (darker shades, V) and sepsis patients (lighter shades, S). miRNAs isolated from SEC-EVs
(Exo-spin, gEV) showed noticeable heterogeneity and were less capable of separating volunteers and patients.

between isolation methods (Figure 4). Differentially
expressed miRNAs as well as corresponding log, fold
changes and adjusted p-values for each method are
provided in Supplemental Table 4. As predicted by
sequencing output, methods yielding larger libraries
also tended to result in more dysregulated miRNAs
and greater fold changes. A common set of two
miRNAs was found to be differentially expressed in
EVs isolated by all methods. In EVs from sepsis
patients, miR-122-5p was upregulated with log, fold
changes of 1.86 (Exo-spin) to 4.53 (exoRNeasy). miR-
151a-3p, on the other hand, was downregulated in

septic EVs, displaying log, fold changes of -1.18
(miRCURY) to —1.65 (exoRNeasy) (Table 2).

EV populations isolated by divergent methods
differ in size, concentration and purity

EVs captured by all isolation methods were analysed by
NTA. Mean and mode particle diameters ranged from
10446 £ 11.96 nm and 80.02 + 10.12 nm (miRCURY
volunteer) to 202.86 + 10.70 nm and 174.48 + 18.20 nm
(exoRNeasy volunteer), respectively (Figure 6(a)). Size dis-
tributions for sepsis patients were slightly broader for all
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Table 2. Common set of miRNAs differentially regulated between sepsis and healthy controls for all

EV isolation methods.

miR-122-5p
Isolation method log,FC p-adj
exoRNeasy 4.53 6.72E-17
qEV 2.1 2.73E-04
Exo-spin 1.86 2.72E-04
miRCURY 2.88 1.42E-07
miR-151a-3p
Isolation method log,FC p-adj
exoRNeasy -1.65 4.61E-10
qEV —-1.55 4.97E-06
Exo-spin -1.19 3.92E-02
miRCURY -1.18 5.72E-03
Log,FC: log, fold change; p-adj: DESeq2-adjusted p-value.
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Figure 6. Analysis of EVs by NTA demonstrates differences in size distribution (a). Whiskers indicate 1st and 99th percentiles; line:
mean diameter; dot: modal diameter; V: volunteer; S: sepsis patient. Precipitation- and membrane affinity-based methods isolated
the smallest and largest EVs, respectively. Concentration and purity of isolated EVs differed depending on isolation strategies (b).
Black bars indicate the absolute number of vesicles isolated from 1 ml serum; red diamonds plotted against the right x-axis
represent vesicle purity defined as the particle to protein ratio. While precipitation most efficiently isolated EVs from serum, SEC-
based isolation yielded fewer but highly pure vesicles. Asterisks indicate significant differences in particle numbers compared to
miRCURY. *p < 0.05; **p < 0.01; NS: not significant. All data are mean + SD for five volunteers and five sepsis patients.

isolation methods except qEV, but no significant differ-
ences in particle diameter were detected between volun-
teers and patients. The total number of particles isolated
from 1 ml serum was highest for miRCURY, followed by
Exo-spin, qEV, UC and exoRNeasy (Figure 6(b)).
Additional plots for particle diameter and concentration
are provided in Supplemental Figure 5.

Estimates for sample purity were calculated as ratios
between NTA particle counts and protein concentra-
tions [50]. While calculating these ratios does not
necessarily help characterize a sample’s EV fraction
and their homogeneity, it provides a useful metric for
assessing to which degree a sample is contaminated
with non-EV protein. SEC-based isolation yielded iso-
lates with significantly higher particle to protein ratios
than all other methods, indicating less co-isolation of
soluble protein (Figure 6(b)). Isolates derived from

precipitation and UC, on the other hand, displayed
the lowest ratios due to increased protein contamina-
tion. Additional data on particle size, concentration
and purity are included in Supplemental Table 5.

Next, we assessed particle morphology by TEM.
Confirming our findings from NTA, we detected par-
ticles with EV morphology and size for all isolation
methods (Figure 7). While the majority of vesicles were
less than 200 nm in diameter for all methods, precipi-
tation-derived EV's seem to be additionally enriched for
particles smaller than 100 nm.

Enrichment of contaminating soluble protein in EVs
isolated by precipitation and UC

Prior to immunoblotting, total protein in EV lysates
from each method was quantified by BCA assay.
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Figure 7. Morphology of serum EVs by transmission electron microscopy. Images are representative for three separate biological
replicates for both volunteers (top panel) and sepsis patients (bottom panel). Scale bars are 500 nm (top row) and 100 nm (bottom

row).

Similar to initial RNA concentrations and sequencing
library sizes, striking differences in protein yield were
observed (Supplemental Table 6). The amount of total
protein in EV isolates ranged from 11.73 + 5.18 pg
(qEV, volunteer) to 26,202.95 + 3904.31 pg (precipita-
tion, volunteer). On average, precipitation and UC
captured 50-80 times the amount of protein derived
from SEC and membrane affinity isolations. Protein
recovery from volunteer samples was significantly
higher (p < 0.05) for exoRNeasy, miRCURY and UC,
but failed to reach significance for Exo-spin (p = 0.87).
Isolation by qEV captured significantly more (p = 0.01)
protein from sepsis patients.

EV-specific proteins as well as negative markers
were assessed by Western blot (Figure 8). CD63, a
commonly used vesicle marker, was detected as a
broad smear between 30 and 60 kDa, indicating differ-
entially glycosylated forms of the protein. EVs isolated
by membrane affinity showed high signal intensities for
CD63, while both SEC-based methods resulted in
weaker bands. No CD63 was detected for isolation by
precipitation and UC. A similar pattern was observed
for syntenin, showing clear signals for exoRNeasy, qEV
and Exo-spin, but not for miRCURY and UC. EV
markers CD81 and TSG101 were not detected for any
isolation strategy.

Nonspecific staining of total EV protein by Ponceau
S revealed a very prominent band at 60-70 kDa for
Exo-spin, miRCURY and UC (Supplemental Figure 6),
potentially indicating co-isolation of non-vesicular
material. Human serum albumin (HSA), the most
abundant blood protein, was selected as a likely candi-
date for protein contamination in EV preparations.
Indeed, Western blot analysis revealed extraordinarily
high HSA levels for miRCURY and UC, but also
exoRNeasy and Exo-spin (Figure 8). Only minor
amounts of HSA were detected for qEV isolations.

Protein lysates were also analysed for contamination
with cellular fragments as indicated by the endoplasmic
reticulum protein calnexin. In contrast to HSA, no
calnexin signal was detected for any of the isolation
methods. These findings hint at a contamination with
soluble proteins, but not with non-vesicular membrane
fragments. None of the detected protein markers
showed significant enrichment for either volunteers
or sepsis patients.

Increased contamination with soluble proteins such
as HSA leads to an underrepresentation of marker
proteins in EV lysates. As no EV markers were detected
for miRCURY and UC, we increased the input for
immunoblotting to 50 pg total protein. Additionally,
EVs isolated by these techniques were further purified
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Figure 8. Analysis of marker proteins in EVs from volunteers (left) and sepsis patients (right). EV markers CD63 and syntenin were
detected in vesicles isolated by membrane affinity (exoRNeasy) and SEC (qEV, Exo-spin), but not precipitation (miRCURY) and UC. All
EV isolates were negative for TSG101, CD81 and calnexin. Significant albumin contamination of EVs was found for non-SEC isolation
methods. Results are representative for three separate biological replicates for both volunteers and sepsis patients.

by iodixanol density gradient centrifugation to remove
soluble proteins. Even though increasing total protein
did not lead to the detection of protein markers
(Supplemental Figure 7), floatation into a density gra-
dient effectively separated contaminating HSA from
EVs captured by sedimentation and precipitation.
While the majority of HSA was retained in fractions
of 1.02-1.07 g/ml, EV markers syntenin and CD63
were identified in a fraction of 1.18 g/ml, correspond-
ing to previously reported floatation densities of blood-
derived EVs [51] (Figure 9).

Discussion

EVs fascinate researchers in basic science and translational
applications alike, but our understanding of EV biogenesis,
secretion, tissue retention and potential therapeutic use
depends on the ability to isolate and characterize specific,
well-defined populations of vesicles. The question as to
which EV isolation method to utilize for a given down-
stream application is a frequent subject of controversial
debate that has yet to be settled. In this study, we

qualitatively and quantitatively compared EV isolation
strategies based on different physiochemical mechanisms
ranging from sedimentation and precipitation to mem-
brane affinity and SEC. Importantly, we used serum as a
biofluid relevant to clinical applications and included dis-
eased patients as well as healthy volunteers. As isolation
methods need to be validated using clinical samples, we
opted for sepsis patients, who represent a prime example
for both interindividual variability and complex aberra-
tions in blood parameters.

High-throughput sequencing has evolved into a main-
stream method of analysing nucleic acids. It allows precise
quantification of miRNAs and sheds light on RNA com-
position, co-isolation of non-target molecules and novel
classes of non-coding RNA. Using Illumina small RNA-
Seq, we found that vesicular RNA profiles greatly depend
on the respective EV isolation strategy. While the methods
less specific for EVs (precipitation, sedimentation and
membrane affinity) resulted in higher absolute and relative
numbers of mapped miRNAs, a more stringent size selec-
tion on EVs (SEC) led to lower mapping rates and an
abundance of short RNA fragments in preparations
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Figure 9. Analysis of EV markers and human serum albumin in EVs isolated by precipitation and sedimentation and further purified
by iodixanol density gradient centrifugation. CD63 and syntenin were detected in a density fraction of 1.18 g/ml, while the majority
of albumin floated in fractions of 1.02-1.05 g/ml. Results are representative for two separate biological replicates for both

volunteers (top panel) and patients (bottom panel).

(Figure 3). Furthermore, isolates from different methods
were reproducibly enriched in fragments of additional
short non-coding RNA classes such as tRNA. We have
used two different RNA extraction kits in this study, and
varying combinations of EV isolation and RNA extraction
methods might yield slightly different results [5,52].
However, based on the vastly different characteristics of
the material captured by each method, we believe that EV
isolation itself has a far greater impact on downstream
RNA analysis than the respective extraction method
(Figure 6).

The prime objective of this study was to assess EV
isolation methods regarding their suitability for
miRNA-based biomarker studies. In our data, the

ability to separate healthy individuals from diseased
patients strongly correlated with sequencing output
for a given method: EV isolation based on precipitation
and membrane affinity resulted in higher absolute
numbers of mapped miRNA reads, more candidates
in DGE analysis and enhanced separation of groups
in hierarchical clustering. In contrast, low-output
methods (SEC) were also able to identify a core set of
two miRNAs differentially regulated regardless of iso-
lation strategy but did not reliably assign individual
samples to the correct study population (Figure 5).
Interestingly, only SEC-based methods generated simi-
lar or greater numbers of reads from diseased samples,
while precipitation and membrane affinity seemed to



work more effectively for healthy individuals
(Supplemental Table 3). This correlated only partially
with particle data from NTA, which indicate that both
qEV and exoRNeasy recover more particles from sepsis
sera. Even though assessing sequencing library size as a
standalone metric is of limited use, results from differ-
ential expression analysis correlated with higher
sequencing output and more diverse libraries in our
data. Library composition might, however, differ
depending on sample preparation, as demonstrated by
Huang et al. [28]. As different library preparation kits
tend to preferentially capture specific RNA sequences,
NGS data in different experiments might be biased for
certain transcripts. Highly abundant miRNAs are less
affected by library preparation-induced biases, which
might be more problematic for low-abundance tran-
scripts or biomarker studies in diseases with less
extreme alterations in miRNA expression. In conclu-
sion, isolation methods less specific for EVs yielded
more RNA, better libraries and, therefore, increased
separation of patient groups. More specific methods,
which purify EVs rather than enrich cell-free material
in general, resulted in less complex libraries, fewer
miRNA reads and poor performance in clustering. It
is worth noting that increasing sequencing depth for
RNA associated with pure vesicle preparations might in
turn improve results from DGE analysis.

Observed variations in RNA composition could be
attributed to a number of factors including a method’s
efficiency of isolating EV’s, isolation of non-overlapping
subpopulations of vesicles and co-isolation of non-vesi-
cular RNA. As blood samples from sepsis patients and
healthy donors were drawn using slightly different
methods, potential sampling-related batch effects
might confound genuine disease effects. Yet, as shown
in hierarchical clustering (Figure 5), poor separation of
sample groups for SEC-based isolation indicates the
absence of a systematic batch effect caused by blood
sampling. Additionally, in a separate study on paired
samples collected by arterial and venous catheters from
the same donors, we couldn’t detect any significant
sampling-dependent differences in EV morphology
and associated miRNA profiles (manuscript in prepara-
tion). Differential expression of miRNAs in this study
is therefore likely to be caused by sepsis itself, rather
than by collection methods.

Several of the miRNAs we found to be differentially
expressed (Supplemental Table 4) have previously been
associated with sepsis and inflammation. Reithmair et al.
and Wang et al. reported increased levels of circulating
miR-193b-5p in EVs from sepsis patients and a strong
association with disease mortality [34,53]. miR-30a-5p,
upregulated in samples from exoRNeasy, miRCURY and
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Exo-spin, is induced by inflammatory stimuli and discri-
minates sepsis from non-infectious systemic inflamma-
tory response syndrome [54,55]. Several groups reported
that treating macrophages with lipopolysaccharides (LPS)
increased expression of miR-155-5p, which, in turn, dam-
pened the immune response, protected septic mice from
cardiac dysfunction and improved survival [56-58].
Additionally, circulating levels of miR-155 were shown
to correlate with disease severity and poor prognosis in a
cohort of 60 sepsis patients [59]. In mice and rats, miR-
150-5p, upregulated in samples captured by membrane
affinity, was increased by polymicrobial sepsis and LPS
treatment, respectively [60,61]. Vasilescu et al. reported
plasma levels of miR-150-5p to correlate with sepsis
aggressiveness in a cohort of 17 sepsis patients [62]. In
concordance with previous findings in critically ill
patients, we detected miR-122-5p as upregulated in sam-
ples derived from all isolation methods. This miRNA is
commonly considered to be liver specific, and increased
serum concentrations have been reported in cases of liver
injury and hepatotoxicity [63]. Increased serum levels of
miR-122-5p were also reported in sepsis patients, corre-
lating with liver damage, coagulation disorders and mor-
tality [53,64,65]. A more recent publication by Roderburg
etal., however, demonstrated that miR-122-5p expression
in critically ill patients was dysregulated by hepatic injury
alone, independent of an infectious state [66]. Exclusively
focusing on the septic shock patients in our cohort might
have tightened expression patterns of disease-related
miRNAs, but as our goal was to assess EV isolation
methods capable of also detecting the less severe stage,
we did not perform separate analyses on this subgroup. In
conclusion, our findings match previous reports about
altered profiles of circulating miRNAs in critically ill
patients and animal models of sepsis, and crude prepara-
tions of cell-free RNA allow for more robust detection of
disease-associated differential expression.

In an attempt to shed light on the nature of vesicles
isolated by each method, we characterized intact parti-
cles using NTA. Unsurprisingly, all methods used in
this study isolated particles in the size range of small
EVs. Mean particle diameters, however, differed signif-
icantly: membrane affinity captured EVs with dia-
meters close to 200 nm, while precipitation isolated
vesicles with an  exosome-like diameter of
100-120 nm. These differences might be due to captur-
ing different EV populations or manipulation of ori-
ginally identical EVs during isolation by aggregation
[67] or coating with serum proteins [68]. In line with
our findings, Stranska et al. recently reported larger
particle diameters for EV samples isolated from
human plasma by membrane affinity compared to
SEC [69]. For most Kkits, variability of particle
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diameters was greater in sepsis samples, indicating
disease-specific changes in circulating vesicles, or inter-
ferences caused by matrix effects in serum from criti-
cally ill patients. It is also conceivable that an increased
proportion of immune cell-derived EVs or bacterial
outer membrane vesicles, typically ranging from 20 to
300 nm in diameter, might contribute to the broader
range of particles recovered from septic sera [70,71].
Quantitative analysis of particles revealed another layer
of complexity, as precipitation captured both the smallest
and the highest number of EVs, whereas particles isolated
by membrane affinity were larger and much less abundant.
For a given isolation method, seemingly high standard
deviations of particle sizes can most likely be attributed to
endogenous variability within patient groups. Recent work
by Eitan et al. revealed individual-specific set points for EV
concentration and composition, indicating the need for
larger cohorts in descriptive and clinical EV studies [49].
The slightly decreased concentration of EVs recovered
from sepsis patients by most methods could be due to less
efficient capture from patient sera, or genuinely lower EV
concentrations in serum caused by decreased secretion,
increased clearance from the bloodstream, dilution of
EVs by therapeutic blood products administered in the
ICU or a combination thereof. It should be noted, however,
that lipoproteins such as low-density lipoprotein (LDL)
outnumber EVs in cell-free blood by at least one order of
magnitude and are known to co-purify with EVs [72]. As
LDL and other common contaminants such as protein
aggregates mimic characteristics of genuine EVs, particle
quantification using NTA might overestimate EV concen-
trations in low-purity preparations and skew isolation-
dependent size profiles [73-75]. Interestingly, the ability
of extracellular RNA to separate healthy and diseased indi-
viduals did not seem to be tied to the diameter of the
corresponding EVs since methods isolating both very
small (precipitation) and very large (membrane affinity)
EVs performed best in differential expression analysis. As
these methods are prone to contamination with soluble
material (Figure 8), we cannot rule out the possibility that
separation of patient groups is based on RNA not asso-
ciated with EVs, but co-isolated from the non-vesicular
serum compartment. SEC-based methods, on the other
hand, isolated EVs contaminated with large quantities of
short RNA fragments, rendering them less suitable for
robust classification of patient samples. This discovery
raises questions about the origin of these fragments and
whether they are encapsulated in EV's or co-isolated from
non-vesicular blood compartments. While part of the
population of short fragments might be derived from
RNA degradation and library preparation artefacts such
as adaptor dimers, non-human RNA sequences could also
contribute to this category. Certain bacteria secrete cell-free

RNA, some of it vesicle-associated, which might have been
captured from septic sera by the EV isolation methods used
here [76,77]. Additionally, reads categorized as unmapped
(Figure 3) might be derived from bacterial RNA, even
though the frequency of unmapped reads was not signifi-
cantly increased in sepsis samples. As differential contam-
ination of libraries with non-human sequences would
impair normalization to library size or reads per million,
we strictly normalized expression values for confirmed
human miRNAs. Analysing particle morphology by TEM
demonstrated that all methods isolated vesicles in the
100-200 nm size range. Isolates from precipitation did
not display significantly more vesicles than other methods,
indicating that non-vesicular particles such as protein
aggregates might have contributed to increased particle
counts in NTA [78]. The number of particles per field
shown in Figure 7 does not necessarily correlate to particle
concentrations from NTA since different dilution factors
were used for samples from each isolation method in TEM
imaging. In accordance with recent reports [79], we also
observed double vesicles and vesicles containing two or
more smaller vesicles.

Further profiling of EV isolates demonstrated an enrich-
ment in CD63 and syntenin for SEC-based and membrane
affinity-based isolations, but not for precipitation and UC.
Potentially owing to insufficient starting material or tech-
nical factors, and in contrast to preexisting publications
[23,34,80], we did not detect TSG101 and CD81 for any
isolation method. Similar findings were recently presented
in a publication by Stranska et al., which demonstrated the
absence of CD81 and TSG101 in plasma EVs isolated by
membrane affinity [69]. Additionally, recent advances in
the field have demonstrated that so-called exosome mar-
kers can also be present on other classes of EVs and that EV
isolates are a heterogeneous mixture of various subpopula-
tions with specific protein profiles [81,82]. It is therefore
conceivable that isolation methods are biased towards only
partially overlapping EV populations, resulting in different
protein profiles. Additionally, modifications of EVs during
isolation, including coating with precipitation polymers or
serum proteins, might mask antigens and impede detection
of marker proteins as observed elsewhere [83,84]. Even
though increasing the input for protein analysis helped
other investigators to detect markers in crude EV samples
[23], it was not sufficient for samples from precipitation
and sedimentation in our study. Additional purification by
density gradient centrifugation, however, established the
presence of EV markers syntenin and CD63 in fractions
with a density of 1.18 g/ml (Figure 9). While serum albu-
min and other soluble proteins overpowered EV markers
in crude isolates, floatation into a density gradient could be
used to specifically purify vesicles from pre-enriched sam-
ples. The endoplasmic reticulum marker calnexin could



not be detected in lysates from any of the isolation princi-
ples, indicating the absence of contaminating cellular frag-
ments and vesicles not originating from endosomes [85].
Contamination of EV preparations with highly abundant
blood proteins is a well-known problem, particularly for
proteomic analyses [86]. In line with earlier publications,
we demonstrate that precipitation- and sedimentation-
based isolations co-fractionate significant amounts of
serum albumin that mask genuine EV-enriched proteins.
Additionally, we herein confirm previous findings
[69,83,87] that SEC-based methods represent an efficient
way of removing high-abundance serum proteins
(Supplemental Figure 6), trading decreased vesicle yield
for higher purity [88].

Highly pure and well-defined populations of EVs, how-
ever, might not be prerequisite for all research questions.
While mechanistic and descriptive scrutinies are crucial for
basic research and developing EV therapeutics, biomarker
applications rely heavily on pronounced and reproducible
changes in the molecules of interest. A recent publication
by Quek et al. suggests that impurities in vesicle prepara-
tions have little effect on downstream nucleic acid quanti-
fication and states the utility of time-efficient, but rather
crude EV isolation methods for biomarker discovery [89].
In line with this, we report precipitation-based isolation to
yield samples with lower purity and significant protein
contamination, but excellent potential for transcrip-
tomics-driven biomarker discovery. We agree with pre-
vious publications stating that enriching serum EVs by
precipitation might be a viable strategy for biomarker dis-
covery studies [21,23]. Alvarez et al. presented similar
findings for profiling RNA biomarkers in urinary EVs
[9]. Decreased purity does not have to be a limitation if
the objective is enriching cell-free miRNAs rather than
purifying specific EV populations. If researchers strive to
identify extracellular miRNA signatures that separate
patient populations, these could be analysed regardless of
their carriers [90]. As long as samples isolated by a given
method reproducibly provide strong divisional capabilities
for patient populations of interest, comprehensively char-
acterizing isolated vesicles might not be a mandatory
requirement for clinical biomarker applications. Given
that precipitation is time efficient, inexpensive and
demands no specialized equipment, it also seems to con-
veniently lend itself to integration into clinical usage.
However, in a research field as vibrant and international,
standardizing reagents and protocols utilized for EV pre-
cipitation and characterization are crucial for generating
valid and reproducible data across laboratories [22,85,91].

In conclusion, we herein report that enriching cell-free
miRNAs by precipitation allows for reliable separation of
sepsis patients and healthy volunteers in sequencing-based
analyses. As extracellular RNA can be encapsulated in
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vesicles or stabilized by binding to circulating proteins
such as argonaute 2 (Ago2), further investigations using
additional purification steps such as density gradient cen-
trifugation or SEC are needed to conclusively verify if
miRNAs dysregulated in this study are genuinely encapsu-
lated in EVs [92]. Based on our experiments, we cannot
rule out the possibility that miRNAs separating patients
and volunteers are associated with non-vesicular carriers
rather than EVs [93]. Should this be the case, additional
validation of sepsis-related miRNA signatures might be
carried out on total cell-free RNA without prior enrich-
ment of EVs, reducing time and cost of analysis. Even
though exosomes have been shown to provide an enriched
source of miRNA with higher predictive value than total
cell-free blood, miRNAs of diagnostic potential might be
associated with different carriers in a disease-specific man-
ner, calling for the careful validation of previous findings in
each biomarker discovery process [2,94]. In diseases with
less drastic clinical manifestation than sepsis, extracellular
signalling could be more clearly detectable in pure EVs as
opposed to crude preparations of cell-free RNA. Our find-
ings might therefore not be generalizable to all clinical
applications, as a different approach may be more appro-
priate for diseases other than sepsis.

Even though the focus of this work was on transcrip-
tomic profiling of EVs, our findings could be transferred to
different routes of analysis as well. It has become increas-
ingly clear that the optimal method of EV isolation differs
depending on the respective research setting and down-
stream analyses. Both failing to choose appropriate isola-
tion methods for a particular experiment and trying to
integrate results from multiple studies conducted with
inappropriate or incompatible methodology squander
resources decrease experimental validity and hamper trans-
lation of research findings into practical applications. This
work therefore provides valuable guidance for navigating
the wide array of EV isolation methods available today.
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ABSTRACT ARTICLE HISTORY

Extracellular vesicles (EVs) play central physiological and pathophysiological roles in intercellular ~ Received 17 May 2019

communication. Biomarker studies addressing disorders such as cardiovascular diseases often ~ Revised 14 August 2019
. . . . - . . Accepted 18 September

focus on circulating microRNAs (miRNAs) and may, depending on the type of disease and clinic 2019

routine, utilise patient specimens sampled from arterial or venous blood vessels. Thus, it is

essential to test whether circulating miRNA profiles depend on the respective sampling site. KEYWORDS

We assessed potential differences in arterial and venous cell-free miRNA profiles in a cohort of 20 Small RNA Sequencing;

patients scheduled for cardiac surgery. Prior to surgery, blood was simultaneously sampled from extracellular vesicles;

the radial artery and the internal jugular vein. After precipitating crude EVs, we performed small biomarker; arteriovenous

RNA Sequencing, which failed to detect significantly regulated miRNAs using stringent filtering ~ COmParison; microRNAs

criteria for differential expression analysis. Filtering with less strict criteria, we detected four

miRNAs slightly upregulated in arterial samples, one of which could be validated by reverse

transcription real-time PCR. The applicability of these findings to purified arterial and venous EVs

was subsequently tested in a subset of the initial study population. While an additional clean-up

step using size-exclusion chromatography seemed to reduce overall miRNA yield compared to

crude EV samples, no miRNAs with differential arteriovenous expression were detected.

Unsupervised clustering approaches were unable to correctly classify samples drawn from arteries

or veins based on miRNAs in either crude or purified preparations. Particle characterisation of

crude preparations as well as characterisation of EV markers in purified EVs resulted in highly

similar characteristics for arterial and venous samples. With the exception of specific pathologies

(e.g. severe pulmonary disorders), arterial versus venous blood sampling should therefore not

represent a likely confounder when studying differentially expressed circulating miRNAs. The use

of either arterial or venous serum EV samples should result in highly similar data on miRNA

expression profiles for the majority of biomarker studies.

Abbreviations ACE inhibitors: Angiotensin-converting-enzyme inhibitors; ApoA1: Apolipoprotein
A1; CNX: Calnexin; Cv: Coefficient of variation; cDNA: Complementary DNA; CABG: Coronary artery
bypass graft; DGE: Differential gene expression; DPBS: Dulbecco’s Phosphate Buffered Saline; EVs:
Extracellular vesicles; log2FC: Log2 fold change; baseMean: Mean miRNA expression; miRNA:
MicroRNA; NTA: Nanoparticle Tracking Analysis; NGS: Next-Generation Sequencing; RT-qPCR:
Reverse transcription quantitative real-time PCR; rRNA: Ribosomal RNA; RT: Room temperature;
SEC: Size-exclusion chromatography; snoRNA: Small nucleolar RNA; snRNA: Small nuclear RNA;
small RNA-Seq: Small RNA Sequencing; SD: Standard deviation; tRNA: Transfer RNA; TEM:
Transmission electron microscopy; UA: Uranyl acetate.

Introduction Previous biomarker research has pointed out that arter-
ial and venous blood are not entirely rheologically com-
parable, and it has therefore been proposed to
consistently use either arterial or venous blood samples
for biomarker detection [2]. This recommendation has,
however, never been systematically tested regarding cir-
culating cell-free microRNAs (miRNAs) or circulating

Recent research has demonstrated the crucial pathophy-
siological role of extracellular vesicles (EVs) in cell-cell
communication in cardiovascular diseases and multiple
other disorders. EVs, loaded with signalling molecules
such as proteins, lipids and RNA, are involved in
numerous physiological and pathological processes [1].
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EVs and their molecular cargo, particularly miRNAs. If
applicable to EV research, it would render results of
studies using arterial and venous approaches to blood
sampling difficult to compare.

When analysing circulating miRNAs derived from
porcine whole blood samples by Next-Generation
Sequencing (NGS), 12 miRNAs with different arteriove-
nous expression levels were identified by Bai et al. [3].
Aligning matched arterial and venous rat plasma samples
using microarray techniques, altered expression levels of
24 miRNAs were detected in another study [4]. In con-
trast, identical protein expression was found in paired
arterial and venous human samples when comparing
serum biomarker levels using ELISA [5]. These data
indicate that arterial and venous blood samples may
have many similarities regarding protein and miRNA
content, but it cannot be ruled out that differences in
specific blood components might exist nonetheless.

Blood samples for diagnostic or research purposes are
usually drawn using peripheral venous access, whereas
arterial lines inserted for monitoring purposes are more
convenient and often preferred in critically ill patients
undergoing intensive care unit therapy or major surgery.
This may result in inherent differences in EV biomarker
validity and sensitivity when data from arterial and
venous samples are compared within a particular study
[6] or in a loss of information when only one type of
vascular access is used. Additionally, potential differences
in miRNA profiles render comparability of results across
studies that are based on either arterial or venous EVs and
other carriers of circulating miRNAs difficult. A more
detailed analysis of potential differences in EV morphol-
ogy and non-coding RNA load could provide informa-
tion on organ-specific effects, as arterial EV's pass through
the left ventricle and lungs whereas venous EVs may
more closely reflect the total venous return. Therefore, it
seems to be of considerable interest to systematically
analyse and compare circulating miRNAs sampled from
arteries and veins. In this study, we compared circulating
miRNA profiles in paired arterial and venous sera from
cardiac surgical patients using small RNA Sequencing
(small RNA-Seq). After detecting highly similar arterio-
venous miRNA expression in crude cell-free prepara-
tions, these findings were additionally validated in
purified EVs. Subsequent biological characterisation
failed to establish systematic differences in characteristics
of either crude preparations or purer EVs. The study was
performed in accordance with the MISEV guidelines [7].
Sequencing data were deposited with the European
Nucleotide Archive (http://www.ebi.ac.uk/ena/data/
view/PRJEB33261) and all relevant data of the experi-
ments were submitted to the EV-TRACK knowledgebase
(EV-TRACK ID: EV190051) [8]

Materials and methods
Study population

The study population consisted of 20 cardiac surgical
patients (n = 18 male and n = 2 female, age: 67.3 %
10.7 years, BMI: 28.8 + 5.9) with severe heart disease
(Table 1). Out of those patients, fifteen had coronary
artery disease requiring coronary artery bypass surgery
(CABQG) and five patients had combined heart valve dis-
ease and were scheduled for CABG and aortic or mitral
valve replacement. Fifteen patients had arterial hyperten-
sion, seven suffered from non-insulin-dependent diabetes
and five presented with mild preoperative renal function
impairment. Ten patients received beta-adrenergic
antagonists, seven were treated with angiotensin-
converting-enzyme inhibitors (ACE inhibitors) and twelve
were on statins or combinations of these compounds.

Sample collection

An arterial line (20 G, 8 cm polyethylene catheter,
Vygon, Aachen, Germany) was preoperatively intro-
duced into the radial artery. After induction of anaes-
thesia using the hypnotic agent propofol and the opiate
sufentanil, a central venous line (8.5 F, 16 cm, polyur-
ethane catheter with chlorhexidine coating, Arrow
International, Teleflex Medical GmbH, Fellbach,
Germany) was placed into the internal jugular vein.
Arterial and venous blood were simultaneously
sampled from the arterial line and the central venous

Table 1. Demographics and clinical characteristics of the study
population.

Age Height  Weight
ID Sex [yl [cm] [kq] BMI Disease Intervention
T M 83 176 80 25.83 CAD CABG
2 M 81 178 88 27.77 CAD CABG
3 M 60 180 89 27.47 CAD CABG
4 M 71 175 90 29.39 CAD CABG
5 F 75 174 63 20.81 CAD CABG
6 M 82 168 90 31.89 CAD CABG
7 M 74 172 85 28.73 CAD CABG
8 M 58 184 102 30.13 CAD, TAA  CABG + AAR
9 M 67 185 103 30.10 CAD CABG
10 F 58 158 100 40.06 MR MVR
1M1 M 66 183 70 20.90 AS AVR
12 M 57 186 161 46.54 Al AVR
13 M 65 177 88 28.09 CAD CABG
14 M 76 178 85 26.83 CAD CABG
15 M 82 182 98 29.59 CAD CABG
16 M 50 172 85 28.73 CAD CABG
17 M 59 177 88 28.09 MR MVR
18 M 64 166 65 23.59 CAD CABG
19 M 48 183 80 23.89 Al AVR
20 M 70 165 74 27.18 CAD CABG

BMI: body mass index; CAD: coronary artery disease; CABG: coronary artery
bypass grafting; TAA: thoracic aortic aneurysm; AAR: aortic arch replace-
ment; MR: mitral regurgitation; MVR: mitral valve replacement; AS: aortic
stenosis; AVR: aortic valve replacement; Al: aortic insufficiency; M: male; F:
female.



line. For each patient, blood at both sampling sites was
drawn into one 9 ml serum collection tube
(S-Monovette, Sarstedt ~ AG&Co, Niimbrecht,
Germany) each, allowed to clot for 30 min and subse-
quently centrifuged at 3,400 x g for 10 min at room
temperature (RT). Within 10 min of separation, serum
was aliquoted and stored at — 80°C.

Enrichment of crude cell-free RNA

Crude EVs were enriched from 1 ml serum using
a polymer-based precipitation method (miRCURY
Exosome Isolation Kit-Serum and Plasma, Exiqon,
Vedbaek, Denmark). Pellets were resuspended in the
provided resuspension buffer for subsequent RNA
extraction and downstream characterisation.

Total RNA was extracted from crude EVs with
either the miRCURY RNA Isolation Kit-Biofluids
(Exiqon, Vedbaek, Denmark) for NGS or the
miRNeasy Micro Kit (Qiagen, Venlo, The
Netherlands) for reverse transcription quantitative real-
time PCR (RT-qPCR), respectively. To increase the
yield of these samples, herein referred to as crude cell-
free RNA, eluates were reapplied to the membrane for
a second elution. Eluates were concentrated to
a volume of 8 ul for NGS and 5 ul for RT-qPCR by
applying vacuum-induced centrifugal evaporation
(Savant SpeedVac SC100, Savant Instruments Inc.,
Bloomberg, USA). RNA size distribution and yield
were assessed by capillary electrophoresis (2100
Bioanalyzer, RNA 6000 Pico Kit, Agilent
Technologies, Santa Clara, USA).

Validation of arteriovenous miRNA profiles in
purified EV samples

To validate our findings on crude cell-free RNA in EV
samples with higher purity, we performed additional
experiments using a subgroup of the initial patient
population (n = 14). In these experiments, crude EVs
were enriched from 1 ml arterial or venous serum
using precipitation as described above and further pur-
ified by size-exclusion chromatography (SEC,
qEVoriginal, Izon Bioscience, Cambridge, UK). Crude
EV pellets were resuspended in 500 pl Dulbecco’s
Phosphate Buffered Saline (DPBS) and loaded onto
qEV columns as per the manufacturer’s instructions.
The EV-containing fractions 7-9 were collected,
pooled and pelleted by ultracentrifugation for 2 h at
200,000 x g (Beckman Optima LE-80K Ultracentrifuge,
SW60 Rotor, k-factor 84.0, Brea, USA). Total RNA was
subsequently extracted from pellets using the
miRNeasy Micro Kit (Qiagen, Venlo, The

JOURNAL OF EXTRACELLULAR VESICLES 3

Netherlands). Preparation of sequencing libraries,
sequencing-by-synthesis and differential gene expres-
sion (DGE) analyses were performed as described
below. For EV characterisation experiments, pellets
were resuspended in 30 pl sterile-filtered DPBS or
lysed in 1x RIPA buffer (Abcam, Cambridge, UK).

Next-Generation Sequencing

The applied methods were previously described [6].
Briefly, complementary DNA (cDNA) libraries were
prepared from 6 pl of total RNA from arterial and
venous samples using the NEBNext Multiplex Small
RNA Library Prep Set for Illumina (New England
Biolabs Inc., Ipswich, USA). To compensate for low
RNA input and reduce the formation of primer dimers,
all adaptors and primers were diluted 1:2 in nuclease-
free water. After amplifying the cDNA products by
PCR, the concentration of ligation products corre-
sponding to miRNAs was determined on the 2100
Bioanalyzer using the DNA 1000 Kit (Agilent
Technologies, Santa Clara, USA). Whenever available,
8 ng of each bar-coded sample were pooled, and size
selection for ligation products equivalent to miRNAs
was subsequently performed using 4% agarose gel elec-
trophoresis. For samples with lower concentrations, the
total amount of cDNA was used for sequencing. After
purification of cDNA libraries (Monarch DNA Gel
Extraction Kit, New England Biolabs Inc., Ipswich,
USA) and quality control using capillary electrophor-
esis (2100 Bioanalyzer, DNA High Sensitivity Kit,
Agilent Technologies, Santa Clara, USA), small RNA-
Seq was performed in 50 cycles of single-end sequen-
cing using the HiSeq2500 (Illumina Inc., San
Diego, USA).

Data analysis

Small RNA-Seq data were processed as described pre-
viously [6]. In summary, FastQC (version 0.11.5) [9]
was used to evaluate sequence quality and length dis-
tribution. Using Btrim, adaptor sequences were
trimmed [10], and all reads lacking adaptors were dis-
carded. Additionally, reads shorter than 16 nucleotides
in length were excluded [11]. Reads that mapped to
sequences of ribosomal RNA (rRNA) and transfer
RNA (tRNA) obtained from RNAcentral were elimi-
nated from the data set [12]. The remaining reads were
aligned to miRNA sequences in the most recent version
(22) of miRBase [13] and subsequently to small nucleo-
lar RNA (snoRNA) and small nuclear RNA (snRNA)
sequences from RNAcentral. Mapping was accom-
plished with Bowtie [14] and the “best” alignment
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algorithm, allowing one mismatch for alignment to
both RNAcentral and miRBase. Subsequently, DGE
analyses were performed using the Bioconductor pack-
age DESeq2 (version 1.22.1) [15] for R (version 3.5.3)
with the included normalisation strategy based on
median ratios of mean miRNA expression and the
Benjamini-Hochberg method to correct for false dis-
covery. Setting a mean expression of > 50 reads
(baseMean), a log2 fold change (log2FC) |log2FC| = 1
and adjusted p-value (padj) < 0.05 as thresholds, no
differentially expressed miRNAs were detected. To
identify slightly regulated miRNAs, results from DGE
analyses were filtered with less stringent criteria
(baseMean = 50, |log2FC| = 0.5, padj < 0.1).

Results were tested for normal distribution using the
Shapiro-Wilk test. Data that were not normally distrib-
uted are reported as median and quartiles (Q25, Q75)
and were compared using the non-parametric Mann
Whitney U test. Normally distributed data were com-
pared using two-tailed, paired Student’s t-test and are
reported as mean + standard deviation (SD). A p-value
< 0.05 was regarded as statistically significant.

RT-qPCR

All miRNAs remaining differentially regulated after
filtering the crude cell-free NGS data were tested in
the same study population by RT-qPCR as described
previously [16]. To identify reference candidates, we
evaluated the most stably expressed miRNAs from
the small RNA-Seq dataset by geNorm [17] and
NormFinder [18]. Four ul RNA were used as start-
ing material for reverse transcription (miRCURY
LNA RT Kit, Qiagen, Venlo, The Netherlands).
After dilution of ¢cDNA (1:30), qPCR was performed
using the miRCURY LNA SYBR Green PCR Kit.
Individual miRCURY LNA miRNA PCR Assays
(Qiagen, Venlo, The Netherlands) were purchased
for miR-223-3p, miR-379-5p, miR-493-5p and miR-
542-3p as well as two reference miRNAs (miR-30d-
5p and miR-30e-5p, Table 2). qPCR reactions were
run on a Rotor-Gene Q thermal cycler (Qiagen,
Venlo, The Netherlands). Data were normalised
using the geometric mean of the reference miRNAs

Table 2. Mean Cq values for RT-gPCR reference genes and
statistical testing for arteriovenous differences using two-
tailed, paired student’s t-test.

miR-30d-5p [mean Cq + SD]

miR-30e-5p [mean Cq + SD]

Arterial 22.40 + 2.05 24,65 + 2.83
Venous 22.74 £ 2.12 25.53 £ 2.66
p-value p =048 p=0.13

SD: standard deviation.

and quantified relatively with the AACq method
[19]. Statistical significance was tested using two-
tailed, paired Student’s t-test with a significance
level of p < 0.05.

Nanoparticle tracking analysis

Size and concentration of extracellular particles in
crude and purified EV samples were determined by
Nanoparticle Tracking Analysis (NTA, ZetaView
PMX 110, Particle Metrix, Meerbusch, Germany).
The optical layout of this device is a 90 ° laser
scattering video microscope equipped with a digital
camera (640 x 480 px) and a 520 nm diode laser.
Two cycles of videos were recorded, each by scanning
11 distinct positions in the cell cross section applying
at a frame rate of 30 fps. The temperature was
adapted to 21°C for all measurements. Settings were
optimised by adjusting the minimum brightness to
20, the shutter to 70 and the sensitivity to 85%. Post-
acquisition parameters were set to min size 5 and
max size 1000. All samples were diluted to an appro-
priate concentration for particle measurements in
sterile-filtered DPBS. Videos were analysed with the
ZetaView 8.04.02 software, tracking at least 500 par-
ticles per sample. At maximum three positions per
sample were excluded from analysis. Original particle
concentrations per ml serum were calculated as
described elsewhere [20]. Statistical significance was
tested using two-tailed, paired Student’s t-test with
a significance level of p < 0.05.

Transmission electron microscopy

Two pl of crude and purified EV samples were
diluted 1:5 in sterile-filtered DPBS and adsorbed
for 20 min onto formvar/carbon-coated 200 mesh
nickel grids (Electron Microscopy Sciences,
Hatfield, USA). Grids were fixed with 2 % parafor-
maldehyde for 20 min, washed in sterile-filtered
DPBS and fixed with 1% glutaraldehyde for 5 min.
Following washing in ultrapure water, negative
staining was performed in 0.2 um filtered 4% uranyl
acetate (UA; Sigma-Aldrich, St. Louis, USA) for
5 min. Grids were embedded in 0.4% UA/1.8%
methyl cellulose for 10 min in the dark and air-
dried. Particle morphology was illustrated by
Transmission Electron Microscopy (TEM) using
a Zeiss EM900 (Carl Zeiss Microscopy GmbH,
Jena, Germany) with a wide-angle dual speed
2KCCD camera at 80 kV.



Western blot analysis

To assess potential differences in EV marker expression,
crude EVs were precipitated from arterial and venous sera
and purified by SEC as described above. Resulting pellets
were subsequently lysed on ice in 30 pl 1x RIPA buffer
(Abcam, Cambridge, UK) containing protease inhibitors
(cOmplete Mini Protease Inhibitor Cocktail, Roche, Basel,
Switzerland) for 15 min. Half the lysate was used for
reducing and non-reducing SDS-PAGE, respectively. To
enhance the dissolution of EVs, samples were sonicated
using an ultrasonic bath three times for 1 min each.
Immunoblotting was performed under reducing condi-
tions for syntenin, alix, calnexin (CNX), apolipoprotein
Al (ApoAl) and serum albumin and non-reducing con-
ditions for CD63 and CD81. Lysates were either heated for
10 min at 70°C in reducing Laemmli buffer (Bio-Rad,
Hercules, USA) containing p-Mercaptoethanol (Sigma-
Aldrich, St. Louis, USA), or incubated for 20 min at RT
in non-reducing Laemmli buffer (Bio-Rad, Hercules,
USA). After separation on NuPAGE 4-12% Bis-Tris Gels
(Invitrogen, Carlsbad, USA), proteins were transferred to
0.45 pm nitrocellulose membranes (GE Healthcare Life
Sciences, Chicago, USA). Membranes were blocked with
1% non-fat milk powder in phosphate buffered saline with
tween for 1 h at RT and incubated with primary antibodies
at 4°C overnight. After triplicate washing with blocking
buffer, appropriate horseradish peroxidase coupled sec-
ondary antibodies were added to the membranes for 1 h
at RT. Following another three washing steps, blots were
imaged using the Clarity Western ECL Blotting Substrate
Kit (Bio-Rad, Hercules, USA). Primary antibodies were
purchased from Abcam (rabbit anti-Syntenin clone
EPRS8102, 1:5,000, ab57113, 1:250; mouse anti-CD63,
clone TS63, ab59479, 1:500; rabbit anti-ALIX clone
EPR15314-33, ab186728, 1:1000; mouse anti-CD81, clone
M38, ab79559, 1:1000; rabbit anti-ApoAl, clone EP1368Y,
ab52945, 1:1000; mouse anti-Human Serum Albumin,
clone 1A9, ab37989, 1:2000, Cambridge, UK) and Biomol
(goat anti-Calnexin, WA-AF1179a, 1:2,500, Hamburg,
Germany). Secondary antibodies were obtained from
Abcam (goat anti-Mouse HRP, ab97040, 1:10,000, goat
anti-Rabbit, ab97080, 1:10,000, rabbit anti-Goat HRP,
ab97105, 1:10,000, Cambridge, UK). HEK293 cell lysate
(OriGene, LY500001, Rockville, USA, 10 ug), recombinant
human ApoA1l (Abcam, ab50239, Cambridge, UK, 50 ng),
and HepG2 cell lysate (Abcam, ab7900, Cambridge, UK,
30 pg) were used as positive controls.

Ethics approval and consent to participate

Approval of the study was granted by the Ethics
Committee of the Medical Faculty of the Ludwig-
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Maximilians-University of Munich under Protocol
#551-14. All samples from this study were anonymised
during analyses. The study was conducted in accor-
dance with approved guidelines and written informed
consent for publication of blinded individual person’s
data was obtained from each participant.

Results

RNA profiles and sequencing library composition of
arterial and venous samples are highly similar

Using capillary electrophoresis to characterise crude
cell-free and EV RNA profiles, major differences in
RNA quantities between individual patients, but not
arterial and venous specimens, were revealed. The
median amount of total RNA in crude EVs precipitated
from 1 ml serum was 16.32 (10.58-29.95) ng for arter-
ial specimens and 11.95 (9.54-26.2) ng for venous ones,
and there was no statistically significant difference
between the groups (p = 0.61). In EVs additionally
purified by SEC, the median vyield was 2.01
(1.40-2.78) ng and 1.53 (0.95-3.14) ng for arterial
and venous EVs, respectively. RNA yields from arterial
and venous EVs were not significantly different
(p = 0.53).

As evidenced by high Phred scores, technical
sequencing quality was excellent for all arterial and
venous libraries. ~Phred scores were 38.06
(29.38-38.97) for arterial and 38.02 (28.56-38.98) for
venous crude cell-free samples, respectively. In the
experiments using additionally purified EVs, Phred
scores were 39.12 (39.06-39.15) for arterial EVs and
39.12 (39.02-39.15) for venous EVs. For crude cell-free
samples, library sizes as well as proportions of miRNA
reads were very similar for specimens from both sam-
pling sites (Figure 1(a)). Arteriovenous differences
were not statistically different for either library sizes
(p = 0.69) or number of mapped miRNAs (p = 0.90).
When comparing library sizes of crude and purified
samples, there were no significant differences for arter-
ial (p = 0.88) or venous (p = 0.89) samples. With the
caveat that different RNA isolation kits were used for
crude and purified EVs, the latter yielded significantly
lower numbers of miRNA reads for both arterial
(p = 1.14E-6) and venous (p = 4.72E-8) specimens
(Figure 1(b)). Within purified EVs, neither library
sizes (p = 0.39) nor miRNA reads (p = 0.66) were
significantly different between arterial and venous
samples.

These apparently sample type-specific differences
were further substantiated in the detailed mapping
statistics (Figure 2). Purified EVs presented lower
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Figure 1. Library sizes (dots) and mapped miRNA reads (squares) for arterial (red) and venous (blue) crude cell-free samples (a) and
samples additionally purified by SEC (b). All data are absolute numbers of reads. Lines indicate mean per-group read counts.
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Figure 2. Mapping distribution for crude cell-free samples (a) and samples additionally purified by SEC (b). Statistics of reads
mapped to major classes of non-coding RNAs. Read counts are visualised as relative frequencies of total library sizes. Mapping rates
for miRNAs were 44.20 + 9.96% (arterial crude samples), 46.39 + 11.46% (venous crude samples), 9.51 + 5.03% (arterial purified EVs)

and 10.48 + 4.55% (venous purified EVs).

frequencies of miRNA mapping and an increased share
of reads mapping to rRNA and reads that did not align
to any of the major small RNA classes (miRNA, tRNA,
snoRNA, snRNA). Relative miRNA frequencies were
44.20 + 9.96% (arterial crude cell-free samples), 46.39 +
11.46% (venous crude cell-free samples), 9.51 + 5.03%
(arterial purified EVs) and 10.48 + 4.55% (venous
purified EVs). There were no apparent arteriovenous
differences in small RNA mapping for crude cell-free
(Figure 2(a)) or purified (Figure 2(b)) samples.

Arterial and venous miRNA profiles overlap
significantly in crude and purified samples

Overall miRNA expression was first assessed in
exploratory data analysis. In both sample types, arterial
and venous miRNA profiles correlated extremely well
(Figure 3). Coefficients of determination for all
detected miRNAs were 0.9923 and 0.9992 in crude
(Figure 3(a)) and purified (Figure 3(c)) samples,
respectively. The same stringent correlation was
observed for miRNAs with lower expression levels (<

1E4 reads) in both crude (0.9948, Figure 3(b)) and
purified (0.9943, Figure 3(d)) samples.

Unsupervised clustering of miRNA expression
further highlighted similarities between arterial and
venous samples. As visualised by principal component
analysis (Figure 4(a and c)), expression profiles in
arterial and venous specimens overlapped considerably
for both crude cell-free samples and purified EVs. In
hierarchical clustering analysis, arterial and venous
samples did not cluster systematically. While crude
EVs clustered by patient ID rather than sampling site,
this trend was less pronounced for additionally purified
samples (Figure 4(b and d)), still indicating that indi-
vidual person-to-person variation might be more pro-
nounced than the variability introduced by sampling
arterial or venous blood. This hypothesis was further
strengthened as the variability of highly expressed
miRNAs in arterial and venous samples within patients
was generally lower than their variability in arterial and
venous samples across patients for both crude cell-free
samples and purified EVs (Figure 5).

Applying our standard stringent DGE filtering criteria
(baseMean > 50, |log2FC| > 1 and padj < 0.05) to
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respectively).

expression profiles in crude cell-free samples, no signifi-
cantly regulated miRNAs were detected. Only with less
stringent filtering criteria (baseMean > 50, |log2FC| > 0.5,
padj < 0.1) could we identify a subset of four miRNAs
(miR-223-3p, miR-379-5p, miR-493-5p, miR-542-3p) to
be differentially expressed (Figure 6(a)). Although all four
miRNAs displayed an overall trend towards higher arterial
expression, contradictory higher venous expression was
detected in individual specimens. With an upregulation
of 1.60-fold in arterial samples, miR-493-5p displayed the
largest regulation of all miRNAs. Out of the four upregu-
lated miRNAs, only miR-493-5p was significantly
(p = 1.4E-3) higher expressed in arterial specimens (fold
change 2.37) in the subsequent RT-qPCR validation
(Figure 6(b)). In SEC-purified EVs, no miRNAs with sig-
nificant arteriovenous differences were detected using
either set of filtering criteria detailed above. Additionally,
none of the other non-coding RNA classes assessed in this
study (rRNA, snRNA, snoRNA, tRNA) displayed any sig-
nificant expression differences between samples from
arterial and venous sera for either crude or purified EVs.
In summary, patient-specific inter-sample variation was
high, while overall differences in arterial versus venous
samples were marginal. This implies that in our cohort,
small RNA-Seq data from both crude and purified EVs
were not able to distinguish between arterial and venous
serum samples.

Extracellular particles and EVs in arterial and
venous sera display eminently comparable
physiochemical characteristics

The concentration, size and morphology of extracellular
particles in crude preparations and purified EVs were
assessed to investigate potential arteriovenous differ-
ences. Nanoparticle tracking analysis revealed that arter-
ial crude and purified EVs were marginally smaller, albeit
with size differences bordering on the margin of error for
NTA technologies [21]. Extracellular particles in crude
arterial and venous samples had mean diameters of
113.20 + 8.30 nm and 117.15 + 6.20 nm and median
diameters of 97.85 + 8.02 nm and 101.27 + 6.20 nm,
respectively (Figure 7(a)). Particle concentrations were
6.71E11 £ 4.53E11 particles/ml serum in arterial and
7.27E11 + 4.33E11 particles/ml serum in venous crude
specimens (Figure 7(c)). Purified EVs had mean dia-
meters of 138.54 + 10.18 nm (arterial) and 147.54 +
6.84 nm (venous) and median diameters of 123.78 =+
9.72 nm (arterial) and 132.00 + 6.22 nm (venous, Figure
7(b)). NTA of purified EVs revealed overall lower particle
concentrations compared to crude preparations. Arterial
and venous purified EVs had particle concentrations of
1.30E+09 + 1.13E+09 particles/ml serum and 1.38E+09 +
8.18E+08 particles/ml serum, respectively (Figure 7(d)).
Using electron microscopy, we detected EV-like particles
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with diameters of approximately 100 nm in arterial and
venous samples for both isolation protocols (Figure 7(e
and f)). SEC-purified samples were analysed by immuno-
blotting to substantiate potential arteriovenous differ-
ences in EV protein markers (Figure 7(g)). While the

commonly used EV protein markers alix, CD63, syntenin
and CD81 were equally detected in arterial and venous
samples, the negative marker CNX was not detected,
indicating the absence of contamination with cellular
fragments. However, contaminations of by SEC-purified



JOURNAL OF EXTRACELLULAR VESICLES 9

T a miR-223-3p miR-379-5p miR-493-5p miR-542-3p
3 pad=0.034 padj=0.053 padj=0.055 padj=0.055
2 Iog2FC=0.57 10g2FC=0.61 10g2FC=0.68 10g2FC=051
2 10004 1000 1000 10004
£
3 1004 100 100 1004
H
e 104 10 10 104
3
k- 14 1 1 14
E An;r!al Vnnlous Art;rial Van'ous Am‘arlal Venlous Artérlal Vonlous
b miR-223-3p miR-379-5p miR-493-5p miR-542-3p
0- NS 15 NS 15 p=0.0014 15 NS
10g2FC=0.11 10g2FC=0.27 Tog2FC=1.24 10g2FC=0.28
g 7
10 10 10
k-
£ 9 5 5 5
z 84
-10 0 0 0

Arterial Venous Arterial Venous

Arterial Venous Arterial Venous

Figure 6. Significantly regulated miRNAs from NGS and validation by RT-qPCR. lllustration of four miRNAs differentially regulated
between arterial and venous crude samples from NGS (a). Normalised read counts were plotted for each paired arterial and venous
specimen. Individual changes in miRNA expression are indicated by lines. All miRNAs displayed a slight overall tendency of higher
expression in arterial samples, albeit with reversed trends for some patients. padj: adjusted p-value; log2FC: log2 fold change.
lllustration of normalised Cq values from the subsequent RT-qPCR validation (b). Only miR-493-5p showed significantly higher
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542-3p, n = 10; NS: not significant.

samples with high-density lipoproteins (ApoAl) and
highly abundant serum proteins (albumin) were present
to the same extent in EVs isolated from arterial and
venous blood. Since SDS-PAGE input was normalised
to serum volume (instead of EV protein amount), differ-
ently pronounced protein bands were detected due to
varying levels of marker proteins across individual
patients. Our data indicate that specimens from arterial
and venous sera have highly similar biological character-
istics on both the level of overall extracellular particles
and the level of purified EVs.

Discussion

As central players in liquid biopsies, EVs hold great
promise for diagnosis, prognosis and therapeutic gui-
dance. However, the isolation, study and characterisa-
tion of EVs is often challenging, as they are small-sized,
and only limited quantities can usually be obtained
from patient-derived samples [22]. To avoid the influ-
ence of confounding variables on blood miRNA pro-
files, collection tubes, preparation, handling and
storage of samples should be standardised [23]. The
formation of platelet-derived EVs was shown to occur
as a response to platelet activation [24] induced by
surface contact, pressure and high shear stress [25,26]
during blood sampling. Therefore, it is recommended
to standardise needle bore size, diameter, length of the
sampling system and sampling site [26]. Since
a significant impact on miRNA expression profiles
has been shown for different EV isolation methods

[6] and sequencing methodologies [27], these para-
meters should also be considered, especially when com-
bining multiple datasets. While cell-free miRNAs that
robustly indicate disease states are still valuable bio-
marker candidates regardless of their association with
EVs, and impurities in EV preparations were shown to
have little impact on downstream nucleic acid quanti-
fication [28], specific diseases and clinical questions
might require additional validation using more EV-
specific isolation methods such as density gradient
centrifugation. As demonstrated previously, serum EV
precipitates contain a significant amount of cell-free
proteins, which might include well-known carriers of
circulating miRNAs such as argonaute 2 or lipoprotein
particles [29-31]. We therefore characterised miRNA
profiles in both crude and additionally purified samples
to assess potential carrier-specific arteriovenous differ-
ences. As some lipoproteins overlap in size with EVs
[32], samples purified by SEC still contain a certain
amount of contamination [33], which was also shown
in the current study. Despite previously reported vari-
ables that can influence the diagnostic potential of EVs,
only minor differences between paired arterial and
venous miRNA profiles were observed in samples
with lower and higher purity, and extracellular particles
from both compartments appeared to have highly simi-
lar biological properties.

Since blood flows from pulmonary to systemic cir-
culation, it is conceivable that arterial blood is enriched
with biomolecules from lung cells or the left ventricle
when compared to venous blood. In our study,
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mean (+) particle diameters. Median diameters of crude EVs from arterial and venous serum did not differ significantly (p = 0.056),
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serum by NTA in crude (n = 20, ) and purified samples (n = 5, d). No significant changes in particle numbers could be detected for
arterial and venous crude (p = 0.059) and purified EVs (p = 0.650). Lines indicate mean. lllustration of spherical EV-like extracellular
particles with a size of about 100 nm by TEM for crude (e) and purified samples (f). Matched specimens from n = 3 individuals were
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ApoA1 and serum albumin, respectively.

however, we only found a minor subset of slightly
differentially expressed miRNAs, while the majority of
arterial miRNAs matched the expression levels in
venous samples. The fact that different RNA extraction
kits were used for NGS and RT-qPCR in the experi-
ments on crude samples might have resulted in diver-
gent miRNA recovery [34], and therefore could have
affected results for the technical validation of candidate
miRNAs.

As light scattering-based methods of EV quantifica-
tion are prone to detecting nonvesicular particles such
as lipoproteins, which outnumber circulating EVs by
orders of magnitude, they most likely overestimate EV
concentrations [32]. In accordance with previous find-
ings by our group [6], the reduced frequencies of
miRNA mapping in SEC-EVs observed in this study
might therefore be due to the removal of nonvesicular
miRNA carriers or larger EVs by the additional pur-
ification step. While it seems likely that lower miRNA

yields in purified samples stem from the fact that the
less specific precipitation method also captured
miRNAs not associated with EVs, it needs to be men-
tioned that different RNA extraction kits were used in
experiments on crude preparations and SEC-EVs.
Technical biases brought about by the respective
extraction chemistry might therefore have partly con-
tributed to the quantitative miRNA differences
between the two sample types used in this study.

Emphasis should also be put on the fact that we only
studied serum, but not plasma samples. As a by-product
of coagulation, it has been shown that serum RNA con-
centrations might be higher, and that sera are enriched in
cell-free platelet-derived miRNAs when compared to the
corresponding plasma samples [35]. Therefore, perform-
ing the same experiments using platelet-free plasma might
result in arterial and venous differences, which possibly
have been obscured due to high platelet-derived RNA
content in the serum samples from our study.



Another limitation of our study results from the fact
that we only studied patients with severe heart disease,
and this conclusion may not be applicable to all indi-
viduals and all disorders. Additional arteriovenous
comparisons need to be performed in patients showing
specific pathologies (e.g. patients with severe pulmon-
ary disease). Nevertheless, it seems feasible to use either
arterial or venous serum in the majority of miRNA-
based EV biomarker studies with comparable results.
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Abstract

Cell-free microRNAs (miRNAs) are transferred in disease state including inflamma-
tory lung diseases and are often packed into extracellular vesicles (EVs). To assess
their suitability as biomarkers for community-acquired pneumonia (CAP) and severe
secondary complications such as sepsis, we studied patients with CAP (n = 30), sep-
sis (n = 65) and healthy volunteers (n = 47) subdivided into a training (n = 67) and a
validation (n = 75) cohort. After precipitating crude EVs from sera, associated small
RNA was profiled by next-generation sequencing (NGS) and evaluated in multivari-
ate analyses. A subset of the thereby identified biomarker candidates was validated
both technically and additionally by reverse transcription quantitative real-time PCR
(RT-gPCR). Differential gene expression (DGE) analysis revealed 29 differentially
expressed miRNAs in CAP patients when compared to volunteers, and 25 miRNAs
in patients with CAP, compared to those with sepsis. Sparse partial-least discrimi-
nant analysis separated groups based on 12 miRNAs. Three miRNAs proved as a
significant biomarker signature. While expression levels of miR-1246 showed sig-
nificant changes with an increase in overall disease severity from volunteers to CAP
and to sepsis, miR-193a-5p and miR-542-3p differentiated patients with an infec-
tious disease (CAP or sepsis) from volunteers. Cell-free miRNAs are potentially novel
biomarkers for CAP and may help to identify patients at risk for progress to sepsis,

facilitating early intervention and treatment.
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1 | INTRODUCTION

According to the World Health Organization's global health es-
timates, lower respiratory infections are the fourth leading global
cause of deaths and the most deadly communicable disease, caus-
ative for three million deaths worldwide in 2016. With the current
SARS-CoV-2 pandemic, this fact has very recently been brought
to worldwide attention. Data from a prospectively followed multi-
centre trial revealed an overall mortality of 17.3% for patients with
CAP within an 18 months follow-up.? Despite the introduction of
antibiotic therapies in the 1950s, pneumonia mortality has not de-
creased substantially,® and sepsis, septic shock or acute pulmonary
failure (eg acute respiratory distress syndrome, ARDS) are frequent
secondary complications.*®

At present, initial pneumonia diagnosis is based on suggestive
clinical features such as fever, shortness of breath, sputum produc-
tion, cough and leukocytosis supplemented by evidence of pulmo-
nary consolidation found in chest X-rays or computed tomography
(CT) if required in order to arrive at a final diagnosis. To improve
management and treatment of pneumonia, supporting microbio-
logical and virological tests from throat swabs, sputum or blood
cultures might be indicated to identify the responsible pathogen(s)
and to allow targeted antimicrobial or antiviral therapy. This can
be supported by urine antigen tests, molecular assays, serology or
bronchoscopy in selected cases. Blood biomarkers such as procal-
citonin (PCT), C-reactive protein (CRP), Interleukin-6 (IL-6), white
blood cell count and lactate®” are commonly used to differentiate
between patients with pneumonia and individuals with pneumonia
at risk for sepsis. Scoring systems including the Confusion, Blood
Urea, Respiratory Rate, Blood Pressure, Age > 65 (CURB-65) score
8 are applied in patients with pneumonia to simplify site-of-care
decisions such as outpatient treatment vs. hospital and intensive
care unit (ICU) admission and to facilitate the decision whether to
prescribe antibiotics or not.® However, the sensitivity and speci-
ficity of these scoring systems are limited.” The reliable diagnosis
of pneumonia can be a time-consuming and complex process. It is
particularly challenging in high-risk groups10 such as the elderly or
infants, which often present with atypical symptoms and are at an
increased risk for sepsis or acute pulmonary failure as secondary
complications.

At present, there are no valid and reliable biomarkers allowing an
on-site diagnosis and the identification of high-risk patients.

Circulating EVs are a heterogeneous group of small-sized
membranous vesicles that are loaded with biomolecules, partic-
ularly proteins, lipids and diverse types of nucleic acids and are
exchanged in cell-cell signalling during various physiological and
pathological processes.’! EV-associated miRNAs are key regu-
lators in the pathogenesis of infectious and non-infectious pul-
monary disorders.'?*> Therefore, differential miRNA expression
in EV samples from liquid biopsies may indicate the presence of
an inflammatory lung disease and discriminate between different
16,17

disease stages or even predict the course of the disease. miR-

NAs might reflect progression from physical health, to mild and

more severe forms of pneumonia.18 Additionally, EVs from sepsis
patients contain miRNAs and messenger RNAs (mRNAs) related
to disease-associated pathways, such as inflammatory response,
oxidative stress and cell cycle regulation.'’

Therefore, extracellular miRNAs might be attractive diagnostic
biomarkers for pulmonary inflammation and prognostic indicators
for disease progression.

In the present study, we identified cell-free miRNA biomarker
candidates by high-throughput small RNA sequencing (small RNA-
seq) to differentiate between patients with CAP and healthy volun-
teers, and to distinguish CAP patients from those with sepsis. The
candidate biomarker signature was first technically validated by RT-
gPCR in the same training cohort of individuals and subsequently

confirmed in a second, independent validation cohort.

2 | METHODS
2.1 | Study population

A total of 142 individuals were studied. Of those, 30 patients had
CAP, 65 had sepsis and 47 healthy volunteers served as controls.
The samples were subdivided into a training and a validation cohort.
The training cohort included 67 individuals: twelve had CAP, 28 had
sepsis (23 patients were in septic shock) and 27 were volunteers.
The validation cohort consisted of 75 individuals: 18 with CAP, 37
with sepsis (30 patients were in septic shock) and 20 were volun-
teers. Patients with CAP were recruited consecutively from the
emergency room of the Munich University academic centre located
at the Ludwig-Maximilians-Universitat (LMU) hospital. Sepsis pa-
tients were enlisted serially from the ICUs of the LMU hospital and
the Neuperlach Community Hospital of Munich. Healthy volunteers
were enrolled by advertisement and from hospital staff. Inclusion
and exclusion criteria for the study subgroups are presented in detail
in Table S1 of the online supplement.

CAP was defined as the presence of clinical symptoms such as
fever, cough and respiratory impairment in addition to a CURB-65
score for pneumonia severity >18 and the demonstration of pulmo-
nary infiltrates on chest X-rays or CT scans according to the Clinical
Practice Criteria of the American Thoracic Society of America (2019 ver-
sion).2° Sepsis was defined in agreement to the updated consensus
definition of the Third International Task Force for Sepsis and Septic
Shock (Sepsis-3)%! and diagnosed by using all available information
(including imaging, antibiotic response and surgical findings). The
final diagnosis of sepsis was made by experienced ICU and emer-
gency room clinicians without prior knowledge of the results of the
molecular studies.

The PCT plasma concentration was measured using a commer-
cially available ELISA test (Brahms Procalcitonin Assay, Thermo
Fisher Diagnostics GmbH, Hennigsdorf, Germany). IL-6 levels, neu-
trophil gelatinase-associated lipocalin (NGAL) and CRP were quanti-
fied using the Multiplex Hybcell Technology (Cube Dx GmbH, 4300
St. Valentin, Austria).
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2.2 | Blood sampling

Blood from ICU patients was drawn from 20 gauge catheters within
the radial artery (8 cm polyethylene catheter, Vygon, Aachen,
Germany) on the day of admission to the ICU, while patients with
CAP and healthy volunteers were sampled by venipuncture using
21-gauge needles (Safety-Multifly, Sarstedt AG & Co, Nimbrecht,
Germany). We recently showed, that arterial vs. venous blood sam-
pling has insignificant effects on EV miRNA expression.?? Blood
was drawn into 9 ml serum collection tubes (S-Monovette, Sarstedt
AG&Co, Niimbrecht, Germany) each, allowed to clot for 30 minutes
and centrifuged at 3400 g for 10 minutes at room temperature (RT).
Within 10 minutes of separation, serum was aliquoted and immedi-
ately stored at -80°C.

2.3 | Sample preparation

Samples were processed according to the manufacturer's proto-
cols. Crude EVs were precipitated (miRCURY Exosome lIsolation
Kit-Serum and Plasma, Qiagen, Venlo, the Netherlands) from ei-
ther 1 ml (small RNA-seq in the training cohort and additional RT-
gPCR confirmation in the validation cohort) or 0.75 ml (technical
RT-gqPCR validation in the training cohort) of serum, respectively.
As previously shown by our group, in contrast to other EV isola-
tion methods, precipitation allows for reliable separation of sepsis
patients and healthy volunteers in small RNA-seq analyses.?® As
precipitation co-isolates cell-free non-EV miRNA carriers, such
as high- and low-density lipoproteins, argonaute-2 protein com-
plexes and others,?*?° it should be noted that miRNAs from this
study are not exclusively EV-derived. Samples were therefore
designated as crude EVs. After extracting cell-free total RNA, size
distribution and yield were assessed by capillary electrophoresis
using the RNA 6000 Pico Kit on the 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, USA). The miRNeasy Serum/Plasma
Advanced Kit (Qiagen, Venlo, The Netherlands) was used for small
RNA-seq, whereas the NucleoSpin miRNA Plasma Kit (Macherey-
Nagel GmbH & Co. KG, Diiren, Germany) was applied for RT-qPCR
experiments. Elution steps were performed twice to increase RNA
yields. After vacuum-induced centrifugal evaporation, RNA was
diluted in 8 pl of nuclease-free water for small RNA-seq and 9 ul
for RT-gPCR experiments, respectively. Differences in RNA con-
centrations were tested with the non-parametric Mann-Whitney
U test using Graphpad Prism (version 8.3.0) and were reported as

median values and quartiles (interquartile range, IQR).

2.4 | Small RNA sequencing

As described previously,? libraries were prepared with the NEBNext
Multiplex Small RNA Library Prep Set for lllumina (New England
Biolabs Inc, Ipswich, USA). Six ng of each cDNA library, as well as

total libraries for samples with lower concentrations were pooled.

Single-end sequencing ran in 50 cycles on the HiSeq2500 (lllumina
Inc, San Diego, USA).

Quality control of small RNA-seq data, trimming of adaptor se-
quences and alignment of reads was performed as described be-
fore.?? Only samples with a minimum of 1 million reads altogether and
15% of miRNA reads in relation to total library size were included for
analyses. DGE analysis was conducted by DESeq2 (version 1.22.1)
26 for R (version 3.5.1) with the implemented normalisation strat-
egy based on library size correction and the Benjamini-Hochberg
method to correct for the false discovery rate (FDR). miRNAs were
filtered by setting a mean expression across all samples of 250 reads
(baseMean), a minimum twofold up- or down-regulation (log2 fold
change, log2FC 21 or log2FC < -1) and adjusted P-value padj < 0.05.
miRNAs that failed to be detected in more than one sample per
group were removed prior to selecting the most drastically dys-
regulated miRNAs based on log2FC. Unsupervised clustering was
performed by principal component analysis (PCA). Additionally,
after filtering small RNA-seq data for baseMean 2500, supervised
clustering was performed by sparse partial-least-squares discrimi-
nant analysis (sPLS-DA) with four components and maximum five
features each using mixOmics?’ to assess the minimal number of
miRNAs required to separate groups. Combining data from both,
DGE analysis and sPLS-DA, a subset of candidate miRNAs serving
as a whole biomarker signature was selected. Statistical significance
of RNA mapping was tested with the non-parametric Kruskal-Wallis
test followed by Dunn's multiple comparison test using Graphpad
Prism (version 8.3.0). Relative mapping frequencies were reported

as mean values + standard deviation.

2.5 | RT-qPCR validation

The most stably expressed miRNAs among all groups were evaluated
from the NGS data set as potential reference miRNAs by NormFinder.?
Validations of the biomarker signature were performed by RT-gPCR
using the LNA-optimized miRNA PCR system (miRCURY LNA RT kit,
miRCURY LNA SYBR Green PCR kit, Qiagen, Venlo, the Netherlands).
For reverse transcription, 6.5 ul of cell-free total RNA was used as
template for cDNA synthesis. gPCR reactions were prepared accord-
ing to the manufacturer's recommendation with the appropriate miR-
CURY LNA miRNA PCR Assays (Qiagen, Venlo, the Netherlands) for
the biomarker candidates and the reference miR-30d-5p. The UniSpé
assay (Qiagen, Venlo, the Netherlands) was used as control for cDNA
synthesis and PCR amplification. gPCR reactions were run in trip-
licates on a ViiA 7 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, USA) with the low ROX reference dye (Qiagen, Venlo, the
Netherlands). Amplification plots and melting curves were analysed
using the QuantStudio Real-Time PCR Software (version 1.3, Applied
Biosystems, Waltham, USA). Assays with insufficient signal detec-
tion were excluded. Only samples with Cq (cycle quantification) val-
ues lower than 38 cycles in at least two replicates were included for
analyses. Mean Cq values were quantified relatively with the AACq
method.?’ Statistical analyses of data were performed by Graphpad
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Prism (version 8.3.0) using the non-parametric Kruskal-Wallis test fol-
lowed by Dunn's multiple comparison test. miRNA expression levels
from small RNA-seq and RT-qPCR experiments were compared by
Spearman's rank-order correlation. Spearman's r and 95% confidence
intervals were reported. Additionally, group classification of RT-gPCR
data from the independent validation cohort was performed based on
partial-least-squares discriminant analysis (PLS-DA) of RT-qPCR data
from the training cohort. Expression values of validated miRNAs were

depicted as median and IQR.

2.6 | Statistical analysis of demographics and
clinical data

Demographic characteristics and clinical data were compared using
the non-parametric Mann-Whitney U test or in case of more than
two groups by ANOVA on Ranks followed by Dunn's post hoc test.
The chi-square or Fisher's exact test was used for comparison of
categorical variables. Expression levels of significantly regulated
miRNAs from the NGS and the qPCR confirmation analysis were
correlated with demographic and clinical data from CAP and sep-
sis patients of the training and validation cohorts by calculating the
non-parametric Spearman's Rank Order correlation.

Data analysis was performed using Python version 3.7 (Python
Software Foundation, Beaverton, USA) and SPSS (IBM SPSS
Statistics for Windows, version 25; IBM Corp., Armonk, NY, USA).
Data in the text and in tables are reported as median and IQR. All
statistical tests were two-tailed, and a P-value <0.05 was considered

statistically significant.

2.7 | ldentification of pathways relevant to
community-acquired pneumonia

Ingenuity Pathway Analysis (IPA, Spring version 2020, Qiagen
Bioinformatics, Redwood, USA) was used for the in silico identifica-
tion of gene targets and causal networks from the high-throughput
miRNA expression data of the training set (n = 67 patients). Only the
29 miRNAs meeting the predefined cut-off values (baseMean 250,
log2FC 21 or log2FC =< -1 and padj <0.05) were entered into IPA,
and only experimentally confirmed relationships were considered
for the identification of miRNA targets and the characterisation of
regulatory effects. Possible gene targets were identified using the
IPA ‘microRNA Target Filter’ to identify target genes and to construct
networks of relevance to CAP. Disease filtering was set to ‘infectious
disease’, and the network for ‘cellular and humoral immune response’
was selected.

2.8 | Ethics approval and consent to participate

Approval of the study was granted by the Ethics Committee of the
Medical Faculty of the Ludwig-Maximilians-University of Munich

WILEY-—27

under Protocol #551-14. All samples were anonymised during analy-
ses. The study was conducted in accordance with approved guide-
lines, and written informed consent to participate was obtained from
each participant or the patient's legal representative.

3 | RESULTS
3.1 | Study population

Demographic data of patients with CAP were comparable to healthy
volunteers with regard to Body Mass Index, but healthy individu-
als were significantly younger than patients with CAP (50.0, 45.5-
53.0 years vs. 73.0, 63.2-81.0 years, P < 0.001). Patients with CAP
and sepsis from the training and validation cohorts were comparable
with no significant differences in demographic and treatment data
(see Tables S2 and S3 of the supporting information). Patients with
sepsis were significantly younger and had significantly higher plasma
concentrations of the inflammatory markers PCT, CRP, NGAL and
IL-6 at ICU admission and a significantly longer duration of hospital
stay than patients with CAP (see Table S4 of the online supplement

for details).

3.2 | RNAvyield, sequencing quality and mapping
distribution

As different RNA isolation kits might influence miRNA recovery and

composition of RNA 303!

yields of crude EVs precipitated from 1 ml
serum diverged with respect to individual variation and the isola-
tion method. With 22.30 (8.18-56.28) ng, the median amount of
total RNA across all groups was significantly higher (P = 0.003) in
the validation cohort, when compared to the 11.45 (4.67-24.10) ng of
the training cohort. The median amount of total RNA extracted from
the training cohort using the miRNeasy Serum/Plasma Advanced Kit
(Qiagen, Venlo, the Netherlands) was 7.26 (1.00-11.45) ng for vol-
unteers, 11.26 (2.73-30.71) ng for CAP patients and 20.04 (11.94-
64.60) ng for patients with sepsis. With the NucleoSpin miRNA
Plasma Kit (Macherey-Nagel GmbH & Co. KG, Diiren, Germany) total
RNA vyields from the validation cohort were 8.13 (5.83-16.38) ng for
volunteers, 21.97 (8.79-54.27) ng for patients with CAP and 45.66
(27.16-95.22) ng for sepsis patients.

FastQC®? evaluated high per-base sequence quality (base 1-30)
for all samples with median Phred scores of either 38 or 40. Across
all samples, 1894 different miRNAs were detected with at least one
read in one sample. Out of these, 225 miRNAs showed an expression
level of baseMean 250 reads, corresponding to the filter, that was
set as the expression minimum during DGE analysis.

Library sizes (Figure 1A), as well as numbers of mapped miRNAs
(Figure 1B) tended to be higher in volunteers when compared to
patients, while no apparent difference was present between both
patient groups. Relative miRNA frequencies were 40.9 + 11.3%
for volunteers, 28.0 + 9.3% for CAP patients and 31.5 + 14.4% for



HERMANN ET AL.

2% | \WiLEY

patients with sepsis. Additionally, patient groups had higher frequen-
cies of short sequences < 16 nucleotides in size (CAP: 20.3 + 15.6%,
sepsis: 15.0 + 12.3%) when compared to volunteers 8.5 + 8.4%,
which probably represent degradation products from longer coding
and non-coding RNA species (CAP vs. volunteers: P = 0.012, sepsis
vs. volunteers: P = 0.061, CAP vs. sepsis: P = 0.831). The mapping

distribution is visualised by relative mean frequencies (Figure 1C).

3.3 | Small RNA sequencing data analyses

When performing unsupervised clustering based on the 500 miR-
NAs with highest variance, different patient groups overlapped, but
could be distinctly separated from volunteers (Figure 2A). Patients
with CAP and lower overall disease severity tended to reflect the
miRNA profiles of volunteers more closely than sepsis patients, who
were more distinctly separated.

Analysing DGE data, the comparison of CAP patients with volun-
teers revealed 29 significantly up- or down-regulated miRNAs (see
Table S5 of the supporting information).

Among these cell-free miRNAs, expression levels of several tran-
scripts correlated with indicators of disease severity in CAP patients
including the CURB-65 score as assessment score for pneumonia
and the associated risk of mortality,8 total duration of hospital stay,
and plasma levels of NGAL (see Table 1 for details). Only miR-127-3p
was related to demographic variables of CAP patients (age: r = 0.627,
P =0.029) but none of the other miRNAs appeared to be influenced
by demographics.

Comparing patients with CAP to those with sepsis, we detected
25 miRNAs with altered expression (see Table S5 of the support-
ing information). A number of these miRNAs correlated significantly
with treatment variables, indicating face validity of these transcripts.
In particular, expression values of miR-1-3p were related to plasma
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concentrations of the inflammatory markers IL.-6, NGAL and vaso-
pressor requirements in sepsis (see Table 2 for details).

In order to establish an integrated biomarker signature, the three
most drastically dysregulated miRNAs were selected from each
DESeq2 comparison (CAP vs. volunteers: miR-582-3p, miR-432-5p,
miR-542-3p; CAP vs. sepsis: miR-1246, miR-1-3p, miR-4433b-3p).

Based on sPLS-DA, group separation was achieved on the basis
of twelve miRNAs as discriminators (Figure 2B). Out of these, four
miRNAs (miR-182-5p, miR-193a-5p, miR-215-5p, miR-93-5p) were
also detected using DESeq2 with log2FC 21 or log2FC < -1 (see
Table S5 of the supporting information for comparison), while all
other miRNAs showed no regulation according to our threshold set-
tings for DGE analysis.

Combining the respective miRNAs from both multivariate
analyses, a subset of eighteen miRNAs (miR-432-5p, miR-542-3p,
miR-582-3p, miR-1246, miR-1-3p, miR-4433b-3p, miR-181b-5p, miR-
182-5p, miR-186-5p, miR-193a-5p, miR-199a-3p = miR-199b-3p,
miR-21-5p, miR-215-5p, miR-30e-5p, miR-340-5p, miR-425-5p, miR-
93-5p, miR-941) was identified as potential biomarker signature.

3.4 | RT-qPCR validation

The eighteen candidate miRNAs were quantified by RT-gPCR, as a
supplementary method, in the same cohort that was used for high-
throughput sequencing and additionally confirmed in an independ-
ent second cohort of individuals. After quality control of RT-gPCR
data, twelve miRNAs remained for analyses.

By reading in RT-qPCR data of all twelve miRNAs measured in the
training cohort to PLS-DA, groups were separated and equally dis-
tributed compared to the small RNA-seq data (Figure 3A). According
to findings from PLS-DA, samples in the validation cohort could be
correctly classified using principal components 1-10 and displayed

100+ B No adaptor
80- Il Short
B Unmapped
60- = RNA
40 B snRNA
snoRNA
207 = tRNA
0- B miRNA

CAP

Volunteer

Sepsis

FIGURE 1 Library sizes (A) and mapped miRNA reads (B) are depicted for volunteers, patients with community-acquired pneumonia

(CAP) and sepsis as median values and 95% confidence intervals. Library sizes, as well as numbers of mapped miRNA reads tended to be
higher in volunteers compared to patients, with no apparent difference between patient groups. Read counts in the mapping distribution
(C) are visualised as mean relative frequencies. Volunteers have higher relative miRNA frequencies, as well as fewer incidences of short
sequences (<16 nucleotides) when compared to patient groups. No adaptor: sequence lacking adaptors; short: sequence < 16 nucleotides;
unmapped: sequence did not align to any of the mapped RNA classes; rRNA: ribosomal RNA; snoRNA: small nucleolar RNA; snRNA: small
nuclear RNA; tRNA: transfer RNA; miRNA: microRNA; * P < 0.05; ** P < 0.005; ns: not significant
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FIGURE 2 Multivariate analyses of small RNA-sequencing data. Unsupervised clustering (A) by principal component analysis based on
the 500 miRNAs with highest variance. Volunteers clustered separately from patient groups. Sepsis patients were separated more distinctly
from volunteers than patients with community-acquired pneumonia (CAP). Sparse partial-least-squares discriminant analysis for components
1-3 (B) discriminated different groups by twelve miRNAs. PC: principal component; expl. var: explained variance

TABLE 1 Correlational matrix showing the relationship between demographic and treatment variables and expression values of
significantly regulated miRNAs from the NGS training set comparing patients with community-acquired pneumonia and healthy volunteers.
Data are Spearman's correlational coefficients/P-value. miRNAs were derived from Table S5 presented in the online supplement

CURB-65? Score Total hospital stay  Leucocyte count NGAL®

miRNA Age

miR-127-3p 0.627/0.029 0.587/0.045 - - -0.664/0.018
miR-193b-5p = 0.667/0.018 = = -0.832/0.001
miR-193a-5p - - 0.789/0.002 - -

miR-215-5p = -0.613/0.034 = = =
miR-450b-5p - - - 0.636/0.035 -

miR-452-5p = = = -0.800/0.003 -

miR-320d - - - - -0.636/0.026
miR-338-5p - - - - 0.699/0.011
miR-379-5p - - - - -0.860/<0.001

3Confusion, Urea, Respiratory Rate, Blood Pressure and Age score for pneumonia severity.

PNeutrophil gelatinase-associated lipocalin.

equal expression pattern for both approaches and cohorts of indi-

high discriminatory power with 73.3% of correctly assigned samples
viduals were selected as candidate biomarkers for further analysis.

for reduced models from principal components 1-6 or 1-8, respec-
tively (Figure 3B).

Out of these miRNAs, some transcripts showed the same expres-
sion pattern for both group comparisons independent of cohort and
approach used for analysis, albeit with reversed trends (Figure 4A

3.5 | Expression levels of candidate miRNAs
according to subgroups

and C). With one exception, Spearman's rank-order correlation of
miRNA expression from the NGS and RT-qPCR data sets showed an
overall significant positive relationship (Figure 4B and D). The three
most drastically dysregulated miRNAs (CAP vs. volunteers: miR-
193a-5p, miR-542-3p and miR-1246; CAP vs. sepsis: miR-1246) with

When analysing miRNA expression levels in all individuals from
both the training and validation cohort together (Figure 5), nor-
malised ACq values of miR-193a-5p in patients with CAP were sig-
nificantly lower (ACq = 1.41, 0.57-3.21) than in healthy volunteers
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TABLE 2 Correlational matrix showing the relationship between demographic, treatment variables, inflammatory markers (lower part of
the table) and expression values of significantly regulated miRNAs from the NGS training set comparing patients with community-acquired
pneumonia and those with sepsis. Data are Spearman's correlational coefficients/P-value. miRNAs were derived from Table S5 presented in

the online supplement

miRNA
miR-1246
miR-1-3p
miR-18a-3p
miR-150-3p
miR-92a-3p
miR-93-5p
miR-511-5p

miRNA
miR-150-3p
miR-4433b-3p

Age
-0.529/0.004
-0.447/0.017
0.436/0.013

PCT®

-0.483/0.009
-0.452/0.016

APACHE II-Score

0.390/0.044

CRP®

Duration of
ICU-treatment

Total hospital stay

Duration of

mechanical ventilation

miR-1228-5p - -0.494/0.009
miR-1-3p - -
miR-500a-3p - -
miR-95-3p - -
miR-660-5p - -
Procalcitonin.
bC-reactive protein.

‘Interleukin-6.
dNeutrophil gelatinase-associated lipocalin.

- 0.418/0.042 -
-0.411/0.046 -0.433/0.024 -0.400/0.035
0.475/0.019 = =
-0.473/0.019 - -
-0.496/0.014 -0.413/0.045 =
- 0.425/0.038 -

Vasopressor
1L-6¢ NGAL¢ requirement®
0.460/0.014 0.423/0.028 0.577/0.002
- - 0.458/0.016
= = 0.493/0.009
- - 0.469/0.014

®Vasopressor requirements are represented by the required dosage of norepinephrine to achieve an adequate mean arterial pressure to maintain

organ perfusion in sepsis.

(ACq = 3.93, 2.83-5.22, P < 0.001) with no significant difference
to patients with sepsis (ACq = 1.53, 0.24-2.39). For miR-542-3p, a
similar pattern was observed. Normalised ACq values were again
significantly lower in patients with CAP (ACq = 4.33, 3.46-5.02)
than in healthy individuals (ACq = 5.72, 5.19-6.13, P < 0.001)
with no significant difference to sepsis (ACq = 4.66, 3.31-5.71).
Normalised Cq values of miR-1246 showed a significant decrease
from healthy individuals (ACq = 2.54, 2.00-3.05) to patients with
CAP (ACq = 0.41, -0.22-1.68, P < 0.001) to those with sepsis
(ACg=-1.14, -2.10-0.07, P = 0.005). Overall, these findings in-
dicate higher expression values of the respective miRNAs with

higher disease severity.

3.6 | ‘The cellular and humoral immune response’ in
community-acquired pneumonia

When IPA target filtering was set to ‘cellular and humoral immune re-
sponse’, the resulting canonical network in CAP patients was primar-
ily affected by 6 of the 29 significantly regulated miRNAs with 42
possible target MRNA transcripts. Figure S1in the online supplement
shows a simplified network of the two validated and up-regulated
miRNAs miR-193a-5p and miR-542-3p, their possible mRNA targets

and their interaction. Possible molecular targets identified by apply-
ing the IPA ‘microRNA Target Filter’ module for the candidate miRNA
miR-193a-5p were IL-10 (Interleukin-10), IL2RG (Interleukin-2 recep-
tor subunit gamma) and mTOR (mechanistic Target of Rapamycin).
One of the identified molecular targets of miR-542-3p was inflam-
matory mediator PTGS2 (prostaglandin G/H synthase 2).

4 | DISCUSSION

Our study outlines the possibility of using cell-free miRNA biomark-
ers to discriminate patients with CAP from healthy volunteers and
from those with sepsis as a severe secondary complication. We
characterised a subset of twelve miRNAs as a potential biomarker
for this purpose, technically validated miR-193a-5p, miR-542-3p and
miR-1246 and confirmed our findings in an independent cohort.

When analysing relative miRNA expression, miR-1246 showed
significant increases with more severe overall disease from volun-
teers to patients with CAP and to those with sepsis, whereas miR-
193a-5p and miR-542-3p differentiated patients with an infectious
disease (CAP or sepsis) from healthy individuals.

The miR-193a/b-5p family was previously shown to be a pos-
sible indicator for CAP, as expression of miR-193b-5p was related
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FIGURE 3 Multivariate analyses of reverse transcription quantitative real-time PCR (RT-qPCR) data. Partial-least-squares discriminant
analysis for components 1-3 (A). Based on expression levels (ACq) of the twelve miRNAs from the RT-qPCR validation in the training cohort,
groups were separated. Correct total classification of the validation cohort based on expression (ACq) of the twelve miRNAs from the
training cohort and assignment for each individual group (B). expl. var: explained variance

to the CURB-65 score, a validated clinical prediction score for
pneumonia and the associated risk of mortality8 and also to NGAL
plasma levels. NGAL has recently been described as a useful bio-
marker for lower respiratory tract infections®® and the associated
mortality®* and may also serve as an indicator of an ongoing risk
for renal injury,®® which is common in patients with pulmonary dis-
orders.3® Moreover, expression levels of miR-193a-5p were related
to the duration of the required hospital stay in our study. Identified
molecular targets of miR-193a-5p included IL-10, which is known to
correlate with the CURB-65 score and is associated with increased
mortality in patients with CAP®” and mTOR, which has been shown
to be down-regulated in sepsis due to CAP.3® Our group previously
showed the positive correlation of cell-free miR-193a-5p expres-
sion with disease severity in sepsis patients.)” Expression levels
of miR-193 in serum were also associated with death from sepsis
in recent studies.®’ miR-542-3p was shown to be a causal media-
tor of mitochondrial dysfunction in muscle tissue of patients with
sepsis.*® In our study, one of the molecular targets of miR-542-3p
was PTGS2, a pro-inflammatory mediator, which is known to be re-
sponsible for the production of prostaglandins that are involved in
the inflammatory response.** Moreover, elevated miR-1246 levels
have been shown to mediate lipopolysaccharide-induced apoptosis
of pulmonary endothelial cells and acute lung injury.42 In conclu-

sion, our findings indicate that these three cell-free miRNAs may be

valuable for the diagnosis of CAP and sepsis as a severe secondary
complication.

The fact that these miRNAs were also associated to EVs isolated
from the peripheral circulation suggests a possible role of these ves-
icles in mediating inflammatory signals from the lung to the periph-
ery including blood cells or vice versa by acting as a transport media
for non-coding RNAs and other signalling molecules. A recent study
in animals with experimental bacterial pulmonary infection clearly
demonstrated the existence of a subpopulation of EVs in broncho-
alveolar lavage fluid that contained high concentrations of pro-in-
flammatory miRNAs and was likely derived from alveolar epithelial
type-l cells.*® These EVs could theoretically reach the peripheral
circulation, but the responsible mechanisms for transport of EVs
within the lung and to the periphery are poorly understood.** Our
observation that the expression values of some of the differentially
expressed miRNAs isolated from crude EVs clearly correlated with
clinical indicators of pneumonia severity points to this possibility but
does not prove it.

A limitation of our study results from the fact that two dif-
ferent RNA extraction methods were used for small RNA-seq and
RT-gPCR. As miRNA composition might vary with the respective
RNA isolation method,®%%! and different approaches were used,
our data might be biased partially. Given the fact that individual
biological properties and different miRNA analysing platforms



HERMANN ET AL.

2% | \WiLEY

A CAP vs. volunteers 5
3 -
2 . A B
O 1 | | i I
£ -1 I. RT-QPCR TC
-2
RT-gPCR VC
-3 T T T T T T T T T T T T
R R R R R R R R RO R R
’ - ’ . ’ - - - ’ (L ’ ’
:1«;;1‘?\@%’0\%\ n/'@\q"bsz S '&P\Q;;: Sy
FEFESTES E EEL
c CAP vs. sepsis D
3 —_
2 -

FIGURE 4 Log2 fold changes (log2FC)
for CAP vs. volunteers (a), and CAP vs.
sepsis (c) calculated from next-generation
sequencing (NGS, black) and reverse
transcription quantitative real-time PCR
(RT-gPCR) data in the training (TC, dark

RT-qPCR VC

RTQPCR TC

1.0

e blue) and validation cohort (VC, light
blue). Significant changes are marked by
1° asterisks. Spearman's correlation matrix of
expression levels (log2FC) from NGS and
e RT-gPCR data sets shown as heatmaps for
CAP vs. volunteers (b) and CAP vs. sepsis
-10

(d). CAP vs. volunteers: NGS TC vs. RT-
gPCRTC,r=0.76 (0.32-0.93), P = 0.006;
NGS TC vs. RT-gPCR VC, r = 0.72 (0.23-
0.92), P=0.011; RT-gPCR TC vs. RT-gPCR
VC:r=0.75(0.29-0.93), P = 0.007; CAP
vs. sepsis: NGS TC vs. RT-gPCR TC,
r=0.71(0.22-0.92), P=0.012; NGS TC
vs. RT-qPCR VC, r=0.46 (-0.17 - 0.82),
10 P =0.13; RT-gPCR TC vs. RT-qPCR VC:
r=0.82(0.45-0.95), P = 0.002; CAP:

RT-gPCR TC
RT-qPCR VC

8 05 community-acquired pneumonia
N
g
0
-05
-10
&
A miR-193a-5p miR-542-3p miR-1246 B mean value
* % % * % %
10+ Py 159 10 89
|_ﬁ ns - ok ok .
. — 1 ns ** 6
o ° 10 5 o *
O 5 . § r e 3 1
T l [ ‘ﬁ B 4 v, .
S \{‘ | 5 - 04 B '—% \;—
© = S | o ]
E = | | £ 2 + 0%
s 04 . ] 0 e S
z 4 0 . -5 =z -
) ® 0+
. L
-5 T T T -5 T T —-10 T T T -2 T T T
r KR & < Q X2 X < ] r R ]
() 5 N () N
e ¥ P S ) 2 & £ & & o
& O K @ O R N & O K
S Q& & &
QO\ ) AO\\) =) 46\0 9 QO\ =)

FIGURE 5 Merge of technically and additionally validated miRNAs from reverse transcription quantitative real-time PCR experiments
for each miRNA separately (A), and mean values of all three miRNAs (B). Data are displayed as boxplots from the 5th to the 95th percentile,
showing median (line) and mean (square) values. Dots represent samples outside the percentile range. Changes in mean miRNA expression
among groups are indicated by dashed lines. Lower values of ACq indicate higher expression levels of the respective miRNAs. Cq: cycle

quantification; *P < 0.05; **P = 0.005; ***P < 0.001; ns: not significant

(NGS and RT-gPCR) are associated with miRNA expression pro-
files,*>4° this might have contributed to reversed trends in miRNA
regulation seen with some of the miRNAs identified in our study.
However, the fact that our final biomarker signature has been
confirmed for two different RNA extraction methods (1), miRNA
analysing platforms (2) and individual cohorts (3) might represent
additional proof of its stability.

In conclusion, our findings indicate that in patients with sus-
pected CAP, cell-free miR-193a-5p, miR-miR-542-3p and miR-1246
may serve as indicators for CAP, whereas a further increase in miR-
1246 may suggest an increased risk to develop sepsis. For the suc-
cessful use of these miRNAs as biomarkers, studies in larger patient
cohorts with both conditions will be required to confirm our data of
this novel diagnostic approach.
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