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Abstract

ME/CFS is a debilitating disease thought to affect millions of individuals. Still, the etiology of
ME/CFS is unknown, and there are no standard treatments or established biomarkers. The
current symptom-based diagnosis is extensive, and the use of different diagnostic criteria
contributes to heterogeneity among patients and may problematize the comparison of
findings. Thus, the discovery of a biomarker for ME/CFS is urgent and would benefit both
patients and the ME/CFS research field. Extracellular vesicles (EVs) are membrane limited
vesicles secreted by all cells to the extracellular environment and can be collected through
biofluids. EVs serve many functions, including transferring functional proteins, lipids, and
nucleic acids between cells, thus mediating cell-to-cell communication. EV secretion and
cargo may reflect disease state and EVs thus pose great potential as source of minimally

invasive biomarkers.

The primary aim of this project was to study EVs in plasma from ME/CFS patients and assess
the potential of EVs as source of biomarkers for the disease.

Using size exclusion chromatography, EVs were enriched from plasma from ME/CFS
patients (n = 20) and healthy controls (n=20). Success of EV isolation was determined in
representative patient- and control EV pools (n=5) using western blotting and transmission
electron microscopy. Western blot experiments for detection of EV markers CD9, CD63 and
TSG101, and albumin, were optimized and confirmed enrichment of EVs and presence of
non-EV eluates in the isolated samples. EV enrichment was further validated through
observation of intact EVs on transmission electron micrographs, however few CD63-positive
EVs were observed. Through analysis of nanoparticle tracking analysis data, the isolated EV
population primarily consisted of small EVs (< 200 nm). Within this EV population, mean-
and mode EV size was similar between cohorts, but the EV concentration was significantly
elevated in samples from patients compared to controls (p = 0.006). However, statistical tests
may have been influenced by high variation within the ME/CFS cohort. Early-stage analysis
of tandem mass spectrometry data identified 663 EV associated proteins. The majority of
detected proteins overlapped with registered EV proteins, but only few differences could be
observed between patient- and control derived samples. However, differential expression was

not analyzed.



A biomarker for ME/CFS could not be suggested at this stage of the study, however increased
EV concentration suggests abnormality in EV secretion in patients which strengthens their

potential as source of biomarkers and further motivates EV research in ME/CFS and related
diseases.
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1. Introduction

1.1 Myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS)

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex, multifactorial
disease of unknown etiology and pathogenesis with no established biomarker or standard
therapeutic approach (1-3). ME/CFS is characterized by core symptoms of “post-exertional
malaise” following physical, mental or social activity, persistent debilitating fatigue not
relieved by rest, cognitive impairment described as “brain fog” and non-refreshing sleep with
additional symptoms including chronic pain, gastrointestinal issues, sensory hypersensitivity,
orthostatic intolerance, frequent flu-like infections, and other symptoms related to dysfunction

of the immune- and nervous system (1-5).

ME/CFS patients are a heterogenous group experiencing the aforementioned, and other,
symptoms to a varying degree. Cases of ME/CFS range from mild, in which the patient is able
to moderately partake in social life, education and/or work, to severe cases in which the
patient is bedridden and reliant on full-time assistance, often by family members, for life-
sustaining tasks such as eating or drinking (3, 4). ME/CFS is a debilitating disease that
gravely reduces the patients’ function and quality of life compared to pre-onset, and it is a

major public health- and economic problem (2, 6).

ME/CFS is an unusually debated disease that is still met with misconceptions and skepticism,
even from health care professionals (5, 7). An extensive review of literature on ME/CFS
conducted by the Committee on the Diagnostic Criteria for Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome by the Institute of Medicine, Washington, DC,

concluded that ME/CFS is a medical physiological illness, not psychiatric or psychological

(7).
1.1.1 Diagnosis and prevalence

Diagnosis of ME/CFS is elaborate due to symptom overlap with other diseases and the lack of
diagnostic biomarkers (1, 5). Currently, diagnosis is based solely on the patient’s symptoms

coupled with ruling out other possible causes of the symptomatology (2, 5). There has been
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identified close to 20 different case definitions used for ME/CFS diagnosis (8). Within
ME/CEFS research, the 1994 Centers for Disease Control and Prevention/Fukuda Criteria
(CDC/Fukuda) (9) has been the most used (2), followed by the 2003 Canadian Consensus
Criteria (CCC) (10) and its sequel, the 2011 International Consensus Criteria (11). They differ
in their inclusion- and exclusion criteria which adds to the heterogeneity among ME/CFS
patients. This is thought to contribute to the contradictory results and differences in reported
prevalence of ME/CFS between studies (12). This is illustrated in the systematic review and
meta-study performed by Lim et al. of 56 sets of prevalence data from 46 studies in which the
prevalence of ME/CFS ranged from 0.01% to 7.62%, with case definition and diagnostic
methods being the most influential factors (12). The meta-analysis of their entire dataset
reported a prevalence of 0.68% (95% CI: 0.48-0.97) (12). However, this might be an
overestimate considering the majority of the prevalence datasets used in the meta-analysis
were from studies that used the CDC/Fukuda case definition (12). This case criteria is
frequently criticized for being overinclusive (2), and reported overall higher prevalence than

the studies that used another group of case definitions including the CCC (12).

ME/CFS onset can start at any age but most frequently occur in the teens or thirties (13, 14).
Prevalence is commonly reported to be higher in women, ranging from being 1.5-fold (12) to
above 4-fold (15) higher than in men. However, there is discussion on whether this is the true

ratio or caused by sampling-bias and underdiagnosis of men (1, 2).

1.1.2 Etiology and pathogenesis of ME/CFS

ME/CFS etiology and pathogenesis is not understood, but several hypotheses on their
respective mechanisms have emerged within the ME/CFS research field during the past few
decades. The central hypotheses include abnormalities within metabolism, genetics, the
endocrine-, vascular-, immune-, and nervous system. The possibility of subgroups within the
disease has also been proposed. This section will mostly elaborate on the hypotheses related
to immune function, as they are the most relevant to this thesis’ underlying hypothesis of

ME/CFS being an immune-mediated disease.

Genetic predisposition

ME/CFS is believed to be multifactorial, influenced by both genetic- and environmental
factors. The hypothesis of a genetic predisposition to ME/CFS is supported by a study of 811
patients in which it was observed a significantly increased risk ratio of ME/CFS for first- (risk



ratio = 2.70), second- (risk ratio = 2.34) and third-degree relatives (risk ratio = 1.93) (16). The
maintained significance in second- and third-degree relatives (p=0.008 and p=0.009)
strengthens the possibility of a heritable disposition, by diminishing the effects from shared
lifestyle and environment between close relatives. Twin studies on chronic fatigue have
shown the concordance of chronic fatigue in both individuals within a pair to be higher in
monozygotic than dizygotic twins (17, 18). Supporting both the hypothesis of a genetic
predisposition and the involvement of the immune system, several studies, some of which
were conducted in Benedicte A. Lie’s research group, indicate an association between specific
human leukocyte antigen (HLA) alleles, both class I and 11, and ME/CFS (19, 20)

Infection as potential trigger

The most commonly reported trigger of ME/CFS onset is infectious diseases (14). Several
pathogens are thought to be linked to onset of ME/CFS, in particular the immune-cell-
targeting herpesviruses human herpes virus 6 (HHV6) and Epstein-Barr mononucleosis virus
(EBV) (21-24). It has been suggested that immune dysregulation in ME/CFS patients may be
caused or worsened by viral infections, resulting in a chronically activated dysfunctional
immune system, persistent infection, reactivation of latent viruses and autoreactivity (22).
However, these viruses are commonly detected in healthy individuals. Thus, it is likely that
disease triggering would require a predisposition in patients causing insufficient viral clearing
or abnormally acute infection to allow the further immune dysregulation (22). A recent
serological study saw only a slightly higher level of persistent infection by HHV6 in patients
than controls, but significantly higher frequency of persistent active phase infection of HHV6
in patients (25). In addition, patients with active phase infection had higher levels of both pro-
and anti-inflammatory cytokines than patients with latent phase infection (25). The hypothesis
could further be supported by a prospective study that followed more than 200 participants
over 12 months after confirmed infection by either EBV, Q fever or Ross River virus that
found severity of acute sickness during infection to be predictive of the risk of developing
post-infective ME/CFS (26).

Immunological and autoimmune etiologies

Several symptoms support the hypothesis of ME/CFS being an immune-mediated disease
including frequent infections, inflammation, and flu-like symptoms without presence of
pathogens (1). It has been demonstrated differences in the immune cell signature of ME/CFS

patients compared to healthy controls, particularly regarding subpopulations of natural killer
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cells (NK cells), T cells and B cells (27, 28). A study of elderly ME/CFS patients showed that
they were at a moderately higher risk of B-cell lymphomas, implying frequent B-cell
activation (29). Furthermore, several studies report reduced NK cell cytotoxicity and altered -
cytokine production in ME/CFS patients (27, 30, 31). However, some studies did not

corroborate these differences in lymphocyte phenotype and cytotoxicity (32).

The possibility of an autoimmune etiology to ME/CFS has gained support following studies
that showed symptom improvement in some patients following prolonged CD20 positive B-
cell depletion therapy using rituximab (33, 34). The clinical response occurred months after
starting the B-cell depleting therapy. Fluge et al. hypothesized the improvement in patients to
be caused by lower levels of autoantibody-producing plasma cells, following the depletion
(33, 34). However, these effects could not be reproduced in their double-blind study (35).
Elevated levels of certain autoantibodies in ME/CFS patients have previously been
documented by several studies (36, 37), and another study showed that removal of
autoantibodies against f2-adrenergic receptors improved the condition of the majority of
included patients (38). Loebel et al. later observed a decline of autoantibody levels in B-cell
depleted patients (37).

Furthermore, Fluge et al.”’s ME/CFS cohort had a high frequency of first-degree relatives with
autoimmune diseases (41%), which is relevant due to previously observed familial
aggregation of autoimmunity (34, 39). ME/CFS share other traits with autoimmune diseases,
including the previously mentioned female predominance and HLA associations.
Furthermore, several autoimmune diseases that share symptoms with ME/CFS are also
thought to have EBV infection as a risk factor including multiple sclerosis, rheumatoid

arthritis, systemic lupus erythematosus, and autoimmune thyroid diseases (40, 41).

Taken together, these studies hint at a possible dysregulation of the immune system in at least
a subgroup of ME/CFS patients. This might cause inflammation of the central nervous system
or dysregulated blood flow causing tissue hypoxia and could describe why patients experience
such a broad variety of symptoms (3, 42). Still a lot more research on the pathology of
ME/CFS is needed. The discovery of a diagnostic biomarker would contribute to higher
quality research through more accurate and efficient diagnosis of the ME/CFS participants.



1.2 Extracellular vesicles (EVs)

Extracellular vesicles (EVs) are small, non-replicating, membrane limited vesicles secreted by
cells into the extracellular space (43-46). Most cells are thought to be capable of secreting
EVs (47, 48), a phenomenon evolutionarily conserved from prokaryotes to eukaryotes,
including plants (43). EVs carry a diverse cargo from their donor cell that can consist of
proteins, RNA, DNA, lipids, cytokines, and metabolites (45, 48, 49). The EV composition
depends on the type and state of the donor cell (50). After secretion, EVs can transfer
functional cargo from their donor cell to a recipient cell, potentially modifying the recipient
cell’s phenotype and thus contributing to cell-to-cell communication (50). In this way, EVs
are significant in several physiological and pathological processes and show great potential
for use in therapeutics and as biomarkers (43-45, 47, 48, 51, 52).

EVs were established as functional biological entities through research conducted in the
1980s and -90s, and EV research has been rapidly growing since the year 2000 (53). In 2011
prominent EV researchers established the International Society for Extracellular Vesicles
(ISEV) with goals to connect, guide, and advance the rapidly expanding EV research field
(53, 54). In 2014, ISEV published a list of minimal information for studies of extracellular
vesicles (MISEV) (55), a proposed guideline for the research field which was updated in 2018
(MISEV2018) (46).

1.2.1 Subtypes, biogenesis and uptake

As of today, EVs are commonly divided into three main subgroups based on their biogenesis

namely apoptotic bodies, microvesicles and exosomes (43, 56) (see Figure 1).

Apoptotic bodies

Apoptotic bodies, also termed apoptotic blebs, apoptosomes or apoptotic microvesicles, is the
subgroup of EVs most heterogenous in size, with reported diameters ranging from 50 nm to 5
pum, though more commonly reported as large EVs (56-58). Apoptotic bodies are shed from
the plasma membrane of cells undergoing apoptotic cell disassembly, after the plasma
membrane delaminates from the cytoskeleton due to increased hydrostatic pressure, causing
membrane blebbing (57-59). Thus, a unique trait of apoptotic bodies in comparison to EVs of
other subtypes is that their cargo can consist of chromatin pieces and fragmented or whole

organelles (60).



Microvesicles

Microvesicles, often referred to as ectosomes, microparticles or shedding vesicles, are also
formed by the outward budding and fission of the plasma membrane, but of viable cells (43,
45, 56, 61). Their diameter are described as between 100 nm to 1000 nm (48, 62). The
biogenesis of microvesicles is not as well understood, however, microvesicle secretion occurs

during normal cell state and can change as a response to stimuli of the donor cell (43, 57).

Exosomes

Exosomes are the most studied of the three subgroups and are of specific interest due to the
assumed specific sorting of their cargo (63). They are smaller EVs of endosomal origin with
diameter range of 30 to 150 nm (48, 64). Their biogenesis begins with the inward budding of
the limiting membrane of an early endosome maturing into an multivesicular body; a late
endosome containing several intraluminal vesicles (44, 51, 65) (see Figure 1). Intraluminal
vesicle formation starts with the translocation of transmembrane tetraspanins, a protein
superfamily, into tetraspanin enriched microdomains on the endosomal membrane (52).
Further biogenesis may rely on the recruitment of the “endosomal sorting complex required
for transport” (ESCRT) and ESCRT-accessory proteins, to form the intraluminal vesicles and
specifically sort cytosol, proteins, nucleic acids and other cargo to the formation site (44, 65).
The mature multivesicular bodies are either destined to fuse with lysosomes, resulting in
degradation of their content by lysosomal hydrolases, or fuse with the plasma membrane
subsequently releasing their intraluminal vesicles into the extracellular space, which upon
exiting the cell are termed exosomes (44, 51, 58, 64). Furthermore, ESCRT-independent
exosome biogenesis has been documented (66), which is thought to occur through several
pathways including dependence on tetraspanins (52, 67). However, in line with ESCRT-
dependent biogenesis, ESCRT-independent exosome biogenesis is not thoroughly understood
(52).

Considering exosome biogenesis, endosomal tetraspanins (e.g. CD63, CD9 and CD81), other
endosomal proteins (e.g. HSC70) and ESCRT- and accessory proteins (e.g. TSG101 and Alix)
are thought to be enriched in exosomes and are commonly used as general EV markers to

validate presence of EVs in samples (46, 52, 68).
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Figure 1: Extracellular vesicles (EVs) mediate cell-to-cell communication. EVs are divided into
three subgroups based on biogenesis namely apoptotic bodies, microvesicles and exosomes. EVs are
membrane limited vesicles secreted by cells into the extracellular space and carry various cargo
including nucleotides, proteins, and lipids. EVs may transfer this functional cargo to a recipient cell,
thus mediating intercellular communication. Figure created in Biorender.com, inspired by references
(44, 45).

The subgroups are often accompanied by size- and suggested protein markers, yet it is
currently difficult to distinguish the subgroups after secretion (43, 46). The nomenclature, size
range and classification of EVs is controversial, and the use and definitions of EV subgroups
varies within the literature making it important for each writer to state the definition they are
using (46, 69). Even the terms themselves have changed meaning during the development of
the EV research field (69). Like other aspects of the EV research field, classification and
nomenclature of EVs lacks standardization and consensus. Considering this, as well as the

lack of definitive markers to distinguish EV subtypes after secretion, it is advised to use
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“EVs” as the general term for all secreted vesicles (43, 46, 69). The term can alternatively be

accompanied by physical traits like size, density, or biochemical composition (46).

Uptake and interaction

The EVs’ target, functionality, and way of interaction with the recipient cell and extracellular
components depends on the EVs’ characteristics including size, lipid composition, cargo and
surface molecules including receptors, ligands and adhesion molecules (70). EVs transfer
information to the recipient cell using different mechanisms. Receptor-ligand interaction
between the EV- and recipient cell’s surface may trigger intercellular signaling pathways in
the cell (71). Furthermore, functional EV cargo can be delivered to the target cell, which if not
degraded may affect the recipient cell’s phenotype. Cargo delivery occurs either through
fusion of the EV membrane with the cell membrane, or through internalization of the EVs by
clathrin mediated or -independent endocytosis, phagocytosis or macropinocytosis (43, 72)
(see Figure 1). The depiction of EV uptake and cargo delivery mechanisms, including the

degree of target specificity, is incomplete (50).

In addition to enclosed and transmembrane cargo, proteins and -complexes may coat the EV
surface upon secretion, referred to as the EV protein corona (73). The EV corona is not well
explored but is believed to contribute to the function of EVs (73, 74). Furthermore, EVs may
specifically associate with other extracellular components e.g. immunoglobulins, complement

factors, cytokines, lipoproteins and enzymes (75).

1.2.2 EVs as intercellular communicators

Secretion of EVs was initially described as a route for cells to dispose of unwanted
compounds (65). In 1987, Johnstone et al. studied EVs derived from sheep erythrocyte
culture, and suggested that secretion of EVs was utilized by the reticulocytes to shed
membrane proteins during their maturation to erythrocytes (76). Removal of unwanted cell
components is one way in which EVs contribute to homeostasis, however it has since then
been revealed that EVs play an integral role in how cells communicate with other cells and
their extracellular environment. Interest in EVs as cell-to-cell communicators increased
following discoveries in 2006-2008 of EVs transferring functional messenger RNAs
(mMRNAs), micro RNAs (miRNAs), and proteins between cells (77-79). These three studies all
observed that MRNAs from EVs were translated in the recipient cell, and that specific RNAs

and/or proteins were strongly enriched in the EVs compared to their donor cells, hinting at



specific sorting of their cargo (77-79). Recently, the primary interest in EVs is in their ability
to transfer both enclosed and exposed cargo between cells, and how this can be applied in
therapeutics and diagnostics (43-45, 51, 80).

EVs are involved in a vast multitude of both physiological and pathological processes (43),
including cardiovascular homeostasis (81), coagulation and thrombosis (82), cell-free antigen
presentation (83), reproduction (84), tumor progression (51), inflammation and immune
function (85), among others. In the central nervous system, glial cell derived EVs help
maintain its homeostasis, regulate neurons and mediate neuroprotection (86). EVs can cross
the blood-brain barrier bidirectionality and are thus also communicators between the central
nervous system and the periphery (87, 88). Furthermore, EVs are also shown to contribute to
the pathology of several neurodegenerative and -inflammatory diseases including Alzheimer’s
and Parkinson’s disease (88, 89).

EVs and the immune system

EVs are secreted by all immune cells and are involved in both immune stimulatory and -
suppressive mechanisms (85). The interest in EVS’ involvement in the immune system grew
following the discovery made in 1996 that EBV infected antigen-presenting cells secreted
EVs enriched in EBV proteins and major histocompatibility complex (MHC) proteins, and
that these were capable of presenting antigens to activate T cells (83). Since, EVs derived
from other cell types have been suggested to be capable of antigen presentation. Recently, a
subgroup of platelet-derived EVs were found to have enrichment of 20S proteasomes, MHC-
I, and lymphocyte costimulatory molecules CD40L and OX40L (90). The proteasome
degraded proteins into smaller peptides for presentation by the MHC-I molecule which

induced T-cell proliferation (90).

The role of EVs in immunosuppression has predominantly been studied in the context of
cancer. One proposed technique of tumors using EVs for immune evasion and suppression is
using EVs as decoys. Secreted tumor-derived EVs have been observed to decrease
cytotoxicity of NK- and cytotoxic T-cells through expressing transforming growth factor 8
and ligands to their stimulatory receptor, NKG2D, resulting in lower expression of the
receptor thus impairing their function (91, 92). Moreover, cancer cell-derived EVs have been
shown to induce apoptosis in CD8+ T cells (93), induce polarization of surrounding tumor
associated macrophages to the pro-tumorgenic M2 phenotype (94) and initiate pre-metastatic

niche formation (95).



EVs are also implicated in the immunopathology of several autoimmune diseases (96). They
present autoantigens and can therefore trigger autoreactive immune responses (96). For
instance, in the synovial fluid of rheumatoid arthritis patients EVs have been shown to
carrying citrullinated proteins, known rheumatoid arthritis-specific autoantigens, that are
recognized by antibodies and form inflammatory EV-associated immune complexes (97, 98).
One study incubated peripheral blood mononuclear cells with serum EVs from systemic lupus
erythematosus patinets and healthy controls, in which patient derived undisrupted EVs

induced stronger production of proinflammatory cytokines (99).

1.2.3 EVs as biomarkers

A biomarker is any measurable characteristic that reports physiological and/or pathological
processes and responses (100). A diagnostic biomarker reports medical conditions, whilst a
monitoring biomarker is used in monitoring the condition status (100). Prognostic biomarkers
estimate likelihood of disease progression or recurrence, predictive biomarkers estimate
response to treatment, and a response biomarker measure change following exposure or
treatment (100, 101).

Cells secrete EVs under normal conditions, but secretion can increase as a response to cellular
stress and pathological conditions (43). Furthermore, the composition of EV cargo has been
shown to specifically alter during diseases (102-104). This, in combination with their
availability through a range of biofluids including blood, cerebrospinal fluid, synovial fluid,
lymph fluid, bile, nasal and bronchial lavage fluid, urine, feces, seminal fluid, breast milk and

amniotic fluid (44, 105), makes EVs a promising source of biomarkers (103).

A study of urine from 21 pre-radical prostatectomy patients, and resulting tissue, found
urinary EVs to carry prostate cancer gene RNAs (106). The overall accuracy of detection in
EVs versus tissue was 81% (106). Furthermore, both urinary and plasma EVs have been
suggested as potential non-invasive carriers of diagnostic biomarkers for several kidney
diseases (107, 108). A study of protein expression in neuron derived EVs in blood of 57
Alzheimer’s disease patient found expression of specific Alzheimer’s pathogenic proteins to
be significantly increased in EVs from patients compared to controls (109). Additionally, this
approach could identify preclinical cases (109). Furthermore, miRNA expression in
cerebrospinal fluid EVs has been able to diagnose Parkinson disease patients both compared

to healthy controls and Alzheimer’s disease controls (110).

10



1.2.4 Challenges in EV research

The EV research field has grown exponentially in the past couple of decades, without real
standardization for EV nomenclature, -methods, or -source. As of today, there is no standard
technique to isolate EVs from the source material. The isolation technique, often referred to as
separation or enrichment of EVs, should be selected according to the research question as the
different techniques vary in EV recovery and purity of the EV enriched sample (46). The
population and composition of the isolated EVs differs based on sample processing and
enrichment method, thus this method should be described thoroughly. For instance, when
studying circulatory EVs, EV samples isolated from serum which allows blood clotting will
contain a higher concentration of platelet derived EVs, in comparison to plasma derived EVs
where an anticoagulant is added (111). The effect that different source material, processing
and isolation techniques has on the population of isolated EVs and non-EV isolates makes
comparison of finding between studies difficult and complicates discovery of distinguishable
EV subtype markers (43, 46, 112).

A survey among ISEV members from 2019 revealed that the most used EV isolation methods,
in declining order, were ultracentrifugation, size exclusion chromatography, a combination of
methods, density gradient, ultrafiltration, precipitation methods and affinity capture, with
more (113). Ultracentrifugation was the first method used to isolate EVs and relies on
sedimentation by size and density to enrich for EVs (114). The EV source material, e.g., a
biofluid or cell culture media, is first centrifuged at low speed to pellet cells and debris (114).
In an iterative process with increasing centrifugal force and duration, the supernatant is then
collected and recentrifuged to further specify which particles that are pelleted (114). Density
gradient ultracentrifugation is a high specificity, low recovery adaption of ultracentrifugation
where particles are further divided by size and density through centrifugation in a tube with a
gradient density medium (46, 115, 116). The gradient is typically achieved through layering
medium with different concentrations of iodixanol or sucrose (46, 115). The content of the

tube is then fractionated, thus EVs of size and density of interest may be studied (115).

Furthermore, size exclusion chromatography separates particles by size. The material passes
through a column with cavernous beads that disturb smaller particles, thus larger particles
eluate first, and the eluate is collected in fractions (117). Ultrafiltration simply relies on
membrane filtration to increase concentration of EVs and remove smaller contaminants (57).

Several EV isolation kits depend on precipitation, where a volume-exclusive polymer binds
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the water molecules of the material, causing less soluble elements such as the EVs to
precipitate (118). Furthermore, affinity-based capture utilizes antibodies to enrich for EVs
expressing one or several markers of interest to immobilize EVs on beads, plates or other
media (118).

At the current stage of EV research, a wide variety of methods are in use. Notably, the
methods differ in their ability to recover EVs, the specificity of the enriched EV population

and presence of non-EV components in the isolate (46).

1.3 Prior studies on EVs in ME/CFS

Some exploratory studies on EVs in ME/CFS have already been conducted, of which several

have an aim of searching for potential biomarkers (119-125).

In 2018, Castro-Marrero and colleagues were the first to demonstrate that the concentration of
circulatory EVs was elevated in ME/CFS patients compared to healthy controls (HCs) (119).
They isolated EVs using precipitation of serum from 10 patients diagnosed using the 1994
CDC/Fukuda definition and 5 HCs. In addition, they observed a difference in the EV size
distribution, where EVs isolated from ME/CFS patient were on average smaller (range 103-
183 nm) than those from controls (range 140-271 nm) (119).

Two years later, Almenar-Peréz et al. published their analysis of miRNA profiles from
precipitation isolated plasma derived EVs and peripheral blood mononuclear cells from 15
severe ME/CFS patients diagnosed using CDC/Fukuda or CCC, and 15 HCs (120). They too
observed smaller EV size and higher EV concentration in ME/CFS. Furthermore, they found
10 differentially expressed EV associated miRNAs in ME/CFS compared to HCs (120).
When analyzing gene products potentially targeted by these miRNAs, they found neuronal
and endocrine system pathways to be possible targets. They suggest hsa-miR-4454 & hsa-
miR-7975 as top potential EV miRNA biomarker candidates (120). Recently, Gonzalez-
Cebrian et al. used the same dataset including blood analyte variables, miRNAs profiles of
both peripheral blood mononuclear cells and EVs, EV physical features and patient
information (125). They added Raman spectroscopy profiling of EVs from the same plasma
samples to the dataset and fit several partial least squares-discrimination analysis models for

classification of ME/CFS and developed a model using 32 parameters, of which EV physical
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features (not including concentration) were important, that successfully differentiated severe
ME/CFS cases from HCs (125).

Equchi et. al. were the first to analyze ME/CFS EV associated proteins using nano liquid
chromatography tandem-mass spectrometry (121). They also observed an increased
concentration of circulating EVs in two groups of ~30 patients each, diagnosed with the
CDC/Fukuda criteria, compared to HCs (121). Analyzing EV associated proteins, they first
compared samples from three ME/CFS patients with HCs, and then four ME/CFS patients
with four idiopathic chronic fatigue- and four depression patients. In both independent
experiments actin network proteins were highly expressed in the ME/CFS EVs in comparison

to the other groups and were suggested as potential ME/CFS biomarkers (121).

Cytokine profiling of plasma derived EVs has been carried out by Giloteaux et. al. using
precipitation isolated EVs from 19 patients and 19 matched HCs (122). They observed higher
EV concentration only of EVs with diameter below 130 nm (122). The cytokine profiling
could not distinguish patients and HC after correction, but cytokine-cytokine interaction
analysis revealed different cytokine correlation patterns in ME/CFS (122).

Recently, Bonilla et. al. compared plasma derived EVs from 20 HCs to 10 mild cases and 10
severe cases of ME/CFS diagnosed using the CDC/Fukuda criteria (123). They stained EVs in
plasma with markers for EV surface molecules that identifies the EVs’ cell type of origin
(123). They found a correlation between severe ME/CFS and level of B-cell- and platelet
originating EVs, which did not withstand correction (123). Contrary to previous studies,
elevated levels of EVs in patients was not replicated (123).

Tsilioni, Natelson and Theoharides have detected EV associated mitochondrial DNA from
ME/CFS patients and HCs (124). Affinity isolated serum-derived EV samples from patients
were investigated both before and after exercise. They found the level of mitochondrial DNA
in EVs to be significantly increased following exercise (124). They then exposed cultured
human microglia cells to pooled EV samples from the different groups. As a result, they
observed an increased concentration of the pro-inflammatory cytokine interleukin 1 in the
medium of those exposed to ME/CFS post-exercise EVs (124). They hypothesize that
increased EV associated mitochondrial DNA trigger local autoinflammatory responses in the
hypothalamus (124).
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Several of these studies had limitations regarding cohort sizes, diagnostic- and exclusion
criteria. They use different EV sources, and techniques for isolation, EV quantification, and -
size detection that makes them difficult to compare. Yet, most of them suggest a potential
implication of EVs in ME/CFS, and further highlight EVs as potential sources of biomarkers
for the disease, however this needs further investigation. Previously, EVs have been
implicated in immune- and central nervous system disorders with symptom overlap to
ME/CFS (99, 126, 127). The minimally invasive availability of EVs through biofluids, and
their implication in diseases with shared symptomology fortify the need for further
investigation of EVs in ME/CFS. Considering the role of EVs in transferring functional cargo
between cells, and how EV secretion is affected by cell state, ME/CFS EV research poses the
potential for insight into ME/CFS pathogenesis and discovery of biomarkers. The
extensiveness and range of different diagnostic criteria used today contributes to low
diagnosis rates and observed heterogeneity of patients respectively. Thus, discovery of a
minimally invasive diagnostic biomarker for ME/CFS would greatly benefit patients,

clinicians and researchers.
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2. Aim of study

With the underlying hypothesis that ME/CFS is an immune-mediated disease, the overall aim
of this thesis was to explore EVs in ME/CFS and their potential as biomarkers. Another goal

was to optimize EV research methodology transferable to research projects on other diseases.

Research objectives:

e Assess the enrichment of EVs from blood plasma by size exclusion chromatography,
through EV characterization by western blotting, transmission electron microscopy
and analysis of data from nanoparticle tracking analysis.

e Investigate EV characteristics including concentration, size and morphology between
ME/CFS patients and healthy controls.

¢ Initiate analysis of EV proteomics data for future biomarker studies in ME/CFS.
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3. Materials and methods

This master project is a continuation of work performed at OUS. Prior to this project, the
Genetics of Autoimmunity research group at the Department of Medical Genetics at OUS
received and isolated EVs from plasma samples from 20 ME/CFS patients and 20 HCs. These
EV enriched samples were used in nanoparticle tracking analysis and label free mass
spectrometry. The resulting data were later provided to the master project for analysis which
Is presented in this thesis. Furthermore, EVs were re-isolated from the same patients and

controls during the project, using different aliquots of the same plasma samples.

3.1 Clinical samples

For this project, blood plasma samples from ME/CFS patients diagnosed according to the
CCC (10) (n=20) and healthy controls (n=20), were used as a source of EVs. Plasma and
clinical data had previously been collected between 2013 and 2019 by the CFS/ME center.
The CFS/ME center’s biobank possesses plasma samples from patients diagnosed or treated at
the center, and plasma from healthy controls collected from first time donors to the blood
bank at OUS (128). Records of sex, age, body mass index (BMI) and cardiovascular disease
at time of inclusion was provided for both patients and controls, however smoking status was
not. If an ME/CFS patient was a bedpost patient or presented atypical ME/CFS (e.g. non-
infectious disease onset), this was stated, but time since disease onset or severity was not

provided.

3.1.1 Sample collection and plasma processing

The CFS/ME center prepared the plasma samples as follows. Blood was collected in 10 ml
BD Vacutainer® PlusPlastic Ko EDTA tubes and centrifuged within 30 minutes after
collection at 1800 g for 15 minutes at room temperature. The top portion of the plasma was
transferred to microtubes, avoiding the last 0.5 cm before the buffy coat. Within 10 minutes
after the initial centrifugation, the plasma was further centrifuged at 15000 g for 15 minutes at

4 °C. The plasma, avoiding the pellet, was aliquoted, frozen, and stored at -80°C.
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3.2 EV isolation by size exclusion chromatography

Size exclusion chromatography (SEC) separates particles based on size and was used to
enrich for EVs from plasma (see Figure 2). During SEC, plasma passes through a column
containing porous beads. Larger particles will not be disturbed and thus elute faster than
smaller particles. The eluate from the column is collected into different fractions (F), and EV-
enriched fractions are pooled. This does not yield a pure EV isolate but rather an EV enriched

sample, a sample of higher concentration of EVs relative to other plasma components.
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Figure 2 Size exclusion chromatography (SEC) separates particles depending on their size. A sample
is passed through a size exclusion column. The column contains cavernous beads that extend the
travel of smaller particles, thus causing them to eluate later than larger particles. SEC is used to

isolate EVs from plasma, by pooling EV enriched fractions (F7-F9). Figure created in Biorender.com.

SEC was performed by loading 500 pl plasma into an gEVoriginal 70 nm legacy column
(SP1, Izon Science, Christchurch, New Zealand) on the Automatic Fraction Collector V1
(AFC) (Izon Science) following the instructions on the display of the AFC, and the AFC(V1)

user manual (129), with some deviations.
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A room temperature column was mounted on the AFC. The AFC scale was calibrated with
the included 10 g weight at the beginning of each day and repeated at a minimum between
every 10 runs. The collection schedule was set accordingly: VVoid volume: 2.7 ml, Fraction
volume: 0.5 ml, No. of fractions: 5. The new column was flushed with 15 ml freshly 0.2 pm
filtered Dulbecco’s phosphate-buffer saline (DPBS) (1x) no magnesium, no calcium (14190-
094, Gibco, Billings, MT, USA). Immediately as the DPBS had gone below the loading frit
(see Figure 2), flushing was halted and 500 pl plasma thawed on ice was applied to the
column. Directly after the sample had gone below the frit, 7 ml filtered DPBS was added to
the column. The first five fractions, the void volume, were not collected while the last five
fractions were collected in labelled 2ml Eppendorf tubes in the carousel of the AFC. Fractions
6 and 10, collected in tubes in position 1 and 5 of the carousel, were discarded. Eppendorf
Protein LoBind® tubes were used in position 2, 3 and 4, to collect EV enriched fractions 7, 8
and 9 that were pooled to yield 1500 pl EV enriched sample, as recommended by the
manufacturer. Between each run, the column was flushed with 25 ml filtered DPBS before the
next plasma sample was applied. Each column was used for a maximum of 5 plasma samples,

and the order of samples applied to the columns were randomized.

SEC was performed with plasma aliquots from the same 20 patients and 20 controls whose
EV samples were used in nanoparticle tracking analysis and mass spectrometry. This was
done to replace the used samples and will be included in future proteomics analyses. To yield
EV enriched samples for use in optimization of western blotting and transmission electron
microscopy, SEC was repeated with test plasma. For the final experiments, SEC was
performed to create representative EV pools enriched from plasma pools from each cohort.
Five patients and five controls were randomly selected using the “select()” function in base R
(version 4.2.0). 100 pl plasma from each of them were pooled to yield one representative
ME/CFS plasma pool and one representative HC plasma pool from which EVs were enriched
resulting in one ME/CFS EV pool and one HC EV pool.

3.2.1 Ultrafiltration

Ultrafiltration was used to increase the concentration of EVs in an aliquot of the ME/CFS EV
pool (n=5) and the HC EV pool (n=5), prior to western blot analysis and transmission electron
microscopy. In addition, EV enriched samples from test plasma were ultrafiltrate prior to use

in optimization of western blotting and transmission electron microscopy.
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Ultrafiltration was performed by applying a 1200 pl aliquot from each EV pool into the filter
device of an assembled Amicon® Ultra-2 centrifugal filter unit (UFC200324, Merck
Millipore, Burlington, MA, USA). Centrifugal filters with EV enriched samples were
centrifuged in an Eppendorf 518 R benchtop centrifuge at 2000 g at 4°C until 4x concentrated
to 300 pl. The filtrate tube with filtrate was discarded. The remaining filter unit was flipped
and placed back into the centrifuge, with the concentration collection tube down, and was
centrifuged at 1000 g for 2 minutes at 4°C. The concentrate was collected to yield 4x
concentrated EV pools from ME/CFS and HC. Samples for TEM were kept on ice or at 4°C
and were delivered fresh for analysis the day of isolation and ultrafiltration, while samples

used in western blot analysis were lysed and stored at -20°C.

3.2.2 Software update

Between the EV isolation previously performed by researchers at OUS and the re-isolation
performed during the master project, the AFC(V1) underwent a software update: AFC(V1)
update 2.6.2 (130). This altered the possible void volumes in the collection schedule, which
initially was 2.8 ml and was 2.7 ml after the update. In future proteomics analyses that utilize

EV samples from both rounds of isolation, this will be investigated as a possible batch effect.

3.3 Western blotting

Western blotting is a semi-quantitative technique used to detect the presence of specific
proteins in a complex mixture using antibodies (131). Proteins are separated in a gel
according to molecular weight before transfer to a membrane. Immobilized proteins on the
membrane are then incubated with a primary antibody specific to the protein of interest,
followed by incubation with a secondary antibody that forms a complex with the primary
antibody (132). In this project, the secondary antibody of choice was conjugated to
horseradish peroxidase (HRP) enzyme. When exposed to a chemiluminescent substrate
containing peroxide and luminol the HRP oxidizes luminol which emits a light signal

captured by an imaging instrument, thus visualizing the protein of interest (132).

To validate presence of EVs in the EV enriched samples, antibodies recognizing established
EV markers were used (46) (Appendix 1). Namely membrane bound tetraspanins CD9 and
CD63, and the enclosed ESCRT accessory protein tumor susceptibility gene 101 (TSG101).

Detection of the plasma abundant protein aloumin was also performed. All antibodies used
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throughout this thesis, including the optimization, are listed in Error! Reference source not

found.Appendix 1.

3.3.1 Lysis of EV enriched samples

Prior to western blotting, freshly isolated EV enriched samples were lysed to expose enclosed
proteins. RIPA lysis buffer 10x (20-188, Merck Millipore, Darmstadt, Germany) was mixed
with Halt™ Protease and Phosphatase Inhibitor Cocktail (100X) (78440, Thermo Fisher
Scientific™, Waltham, MA, USA), to avoid protein degradation, and added to each sample.
Samples were then mixed by vortexing for 30 seconds and incubated on ice for at least 15

minutes. Lysed samples were aliquoted and stored at -20°C.

3.3.2 Gel electrophoresis and membrane blotting

The optimized western blotting procedure for detection of each target protein varied
depending on the choice of primary antibody, sample buffer, blocking reagent and dilution of
antibodies (Table 1).

Table 1: Parameters used in final western blots for detection of CD9, CD63, TSG101 and Albumin
from lysed plasma extracellular vesicle samples.

Target Sample Primary Primary Blocking Secondary
protein  buffer antibody antibody reagent antibody
(clone) dilution dilution
(catalog (concentratio (concentratio
number, n) n)
supplier)
CD9 4x Laemmli CD9 1:500 5% bovine 1:2000
(1610747, Monoclonal (1pg/ml) serum (1pg/ml)
Bio-Rad) Antibody albumin
(Ts9)
(10626D,
Invitrogen)
CD63 4x Laemmli CD63 1:500 5% bovine 1:2000
(1610747, Monoclonal (1pg/ml) serum (1pg/ml)
Bio-Rad) Antibody albumin
(Ts63)
(10628D,
Invitrogen)
TSG101 3x sample TSG101 1:1000 5% skim milk  1:1000
buffer with Monoclonal (2.74pg/ml) (2png/ml)
DTT Antibody
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(4A10)
(MA1-23296,
Invitrogen)
Albumin 3x sample ALB (F-10) 1:1000 5% skim milk  1:1000
buffer with (sc-271605, (0.2pug/ml) (2png/ml)
DTT Santa Cruz
Biotechnolog

y)

30 pl aliquots of lysed EV enriched sample were thawed on ice before mixing with
appropriate room temperature sample buffer. For samples used in detection of CD9 and
CD63, samples were mixed with non-reducing 4x Laemmli sample buffer (1610747, Bio-
Rad). Samples for detection of TSG101 and albumin were mixed with premade 3x sample
buffer with reducing agent dithiothreitol (DTT) (Formulation: 1.5 ml 1M Tris-HCI (pH 6.8),
6.0 ml 10% SDS, 1.0 ml 2% bromophenol blue, 1.5 ml 99% glycerol and 1 ml 1M DTT).
Samples with sample buffer were boiled for 5 minutes at 97 °C on a heat block, spun and
placed back on ice. 40 pl sample or 10 pl ladder, Precision Plus Protein Dual Color Standards
(1610374, Bio-Rad), was loaded into the wells of 4-20% Mini-PROTEAN® TGX™ Precast
Protein Gels, 10-well, 50 pl (4561094, Bio-Rad). The electrophoresis chamber was filled with
1x Tris/Glycin/SDS Buffer (1610732, Bio-Rad) and gel electrophoresis was run at 110 V for
95-98 minutes.

Per gel, four sponges, four pieces of thin blot paper (1620118, Bio-Rad) and one piece of 0.2
pum nitrocellulose membrane (1620112, Bio-Rad) were soaked in transfer buffer (1x
Tris/Glycine Buffer (1610734, Bio-Rad) with 20% methanol). A transfer sandwich was
assembled by layering two sponges, two blot papers, gel, membrane, two blot papers and
sponges in the given order, avoiding air bubbles. The sandwich was placed into a chamber,
oriented with the membrane between the gel and the positive anode (See Figure 3). The
chamber was filled with transfer buffer. An ice block and magnet were added, and proteins
were transferred from gel to membrane at 100 V for 20 minutes with stirring by magnet. The
protein transfer was investigated by incubating the membranes with Ponceau S solution
(P7170, Sigma-Aldrich, Darmstadt, Germany) for 5 minutes with shaking at room
temperature. Ponceau S solution was removed by washing with 1x Tris Buffered Saline
(1706435, Bio-Rad) with 0.1% Tween 20 (P1379, Sigma-aldrich) (TBS-T) with shaking,

replacing the TBS-T until no red color was left.
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Membranes used for CD9 and CD63 detection were blocked with 5% bovine serum albumin
(BSA) (A7906, Sigma-Aldrich) in TBS-T for 1 hour with shaking at room temperature.
Membranes for TSG101 and albumin detection were blocked with 5% skimmed milk (70166,
Sigma-Aldrich) in TBS-T for 1 hour with shaking at room temperature. After blocking,
membranes were washed with TBS-T swiftly, as not to disturb the blocking, before transfer to
50 ml falcon tubes with 10 ml appropriate primary antibody diluted in TBS-T with 0.02%
sodium azide. Membranes were incubated with primary antibody solution on roller overnight
at 4°C.

The following day, membranes were washed for 3x10 minutes in TBS-T with stirring before
incubation on roller at room temperature for 1 hour with HRP-conjugated secondary antibody
(Anti-mouse 1gG, HRP-linked Antibody, 7076, Cell Signaling Technology, Danvers, MA,
USA) diluted in 5% skimmed milk in TBS-T. Secondary antibody was diluted 1:2000 for
incubation with CD9- and CD63-, and 1:1000 for TSG101- and albumin membranes.

Membranes were washed 3x 10 minutes with TBS-T.
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Figure 3: Western blot transfer sandwich assembled for transfer of proteins seperated in gel to
membrane. Sponges, filter paper, gel and membrane is assembled into a sandwich and is submerged
in transfer buffer. The sandwich is subjected to current where the proteins move towards the positive
anode, thus the membrane must be placed between the gel and the anode. Proteins are transfered from
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gel to memabrane to immobilize the proteins and make them easier to handle since the memebrane is
more robust than gel. The figure was created with biorender.com.

3.3.3 Western blot imaging

Prior to imaging, membranes in TBS-T were cut with a clean scalpel to separate the
concentrated- and not concentrated EV protein samples, to avoid overshadowing of the signal

from the not concentrated samples.

For each piece of membrane, equal amounts (500 -1000 pul depending on membrane size) of
reagent A and B of ECL™ Prime Western Blotting Detection Reagent (RPN2232, Cytiva,
Marlborough, MA, USA) were mixed to generate a detection reagent. The membrane was
moved to a sheet of plastic, and the detection reagent was pipetted onto the membrane. The
membrane was left on the bench for 1 minute to develop, before transfer to a black tray in the
imaging machine, ImageQuant LAS 4000 (GE healthcare, Chicago, IL, USA).

The imaging machine had already been cooled to -25°C, and in the ImageQuant LAS 4000
software (version 1.2) settings had been set accordingly. Exposure type: Precision, Exposure
time: Manual, Sensitivity/Resolution: Standard, Add digitalization image: ON, Method:
Chemiluminescence, Tray position: 1. Starting exposure time was 5 seconds, increasing to 15,
30, 60 and 120 or 240 seconds if no bands appeared at 60 seconds. Each image was saved as a
16-bit.tif file. A multiplex image of each blot was created in ImageQuant TL software
(version 8.1.0.0).

3.4 Transmission electron microscopy (TEM)

TEM is an imaging technique commonly used to directly visualize nanoparticles and their
morphology. A fixed biological sample is exposed to a beam of electrons in vacuum. The
electrons either scatter as they interact with the atoms of the sample or pass through and hit a
detector. This results in a high-resolution image, where darkness represents density in the
sample. In negative stain TEM the sample is stained with a heavy metal (e.g. through using
uranyl acetate), resulting in a dark outline of the particle structure on the final image (133).
Immuno-TEM uses gold conjugated antibodies to a protein of interest to further identify and
characterize the observed structures (134). In TEM for characterization of EVs, immunogold

labeling against a surface EV marker, e.g. CD63, is commonly used (134).
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3.4.1 Negative stain- and immuno-TEM

Negative stain- and immuno-TEM was conducted as follows by the Advanced Electron
Microscopy Core Facility at the Institute for Cancer Research, OUS. Five pl representative
EV enriched sample was applied to formvar/carbon grids and incubated for 10 minutes at
room temperature. EVs were fixed in 4% formaldehyde and 0.1% glutaraldehyde for 15
minutes, followed by 2x 1 minute washing with PBS. For immunogold labelling of CD63-
positive EVs, grids were blocked by incubation with 0.5% BSA in PBS for 10 minutes
followed by incubation with mouse CD63 primary antibody (H5C6, Developmental Studies
Hybridoma Bank, University of lowa, lowa city, 1A, USA), diluted 1:50 in 0.5% BSA in PBS,
for 20 minutes. After 5x S5minutes washing with PBS, the grids were incubated for 20 minutes
with rabbit anti-mouse secondary antibody (315-005-044, Jackson Immunoresearch,
Camebridge, UK) diluted 1:1500 in 0.5% BSA in PBS, and then washed with PBS for an
additional 5x 5 minutes. Finally, grids were incubated for 15 minutes with 10 nm protein A-
gold, diluted 1:50 in 0.5% BSA in PBS, and then first washed 5x 1 minute with PBS and 5 x 1
minutes with water. For negative staining of EVs, blocking and incubation with antibodies
and A-gold was not preformed. Particles were stained and embedded in 0.4% uranyl acetate
and 1.8% methyl cellulose for 10 minutes at 4°C and then left to dry for 20 minutes at room
temperature. The samples were viewed with a JEOL JEM-1230 transmission electron
microscope operated at 80 kV and photographed with a Morada digital camera. This was

repeated for the concentrated- and not concentrated ME/CFS and HC EV pools.

3.5 Nanoparticle tracking analysis (NTA)

NTA was used to quantify EVs and determine their mean- and mode size, in the EV enriched
samples of all patients and controls. NTA utilizes light scattering to analyze nanoparticles in
suspension. During NTA a laser illuminate particles, and a video camera captures the
scattered light. Using the video, the NTA software then identifies each individual particle and
analyzes their Brownian motion. Smaller particles have higher velocity Brownian motion.
The software counts each particle which yields particle concentration and uses their velocity

to calculate their size by applying it in the Stokes-Einstein equation (135).

NTA was performed by the Department of Medical Biochemistry, OUS, using NanoSight
NS500 (Malvern Instruments Ltd, Malvern, UK), with Software version 3.40 (Malvern
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Instruments Ltd). An accessory NanoSight Syringe Pump (Malvern Instruments Ltd.) was
used to ensure even flow of particles into the instrument. The NTA instrument was calibrated
by running with 100 nm polystyrene beads. A 10 ul freshly isolated aliquot of each SEC EV
enriched sample was diluted 1:100 in 0.02 um filtered PBS. Next, 0.7 — 0.9 ml diluted sample
in a syringe was attached to the syringe pump. Pumping began with an infusion rate of 1000,
then rapidly halving the rate until 20. The particles were visualized with camera level 14, and
recording was initiated. When finished, detection level was set to 4 and the software
quantified EVs and calculated their size. The pump and instrument were flushed with water
between each run. This was repeated for all 20 patient- and 20 HC EV samples. Each sample

was analyzed in triplicate, and the results were averaged.

3.6 Identification of EV associated proteins by mass
spectrometry

Mass spectrometry is a technique used for identification and quantitation of different chemical
compounds and is commonly used in proteomic profiling of biological samples. The analytes
are ionized, separated based on mass-to-charge ratio and detected. Several mass spectrometry
methods exist. In this project, protein content of EV samples was detected with liquid
chromatography tandem mass spectrometry (LC-MS/MS). During LC-MS/MS with electron
spray ionization, liquid sample containing analyte is passed through a capillary with an
electron field and charges the sample. Charged drops of sample are sprayed from the capillary
into vacuum and is subjected to a flow of heated nitrogen gas (136). This dries the electrically
charged drops which burst into smaller droplets. Continuous drying and bursting of charged
droplets to smaller droplets results in emission of ionized analytes from the droplets (136,
137). These ions are then directed into the first mass filter, a quadrupole of rods which is
connected to radiofrequency and direct current which only allow analytes of a specific mass-
to-charge ratio to pass through to the collision cell (136, 137). There, the selected analytes
collide with molecules of a collision gas causing fragmentation. The product ions are directed
into a mass analyzed. Again, only a specific ion product passes through the second
quadrupole, while others will fall out. Thus, only a specific fragment of a specific analyte
reaches the final time of flight detector following the second quadrupole (137). The

frequencies can be altered quickly to allow detection and quantification of several analytes.
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The LC-MS/MS was performed by the Proteomics Core Facility at OUS (138). For each EV
enriched sample, a 120 ul aliquot was lysed and digested by mixing with 11 pl 1%
ProteaseMax Surfactant in 50 mM NH4HCOs. Samples were vortexed for 10 seconds and
incubated at 95°C for 20 minutes. Protein concentrations were measured by bicinchoninic
acid assay and samples were frozen overnight. The following day, 2 pl 0.5 mM DTT was
added to the samples before incubation at 56°C at 30 minutes. Then, 3.2 pl 550 mM
indoleacetic acid was added to the samples which were incubated at room temperature for 1
hour. Samples were then further diluted with 240 pl 50 mM NH4HCOs to reach ProteaseMax
concentration of 0.033%. Finally, 0.5 pg trypsin (Promega, Madison, W1, USA) was added

before incubation at 37°C overnight.

An equal volume of each sample was purified and concentrated using C18 tips. Samples were
analyzed with nanoElute (Bruker, Billerica, MA, USA) liquid chromatography system

coupled to the timsTOF flex (Bruker) spectrometer, using a 1 hour separation gradient.

In MaxQuant (version 2.0.3.0), resulting raw files were analyzed against the Uniport human
database (from 2020) for protein identification, and label-free quantification. Parameters were
set as follows. Fixed modification: Carbamidomethyl, Variable modifications: N-acetylation
and methionine oxidation, First search error: 22 ppm, Main search error: 6 ppm. The option of
trypsin without proline restriction enzyme was chosen. For protein identification setting were
set as: Minimal unique peptides: 1, False discovery rate allowed: 0.01. False discovery rate
was assigned by generation of reversed sequences. Reversed sequences and known

contaminants were removed.

3.7 Statistical analyses and quality control
All software used throughout the project are listed in Appendix 2.

3.7.1 Analysis of patient and control demographics.

To assess if patients and controls were matched according to sex, age and possibly BMI the
data was analyzed in R version 4.2. Distribution normality was assessed with histograms
using “ggplot()” with “geom_histogram()” form R-package ggplot2 (139), quantile-quantile
plots created with the “ggqqplot()” function from R-package “ggpubr”’(140), and Shapiro-
Wilk normality tests performed using the “shapiro.test()”” function in base-R. For data that
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was normally distributed in both cohorts, f-test assessment of equal variance was performed
with the “var.test()” function. Normalized sets of data with equal variances were analyzed
with two sample t-test using “t.test()” specifying “var.equal=TRUE”. Non-normally
distributed data was analyzed with nonparametric Mann-Whitney U-tests, also known as the

Wilcoxon rank sum test, using the “wilcox.test()” function in base-R.

3.7.2 NTA data analysis

NTA data on EV concentration, mean- and mode EV size in each cohort was assessed and
analyzed as described in section 3.7.1 above. The resulting histograms and qg-plots of NTA
data are presented in Appendix 3, supplementary figure 1-6. Normally distributed pairs of
data were analyzed with two-sample t-test, and non-normally distributed data with Mann-
Whitney U tests. From the R-package “ggplot2” (139), “ggplot()” with “geom_boxplot()” was
utilized to illustrate the distribution of mean EV concentration and mean- and mode EV size

within the two cohorts as boxplots.

3.7.3 Analysis of EV associated proteins using FunRich

The resulting MaxQant analyzed mass spectrometry data of detected proteins and repsecitve
intensity from all EV enriched samples from both the ME/CFS and HC cohort were treated
and analyzed with Excel (version 2211), R (version 4.2) and FunRich (version 3.1.3).
Peptides marked as possible contaminants were removed from the dataset. Using normalized
label-free quantitation (LFQ) intensity, lists of detected peptides in each cohort were made.
The associated gene names of all detected proteins were inserted into FunRich since gene
names were required as input to compare with Vesiclepedia. FunRich was used specifically to
allow analysis with data from Vesiclepedia, an EV database of previously detected EV
proteins, RNA molecules and lipids in EVs (141). In FunRich, Vesiclepedia data was loaded
with settings species: Homo sapiens, content types: proteins. A Venn diagram was created to
evaluate the overlap of detected peptides with Vesiclepedia. With protein ID as input, a Venn
diagram of detected proteins within the two cohorts was created. Exclusively detected
proteins within each cohort were further studied in FunRich and Excel.

Due to discovery of batch effect caused by clogging of the mass spectrometer, differential
expression analysis of EV associated proteins was postponed and not performed as a part of
this thesis as initially planned.
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4. Results

4.1 Demographics of patients and controls

All patients and controls were female and were matched for age as no significant differences
was observed (p=0.9) (Table 2). However, the cohorts were not fully matched for BMI (p =

0.5), as BMI was higher in controls than patients.

Table 2: Age, body mass index (BMI) and sex of ME/CFS patients and HCs at time of blood sample
collection. For one patient, BMI was not recorded.

ME/CFS patients (n HCs (n = 20) p-value
=20)
Age, mean = SD 41.3+10.9 40.9 +£10.6 0.9
BMI, mean £ SD 23.8+4.6 25.7+3.7 0.05
Females (in %) 20 (100) 20 (100) 1

4.2 Western blot optimization

Optimization of the western blot protocol was performed in several iterations to ensure we
could detect minimum three EV markers in the EV enriched samples of which at least one
was a surface marker, and one was enclosed in the EVs. The parameters of optimization
included dilution of both primary and secondary antibody, choice of blocking reagent and
sample buffer with or without reducing agent DTT. All optimization experiments used lysed,

concentrated EV samples enriched from test plasma.

For initial detection of EV surface marker CD9, a primary antibody from Santa Cruz
Biotechnology (sc-13118) yielded a blot with several unspecific bands and low detection of
CD?9 at expected molecular weight of 24 kDa (Figure 4, A), and was thus eliminated. The
same procedure with a CD9 antibody from Invitrogen (10626D, Waltham, MA, USA) (Table
3, B) resulted in a black blot (Figure 4, B). We hypothesized that skimmed milk was an
unsuitable blocking reagent for the primary antibody, and thus preformed the optimization set

up presented in table 3 C-D.
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Table 3: Optimization set up for detection of CD9. A) Procedure for initial CD9 detection with
primary antibody from Santa Cruz biotechnology. B) Procedure for detection of CD9 using primary
antibody from Invitrogen C- D) pieces of the same membrane subjected to different conditions to
trouble shoot and optimize conditions for use of the Invitrogen CD9 antibody.

Blot CD?9 primary Sample buffer Blocking agent  CD?9 antibody
antibody supplier  (boiling diluent
(catalog number)  conditions)

A Santa Cruz With DTT (97°C,  Skimmed milk TBS-T with
Biotechnology (sc- 5 min) sodium azide
13118)

B Invitrogen With DTT (97°C,  Skimmed milk TBS-T with
(10626D) 5 min) sodium azide

C Invitrogen Without DTT Bovine serum Bovine serum
(10626D) (70°C, 10 min) albumin albumin

D Invitrogen Without DTT Bovine serum TBS-T with
(10626D) (97°C, 5 min) albumin sodium azide

E Invitrogen With DTT (97°C,  Bovine serum Bovine serum
(10626D) 5 min) albumin albumin

From the resulting blots of the CD9 troubleshooting procedure, BSA appeared to be a more

suitable blocking reagent, and no additional reducing agent in the sample buffer was needed

(Table 3 and Figure 4). The protocol for blot D was deemed the most successful in CD9

detection out of the four (Table 3 and Figure 4).
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Figure 4: Western blot results of CD9 trouble shooting. The different conditions per blot are
described in table 3.
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Furthermore, western blot experiments for detection of CD63, CD81, TSG101 and albumin
were tested. This resulted in detection of all aforementioned proteins, except CD81. As a
result, CD81 was excluded from further experiments as detection of three EV markers was
sufficient according to MISEV2018 (46).

4.3 Successful detection of CD9, CD63, TSG101, and
albumin by western blotting

The final western blot experiments resulted in successful detection of the three EV markers,
CD9, CD63 and TSG101, and albumin in the EV pools enriched from plasma pools of five
ME/CFS patients and five HCs.

CD9 was detected in both the EV pool and concentrated EV pool, blot A and B respectively,
for both ME/CFS patients and controls (Figure 5). The bands representing detection of CD9
were observed in both blots at 24 kDa outlined by a blue box. In addition, unspecific bands

were present at about 150-200 kDa.
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Figure 5: Western blot analysis for detection of CD9 in ME/CFS EV pool (n=5) and HC EV pool (n=5) using

monoclonal mouse CD9 antibody (1 pg/ml) and anti-mouse horseradish peroxidase linked secondary antibody (1
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pg/ml). A) Not concentrated EV pools. B) EV pools were 4x concentrated by ultrafiltration prior to lysis.
Abbreviations: L = Ladder, ET = exposure time in seconds. Blue boxes outline expected CD9 bands.

The western blot experiments confirmed presence of CD63-positive EVs in the ME/CFS- and
HC EV pools, where characteristically smeared bands representing detection of CD63 were
present at about 30-60kDa marked by the blue boxes (Figure 6). Detection of CD63 in the EV

pools which were not concentrated was faint (Figure 6, A).
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Figure 6: Western blot analysis for detection of CD63 in ME/CFS EV pool (n=5) and HC EV pool
(n=5) using monoclonal mouse CD63 antibody (1 pg/ml) and anti-mouse horseradish peroxidase
linked secondary antibody (1 pg/ml). A) Not concentrated EV pools. B) EV pools were 4x
concentrated prior to lysis by ultrafiltration. Abbreviations: L = Ladder, ET = exposure time in
seconds. Blue boxes outline expected CD63 bands.

TSG101 was detected in both the EV pool and the concentrated EV pool enriched from the
ME/CFS plasma pool (n=5) and the HC plasma pool (n=5), as bands representing detection of
TSG101 are present in all lanes of the blots (Figure 7). Bands representing TSG101 detection
appeared in the 55-70 kDa region, marked with a blue box.
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Figure 7: Western blot analysis for detection of TSG101 in ME/CFS EV pool (n=5) and HC EV
pool (n=5) using monoclonal mouse TSG101 antibody (1.74 pg/ml) and anti-mouse horseradish
peroxidase linked secondary antibody (2 pg/ml). A) Not concentrated EV pools. B) EV pools were 4x
concentrated prior to lysis by ultrafiltration. Abbreviations: L = Ladder, ET = exposure time in
seconds. Blue boxes outline TSG101 bands.

Bands representing detection of albumin are present in both lanes of both blots, thus albumin
was detected in both the EV pool and concentrated EV pool enriched from the ME/CFS
plasma pool (n=5) and the HC plasma pool (n=5) (Figure 8). This indicates the presence of
plasma co-eluates. Albumin bands, framed by blue boxes, are present between 52-70 kDa.
The difference in band thickness on blots indicates higher levels of albumin in the
representative ME/CFS EV pool than the HC EV pool.
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Figure 8: Western blot analysis for detection of albumin in ME/CFS EV pool (h=5) and HC EV
pool (n=5) using monoclonal mouse albumin antibody (0.2 pug/ml) and anti-mouse horseradish
peroxidase linked secondary antibody (2 pg/ml). A) Not concentrated EV pools. B) EV pools were 4x
concentrated prior to lysis by ultrafiltration. Abbreviations: L = Ladder, ET = exposure time in
seconds. Blue boxes outline expected albumin bands.

The western blot experiments detected EV markers CD9, CD63, TSG101 in the SEC enriched
ME/CFS- and HC EV pools. This contributes to validation of presence of EVs in the EV
enriched samples. In addition, detection of albumin indicates presence of co-eluates or

contaminants.

4.4 Transmission electron microscopy confirms presence of
EVs

To further validate the presence of EVs and compare ultrastructure of EVs between the two
cohorts, we analyzed negative stain- and immuno-TEM micrographs of ME/CFS- and HC EV

pools and concentrated EV pools. EVs were observed in the negative stain micrographs, and
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the immuno-TEM further confirmed that the structures seen in fact were EVs, as immunogold
labeling of EV marker CD63 allowed distinguishing from other co-eluates.

4.4.1 Negative stain-TEM

Intact EV's were detected with negative-stain TEM in both the EV pool and the concentrated
EV pool enriched from the ME/CFS plasma pool (n=5) and the HC plasma pool (n=5)
(Figure 9). In micrograph A, B and C, EVs with the characteristic “cup shaped” TEM artifact
morphology was observed. The largest observed EV was ~ 330 nm, while the smallest was ~
22 nm. In the micrographs there is an overall higher abundance of EVs with diameter below
100 nm. From these micrographs, differences in EVs could not be observed between the

cohorts.
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Figure 9: Negative stain transmission electron microscopy of EV pools enriched by size
exclusion chromatography from plasma pools of ME/CFS patients (n=5) and HCs (n=5). The
scale bars are 500 nm. Each arrow points to the delimiting membrane of a discerned EV. A)
not concentrated ME/CFS EV pool. B) not concentrated HC EV pool. C) 4x concentrated
ME/CFS EV pool. D) 4x concentrated HC EV pool.
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4.4.2 Immuno-TEM

CD63-positive EVs were detected in both the ME/CFS and HC EV pools (Figure 10). In the
immuno-TEM micrographs presented, the horizontal dark arrows point on CD63-positive
EVs, where a wide vertical arrow points to the gold particle attached to the antibody
indicating the presence of CD63 on said EV. White arrows point at what is most likely CD63-
negative EVs. In line with the western blot analyses (Figure 6), the micrograph showed low
abundance of CD63. As previously seen in the micrographs of Figure 9, EVs look intact and
smaller EVs with diameter below 100 nm were more abundant.
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Figure 10: CD63 immuno gold-stained transmission electron micrographs of EV pools of ME/CFS
patients (n=5) and HCs (n=5). The scale bars are 500 nm. Dark horizontal arrows indicate CD63-
positive EVs, where wide vertical arrows point at gold particle indicating CD63 protein. White arrows
point to CD63-negative EVs. A) not concentrated ME/CFS EV pool. B) not concentrated HC EV pool.
C) 4x concentrated ME/CFS EV pool. D) 4x concentrated HC EV pool.

In the micrographs presented there could not be observed significant differences in the EVs
between the ME/CFS- and the HC EV pools (Figure 9 and 10). The presence of clustered EVs
were higher in the micrographs of ultrafiltrated EV pools (Figure 9 and 10, C and D).
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4.5 EV concentration and -size by nanoparticle tracking
analysis

The normality assessment of the NTA data revealed non-normal distribution of mean EV
concentration- and mode EV size data with Shapiro-Wilkins normality tests p-values < 0.05
(Table 4). Mean EV size could be considered approximately normally distributed (Table 4),
and variances were equal (p = 0.75). Following normality assessment, the EV concentration
and -mode size were analyzed with Mann-Whitney U tests, while mean size was analyzed

with a two-sample t-test.

Table 4: Test for normal distribution of data from nanoparticle tracking alaysis

ME/CFS patients (n =20), HCs (n=20),

p-values* p-values*
EV concentration 0.0008 0.0000002
Mean EV size 0.8 0.2
Mode EV size 0.003 0.5

* Shapiro-Wilkins normality test

Significant difference in EV concentration was observed between the cohorts (p-value =
0.006) (Figure 11). Concentration of circulatory EVs was higher in the ME/CFS cohort,
however, the concentration ranges were large, particularly for the patients, which overlapped
with the controls (Table 5 and Figure 11). Hence, the interquartile range of the ME/CFS
patients was considerably wider than the HCs, thus the ME/CFS EV concentration data is
more dispersed (Figure 11). In both cohorts, EV concentration data was skewed towards
higher concentration. There were two ME/CFS outliers, and four HC outliers (Figure 11).

Statistical significance remained after removal of outliers (p = 0.002).
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Table 5: Summary of EV concetration and -size of plasma EVs enriched from the ME/CFS cohort
(n=20) and HC cohort (n=20).

ME/CFS patients (n=20) HCs (n=20)

Mean EV concentrationas  1.91 x 10%° 5.47 x 10°
particles/ml, median (3.51 x 10%9) (2.78 x 109
(interquartile range)

Mean EV size in nm, mean 123.3+11.7 125+ 12.6

+ standard deviation
Mode EV size in nm, mean 97.7 £ 10.7 102.8 + 15.6

+ standard deviation
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Figure 11: Distribution of mean EV concentration in EV enriched samples from ME/CFS patients
(n=20) and HCs (n=20) quantified by nano particle tracking analysis. The horizontal line within each
box indicates median, the box indicates interquartile range, and the cross indicates the mean.

Datapoints outside whiskers were considered outliers.
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There could not be observed significant difference in mean- or mode EV size between the two

cohorts (p-value > 0.05) (Figure 12). Most detected particles were within 50 — 200 nm in
diameter.
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Figure 12: EV size in patients and controls measured by nanoparticle tracking analysis (NTA).
Distribution of A) mean EV size and B) mode EV size in EV enriched samples from ME/CFS cohort
(n=20) and HC cohort (n=20). NTA graph of C) one ME/CFS patient D) and their matched control.
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4.6 Proteomic profiling of EV enriched samples

Analysis of the mass spectrometry data identified 663 unique proteins in the EV enriched
samples over both cohorts. Of the 663 detected proteins, 602 of the proteins had attached gene
names. When compared with human protein entries in Vesiclepedia, 535/602 overlapped

(Figure 13). The majority of the 67 non-overlapping proteins were immunoglobulins.
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Figure 13: Venn diagram of human protein entries to Vesiclepedia and gene names of detected
proteins in EV enriched samples from the ME/CFS cohort (n=20) and 20 HCs (n=20).

Of the 663 detected proteins, 41 were exclusively detected in the ME/CFS patients and 29

were exclusively detected in the HCs (Figure 14).
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ME/CFS

Figure 14: Venn diagram of proteins detected in EV enriched samples from the ME/CFS cohort
(n=20) and HCs (n=20).

Notably, 278/634 and 267/622 proteins were detected in all subjects of the ME/CFS and HC
cohort respectively (Figure 15, A and B). Of the exclusively detected proteins in each cohort
most were detected in few individuals (Figure 15, E and F). If proteins had to be to be
detected in minimum 50% of the subjects to be considered detected in the cohort, all
exclusively detected protein would have been discarded. Studying which subjects the cohort
exclusive protein were detected in revealed an even distribution (Figure 15, C and D), except
one subject in the ME/CFS cohort in which 15 were detected. This subject accounted for

detection of 11/41 ME/CFs cohort exclusive proteins.
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Figure 15: Number of subjects each protein was detected in with label free mass spectrometry, in
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5. Discussion

The primary aim of this project was to study EVs in ME/CFS and assess their potential as
biomarkers for the disease. Through using EV relevant methods including SEC, western
blotting, NTA, TEM and mass spectrometry, our study investigated EV concentration, -size, -

morphology and protein cargo in patient- and HC derived samples.

5.1 Is SEC an appropriate EV isolation method?

No gold-standard technique for EV isolation is established, and the different methods in use
enrich for different EV populations from the same material (112). Currently, the choice of a
method is a compromise between EV recovery and purity and should therefore involve
considerations of source material and downstream applications (46). Furthermore, costs and
availability of equipment might be relevant. Differential ultracentrifugation was the first
method for EV isolation and is still the most widely used (113). Therefore, the method is
well-established, however it has limitations regarding reproducibility, purity, and may cause
aggregation of EVs (142). Over time, ultracentrifugation has been replaced by less laborious
and more gentle isolation techniques, including SEC which has become the second most
common method (113). One limitation with using SEC or ultracentrifugation that separates
based on density and/or size over a more size inclusive technique, such as filtration or
precipitation, is that potential biologically significant EVs of different size would be
excluded. Thus, the findings in each study should be applied to the population of EVs the
protocol in use yielded. Considering the size ranges commonly assigned to each EV subgroup
in the literature our SEC isolated population of small EVs (SEVs), with diameter of 50-200
nm, is assumed to primarily consist of exosomes (30-150 nm) and small microvesicles (100-
1000 nm) (48). However, size is not an accurate estimate of subgroups, and as subgroups-
specific markers are not established this assumption is only speculative. In the context of our
aim of biomarker discovery, an EV population primarily consisting of exosomes was
compatible since the sorting of protein cargo to exosomes during biogenesis is thought to be
non-random, thus exosome cargo is often of focus in EV related biomarker research (63).
However, a less specific isolation method may be a better choice for studies wanting to
analyze a more accurate representation of the whole range of EVs in blood, though this would

yield less pure samples.

42



A gentle and more specific variation of ultracentrifugation, density gradient centrifugation,
could be coupled to SEC or ultracentrifugation to increase sample purity, but at the cost of EV
recovery (46, 115). Regarding the aim of biomarker discovery, further purification may
exclude significant EV-populations. However, it might also reveal signals that would
otherwise be overshadowed in the less specific EV enrichments, such as disease specific
proteins from small exosomes being diluted by protein cargo of larger microvesicles in label-
free proteomic analyses. Thus, the use and pairing of several isolation methods, or separation
of EV populations before analysis, might be beneficial to biomarker discovery.

Notably, the various EV isolation methods will affect the population of EVs and non-EV
components of the final isolate. Thus, in choosing a method researchers should consider their
aims, the source material, in which downstream analyses the EV samples will be used,
availability of equipment, efficiency, and costs. Although SEC fails to completely isolate
plasma EVs from other plasma components with overlapping size, such as lipoproteins, it has
many desirable traits for EV isolation and biomarker discovery that is complementary to our
aims, material, equipment, and budget (143). Namely, it recovers a sufficient amount of EVs
from a small volume of material while yielding a relatively clean sample, allows for
consistent isolation, is gentle, and shows great potential for clinical implementation (117,
144).

5.2 Can source material and processing influence results?

Processing, handling, and choice of the EV source material will influence the recovery of EVs
(46). Thus, pre-analytic processing is described thoroughly in the methods section of this
thesis. Allowing clotting of blood samples after collection, in processing of serum, will cause
secretion of platelet derived EVs (111, 145). Hence, an anticoagulant was added to the ex
vivo sample, yielding plasma, to minimize the introduction of artifact EVs that would alter the
in vivo EV composition and potentially dilute the signal of EVs from pathological cells.
Previous studies have shown EDTA to be sufficient at inhibiting platelets (111).

Furthermore, storage of both plasma and isolated EV samples can influence the EVs. Thus,
blood was processed shortly after collection, and plasma was stored at -80°C, which is in line
with recommendations (142). Still, it cannot be excluded that some sample processing

variation may have occurred, potentially affecting our results.
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A study reported aggregation and a 25% increase in diameter of isolated airway EVs stored
for four days at -80°C compared to freshly isolated sample (146). Thus, EV samples were
delivered fresh to NTA, as freezing may affect NTA results both due to increased diameter
and since the aggregates will be counted as one large particle (147).

Another issue to consider is what tissue is a relevant EV source for the disease being studied.
With evidence of inflammation in the central nervous system of ME/CFS patients (148), it
could be argued that cerebrospinal fluid may be a more biologically relevant biofluid to study
over blood. Yet, in the light of biomarker discovery, the minimally invasive nature of blood

collection is central.

In conclusion there are many variables in the processing, handling and storage of both source
material and isolated EV samples that may affect the outcome. Hence, the current lack of
standardization makes it difficult to compare findings. Notably, our plasma- and EV samples
were frozen in small aliquots to avoid re-freezing, and samples from NTA and TEM were
delivered freshly isolated to avoid manipulation of EV size due to freezing.

5.3 Did we enrich for EVs?

The presence of EVs and co-isolates must be assessed through characterization of the pooled
SEC fractions (46). Optimized western blot experiments validated enrichment of EVs through
detection of EV markers CD9, CD63 and TSG101. Surprisingly, the bands representing CD9
detection appeared weaker on the blot with the concentrated EV pools than the non-
concentrated pools. This was not caused by the difference in exposure time, as the observed
difference remained when comparing images with the same exposure time. The weaker bands
could have been caused by inaccurate loading of the wells, but after further inspection of the
blot, the ladder also appeared weaker. Thus, it is likely that the appearance of a weaker CD9
band on the blot with concentrated samples was caused by overshadowing from the
unexpected band at approximately 200 kDa. The origin of the band is unknown, however it
could be caused by insufficient denaturation or reducing of the sample, or possibly
overloading of the wells as 40 ul was applied and the sample is concentrated. Nevertheless,

the presence of CD9 is clearly detected in EV pools from both cohorts.

Since CD63 is a glycoprotein, it was not unexpected that the band detecting CD63 appeared
as a smear, as reported by other studies of plasma derived EVs (119, 149). Surprisingly,
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CD63 was only faintly detected in the non-concentrated EV pool despite using the same
antibody concentrations as in the CD9 detection experiment. Further optimization might have
improved the detection of CD63, such as increasing the primary antibody concentration. The
stronger bands on the blot with protein from concentrated EV pools support the success of
increasing EV concentration by ultrafiltration. The faint detection of CD63 is in line with our
immuno-TEM micrographs where surprisingly few gold particles indicating CD63 proteins
were observed. Together, these findings indicate presence of few CD63-positive EVSs in our
EV enriched samples. Supporting this, a recent single-EV study from our research group
detected tetraspanin expression on sEVs isolated with SEC from plasma of rheumatoid
arthritis patients and controls and found that few sEVs appeared to carry CD63 in both
cohorts (150).

Unexpectedly, bands detecting TSG101 appeared above the molecular weight of 50 kDa. The
polyacrylamide gel percentage is known to influence the size separation of proteins (151).
Notably, the 4-20% gradient gel we used does not separate proteins of TSG101’s molecular
weight well, which might have caused the bands to appear higher than expected. Ideally a
10% gel would have been used, however this was not available at the time of conducting the
western blot experiments. If given time for additional optimization primary and secondary
antibodies would have been further diluted as protein detection was strong at short exposure
time. The insufficient dilution of the secondary antibody could have contributed to the high

background and spots on the blot.

The detection of albumin confirms presence of non-EV co-eluates in the EV enriched
samples. After a study observing EV loss following lipoprotein depletion in plasma prior to
NTA, it is currently unknown whether the co-eluates are as previously labelled,
“contaminants”, or in fact a part of the functional EV corona (73, 75, 152). If the latter is the
case, the co-eluates could in line with the canonical EV cargo be significant in biomarker
discovery. Moreover, if albumin is associated with the EVs, this could explain why the band
detecting albumin in the ME/CFS pool appeared stronger than in the HC pool, since the EV

concentration was higher in the ME/CFS EV samples.

If provided more time, optimization of western blots would have been continued further. The
consistent problem of dark spotting on the membranes was not resolved but believed to be
caused by incomplete dissolving of the blocking reagents, inadequate dilution of the

secondary antibody, or contaminants. Ideally, antibody concentrations would have been

45



further adjusted. However, further optimization was not necessary as the western blots were
not intended to be used for quantitative analysis, but rather to validate the presence of EV-

and non-EV markers in our EV enriched samples.

Characterization of EVs with TEM did not reveal any morphological differences in EVs
between the two cohorts. Notably, this does not confirm that there is no difference, but it
could not be observed in these specific sections. In general, achieving clear micrographs of
plasma derived EVs proved difficult, and the final micrographs had dark backgrounds due to
several layers of EVs. Whether the EV pools or the concentrated EV pools would yield the
best micrographs was of interest during the TEM optimization. From the final micrographs
the pools appear similar except for a higher presence of EV aggregation in the concentrated
pools. The presence of EVs was confirmed by immunogold labeling of CD63. Detection of
CD63 was unexpectedly low which complicated distinguishing of EV from non-EV
components in the micrographs. This correlates with the faint CD63 bands on the western
blots. Low labeling of CD63 could have occurred due to low presence of EVs in our samples,
however this is not likely as the great majority of LC-MS/MS-identified proteins overlapped
with Vesiclepeida, thus these have previously been detected as EV associated proteins.
Considering our western blot analysis and the single-sEV study which captured fewer seV
expressing CD63 than CD9 (150), immunogold labeling of CD9 or other EV markers, rather
than CD63, might have been more efficient in assessing sample purity.

Due to SEC being performed equally to enrich for EVs from all plasma samples, we assume
the validation of EVs with western blotting and TEM in the representative EV pools to be
transferable to validation of EVs in the EV enriched samples from all ME/CFS subjects
(n=20) and HCs (n=20). This assumption is further supported by the analysis of LC-MS/MS-
and NTA data from all participants, since the majority of identified proteins overlapped with

registered EV proteins in Vesiclepedia and the presence of EV-sized particles was confirmed.

In conclusion, the successful detection of three established EV markers by western blot (46),

observation of EVs with TEM, identification of registered EV proteins with LC-MS/MS and

quantification of EV-sized particles with NTA confirms successful enrichment of EVs in our
EV enriched samples isolated with SEC. Equally, the detection of albumin confirms presence
of co-eluates, and possibly contaminants, in our EV enriched samples which should be

considered in the interpretations of our results.
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5.4 Characterization of sEVs in ME/CFS patients revealed
difference in EV concentration but not EV size

Supporting the findings of previous ME/CFS EV studies (119-122), our results indicate a
significantly increased number of circulatory EVs in ME/CFS patients compared to healthy
subjects. The previous studies used precipitation-based isolation for enrichment of EVs from
serum (119) or plasma (120-122) and quantified EV enriched samples using NTA (119, 120,
122), or flow cytometry (121). Taken together, the observation of increased circulatory EV
concentration in patients has been replicated in several cohorts using different methods for
sample processing, isolation, and quantitation. However, one study did not corroborate these
findings (123). Due to overlap in SEV concentration between patients and HCs, and
observations of increased EV concentration in other patient groups (126, 127), increased
circulatory sEV concentration does not qualify as an ME/CFS specific diagnostic biomarker.
Nevertheless, it does suggest an abnormality in EV secretion. The observation further
supports established hypotheses on the pathogenesis of ME/CFS, as increased EV secretion
has previously been observed in response to both inflammation (153) and tissue hypoxia
(154).

Contrary to the findings of two previous studies (119, 120), our results did not reflect a
significant difference in EV size between cohorts. Eminently, our findings are reserved for the
population of SEVs our plasma processing and isolation method yielded, not all circulatory
EVs. The two previous studies enriched for EVs with precipitation-based isolation from
serum (119) or plasma (120). Difference in isolation technique might contribute to our
differing findings. Additionally, these studies had small sample sizes of ten patients and five
controls, and fifteen patients and fifteen controls, respectively. Non-significant difference in
circulatory sEV size in ME/CFS patients has previously been observed in a study with

participant number equal to ours (122).

The NTA measurement might not have captured all particle as it is less sensitive at detecting
particles below 70 nm (155). This could explain why a larger proportion of EVs and non-EV
particles with diameter below 70 nm was observed with TEM, relative to what was expected
from the NTA graphs. This is supported by the single-EV study, where the estimated mean
diameter of EVs expressing CD9, CD63, and/or CD81 was 62 nm (£17 nm) in samples
enriched from control plasma through the same SEC protocol as described in this thesis (150).

47



Thus, the NTA data may not report the true EV concentration and -mean diameter in the EV
enriched samples, however the technique is still suitable for use in relative comparisons (156).
Furthermore, the NTA results did confirm presence of EV sized particles which further
validates presence of EVs in the EV enriched samples.

The dynamic nature of the secretome could further limit our analyses as EV secretion and -
cargo may be affected by demographics (157), exercise (158), fasting state (159) and
potentially time of day the blood sample was collected. Furthermore, potential confounding
effects in biomedical studies on ME/CFS naturally include the lifestyle of patients. As a
consequence of debilitating symptoms including post exertional malaise and pain, patients are
more likely to be sedentary. Thus, potential differences in lifestyle of patients and controls,
regardless of disease state, may have influenced our findings. Due to the dynamic secretome,
some variance in EV concentration was expected within both cohorts. However, the spread
was considerably wider in the ME/CFS cohort. The difference in spread between the cohorts
may have influenced the results of the statistical tests (160). In addition, the wide spread of
EV concentration suggests heterogeneity within the ME/CFS cohort. This could be caused by
the difference in symptoms and disease severity among patients (1), as some of the ME/CFS
subjects included in our study were reported as bedridden at time of blood collection. Time
elapsed since disease onset was not provided but could contribute to the spread and overlap
with HCs, as the uniqueness of plasma immune signatures in ME/CFS patients previously
have been shown to inversely correlate with disease duration (161). The observed variance in
EV concentration in the cohort could also have been caused if ME/CFS, as has been
suggested, consist of several subgroups with different pathogenic mechanisms that affect EV
secretion to a varying extent. However, the large variance could be a result of inclusion of

misdiagnosed patients, or comorbidities.

Notably, all EV concentration outliers had BMI > 24. The outlier with the highest EV
concentration in the HC cohort is the HC with the highest BMI of 36, which is within the
obesity range. However, a patient with similar BMI had concentration below the median of
the ME/CFS group. Overall BMI was higher in the HCs than the ME/CFS patients and still
EV concentration was significantly increased in the ME/CFS cohort. Thus, EV concentration
seems to rely more on disease state than BMI. If more time was available, a correlation
analysis between EV concentration and demographics including BMI could have been

performed.
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5.5 An ME/CFS specific SEV protein profile was not
identified

To our knowledge, this is the largest ME/CFS EV proteomics study to date, still the results
are limited by the small sample sizes. Proteins exclusively identified in each cohort were
detected in few subjects and did not contribute to differences between cohorts as much as
interindividual variability. Notably, the “cohort exclusiveness” of the proteins can not be
established by our analysis as the LC-MS/MS was label-free and intensities were normalized.
Thus, this method limits our analysis since it can not confirm the absence of a protein in a
sample. Hence, any speculations on cohort exclusive protein must be replicated using targeted
methods, e.g. mass spectrometry-based targeted proteomics or enzyme-linked immunosorbent

assay.

In terms of future studies, comparison of EV associated proteins should be extended to
include differential expression analysis. Ideally this would have been performed in the current
study but was halted due to time limitations. Comparing the EV proteome from three patients
and three controls Eguchi et al. discovered 134 differentially expressed proteins, of which
actin network proteins were prominent (121). The increased expression of actin network
proteins remained when comparing the EV sample proteome from cohorts of four ME/CFS-,
depression-, and idiopathic chronic fatigue patients (121). Despite few subjects, differential
expression analysis of EV proteome from ME/CFS shows potential in biomarker discovery
and will be performed following this project. However, the current stage of our proteomic
analysis could not reveal any significant difference in EV associated proteins between
samples from patients and HCs.

5.6 Assessment of circulatory EVs as a source of potential
ME/CFS biomarkers

In this study we have shown that EVs can easily be enriched from non-invasive samples like
blood plasma and can be used methods for characterization, and proteomic analyses.
However, the full analysis of circulatory EVs as potential source of biomarkers for ME/CFS
was not completed during this project, as differential expression analysis of proteomic data
was not performed. EVs had similar size and morphology between cohorts, but the
concentration of EVs was significantly elevated in patients. Increased EV concentration
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indicates altered EV secretion in ME/CFS patients. Thus, EVs pose as a potential source of
ME/CFS biomarkers. This should be further investigated in larger cohorts and include more

extensive analysis of cargo, firstly analyzing protein- and RNA cargo.

5.7 Considerations for future studies

Adjustments and additional analyses could have been performed to improve the study of EVs
in ME/CFS and their potential as biomarkers. Assessment of sample purity could have been
extended to include detection of lipoprotein markers, in addition to albumin. Additionally, a
more abundant surface EV marker could have been labeled during immuno-TEM to improve
distinguishing of EVs from non-EV structures. From our western blot experiments, it is likely
immunogold labelling of CD9 would have been preferable, alternatively labeling of several
surface EV markers.

In addition to general EV markers, cell specific markers could have been investigated. The
plea for increased standardization within the EV research field is hoped to allow
establishment of EV subtype-, donor cell-, and target cell type markers. Some origin markers
are currently in use and could have been investigated to determine and compare from which
cells EVs were secreted. Future determination of both origin and target could increase the
insight into EVs potential role in ME/CFS and should be conducted following the

establishment of these markers.

Based on our findings of increased EV concentration in addition to increased albumin in the
ME/CFS EV pool, future EV studies may benefit from avoiding treatment with proteinases,

e.g., proteinase K, as the EV surface associated proteins and -corona may be of relevance.

The analysis of EV associated proteins revealed a high number of proteins. Differential
expression analysis should be completed to further determine the potential of EV associated
proteins as ME/CFS biomarkers. Furthermore, “cohort exclusive” proteins should be
replicated with targeted methods for more accurate quantitation. Future studies on biomarker

discovery may benefit from analyzing additional cargo including EV associated RNAs.

Present ME/CFS biomedical studies naturally include the lifestyle of patients as a potential
confounder. Hence, future studies with the aim to study pathogenic mechanisms in ME/CFS
should consider the inclusion of sedentary controls, to limit the effect of low physical activity

in patients. Following the identification of a potential EV biomarker for ME/CFS, replication
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should include disease cohorts, in particular of diseases with symptom overlap to ME/CFS.
Furthermore, future studies may benefit from separating ME/CFS cohorts by disease severity
and/or duration both to investigate their respective effects on EV secretion, and potentially
limit the great variance observed in this thesis which may disturb statistical tests.

Finally, the findings presented in this study should be replicated in larger datasets.
Additionally, all samples analyzed were from females collected in Norway. Future studies
should be expanded to include male participants and findings should be replicated in subjects
from several populations. Investigation of larger cohorts with samples from several
populations will be made easier through further development of efficient EV methods, and
standardization between biobanks regarding processing and handling of samples for EV

research.
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6. Conclusion

We characterized circulatory EVs from ME/CFS patients with the aim to assess their potential
as minimally invasive biomarkers for ME/CFS. Full assessment was beyond the scope of this
thesis, as complete analysis of EV associated proteins was not performed within the time
frame of this thesis. EV's were successfully enriched from plasma of patients and HCs with
size exclusion chromatography, as confirmed by detection of EV markers with western
blotting and observation of EVs with TEM. Through analysis of NTA data, we confirmed
previous findings of elevated EV levels in samples from ME/CFS patients compared to HCs.
This observation indicates that EVs may play a role in ME/CFS and is further a testimony to
the physical nature of the illness. However, the lifestyle and/or heterogeneity of the patient
group poses as potential confounders. Great variation in EV concentration was observed
between patients, and significant differences in EV size and -morphology between patients
and HCs could not be observed. LS-MS/MS revealed few “cohort exclusive” proteins, that
might reflect interindividual variability. However, proteomic analysis was not completed

since differential expression of EV associated proteins was not investigated.

In conclusion, EV enrichment and characterization were successfully validated and optimized,
respectively, thus providing a good basis for future EV studies. Even though a potential
biomarker could not be suggested at this stage, the current findings hint at an altered EV
secretion in ME/CFS patients, which strengthens their potential as a source of biomarkers for
the disease. Our finding should motivate further EV studies in ME/CFS, as the discovery of
biomarkers for ME/CFS is urgently needed.
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Appendix 1. Antibodies

Supplementary table 1: Antibodies utilized in western blot and immuno-transmission electron

microscopy.
Use Target | Antibody Host Supplier Catalog
(clone) species | (headquarters) number
Western blot | CD9 CD9 Mouse | Invitrogen 10626D
Monoclonal (Waltham, MA,
Antibody (Ts9) USA)
CD63 CD63 Mouse | Invitrogen 10628D
Monoclonal (Waltham, MA,
Antibody USA)
(Ts63)
TSG101 | TSG101 Mouse | Invitrogen MA1-23296
Monoclonal (Waltham, MA,
Antibody USA)
(4A10)
Albumin | ALB Mouse | Santa Cruz sc-271605
Monoclonal Biotechnology
Antibody (F-10) (Santa Cruz, CA,
USA)
Mouse Anti-mouse Horse Cell Signaling 7076
derived 1gG, HRP- Technology
primary | linked Antibody (Danvers, MA,
antibody USA)
Western blot | CD9 CD9 Mouse | Santa Cruz sc-13118
optimization, Monoclonal Biotechnology
exclusively Antibody (C-4) (Santa Cruz, CA,
USA)
CD81 CD81 Mouse | Santa Cruz sc-166029
Monoclonal Biotechnology

antibody (B-11)

(Santa Cruz, CA,
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USA)

Transmissio
n electron

microscopy

CD63 CD63 LAMP-3 | Mouse | Developmental H5C6
Studies Hybridoma
Bank, University of
lowa (lowa city, 1A,
USA)
Mouse AffiniPure Rabbit | Jackson 315-005-044
derived | Rabbit Anti- Immunoresearch
primary | Mouse (Cambridge, UK)
antibody
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Appendix 2. Software

Excel was used to view and manage data. FunRich was used to analyze proteomics data.
ImageQuant software was used to operate the imaging of western blots and create multiplex

images. R was used to analyze clinical data, EV characteristics data, and proteomics data.

Supplementary table 2: Softwares used for the work presented in thesis.

Software Version

Excel 2211

FunRich 3.1.3
ImageQuant LAS 4000 1.2
ImageQuant TL 8.1.0.0

R 4.2.0

RStudio 2022.02.2+485
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Appendix 3. Histograms and Q-Q plots of
NTA data
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Supplementary figure 1: Histogram and quantile-quantile plot of mean EV concentration in the
ME/CFS cohort (n=20). The red line indicates the mean, and the blue the median.
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Supplementary figure 2: Histogram and quantile-quantile plot of mean EV concentration in the HC
cohort (n=20). The red line indicates the mean, and the blue the median.
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Supplementary figure 3: Histogram and quantile-quantile plot of mean EV size in the ME/CFS
cohort (n=20). The red line indicates the mean, and the blue the median.
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Supplementary figure 4: Histogram and quantile-quantile plot of mean EV size in the HC cohort
(n=20). The red line indicates the mean, and the blue the median.
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Supplementary figure 5: Histogram and quantile-quantile plot of mode EV size in the ME/CFS
cohort (n=20). The red line indicates the mean, and the blue the median.
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Supplementary figure 6: Histogram and quantile-quantile plot of mode EV size in the ME/CFS
cohort (n=20). The red line indicates the mean, and the blue the median.
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