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ABSTRACT

Liver cells release extracellular vesicles (EVs) carrying diverse molecular information
involved in homeostatic processes and the pathogenesis of metabolic associated fatty liver disease
(MAFLD). Applying a liver-specific immunocapture method, this thesis explores the utility of
circulating liver derived EV biomarkers to convey the impact of MAFLD on hepatic function and
makes vital contributions to this approach for clinical sample analysis. Whereas solid tissue biopsy
is preclusively invasive, EVs are an appealing tool to assess organ function and inform disease
diagnosis, prognosis and predicted response to interventions via a minimally-invasive liquid biopsy;

however, several challenges in EV isolation and analysis currently limits clinical translation.

EVs in biofluids, including blood, exist among a complex milieu of non-vesicular material that
impacts the specific recovery and detection of target molecules. Enrichment of EV marker proteins
and depletion of co-isolated matrix contaminants reflect the yield and purity of EV isolates to provide
critical assessments of sample quality. Here, development and validation of a novel targeted
proteomic assay is described that achieves sensitive, multiplexed, high-throughput and absolute
quantification of EV markers and contaminants. Importantly for clinical studies, these improvements
compared to standard protein detection methods, accommodates quality control on an individual
sample level in limited sample volumes. The impact of donor characteristics and physiological
variability, including diurnal, prandial and sex differences, on circulating EV abundance and cargo is
investigated to establish basal ranges in global and liver-specific EVs. Increased abundance of
circulating liver-specific EVs during the day highlights an important consideration for study protocols

sampling liver-derived EV biomarkers.

EVs released by the liver constitute a minor fraction of the heterogenous population in the
systemic circulation and methods for EV isolation poorly distinguish subpopulations containing
markers of interest. Thus, advanced isolation methods targeted towards the tissue of origin are
expected to improve the sensitivity and specificity of low abundance disease-associated biomarkers,
including microRNA. Expression of liver-enriched miRNA with reported dysregulation in NAFLD (miR

-122, -192, -128-3p) were compared in total plasma, global EVs and liver-specific EVs in mild and

\



severe disease and healthy controls. Increased expression of each miRNA is associated with
disease in liver-specific EVs but not the other less specific sources. Although liver-derived EVs carry
a minor proportion of total plasma miRNA, this proportion increases significantly in disease. The
results suggest changes are specifically occurring in the EV export of miRNA from hepatic cells and
highlight the importance of removing background (non-EV and non-liver) signal for improved

diagnostic performance.

Patients with MAFLD exhibit variability in exposure and response to medications resulting
from differences in abundance of hepatic drug metabolising enzymes (DMEs) and drug target
proteins. Key DMEs and MAFLD drug targets were readily detected and quantified in EVs isolated
from liver tissue, supporting potential for in vivo monitoring of interactions of drugs with the liver.
Moderate-strong correlation (r>0.6) of 13 from 14 DMEs between EVs and paired tissue supports
utility for reporting on between-subject variability. The work described in this thesis advances the
analytical framework for applications of liver-specific EV liquid biopsy in clinical samples and
contributes to best practice in characterisation and reporting aligned with international standards in
the field. These contributions lay the foundation for future development of EV-based precision

medicine strategies for MAFLD and beyond.
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CHAPTER 1

INTRODUCTION: CIRCULATING CELL-SPECIFIC
EXTRACELLULAR VESICLES AS BIOMARKERS FOR THE
DIAGNOSIS AND MONITORING OF CHRONIC LIVER
DISEASES

Author Contributions

This chapter is published in Cellular and Molecular Life Sciences (Appendix 1). The
manuscript appears in this thesis unchanged from the peer-reviewed version. | was the first and sole
primary contributing author and contributed to conceptualisation, preparation of the first draft,
reviewing and editing, culminating in approximately 90% of the work. The additional two co-authors

reviewed the paper and contributed to conceptualisation and editing of the paper.

Overview

Chronic liver diseases represent a significant global health burden that is set to grow in the
coming decades (Chen et al., 2018b, Moon et al., 2020). Alcohol-related liver disease and non-
alcoholic fatty liver disease (NAFLD) are two of the most common aetiologies and are precipitated,
respectively, by excessive alcohol consumption and the combination of high calorie diet and
sedentary lifestyle (Povero et al., 2020, Hernandez et al., 2020). The growing prevalence of NAFLD,
in particular, parallels that of obesity, type 2 diabetes and other features of metabolic syndrome
(Newman et al., 2020). The pathology of each of these disorders, as well as chronic infection with
hepatitis B (HBV) or hepatitis C (HCV) viruses, manifest inflammatory and pro-fibrogenic processes
in the liver that may progress to cirrhosis and hepatocellular carcinoma (HCC). Accordingly, chronic
liver disease is a leading cause of mortality in many parts of the world (Wong et al., 2019, Li et al.,

2020).

By way of example, independent of other factors, the average all-cause mortality among

NAFLD patients is 11.7% higher compared to individuals without the disease (hazard ratio (HR) 1.93



[1.86-2.00]). The impact of NAFLD on mortality increases with increasing disease severity and
ranges from 8.3% (HR 1.71 [1.64-1.79]) for simple steatosis up to 18.4% (HR 2.44 [2.22 — 2.69]) for
non-alcoholic steatohepatitis (NASH) with fibrosis (Simon et al., 2020). Adding to the challenge, the
capacity to treat NAFLD diminishes with increasing disease severity. Targeted weight loss slows
progression in mild disease, but is less effective in moderate to severe disease (Ando and Jou,
2021). Importantly, while there have been considerable breakthroughs in the prevention and
treatment of viral hepatitis in recent years (Almeida et al., 2021), no medicine is currently approved
for NAFLD and progress has been slow with costly failures in late phase trials due to an inability to

easily monitor treatment response.

Despite significant shortcomings in accuracy and practicality, liver biopsy remains the gold
standard diagnostic tool to assess the presence and stage of various liver diseases. This technique
is currently the most reliable way to determine the pattern and severity of inflammation and fibrosis
(Mann et al., 2018). For patients with NAFLD, a diagnosis of the more severe form steatohepatitis
(NASH) can only be made by histological identification of cardinal features, such as hepatocellular
ballooning and lobular inflammation (Newman et al., 2020). Since liver biopsy is a highly invasive
technique, it comes with the risk of severe complications and cannot be regularly repeated to track
changes in the liver over time (Povero et al., 2020). Moreover, the technique is associated with
considerable interobserver and sampling variability, produces only a limited representation of total
liver tissue and, consequently, often underestimates disease severity (Sumida et al., 2014). These
issues limit its widespread and repeated use and give rise to the urgent need for non-invasive
biomarkers, to aid diagnosis and monitoring of patients with chronic liver disease. Currently, various
scoring systems may be applied to non-invasively stratify patient risk, such as FIB-4 index, Maddrey
Discriminant Function (MDF) and Model for End-stage Liver Disease (MELD), which rely on blood
biochemistry. Non-invasive diagnoses may employ imaging studies (e.g. magnetic resonance
imaging and ultrasound) (Sehrawat et al., 2021, Wong et al., 2018) and liver stiffness may be
assessed via transient elastography (e.g. FibroScan) to estimate the degree of fibrosis (Petta et al.,

2015).



In 2019 the American Association for the Study of Liver Diseases identified the insufficient
performance of these current non-invasive tools to diagnose early disease and track progression as
the critical barrier to treating chronic liver diseases (Younossi et al., 2019). The limitation being these
approaches lack specificity and sensitivity, particularly for mild and early disease. To meet this
demand, considerable research effort has focussed on the development of blood-based biomarkers
that can reflect early pathological processes, disease progression and response to treatment (Mann
et al., 2018). In recent times, circulating extracellular vesicles (EVs) have emerged as a potential
source of such biomarkers. These nanosized particles contain a distinct molecular signature of
protein, RNA and lipid moieties, that is both indicative of their cell type of origin, and also the
homeostatic or pathological stimuli that induced their release (Eguchi et al., 2017). EVs are shown
to play a role in immune modulation and autoimmune disease, tissue repair, neurodegenerative
disease, cardiovascular disease and the development and proliferation of tumours (Koeck et al.,
2014). A breadth of work now evidences the crucial biological activities of EVs in multiple facets of
chronic liver pathophysiology, including the cell injury, inflammation and fibrosis shared across
diverse aetiologies (Newman et al., 2020). Technological developments in high-throughput multi-
omics approaches promise to unveil the intricacies of EV molecular cargo and streamline the clinical

application of highly sensitive, disease-specific biomarkers (Gho and Lee, 2017).

The purpose of this review is to summarise the key works that establish how EVs contribute
to normal liver physiology and processes central to the development and progression of chronic liver
diseases. The current state and future direction of circulating EV biomarker analyses will also be
explored, with a particular focus on techniques to selectively isolate and analyse cell- or tissue-

specific EVs for the detection and tracking of chronic liver diseases.

Extracellular Vesicles
EVs are a heterogenous population of small, non-replicating, membrane-encapsulated
particles, released by virtually all cell types. Alongside soluble factors and signalling molecules, they

have emerged as a fundamental constituent of the cellular secretome (Sung et al., 2018). Regular



release under basal conditions contributes to the maintenance of homeostasis, while changes to the
magnitude and composition of EVs communicate responses to stressful or pathological stimuli
between neighbouring and distant cells. Signalling is mediated by receptor-ligand interactions on the
EV and cell surfaces, which may directly trigger intracellular pathways or result in the fusion or
internalisation of vesicles and their associated cargo (Chen et al., 2014). The importance of the role
of EVs in intercellular communication is underscored by its evolutionary conservation (Mann et al.,
2018). Signalling or regulatory molecules transferred in this way are stable and protected from
degradation, may be transported through the systemic circulation to distant organs and can easily
be taken up by target cells. Notably, the expression of specific surface proteins, such as integrins,

promote homing of EVs to target recipient cells (Malhi, 2019).

EV Subtypes

As the field of EV research has matured, so too has the complexity of defining distinct EV
subpopulations. Vesicles secreted not only by different cell types, but also from the same cell,
possess inherent heterogeneity in physical and biochemical properties (Gho and Lee, 2017).
Conventionally, EV subtypes are characterised based on their mode of biogenesis. Exosomes,
typically 50-150 nm in diameter, are produced via the endosomal pathway. Inward protrusions of the
early endosomal membrane create intraluminal vesicles (ILVs) which leads to the formation of
multivesicular bodies (MVB). MVB ftrafficking and fusion to the plasma membrane results in the
extracellular release of ILVs, thereby giving rise to exosomes. The production of exosomes may be
dependent or independent of the endosomal sorting complex required for transport (ESCRT)
machinery. ESCRT -0, -I, -1, and -Ill protein complexes associate sequentially to facilitate membrane
fission and loading of EV cargo (Malhi, 2019). ESCRT-independent exosome release occurs via the
production of ceramide and sphingolipid membrane rafts and the activity of neutral sphingomyelinase
2 (Mathieu et al., 2019). Alternatively, microvesicles (MVs), 100-1000 nm in size, are shed directly
from the plasma membrane. Specific membrane domains are enriched with proteins that permit
curvature and budding via higher order oligomerisation and rearrangement of actin-cytoskeletal
networks. ESCRT proteins and ceramides are also implicated in MV formation, in addition to ADP-

ribosylation factor 6 (ARF6) which participates in cargo selection (Malhi, 2019). MV formation is



highly dependent on calcium influx and amenable to activation by cell stress (Greening and Simpson,

2018, Tetta et al., 2011).

Given the challenge of identifying the exact intracellular origin of EVs isolated from the
extracellular milieu, other characteristics such as size, density and expression of specific surface
markers are employed to distinguish EV subpopulations. Though, a recent report of comprehensive
EV proteomic characterisation revealed significant heterogeneity in marker expression within
subtypes, particularly amongst small EVs with or without endosomal origin (Kowal et al., 2016).
Importantly, most of the commonly used isolation techniques produce a mixture of vesicle
populations of varying purity and enrichment. Accordingly, current guidance imparted by the Minimal
Information for the Study of Extracellular Vesicles (MISEV) (Théry et al., 2018), states that isolates
should be described generically as “extracellular vesicles”, but may be classified as small EVs (<200
nm) or medium/large EVs (>200 nm), by specific molecular components (e.g. ASGR1+ EV) or by
cell of origin (hepatocyte-derived EV). It should be noted that for the purpose of biomarker discovery,
rigorous separation of EV subtypes may only be necessary to the degree to which sufficient

sensitivity and specificity can be achieved.

EV Composition and Cargo

EVs contain biologically functional cargo, comprised of proteins (including metabolically
active enzymes), lipids, metabolites and nucleic acids, such as messenger RNA, microRNA, long
non-coding RNA and DNA (Jeppesen et al., 2019) (Figure 1.1). EV-enriched proteins are largely
derived from their pathways of biogenesis. Tetraspanins (CD63, CD81 and CD9) and human
leukocyte antigen class 1 (HLA-I) are transmembrane proteins commonly found in EV membranes,
while tumour susceptibility gene 101 (TSG101), ALG-2 interacting protein (ALIX) and syntenin are
cytosolic proteins involved in EV formation that are ultimately exported in vesicles (Théry et al.,
2018). In addition to general markers of EVs, cell type-specific proteins expressed on cell
membranes may be integrated into the membrane of secreted EVs (Larssen et al., 2017). The
identification of cell-type specific surface proteins on EVs has been exploited for immunoaffinity-

based isolation of cell- or tissue- specific EVs from the global circulating pool. This has vast potential



to improve the sensitivity and specificity of low abundance and ubiquitously expressed disease

biomarkers against the background noise resulting from constitutive systemic EV release.

Current evidence for the selective packaging of EV molecular cargo is supported by high
variability and discordance in protein and RNA levels between EVs and their parental cell (Li et al.,
2020, Malhi, 2019). While the exact mechanisms for regulated sorting of cargo remain unclear, the
roles of various RNA-binding proteins, Rab GTPases, and post-translational modifications, such as
ubiquitination and phosphorylation, have been reported (Kostallari et al., 2018, Greening and
Simpson, 2018). The abundance and composition of EVs may be altered in response to ER stress
(Dasgupta et al., 2020) or phenotypic activation. Li et al. (2020) demonstrated that, compared to
quiescent hepatic stellate cells, EV were released at 4.5-fold greater rate upon transdifferentiation
to a myofibroblastic phenotype, and contained more abundant proteomic information associated with

extracellular matrix production and metabolic activity.
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EVs as Minimally Invasive Biomarkers

EVs are considered attractive biomarkers for a host of reasons. Vesicles are abundant and
highly stable in biofluids, exhibiting longer half-lives than other circulating components, such as free
proteins or RNA complexes (Sung et al., 2018). Durable lipid bilayer membranes protect molecular
cargo from degradation, thereby providing a sort of “biomarker reservoir” (Sun et al., 2020). Since
this diverse cargo is dynamic in nature, directly related to the phenotype of parent cells, it may be
used to understand function at the organ, tissue or cellular level and track changes in real time. In
line with this application, and in contrast to traditional tissue biopsy, sampling of EVs is easily
performed through access to peripheral blood and is repeatable with minimal patient risk. As will be
explored throughout this review, the pertinence of EVs as a biomarker source is underpinned by the
biological activity of these entities across elements of chronic liver disease. These mechanistic links
may be the key to establishing a disease-specific molecular signature from affected tissues. Notably,
changes in EVs have been demonstrated at earlier stages than overt tissue damage or other clinical
and histological signs (Li et al., 2019). However, as total blood EV is comprised of vesicles released
from multiple tissues into the circulation, the development of biomarker strategies is increasingly

geared towards selective analysis based on tissue-specific markers (Shah et al., 2018).

EV-based Therapeutics

In addition to their role as a key diagnostic and monitoring tool for the treatment of liver
diseases, the application of EVs as a therapeutic intervention for multiple forms of liver disease has
emerged. The properties of EV membranes make them ideal vehicles for therapeutic cargo, including
miRNA, small interfering RNA (siRNA), chemotherapy agents or other drugs, which may act to
promote tissue regeneration, reduce or reverse inflammation and fibrosis, or target cancer cells in
the liver. Promising results have been demonstrated regarding the use of mesenchymal stem cell-
derived EVs in various pre-clinical models. However, the requirements to initiate human trials are
very different between a biomarker and an intervention. EV-based therapeutics face several
challenges related to the cost and scale of manufacturing pure EVs that adhere to regulatory and
quality control standards for use in humans. Meanwhile, much of the recent research regarding the
role of EVs as biomarkers has come from human data. Beyond pre-clinical studies identifying EV

cargo that reflect molecular changes in liver diseases, a key focus of the present review is the
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detection of circulating EVs in human patients. Thus, the application of EVs as therapeutics will not
be extensively reviewed here but may be found in references (Bruno et al., 2020, Malhi, 2019, Szabo

and Momen-Heravi, 2017).

EVs in Normal Liver Physiology

The liver is the largest internal organ in the body, functionally and anatomically complex and
responsible for a diverse set of metabolic, synthetic, digestive, detoxifying, storage and regulatory
roles. Approximately 80% of total liver volume is comprised of hepatocytes, which are responsible
for the central physiological processes, while a further 6.5% accounts for non-parenchymal cells that
function in support of hepatocytes and maintenance of the hepatic microenvironment (Sung et al.,
2018, Azparren-Angulo et al., 2021). These cells include liver sinusoidal endothelial cells (LSECs),
hepatic stellate cells (HSCs), cholangiocytes and the population of liver-resident macrophages,
known as Kupffer cells. The organised lobular architecture of the liver facilitates cooperation and
inter-regulatory functions of diverse cell types through anatomical proximity (Giugliano et al., 2015).
Effective cell-to-cell communication is also achieved by the network of EV interactions, as each cell
is both a donor and recipient of EVs from the same and other hepatic cell types (Figure 1.2). The bi-
directional transfer of molecular information is imperative to homeostatic control in the liver as well

as the broader inter-organ communicative landscape.

Hepatic cell-derived EVs

The function of EVs derived from different hepatic cell types is summarised in Table 1.1.
Multiple enzymes involved in the metabolism of carbohydrates, lipids, endogenous compounds and
xenobiotics are among key molecular cargo identified in hepatocyte-derived EVs (Conde-Vancells
et al., 2008). Hepatic metabolic activity may be transferred to or induced in extra-hepatic niches. For
example, hepatocyte-derived EVs carrying arginase-1 were found to regulate endothelial cell
function and alter serum metabolites associated with oxidative stress in the systemic vasculature
(Royo et al., 2017). In the liver, hepatocyte-EVs have also been shown to promote the proliferation

of cholangiocytes and other hepatocytes in paracrine and autocrine fashions, respectively



(Azparren-Angulo et al., 2021, Cai et al., 2017). Hepatocyte-derived EVs have demonstrated the
remarkable capacity to mediate regeneration of functional liver mass. Nojima et al. (2016) EV-
mediated transfer of sphingosine-1-phosphate (S1P), sphingosine kinase 2 (SK2) and ceramidase
between hepatocytes promoted liver regeneration in mice following 70% hepatectomy. HSC are the
key fibrogenic cells in the liver, and exchange of EVs between them is crucial in balancing
extracellular matrix (ECM) production and degradation. LSEC-derived EVs contribute to modulation
of this balance. The EVs normally maintain HSC quiescence, but when stimulated, EVs containing
upregulated sphingosine kinase 1 (SK1) are released in order to activate HSC (Wang et al., 2015).
Quiescent HSC (qHSC) release EVs containing miRNAs (miR-214 and -199-5p) and the
transcription factor, Twist-1 (Chen et al., 2016, Chen et al., 2015). This cargo suppresses connective
tissue growth factor (CTGF) to maintain quiescence in other qHSC or downregulate pro-fibrotic
genes, including a-smooth muscle actin (aSMA) and collagen, in activated HSC (aHSC) (Li et al.,
2020, Chen et al., 2014). Conversely, aHSC-derived EVs promote ECM production by transferring
CTGF (Charrier et al., 2014). Lastly, EVs from cholangiocytes participate in bile acid homeostasis
through the transfer of long non-coding RNA H19 to hepatocytes (Li et al., 2018), and in wound-
healing responses by delivering hedgehog ligands to promote angiogenesis, growth and

differentiation in recipient LSECs (Witek et al., 2009).



Table 1.1 Hepatic cell EVs function and cargo.

Originating cell

Example cargo

Recipient cells

Functions

Reference

DMET proteins

Hepatocytes,

Transfer metabolic

Conde-Vancells et al.
(2008)
Kumar et al. (2017)

and mRNA extrahepatic cells  activity Rowland et al. (2019)
Rodrigues et al.
(2021)
Hepatocytes Regulate endothelial
Arginase-1 Endothelial cells cells in systemic Royo et al. (2017)
vasculature
Promote
=2 S_K2, Hepatocytes proliferation and Nojima et al. (2016)
ceramidase i "
iver regeneration
Liver Sinusoidal Modulate
Endothelial SK1 HSC quiescent/active Wang et al. (2015)
Cells phenotype
Charrier et al. (2014)
Hebatic Stellate miR-214, miR- Modulate Chen et al. (2014)
Ceﬁs 199-5p, Twist-1, HSC quiescent/active Chen et al. (2015)
CTGF phenotype Chen et al. (2016)
Li et al. (2020)
INcRNA H19 Hepatocytes Regulate bile acid ;¢ 5 (2018)
homeostasis
Cholangiocytes
Hedgehog LSEC Promote wound Witek et al. (2009)
ligands healing response
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Figure 1.2 Extracellular vesicles released by various hepatic cells in normal liver function.

Figure was created using BioRender.com.
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Metabolism

Hepatic metabolism plays a critical role in regulating the abundance of endogenous
chemicals, such as bile acids, fatty acids, steroid hormones and bilirubin. Similarly, it serves as a
major clearance mechanism for xenobiotics including drugs, dietary chemicals and environmental
toxins. Specifically, metabolic clearance is the major route of elimination for more than 80% of
pharmaceutical drugs (Achour et al., 2021, Rodrigues and Rowland, 2019). Notably, the mRNA
transcripts and active proteins of drug metabolising enzymes and transporters (DMET), cytochrome
P450 (CYPs), UDP-glucuronosyltransferase (UGTs), glutathione S-transferase and organic anion
transporting polypeptides (OATPs) have been detected in EVs derived from hepatocytes and in the
blood. CYP protein and mRNA is enriched in circulating EVs relative to total plasma, which suggests
selective packaging (Kumar et al., 2017, Rowland et al., 2019, Rodrigues et al., 2021). The transfer
of DMET in circulating EVs has physiological significance with respect to protection of extra-hepatic
cells from systemic toxicants or increasing metabolic activity in tissues with lower basal DMET
expression, such as the lungs or brain (Gerth et al., 2019). Clinically, this notion has potential
applications as liquid biopsy to indicate chronic alcohol, nicotine or illicit drug use, liver disease, or
to assess metabolic drug-drug interactions (DDIs) and inter-individual variability in drug exposure.
For example, CYP2E1 is induced by chronic use of alcohol or paracetamol overdose. This is
reflected in greater release of hepatocyte EVs that transfer the capacity for CYP2E1-mediated
metabolism, resulting in oxidative stress and acute injury in hepatic and non-hepatic cells (Kumar et
al., 2017). A recent review described how disease-associated alterations in CYP protein expression
and activity may impact drug exposure in patients with NAFLD (Jamwal and Barlock, 2020). The
capacity to monitor changing pharmacokinetic profile is paramount for the development of novel

therapeutics for NAFLD and in optimal dosing of existing treatments for common comorbidities.

Assessing variability in metabolic clearance within or between individuals, resulting from
variable hepatic DMET expression or activity, DDls, presence of liver disease or other factors, is an
appealing avenue for EV-based DMET profiling. Work by our group showed that EV-derived CYP3A4
was highly concordant with apparent oral clearance of its probe substrate midazolam in healthy

subjects pre- and post- dosing of the inducer, rifampicin (Rowland et al., 2019). Since then, Achour
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et al. (2021) evaluated hepatic elimination based on circulating EV mRNA of clinically important
DMET, reporting sound correlations with protein expression in liver tissue. Interestingly, this study
normalised the data to a panel of 13 liver-specific RNA markers (e.g. apolipoprotein A2 and
fibrinogen-beta) as part of a novel shedding factor to account for variability in liver EV release into
the bloodstream. Instead, we recently applied our novel two-step anti-ASGR1 immunocapture
technique to selectively isolate hepatocyte-derived EVs from global EVs and successfully tracked
the induction of CYPs 3A4, 3A5 and 2D6 and OATPs 1B1 and 1B3 during pregnancy and following
rifampicin administration (Rodrigues et al., 2021). Together these reports position EV liquid biopsy
as a viable strategy for individual DMET phenotyping to aid precision dosing or classification of

clinical trial participants at enrolment.

EVs in Liver Pathobiology

Chronic liver diseases result from prolonged injurious stimuli that exceed the regenerative
capacity of the liver. Over time, unresolved inflammatory and fibrogenic activation from disorders
such as ALD, NAFLD, HBV and HCV infection can ultimately lead to fibrosis, cirrhosis and HCC
(Sung et al., 2018). EVs have emerged as potent pathogenic drivers in several of these processes
and a breadth of pre-clinical data establishes the key molecular information carried in EVs that
mediate liver cell cross-talk in different chronic liver diseases. In several instances, these EV cargoes
have been analysed in the circulation of animal models or human patients and demonstrate the
capacity for circulating EVs derived from specific cellular sources to reflect pathological events in
affected organs. For each chronic liver disease, Table 1.2 lists the cell-specific EVs and their
cargoes, with recipient cells and resulting function (if defined), divided into studies that examined

EVs in circulation (green) and in vitro studies of EV cargo yet to be translated to circulating EVs

(grey).
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Table 1.2 EV cargo from specific cellular origins, effect on recipient cells and detection in circulation in chronic liver diseases.

Condition Originating cell / source Cargo Recipient cells  Function Additional information Reference
Cargo detected in circulating EV's
miR -122, -192, -128- Increased in plasma of NAFLD Newman et al.
Hepatocytes 3p N/A N/A patients (2022b)
Hepatocytes mtDNA N/A TLR9 activation -> inflammation Increased I il @l Al R E el
patients and mouse model (2016)
Increased in plasma of mice over- Dasgupta et al.
Hepatocytes ASGR1, CYP2E1 N/A N/A expressing IRE1a (2020)
Demonstrated transfer of cargo via
. — Suppress FGF-21 -> promotes circulation in mice with genetically
Adipocytes miR-99b Hepatocytes steatosis altered miRNA processing in Thomou et al. (2017)
adipocytes
Hepatocytes ASGR1, CYP2E1
Macrophages Galectin 3 . .
Neutrophils Ly-6G/6C N/A N/A Increased in NAFLD mouse model Li et al. (2019)
Platelets CD61
Hepatocytes ASGR1, SLC27A5 N/A N/A Increased in NASH patient serum Povero et al. (2020)
NAFLD I\N/I};c-lr—;)(;)ﬂljges \C/:aDIE])2324Nbeta11 N/A Inflammation Increased in NAFLD patient serum Kornek et al. (2012)
Hepatocytes ASGR2, CYP2E1 N/A N/A DESRREREE I REMERHSWIN NTED e 00 o)
resolution
Decreased in patients with bariatric =~ Rega-Kaun et al.
Hepatocytes ASGR1, HepPar1 N/A N/A surgery (2019)
Cargo not yet analysed in circulating EV's
Hepatocvtes Hepatocyte death, macrophage
Lipotoxic hepatocytes TRAIL patocytes, activation & pro-inflammatory Upregulated, in vitro Hirsova et al. (2016a)
macrophages .
cytokine (IL-18, IL-6)
Lipotoxic hepatocytes CXCL10 Macrophages Macrophage chemotaxis Upregulated, in vitro Lo GlEElh (0]
’ Ibrahim et al. (2016)
Kakazu et al. (2016)
Lipotoxic hepatocytes C16:0 ceramide, SK1  Macrophages Macrophage chemotaxis Upregulated, in vitro Dasgupta et al.
(2020)
Lipotoxic hepatocytes miR-128-3p HSC SUppress PPARY - preiarmis Upregulated, in vitro Povero et al. (2015)
gene expression
. . Promote pathologic .
Lipotoxic hepatocytes VNN1 LSEC angiogenesis Upregulated, in vitro Povero et al. (2013)
Adipocytes MCP-1, IL-6, MIF Hepatocytes Promote insulin resistance (EIERED HESUD GEETE ISV Eppitel  SEmEmeams eial,

to hepatocytes in vitro

(2014)
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Target TGF-B pathway ->

. . ) Hepatocytes, RO ; Adipose tissue EVs applied to
Adipocytes miRNA profile HSC Il\r/llr\l/llgﬁ fibrolytic enzymes e.g. hepatocytes in vitro Koeck et al. (2014)
Cargo detected in circulating EV's
TLR9 activation -> pro-
Hepatocytes mtDNA Macrophages inflammatory cytokine release Increased in murine AH model Eguchi et al. (2020)
(IL-1B, IL-17)
Hepatocytes miDNA Neutrophils Neutr.ophllla, m.acrophage chreased in murine chronic-plus- Ma et al. (2020)
recruitment to liver binge ethanol feeding model
Phenotypic activation ->
Hepatocytes CD40 ligand Macrophages Upregulated pro-inflammatory Increased in human AH patients Verma et al. (2016)
cytokine (IL-18, IL-6, TNF-a)
ALD Suppress haem oxygenase 1->  Increased in human acute alcohol Momen-Heravi et al
Hepatocytes miR-122 Monocytes sensitise to pro-inflammatory use and mice binge and chronic (2015) )
stimuli alcohol consumption
Serum EV miR -122, 155 N/A N/A LEf el B e el Bala et al. (2012)
circulation in mice
Target genes involved in
Serum & plasma EV let-7f, miR -29a, -340  N/A inflammation and cancer Increased in mice with AH Eguchi et al. (2017)
development
ASGR2, CYP2E1 Promote inflammation and cell : . Sehrawat et al.
Hepatocytes Sphingolipids N/A death in AH Increased in AH patient serum (2021)
Cargo detected in circulating EV's
AGYTiEEEd REUE Hepatocytes Viral transmission Identified in human HCV patients Bukong et al. (2014)
hepatocytes competent HCV-RNA P Y P 9 )
HCV-infected = TGF-B pathway activation -> ] :
hepatocytes miR-19a HSC profibrotic gene expression Upregulated in human HCV patients Devhare et al. (2017)
Induce MMP enzymes ->
Viral CD8+ and CD4+ T-cell CD147 HSC promote ECM degradation in Increased in active HCV patients Kornek et al. (2011)
. HCV-related fibrosis
Hepatitis
Cargo not yet analysed in circulating EVs
HBV-infected . Peripheral blood . e s
hepatocytes HBV RNA and protein monocytes Induce PDL-1 expression Identified in vitro Kakizaki et al. (2019)
HCV-infected : Mimic viral particles -> hinders e
hepatocytes HCV protein E2 N/A neutralising antibody response Identified in vitro Deng et al. (2019)
ki Hepatocytes, 2 e Giugliano et al.
LSEC IFN-stimulated genes LSEC Promote antiviral response Identified in vitro (2015)
Cargo detected in circulating EV's
miR-93 . Xue et al. (2018)
HCC Malignant hepatocytes miR-224 Hepatocytes Promote HCC proliferation E:;:inigregulated I [etem S Cui et al. (2019)
miR-665 P Qu et al. (2017)
. miR-9-3p -~ . . Each downregulated in HCC Tang et al. (2018)
Malignant hepatocytes miR-638 Hepatocytes Inhibit HCC proliferation patients Shi et al. (2018)
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Fibrosis

miR-718 Sugimachi et al.
miR-744 (2015)
Wang et al. (2019)
Phenotypic switch to cancer-
associated fibroblasts in lung . . .
Malignant hepatocytes miR-1247-3p Fibroblasts metastasis, increased pro- Imng:z:tsaes(ijsm PG PEIEB Vil (Vg Fang et al. (2018)
inflammatory cytokine (IL-6 and
IL-8) secretion
Tumour (HCC/ICC/PSC) L Differential expression between .
EV in serum Proteomic signature N/A N/A pathologies and healthy controls Arbelaiz et al. (2017)
Tumour (HCC) EV in Annexin V, EpCAM, N/A N/A Panel of markers distinguishes HCC  Julich-Haertel et al.
serum ASGR1, CD133 from cholangiocarcinoma (2017)
-|:I>—I:1 r:r(;gr (FEE) B i HepPar1 N/A N/A Increased with HCC recurrence Abbate et al. (2017)
. ASGR1, EpCAM, Differential expression between
T;?;L: (FEE) B i CD147, 10 mRNA N/A N/A HCC, other primary malignancies Sun et al. (2020)
P transcripts and non-cancer
Cargo not yet analysed in circulating EV's
Malignant hepatocytes miRNA profile Hepatocytes BRI e/ [PEIMIER o2 Identified in vitro Kogure et al. (2011)
promote cancer growth
Malignant hepatocytes linc-ROR PNy Inh'p't ap_optOSIS AT Sl Upregulated in vitro He et al. (2019)
hepatocytes proliferation
MET proto-oncogene, Health
Malignant hepatocytes caveolins, S100 he ato};: tes Mobilisation, tumour invasion Identified in vitro He et al. (2015)
family members P Y
Cargo detected in circulating EVs
Activated HSC PDGFRa HSC Promote migration ;Jg[ri:g:lslated I TARE) e (laTeets Kostallari et al. (2018)
. Upregulated in human AH patients
SK1, S1P mRNA and Promote AKT phosphorylation ; . : .
LSEC protein HSC and migration ?nd mice with experimental liver Wang et al. (2015)
ibrosis
. HSC, o . o
Hepatocytes, activated Hedgehog ligands endothelial Promote proliferation and Upregulated in rats undergoing bile Witek et al. (2009)

HSC

progenitor cells

angiogenesis

duct ligation

Serum EV

miR -34c, -151-3p, -
483-5p, -532-5p and -
687

Hepatocytes,
activated HSC

Decrease hepatocyte death,

hepatic fibrosis and
inflammation

Downregulated in human liver
fibrosis patient and mice with
experimental liver fibrosis

Chen et al. (2018b)

Cargo not yet analysed in circulating EV's

Activated HSC

Proteomic profile
associated with ECM
production and
metabolic activity

HSC

Activate HSC, promote
fibrogenesis

Identified in vitro

Li et al. (2020)
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Non-alcoholic Fatty Liver Disease

NAFLD is the most common chronic liver disease, currently estimated to affect more than
25% of the global population (Srinivas et al., 2020). The condition may be considered a hepatic
manifestation of the metabolic syndrome as it is often implicated with other features, such as insulin
resistance (IR), obesity and type 2 diabetes mellitus (Newman et al., 2020). In line with this, recent
expert consensus supports the updated nomenclature of metabolic associated fatty liver disease
(MAFLD), to reflect advancing knowledge of disease phenotype, heterogeneity in drivers and
coexisting conditions and diagnostic criteria that is based on inclusion rather than exclusion

(particularly around alcohol use) (Eslam et al., 2020b, Eslam et al., 2020a).

The condition presents as a spectrum of clinical disease with some patients exhibiting simple
steatosis (NAFL) while a fraction (~30%) will develop non-alcoholic steatohepatitis (NASH) (Suzuki
and Diehl, 2017). NAFLD is the product of multiple dysregulated signalling pathways in the liver that
involves abnormal lipid metabolism leading to lipotoxicity and inflammation (Dasgupta et al., 2020).
While several risk factors relating to diet and lifestyle are linked to the incidence of NAFLD, genetic
predispositions have also been noted, as recently reviewed by Jonas and Schirmann (2020).
Further, the contribution of gut dysbiosis, liver-adipose cross-talk and increased cardiovascular
disease-related mortality, underscores the systemic nature of this condition (Zhang et al., 2018).
Current diagnostic tools remain inadequate for the early detection, risk stratification and monitoring
of NAFL and NASH, presenting a significant hinderance to the clinical management of patients and

development of effective pharmaceutical interventions (Younossi et al., 2019).

Numerous reports to date demonstrate changes in EVs released by hepatocytes under
lipotoxic stress and their contributions to cellular and inter-organ cross-talk to promote inflammation
and fibrosis in the liver. These were described in detail in a previous review (Newman et al., 2020).
Key molecular cargo of lipotoxic hepatocyte-derived EVs include the death receptor ligand, TRAIL,
which triggers hepatocyte death and macrophage activation with increased pro-inflammatory
cytokine expression (interleukin [IL]-1B and IL-6) (Hirsova et al.,, 2016a). The macrophage
chemoattractant C-X-C motif ligand 10 (CXCL10) was also detected in EVs induced by steatosis-

related JNK activation in the liver (Ibrahim et al., 2014, Ibrahim et al., 2016). Further, lipotoxic EV
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release was found to be dependent on ceramide pathways, activated by the ER stress sensor
inositol-requiring enzyme-1a (IRE1a). IRE1a-stimulated EVs contained C16:0 ceramide and SK1
which promoted macrophage chemotaxis in vitro (Kakazu et al., 2016) and macrophage recruitment
and hepatic inflammation in mice (Dasgupta et al., 2020). The authors also showed that mice over-
expressing IRE1a had significantly elevated circulating EVs and their hepatocellular origin was
identified by electron microscopy (EM) with immunogold labelling of ASGR1 and CYP2EA1. Lipotoxic
hepatocyte-derived EVs also modulate HSC phenotype in NAFLD. Specifically, EVs containing miR-
128-3p suppressed peroxisome proliferator-activated receptor-y (PPARy) in HSC, resulting in
upregulated profibrotic gene expression (Povero et al., 2015). The effect was dependent on EV
internalisation by HSC, mediated by Vanin-1 (VNN1) on the surface of vesicles. Increased VNN1
expression on lipotoxic EVs was previously implicated with EV internalisation by LSEC resulting in
pathologic angiogenesis (Povero et al., 2013). Increased expression of miR -128-3p was also
identified in our recent work, alongside miR -122 and -192, in NAFL and NASH patient plasma EVs.
This was only observed in circulating EVs derived specifically from hepatocytes (expressing ASGR1)
(Newman et al., 2022b). Mitochondrial dysfunction and oxidative stress are common pathogenic
events in fatty liver diseases related to both aetiologies, non-alcoholic and alcoholic (discussed in
the following section) (Prasun et al., 2021). Mitochondrial DNA (mtDNA) has been identified as
important EV cargo that promotes inflammation via TLR9 activation, thereby contributing to the
transition from simple steatosis to steatohepatitis. Garcia-Martinez et al. (2016) found greater levels
of mtDNA in plasma microvesicles of mice and patients with NASH, with concomitant increase in
hepatocyte-specific marker, Arg-1, and demonstrated the capacity for these particles to activate

TLRO.

EVs from visceral adipose tissue actively contribute to NAFLD pathogenesis by exacerbating
systemic IR, inflammation and hepatic fibrosis (Kranendonk et al., 2014). Differentially expressed
miRNAs in adipocyte-EVs from lean and obese individuals target the TGF-p pathway in hepatocytes
and HSC, resulting in the inhibition of fibrolytic enzymes such as matrix metalloproteinase (MMP)-7
(Koeck et al., 2014). Another study emphasised the important contribution of adipocyte-EV to

circulating miRNA levels and their capacity to modulate gene expression in the liver (Thomou et al.,
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2017). The authors showed that fibroblast growth factor (FGF)-21 is a liver protein target of
adipocyte-EV derived miR-99b. FGF-21 is implicated in many metabolic pathways and its
suppression contributes to hepatic steatosis (Keinicke et al., 2020). In all, the current evidence
positions EVs as key players in the pathogenesis and progression of NAFLD and supports the

investigation of biomarkers within EV derived from adipocytes and hepatic cell populations.

Alcoholic Liver Disease

Alcoholic liver disease (ALD) follows a similar clinical course to that of NAFLD. Hepatic
steatosis and alcoholic hepatitis (AH) may resolve with alcohol abstinence, but progressive disease
can lead to cirrhosis and liver failure (Sharma and Arora, 2020). Liver biopsy is not usually necessary
for ALD diagnosis as a history of significant alcohol consumption along with clinical, radiologic and
biochemical findings are often sufficient. However, diagnosis may be complicated in alcoholic
patients with unreliable history or co-existing risk factors for other conditions such as NAFLD; in such
cases the threshold for “significant” alcohol intake may be reduced. The lack of accurate non-
invasive biomarkers limits the dynamic assessment of inflammatory activity and degree of fibrosis in
ALD, as well as the risk of developing cirrhosis. Considering that ALD accounts for 50% of cirrhosis-
related deaths (Sehrawat et al., 2021), biomarker discovery is an area of intense research focus to
improve the management of ALD and development of pharmacological strategies to halt or reverse

the disease.

EV-mediated macrophage activation is increasingly recognised as a key feature of the
inflammatory process in AH and parallels hepatic injury and fibrosis. A mouse model of AH had
significantly increased EV levels in circulation and vesicles isolated from primary hepatocytes were
found to be enriched in mtDNA (Eguchi et al., 2020). These EV activated TLR9 resulting in
upregulated pro-inflammatory cytokine, IL-1f and IL-17 production in liver macrophages and
promoted fibrogenic activation of HSC. Another study similarly found that hepatocyte-derived
mtDNA-enriched vesicles released in response to chronic and binge ethanol feeding in mice
contributed to macrophage and neutrophil infiltration in the liver (Ma et al., 2020). Verma et al. (2016)
treated hepatocytes with ethanol in vitro, and showed greater release of EVs expressing CD40-

ligand. These stimulated macrophage-to-M1 phenotypic switching, characterised by upregulated
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pro-inflammatory cytokine expression (TNFa, IL-13 and IL-6). Increased CD40L-expressing EVs
were also detected in the serum of patients with AH. Similarly, Momen-Heravi et al. (2015)
demonstrated that EV containing miR-122 is transferred from ethanol-treated hepatocytes to
monocytes, resulting in suppression of haem oxygenase 1 (HO-1) and subsequent sensitisation to
pro-inflammatory stimuli, such as lipopolysaccharide. In addition, mice and humans subjected to
acute alcohol binge, and mice also to chronic consumption, had more EVs in circulation. The levels
of miR -122 and -155 in the EVs changed over time post-binge, suggesting variable packaging in
response to alcohol. This notion is supported by earlier data comparing specific mMiRNA expression
in circulating vesicle or protein fractions across models of liver injury with different aetiologies (Bala
et al., 2012). The authors showed that in models of inflammatory (i.e. NAFLD) or alcohol-induced
disease, miR -122 and -155 was mostly EV-associated, while predominantly protein-associated in
DILI. This distinctive distribution of miRNA in chronic liver disease in contrast to the acute condition,
DILI, supports the investigation of biomarkers localised in EVs in the circulation to improve
performance and disease-specificity. EV miRNA profile was also explored in mice with AH induced
by continuous intragastric ethanol infusion. Three miRNAs in blood EVs, including let-7f-5p, miR-
29a-3p and miR-340-5p, discriminated AH mice from controls, as well as from obese mice and those
with NASH or cholestatic injury (Eguchi et al., 2017). Various sphingolipids have also been implicated
with inflammation and cell death in AH. Serum EVs from AH patients were recently shown to be
significantly enriched in six sphingolipid species compared to healthy controls, heavy drinkers, NASH
patients and alcoholic cirrhosis patients. The cargo was positively correlated with disease severity

and predicted 90-day survival (Sehrawat et al., 2021).

Viral Hepatitis

Viral infections represent a significant cause of chronic liver diseases and are the most
common aetiology for HCC (Wong et al., 2019). In addition to certain viral factors, the carcinogenic
nature of HBV and HCV are linked to chronic inflammation, fibrosis and changes in signalling
pathways implicated in hepatocyte survival and tumour surveillance and suppression (Zamor et al.,
2017). While viral infections can be diagnosed by serological techniques and monitored with respect

to viral load and immune status (Mann et al., 2018), a better understanding of the role of EVs in
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pathogenesis and disease progression may facilitate non-invasive assessment of liver damage and

identify early markers of increased HCC risk.

EVs are potent modulators of immune function. Hepatocytes infected with replicating HBV
release EVs that induce programmed death ligand-1 (PDL-1) in recipient monocytes, possibly
suppressing host antiviral activity (Kakizaki et al., 2019). Another study showed that HCV-infected
hepatocytes secrete EVs coated with the HCV protein E2. These EV mimic viral particles thereby
hindering the neutralising antibody response (Deng et al., 2019). Conversely, LSEC-derived EVs
stimulated by interferon (IFN) -I and -llI, contribute to the antiviral response (Giugliano et al., 2015).
Interestingly, EVs were found to participate in viral spread during HCV infection. Using a rigorous
multi-step approach to remove free virus contamination, Bukong et al. (2014) isolated EVs from
infected patient sera and Huh7.5 cell culture supernatant. The EVs contained replication competent
HCV-RNA in complex with argonaute-2, heat shock protein 90 and miR-122, which mediated new
infection in hepatocytes. Hepatocyte-derived EV also activate HSC to promote fibrosis in HCV. TGF-
B pathway activation was found to be triggered by EV-derived miR-19a in vitro and increased levels
of the miRNA were detected in serum EV from chronic HCV patients compared to healthy controls
and patients with non-HCV-related liver disease of similar fibrosis grade (Devhare et al., 2017). A
previous study, however, found elevated circulating CD8+ and CD4+ T cell-derived EVs in patients
with active HCV, that promoted ECM degradation by induction of MMP enzymes in HSC (Kornek et
al.,, 2011). In summation, these reports provide avenues for development of novel biomarkers or

therapeutic tools for chronic viral hepatitis.

Hepatocellular Carcinoma

Hepatocellular carcinoma accounts for more than 80% of primary liver malignancies and a
third of global cancer related deaths (Lee et al., 2021). Chronic liver diseases, especially with
cirrhosis, are major risk factors for HCC. Prognosis is poor, exhibiting only 20% 5-year overall
survival, often due to late stage diagnoses (Lee et al., 2021). Ultrasound has acceptable sensitivity
and specificity for HCC screening, but its capacity to detect early lesions is limited (Sun et al., 2020).
Serum alpha-fetoprotein (AFP) is a biomarker of widely variable performance that may be elevated

in late stages, but only in a subset of patients (Mann et al., 2018). Accordingly, a combination of
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ultrasound and AFP assessment is recommended for surveillance by the Australian practice
guidelines (Lubel et al., 2021). The use of ultrasound is also endorsed by the American Association
for the Study of Liver Diseases (AASLD), with or without AFP (Marrero et al., 2018). EVs are one of
three liquid biopsy approaches in oncology, among circulating tumour DNA and tumour cells (Sun et
al., 2020). Since EVs carrying tumour-derived information are present in circulation earlier and

persist through to advanced disease, they present the opportunity to initiate curative interventions.

The dysregulation of multiple signalling pathways and complex network of interactions
between malignant and non-malignant cells in the tumour microenvironment are critical to tumour
progression. EVs are known to play a role in regulating cell proliferation, migration, angiogenesis,
metastasis, epithelial-to-mesenchymal transition (EMT), and immune escape. Specific HCC-EV
miRNA cargo, for example, has been linked to enhanced HCC proliferation (including miR -93, -224
and -665) (Xue et al., 2018, Cui et al., 2019, Qu et al., 2017), while other cargo was found to have
an inhibitory effect (miR -9-3p, -638, -718 and -744) (Tang et al., 2018, Shi et al., 2018, Sugimachi
et al., 2015, Wang et al., 2019). Kogure et al. (2011) reported that selectively packaged miRNA and
protein in HCC-derived EVs modulate the TGF-p activated kinase 1 (TAK1) pathway in other hepatic
cells to promote cancer growth. More recently, HCC-derived EVs were found to inhibit apoptosis and
enhance proliferation of hepatocytes via transfer of long intergenic non-coding RNA regulator of

reprogramming (linc-ROR) (He et al., 2019).

EVs also promote the invasion of HCC tumours through normal liver tissue, as metastatic
HCC-derived EV mobilise healthy hepatocytes via transfer of oncogenic cargo, such as
mesenchymal-epithelial transition (MET) proto-oncogene, caveolins and S100 family members (He
et al., 2015). EV from metastatic HCC also contain miR-1247-3p which facilitates the conversion of
normal fibroblasts to cancer-associated fibroblasts (CAFs) in lung metastases and increased pro-
inflammatory cytokine (IL-6 and IL-8) secretion (Fang et al., 2018). In HCC patients, lung metastasis
was positively correlated with serum levels of EV-derived miR-1247-3p. EV protein cargo in serum
was also shown to aid differential diagnosis of intrahepatic cholangiocarcinoma, HCC and primary
sclerosing cholangitis, which is challenging with current non-invasive tools (Arbelaiz et al., 2017).

These studies support the role of tumour-derived EV cargo in encouraging a tumour-favourable
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environment for progression and metastasis through communication with cancerous and non-
cancerous cells, and advance the notion that promising biomarker candidates linked to oncogenic

processes may be detected in circulating EVs.

Fibrosis

Liver fibrosis is a significant cause of morbidity and strong independent risk factor for mortality
in chronic liver diseases, especially NAFLD (Unalp-Arida and Ruhl, 2017). While effective treatment
of the precipitating condition may reverse fibrosis in some patients, specific antifibrotic treatment
options are scarce (Chen et al., 2018b) and patients may advance to cirrhosis and liver failure, often
necessitating liver transplantation (Wang et al., 2015). HSC activation is the principal event at the
cellular level leading to ECM deposition and, under persistent profibrogenic conditions, can produce
fibrous scar and severely compromise liver function (Li et al., 2020, Chen et al., 2018b). Fibrosis is
a typical progression common among multiple chronic liver diseases and can be characterised by a
number of molecular pathways not specifically altered by a particular condition. These may be
monitored via EV-derived markers as described below; Thus, in conjunction with disease-specific
markers that identify the precipitating condition, fibrosis markers may be helpful in tracking the

severity of this complication.

EVs from HSCs of both quiescent and myofibroblast phenotypes form a complex interplay of
pro- and anti-fibrotic EV signalling in the injured liver. One study determined that HSCs treated with
PDGF-BB in vitro released EVs enriched with PDGF receptor-alpha (PDGFRa) via a mechanism of
selective packaging (Kostallari et al., 2018). The EVs promoted migration in recipient HSC and liver
fibrosis in healthy mice, while inhibiting EV export of PDGFRa ameliorated fibrosis in carbon
tetrachloride (CCL4)-treated mice. Patients with liver fibrosis also had increased levels of PDGFRa
in serum EV. HSC phenotype is further modulated by LSEC-derived EV. Wang et al. (2015) showed
that the EV specifically transfer SK1 and S1P cargo, which upregulate AKT phosphorylation and
migration. Expression of each at RNA and protein level was detectable in EVs from mice with

experimental liver fibrosis and human patients with alcoholic fibrosis.
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The Hedgehog (Hh) pathway is critical to the wound-healing response and tissue remodelling
in chronic liver injury. Hh ligands released in EVs from damaged hepatocytes and aHSC, promote
proliferation and angiogenesis in recipient HSC and endothelial progenitor cells, respectively; and
have been detected at increased levels in the plasma and bile of rats with fibrosis induced by bile
duct ligation (Witek et al., 2009). Further, discordant miRNA and protein cargo in EVs from qHSC
and aHSC, either stimulate or inhibit fibrosis depending on the phenotype of originating and recipient
cells. Serum EVs from healthy individuals contain “anti-fibrotic’ miRNA which decreased CTGF,
aSMA and collagen gene expression when applied to aHSC in vitro and reduced hepatic fibrosis
and inflammation in CCL4-treated mice (Chen et al., 2018b). Meanwhile, a proteomic comparison of
gHSC- and aHSC-derived EV revealed greater protein content in the latter, associated with
profibrotic, inflammatory and chemotactic functions (Li et al., 2020). Accordingly, the presence of
distinct pro- and anti-fibrotic EV populations in the liver present the intriguing possibility to track

fibrogenic activity and develop novel antifibrotic therapies.
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Figure 1.3 Extracellular vesicle liquid biopsy for chronic liver diseases.

Figure was created using BioRender.com.
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Analysis of Circulating Tissue-Specific EV biomarkers

The studies described thus far indicate the potential for biomarkers with mechanistic links to
chronic liver pathology to be released in EVs and detected in the circulation (Figure 1.3). However,
the EVs harbouring these molecules of interest account for a relatively small proportion of the
complex circulating mixture of vesicles, which are also derived from multiple other cells and organs.
In plasma, platelets are a major source of EVs (originating up to 90%), followed by other
haematopoietic or endothelial cell types (Konoshenko et al., 2018, Balaphas et al., 2019). While the
reported proportion of hepatocyte-derived EVs in circulation varies widely (Povero et al., 2020, Li et
al., 2019), this may be as small as a fraction of a percent. Since conventional methods separate
vesicles from other blood components based on physical properties, producing bulk isolates of
heterogenous composition, the background noise from non-hepatic EVs may preclude the sensitive
detection of disease-related changes. This is likely to be particularly apparent in the diagnosis of
early-stage patients (Rojalin et al., 2019). Evidently, the inability to efficiently isolate relevant
subpopulations of EVs containing candidate biomarkers, represents a major barrier to their clinical
translation. Immunoaffinity capture fits within a broader framework of EV sample collection and
analysis for blood-based biomarker contexts. The methodology can be summarised in a generic
workflow (Figure 1.4) that incorporates best practice (as reviewed by Useckaite et al. (2021)) and
recommendations for characterisation and reporting (Théry et al., 2018, Newman et al., 2021). While
the review of common isolation methods is beyond the present scope and described in detail
elsewhere (Sidhom et al., 2020, Konoshenko et al., 2018), the following section will discuss the
application of immunoaffinity-based capture methods to detect cell- or tissue-specific EVs and
analyse their cargo in the context of chronic liver diseases. Supplemented by emerging technologies,
we envision this to serve as a foundation for the implementation of informed and actionable
biomarker strategies with broader relevance to any condition or application. Studies described in this

section are also listed in Table 1.2 under Cargo detected in circulating EVs for the particular disease.
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Technologies to Assess Tissue-Specific EVs

Given the biogenesis pathway and cell of origin influence surface protein expression on EVs,
the isolation of particular subpopulations can be achieved by immunoaffinity capture (IAC) (Mitchell
et al., 2021). IAC is based on the interactions of EV surface molecules with antibodies, most
commonly against tetraspanins, that are covalently linked to a fixed phase, such as magnetic or non-
magnetic beads, plastic or silica plates, porous monolithic microtips or microfluidic devices
(Konoshenko et al., 2018). Compared to conventional isolation methods, the use of antibodies
permits the extraction of highly pure and specific EVs, lending itself to customisation against EV
markers of interest (Sidhom et al., 2020, Mitchell et al., 2021). For instance, ASGR and CYP2E1 are
known membrane-localised EV constituents with high specificity for EVs of hepatocyte origin, and
have been applied for the selective analysis of hepatocyte-derived biomarkers for liver disease in
vivo (Nakao et al., 2021). However, targeting specific EV populations inherently reduces yield.
Efficient recovery by IAC depends on the availability of antibodies with sufficient specificity and
stability. The high cost of antibodies also limits scaling of capture protocols to large sample volumes
(Sidhom et al., 2020). Though some techniques can be performed directly from biofluids, IAC is
usually preceded by global EV enrichment. Variability between different global isolation methods
with respect to subtype enrichment and cargo (Mastoridis et al., 2018), underscores the importance
of confirming compatibility of a chosen method with downstream analyses. Despite present
limitations, emerging immunoaffinity-based technologies show promise to improve clinical biomarker

analyses in a robust, timely and cost-effective manner.

Immunobead- or Plate-based Capture

The most common approach to selectively isolate EV subtypes involves incubation of EVs
with antibodies conjugated to magnetic beads or on plates (Zarovni et al., 2015). EVs positive for
cell- or disease-specific surface markers can then be selectively removed from the mixture by
magnetic forces or immobilisation on the plate surface. This may also be used to improve the purity
of samples, pre-enriched by precipitation or ultracentrifugation, by targeting tetraspanins (Sidhom et
al., 2020). The method is compatible with downstream analyses, including polymerase chain reaction
(PCR), for direct quantification of molecular cargo (Zarovni et al., 2015), however tight covalent

bonds make the elution of bead- or plate-bound EVs challenging. Use of low pH buffers can release
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intact EVs but may interfere with subsequent investigations of functional activity (Mitchell et al.,
2021). Nonetheless, for diagnostic purposes, pull-down of specific EV samples presents the
opportunity to comprehensively interrogate cargo across multi-omics platforms and identify disease-
specific molecular signatures. Immunoprecipitation of cell-specific EVs from biofluids has been
applied in biomarker discovery by a select number of groups, in the context of neuronal pathology
(Mustapic et al., 2017, Shi et al., 2014, Fiandaca et al., 2015, Goetzl et al., 2016), cerebrovascular
disease (Goetzl et al., 2017), transplant rejection (Vallabhajosyula et al., 2017), melanoma (Sharma
et al., 2018) and prostate cancer (Mizutani et al., 2014). These reports consistently support the notion
that EVs preferentially enriched for tissue origin are most informative of disease and thus enhance
sensitivity and specificity of biomarker analyses. We recently isolated hepatocyte-derived EVs by
anti-ASGR1 immunoprecipitation for the study of DMET induction by rifampicin and in pregnancy
(Rodrigues et al., 2021) and to compare the performance of miRNA biomarkers for NAFLD in
unfractionated plasma, global circulating EVs and liver-specific EVs (Newman et al., 2022b). Only in
applying the selective isolation technique, was a strong significant trend observed in biomarker
expression with disease severity in NAFLD patients; thereby providing the first evidence for the utility

of tissue-specific EV isolation techniques to improve diagnostic performance in chronic liver disease.

Flow Cytometry
Flow cytometry is a powerful technique that can be applied to the enumeration and sizing of

EVs from biofluids and phenotyping of specific subpopulations (Welsh et al., 2020). Particles in
suspension are passed through a laser beam and measured based on light scatter and fluorescent
emission. Conventional flow cytometers were designed for measuring single cells, thus the limit of
detection is substantially larger than the typical EV size distribution (between 200 and 500 nm
depending on the instrument) (Panagopoulou et al., 2020). Although modern developments in high-
resolution flow cytometry have seen increased sensitivity towards lower limits (~100 nm), this still
misses a significant portion of smaller EVs, as revealed by complementary techniques, such as
nanoparticle tracking analysis (NTA) (Botha et al., 2021). Alternatively, larger complexes can be
formed using immunobeads to detect the smaller range of EVs. This is useful for detecting EV
subtypes based on surface composition but provides no direct insight into vesicle size
(Panagopoulou et al., 2020). Multiplexed flow cytometry approaches allow the high-throughput
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analysis of multiple markers of interest (Mastoridis et al., 2018, Koliha et al., 2016); however, like
other immunolabelling approaches (e.g. Fluorescent NTA and immunogold-label EM), cargo

detection is restricted to surface expression.

In chronic liver disease, such as NAFLD, flow cytometry approaches uphold the potential for
cell-specific circulating EVs to diagnose and track progression. In a diet-induced mouse model of
NASH, Li et al. (2019) followed changes in circulating EVs derived from hepatocytes (ASGR1+,
CYP2E1+), macrophages (Galectin 3+), neutrophils (Ly-6G/6C+) and platelets (CD61+).
Hepatocyte-specific EV levels were significantly elevated over the course of feeding, occurring prior
to histological evidence of inflammation and correlated with NAFLD activity score and features of
NASH, including lobular inflammation and ballooning. Similarly, macrophage- and neutrophil-derived

EVs were increased and strongly associated with hepatic inflammation and fibrosis.

Povero et al. (2020) also investigated changes in circulating hepatocyte-derived EVs, bearing
ASGR1 and bile acyl-coenzyme A synthetase (SLC27A5), in human NASH patients with and without
cirrhosis. SLC27A5 is a key enzyme in fatty acid uptake and synthesis. While greater expression is
observed in steatotic hepatocytes, down-regulation has been associated with progression to
cirrhosis due to loss of fat and functional parenchyma. In serum, SLC27A5+ EVs increased up to 4-
fold in NASH compared to healthy controls then decreased slightly in cirrhotic NASH. Meanwhile,
ASGR1+ EV levels increased with disease severity, at almost 2-fold in pre-cirrhotic NASH and 3-fold
in cirrhotic patients, compared to healthy controls. Liver-specific EV numbers exhibited strong
correlations with features of NASH, including fibrosis stage, as well as various clinically relevant
scores, such as FibroTest, Enhanced Liver Fibrosis (ELF) test and NAFLD Fibrosis Score (NFS).
Additionally, hepatocyte-derived EVs could predict clinically significant portal hypertension (hepatic
venous pressure gradient [HVPG] = 10mmHg) in cirrhotic NASH patients with sensitivity of 92% and
specificity of 75% (area under the receiver operating characteristic curve [AUROC] = 0.79),
identifying the cut-off as = 668 EVs/ul serum. Proteomic profiling also revealed several differentially
expressed proteins that could distinguish advanced NASH from healthy controls (AUROC = 0.77)
and pre-cirrhotic from cirrhotic NASH (AUROC = 0.80). Considering this analysis was performed on

global circulating EVs and in late-stage NAFLD cohorts, the potential benefit of selectively analysing
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hepatocyte-derived EV protein cargo may be explored in simple steatosis or early NASH

development.

It is noted that the above studies employed nanoscale flow cytometry with detection
thresholds set to count EVs in the range of 110-1000 nm (Li et al., 2019) and 200-1000 nm (Povero
et al., 2020), respectively. Although limited to the larger EV range, earlier reports utilising
conventional flow cytometers have also shown compelling results in support of tissue-specific EV
biomarkers for chronic liver disease. Specifically, the profiing of immune cell-derived EVs
discriminated patients with NAFL, NASH and HCV infection and healthy controls, and paralleled the
extent of hepatic inflammation. Chronic HCV patients had greater circulating CD4+ and CD8+ T-cell-
derived EVs, while NAFLD patients had more EVs from invariant natural killer T-cells and CD14+
macrophages. AUROC values ranged from 0.652-0.999 for various cohort pairs (Kornek et al.,
2012). Later work demonstrated that the combination of surface markers, Annexin V, EpCAM,
ASGR1 and CD133, could be used to identify tumour-associated EVs in circulation and distinguish
between liver cancers (HCC and cholangiocarcinoma) and tumour-free cirrhosis (Julich-Haertel et
al., 2017). Similarly, EVs expressing hepatocyte paraffin 1 (HepPar1) were found in great abundance
in the circulation of patients with HCC, compared to virtually undetectable levels in tumour-free
cirrhosis and healthy controls, and were proposed as an early marker of recurrence (Abbate et al.,

2017).

Microfluidic Devices
Recent innovations in microfluidic hardware has driven the development of compact chip-like

devices for the detection and isolation of EVs from biofluids. Microfluidic devices sort particles
through a network of microchannels of varying diameter, ranging from tens to hundreds of microns
(Panagopoulou et al., 2020, Konoshenko et al., 2018). Vesicle isolation is achieved either by actively
applying electric, magnetic or acoustic forces, or in a passive manner, depending on immunoaffinity
interactions and size exclusion (Chiriaco et al., 2018). In IA-based devices, antibody-functionalised
surfaces immobilise target EVs flowing through the chip, to separate highly specific, pure vesicle
subtypes. For example, the ExoChip device contains anti-CD63 to selectively capture exosomal

small EV and has been applied for biomarker discovery in pancreatic cancer patients (Kanwar et al.,

31



2014). Progress in the design of these devices continue to improve sensitivity, reduce non-specific
interactions and enhance capture efficiency by increasing surface area and mixing (Chiriaco et al.,

2018).

Key advantages of IA microfluidic chips include rapid processing time and low sample
volume, requiring as little as ten microliters of plasma but taking up to a few hundred microliters (Lee
et al., 2021). It is noted that reducing sample input may be detrimental to downstream analyses,
whereby biomarker yield in smaller volumes is insufficient for diagnostic purposes (Konoshenko et
al., 2018). Despite their current complexity and cost, the development of integrated on-chip analysis
of EV cargo positions microfluidic devices as promising novel tools for point of care testing (POCT)
(Shao et al., 2018). Captured EVs may be lysed by chemical (e.g. Triton X-100) or physical (e.g.
electrical) means, and intraluminal nucleic acid amplified and analysed on-chip by quantitative PCR.
Protein cargo may be detected by ELISA or released for off-chip proteomics (Chiriaco et al., 2018,

Panagopoulou et al., 2020).

Recently, Sun et al. (2020) designed an EV purification system, called EV Click Chips, to
isolate HCC-derived EVs directly from 500ul of plasma, via surface expression of ASGR1, EpCAM
and CD147. Expression of 10 HCC-specific mRNA transcripts, analysed by digital droplet PCR in
the captured EVs, gave exceptional diagnostic performance across several cohorts. Specifically,
HCC was distinguished from all non-cancer (AUROC = 0.87) and from other primary malignancies
(AUROC = 0.95) and early HCC detection could be achieved amongst at-risk cirrhosis patients of
viral hepatitis, ALD or NASH aetiology (AUROC = 0.93), outperforming serum AFP (AUROC = 0.69).
While the application of microfluidic devices is mainly at the proof-of-concept stage (Zarovni et al.,
2015), longitudinal follow-up and validation in larger cohorts may soon see this novel non-invasive

tool implemented in clinical settings for early diagnosis and patient monitoring.

Nano-Plasmonic Enhanced Scattering Assay

Nano-plasmonic enhanced scattering assay (nPES) is a novel IAC technology that can
isolate and quantify target EVs using capture and detection antibodies (Rojalin et al., 2019). The
assay, initially developed for tumour-derived EV from pancreatic cancer patients (Liang et al., 2017),
was shown to considerably reduce cost, sample volume and analysis time and improved sensitivity
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compared to ELISA (Rojalin et al., 2019). Similar to microfluidic devices, nPES is attractive for POCT
given the assay consumes as little as 1-5ul and can be performed directly from biofluids (Sehrawat

etal., 2021).

One research group recently developed a novel nPES assay to quantify hepatocyte-specific
EVs as biomarkers for AH diagnosis (Sehrawat et al., 2021) and for NAFLD resolution in obese
patients undergoing weight loss surgery (Nakao et al., 2021). EV capture was achieved through
ASGR2 or CYP2E1 and confirmed by CD63 positivity; and the capacity for circulating hepatocyte-
specific EV levels to differentiate patients from controls was demonstrated in each cohort.
Interestingly, hepatocyte-EVs correlated with steatosis and inflammation in NAFLD. The findings by
Nakao and co-workers are in line with an earlier study that showed a 68% reduction in circulating
hepatocyte-EVs (ASGR1+, HepPar1+) after bariatric surgery; however, the use of flow cytometry

limited vesicle detection to those within 200-900 nm diameter (Rega-Kaun et al., 2019).

Finally, lipidomic analysis revealed differential sphingolipid cargo in global EVs that was
integrated in multivariable logistic regression models with MELD score and log global EV count to
predict 90-day mortality in AH (AUC = 0.91) (Sehrawat et al., 2021); and with body mass index and
small EV (110,000 x g UC pellet) count to identify NAFLD (AUC = 0.80) (Nakao et al., 2021). Given
the shortfalls of global EV analysis, further development and validation of nPES and other
technologies to selectively analyse molecular signatures in cell-specific EVs, may advance clinical

translation of predictive models such as these.

Concluding Remarks

EVs mediate a vast array of complex biological functions, related to the maintenance of liver
homeostasis as well as the initiation and progression of liver diseases. A multiplicity of reports
underpins the mechanistic link between EV-mediated cellular crosstalk and pathogenic processes
that translate to differential expression in EV-based biomarkers across human patients and healthy
subjects. The stability and accessibility of EV in peripheral blood are among attractive characteristics
that compel their application as minimally invasive biomarkers. In the field of chronic liver disease,

such tools for diagnosis and tracking of disease status and response to therapeutic intervention is in
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critical demand. The advancement of platforms designed to specifically isolate and analyse EVs,
derived from cells or tissues relevant to the condition of interest, may greatly enhance the sensitivity
and reproducibility of circulating EV biomarker analyses. It is our overarching view that clinical use
will be supported by the development of these technologies and a holistic approach to evaluating

disease-specific EV signatures of composite molecular species.
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Significance and Aims

EVs have emerged as a valuable source of molecular information that may be leveraged as
minimally-invasive biomarkers to support diagnosis and patient monitoring and to guide treatment
decisions. The capacity for circulating EVs to reflect molecular changes in specific organs in a liquid
biopsy offers the opportunity to overcome several limitations associated with a solid organ biopsy,
particularly with regard to invasiveness and possibility of serial testing. In the clinical management
of NAFLD, histological evaluation by liver biopsy persists as the gold standard for the diagnosis of
steatohepatitis and staging of fibrosis. Enrolment screening and primary endpoints based on
histology also continue to be a mainstay of Phase 2/3 clinical trials. However, this fails to provide
detailed molecular insights associated with treatment response or disease drivers that could identify
subgroups of patients most likely to benefit from targeted medications. In recent years, there have
been several costly failures in the development of drugs to treat NASH and, to date, no approved
pharmacological intervention is available. Accordingly, there is a critical demand for minimally-
invasive tools for the dynamic assessment of NAFLD patients both in clinical trial settings and more
broadly for routine management. While molecular information contained in circulating EVs have
demonstrated utility for characterising NAFLD patients, limitations of standard approaches for EV

isolation and analysis hinders their clinical application.

The hypotheses underpinning this thesis are that (i) the selective isolation of circulating liver
derived EVs by immunoprecipitation against hepatocyte surface marker ASGR1 allows the
assessment of specific changes in the tissue of origin; and (ii) liver derived EVs are a source of RNA
and protein biomarkers with diagnostic or predictive value. By developing and applying novel
techniques, this thesis aimed to address several barriers to the translation of EV liquid biopsy to
human clinical samples. In demonstrating the utility of liver derived EVs to reflect key hepatic
functions and dysregulated molecular pathways associated with the pharmacological treatment of
the disease, these advancements pave the way for precision medicine strategies in MAFLD. The

aims as detailed below will be addressed in the following chapters.
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Aim 1 — Develop and validate a targeted liquid chromatography tandem mass spectrometry (LC-
MS/MS) method for the quantification of markers associated with EVs and contaminant protein in

human blood.

The capacity to robustly characterise EV protein markers for assessment of yield and purity
is typically done with crude semi-quantitative methods such as western blotting. Reporting of EV
characterisation is often is limited to a subset of representative samples rather than each sample
due to limitations in available sample volume and laboriousness of the procedure. However, clinical
translation of EV biomarkers will require an approach to quality control of blood-derived EV isolates,

on an individual sample level, in a highly sensitive, high-throughput and fully quantitative manner.

Aim 2 - Define variability in circulating global and liver specific EV abundance and cargo resulting

from physiological characteristics of the donors.

Patterns of variability within (diurnal) and between individuals have the potential to
confound biomarker analyses using circulating EVs. Addressing this aim serves to deepen
understanding of basal variability under physiological conditions for improved interpretation of

changes in disease and highlight considerations for standardised EV sampling protocols.

Aim 3 — Compare the performance of miRNA biomarkers extracted from total plasma, global EVs

and ASGR1+ EVs for predicting disease severity.

Cell-free miRNA is stabilised in the circulation by a variety of carriers, including encapsulation
in EVs. Under different conditions, the relative distribution of miRNA among these carriers may be
altered. In NAFLD, reported changes to selective packaging and secretion of molecular cargo into
EVs, including miRNA, suggests that RNA extracted from the EV fraction of plasma may be more
diagnostically relevant. Standard methods for EV isolation cannot distinguish the tissue of origin in

the complex mixture released into the systemic circulation. Consequently, EV biomarker analyses

36



that are not targeted toward the affected tissue achieve a trivial fraction of their potential utility when
applied to blood samples. The use of immunoaffinity EV isolation against ASGR1 to selectively
enrich liver derived EVs, thus presents the opportunity to improve detection of low abundance

disease-specific biomarkers.

Aim 4 - Quantify drug metabolising enzymes and MAFLD drug targets in EVs isolated from liver

tissue and establish concordance with absolute abundance in paired tissue.

Patients with MAFLD exhibit marked variability in exposure and response to medications
resulting from differences in the abundance of hepatic drug metabolising enzymes (DMEs) and
proteins in molecular pathways that constitute drug targets for pharmacotherapy. Differences in
these hepatic functions are challenging to define on a molecular level in vivo. In addressing this aim,
the work sought to detect and quantify a panel of key proteins related to the pharmacokinetic and
pharmacodynamic interactions of drugs with the liver in EVs derived from liver tissue and provide
evidence for the utility of liver derived EVs to define between subject differences in DME profile and
within subject changes in MAFLD drug targets. Following on from this, exploratory analyses aimed
to assess the feasibility of quantifying pharmacodynamic markers in vivo using a liver specific EV

liquid biopsy.

Nomenclature

An emerging consensus among clinicians and scientists in the field of hepatology has led to
the proposed renaming of non-alcoholic fatty liver disease (NAFLD) in order to support the diagnosis
of the condition based on inclusion criteria (e.g. metabolic dysfunction) rather than exclusion criteria,
particularly alcohol use. The updated nomenclature of metabolic associated fatty liver disease
(MAFLD) is intended to reflect advancements in the understanding of pathogenic drivers, marked
heterogeneity in the natural history of the disease and observed interplay of comorbidities and
hepatic and non-hepatic risk factors, including alcohol use. For the purpose of this thesis, both
NAFLD and MAFLD will appear in different chapters and may be interpreted as interchangeable

terms.

37



CHAPTER 2

ADDRESSING MISEV GUIDANCE USING TARGETED LC-
MS/MS: A METHOD FOR THE DETECTION AND
QUANTIFICATION OF EXTRACELLULAR VESICLE-
ENRICHED AND CONTAMINANT PROTEIN MARKERS
FROM BLOOD

Author Contributions

This chapter is published in the Journal of Extracellular Biology (Appendix 2) and no changes
have been made to the contents of the original peer-reviewed manuscript. The only alterations were
formatting for consistency with the thesis. | was the first and sole primary contributing author, and
was responsible for conceptualisation, developed the methodology, generated and analysed the
majority of the data, wrote the first draft and reviewed and edited the paper, culminating in
approximately 85% of the total contribution to the work. Author Z.U performed the TEM imaging and

western blots. Author A.R contributed to conceptualisation and edited the paper.

Context in Thesis

With rapidly growing research interest in the EV field, the minimal information for the study
of extracellular vesicles (MISEV) guidelines were established to promote standardisation, including
robust characterisation of EV isolates. The analysis of proteins including positive EV markers and
negative contaminant markers of commonly co-isolated components of the starting material is an
important component for assessing yield and purity. Across studies that report adherence to the
MISEV guidelines, western blotting is most frequently performed to analyse EV protein; however,
this approach is limited in terms of quantitation and throughput and requires larger volumes than
typically available for patient samples, including in the context of clinical trials. Accordingly, the
successful application of EVs as a liquid biopsy in clinical contexts requires a high-throughput

multiplexed approach to analyse protein markers from small volumes of starting material. To address
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this issue, the following chapter documents the development and validation of a targeted liquid
chromatography tandem mass spectrometry (LC-MS/MS) assay for the quantification of markers
associated with EVs and non-EV contaminants from human blood samples. Considering the
importance of standardising techniques for EV analysis and experimental reporting, the assay was
specifically designed to address the MISEV guidelines. The assay was highly sensitive, requiring
only a fraction of the sample consumed for immunoblots, fully quantitative and high throughput.
Application of the assay to EVs isolated by commercially available isolation methods — size exclusion
chromatography and precipitation — revealed differences in yield, purity and recovery of
subpopulations. To account for potential differences in clinical study design and the effect of disease,
the performance of the assay was also compared in healthy serum and plasma samples and in

patients with NAFLD.

Introduction

In recent years, the field of extracellular vesicle (EV) research has exploded with publications
documenting their biological properties, functionality, and potential diagnostic, prognostic and
therapeutic applications in human disease (Shao et al., 2018, Van Deun et al., 2017, Théry et al.,
2018). The term EV describes a heterogenous population of membrane-bound vesicles; including
small EVs, such as exosomes (50-150nm), that arise from endosomal pathways within the cell, and
EVs of various sizes up to 1000nm in diameter, shed directly from the plasma membrane
(microvesicles) (Newman et al., 2020, Kowal et al., 2016). Whilst originally perceived simply as a
pathway for cellular garbage disposal, EVs are increasingly recognised for their roles in local and
systemic intercellular communication, diverse physiological processes and disease
progression(Newman et al., 2020, Shao et al., 2018). These functions are facilitated via the transfer
of biologically active cargo, including nucleic acids, proteins and lipids, into recipient cells resulting

in phenotypic and functional changes (Newman et al., 2020, Greening et al., 2017).

The stability conferred through encapsulation within the vesicle membrane and accessibility

in biological fluids such as blood and urine, makes EV cargo attractive as biomarkers and therapeutic
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tools (Hirsova et al., 2016b). However, their clinical application is hindered by several challenges,
particularly with respect to the competing imperatives of recovery and purity of isolated preparations
(Webber and Clayton, 2013, Newman et al., 2020, Van Deun et al., 2017). To promote the
standardisation of EV methodologies and reporting, the International Society for Extracellular
Vesicles (ISEV) has provided guidelines that set out the minimal requirements for the study of
extracellular vesicles (MISEV) (Théry et al., 2018). Researchers must provide robust evidence to
claim the presence of EVs in isolates and assign physiological properties or functions to them. In
addition, the EV-TRACK knowledgebase provides a platform for the detailed recording of
experimental procedures through a checklist of 115 parameters, from which studies are assigned an
EV-METRIC reflecting the capacity for the experiments to be properly interpreted and reproduced

(Van Deun et al., 2017).

A key component of the EV-METRIC is analysing samples for the presence of accepted EV
markers and absence or depletion of markers not associated with EVs (Van Deun et al., 2017) (+/-
EV markers). EV enriched proteins are derived from the plasma membrane or cytosol and reflect the
process of biogenesis and sorting of cargo(Shao et al., 2018). MISEV (2018) defines two categories
of proteins to be analysed in all preparations, in order to robustly claim the presence of EVs. Markers
frequently identified from Category 1 (transmembrane or GPl-anchored proteins) include
tetraspanins (CD9, CD81, CD63) and major histocompatibility complex class 1 (MHC1) (Shao et al.,
2018, Kowal et al., 2016, Théry et al., 2018). Category 2 comprises proteins that are incorporated
from the cytosol into EVs, largely due to lipid- or membrane protein-binding capacity. Examples of
these are tumour susceptibility gene 101 (TSG101), heat shock 70 kDa proteins and flotillins -1 & -
2 (Théry et al., 2018). A third category of commonly co-isolated contaminants is also given for
assessing purity. These are selected with respect to EV source; for example, apolipoproteins or
albumin in blood-derived EV isolates (Théry et al., 2018). Further, proteins expressed in intracellular
compartments other than plasma membrane or endosome, such as endoplasmic reticulum or
nucleus, may be used as markers of large EVs, cellular components or apoptotic blebs (Shao et al.,

2018). Common examples include calnexin, endoplasmin (GP96), or histones (Webber and Clayton,
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2013, Kowal et al., 2016, Théry et al., 2018), and comprise Category 4, which must be addressed

by researchers claiming the specific isolation of small EVs (Théry et al., 2018).

Currently, western blotting is the most common approach used to address reporting
requirements relating to analysis of +/- EV markers (Théry et al., 2018). While western blotting is an
established method for protein detection, the approach has many inherent limitations that impact
applicability to certain sample types. By way of example, as an antibody-based (immunoblotting)
method, western blotting is semi-quantitative and can reliably detect only one analyte per sample.
This may not be an issue when working with EVs isolated from cell culture media as sample volumes
are plentiful, allowing for multiple parallel analyses, and there is a greater ratio of vesicles to
particulate contamination (Van Deun et al., 2017, Kreimer et al., 2015). This does, however, become
a key limitation in the context of addressing reporting requirements when working with biospecimens
from clinical trials or patient cohorts, as the resulting EV sample volume is often insufficient to
accommodate multiple western blot analyses as control experiments. Additionally, the biospecimen
sample matrix is typically more complex and variable between samples, which can impact the quality
of western blot analysis. Importantly, western blots can also be limited by the performance of
antibodies, as non-specific binding can increase background and reduce confidence in analyte
detection (Liebler and Zimmerman, 2013). As EVs become an increasingly important ‘liquid biopsy’
platform and their application to clinical biospecimens gains increasing attention, there is a need for
a robust, higher throughput, multiplexed approach to address +/- EV marker reporting requirements,
ideally utilising the same platform that is applied to biomarkers of interest. Particularly when working
with biospecimens, different EV isolation methods are known to enrich specific EV sub-populations
and differ in terms of EV recovery and the extent and composition of vesicular and non-vesicular
contamination. Accordingly, it is important to consider the compatibility of isolation strategy with the

analytical platform.

In recent years liquid chromatography mass spectrometry (LC-MS/MS) analyses have
facilitated expansive proteomic profiling of EVs (Rosa-Fernandes et al., 2017, Shao et al., 2018).
LC-MS/MS has been applied in both untargeted and targeted workflows, to qualitatively screen for

the presence of proteins and to quantify the abundance of specific proteins, respectively. Targeted
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LC-MS/MS based protein quantification typically involves the enzymatic digestion of proteins into
peptides, separation by reverse phase liquid chromatography, and quantification of specific
fragmentation patterns associated with the peptide of interest using a triple quadrupole (QQQ) mass
spectrometer (Kreimer et al., 2015, Rosa-Fernandes et al., 2017). This approach, referred to as
multiple reaction monitoring (MRM), is highly sensitive, reproducible, and depending on instrument
configuration can simultaneously analyse up to 20 proteins in a single sample. Additionally, targeted
LC-MS/MS analysis enables absolute analyte quantification in a complex matrix when the magnitude
of the response for the endogenous analyte is normalised using a stable isotope labelled (SIL)
peptide and compared to an external calibrator spiked into a comparable matrix at a known

concentration (Greening et al., 2017, Kreimer et al., 2015).

Few studies have previously employed targeted LC-MS/MS assays to assess purity of EVs
from blood (Park et al., 2021, Wang et al., 2017), and have been useful in the development of novel
isolation strategies (Nguyen et al., 2021) or to gain insight to membrane origin of circulating
vesicles(Zhang et al., 2020b). Of these studies, only that by Park et al. (2021) was performed on
clinically relevant volumes of sample (100ul plasma, while others used up to 200mL). However, the
proteins included in this panel covered cytosolic EV-enriched proteins and non-EV contaminants
while transmembrane (MISEV category 1) proteins were notably absent. Thus, the present
manuscript describes the development and validation of a novel MRM-based panel specifically
designed to address MISEV guidelines. This approach is sensitive, fully quantitative and high
throughput. Establishing the presence of EV markers and depletion of contaminants is a critical
component of sample characterisation, likely to be expanded upon in new iterations of MISEV
(Witwer et al., 2021). Since the 2018 guidelines recognised the challenge of performing several
characterisation experiments when sample volume is limited, we validate the application of this
platform in small starting volumes. Hence, the method described here may be generalised to other
EV-based research applications, of different cell-types or (patho)physiological condition, but we

anticipate its particular value for the analysis of clinical biospecimens.
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Methods

Blood Samples

Venous blood from healthy volunteers was collected into Z Serum Sep Clot Activator tubes
or KsEDTA plasma vacuettes (Greiner Bio-one, Frickenhausen, Germany) and centrifuged twice at
25009 for 15 minutes at 10°C. Serum or plasma was extracted and stored at -20°C until analysis.
The study was approved by the Southern Adelaide Clinical Human Research Ethics Committee
(SAHREC; number 261.18). Serum and plasma samples from patients with non-alcoholic fatty liver

disease were purchased from Discovery Life Sciences (Hunstville, AL, USA).

Extracellular Vesicle Isolation

qEV Size Exclusion Chromatography

gEV Original (Legacy) 35nm and 70nm size exclusion chromatography (SEC) columns (iZon
Science, Christchurch, NZ) were used to isolate EVs from serum or plasma. Prior to EV isolation,
columns were equilibrated to room temperature and washed with 10mL of 0.2um filtered phosphate-
buffered saline (PBS). Serum (500ul) was loaded into the sample reservoir and allowed to completely
pass into the column before PBS was added (no more than 2mL at any time) to begin elution. The
first six fractions (3mL) eluted from the column was discarded and vesicles were collected as pooled
fractions 7 to 11 (2.5mL) into 5mL Protein LoBind tubes (Eppendorf). Pooled vesicle fractions were
mixed gently by inversion and concentrated to 100uL using Amicon Ultra-4 centrifuge filters (30kDa,
Millipore-Sigma) pre-conditioned with PBS. Concentrated vesicle isolates were stored at -80°C until

analysis.

ExoQuick Precipitation

Serum was centrifuged for 15 minutes at 3000 x g at 10°C to remove debris. Spun serum
(50045) was combined with ExoQuick™ precipitation solution (126uL) and mixed 8 to 10 times by
gentle inversion. Samples were incubated for 30 minutes on ice then centrifuged for 30 minutes at
15009 at 4°C to pellet EVs and again for 5 minutes in the same conditions, each time aspirating all
supernatant. The pellets were resuspended in 100uL of filtered PBS/RIPA buffer and stored at -80°C

until analysis.
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Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to quantify particle concentration and
size distribution in EV samples using a NanoSight NS300 (Malvern Analytical, UK). Samples were
diluted between 1:500 and 1:20000 in freshly 0.2um filtered PBS. Five 60-second videos were
captured at camera level 14 with a continuous sample flow (flow rate 100). Videos were analysed at

detection threshold 5 using NTA 3.0 software.

Transmission Electron Microscopy

Samples were prepared based on a previously published protocol (Newman et al., 2021).
Briefly, Ted-Pella B 300M carbon-coated grids (Ted-Pella, Redding, CA, USA) were cleaned and
hydrophilized using plasma glow discharge for 15 seconds (Gatan SOLARUS Advanced Plasma
Cleaning System, Gatan, Inc., Pleasanton, CA, USA) prior to use. Five microlitres of sample in
0.2um-filtered PBS was placed on carbon-coated grids for 5 minutes. Carbon grids were washed
once (15 seconds) at room temperature (RT) with 0.2um filtered PBS and were contrasted with 2%
uranyl acetate (3 minutes, RT), washed once, and examined by FEI TECNAI Spirit G2 TEM (Thermo
Fisher Scientific, Waltham, MA, USA) operated at 100kV. TEM images were acquired at

magnifications of 49,000% and 68,000% (Figure 2.1).
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Figure 2.1 TEM images of EVs isolated by different methods.

Images taken at 49,000 x magnification (left panels) and 68,000 x magnification (right panels).
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Human Liver Microsome Preparation

Pooled human liver microsomes (HLMs) were prepared by differential centrifugation as
described by Bowalgaha et al. (2005). Briefly, liver portions (<1cm thickness) were suspended in
phosphate buffer (0.1M, pH 7.4) containing potassium chloride (KCI; 1.15% w/v) and minced using
scissors. The minced liver tissue was homogenized, initially with a Janke and Kunkle Ultra Turax at
a speed of 24000rpm, and then with a Potter-Elvehem homogenizer (driven by a power drill) at a
speed of 1480rpm. The homogenized tissue was centrifuged at 3000g for 10min at 4°C, and again
at 10,000g for 10min at 4°C. The supernatant layer was collected and centrifuged at 105,000g for
1hr at 4°C. The resulting pellet was re-suspended in phosphate buffer (0.1M, pH 7.4) containing KCI
(1.15% w/v) and then centrifuged at 105,000g for 1hr at 4°C. The final microsomal pellet was
suspended in phosphate buffer (0.1M, pH 7.4) containing glycerol (20% v/v), aliquoted into 400uL
samples, and stored at —80°C until use. Equal protein amounts of microsomes from five human livers
(H7, female 44 years old (y/o); H10, female 67 y/o; H12, male 66y/o; H29, male 45y/o; and H40,
female 54y/o) were used for the purpose of this study. Approval for the use of human liver tissue in
xenobiotic metabolism studies was obtained from both the Clinical Investigation Committee of
Flinders Medical Centre and from the donors’ next of kin. All livers were obtained within 60 min of
death and were immediately sliced and frozen in liquid nitrogen. Once frozen, livers were stored at -

80°C until use.

Protein isolation from EVs for immunoblots

EVs isolated by qEV were lysed by mixing an equal volume (6ul) of EV sample in PBS with
ice-cold RIPA (Radioimmunoprecipitation assay) lysis buffer (Thermo Fisher Scientific, IL, USA).
ExoQuick isolated EVs (pellet) was lysed in 100pL of the above RIPA lysis buffer. All samples were
incubated on ice for 25 minutes, centrifuged at 10,000g for 10 minutes at 4°C. Soluble protein was
measured by micro BCA assay (Thermo Fisher Scientific, IL, USA), according to manufacturer’s
instructions. Briefly, working reagent (WR) was prepared using MA:MB:MC at 25:24:1 ratio. Lysed
samples were diluted up to 300yl in 0.2 uym-filtered PBS. In a 96-well plate, equal volume of WR and
either sample or bovine serum albumin (BSA) standard were mixed and assayed in duplicate.
Absorbance of samples at 562 nm were compared to that of BSA standard curve (0-200 pg/mL) to

determine protein concentration, using a SuperMax plate reader (Molecular Devices, CA, USA).
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Protein isolation from human liver microsomes (HLM) and serum for
immunoblots

HLM and serum protein was isolated by mixing equal volumes of HLM and ice-cold RIPA
buffer, incubated on ice for 25 minutes, centrifuged at 10,000g for 10 minutes at 4°C. Soluble protein

was measured, as above, by micro BCA assay (Thermo Fisher Scientific, IL, USA).

Immunoblotting

EV, HLM and serum protein (35 ug), isolated as described above, was used for
immunoblotting as we previously described(Useckaite et al., 2020), except that 5% BSA/TBS
containing 0.1% Tween 20 (TBST) was used. Protein lysates (EV, HLM and serum) were resolved
on gradient SDS gels (Bio-Rad Laboratories, CA, USA) and the proteins where then transferred to
Immun-Blot LF polyvinylidene difluoride (PVDF) membrane, 0.45 Im (Bio-Rad Laboratories, CA,
USA), using a Turbo Blot transfer unit (Bio-Rad Laboratories, CA, USA). Stain-free imaging of the
gel was performed using a ChemiDoc MP imager (Bio-Rad Laboratories, CA, USA) with a 1-min
stain activation time as previously described(Colella et al., 2012). Total protein images were obtained
at pre-blocking of PVDF (Figure 2.2). PVDF membranes were blocked with 5% (w/v) BSA in TBST

and incubated overnight at 4°C with primary antibodies.

Primary antibodies (in 5%BSA/TBST) from Abcam (Abcam, Cambridge, MA, USA) were anti-
human CD9 (Cat.#:ab92959; 1/1000); anti-human CD63 (Cat.#:ab68418; 1/1000); anti-human CD81
(Cat.#:ab109201; 1/1000); and anti-human Calnexin (Cat.#: ab2791; 1/1000). Primary antibody for
anti-human TSG101 was from Invitrogen (Thermo Fishes Scientific, IL, USA; Cat.#:PA5-31260;
1/1000). Secondaries from Cell Signalling Cell Signalling Technology, MA, USA) were anti-mouse
IgG, HRP-linked (Cat.#:7076; 1/1000) or anti-rabbit IgG, HRP-linked (Cat.#:7-74; 1/1000). Human
liver microsome-lysate was included in all gels as a positive control. Serum lysate was added as a

positive control for Albumin.

SuperSignal West Femto Chemiluminescent Substrate Kit (Thermo Fisher Scientific, IL,
USA) was used for detection, imaging was performed using an automated ChemiDoc Touch Imaging
System (Bio-Rad Laboratories, CA, USA) and densitometric analysis was performed using ImageJ

tool (https://imagej.nih.goV/ij/index.html).
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Figure 2.2 Full images of immunoblot gels.

A-B: total protein activation pre-transfer, C-D: PVDF membranes, E-F: post-transfer (C-D). No stain, 35ug
of lysed HLM or EV protein loaded to each well. Lane 1= MW marker, Lane 2=HLM, Lane 3=qEV35, Lane

4=qEV70, Lane 5=ExoQuick.
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Protein Digestion

EVs isolated by SEC columns and by ExoQuick precipitation, 50ul and 10ul respectively,
were diluted up to 100l in PBS; containing between 70-120 ug of SEC EV protein and 1132-1683
ug of ExoQuick EV protein. EVs were lysed by vortexing for 10 minutes using a MixMate sample
mixer (Eppendorf) followed by three freeze-thaw cycles. Lysed samples were mixed with 50uL of
ammonium bicarbonate (pH 7.8) and incubated with dithiothreitol (12.5 mM) for 90 minutes at 60°C.
Samples were cooled to room temperature prior to addition of iodoacetamide (23.5 mM) and
incubation for 60 minutes at 37°C. Trypsin Gold was then added to protein samples in a ratio of 1:40
and incubated for 17 hours at 37°C. Samples were mixed with 20uL of formic acid (10% v/v) in order
to terminate digestions, then centrifuged at 16,000g for 10 minutes at 4°C. Resulting supernatant
(100uL) was spiked with a SIL peptide cocktail (final [nM]: ALB: 10; CD81: 0.4; CD9: 0.1; CANX,
TSG101: 0.2). SIL peptides were obtained from Vivitide (MA, USA), all of isotopic purity > 99%.
Digested samples containing SIL peptides were run immediately and stored in the autosampler at
15°C over the course of the run. A 5uL aliquot of digested protein was injected for analysis by LC-
MS/MS (Table 2.1). HLM and serum, diluted 1:100 in PBS, were digested in the same conditions

and run as positive controls.

49



Table 2.1 Protein concentration of EVs and sample consumption for protein detection methods.
Total protein measured by micro BCA. Comparison of sample consumption for immunoblots and LC-MS/MS
injections. Immunoblot protein loading = 35 pg. LC-MS/MS injection volume = 5yl.

Immunoblots LC-MS/MS
Protein Equivalent . Equivalent
Method Donor Concentration \I/_gI::jne?j I(E;YI;QI Serum Volume Irz;?:tt(iac;rr: F()Sgr]) Serum Volume
(bg/pl) (Hl) (ul)
1 1.71 20.4 102.1 4.28
2 1.68 20.8 104.2 4.20
qEV35 12.5
3 1.54 227 113.6 3.85
4 1.41 24.8 124 .1 3.53
1 1.92 18.2 91.1 4.80
2 1.67 20.9 104.7 4.18
qEV70 12.5
3 2.40 14.6 72.8 6.00
4 1.85 18.9 94.6 4.63
1 139.27 0.25 1.26 69.64
2 116.42 0.30 1.50 58.21
ExoQuick 2.5
3 113.22 0.31 1.55 56.61
4 168.33 0.21 1.04 84.17
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Chromatography

Chromatographic separation of analytes was performed on an Agilent Advance Bio Peptide
Map column (100mm x 2.1mm, 2.7um) using an Agilent 1290 Infinity Il liquid chromatography
system. The temperature of the sample and column compartments was maintained at 15°C and
30°C, respectively. A panel of analytes comprising the EV makers CD81, CD9, and TSG101, and
contaminants calnexin (CANX) and albumin (ALB), were separated by gradient elution with a flow
rate of 0.2mL/min. The mobile phase consisted of 0.1% formic acid in water (mobile phase A) and
0.1% formic acid in acetonitrile (mobile phase B) held in a proportion of 97% A and 3% B for the first
3 minutes. The proportion of mobile phase B was then increased linearly to 30% over 30 minutes
then increased to 50% in 5 minutes and held for 1 minute before returning to 3% over a further 5

minutes. Lastly, mobile phase B was held at 3% to re-equilibrate the column for 5 minutes.

Mass Spectrometry

Column eluant was monitored by mass spectrometry using an Agilent 6495B Triple
Quadrupole mass spectrometer operating in positive electron spray (ESI+) mode. Target proteins
were included in the panel in accordance with MISEV reporting guidelines. Proteotypic peptides for
each protein marker were screened in EV samples and/or positive controls (HLM) and confirmed
using Skyline software. Peptides contained between 7 and 22 amino acids for uniqueness and mass
range of triple quadrupole instrument. Peptides had no methionine or cysteine residues. Sites of
mutagenesis or post-translational modifications were avoided. For one peptide per protein, one
quantifier and two qualifier ion transitions were included for optimisation of the multiple reaction
monitoring (MRM) method based on signal intensity (Table 2.2). Three types of each analyte were
detected; synthetic isotope labelled (SIL), endogenous and synthetic light peptide; as the latter was
spiked into samples to supplement endogenous levels where required for assay validation. Skyline
software was used to verify transitions and to select the optimal collision energy for each transition
from seven predicted voltages. MassHunter Optimiser Software was used to optimise source
parameters: capillary voltage, nebuliser pressure and nozzle voltage; and cell accelerator voltage
was optimised manually between 3 and 8 V. Identities of endogenous peptides were confirmed by

comparing retention time and quantifier/qualifier transition ratios to respective SIL peptide standards.

51



Table 2.2 Analyte sequences and transitions used for multiple reaction monitoring.
SIL (*): stable isotope labelled peptide; bold and underlined letter = heavy labelled amino acid. Bold values indicate product ions used as quantifier transitions.

Analyte Type Sequence .Firent:rz:]?:) Pre:::nrsor Product lons Eg::g;i?er:,)
SIL H2N-LVNEVTEFAKA*-OH 20.7 579.3 603.3 (y5+)  702.4 (y6+) 945.5 (y8+) 18.8
AL Light H2N-LVNEVTEFAK-OH 20.7 575.3 595.3 (y5+)  694.4 (y6+) 937.5 (y8+) 18.8
SIL  H2N-QFYDQALQQAVVDDDANNAKA*-OH 23.9 754.4 870.4 (y8+)  969.4 (y9+) 1068.5 (y10+) 17.3
cpet Light  H2N-QFYDQALQQAVVDDDANNAK-OH 23.9 751.7 862.4 (y8+)  961.4 (y9+) 1060.5 (y10+) 17.3
SIL H2N-DVLETFTVKA-OH 24.3 530.3 603.4 (y5+)  732.4 (y6+) 846.5 (y7+) 22.3
cp9 Light H2N-DVLETFTVK-OH 24.3 526.3 595.4 (y5+)  724.4 (y6+) 837.5 (y7+) 22.3
SIL H2N-IVDDWANDGWGLKA*-OH 27.2 748.9 797.4 (y7+)  868.4 (y8+) 1054.5 (y9+) 241
CANX Light H2N-IVDDWANDGWGLK-OH 27.2 744.9 789.4 (y7+)  860.4 (y8+) 1046.5 (y9+) 241
SIL H2N-GVIDLDVFLK”-OH 32.5 563.8 7425 (y6+)  857.5 (y7+) 970.6 (y8+) 18.4
Teeno1 Light H2N-GVIDLDVFLK-OH 32.5 559.8 734.4 (y6+)  849.5 (y7+) 962.6 (y8+) 18.4
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Assay Validation and Calibration

Calibration standards (n=8) were prepared to span the concentration ranges associated with
gEV70 EV isolates, and to ensure a robust minimal concentration to exclude contamination (CANX
and ALB) from human serum. In this range, assay linearity was determined for each analyte
according to linear regression analysis. Assay sensitivity was determined for the panel. The limit of
detection (LOD) was defined as a signal to noise ratio of 3:1 and the lower limit of quantification

(LLOQ) as 5x the LOD.

Precision was assessed on the basis of intra- and inter-day variability in the slope produced
by calibration curves run in triplicate on three separate days. Variability was recorded as percent
relative standard deviation (% RSD) of triplicate injections (within run) and of average slope across
different days (between runs). Repeatability was assessed by five consecutive injections of a mid
QC sample and variability recorded as % RSD. Accuracy was determined based on the recovery of
SIL peptide spiked into quality control (QC) samples at low (ALB: 6; CD81: 0.6; CD9: 0.06; CANX,
TSG101: 0.12 [nM]), mid (ALB: 10; CD81: 1; CD9: 0.1; CANX, TSG101: 0.2 [nM]) and high (ALB:
18; CD81: 1.8; CD9: 0.18; CANX, TSG101: 0.36 [nM]) concentrations within the calibration curve.
Carryover was assessed in two consecutive blank injections following the highest calibration

standard.

The stability of analytes was evaluated in duplicate EV samples. Samples were kept at -20°C,
4°C, or 15°C and analysed at baseline and after 6, 24 and 48 hours. Concentration was determined

at each time point and changes from baseline of less than 20% were accepted as stable.

Matrix effects were assessed based on absolute and relative recovery of SIL peptides spiked
in EV matrix or mobile phase. Calibrators 1 and 6 and a middle QC sample were prepared and
analysed in each matrix and used to generate curves. Matrix effects were reported as % difference

in slope and precision in each matrix was based on triplicate injections of each QC.

The reproducibility of the protocol was assessed based on the reproducibility of detecting
analytes and of quantifying analytes. EVs were isolated in triplicate from the serum of three donors

by each of the three isolation methods as described above, and peptide digests were performed in
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duplicate, as also previously described. Reproducible detection across replicate isolations was
defined by samples with average normalised response > LOD and reproducible detection in peptide

digests was defined by equivalent response (both duplicates are < or > LOD) in each pair.

Additional analyses were performed to demonstrate the generalizability of the assay.
Specifically, these analyses demonstrate the capacity to detect EV markers in plasma from healthy
controls and serum and plasma from subjects with non-alcoholic fatty liver disease (NAFLD). These

analyses were performed using EVs isolated by two distinct isolation approaches.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 9 (San Diego,
CA, USA). Comparisons of group means were assessed by repeated measures one-way ANOVA
with Tukey test for multiple comparisons. Linear regression analysis was performed using Microsoft

Excel version 16.

EV-TRACK

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase

(EV-TRACK ID: EV220163) (Van Deun et al., 2017).

Results

Characterisation of Extracellular Vesicles

Extracellular vesicles were isolated from human serum (n=3) by each of three commercially
available methods; qEV70 and qEV35 SEC columns, and ExoQuick precipitation. TEM images
revealed characteristic morphology and structurally intact vesicles isolated by each method,
however, high background from non-vesicular contamination was prevalent in the ExoQuick image
(Figure 2.3A). The mean particle concentration varied between methods, with significantly more
particles isolated by ExoQuick compared to gEV70 (Figure 2.3B). Mean particle size measured by
NTA was consistent across the three isolation methods (Figure 2.3C), although TEM images

demonstrated the presence of a sub-population of larger vesicles in the ExoQuick isolate.
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Figure 2.3 Characterisation of extracellular vesicles isolated by SEC and precipitation.

(A) Transmission electron microscopy images. Direct magnification x 30,000. Scale bar = 100nm. (B) Concentration and (C) Mean size of particles
measured by nanoparticle tracking analysis. Data shown as mean % standard deviation; ** p < 0.01; (n = 3), One-way ANOVA and Tukey test for
multiple comparisons. (D) Representative images of key proteins considered to be markers of EVs (CD81, CD9 and TSG101), according to MISEV
2018 guidelines, in EVs isolated by qEV35, qEV70 and ExoQuick against HLM (non-EV control). Endoplasmic reticulum protein, CANX, was
included as a marker of cellular structures considered to be enriched in cells relative to EVs (i.e. non-EV component, negative EV marker). (E)
Representative image showing albumin contamination in EV samples isolated by qEV35, gEV70 and ExoQuick. Thirty-five micrograms of lysed
EV or serum protein loaded per lane. Two lanes of albumin represent 35ug of protein that leaked to the neighbouring well due to pipetting error.
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Irrespective of EV isolation method, common EV markers CD81 and TSG101 were detected
by immunoblots in all EV samples (Figure 2.3D, Fig. 2.4), although differences in apparent
abundance were observed (Figure 2.5). TSG101 abundance was comparable between EVs isolated
by each of the SEC columns, while a greater amount was detected in ExoQuick samples. Similarly,
samples isolated by SEC columns displayed low levels of CD81, with the highest signal detected in
ExoQuick-isolated samples. Two bands were observed for TSG101 protein, in line with other
publications using the same antibody (Schroeder et al., 2020, Hofmann et al., 2020). CD9 expression
was not detected in any of the samples. The endoplasmic reticulum (ER) protein, CANX, was
included in the analysis as a marker of cellular structures other than that of the endolysosomal
pathway. CANX expression was below the limit of detection of the immunoblot method. While this
method cannot provide a quantitative assessment, the lack of CANX detection may suggest either

minimal cellular debris or large EVs.

Since EVs were isolated from human serum, an additional immunoblot was run to compare
albumin contamination across EV samples resulting from different methods of EV isolation (Figure
2.3E, Fig. 2.6). Lysed serum protein was analysed as a positive control. Similar size bands were
observed at approximately 70kDa across all EV samples, irrespective of isolation method.
Importantly, blots were loaded with equivalent amount protein (35ug) for each sample type, so they
do not reflect the analyte abundance in equal volumes of starting material. Specifically, the average
volumes of serum corresponding to amount of loaded protein for EV samples isolated by qEV35,
gEV70 and ExoQuick are 111ul, 91ul and 1.3ul, respectively (Table 2.1). This consideration of co-
isolated contaminants per serum volume highlights the vastly greater levels of albumin recovered in
ExoQuick isolates compared to SEC. Indeed, SEC has been reported to isolate a greater ratio of
vesicle to serum proteins, compared to precipitation reagents or conventional techniques such as
ultracentrifugation, and can reproducibly isolate vesicles containing characteristic EV
markers(Vanderboom et al., 2021, Monguio-Tortajada et al., 2019). As qEV35 enriches for vesicles
35-350 nm in diameter while gEV70 enriches those 70-1000 nm, the former is prone to greater co-
isolation of lipoproteins from the blood. For these reasons, development of the peptide assay was

primarily performed using vesicles isolated by geV70.
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Figure 2.4 Full images of immunoblots with staining of EV markers.

(A-B) CD81, (C-D) CD9, (E-F) TSG101 and (G-H) CANX on PVDF. No CD9 band observed, unsuccessful stripping of CD81 antibody. Auto exposure, 35ug of
lysed HLM or EV protein loaded to each well. Lane 1 = MW marker, Lane 2 = HLM, Lane 3 = qEV35, Lane 4 = qEV70, Lane 5 = ExoQuick. CD81 predicted band

25kDA, observed band 20kDa. CD9 predicted band 25kDa, reported 22kDa on manufacturers website. Not observed. TSG101 predicted band ~50kDa, observed
double band at 48-55kDa. CANX predicted band at ~90kDa, observed at ~95kDa.
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Figure 2.5 Relative protein quantification by ImageJ.
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expressed as fold change relative to non-EV control.

58



A B
SR R 1 2 3 4 5

250 — 250 ——
150 — 150 —
100 — ; ‘
75 —

-—d
_ | A
37—

-

zs—“-
20— —

15—
10—
5 —
2— |

Figure 2.6 Full image of immunoblots showing staining of albumin.

(A) Full image of protein on PVDF/stain-free; (B) Full image of immunoblot showing albumin expression at ~
70kDa. Lane 1= MW marker, Lane 2 = HLM, Lane 3 = qEV35, Lane 4 = qEV70, Lane 5 = ExoQuick.; Protein
leaked from Lane 2 into Lane 1, therefore, Lane 1 and Lane 2 are considered to be one well in terms of albumin
protein expression. EV protein and matched serum samples from P1 were used; 35ug of lysed serum or lysed
EV protein loaded to each well.
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MRM Method Development

Target proteins were selected to address the category reporting requirements outlined in the
MISEV guidelines for EVs derived from blood products (serum or plasma)(Théry et al., 2018). The
final protein panel comprised CD81 (Category 1[a]), CD9 (Category 1[b]) and TSG101 (Category 2a)
as positive vesicle markers, albumin (ALB; Category 3) to represent matrix-associated contamination
in EV isolates from the blood, and calnexin (CANX; Category 4) as a marker of cellular debris or
large vesicles. Selected tryptic peptides corresponding to each target protein were detected in
vesicles isolates and/or positive controls (HLM) and one precursor ion with three product ion
transitions of greatest intensities were included for optimisation (Table 2.2). Instrument settings were
optimised as described in materials and methods and values for optimised parameters are given in
Table 2.3. Chromatograms of SIL peptides spiked into digested EVs (qEV70) is shown in Figure 2.7.
Retention times were highly reproducible for each analyte measured in calibration standards with

RSD between 0.04 and 0.07 %.

Table 2.3 Mass spectrometer instrument settings.

Parameter Setting
Time segment (min) 0-22 22-26 26-30 30-48
Delta EMV (V) 300 300 300 300
Capillary voltage (V) 3000 2500 3000 3000
Nebulizer pressure (psi) 30 25 30 30
Nozzle voltage (V) 1000 500 500 500
Cell accelerator voltage 5 3 5 4
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Figure 2.7 Representative chromatograms in Skyline.

Stable isotope labelled peptides [ALB: 80 pmol/mL, CD81: 8 pmol/mL, CD9: 0.8 pmol/mL, CANX: 1.6 pmol/mL, TSG101: 1.6 pmol/mL] spiked into EV digests (QEV70)
from healthy human serum.
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Assay Validation

Linearity and sensitivity
Calibration curves were generated for each analyte in the panel to encompass the

concentration range typically observed for normal human serum (calibrators 1-6) and at points two
and four times beyond that, as may be observed with increased levels of circulating EVs in various
disease states (calibrators 7 and 8)(Nguyen et al., 2021, Povero et al., 2020, Malhi et al., 2021). The
required range varied considerably between positive and negative EV markers: Albumin was
validated between 2.0-80 pmol/mL while this range was 100-fold less for CD9 (Table 6). Linearity of
response was assessed by linear regression analysis and produced coefficient of determination (r?)
values for each analyte ranging between 0.9966 and 0.9999 (Figure 2.4). The sensitivity of the assay
was determined with respect to LOD and LLOQ, calculated as described in materials and methods.
For most of the analytes, the validated calibration range extended towards the lower end of the

assay’s sensitivity. Details of these characteristics are summarised in Table 2.4.

Table 2.4 Details of calibration and quantification for analytes in the EV Marker Panel.

Calibration Range Calibration Curve Limit of Lower Limit of
Analyte (pmol/mL) 9 Coefficient of Detection (LOD) Quantification (LLOQ)
P Determination (r?) (pmol/mL) (pmol/mL)

ALB 2.0-80 0.9999 0.004 0.020
CD81 0.2-8.0 0.9985 0.050 0.230
CD9 0.02-0.8 0.9982 0.005 0.025
CANX 0.04-1.6 0.9984 0.007 0.035
TSG101 0.04-1.6 0.9966 0.006 0.031

Assay precision, repeatability and accuracy
Assay precision was assessed based on intra- and inter-day variability in the slope of

calibration curves run in triplicate on three separate days. The %RSD ranged from 0.4 to 13 % for
within-run variability in analyte response, and between runs, variability ranged from 0.4 to 8 % (Table
2.5). Instrument repeatability was also determined in five consecutive injections of the same sample
and gave RSD < 9 % for all analytes. Relative accuracy (within matrix) of the assay was determined

by measurement of low, mid and high QC samples. These QC points were selected within the
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concentration range typically observed for normal human serum (calibrators 1-6); nominal
concentrations are given in table 8. For all analytes, accuracy ranged from 92-112 % at low, 97-116

% at mid, and 94-110 % at high QC concentration (Table 2.6).
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Figure 2.8 Calibration curves for analytes in the EV Marker Panel.

Error bars represent % relative standard deviation (% RSD) (n=3).
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Table 2.5 Assay Precision.
Relative standard deviation (% RSD) of slopes of triplicate calibration curves run within day and on three

different days.

Variability (% RSD)

Analyte

Intra-day Inter-day
ALB 0.4 0.4
CD81 5.6 7.6
CD9 3.0 6.2
CANX 4.5 3.9
TSG101 13 4.6

Table 2.6 Assay Accuracy.

QC Concentration (pmol/mL)

Analyte Low Mid High

Nominal Measured % True Nominal Measured % True Nominal Measured % True

ALB 6.0 6.75 112 10 10.9 107 18 20.2 110
cD81 0.6 0.550 92 1.0 0.972 97 1.8 1.72 9
CD9 0.06 0.063 105 0.1 0.094 94 0.18 0.187 104
CANX 0.12 0.112 93 0.2 0.232 116 0.36 0.340 94
TSG101 0.12 0.120 100 0.2 0.212 106 0.36 0.392 109
Carryover

Carryover was assessed in two consecutive ‘blank’ injections of mobile phase following
injection of the highest calibration standard. Blank injections involved a full LC injection cycle.
Albumin response was detectable in both injections (injection 1 = 4x LOD; injection 2 = LOD) but did
not reach the LLOQ. For all other analytes, peak area response was less than LOD in both first and

second injections.

Short-term stability
Analytes were tested for short term stability with storage at -20°C, 4°C, or 15°C.

Concentration was determined at baseline and monitored in duplicate samples at 6, 24 and 48 hours.
To calculate concentration, peak area response for endogenous analytes (or light peptide
supplemented where required) was normalised to known concentrations of respective SIL peptide

spiked in at baseline. Concentration of all analytes was generally stable across each time point
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compared to baseline measures (Figure 2.9). ALB concentration varied less than 7% in all cases
and variability between duplicates remained low over time (< 4% RSD). Indeed, there were no
notable trends in %RSD as most measures varied no more than 19% between duplicates; except
for CANX, for which variability increased up to the 24hr mark, especially in samples kept at -20°C
(up to 34%). CANX concentration was otherwise stable over time, with most variability + 17% from
baseline. CD81 concentration was stable in samples stored at -20°C and 4°C with < 13% change
from baseline. In 15°C samples, a slight decrease in SIL peptide response led to overestimated
concentration by 26% at 24hr. Since SIL was spiked in at baseline and monitored concurrently with
the light analyte, different rates of degradation will affect calculations of analyte concentration. When
light and SIL peptide responses were assessed individually, there were also slight reductions in ALB
and CD9 for samples kept at 15°C, but since signal was reduced in each light and SIL to a similar
extent, no effect was observed in concentration. Lastly, TSG101 concentration was particularly
stable over time in samples kept at -20°C and in 4°C and 15°C samples for 24 hours. In the latter
two, however, levels had decreased by 20% and 29%, respectively by 48 hours. Overall, these data
indicate that peptide concentration is stable during storage at -20°C and can also remain in the

autosampler over the typical course of assay runs without significantly affecting results.
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Figure 2.9 Short-term stability of peptide concentration at different storage temperatures.

Data reported from technical duplicates.
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Matrix Effects
It is widely established that EV isolation methods are not equivalent in terms of both vesicle

recovery and purity. The presence of non-vesicular contaminants can impact downstream analyses
including detection and quantification of EV cargo by LC-MS/MS Thus, the effect of different EV
matrices was assessed based on absolute and relative recovery of SIL peptides spiked into EV
matrix or mobile phase. Relative recovery was determined in qEV35 and ExoQuick matrix using
gEV70 as a comparator. Standard curves were generated using calibrators 1 and 6 and a middle
QC. R? values exceeded 0.99 for all analytes; with the exception of CD81 in ExoQuick, which gave
r? =0.977 (Table 2.7). The ExoQuick CD81 curve was affected by imprecision at the lower calibration
points. Precision is reported as %RSD of triplicate injections at each concentration level. The results
were comparable with that observed in qEV70 matrix, though greater variability in CD81
quantification was observed in ExoQuick samples at the lower calibration point (27 %RSD). Only
22% of the CD81 response was recovered in ExoQuick matrix compared to qeV70, these data
indicate that this analyte is impacted in ExoQuick matrix such that limits of detection and
quantification occur at higher concentrations. Similarly, ALB response in ExoQuick was 40% of that
in gEV70. The response for the remaining analytes were greater in alternate matrices compared to
gEV70, most notably TSG101 was 164% and 171% in gEV35 and ExoQuick, respectively. Hence,
this analyte, along with CD9 and CANX, may be detected and quantified at lower concentrations in

gEV35 and ExoQuick EVs.
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Table 2.7 Relative recovery of SIL peptides in EV matrices compared to gEV70.

qEV35
Analyte Relative Recovery (%) Precision (%RSD)
r2 % of Curve in geEV70 Lower Mid Upper
ALB 0.9999 107 16 6.9 10
CD81 0.9955 91 18 13 7.1
CD9 0.9994 147 18 3.6 9.1
CANX 0.9993 128 3.3 8.6 23
TSG101 0.9909 164 14 35 22
ExoQuick
Analyte Relative Recovery (%) Precision (%RSD)
r2 % of Curve in geEV70 Lower Mid Upper
ALB 0.9973 40 7.4 6.2 25
CD81 0.9770 22 27 15 14
CD9 0.9980 133 9.1 6.1 29
CANX 0.9998 127 23 43 0.9
TSG101 0.9974 171 10 3.6 1.7

To determine absolute recovery, the slope of the SIL peptide standard curves in each EV
matrix were compared to that in mobile phase. Across each analyte, recovery in gEV70 matrix was
observed at 38-69% of mobile phase, with TSG101 most impacted (Table 2.8). On average, qEV35
matrix exhibited the least impact on analytes (absolute recovery 52-88%). In ExoQuick matrix,
albumin and CD81 peptide signals were significantly suppressed with recovery of just 22% and 13%,

respectively.

Table 2.8 Absolute recovery of SIL peptides in EV matrices.

Recovery (% of Curve in Mobile Phase)

Analyte
qEV70 qEV35 ExoQuick
ALB 55 59 22
CD81 58 52 13
CcDb9 57 84 76
CANX 69 88 87
TSG101 38 54 57
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The generalisability of the assay is demonstrated by analyses in serum and plasma from
healthy donors and subjects with NAFLD. Analysis of markers in EVs isolated from plasma of NAFLD
patients (n = 4) and healthy controls (n = 5) by gEV70 demonstrated a comparable capacity (relative
to healthy serum) to detect positive EV markers and albumin. However, calnexin was only detected
in 20% of healthy plasma EV samples. In EVs isolated by ExoQuick from NAFLD patient serum,

markers were consistently detected across samples (Table 2.9).

Table 2.9 Detection of EV markers in serum and plasma EVs from healthy donors and patients with
NAFLD using qEV70 and ExoQuick.

qEV70 EVs > LOD (%) ExoQuick EVs > LOD (%)

Analyte Healthy Serum Healthy Plasma NAFLD Plasma Healthy Serum NAFLD Serum
(n=9) (n=5) (n=4) (n=9) (n=5)
ALB 100 100 100 100 100
CD81 78 80 100 100 100
CD9 100 100 100 100 100
CANX 100 20 80 78 100
TSG101 89 80 100 100 100

Reproducibility of Analyte Detection and Quantification

The reproducibility of the protocol was evaluated using the size exclusion chromatography
and precipitation-based EV isolation methods. EVs were isolated from human serum (n=3) in
triplicate using each of the three methods and duplicate peptide digests were analysed on the panel
(i.e. 18 per isolation method). Concentration of analytes was determined based on normalised
response (endogenous/SIL) in isolates from equivalent volumes of starting material using the three
methods of isolation. Reproducibility was assessed based on analyte detection and analyte
quantification, using LOD and LLOQ adjusted to reflect the observed effects of alternate EV matrices

on relative recovery, as described above.

Given the primary function of the EV Marker Panel is to demonstrate the presence or absence
of positive and negative markers in accordance with the MISEV guidelines, we first sought to
determine the reproducibility of analyte detection in replicate samples. Reproducibility of isolation

was based on average normalised response > LOD across triplicate isolations, and reproducibility
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of peptide digests was defined by equivalent response (both duplicates are < or > LOD) in each pair
(Table 2.10). Albumin and CD9 was detected in 100% of isolations and digests from all isolation
methods. CD81 was also detectable in 100% of isolations and digests from qEV35 and ExoQuick
EVs. However, from two of the donors, CD81 was not detected in gEV70 EVs in one isolation each,
which reduced isolation reproducibility to 78% overall for this analyte. Further, some discrepancy
between duplicate digests was observed, which may be attributed to the low abundance of CD81 in
these samples. CANX and TSG101 were also detected reproducibly across isolations and digests

in each isolation method.

Table 2.10 Reproducibility of analyte detection in EVs isolated by SEC or precipitation.

Analyte Isolations > LOD (%) (n=9) Equivalent Duplicate Digests (%) (n=9)
gEV70 gEV35 ExoQuick gEV70 gEV35 ExoQuick
ALB 100 100 100 100 100 100
CD81 78 100 100 67 100 100
CD9 100 100 100 100 100 100
CANX 100 100 78 100 100 100
TSG101 89 100 100 89 89 100

To expand the applications of the assay beyond the binary determination of analyte detection,
to those such as quantifying marker abundance for use as a normalisation strategy, the assay must
demonstrate reproducibility of quantification. To this end, variability in concentration was determined
in triplicate isolations and duplicate digests and presented as %RSD (Table 2.11). The variability of
digests was less than 20% for all analytes above LLOQ in each isolation method. Cases in which
replicate values were < LLOQ were considered reproducible, since the effect of noise precludes the
calculation of accurate %RSD. TSG101, for example, could not be quantified in EVs from either SEC
method. Meanwhile, this analyte was reproducibly quantifiable in ExoQuick isolates, exhibiting 14%
and 6.9% RSD in isolations and digests, respectively. Similarly, CANX was < LLOQ in geV70 but
could be reproducibly quantified in gEV35 and ExoQuick EVs. Since CANX is relatively enriched in
cells compared to EVs, human liver microsomes (HLM) were analysed as a positive control.
Normalised to injected protein, CANX signal in EVs compared to HLM was 3.5% and 0.65% in qEV35

and ExoQuick, respectively. Positive EV marker CD9 could be reproducibly quantified across qEV70
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and ExoQuick EVs (13% and 18% RSD, respectively). CD81 quantification was also reproducible in
ExoQuick isolates but more variable in qEV35 at 37%, which was driven by the lack of quantifiable
levels of the analyte in two of the triplicate isolations from one donor. Albumin concentration was
823-fold and 3.6-fold higher in ExoQuick and gEV35 isolates, respectively, compared to gEV70, and
each exceeded the upper limit of quantification validated for the assay in qEV70 matrix. Relative to
an equivalent volume of serum, the amount of albumin in samples isolated by each method was
0.7%, 0.003% and 0.001%, respectively. Despite significant depletion, albumin remains highly
abundant in EV isolates compared to positive EV markers. Albumin quantification was reproducible
across isolations in ExoQuick samples, while using SEC, variability was up to 36%. This suggests
that while SEC columns, particularly gEV70, are more effective at removing albumin, the samples
may be inconsistently affected by free protein contamination. Figure 2.10 shows the distribution of
measured concentrations of analytes across all technical replicates with each isolation method with
reference to limits of detection and quantification. Notably, ExoQuick samples are enriched for both
CD81 and TSG101 in comparison to SEC samples, while the differences in CD9 are much less
pronounced. While qEV70 samples have higher purity (less albumin), tetraspanins are more
abundant in qEV35 EVs. Differences in marker abundance may be attributed to the columns
enriching for vesicles of different size range. Further, recovery of vesicles (particularly CD81- and/or

CD9- positive vesicles) is possibly compromised by decreasing contamination.

Table 2.11 Reproducibility of analyte quantification in EVs isolated by SEC or precipitation.

Concentration (pmol/mL) Isolation Variability (% RSD) Digest Variability (% RSD)

Analyte qEV70 gEV35 ExoQuick gEV70 qEV35 ExoQuick qEV70 qEV35 ExoQuick
ALB 34 122 27984 36 30 6.5 25 8.1 34
CD81 0.25 0.38 8.54 19 37 20 3.8 6.4 20
CcD9 0.04 0.16 0.24 18 22 13 20 9.2 6.9
CANX <LLOQ 0.19 0.54 - 17 5.3 - 14 3.1

TSG101 <LLOQ <LLOQ 1.55 - - 14 - - 6.9
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Figure 2.10 Concentration of EV marker analytes in EVs isolated by different methods.

Mean (+SD) concentration of analytes measured in duplicate peptide digests from triplicate EV isolations of
n=3 biological replicates. Lower limit of quantification (LLOQ) and limit of detection (LOD) are indicated for
gEV70 and LLOQ is given for analytes in alternate matrices where matrix effects (relative recovery differs >
20%) were observed.
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Discussion

Here we describe the development and validation of a targeted LC/MS-MS peptide assay for
the quantification of markers associated with extracellular vesicles and non-vesicle contaminants. A
total of five EV +/- markers were included in the panel in accordance with the MISEV guidelines
(Théry et al.,, 2018). As stated, samples should be characterised based on the presence of
established transmembrane (CD9, CD81) or cytosolic (TSG101) proteins that incorporate in EVs
due to roles in biogenesis and trafficking, and the absence or depletion of matrix-associated
contaminants (e.g. serum protein, ALB) and non-endosomal intracellular compartment proteins (e.g.
ER protein, CANX). The described workflow of in-solution peptide digest coupled with multiplexed
panel format provides a high-throughput quantitative platform for the analysis of clinical samples,
requiring only a fraction of that used for immunoblotting. In this regard, LC-MS/MS represents a
valuable approach to streamline the acquisition of data for addressing reporting criteria, while
reducing reagent costs, labour, and consumption of human biospecimens, which are often scarce in

volume and irreplaceable.

Assay validation and calibration was primarily performed in EVs isolated by qEV70.
Numerous studies (Veerman et al., 2021, Gamez-Valero et al., 2016, Brennan et al., 2020) compare
the characteristics and molecular composition of EV isolates produced by various available methods,
and increasingly, size exclusion chromatography is selected as the method of choice (Monguio-
Tortajada et al., 2019, Sidhom et al., 2020, Liangsupree et al., 2021). Nonetheless, no single
isolation method is considered suitable for all applications and downstream analyses. In the context
of proteomic analyses, SEC has been favoured for the relative purity and detection of EV-associated
proteins that can be achieved with marked reproducibility (Monguio-Tortajada et al., 2019, Veerman
et al., 2021, Vanderboom et al., 2021). By comparison, methods that rely on precipitating agents,
including ExoQuick, facilitate high recovery but may interfere with vesicle surface composition and
co-isolate large amounts of soluble proteins that mask less abundant EV proteins (Gamez-Valero et
al., 2016, Veerman et al., 2021). Similarly, conventional techniques such as ultracentrifugation suffer

poor reproducibility and significant contamination with protein aggregates (Vanderboom et al., 2021).
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The concentration range over which the assay was validated comprised eight calibrators to
cover concentrations observed in healthy donor serum and beyond to increased levels that may be
observed in various disease contexts (Povero et al., 2020, Nguyen et al., 2021, Malhi et al., 2021).
For all analytes, calibration curves were linear (all r* > 0.99) and the assay exhibited good precision
and accuracy. Notably, the concentration range validated for albumin was 100-fold greater than that
for CD9. This aligns with previous findings that highly abundant serum proteins remain at
concentrations in SEC isolates many orders of magnitude above that of EV markers (Nguyen et al.,
2021, Vanderboom et al., 2021). Blood is a complex matrix from which to extract EVs, given their
numbers are predominated by soluble proteins and various types of lipoproteins with similar physical
properties. Irrespective, LC-MS/MS boasts exceptional sensitivity and the present assay exhibited
detection limits in the picomolar range. The value of this sensitivity was realised in the context of
sample consumption; where for SEC methods, the volume of serum used in immunoblotting was
~100pl on average, while only 12.5ul in equivalent serum volume was injected for LC-MS/MS
analysis (Figure 2.11). Importantly, the latter approach permitted multiplexed analysis without

compromising reliability of detection or requiring additional sample.

Isolation Method SEC (gEV35 and qEV70) ExoQuick

Sample Volume for Analysis and
Equivalent Starting Material (Serum)

. 5ul EV digest
5ul EV digest 35ug EV protein =";.5 ul sirum
35ug EV protein =12.5 pl serum ~1.33ul serum ~ 67 ug EV protein
~ 100pl serum ~ 4.4 pg EV protein
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Figure 2.11 Comparison of sample consumption for immunoblots and LC-MS/MS injections in EV
marker analytical workflow.

For immunoblotting, each biological repeat sample was run on a gel once, transferred onto

PVDF membrane and re-probed for CD9, CD81, TSG101 and CANX. The ability to re-probe the
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membrane following peroxidase deactivation has been previously demonstrated (Sennepin et al.,
2009) and offers a time and sample-saving solution for multiple detections by western blot. However,
in our case, this approach introduced several challenges. EV markers, CD9 and CD81 have a similar
molecular weight (MW), with predicted bands at 25 kDa. As PVDF membranes were first probed and
imaged for CD81, followed by the stripping, re-blocking and re-probing procedure for CD9, it was not
possible to confidently assess both. In this case, stripping of the membrane was not successful and
CD81 bands were still visible at MW of 25kDa. Under ideal conditions, enough sample is available
to run a gel for one or two markers at different MW. When working with clinical samples of limited
sample volume, there is often only enough sample for one immunoblot, presenting a challenge to
the fulfilment of MISEV criteria (Théry et al., 2018). In this study, lysed EV samples were run only
once using a set volume of starting material, thereby accentuating the limitations of immunoblotting
that are overcome by our LC-MS/MS approach. With respect to quantitation, immunoblotting can
successfully determine the presence and relative abundance of analytes between sample types or
groups. Densitometric analysis was performed here but was affected by high background in some
positive control (HLM) lanes (Figure 2.5 A & D), resulting in an overestimation of protein yield and
skewed representation of the data from these lanes. In contrast, the LC-MS/MS assay could be
validated for the absolute quantification of analytes using stable isotope-labelled peptides spiked into

samples at known concentrations.

The degree and composition of contamination are key determinants of signal intensity and
reproducibility in LC-MS/MS analysis. Peptides derived from non-vesicular material may co-elute
with target EV markers and suppress ionisation; and those exhibiting similar mass to charge ratios
may interfere with particular MRM transitions (Liebler and Zimmerman, 2013). The presence of
different vesicle populations or contaminants, isolated by different methods, introduces different
sources of interference (i.e. lipid or peptide composition) and therefore greater variability in marker
detection and quantification. These matrix effects were evident in that the absolute recovery of

several analytes was reduced in EV matrix irrespective of isolation method.

The reproducibility of the assay was considered within two distinct frameworks defined by

the potential applications. Primarily, the EV Marker Panel can be used to demonstrate the presence
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and absence of EV (+/-) markers in line with the characterisation and reporting criteria (Théry et al.,
2018). Hence, reproducibility was assessed based on analyte response around the defined LOD. As
the detection of analytes was highly reproducible across replicate isolations and digests using all
methods, we demonstrate that the EV Marker Panel is fit-for-purpose. Importantly, this can be
achieved using only a fraction of the sample that would otherwise be required for conventional

methods, such as immunoassays.

In addition to addressing reporting requirements, quantification of EV markers may serve
other functions, such as normalisation of EV-associated biomarker abundance, although such
application would require assessment of quantitative reproducibility. While target analyte response
is expected to be more variable in samples with greater levels of contamination, here, we found that
in ExoQuick samples — which invariably contain large amounts of co-precipitated serum proteins —
EV marker quantification was highly reproducible both in terms of replicate isolations and digests.
Of the positive EV markers, CD9 quantification was most consistent across tested isolation methods
and may be suitable for the purpose of normalising circulating biomarkers. The choice of isolation
method is a key consideration for the analysis of both the biomarker and normaliser; but as seen in
ExoQuick samples, certain levels of contamination may not be detrimental, providing acceptable
reproducibility of isolation and quantification is achieved (Kreimer et al., 2015). The potential for
human error is higher with SEC isolation due to greater hands-on time. A recent study also found
more variability in proteomic profiles using methods that require more time and careful collection of
EV-containing fractions (e.g. ggV70 and OptiPrep density gradient), in comparison to quicker and
easier methods (including ExoQuick and ExoEasy) (Veerman et al., 2021). Even so, automation of
SEC can mitigate user influence and improve reproducibility (Monguid-Tortajada et al., 2019). Given
the major source of protein in most EV preparations are contaminants, and vesicle recovery and
purity differ markedly across isolation strategies (Useckaite et al., 2021, Théry et al., 2018), the
decision to normalise LC-MS/MS analyses to volume rather than total protein content is to avoid
normalising to an artefact. For clinical samples, patient groups may have more vesicles and EV
protein, so the analysis of less sample compared to controls could diminish the ability to detect

important differences. When applied to EVs isolated by SEC or precipitation methods, the assay
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demonstrated the differences in recovery and purity of EVs from equivalent starting material. As
ExoQuick is a high recovery, low purity method, high abundance of EV-positive markers and albumin
contamination were observed. Meanwhile, SEC methods show intermediate vesicle recovery and
purity, with most substantial albumin depletion achieved by qEV70. Previous studies have also
reported very low abundance or non-detection of TSG101 in SEC EVs from blood (Veerman et al.,
2021, Brennan et al., 2020, Buschmann et al., 2018). The heterogenous presence and relative
abundance of tetraspanins and other biogenesis pathway-related proteins in EVs is influenced by
originating cell types (Kugeratski et al., 2021, Koliha et al., 2016). EVs isolated from the circulation
generally comprise a large majority of haematopoietic cell-derived vesicles, especially platelet EVs
(Palviainen et al., 2020, Matsumoto et al., 2020, Kugeratski et al., 2021, Koliha et al., 2016). Notably,
platelet-derived EVs have been shown to be devoid of CD81 (Koliha et al., 2016), which may account

for the levels of this marker observed in lower recovery isolation methods such as SEC.

Though endogenous CD81 was more abundant in ExoQuick, assay sensitivity was reduced
in this matrix. The success of other EV applications such as untargeted profiling studies is dependent
on pure sample preparations, since peptides derived from abundant serum proteins will be sampled
more frequently than scarcer EV peptides in the MS (Liebler and Zimmerman, 2013). With minimal
non-EV interference, profiling may reveal subtype-specific or tissue-specific vesicle markers (Karimi
et al., 2018). Ultimately, these techniques performed in pure samples should continue to generate
insights into EV biogenesis, functions, and diagnostic or prognostic value, and promote the
development of novel affinity tools for the selective isolation of subpopulations to improve the utility

of liquid biopsy (Newman et al., 2022b, Rodrigues et al., 2021).

To summarise, we have developed and validated a targeted LC-MS/MS method for the
detection and quantification of a panel of positive and negative EV markers in EVs from blood. The
described workflow may be applied for the fulfilment of standard characterisation and reporting
criteria, described by the MISEV guidelines, or to quantify changes in EV proteins as a biomarker
normalisation strategy. We illustrate how our approach overcomes several challenges faced with the
use of immunoblotting when working with limited volume of clinical samples, particularly in regard to

sensitivity, throughput and quantitation.
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CHAPTER 3

IMPORTANCE OF BETWEEN AND WITHIN SUBJECT
VARIABILITY IN EXTRACELLULAR VESICLE
ABUNDANCE AND CARGO WHEN PERFORMING
BIOMARKER ANALYSES

Author Contributions

This chapter is published in Cells (Appendix 3) and no changes have been made from the
contents of the original peer-reviewed manuscript. The only alterations were to formatting for
consistency with the thesis. | was the first and sole primary contributing author and was responsible
for conceptualisation, developed the methodology, generated and analysed the majority of the data,
wrote the first draft and reviewed and edited the paper, culminating in approximately 85% of the
work. Author Z.U generated the TEM images and flow cytometry data and edited the paper. Author

A.R contributed to conceptualisation and edited the paper.

Context in Thesis

Circulating EVs represent a promising source of biomarkers and a liquid biopsy tool to assess
disease severity, monitor the effectiveness of interventions and to predict variability in drug exposure.
Studies are focussed on characterising EVs and associated molecular cargo under various
pathophysiological conditions in order to elucidate function and potential biomarker utility. Yet, little
is known regarding the characteristics of circulating EVs in normal conditions, including the natural
variability one might expect to observe in the abundance and expression of EV-enriched markers
among healthy individuals. In the present chapter, the LCMS assay developed in the previous
chapter is used to address this gap. In addition, another classical EV marker CD63 and liver marker
ASGR1 are included to expand the scope of the analysis. The study described in this chapter sought
to evaluate variability in abundance and cargo of global and liver-specific circulating EV, within

(diurnal) and between individuals in a cohort of healthy subjects (n=10). Normal ranges are
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presented for EV concentration and size and expression of generic EV protein markers and liver-
specific ASGR1 in samples collected in the morning and afternoon. EV abundance and cargo was
generally not affected by fasting, except CD9 which exhibited a statistically significant increase
(p=0.018). Diurnal variability was observed in the expression of CD81 and ASGR1 which significantly
decreased (p=0.011) and increased (p=0.009), respectively. These results have potential
implications for study sampling protocols and normalisation of data when applying expression of EV
cargo as a biomarker strategy, since an understanding of basal variability is a fundamental
consideration in the interpretation of disease-associated changes. Specifically, the novel finding that
liver-specific EVs exhibit diurnal variability in healthy subjects have broad potential implications in

the study of drug metabolism and development of minimally-invasive biomarkers for liver disease.

Introduction

Extracellular vesicles (EVs) have emerged as a rich source of circulating biomarkers with
potential applications in tracking variability in disease, intervention efficacy and drug exposure (Shah
et al., 2018, Rowland et al., 2019, Rodrigues and Rowland, 2019). EVs are heterogeneous
membrane encapsulated particles that are secreted into the blood and other biofluids by virtually all
cell types (Newman et al., 2020). Several subtypes of EVs exist, comprising exosomes (classical
and non-classical), arrestin-domain-containing protein 1-mediated microvesicles (ARMM), small
apoptotic EV and small autophagic EV, and multiple larger EV classes also exist (Jeppesen et al.,
2019). These vesicles contain a complement of nucleic acid (microRNA [miRNA], mRNA, and non-
coding RNA), protein and small molecule cargo that are derived from their cell of origin (Mir and
Goettsch, 2020). For the purpose of this study, we refer to this heterogenous population of isolated

vesicles as EVs.

Some EV cargo is explicitly packaged through defined pathways that are specific to a
particular EV type, while other cargo is indiscriminately incorporated as a by-product from the cellular
milieu (Mir and Goettsch, 2020). Accordingly, the composition of EV cargo depends on EV type and

the cell of origin. Differences in cargo between EV types is of continuing research interest and several
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markers have been proposed to discriminate EV based on certain marker expression. EVs derived
from the same cell have even been shown to vary in molecular composition (Kowal et al., 2016), yet
the degree of normal variability in the abundance of circulating EV and their cargo remains poorly
defined (Oggero et al., 2019). In order to robustly define thresholds of accuracy, precision and
sensitivity for an EV-derived biomarker, it is essential to understand the normal degree of variability

in circulating EV and to understand patterns (e.g. circadian) associated with EV abundance.

Of growing interest is the understanding of how EV derived from a specific cellular or
subcellular location may be applied to gain even greater understanding of organ function. There are
a number of studies that have defined protocols for the isolation of tissue- and organelle- specific
EVs based on selective surface proteins (Goetzl et al., 2017, Gotanda et al., 2016, Goetzl et al.,
2019, Mustapic et al., 2017). By way of example, liver-derived EVs can be selectively captured via
the hepatocyte-specific surface protein asialoglycoprotein receptor 1 (ASGR1), and may be of great
value to the study of drug metabolism (Rowland et al., 2019) or liver diseases (Newman et al., 2020).
In order to robustly define abnormal expression, these applications require an understanding of the
normal range of expression between individuals, typical variability in expression within an individual,
and the contribution of different tissues to the global EV pool in circulation. This study sought to
evaluate variability in circulating global and liver specific SEV abundance and cargo, and to define
patterns of variability, within (diurnal) and between individuals, that have the potential to
confound EV derived biomarker analyses. The experimental design for the study is summarised in

Figure 3.1.

80



@ Enrollment of healthy volunteers
+ Male (n=5), Female (n=5)

7\

Enrollment and
Sample Collection

AM PM Day 1 Blood collection Day 3 Blood collection
0\ * Morning 9:00-9:30 * Morning 9:00-9:30
99 <N + Afternoon 15:00-15:30 * Afternoon 15:00-15:30
‘b \ » Serum isolation within 60 min » Serum isolation within 60 min

\ \ of blood collection of blood collection

EV Isolation from
Serum * EV isolation from serum by iZON qEV70 2mL SEC column

* Dilute EV sample concentration by Amicon Ultra-15 spin column
» Concentrated EV sample storage (400uL/participant) at -80°C

@ + Nanoparticle Tracking Analysis (NTA)
Analysis + Transmission Electron Microscopy (TEM)
VR * Micro BCA Protein Quantification
| o oj + Liquid Chromatography Mass Spectrometry (LCMS)
/ * Nano Flow Cytometry

Figure 3.1 Study design.

A cohort of healthy males and females, aged 18 to 65 years old, were recruited (n=10) for extracellular vesicle
variability (EVV) study. Blood was collected in the morning (AM) and the afternoon (PM) on day 1 and day 3
of the study. Participants were fed on day 1 and fasted on day 3 for morning blood collection. Serum was
isolated from whole blood and used for EV isolation. EVs were isolated using qEV70 2mL SEC column,
concentrated to 400 ul in PBS and used for downstream analyses. All experiments were reported in EV-TRACK
(ID: EV210044).

Methods
Study Cohort

EVV is a single-centre, open-label, single-sequence biomarker study involving a cohort of
healthy males and females aged 18 to 65 years old. Characteristics of the study cohort are detailed
in Table 3.1. The study protocol was approved by the Southern Adelaide Clinical Human Research

Ethics Committee (SAHREC 261.18), and written informed consent was obtained from each
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participant prior to study enrolment. The study was conducted according to the principles stated in

the Declaration of Helsinki and was compliant with CPMP/ICH/135/95 GCP standards.

Table 3.1 Characteristics of EVV study cohort.

Characteristic Healthy Females (n=5) Healthy Males (n=5)
Age (years)
Mean (+ SD) 28 (5.8) 30 (6.2)
Range 22-35 23-38
Height (cm)
Mean (+ SD) 166.8 (5.7) 184.2 (8.0)
Weight (kg)
Mean (+ SD) 55.4 (3.8) 86.4 (5.4)
BMI (kg/m?)
Mean (+ SD) 20.0 (2.4) 25.5(1.2)

Collection of Blood Serum

Morning samples were collected between 0900 and 0930 hrs, while afternoon samples were
collected between 1500 and 1530 hrs. Participants presented fed for blood collection on day 1 and
after an overnight fast on day 3. The participants were free to consume their regular meals of choice
for the duration of the study when not required to be fasted. Eight millilitres of whole blood were
collected into Z Serum Sep Clot Activator tubes (Greiner Bio-One) using a 21-gauge Vacuette Safety
Blood Collection sealed vacuum device (Greiner Bio-One). To ensure sample quality the device was
primed by collecting a 5 mL ‘discard’ tube immediately prior to sample collection. Serum was isolated
from whole blood within 60 min of sample collection by two cycles of centrifugation at 2500 x g for

15 min at 4°C.

Extracellular Vesicle Isolation

Global EVs were isolated from serum by size exclusion chromatography (SEC) performed
using 2 mL qEV70 columns (Izon Science, Christchurch, New Zealand). SEC methods have been
shown to effectively separate EVs from lipoproteins and other contaminants in serum, and is
attractive for clinical biomarker applications due to its scalability and efficiency (Monguié-Tortajada

et al., 2019, Buschmann et al., 2018, Boing et al., 2014). The use of 2 mL columns ensured all
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downstream analyses came from the same isolation. Prior to EV isolation, SEC columns were
conditioned by washing with 10 mL of freshly 0.2 um filtered phosphate-buffered saline (PBS).
Thawed serum (2 mL) was added to the sample reservoir and EVs were eluted in PBS, which was
added to the sample reservoir as the last of the serum entered the column. For the duration of the
EV isolation, the volume of PBS in the reservoir was kept below 2 mL. The initial six fractions of flow-
through were discarded, EVs were collected in the pooled fractions 7 to 11 using Protein LoBind
tubes (Eppendorf, South Pacific, Australia). Resulting pooled EV fractions were mixed by gentle
inversion 8 to 10 times and concentrated using pre-conditioned Amicon Ultra-4 centrifuge filters (30
KDa, Millipore-Sigma, Bedford, MA) to a final volume of 400 uL in PBS. EV samples were aliquoted

to avoid freeze-thaw and stored at -80°C until analysed or processed further.

Human Liver Microsome Preparation

Pooled human liver microsomes (HLMs) were prepared by mixing equal protein amounts of
microsomes from five human livers (H7, 44 year old woman; H10, 67 year old woman; H12, 66 year
old man; H29, 45 year old man; and H40, 54 year old woman) obtained from the human liver “bank”
of the Department of Clinical Pharmacology (Flinders University, Adelaide, SA, Australia). Approval
for the use of human liver tissue in xenobiotic metabolism studies was obtained from both the Clinical
Investigation Committee of Flinders Medical Centre and from the donors’ next of kin. HLMs were

prepared by differential centrifugation as described by Bowalgaha et al. (2005).

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to determine global particle abundance
and size distribution using the NanoSight NS300. Samples were diluted between 1:1000 and 1:5000
using freshly 0.2 ym filtered PBS, five 60 second videos were captured and analysed under constant

flow conditions (flow rate 50) using NTA 3.4 software.

Transmission Electron Microscopy (TEM)

Samples were prepared adapting a previously published protocol, with some modification
(Useckaite et al., 2020). Briefly, carbon-coated grids (Ted-Pella B 300M, Mason Technology) were
cleaned and hydrophilized using plasma glow discharge for 15s (Gatan SOLARUS Advanced

Plasma Cleaning System) prior to use. 5L of sample in 0.2 ym-filtered PBS was placed on carbon-
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coated grids for 5 minutes. Carbon grids were washed once (15s) at room temperature (RT) with 0.2
um filtered PBS and were contrasted with 2% uranyl acetate (3 min, RT), washed once, and
examined by FEI TECNAI Spirit G2 TEM (Thermo Fisher) operated at 100 kV. TEM images were

acquired at 30000 x and 68000 x (Figure 3.2)

Micro BCA Protein Quantification

A micro bicinchoninic acid (BCA) reagent kit (ThermoFisher Scientific), with a bovine serum
albumin (BSA) standard curve (0—200 ug/mL), was used to determine total protein in samples, as
per manufacturer’'s recommendations. EVs were lysed by addition of RIPA buffer 1:1 and incubation
on ice for 25 minutes, followed by centrifugation at 10,000 x g for 10 minutes at 4°C. Working reagent
(WR) was prepared using MA:MB:MC at 25:24:1 ratio respectively. EV containing samples were
diluted between 1:20-1:100 in 0.2um-filtered PBS. 150uL of the WR was mixed with either 150uL of
the BSA standard or 150uL of sample in duplicate using a 96-well plate. The plate was covered and
incubated at 37°C for 2 hours. Absorbance was measured at 562nm using a plate reader

(SpectraMax, Molecular Devices).
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Trypsin Digest
EV protein was prepared for LCMS analysis by trypsin digestion. EVs (50pl) diluted up to

100ul in PBS were vortexed for 10 minutes using a MixMate (Eppendorf) and subject to three freeze-
thaw cycles to cause lysis. Dithiothreitol (12.5mM) and 50ul of ammonium bicarbonate (pH 7.8) were
added to samples and incubated for 90 minutes at 60°C. Samples were cooled to room temperature
then incubated with iodoacetamide (23.5mM) for 60 minutes at 37°C. The samples were then
incubated for 18 hours at 37°C with Trypsin Gold at a Trypsin to protein ratio of 1:40. Trypsin
digestion was terminated by addition of 20ul formic acid and centrifuged at 16000 x g for 10 minutes
at 4°C. Supernatant (100pul) was extracted and stable isotope labelled (SIL) peptide standards were
added at 2.5nM concentration. A 5pl aliquot was injected for analysis by LC-MS/MS. Serum (diluted

1:10000) and HLM were digested in the same conditions and run as positive controls.

Liquid Chromatography Mass Spectrometry (LCMS)

Chromatographic separation of analytes was performed on an Agilent Advance Bio Peptide
Map column (100 x 2.1 mm, 2.7 ym) using an Agilent 1290 Infinity Il liquid chromatography system.
The temperature of the sample and column compartments was maintained at 4 and 30 °C,
respectively. A panel of analytes comprising the EV makers CD9, CD63, CD81, and contaminants
calnexin V and albumin, were separated by gradient elution with a flow rate of 0.2 mL/min. The
mobile phase consisted of 0.1% formic acid in water (mobile phase A) and in acetonitrile (mobile
phase B) held in a proportion of 90% A and 10% B for the first 2 minutes. The proportion of mobile
phase B was then increased linearly to 60% over 13 minutes before returning to 10% over the next
4 minutes and held for a further minute to re-equilibrate. Total run time was 20 minutes. EV marker
TSG101 was run independently using isocratic elution at flow rate 0.2mL/min. Mobile phase A was
held at 80% and total run time was 6 minutes. The liver-specific EV protein marker ASGR1, also run
independently, was separated by gradient elution at 0.2mL/min. Mobile phase B was increased
linearly from 10% to 40% over 8 minutes then returned to 10% over 1.4 minutes. The column was
re-equilibrated with a total run time of 10 minutes. Column eluant was monitored by mass
spectrometry using an Agilent 6495B Triple Quadrupole mass spectrometer operating in positive
electron spray (ESI+) mode. Multiple reaction monitoring (MRM) was performed with one quantifier

and one qualifier ion transition for each peptide. Identities of endogenous peptides were confirmed
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by comparing retention time and quantifier/qualifier transition ratios to respective SIL peptide
standards. Peptide sequences are given Table 2.2. Additional markers, ASGR1 and CD63, have the
respective peptide sequences SLESQLEK and NNHTASILDR. Marker expression is presented as

relative response based on peak area of quantifier ion.

Nano Flow Cytometry (nFC)

Flow cytometry analysis was performed on the Beckman Coulter CytoFLEX S Flow
Cytometer as previously described (Brennan et al., 2020). Briefly, for daily calibration of the flow
cytometer, fluorescent beads (Megamix FSC & SSC Plus, BioCytex, Marseille, FRA) were used in
sizes of 100, 160, 200, 240, 300, 500, and 900 nm. The gating strategy is depicted in Figure 3.3.
The VSSC and SSC threshold was set as the trigger channel below the 0.1 um bead population. A
rectangular gate was set on the VSSC-H log x BSSC-H log cytogram containing the 100 nm and
240 nm bead populations and defined as ‘100 nm-240 nm Megamix gate’ followed by a “stable time
gate” set on the time histogram in order to identify the microparticle region. To avoid swarm effects
each was serially diluted from 1:2 to 1:500 and measured with a flow rate of 10 yL/min prior to
antibody labelling. EVs were labelled with 0.05ul anti-CD63-AlexaFluor488 (Invitrogen, Cat.MA5-
18149) or anti-CD9-BV405, (R&D Systems, Cat.FAB1880V), anti-CD81-Alexa700 (Biolegend,
Cat.349518), anti ASGR1-BV421 (BD Biosciences, Cat.74269) in 100ul PBS for 30 mins on ice in
the dark. To avoid false positive event measurement, all antibodies used were run in PBS alone to
ensure the absence of antibody aggregates and non-specific binding to the particles in PBS. To
avoid carry-over effects between each sample measurement, a washing step was performed with
filtered PBS for 1 min at an increased flow rate of 60 yL/min. EV lysis was performed by incubating

PBS-diluted EVs in 0.05% Triton™ X-100 for 30 min at room temperature.

Based on recommendations in the MIFlowCyt-EV guidelines (Welsh et al., 2020), buffer only
(PBS) control, buffer with antibodies, unstained controls (EVs in PBS) and stained EVs were run

under the same settings (Figure 3.3).
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Figure 3.3 Gating strategy for EV analysis by flow cytometry.
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(A) Megamix-Plus fluorescent beads in the range 100-900 nm were identified based on their fluorescent and
light scatter properties. Regions were set as P1, P2, P3 and P4 according to the manufacturers
recommendations (BioCytex). (B) EVs were gated based on Megamix-Plus beads in (A). (C) Data acquisition
was performed using a constant flow rate and monitored using a VSSC vs time plot (D) Unstained EV fraction
and (E) EV fraction stained for CD63. The percent positive cells and MFI values were calculated relative to
unstained controls. (F) Antibody in PBS and (G) PBS alone controls.
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 9.0 (San Diego,
CA, USA). The D’Agostino-Pearson omnibus K2 test was used to assess normality and log
transformation was applied to NTA and mass spectrometry data. All variables passed normality and
lognormality tests, so parametric tests were applied, except in the case of total protein concentration,
to which Wilcoxon test was used instead. Data was presented as mean x 95% confidence interval
and range. Statistical comparisons were performed between different time points (AM and PM, fed
and fast) using paired t-tests and between independent groups (sex) using one-way ANOVA.

Statistical significance was set at 0.05.

EV-TRACK

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase

(EV-TRACK ID: EV210044) (Van Deun et al., 2017).

Results

Purity Assessment of EV Isolations from Serum

In order to assess the purity of EV isolations, a few samples were selected at random and
imaged by TEM to evaluate the background, composition and EV structure. Representative images
from TEM analysis (Figure 3.4) indicated that EV populations obtained by gEV70 SEC columns had
limited non-vesicular contamination and the majority of EVs were 40—140 nm in size. EVs were round

and appeared structurally intact.

Adhering to EV-TRACK transparent reporting platform recommendation, assessment of non-
EV-enriched proteins was performed in all EV samples to evaluate EV sample purity and potential
non-vesicular contamination. CANX and albumin levels were measured by LC-MS. Total protein
matched serum and HLM samples were used as positive controls for albumin and CANX,
respectively. The abundance of negative markers in EV samples is presented as a mean percentage

of expression + SD relative to HLM and serum for the respective markers. Compared to HLM,
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minimal expression of CANX was detected in EV samples (0.52 + 0.40 %). Similarly, albumin

expression in EVs was minimal compared to the serum control (0.95 £ 0.32 %).

Day 1 AM : Day 1 PM

Figure 3.4 Sample quality assessment and characterisation of EVs by TEM.

Direct magnification: 30,000 x, no sharpening, normal contrast. Scale bar = 200 nm.

Normal Variability

Normal variability between individuals was assessed with respect to EV characteristics and
the abundance of EV-associated protein markers on study day 1. Nanoparticle tracking analysis
(NTA) was employed to determine size and concentration of particles in EV isolates (Figure 3.5A-
B). The mean (+ range) was 2.82 x 10" (3.02 x 10" — 1.26 x 10'?) and 2.40 x 10" (4.37 x 10" —
1.02 x 10'?) particles/mL for AM and PM samples, respectively (Table 3.2). Mode size of particles
was 83.0 (64.9-99.3) nm in the morning and 84.7 (76.0-92.9) nm in the afternoon. Total protein in
lysed EV samples was determined by microBCA assay and varied widely between participants in

the morning and afternoon (Figure 3.5C). Mean (+ range) concentration in respective AM and PM
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samples was 2773 (26.4-2799.0) yg/mL and 1318 (27.9-1345.9) ug/mL (Table 3.2). Quantification
of EV protein, particle concentration and size in the present study was consistent with previously

reported ranges for EVs isolated by gEV from human serum (Buschmann et al., 2018).

Markers were selected based on the MISEV guidelines for confirming the presence of EV-
enriched proteins and include those derived from the plasma membrane, endosomal pathway and
cytosol (Théry et al., 2018). The panel was comprised of tetraspanins CD9, CD63 and CD81 and
the cytosolic protein tumour susceptibility gene 101 (TSG101), as well as the hepatocyte-specific
surface protein asialoglycoprotein receptor 1 (ASGR1), which is known to be expressed on EVs
derived from this cell type (Newman et al., 2020, Povero et al., 2020). The expression of protein
markers was determined by LCMS given as relative response (quantified peak areas) and assessed
for variability between subjects in AM and PM EVs (Figure 3.5D-H). Generic EV markers
(tetraspanins and TSG101) showed relatively low variation between subjects, except for CD63 which
was significantly more variable in both the morning and afternoon. The liver-specific EV protein
ASGR1 exhibited similarly high variability but only in the afternoon, as the range of values exceeded
16 times that of the morning EV samples. In the context of biomarker applications, understanding
these differences in marker expression within and between individuals may aid the optimisation of

sampling protocols.
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Figure 3.5 Normal Variability of EV abundance and cargo.

(A) Particle count/ mL of EV isolate, (B) Mode size (C) Total protein concentration / mL EV isolate and (D-H) expression of EV-associated protein markers,
in samples taken in the morning (AM) and afternoon (PM) of study day 1 from healthy volunteers (n=10). Marker expression presented as relative response
(peak area units normalised to stable isotope labelled peptide).
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Table 3.2 Normal variability in healthy donor EVs.

Geometric mean, 95% confidence interval (Cl), minimum and maximum of particle count, mode size, total
protein concentration, and EV-associated protein marker abundance quantified in EVs isolated in the morning
and afternoon on study day 1 from serum of healthy volunteers (n=10).

Particle Count (Particles/mL) Mode Size (nm)

AM PM AM PM

Mean 2.82E+11 2.40E+11 83.0 84.7

95% CI Lower 1.07E+11 1.12E+11 75.2 80.5

95% CI Upper 7.24E+11 5.13E+11 91.8 89.1

Minimum 3.02E+10 4.37E+10 64.9 76.0

Maximum 1.26E+12 1.02E+12 99.3 92.9

Protein Concentration (ug/mL) ASGR1 Response

AM PM AM PM

Mean 347.5 219.8 147.9 331.9
95% CI Lower 104.2 90.8 76.6 115.9
95% CI Upper 1161.5 533.3 286.4 952.8

Minimum 26.4 27.9 21.2 31.2
Maximum 2799.0 1345.9 421.7 6622.2

CD9 Response CD63 Response

AM PM AM PM

Mean 57.2 55.9 28.2 86.9
95% CI Lower 38.6 39.8 5.2 12.5
95% CI Upper 84.5 79.6 153.5 605.3

Minimum 28.2 31.0 2.6 1.3
Maximum 140.0 183.7 1158.8 4954.5

CD81 Response TSG101 Response

AM PM AM PM

Mean 120.0 94.2 9.11 11.6

95% CI Lower 77.1 61.7 -0.73 6.6
95% CI Upper 187.1 143.9 15.5 20.4

Minimum 56.6 24.6 29 4.6
Maximum 334.2 264.9 40.9 35.8

Effect of Fasting

Quantification by NTA of serum EVs collected from participants in fed and fasted states,
revealed respective mean (+ 95% CI) particle concentrations of 2.82 x 10" (1.07 x 10" — 7.24 x
10"")and 2.09x 10" (6.61 x 10"° —6.46 x 10"") particles/mL. No significant differences were detected
by paired statistical tests (Table 3.3, Figure 3.6A-B). The mode particle size was slightly higher after
fasting at 92.0 (80.4-105.4) nm compared to 83.0 (75.2-91.8) nm from fed individuals, but this

difference did not reach statistical significance (p=0.093).

93



b

w
O
O

1013+ 140+ E 10000~ 1000~
120 kS @
c c
E 107 £ S 1000- S
< g 100- ® 7
o - -~ Q
= s = o 100+
E 1 ) ol § %
8 10 / 8 100+ 8
60— .E <
\ 2
1010 . I 40 T T S 10 , . 10— .
FED FAST FED FAST FED FAST FED  FAST
E F G H
1000~ 10000~ 1000- 100~
* 1)
3 @ 1000 ? §
. : ¢ g
7] - o - - 104
$ 100 e 100 e 100 € 10
3 = = 2
o) i o) @
E% =
10 I 1 1 1 1 10 1 1 1 ) 1
FED  FAST FED  FAST FED  FAST FED  FAST

Figure 3.6 Effect of fed and fasted state.

(A) Particle count/ mL of EV isolate, (B) Mode size (C) Total protein concentration / mL EV isolate and (D-H) expression of EV-associated protein markers,
from healthy volunteers (n=10). Marker expression presented as relative response (peak area units normalised to stable isotope labelled peptide).
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Table 3.3 Effect of fasting.

Geometric mean and 95% confidence interval (Cl) of particle count, mode size, total protein con-centration,
and EV-associated protein marker abundance serum EVs of healthy volunteers (n=10) in fed state and after
an overnight fast.

Particle Count (Particles/mL) Mode Size (nm)
Fed Fast Difference p Fed Fast Difference p
Mean 2.82E+11 2.09E+11 83.0 92.0
95% ClI
Lower 1.07E+11 6.61E+10 ns 0193 75.2 80.4 ns 0.093
90%Cl 7 54E+11 6.46E+11 91.8 105.4
Upper
Protein Concentration (ug/mL) ASGR1 Response
Fed Fast Difference p Fed Fast Difference p
Mean 347.5 822.2 147.9 168.7
95% ClI
Lower 104.2 619.4 ns 0.1602 76.6 991 ns 0.732
(o)
B%Cl 11615  1094.0 286.4 287.7
Upper
CD9 Response CD63 Response
Fed Fast Difference p Fed Fast Difference p
Mean 57.2 90.6 28.2 41.5
95% ClI
Lower 38.6 65.0 * 0.018 52 53 ns 0.680
(o)
B%Cl g45 126.2 153.5 322.9
Upper
CD81 Response TSG101 Response
Fed Fast Difference p Fed Fast Difference p
Mean 120.0 117.2 9.1 7.9
95% ClI
Lower 77.1 76.6 ns 0.886 54 4.4 ns 0668
9%Cl 4871 179.5 155 14.1
Upper

Total protein concentration and the abundance of EV protein markers in fed and fasted states
were also compared (Table 3.3, Figure 3.6C-H). Mean protein concentration (£ 95% CI) in respective
fed and fasted states was 345.7 (104.2-1161.5) ug/mL and 822.2 (619.4-1094.0) pg/mL. While the
difference between groups was not significant, the inter-individual variability was notably greater in
fed samples (Figure 3.6C). Assuming constant stoichiometry, it follows that a lack of difference in
particle concentration should be accompanied by no change in EV protein marker abundance. This
was true of all markers except for CD9, which exhibited a statistically significant increase in fasted
individuals (p=0.018). Similarly to observations of variability in CD63 abundance throughout the day

(Figure 3.6F), a wide range was exhibited in fed and fasted states (Table 3.3, Figure 3.6F).
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Diurnal Variability

In order to establish potential patterns of EV variability in healthy subjects, the analysis of
EVs collected on study days 1 and 3 were pooled and compared between morning and afternoon.
EV abundance and size as measured by NTA was consistent between the two time points (Figure
3.7A-B). Mean (+ 95% Cl) particle count in respective AM and PM samples was 2.29 x 10" (1.23 x
10" - 4.79 x 10"") and 2.40 x 10" (1.41 x 10" - 3.89 x 10"") particles/mL (Table 3.4). Mode size of

particles was 87.1 (81.3-95.5) nm in AM and 83.2 (77.6-87.1) nm in PM samples.

Analysis of EV protein and abundance of generic markers revealed no difference in total
protein concentration or response for CD9, CD63 and TSG101 at different times of the day.
Interestingly however, CD81 was significantly lower in the afternoon compared to the morning
(p=0.011) (Table 3.4, Figure 3.7H). With no concomitant change in particle number, this result may
suggest a lower CD81 abundance per vesicle or a decrease in the proportion of CD81+ EVs.
Additionally, a significant increase in ASGR1 response was observed from AM to PM samples
(p=0.009), suggesting that the proportional contribution of the liver to the circulating global EV pool

was greater in the afternoon (Figure 3.7D).
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Figure 3.7 Diurnal variability.

(A) Particle count / mL of EV isolate, (B) Mode size (C) Total protein concentration / mL of EV isolate and (D-H) expression of EV-associated protein
markers, on study days 1 and 3 in healthy volunteers (n=20). Marker expression presented as relative response (peak area units normalised to stable
isotope labelled peptide). Statistical analysis performed using paired t-tests. * p<0.05, ** p<0.01.
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Table 3.4 Diurnal variability.
Pooled analysis of serum EVs from healthy volunteers on study days 1 and 3 (n=20) comparing morning and
afternoon. Data presented as geometric mean and 95% confidence interval (Cl).

Particle Count (Particles/mL) Mode Size (nm)
AM PM Difference p AM PM Difference p
Mean 2.29E+11 2.40E+11 87.1 83.2
95% ClI
1.23E+11  1.41E+11 1. 77.
Lower ns 0.863 81.3 6 ns 0.240
95% ClI
Upper 4.79E+11 3.89E+11 95.5 87.1
Protein Concentration (ug/mL) ASGR1 Response
AM PM Difference p AM PM Difference p
Mean 537.0 380.2 147.9 331.1
95% ClI
Lower 2951 223.9 ns 0123 97.7 169.8 . 0.009
95% ClI
Upper 955 660.7 223.9 645.7
CD9 Response CD63 Response
AM PM Difference p AM PM Difference p
Mean 72.4 52.5 33.8 67.6
95% ClI
2 . 10.2 19.
Lower 56 38.9 ns 0.075 0 95 ns 0.239
95% ClI
Upper 93.3 70.8 114.8 234.4
CD81 Response TSG101 Response
AM PM Difference p AM PM Difference p
Mean 117.5 72.4 8.5 11.0
95% ClI
Lower 490 12.9 . 0.011 59 76 ns 0.293
95% ClI
Upper 331.1 263.0 12.0 16.2
Effect of Sex

The impact of sex was next explored as a potential source of variability in serum EV
abundance and composition. Pooled analysis was performed for EVs collected on study days 1 and
3 in the morning and afternoon and compared between female (n=10) and male (n=10) healthy
subjects. In this cohort, EV concentration in AM samples as determined by NTA was more than 10
times greater in males compared to females (p<0.0001) (Figure 3.8A). Mean (x 95% CI) particle
count in female and male cohorts was 7.41 x 10'°(3.47 x 10" — 1.58 x 10"") and 7.76 x 10"" (5.62 x
10" — 1.10 x 10"?) particles/mL (Table 3.5). This difference was less substantial in PM samples, at
1.10 x 10" (6.03 x 10" — 1.95 x 10"") particles/mL in females and 1.95 x 10" (3.24 x 10" — 7.94 x

10"") particles/mL in males, but retained statistical significance (p=0.0002). Meanwhile, mode size
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of particles did not vary with sex in either the morning or afternoon (Table 3.5, Figure 3.8B). In AM
EVs, mean (x 95% CI) protein concentration was 330.4 (154.5-706.3) pg/mL in females and 865.0
(335.0-2238.7) pg/mL in males. This significantly higher mean concentration in male subjects

(p=0.037) did not persist into the afternoon (Table 3.5, Figure 3.8C).

The mean abundance of EV protein markers quantified by LC-MS showed no variations
according to sex (Figure 3.8D-H, Table 3.5). Interestingly, the previously described diurnal pattern
of ASGR1 response was exhibited in female and male subjects alike and no significant differences
were observed between the two cohorts (Figure 3.8D). CD63 response also showed the same
degree of variability between subjects as observed for the combined cohort, indicating that this

finding was not independently influenced by either sex (Figure 3.8F).

Table 3.5 Effect of sex.

Pooled analysis of EVs collected from serum of healthy female (n=10) and male (n=10) volunteers on study
days 1 and 3 in the morning and afternoon. Data presented as geometric mean and 95% confidence interval
(CD).

Particle Count (Particles/mL)

AM PM
Female Male Difference p Female Male Difference p
Mean 7.41E+10 7.76E+11 1.10E+11  1.95E+11
95% CI
Lower 3.47E+10 5.62E+11 - <0.0001 6.03E+10  3.24E+11 oo 0.0002
0,
90%Cl 4 5gE+11  1.10E+12 1.95E+11  7.94E+11
Upper
Mode Size (nm)
AM PM
Female Male Difference p Female Male Difference p
Mean 88.8 86.0 83.9 81.3
95% CI
Lower 78 76:5 ns o610 92 758 ns 0.622
0,
0% Cl 4514 96.8 88.8 87.2
Upper
Protein Concentration (ug/mL)
AM PM
Female Male Difference p Female Male Difference p
Mean 3304 865.0 289.1 509.3
95% CI
Lower 154.5 335.0 N 0037 97.5 358.1 ns 0822
0,
95% Cl 706.3 2238.7 855.1 722.8
Upper
ASGR1 Response
AM PM
Female Male Difference p Female Male Difference p
Mean 136.5 183.2 248.9 321.4
95% CI
Lower 0?2 110.4 ns 0801 948 1291 ns 0.844
0,
9% Cl o655 304.1 654.6 799.8
Upper
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CD9 Response

AM PM
Female Male Difference p Female Male Difference p
Mean 70.6 73.5 56.8 49.3
95% ClI
Lower 467 49.8 ns 0.087 321 37.8 ns 0.837
9%Cl 4069 108.4 100.7 64.4
Upper
CD63 Response
AM PM
Female Male Difference p Female Male Difference p
Mean 29.6 39.5 57.9 78.9
95% ClI
Lower > 53 ns 0.964 09 152 ns 0.959
R%Cl 4710 293.1 515.2 408.3
Upper
CD81 Response
AM PM
Female Male Difference p Female Male Difference p
Mean 103.50 135.8 73.0 71.9
95% ClI
Lower 092 87.5 ns 0.641 4 48.4 ns 0.999
R%Cl 4555 210.9 150.3 107.2
Upper
TSG101 Response
AM PM
Female Male Difference p Female Male Difference p
Mean 8.0 9.0 11.7 10.5
95% ClI
Lower >3 4.6 ns 0.045 7 6.6 ns 0.944
W% Cl 45 4 176 24.2 16.7
Upper
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Figure 3.8 Effect of sex

(A) Particle count / mL EV isolate, (B) Mode size, (C) Total protein concentration / mL EV isolate and (D-H) Expression of EV-associated protein markers. Pooled
analysis of EVs collected from serum of healthy female (n=10) and male (n=10) volunteers on study days 1 and 3. Statistical analysis performed using one-way
ANOVA. *p<0.05, *** p<0.001, **** p<0.0001.
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Single EV Analysis by nano Flow Cytometry (nFC)

As LC-MS peptide analysis is a bulk analysis technique, it determines the marker abundance
in the total sample following lysis of vesicles. To provide complementary insights and confirmation
of marker detection, nFC was used to analyse surface EV markers on intact, individual EVs. The
normal ranges, diurnal variability and effect of fasting and sex were also assessed across the time

points from the healthy donors.

Normal ranges of EVs positive for CD9, CD63, CD81 and ASGR1 was determined on study
day 1 based on quantification by mean fluorescence intensity (MFI) (Figure 3.9). No significant
differences were observed for tetraspanin EV protein markers or for the liver-specific EV protein
ASGR1. Notably, however, ASGR1 levels were the most variable of the markers between individuals
in both the AM and the PM, being more pronounced in the PM samples (Figure 3.9A). MFI values

ranged from 241.4 to 582.0 in AM samples and 235.1 to 884.0 in PM samples.
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Figure 3.9 Single EV analysis showing normal variability in abundance of EV surface markers.

(A) ASGR1, (B) CD9, (C) CD63 and (D) CD81 presented as mean fluorescence intensity (MFI), in the morning
(AM) and afternoon (PM) of study day 1 in healthy volunteers (n=10). Statistical analysis used paired t-test
(differences not significant). Error bars represent mean with 95% CI.

102



Single EV analysis revealed effects of fasting on EV surface markers. A greater inter-
individual variability in fed samples for ASGR1, CD63 and CD81 (Figure 3.10) and CD9 and CD81
levels were significantly different (p=0.049 and p=0.002 respectively) between fed and fasted
samples. Interestingly, these data do not agree with bulk EV analysis by LCMS, which determined a

significant increase in CD9 abundance and no change in CD81 (Figure 3.6 E & G).
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Figure 3.10 Single EV analysis showing effect of fed and fasted state on abundance of EV surface
markers.

(A) ASGR1, (B) CD9, (C) CD63 and (D) CD81 presented as mean fluorescence intensity (MFI) and 95% CI.
Statistical analysis using paired t-test; * p<0.05, ** p<0.01.
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Diurnal variability in surface marker expression was assessed across AM and PM samples
grouped from study days 1 and 3 (n=20). The single EV analysis revealed diurnal changes in
abundance of ASGR1 and CD81 (Figure 3.11), as both markers exhibited statistically significant
increases in MFI (p=0.002 and p=0.036, respectively). Greater inter-individual variability was also
observed compared to the other markers. While this directional change in ASGR1 abundance was

consistent with the bulk EV LCMS data, the result contrasted for CD81.

Single EV analysis revealed sex differences in abundance of CD81+ EV populations. MFI
was significantly decreased in males compared to females in both AM (p=0.038) and PM (p=0.028)
samples. No other markers differed with sex, in agreement with LCMS bulk EV analysis (Figure

3.12D).
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Figure 3.11 Single EV analysis showing diurnal variability in abundance of EV surface markers.

Pooled analysis of samples collected on study days 1 and 3 in the morning (AM) and afternoon (PM) (n=20).
Abundance of (A) ASGR1, (B) CD9, (C) CD63 and (D) CD81 presented as mean fluorescence intensity (MFI)
and 95% CI. Statistical analysis using paired t-tests; ** p<0.01.
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Figure 3.12 Single EV analysis showing effect of sex on abundance of EV surface markers.

(A) ASGR1, (B) CD9, (C) CD63 and (D) CD81 presented as mean fluorescence intensity (MFI) and 95% CI.
Grouped samples collected on study days 1 and 3 in the morning (AM) and afternoon (PM) from healthy female
(n=10) and male (n=10) donors. Statistical analysis using one-way ANOVA * p<0.05.

Discussion

Here we report for the first time a diurnal pattern of expression for the liver-specific EV marker
ASGR1 in healthy human serum. We observed greater abundance and wider variability between
subjects in samples collected in the afternoon, indicating that the contribution of the liver to the global
pool of circulating EVs changes throughout the day. Importantly, this pattern was consistent in males
and females. Notably, in contrast to the observed diurnal variability in expression of ASGR1+ EVs,
no difference in expression was observed between fed and fasted states. This observation indicates
that the diurnal variability in expression of ASGR1+ EVs is not a post-prandial phenomenon. Data
presented here indicate that accounting for diurnal variability in EV expression may be particularly
important for the analysis of liver-specific biomarkers. Liver-specific EV markers are of relevance to

the use of EVs in the study of drug metabolism (Rowland et al., 2019, Achour et al., 2021) and non-
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alcoholic fatty liver disease (NAFLD) (Newman et al., 2020). While not addressed specifically in the
current study, these data also raise the possibility that diurnal variability may cofound the analysis of
EV markers originating from other tissues and have broader implications for the design of sampling

protocols for other tissue-specific markers that may vary in a similar manner.

The potential for circulating EVs and their molecular cargo to be applied as minimally-invasive
biomarkers is increasingly recognised for the diagnosis of a variety of conditions or tracking individual
responses to pharmacological interventions (Greening and Simpson, 2018). However, a
comprehensive understanding of how these circulating markers fluctuate in normal physiology is
currently lacking. Thus, the present study involved the analysis of EVs isolated from the serum of
healthy subjects collected at multiple time points. We reported ranges, reflective of the normal
variability between individuals, for particle size and concentration of EV isolates, total EV protein
concentration and the abundance of EV-associated protein markers. In establishing normal ranges
for the characteristics and composition of EVs, investigators may better define the thresholds for
disease-associated changes, thereby strengthening the foundations for diagnostic or prognostic

applications.

As EVs and their molecular cargo are involved in numerous functions vital for homeostasis,
their biogenesis and composition are readily altered by different cellular and extracellular stimuli,
including changes in nutrient availability (de Jong et al., 2012). Circulating biomarkers may fluctuate
in response to feeding or alternatively, their quantification may be confounded by natural variation in
unrelated blood parameters, especially triglyceride and lipoprotein levels (Jamaly et al., 2018). To
explore the effect of prandial state on the characteristics of EVs and abundance of associated protein
markers in healthy individuals, serum EVs were compared with and without an overnight fast and it
was found that particle number and size was not altered by fasting. These data contrast with prior
reports of circulating EVs post-prandially. Mark et al. (2016) found that food intake resulted in a 61%
increase in particle count and a significantly greater median size. However, that study and later work
by Jamaly et al. (2018), reported strong correlations between particle count and plasma triglyceride
concentrations after feeding, suggesting the similarly sized lipoprotein particles interfered with

measurements. Blood serum EVs are unavoidably co-isolated with a range of non-vesicular
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materials such as protein aggregates and lipoproteins (Witwer et al., 2013, Tian et al., 2019). Neither
of the aforementioned studies investigated EV purity. The latter of which isolated vesicles by
ultracentrifugation, which is known to be more susceptible to lipoprotein contamination (Brennan et

al., 2020), rather than size exclusion chromatography (qEV).

It is important to note that NTA lacks the capacity to distinguish vesicles from other particles
of comparable size, such as contaminating protein aggregates or lipoproteins (Jamaly et al., 2018).
Our assessments of EV purity by TEM and non-EV protein controls indicated highly pure vesicle
preparations. Thus, effective removal of lipoproteins from both fed and fasted EV samples may
account for differences seen in previous reports and mitigate the need for fasting in biomarker

testing.

For the most part, the abundance of EV-associated protein markers, reported here, agrees
with a recent study (Mark et al., 2018) that employed a flow cytometry approach with specific
detection of EV protein markers, including the tetraspanins (CD9, CD63 and CD81). While a
significant increase in CD9 abundance was observed here, Mgrk et al. (2018) found no changes
between prandial states. It should be noted, however, that flow cytometry methods are limited to
vesicles >100 nm in diameter, while LCMS permits analysis of all digested vesicular proteins in the

samples (Danielson et al., 2016).

The effect of circadian rhythm is well appreciated across numerous physiological systems
and presents in circulation as oscillations in haematological parameters, blood and immune cell
activation and expression of surface markers (Witwer et al., 2013). This study sought to ascertain
whether the characteristics of EVs and expression of associated markers exhibit diurnal variability.
Particle size and concentration of EV isolates collected in the morning and afternoon did not vary,

while the abundance of CD81 decreased and ASGR1 increased significantly.

While there is very limited commentary on the presence of diurnal variation in EV particle
number and size over the course of a day, one study utilising nFC, reported an upward trend in EV
size as well as a wider range in evening samples compared to the morning (Danielson et al., 2016).

As previously mentioned, these disparate conclusions may be attributed to the capacity for NTA to
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quantify particles in a size range below that of flow cytometry. Taken together, the results presented
here do not support fluctuations in the number or size of EVs diurnally, but point to potential changes
in their molecular composition. Accordingly, attention should be given to the time of day at which
EVs are sampled to reduce the effects of intra- and inter-individual variability on the sensitivity of

biomarker analyses.

Lastly, the participants’ sex was explored as a potential covariate associated with variability
in EVs from healthy subjects. NTA analysis revealed that EV samples taken in the morning from
males had more than 10 times greater particle concentration than those from females. This
difference persisted, albeit at to a lesser extent, in the afternoon. Notably, the stark difference in
particle concentration between sexes was not accompanied by greater levels of generic EV markers
in male subjects. Sex differences have been observed in prior studies using flow cytometry, whereby
plasma-derived phosphatidylserine and other microvesicle markers (Gustafson et al., 2015), and
urinary CD63+ EV levels were each higher in women (Jayachandran et al., 2015). Recently,
however, an NTA analysis of plasma EVs isolated by precipitation found no difference in particle
count between males and females (Noren Hooten et al., 2019). The pool of circulating EVs is
contributed to by numerous cell types but is largely made up of those released by platelets (Oggero
et al., 2019). Though currently unclear, particle number in male subjects in our study may have been
influenced by undefined factors, such as diet, physical activity and immune activation, that prompted
the release of particular EV subpopulations bearing cell-type specific markers (Denham and
Spencer, 2020, Brahmer et al., 2019, Witwer et al., 2013). While interesting as an observation, in
the absence of controlling for other sources of variability, data presented here demonstrating
differences between sexes in particle abundance should be interpreted with caution as other factors

such as exercise may have confounded the results in this small cohort.

Flow cytometry is an appealing tool that lends itself to the analysis of individual protein
markers on the surface of intact EVs (Brennan et al., 2020). Based on our results, it is evident that
data obtained by flow cytometry is not directly comparable to that from LCMS and has some
limitations. A large proportion of EVs cannot be included in the quantification due to their size and

the limit of detection of the flow cytometer. Conventional flow cytometers are capable of detecting
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EVs of 100nm in diameter or greater, thus excluding all smaller EVs (Lucchetti et al., 2020). In this
study, EVs between 100 and 900nm were analysed. While observed diurnal variations were not
consistent between study participants, every participant showed some level of diurnal variation. This
phenomenon was previously shown, however, studies involving a larger number of participants is

required to fully appreciate diurnal changes (Danielson et al., 2016).

Moreover, further detailing the daily time course of changes in EVs and their cargo may
facilitate the tracking of therapeutic interventions. Such objectives would be serviced by longitudinal
studies, testing in more frequent intervals of the circadian clock and repeating measures across
multiple days. Assessment of normal variability in healthy subjects might also be extended to include

the effects of race and other demographic or clinical features.

In summary, circulating EVs have great potential to be utilised as biomarkers. The value of
this diagnostic and prognostic tool with respect to sensitivity and specificity, however, requires a
fundamental understanding of the differences that naturally exist in the healthy population. The
findings of this study should, therefore, inform EV sampling and may be of particular importance in

the context of liver-specific EV-derived biomarkers.
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CHAPTER 4

SELECTIVE ISOLATION OF LIVER-DERIVED
EXTRACELLULAR VESICLES REDEFINES
PERFORMANCE OF MICRO-RNA BIOMARKERS FOR
NON-ALCOHOLIC FATTY LIVER DISEASE

Author Contributions

This chapter is published in Biomedicines (Appendix 4). No changes have been made to the
contents of the original peer-reviewed manuscript, with the exception of Figure 4.3 which includes
additional unpublished data that was generated later and supplements the validation of the ASGR1
specific EV capture. Added in-text description relating to this figure has been highlighted. | was the
first and sole primary contributing author and contributed to conceptualisation and research design,
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Context in Thesis

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease globally.
Definitive diagnosis of the progressive form, non-alcoholic steatohepatitis (NASH), requires liver
biopsy, but the invasiveness of this technique poses risks to patients and makes it unsuited to
evaluating mild disease or for repeated measures for ongoing monitoring. The scarcity of minimally
invasive tools for tracking changes in disease is a critical barrier to managing NAFLD burden. Altered
circulating miRNA profile show potential in a liquid biopsy for this disease. In the blood, miRNA
circulates in association with RNA-binding proteins, lipoproteins or encapsulated in extracellular
vesicles. The profile found in EVs may provide a relatively more disease-specific source of

biomarkers due to selective packaging of EV cargo reflecting parent cell pathophysiology. The
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selective isolation of the circulating extracellular vesicle subset that originates from hepatocytes
further presents an important opportunity to improve the performance of miRNA biomarkers of liver
disease. This chapter describes a comparative analysis of the expression of liver-enriched miRNAs
with reported roles in the disease (miR -122, -192, and -128-3p) across total cell-free RNA, global
EVs, and liver-specific EVs from subjects with mild and severe NAFLD and healthy controls. In
ASGR1+ EVs, each miR biomarker trended positively with disease severity and expression was
significantly higher in NASH subjects compared with controls. The c-statistic defining the
performance of each ASGR1+ EV derived miRNA was between 0.78 and 0.84. This trend was not
observed in the alternative sources (global EV or total plasma). This study demonstrates the potential
utility of liver-specific EV isolation to provide a more informative biomarker source and improve

performance of miRNA diagnostics for NAFLD.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease, affecting
up to a third of the global population (Garcia-Martinez et al., 2020). The disease manifests on a
spectrum of severity with most individuals presenting with benign hepatic fat accumulation (non-
alcoholic fatty liver; NAFL) and approximately 30% exhibiting a more severe form known as non-
alcoholic steatohepatitis (NASH) (Suzuki and Diehl, 2017). While insulin resistance, obesity and
other features of the metabolic syndrome are commonly associated with NAFLD, aetiology of the
disease remains largely unknown, particularly with respect to progression to NASH (Buzzetti et al.,
2016, lbrahim et al., 2018). Treatment guidelines consistently identify early detection and
intervention as the key to improving clinical outcomes and reducing the burden of NAFLD (Ando and
Jou, 2021, Younossi et al., 2019). NAFLD is an independent mortality risk factor, with all-cause
mortality on average, 11.7% higher in individuals with NAFLD compared to those without. The impact
on mortality among individuals with NAFLD is proportional to disease severity and ranges from 8.3%

for NAFL up to 18.4% for NASH and fibrosis (Simon et al., 2020).
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NAFLD is diagnosed in individuals that exhibit fatty changes in more than 5% of hepatocytes
where other causes of steatosis have been excluded (Perumpail et al., 2017, Sumida et al., 2014).
Liver biopsy is the gold standard for NAFLD staging and only approach to reliably define fibrosis
(Hardy et al., 2016). The key limitation being that liver biopsy is an invasive procedure that carries a
substantial risk of complication, including bleeding and infection. This precludes biopsy in low risk
patients and limits utility in high risk patients, as the procedure can only be performed once every
two years. Additionally, given the sporadic infiltration of NAFLD and the limited tissue sample
achieved with a needle biopsy, there is a substantial risk of inaccurate diagnosis that underestimates
disease stage (Sumida et al.,, 2014). Given these limitations, a range of minimally invasive
approaches to diagnose and stage NAFLD have been proposed. These approaches are typically
based on factors such as serum biomarkers, body composition, comorbid diseases and abdominal
imaging (Perumpail et al., 2017, Hardy et al., 2016, Sumida et al., 2014). Different combinations of
these factors produce the fatty liver index, hepatic steatosis index and liver fat scores, which are
used as screening tools for NAFLD. While strong predictive performance has been reported for some
indices, there is insufficient robustness to facilitate translation to routine clinical care, particularly for
mild and early disease (Cusi et al., 2014). Indeed, in 2019 the American Association for the Study of
Liver Diseases identified the inadequate performance of these tools as a critical barrier to the

effective treatment of NAFLD patients (Younossi et al., 2019).

MicroRNAs (miRNA) are small non-coding RNA that have been shown to reflect disease-
associated changes across numerous pathological conditions (Castoldi et al., 2016). Altered
expression of miRNAs that mediate pathways involved in lipid metabolism, inflammatory activation
and the development of fibrosis have been observed in tissue from individuals with NAFLD. The
abundance of these miRNAs in blood has been postulated as potential biomarkers to diagnosis and
track NAFLD (Newman et al., 2020, Dongiovanni et al., 2018). This approach potentially confers
several advantages over liver biopsy. In addition to mitigating the risks of tissue biopsy, circulating
miRNA analysis facilitates longitudinal evaluation of disease and potentially a more robust overview

of disease stage. The stability of cell-free (cf) miRNA in blood is attributable to protection by RNA
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binding proteins, such as argonaute 2 (Ago2), high-density lipoproteins (HDL) or encapsulation

within extracellular vesicles (EV) (Endzelins et al., 2017).

EVs are small membrane-bound particles released by virtually all cell types into various
biological fluids including blood, urine and cerebrospinal fluid (Carpintero-Fernandez et al., 2017,
Newman et al., 2021). EVs carry an array of nucleic acid (including miRNA), protein and lipid cargo
derived from the parent cell (Newman et al., 2021, Rodrigues and Rowland, 2019). It has been
proposed that isolating EVs from biological fluids may improve the fidelity of miRNA biomarker
analyses as the EV fraction provides a source of miRNA that is selectively packaged in a more
disease-specific manner (Nik Mohamed Kamal and Shahidan, 2020). Additionally, circulating EVs
express cell surface markers from the originating tissue. Thus, in contrast to circulating miRNA
bound to Ago2 and HDL, it is theoretically possible to selectively isolate EV miRNA that originates
from a specific tissue. It has been proposed (Shah et al., 2018) that analysis of EVs selectively
isolated from an afflicted organ will provide the most informative description of biomarker expression,
as this fraction is less affected by ‘noise' associated with non-specific fluctuations in global EV and,

in the case of mMiRNA, total circulating expression.

To date, studies of cell-free miRNA in NAFLD have focussed broadly on expression in whole
plasma and serum. When simplified to a dichotomous analysis of healthy versus NAFLD, moderate
diagnostic performance in terms of discriminating these two groups has been reported for a number
of miRNAs both as individual markers and panels (Newman et al., 2020, Xin et al., 2020). Despite
intriguing preliminary results, the consistency of results from miRNA profiling studies remains
insufficient to be applied in practice (Endzelin$ et al., 2017). Further, this dichotomous grouping of
healthy versus disease limits meaningful interpretation of an individual’s NAFLD risk, which differs
substantially with disease severity. For the current study, three representative miRNAs were selected
based on their reported liver specificity (miR-122), associations with steatosis and fibrosis (miR-122,
192 and 128-3p) and association with inflammation (miR-192). This study sought to identify trends
in the expression of these three miRNAs and determine whether the sequential refinement of the
source from which biomarkers are quantified, improves their predictive power with respect to

differentiating NAFL, NASH and control subjects.
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Methods

Study Population and Blood samples

Clinically annotated K;EDTA plasma from NAFLD patients (NAFL n=8; biopsy-proven NASH
n=6) and healthy donors (n=14) matched for age and sex were purchased from Discovery Life
Sciences (Hunstville, AL, USA). Inclusion criteria included clinical diagnosis of NAFL or NASH by a
physician and exclusion criterion was presence of viral disease. Samples were aliquoted for EV
isolation and total RNA analysis according to the study workflow depicted in Figure 4.1 and stored
at -80°C. All analyses were performed on all the patients, unless otherwise indicated. Demographic
data describing each of the three study populations are presented in Table 4.1. All relevant data

have been submitted to the EV-TRACK knowledgebase (ID EV210168) (Van Deun et al., 2017).
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Figure 4.1 Study workflow.

Plasma samples from patients with non-alcoholic fatty liver disease and matched healthy controls were
purchased from Discovery Life Sciences (DLS). Samples were aliquoted for miRNA quantitation directly
from plasma and from EVs following their isolation by qEV size exclusion chromatography (SEC) and
immunoprecipitation (IP). EVs isolated by qEV were characterised by transmission electron microscopy
(TEM), nanoparticle tracking analysis (NTA) and protein expression. Figure was created using
BioRender.com.
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Table 4.1 Demographic information for controls, non-alcoholic fatty liver (NAFL) and non-alcoholic
steatohepatitis (NASH) study populations.

Characteristic Control (n=14) NAFL (n=8) NASH (n=6)
Age Mean (xSD) years 46.5 (15.7) 48.7 (17.7) 53.2 (15.4)
Sex Female (%) 42.9 57.1 50.0
Caucasian (%) 78.6 57.1 83.3
Race Other (%) 214 14.3 16.7
Unknown (%) 0 28.6 0

Isolation of Extracellular Vesicles

Size Exclusion Chromatography
Global EVs were isolated using gEV2 70nm size exclusion chromatography (SEC) columns

(iZon Science). Prior to performing isolations, columns were equilibrated to room temperature and
washed with 10mL of 0.2um filtered phosphate-buffered saline (PBS). Plasma (1700ul) was diluted
up to 2mL with PBS, loaded into the sample reservoir and allowed to completely pass into the
column, before eluting with PBS. The first six fractions eluted from the column were discarded and
vesicles were collected as a pool of fractions 7 to 11 (10mL). Pooled vesicle fractions were
concentrated to 400ul using Amicon Ultra-15 centrifuge 30kDa filters (Millipore-Sigma) pre-

conditioned with PBS and stored at -80°C until analysis.

Liver Specific EV Immunoprecipitation
EVs specifically derived from the liver were separated from global EV isolates following a

previously published protocol(Rodrigues et al., 2021). Briefly, 1.5mg of Dynabeads M280
streptavidin magnetic beads (Thermo Fisher Scientific, Cat#11205D) were pre-washed with PBS
and incubated with 15ug of biotinylated anti-asialoglycoprotein receptor 1 (ASGR1) polyclonal
antibody (Sapphire Bioscience, Cat#LS-C685544, 0.5mg/mL) for 30 min at RT with gentle agitation.
Antibody-conjugated beads were separated using a DynaMag-2 magnet (Thermo Fisher Scientific),
washed with 0.1% bovine serum albumin in PBS and resuspended in PBS. Concentrated qEV70
vesicles (150ul) were added to antibody-coated beads and incubated for 24 hours at 4°C on a
rotating mixer. ASGR1+ EVs bound to the antibody-bead complexes were separated on the magnet,
washed and resuspended in PBS. Captured EVs that were to be analysed by nanoparticle tracking

analysis, were eluted from the beads using a low pH buffer. Bead-bound EVs were incubated with 1
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volume of 0.2um-filtered 0.1M glycine-HCI at pH 3 for 10 minutes with shaking. The beads were

separated using the magnet and the supernatant neutralised with 0.1 volume of filtered 1M Tris-HCI.

Transmission Electron Microscopy

Samples were prepared based on a previously published protocol(Newman et al., 2021).
Briefly, 5uL of EV sample in filtered PBS was placed on carbon-coated grids for 4 minutes (Ted-
Pella B 300M, Mason Technology). Grids were washed for 15 seconds with 0.2um filtered PBS at
room temperature and were contrasted with 2% uranyl acetate (3 min at room temperature),

washed once, and examined by FEI TECNAI Spirit G2 TEM (Thermo Fisher Scientific).

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to quantify particle concentration and
size distribution in EV samples using a NanoSight NS300 (Malvern Analytical). Samples were diluted
between 1:500 and 1:2000 in PBS. Ten 60-second videos were captured at camera level 14 with
continuous sample flow (flow rate 100) and videos were analysed at detection threshold 5 using NTA

3.4 software.

Total Protein Concentration

EVs were lysed by addition of RIPA buffer at a ratio of 1:1, incubated on ice for 25 minutes
and centrifuged at 10,000 x g for 10 minutes at 4°C. Total protein concentration was determined
using Pierce MicroBCA Protein Assay following manufacturer’s instructions (Thermo Fisher

Scientific).

Protein Digestion

EVs (50pul) were diluted up to 100ul in PBS, vortexed for 10 minutes using a MixMate sample
mixer (Eppendorf), then lysed by freezing and thawing for three times. Lysed EVs were combined
with 50ul of ammonium bicarbonate (pH 7.8) and incubated with dithiothreitol (DTT; 12.5mM) for 90
minutes at 60°C. Samples were cooled to room temperature prior to addition of iodoacetamide (IAA;
23.5mM) and incubation for 60 minutes at 37°C. Trypsin Gold was then added to EV protein samples
in a ratio 1:40 and incubated for 18 hrs at 37°C. Digests were terminated by the addition of 20l of

formic acid (10%v/v), then centrifuged at 16000 x g for 10 minutes at 4°C. A 100ul aliquot of the
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resulting supernatant was combined with SIL peptide standards (25-2500 pM cocktail; Vivitide) and

a 5yl aliquot was injected for analysis by LC-MS/MS.

LC-MS Peptide Analysis

Chromatographic separation of peptide analytes was performed on an Agilent Advance Bio
Peptide Map column (100 x 2.1 mm, 2.7 ym) using an Agilent 1290 Infinity Il liquid chromatography
system. The temperature of the column and sample compartment was maintained at 30 and 4°C,
respectively. Separation was achieved by gradient elution with a flow rate of 0.2 mL/min. The mobile
phase consisted of 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in acetonitrile
(mobile phase B). The proportion of mobile phase B was held at 10% for 2 minutes then increased
to 60% over 13 minutes, before returning to 10% for 1 minute. The column was re-equilibrated for
30 seconds and total run time was 16.5 minutes. Column eluant was monitored by mass
spectrometry using an Agilent 6495B Triple Quadrupole mass spectrometer operating in positive
electron spray (ESI+) mode. Multiple reaction monitoring (MRM) was performed with one quantifier
and one qualifier ion transition for each peptide. Identities of endogenous peptides were confirmed
by comparing retention time and quantifier/qualifier transition ratios to respective SIL peptide

standards and relative abundance determined by quantifier ion peak area.

RNA Isolation

Total RNA was isolated from plasma and EV samples using TRIzol LS™ Reagent (Thermo
Fisher Scientific) as per manufacturer’s instructions with some modifications. Briefly, 750ul TRIzol
LS was added to 200ul of plasma and 100ul of EVs (diluted up to 200ul in RNase-free water).
Samples were spiked with 2.5 femtomoles of cel-miR-54 mirVana mimic [MC10279] (Thermo Fisher
Scientific) to normalise for technical variability in RNA extraction and RT-qPCR efficiency. This
exogenous control was employed in the absence of established endogenous genes for normalisation
of plasma or EV-derived miRNA RT-gPCR data (Kroh et al., 2010, Poel et al., 2018). Isopropyl RNA
precipitation was facilitated by addition of 40ug RNase-free glycogen (Thermo Fisher Scientific) and
the RNA pellet was washed with ice cold 80% ethanol. RNA was resuspended in 30ul RNase-free

water.
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RT-qPCR

Equal volumes of RNA (5ul) were reverse transcribed using the TagMan microRNA Reverse
Transcription Kit (Thermo Fisher Scientific). Since the concentration of circulating cfRNA is usually
below the limit of quantification for photometric or colorimetric techniques, equivalent mass could not
be reliably determined. Thus, RNA input was based on a fixed volume rather than RNA mass (ng)
as done previously(Mateescu et al., 2017, Marabita et al., 2016, Castoldi et al., 2016). Instead,
alterations in miRNA levels in equivalent volumes of plasma or EV isolates were detected relative to
the exogenous spike in. TagMan Small RNA Assays (Thermo Fisher Scientific) were used to carry
out gPCR assays with primers specific to the miRNA of interest (hsa-miR-122 [002245]; hsa-miR-
192 [00491]; miR-128a [002216]; cel-miR-54 [001361]) in a Rotor-Gene 3000 (Corbett Research).

Samples were assayed in duplicate and the same cycle threshold set across all runs.

Statistical Analysis

Cycle threshold (Ct) values derived from RT-PCR were used to calculate relative quantities
(RQ) according to the formula: 2*—(mean biomarker Ct — mean spike-in Ct). Statistical analysis was
performed using GraphPad Prism software version 9.0 (San Diego, CA, USA). Data is presented as
mean + SD unless specified. Statistical comparisons between NAFL, NASH and control groups were
performed using Kruskal-Wallis test and Dunn’s test for multiple comparisons. Statistical significance
was set at 0.05. Receiver operating characteristic (ROC) analysis was used to assess diagnostic
capacity of miRNA biomarkers between pairs of groups. Ordinal logistic regression was performed

using R version 1.4 (Boston, MA, USA) to determine diagnostic value across the three groups.

Results

Isolation and characterisation of circulating EVs

The concentration and size of global EV particles isolated from NAFL, NASH and control
subjects was determined by NTA. An apparent higher mean EV concentration (+SD) of 4.17 x 10"’
(+1.76 x 10" particles/mL was observed in control subjects compared to NAFL (2.34 x 10" (+9.03
x 10'%) particles/mL) and NASH (2.73 x 10" (£1.01 x 10"") particles/mL) subjects (Figure 4.2A, Table

4.2). However, given the marked within group heterogeneity, no statistically significant differences
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in EV concentration were detected between groups. Mean particle size, given in Table 4.2, also did
not vary between control, NAFL and NASH groups. Though it is noted that EV isolates can differ
when starting with plasma or serum, the concentration and size of vesicles isolated from this cohort

are consistent with the ranges reported in the previous chapter exploring normal variability.

Table 4.2 Particle analysis.
Mean concentration and size of particles in global EV isolates from control, NAFL and NASH subjects
determined by nanoparticle tracking analysis.

Group (n=5) Concentration (Particles/mL SEC eluate) Mean Size (nm)
Control 4.17 x 10" £ 1.76e+11 102.9+27
NAFL 2.34 x 10" £ 9.03e+10 113.3+10.4
NASH 273 x 10" £ 1.01e+11 110.1+£ 8.6

Global EVs were also analysed by TEM to assess sample composition and morphology. TEM
images of EVs from NASH and control subjects isolated by SEC revealed characteristic EV
morphology, size and limited non-vesicular contaminants (Figure 4.2B). While the EVs were
predominantly of similar size between NASH and control subjects, the presence of a few larger EVs

was noted in the control sample.

Established positive and negative EV protein markers were probed by targeted LC-MS
peptide analysis (Newman et al., 2021). Positive markers, as described by the Minimal Information
for Studies of Extracellular Vesicles (MISEV) (Théry et al., 2018) include tetraspanins, CD81 and
CD9, and tumour susceptibility gene 101 (TSG101) and were detected in EV isolates from control,
NAFL and NASH subjects (Figure 4.2C). Only CD81 was significantly different in NAFL compared
to control samples, however, total protein concentration was similar between groups (Figure 4.2D).
Samples were also analysed for negative markers of matrix contamination (albumin) and large
vesicles/cellular debris (calnexin V). Soluble protein contamination represented by albumin, was

depleted in EVs (0.21%) relative to the abundance in total plasma.
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Figure 4.2 Characterisation of global circulating EVs from control, NAFL and NASH subjects.

(A) Particle concentration and size distribution by nanoparticle tracking analysis (NTA) (n=5). Error bars denote
SEM (B) Representative TEM images of NASH patient and control global EVs. (C) Relative abundance of EV

protein markers determined by mass spectrometry. (D) Total protein concentration in global EVs. Error bars
denote SD. ** p<0.01.
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Characterisation of EVs isolated by anti-ASGR1 immunoprecipitation

The recovery of ASGR1+ vesicles from plasma was assessed in control plasma from five
biological replicates. Global EVs were isolated and liver-specific EVs captured via anti-ASGR1
immunoprecipitation as described in Methods. Immunocaptured EVs were eluted from the beads
using a low pH buffer for compatibility with NTA. Non-captured EVs were recovered following the
24hr incubation and separation of bead-bound EVs. Concentration of particles in global, captured
and non-captured portions was determined by NTA and revealed that ASGR1+ EVs represented
between 7.82 and 13.70 % of circulating EVs (Table 4.3). Total recovery (i.e. Captured + supernatant
/ global) was 82% on average. Losses of ASGR1- vesicles may be attributed to washing steps
following collection of the non-captured portion. ASGR1 abundance was measured by targeted
LCMS in global EVs, captured and non-captured samples. Relative to the global, ASGR1 signal was
totally recovered in captured EVs (Figure 4.3A) indicating successful recovery of circulating EVs of

liver origin.

Table 4.3 Recovery of liver derived EVs by immunoprecipitation.

Particle concentration in global EV isolates, ASGR1 immunocaptured samples and non-captured supernatant
determined by nanoparticle tracking analysis, with percentage of ASGR1+ EV and total EVs recovered
(captured + supernatant / global).

Concentration (Particles/mL) Recovery (%)
Sample

Global Captured Supernatant ASGR1+ Total
1 2.95E+10 3.91E+09 1.52E+10 13.25 64.78
2 1.11E+10 1.42E+09 8.33E+09 12.79 87.84
3 3.32E+10 4 55E+09 2.52E+10 13.70 89.61
4 2.11E+10 1.65E+09 1.56E+10 7.82 81.75
5 3.48E+10 2.95E+09 2.71E+10 8.48 86.35

While global EVs may originate from diverse tissues and organs, the predominant cell types
contributing to the circulating population are those found in or contacting the blood, such as platelets,
red blood cells, leukocytes and endothelial cells (Gustafson et al., 2015, Konoshenko et al., 2018).
Other markers of hepatic origin and markers originating from tissues other than that of interest may

be assessed to support the specific enrichment of the target population (Newman et al., 2023). As a
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supplementary validation, targeted MS proteomics was thus used to measure the abundance of
hepatic and non-hepatic proteins. The highly liver enriched drug metabolising enzyme cytochrome
P450 3A4 (CYP3A4) was measured in ASGR1+ EVs according to the LCMS method described in
Rodrigues et al. (2021). CYP3A4 enrichment in captured EVs support the hepatic origin of this
vesicle population (Figure 4.3B). Marker proteins specific to red blood cell- and platelet- derived EVs
were also measured according to the method in Newman et al. (2023) (Appendix 5). CD233
(erythrocyte specific) and CD41 (platelet specific) were largely recovered in the ASGR1- supernatant
(Figure 4.3C-D), supporting the depletion of these EV populations. Taken together, these data
support that the anti-ASGR1 immunoprecipitation method recovers circulating EVs of hepatocyte

origin and depleted of common non-hepatic EV contamination.
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Figure 4.3 Abundance of hepatic and non-hepatic proteins in global EVs,
ASGR1 immunocaptured and non-captured supernatant.

Data presented as mean % response of global EVs (+ SD).
* Unpublished data in panels B-D were generated after publication of the rest of this chapter
and are provided as additional validation of ASGR1 specificity for the purpose of this thesis.
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Expression of total cell-free, global EV and liver-specific EV miRNA biomarkers

Expression of miRNA was quantified in total cfRNA, global EVs, and liver-specific EVs
isolated by anti-asialoglycoprotein receptor 1 (ASGR1) immunoprecipitation. Relative quantities
(RQ) for miR -122, -192 and -128-3p were calculated after normalising to an exogenous spike-in
(cel-miR-54) and compared between control, NAFL and NASH subjects (Figure 4.4). Expression of
all three miRNA biomarkers was significantly greater in ASGR1+ EVs from NASH subjects compared
to controls (p=0.012 [miR-122], p=0.013 [miR-192], p=0.032 [miR-128-3p]. Interestingly, this trend
was not observed when miRNA was analysed from total cell-free or global EV sources. In global
EVs, only miR-128-3p exhibited altered expression with significantly lower RQ in NAFL (p=0.009)
and NASH (p=0.019) subjects compared to controls. The apparent alterations in expression was
consistent irrespective of using total cell-free or global EV as the source of RNA (Figure 4.4C),
indicating that isolation of global EVs did not confer an appreciable benefit towards the capacity for
miR-128-3p expression to distinguish the groups. Conversely, RQ for miR -122 and -192 did not vary
between disease or control subjects in total cfRNA or global EV analysis. Overall, these data suggest
that the selective analysis of mMiRNA biomarkers from liver-specific EVs has the potential to elucidate
a useful trend in expression corresponding with disease stage for miRNA that are enriched in liver

tissue.
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Figure 4.4 Differential expression of miRNA biomarkers in NAFLD.

Relative quantities of miR-122 (A), miR-192 (B) and miR-128-3p (C), normalised to cel-miR-54, in total circulating RNA, global EVs and asialoglycoprotein receptor 1
(ASGR1) positive EVs isolated from patients with NAFL and NASH and controls. Statistical analysis performed by Kruskal-Wallis test with Dunn’s for multiple comparisons.
* p<0.05, ** p<0.01, *** p<0.001. Error bars represent standard deviation.
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The proportion of circulating miRNA contained in EVs changes with NAFLD

To further explore the distribution of miRNA biomarkers amongst circulating fractions, RQs
were used to calculate the expression of miRNA biomarkers in global EVs as a percentage of total
cfRNA and in ASGR1+ EVs as a percentage of global EVs (Table 4.4). It has been observed that
RNA isolation from unfractionated samples results in substantially higher yield compared to EVs due
to the contribution of other circulating miRNA complexes. To ensure sufficient RNA recovery, the
equivalent starting volume for EV RNA isolation was 2.5 x that for total cfRNA and reported
proportions were normalised accordingly. The results demonstrated that in control samples, mean
(x SD) percentage expression in global EVs/total RNA was no greater than 5.6 (x 10.0) %,
suggesting that only a minor proportion of total cell-free RNA is found in EVs. Likewise, in control
subjects, mean percentage expression in ASGR1+/global EVs was similarly low. Interestingly
however, there was a positive trend in proportional expression of all miRNA biomarkers with NAFLD.
In NASH, 27.1 % of vesicular miR-122 signal came from ASGR1+ EVs compared to just 2.4 % in
control subjects (p=0.035) (Table 4.4, Figure 4.5A). Significantly greater ASGR1+/global EV
expression was also observed for miR-128-3p between NASH and control subjects (p=0.022)
(Figure 4.5C), while a similar trend in miR-192 did not reach significance (p=0.067). While only a
small fraction of each miRNA is released in EVs expressing ASGR1, these data suggest that in

NAFLD the contribution of the liver to circulating EV-derived miRNA increases.

Table 4.4 Relative miRNA expression in global and liver derived circulating EVs.
Data given as percentage expression in global EVs to total circulating RNA and in asialoglycoprotein receptor
1 positive (ASGR1+) EVs to global EVs from control, NAFL and NASH subjects.

miR-122 miR-192 miR-128-3p

Expression (%)
Mean SD Mean SD Mean SD

Control 5.6 10.0 5.1 14.5 2.3 3.7

Global EV / Total NAFL 233 273 8.7 6.7 17.0 26.2
NASH 5.1 10.6 3.0 3.4 2.6 1.0

Control 24 6.6 0.5 0.8 0.6 1.4

ASGR1+ EV / Global EV NAFL 9.9 20.7 10.4 17.0 13.3 20.2
NASH 27.1 37.2 8.8 9.8 10.5 10.1

125



miR-122 B miR-192 C miR-128-3p

< 80+ . x . < 30+ < 40- | |

S § T 5

()] B s -

7] T 7}

2 60— g 2 30+

o o Q.

i G 20 n

i o i

z 40 - - 3 20 -

[-] 3 9

0 O 10+ 0

5 20+ B o 10

+ + +

X X &

& & &

@ 0- 1 2 0- 1 & 0- 1
CTRL NAFL NASH CTRL NAFL NASH CTRL NAFL NASH

Figure 4.5 Relative expression of miRNA in liver-specific EVs.

Expression of miR-122 (A), miR-192 (B) and miR-128-3p (C) in asialoglycoprotein receptor 1 positive (ASGR1+) EVs as a percentage of global EVs in
NAFL and NASH patients compared to controls. Statistical analysis performed by Kruskal-Wallis test with Dunn’s for multiple comparisons. * p<0.05. Error
bars represent standard deviation.
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Association between miRNA expression and disease severity

Ordinal logistic regression was performed to evaluate associations between miRNA
abundance and the probability of a subject being healthy (control), NAFL or NASH. Significant
associations between miRNA expression and group status were observed for all three miRNAs in
liver-specific EVs (Figure 4.6). The C-statistic for miR-122 was 0.80 with an odds ratio (OR) of 0.60
(p=0.004), indicating that for every 1 unit decrease in ACt the subject was 40% more likely to be
NASH than NAFL or NAFL than control. Similarly, the C-statistics for miR-192 and miR-128-3p were
0.84 and 0.78, with ORs of 0.51 (p=0.005) and 0.65 (p=0.016), respectively. Expression of miR-122
and miR-192 in total cfRNA and global EVs demonstrated no significant association with group
status. Robust predictive performance was observed for total cfRNA and global EV derived miR-
128-3p, with C-statistics of 0.78 (p=0.007) and 0.83 (p=0.009), respectively. Of the miRNA sources,
only liver-specific EVs demonstrated a consistent trend amongst all miRNAs across increasing

disease state.

Capacity to distinguish subjects with disease from control

Receiver operator characteristic (ROC) analysis was undertaken to establish the
performance of each miRNA marker in the current analysis in a manner consistent with prior studies,
as summarised in our recent review (Newman et al., 2020) (Table 4.5). The abundance of total
plasma RNA derived miR-192 and miR-128-3p, but not miR-122, robustly distinguished individuals
with NAFLD from controls (AUC = 0.714). Comparatively poor performance was observed for global
EV derived miRNAs, with only miR-128-3p (AUC = 0.888) distinguishing these groups. As per the
ordinal logistic regression analysis, liver-specific EV-derived miRNAs demonstrated the strongest
performance with respect to distinguishing individuals with NAFLD from controls. AUC values for

liver-specific EV derived miRNAs were invariably >0.8.
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Figure 4.6 Ordinal logistic regression models.
Ordinal regression applied to distinguish control, NAFL and NASH subjects using ASGR1+ EV-derived miR-122 (A), miR-192 (B) and miR-128-3p (C).
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Table 4.5 AUROC analysis for distinguishing all disease from controls.

Area Under the Receiver Operator Characteristic (AUC) Curve for miRNA biomarkers isolated from total cell-
free RNA, global EVs and ASGR1+ EVs. Performance separating all disease subjects from controls. * denotes
significant p values (<0.05).

All NAFLD - CTRL

Source miR-122 miR-192 miR-128-3p
AUC p AUC p AUC p
Total RNA 0.607 0.335 0.714 0.054* 0.924 0.0001*
Global EV 0.505 0.963 0.582 0.462 0.888 0.001*
ASGR1+ EV 0.830 0.004* 0.895 0.003* 0.803 0.014*

The ROC analysis was also extended to distinguishing individual group pairings (i.e. control
vs NAFL, control vs NASH and NAFL vs NASH) (Table 4.6, Figure 4.7), however, was limited in
statistical power. While total plasma derived miRNAs performed well for several disease pairings,
the direction of the change in expression was not consistent with prior reports (Newman et al., 2020).
Interestingly, ASGR1+ EVs reflected increasing miRNA biomarker expression and strongly
separated several of the NASH-CTRL (AUC=0.846-0.925) and NAFL-CTRL pairings (AUC=0.741-

0.85) (Table 4.6).

Table 4.6 AUROC analysis for distinguishing disease severity.

Area Under the Receiver Operator (AUC) Characteristic Curve analysis for miRNA biomarkers isolated from
total cell-free RNA, global EVs and ASGR1+ EVs in distinguishing NAFL, NASH and control groups. * denotes
significant p values (<0.05).

miR-122
NAFL-CTRL NASH-CTRL NASH-NAFL
AUC p AUC p AUC p
Total RNA 0.833 0.010* 0.678 0.213 0.938 0.007*
Global EV 0.533 0.796 0.544 0.756 0.500 0.999
ASGR1+ EV 0.741 0.065 0.881 0.008* 0.688 0.245
miR-192
NAFL-CTRL NASH-CTRL NASH-NAFL
AUC p AUC p AUC p
Total RNA 0.858 0.006* 0.844 0.016* 0.729 0.156
Global EV 0.650 0.245 0.511 0.938 0.625 0.439
ASGR1+ EV 0.850 0.048* 0.925 0.006* 0.625 0.522
miR-128-3p
NAFL-CTRL NASH-CTRL NASH-NAFL
AUC p AUC p AUC p
Total RNA 0.917 0.001* 0.933 0.002* 0.875 0.020*
Global EV 0.800 0.020* 0.989 0.001* 0.688 0.245
ASGR1+ EV 0.677 0.257 0.846 0.018* 0.667 0.361
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Figure 4.7 Receiver Operator Characteristic (ROC) curve analysis.

ROC analysis of miR-122, miR-192 and miR-128-3p in total cell-free, global EV and ASGR1+ EV RNA for
distinguishing subjects in pairwise groupings (NAFL-CTRL, NASH-CTRL and NAFL-NASH).
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Discussion

This study provides the first direct evidence supporting the transformative improvement in
the predictive performance of existing NAFLD miRNA biomarkers achieved by isolating liver-specific
EVs. Specifically, it is demonstrated that following anti-ASGR1 immunoprecipitation, the expression
of liver-specific EV derived miR -122, -192 and -128-3p is significantly associated with disease
severity. In all cases, there was a significant trend of greater miRNA expression in subjects with
NASH compared to NAFL and NAFL compared to control subjects. Notably, this trend was not
observed with either total cell-free or global EV derived RNA. Rather, analysis from these two
sources of RNA revealed a significant decrease in miR-128-3p expression with disease, while miR -
122 and -192 were not altered in comparison to controls. In all cases, liver specific (ASGR1+) EV-
derived miRNA biomarkers demonstrated strong capacity to predict subject status as control, NAFL
or NASH (Figure 33) with c-statistics 0.78-0.84. This performance was not observed with either total
cfRNA or global EV derived miRNAs. While the improved predictive performance associated with
liver-specific isolation provides additional support for these markers reflecting a hepatic
manifestation, the possibility that these markers may also be associated with more systemic

comorbidities cannot currently be excluded.

Indeed, each of the miRNAs investigated here are abundant in liver tissue; especially miR-
122 which accounts for about 70% of all miRNA expression in the liver (Gjorgjieva et al., 2019).
However, miR-122 is also found in cardiac and skeletal muscle, miR-192 is abundant in the kidneys,
intestine and adipose tissue (Liu et al., 2020), and miR-128-3p is expressed in numerous tissues
types, including in the CNS (Noetel et al., 2013) and adipose (Chen et al., 2018a). miR-128-3p also
acts as a tumour suppressor miR and is reported to be dysregulated in several cancers, including
lung (Pan et al., 2018), colorectal, and hepatocellular (Zhang et al., 2017, Huang et al., 2015).
Fundamentally, circulating miRNAs lack tissue specificity, and their presence and stability in
biological fluids results from release by multiple cell types and localisation within EV, lipoprotein and
Ago protein complexes (Makarova et al., 2021). The mechanisms of miRNA export from cells is
known to be differentially affected by disease states; accordingly, perturbation in the relative

expression of circulating miRNAs in vesicular or non-vesicular compartments are anticipated
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(Castoldi et al., 2016, Endzelins et al., 2017). Consistent with this phenomenon, it was observed that
the fraction of total circulating miR-122 (which accounts for 70% of hepatic miRNA) contained within
liver-specific EVs increased with disease stage. This observation further supports the hypothesis
proposed by several recent studies that optimising the circulating miRNA source is a key step in
translating miRNA biomarker analysis (Endzelin$ et al., 2017, Castoldi et al., 2016, Nik Mohamed

Kamal and Shahidan, 2020, van Eijndhoven et al., 2016).

Jiang et al. (2021) recently reported that compared to total serum derived miRNA, differences
in EV-derived miRNAs, including miR-122 (ROC = 0.79), more effectively discriminated subjects with
NAFLD from healthy controls. In contrast to Jiang et al. (2021), in the current study isolation of global
EVs did not improve the predictive performance of miRNA biomarkers with respect to identifying
individuals with NAFLD. It is plausible that differences in performance gains achieved by global EV
isolation relate to differences in the composition of the NAFLD cohort (i.e. the proportion of
individuals with NAFL versus NASH, or the proportion of individuals with non-hepatic comorbidities).
While this study did not reproduce the improvement in predictive performance achieved by isolating
global EVs, we did demonstrate that further refinement of the miRNA source by tissue-specific EV
isolation did markedly improve performance. This outcome is consistent with analyses demonstrating
improved signal to noise for minimally-invasive protein biomarkers in plasma for neuronal pathology
(Mustapic et al.,, 2017, Fiandaca et al., 2015, Shi et al.,, 2014, Goetzl et al.,, 2016) and
cerebrovascular disease (Goetzl et al., 2017) with tissue specific isolation. Similar to the present
study, selectively enriching the biomarker source was consistently found to increase sensitivity and
specificity of analyses. One study further showed that expression of miR-382 in intestine-specific
EVs, but not global EVs, could predict functional activity of human breast cancer resistance protein
(Gotanda et al., 2016). Furthermore, we recently applied the liver-specific EV isolation method used
here to describe the induction of hepatic drug metabolising enzymes and transporters resulting from
metabolic drug interactions and pregnancy (Rodrigues et al., 2021). Collectively, these reports
highlight the emerging potential to leverage tissue-specific EVs as minimally invasive liquid biopsy

platform.
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The use of anti-ASGR1 immunoprecipitation facilitated the analysis of EV encapsulated
miRNA biomarkers released only by hepatocytes. Given the reported high abundance of miR-122 in
hepatocytes, a high proportional expression of miR-122 in ASGR1+ EV relative to global EV derived
miRNA was anticipated. However, in EVs isolated from control subjects the fraction of EV derived
miR-122 recovered from ASGR1+ EVs was strikingly low (2.4% of global EV derived miR-122 and
0.13% of total circulating miR-122). This low expression of miRNA in ASGR1+ EVs likely reflects the
low fraction of circulating EVs that are derived from hepatocytes. The substantial expression of miR-
122 from non-hepatic sources emphasises the potential for trivial changes in non-hepatocyte derived
miRNAs to markedly impact NAFLD biomarker analysis in the absence of liver-specific EV isolation.
An additional explanation that cannot be excluded is the possibility that global EV preparations
contained some non-EV RNA associated with contaminating proteins or lipoprotein complexes co-
isolated from the plasma. Interestingly, the fraction of global EV and cfRNA derived miR-122, -192
and -128-3p recovered in ASGR1+ EVs was markedly higher in NAFL and NASH subjects compared
to controls, despite the circulating EV count remaining unchanged. This marked increase in ASGR1+
EV derived miRNA expression is consistent with the reported roles of these miRNAs in the
inflammatory processes and remodelling associated with NAFLD and supports the biological
rationale for their use as biomarkers for this disease. It is worth noting that while expression of miR
-122 and -128-3p was significantly increased in NAFL and NASH compared to control subjects, the
proportion of these miRNAs in ASGR1+ EV still accounted for < 30% of global EV expression and <

2.5% of total cfRNA expression for each miRNA.

It is conceivable that a population of miRNA-containing hepatic EVs does not express the
ASGR1 on their surface and hence are not captured by the immunoprecipitation method applied in
the current analysis. Alternatively, various extra-hepatic tissues expressing these miRNAs may
contribute more profoundly to their abundance in circulating global EVs. NAFLD is notably the
hepatic manifestation of a broader multi-system disease associated with systemic inflammation and
metabolic disturbances in several organs. It is likely that perturbations in other organs may contribute
to the observed differences in global EV cargo derived from subjects with NAFL and NASH. This

explanation further emphasises the potential benefits of selectively isolating liver-specific EVs for

133



biomarker analyses. Data presented in a recent study by Povero et al. (2020) indicated that EVs
expressing ASGR1 comprise approximately 20% of the circulating global pool and that the number
of hepatocyte-derived EVs increases with severity of NASH. However, in the limited sample size
analysed here, no differences in global EV abundance were observed between groups. In this
context, it is not clear if the increased proportional expression of miRNA with disease was due to
greater number of ASGR1+ EVs or increased packaging and export of miRNA biomarkers into

vesicles.

The observed increase in ASGR1+ EV miRNA expression is consistent with a large body of
work describing the dysregulated miRNA profile in NAFLD liver and selective export into EVs.
miRNAs have emerged as major players in the pathogenesis and progression of NAFLD, with altered
hepatic expression of miR -122, -192 and -128-3p disrupting several facets of hepatic lipid
metabolism, insulin sensitivity and cholesterol-lipoprotein trafficking (Gjorgjieva et al., 2019, Zhang
et al., 2017, Wagschal et al.,, 2015). Prior studies have also emphasised the pathogenic
consequences of vesicular miRNAs from hepatocytes in response to lipotoxic injury in NAFLD
(Newman et al., 2020). EV-derived miR-192 was recently reported to induce pro-inflammatory
polarisation of liver macrophages (Liu et al., 2020) and EV miR-128-3p internalised by hepatic
stellate cells led to marked fibrogenic activation (Povero et al., 2015). Decreased cellular miR-122
abundance has been observed in conjunction with increased abundance in circulating EVs. This
observation has been attributed to accelerated miR-122 export via the endosomal pathways resulting
from metabolic and ER stress in hepatocytes (Mukherjee et al., 2016, Bhattacharyya et al., 2006).
Indeed, multiple reports (Povero et al., 2014, Pirola et al., 2015, Bala et al., 2012) support the notion
that miR-122 increases specifically in the circulating vesicle fraction in NAFLD, while other liver
pathologies (e.g. drug-induced liver damage) are better characterised by changes in the protein-
associated fraction (Bala et al., 2012, Castoldi et al., 2016). Further studies are required to elucidate
the intracellular source of miRNAs that are packaged into EVs and the specific mechanisms of export
during NAFLD and normal physiology. Nonetheless, the present findings are promising with respect

to increasing specificity by targeting analyses to liver-derived miRNA expression.
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It is acknowledged that additional clinical data regarding the patient cohort would have been
useful and the inability to access these data is a limitation of the current study. Specifically, NAFLD
and NASH are hepatic manifestations of metabolic syndrome and are closely associated with
multiple comorbidities including type 2 diabetes and obesity, which if unaccounted for may confound
biomarker screening. By way of example, while the miRNA markers evaluated here have previously
been associated with NAFLD and NASH (Newman et al., 2020), the current study is unable to
definitively exclude that these markers are specific to the hepatic manifestations of the syndrome,
and not alternative comorbidities observed in this patient population. Additionally, it is acknowledged
that while the purity of ASGR1+ EVs in control EV preparations was extensively characterised,
limitations regarding sample volume precluded comparable analyses in the NAFLD samples. Future
studies confirming the observations reported here will benefit from more extensive clinical data and

the capacity to undertake additional characterisation of immunocaptured samples.

To date, studies of cell-free miRNA biomarkers have dichotomised subjects to discriminate
controls from subjects with either NAFL, NASH or simply pooled as NAFLD. As summarised in our
recent review (Newman et al., 2020), ROC analysis has identified strong predictive performance of
several miRNA markers quantified from total cell-free RNA (Newman et al., 2020). Up to 7-fold
increases in circulating miR -122 and -192 has been previously reported in NAFLD patients (Cermelli
etal., 2011, Liu et al., 2016), however such significant dysregulation in total cfRNA was not observed
in comparison to controls in this cohort. For a number of group pairings, however, ROC analysis
produced similarly strong discrimination of cohorts as seen previously (Newman et al., 2020).
However, in order to investigate the capacity for miRNA biomarkers from different sources (ASGR1+
EV, global EV, total cfRNA), to predict an individual’'s disease status across control, NAFL and NASH
groups simultaneously, ordinal logistic regression was applied. With this more robust approach that
incorporated the biological link of increased biomarker expression in a directional manner, ASGR1+
EVs consistently exhibited excellent diagnostic accuracy. For miR -122 and -192, statistically

significant associations were achieved only by the analysis of liver-specific EV miRNA.
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The findings presented here represent the first direct evidence supporting the hypothesis that
tissue-specific isolation enhances predictive performance of EV derived miRNA biomarkers. This
study further provides the necessary foundational evidence demonstrating that liver-derived EVs
represent a promising solution to current shortcomings in regard to the clinical management of
NAFLD. Specifically, this study determined that refining the source from which circulating miR
biomarkers are analysed enhanced their capacity to distinguish NAFLD patients from controls. While
total cfRNA has long dominated the focus of this field, the belief that markers obtained from a
particular blood compartment may better represent disease-associated changes has emerged with
the promise of improved biomarker specificity and reproducibility. Here we show that the selective
isolation of liver-specific EVs by anti-ASGR1 IP has the potential to elucidate useful trends in miR
expression, that may be applied to track NAFLD patients across the spectrum of clinical disease.
This approach not only facilitates the use of biomarkers with ubiquitous expression in unrelated
tissues, that may otherwise limit their utility, but also opens the possibility of discovering other highly
disease-specific biomarkers, such as EV-derived proteins, from just the affected organ. Such tools
can facilitate early diagnosis, identification of patients at greatest risk of progression, serial sampling
and longitudinal monitoring. Thus, the development of liver EV biomarkers could improve patient
management universally, with profound impacts on clinical practice, utilisation of healthcare

resources and advancement of therapeutics.
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CHAPTER 5

ESTABLISHING THE CAPACITY OF LIVER DERIVED
EXTRACELLULAR VESICLE CARGO TO REFLECT
VARIABILITY IN DRUG EXPOSURE AND RESPONSE

Author Contributions

A manuscript containing the contents of this chapter has been submitted to the British Journal
of Clinical Pharmacology for peer-review and publication. | was the first and sole primary contributing
author of the manuscript and was responsible for conceptualisation, generating the data and
performing statistical analysis, wrote the first draft and reviewed and edited the paper, culminating
in 85% of the work. Author Z.U generated the TEM images and NTA data and edited the paper.
Author T.W assisted with the development of targeted proteomic assays. Author A.R contributed to

conceptualisation and edited the paper.

Context in Thesis

Applying a method to isolate EVs directly from liver tissue yields an enriched population of
liver derived EVs that are otherwise relatively rare in the total circulation. This offers an opportunity
to investigate the fundamental assumption that the protein profile of EVs reflects that of their
originating tissue. Given the impact of MAFLD on hepatic drug metabolism and the challenges
associated with the clinical development of novel pharmacological therapeutics for this chronic liver
disease, this work investigates the profile of key proteins related to the interaction of drugs with the
liver. More specifically, these interactions relate to the pharmacokinetic (PK) and pharmacodynamic
(PD) activities which in turn impact the exposure and response to a drug. Interindividual differences
in the abundance of drug-metabolising enzymes (DMEs) and drug target proteins underpin PK and

PD variability and impact treatment efficacy and tolerability.

As EVs carry protein cargo inherited from originating hepatic cells, they may be useful for

defining differences in key proteins related to drug metabolism and the treatment of MAFLD.
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Targeted LCMS proteomic assays were developed for a panel of DMEs and MAFLD drug target
proteins with the aim of detection and quantification in liver tissue EVs (LT-EV) and to establish the
profile relative to paired total liver tissue. The work described in this chapter provides evidence that
key proteins related to PK and PD profiles can be measured in LT-EVs, and the abundance of liver-
enriched DMEs is robustly correlated between paired tissue and EVs. This addresses the
fundamental capacity for LT-EVs to define between-subject differences in DME profile and within-
subject changes in MAFLD drug targets. These data support the potential to assess markers of drug

exposure and response in vivo with a liver derived EV liquid biopsy.

Introduction

An individual's exposure and response to a drug is determined by the pharmacokinetic (PK)
and pharmacodynamic (PD) profiles of the drug. The PK profile is influenced by the processes of
absorption, distribution, metabolism and excretion (ADME), with clearance by metabolism being the
primary determinant of PK for most drugs. Members of the cytochrome P450 (CYP) and UDP-
glucuronosyltransferase (UGT) families of drug metabolising enzymes (DMEs) are responsible for
the clearance of more than 80% of drugs (Rowland et al., 2013, Swen et al., 2023). The PD profile
for a drug reflects interactions that alter the function of one or more molecular target in the body.
More than 95% of molecular drug targets are proteins (receptors, enzymes, ion channels or
transporters). Between subject differences in the abundance and activity (phenotype) of the proteins
associated with a drug’s PK and PD profiles underpin variability in treatment efficacy and tolerability
(Rowland et al., 2018, Sorich et al., 2019). Differences in phenotype may result from normal

physiological and genetic variability, environmental factors or perturbations caused by disease.

There are multiple prominent examples where assessment of genetic variants (genotype)
explains a sufficient proportion of variability in observed DME phenotype to guide drug dosing (Swen
et al., 2023). However, assessment of genotype is of limited value when differences in DME
phenotype are predominantly driven by factors such as drug interactions and disease states
(Rowland et al., 2019). In such cases direct quantification of protein abundance is substantially more
useful in explaining variability in drug exposure. Measuring the tissue abundance of DMEs has
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historically required collection of a liver tissue biopsy (Rodrigues and Rowland, 2019), which is
preclusively invasive for seeking insights into PK variability or guiding drug dosing. In recent years,
assessment of circulating extracellular vesicle (EV) cargo has been demonstrated as a promising
alternate strategy to characterise changes in the abundance of hepatic CYP enzymes resulting from
induction based drug interaction (Rowland et al., 2019, Rodrigues et al., 2021, Rodrigues et al.,
2022). For example, the 3.7-fold increase in CYP3A4 protein abundance in circulating EVs following
administration of rifampicin (600mg daily for 14 days) to healthy volunteers was consistent with
strong induction reported with liver tissue biopsy and was predictive of observed changes in oral
midazolam exposure (Rodrigues et al., 2021). Beyond induction of CYP3A4, it is plausible that
assessment of EV protein cargo may similarly be used to understand between subject differences
in DME phenotype. Indeed, liver derived EVs have been demonstrated to contain an array of DME
messenger RNAs and protein cargo (Achour et al., 2021, Useckaite et al., 2023, Rodrigues et al.,
2021, Rodrigues et al., 2022, Rowland et al., 2019). Establishing the utility of EVs with respect to
accounting for between subject variability in phenotype requires evidence that the absolute DME

protein abundance in EVs reflects the absolute protein abundance in the tissue.

Similarly, characterising changes in the phenotype of proteins that reflect the occupancy or
modulation of a molecular drug target (proximal) or downstream biological effects (distal) during pre-
clinical development provides insights to the likely PD profile for a drug. These proteins, referred to
as markers of target engagement, may be used to enhance the understanding of a drug'’s clinical
efficacy and tolerability by tracking their abundance before and after an intervention in clinical trials
(Tan et al., 2009). Tracking changes in the abundance of target engagement markers conventionally
requires collection of serial tissue biopsies from the target organ, which is preclusively invasive for
most targets and solid organs. When considering the liver as an example of a target organ, there
are an array of chronic liver diseases, including metabolic associated fatty liver disease (MAFLD),
where pharmacological interventions may be useful (Newman et al., 2022a, Newman et al., 2020).
Indeed, for MAFLD, drugs targeting multiple disease associated pathways, including hepatic
lipogenesis, insulin resistance, mitochondrial dysfunction, inflammation and fibrogenesis have been

proposed. However, clinical trials have encountered numerous challenges with many candidates
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failing to meet efficacy endpoints (Ratziu and Friedman, 2020). These failures have been attributed
to multiple potential factors including the inability to account for heterogeneity in disease, the inability
to select appropriate intervention populations, or inefficacy of the drug to modulate the disease
pathway in humans. In each case, more comprehensive and longitudinal understanding of the
phenotype of target proteins and disease pathways presents the opportunity to focus development

efforts on the most promising drug targets and treatment populations.

Recent untargeted proteomic profiling of paired human liver homogenate and tissue derived
EVs demonstrated that approximately 60% of hepatic proteins were detected in EV (Useckaite et al.,
2023). The incorporation of molecular drug targets and associated downstream proteins into EVs
raises the intriguing potential of tracking markers of target engagement in vivo using a minimally
invasive liquid biopsy. The use of EV cargo as markers of target engagement requires evidence that
(i) the protein targets in EVs originate from the organ of interest, and (ii) changes in EV protein
abundance are related (either directly or inversely) to changes in protein abundance in the tissue.
The work of Useckaite et al. (2023) indicated that based on identification of unique proteins,
approximately 50 % of EVs present in liver tissue are likely to be of extra-hepatic origin. This is an
important consideration when evaluating the concordance between the absolute protein abundance
in tissue homogenate and tissue derived EVs, particularly for proteins that exhibit substantial extra-

hepatic expression.

This study sought to establish the fundamental capacity of liver derived EVs to (i) define
between subject variability in DME protein abundance, and (ii) track within subject changes in the
abundance of MAFLD drug targets. As such, the primary objective of the study was to demonstrate
the capacity to robustly quantify the abundances of a panel of DME and MAFLD drug targets in EVs
isolated from healthy liver tissue (LT-EV). The concordance between the absolute DME protein
abundance in liver tissue homogenate (L-HMG) and LT-EVs was evaluated as a secondary outcome.
Since approximately half of the EVs isolated from liver tissue are of non-hepatic origin (Useckaite et
al., 2023), exploratory analyses were performed to evaluate the relationship between the correlation

of protein abundances in liver tissue and LT-EV and the extent of extra-hepatic protein expression.
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To ensure the robustness of data, LT-EVs were characterised in accordance with Minimal

Information for Studies of Extracellular Vesicles (MISEV) (Welsh et al., 2024).

Methods

Tissue samples

Fresh frozen human liver tissue (n=11) was obtained from the liver “bank” of the Department
of Clinical Pharmacology (Flinders University, Adelaide, SA, Australia). The use of tissue samples
for research was approved by the donor’s next of kin and the Clinical Investigation Committee of
Flinders Medical Centre (SACHREC 059.056). Tissue was snap frozen using liquid nitrogen
immediately upon collection and stored at -80°C until used. Tissue histopathology was confirmed by
a pathologist on in-house haematoxylin & eosin (H&E) stained full-face tissue sections. The sample

preparation workflow is described below.

Histopathology

Full-face histopathology slides were prepared from frozen liver tissue samples and stained
with H&E stain. Histopathology slides were used to evaluate tissue morphology by pathologist
examination and guide partitioning of the tissue samples into matched sections for homogenate
preparation and EV isolation (Figure 5.1). To prepare full-face slides by cryo-sectioning, frozen tissue
pieces (< 2 cm) were embedded into tissue moulds with two drops of Tissue-Tek optimal cutting
temperature (OCT) medium (Sakura Finetek, USA). Sections of 10 ym thickness were cut in a
cryostat at -20 °C. Tissue sections were transferred onto Superfrost Plus microscope slides (Fisher
Scientific, USA) within 1 min of cutting then allowed to thaw on the slide and dried at room
temperature prior to formalin fixing. Tissue samples were fixed onto the slides by placing in formalin
for 10 min at room temperature. Slides were washed in deionised water for 2 min then stained with
haematoxylin for 5 min. Slides were washed with tap water for 1 min and excess haematoxylin stain
was removed by dipping the slides in acid alcohol and additional tap water wash. Slides were
incubated in lithium carbonate for 4 min then briefly dipped in deionised water. Eosin counterstaining
of slides was performed for 2 min then slides were washed in alcohol and dehydrated in xylene for

5 min. A drop of mounting medium was applied to the fixed tissue and a coverslip was slowly lowered
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onto each slide. Slide were left in a horizontal position to dry overnight. Whole slide imaging of

histopathology slides was performed using Olympus Brightfield BX53 Upright Microscope.
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Figure 5.1 Histopathology slides of frozen liver tissue samples.

Liver tissue samples stained with haematoxylin and eosin. Images captured using Olympus Brightfield BX53 Upright
143

Microscope at 200x magnification.



Transmission electron microscopy (TEM) imaging

Sections (1 mm?®) of liver tissue were immersed in primary fixative (2.5 % glutaraldehyde / 4
% paraformaldehyde in phosphate buffered saline (PBS) with 4% sucrose) for 48 hrs at 4 °C, then
washed in PBS and 4 % sucrose. Tissue was then immersed in the secondary fixative (aqueous 2
% osmium tetroxide) for 1 hr, followed by dehydration through a graded series of ethanol solutions
(50 to 100 %) and 100 % propylene oxide. Tissue was then infiltrated with 1:1 and 2:1 mixtures of
epoxy resin/propylene oxide followed by three changes of 100 % epoxy resin. Tissue was embedded
in fresh resin in BEEM capsules and polymerized in the oven at 60 °C for 48 hrs. Ultrathin sections
(70 nm) were cut on a Leica EM UC7 ultramicrotome using a diamond knife, placed on grids and
stained with heavy metals uranyl acetate and lead citrate for 8 mins each. Imaging was performed

on an FEI Tecnai G2 Spirit TEM at 100kV at 1400x and 4800x magnification.

Human liver tissue homogenate preparation

Liver tissue samples (1 g) were placed in open top polycarbonate tubes containing 5 mL ice
cold phosphate potassium chloride (KCI) buffer solution (10 mM phosphate buffer, pH 7.4 with 1.15
% KCI). Tissue samples were finely minced using surgical scissors then homogenised using an Ultra
Turrax T25 at 20,500 rpm in two rounds of 30 sec. The ground samples in buffer were transferred to
a 30 mL Potter-Elvehjem homogeniser and homogenised using an electric drill operating at full speed
for eight full strokes. Resulting tissue homogenates were aliquoted in 2 mL Protein LoBind tubes

(Eppendorf) and stored at -80 °C until analysis.

Isolation of extracellular vesicles

Enzymatic digestion of liver tissue

Liver tissue samples (0.2 g) were sliced using a disposable scalpel to form approximately 2
x 2 mm pieces. Release of EVs from the extracellular space of the tissue was achieved by gentle
enzymatic dissociation as described previously (Useckaite et al., 2023). Tissue pieces were
transferred into 2 mL Protein LoBind tubes (Eppendorf) containing 2 mL Roswell Park Memorial
Institute (RPMI) 1640 with 2 mg/mL collagenase D and 40 U/mL DNase |. Samples were incubated
for 45 min at 37 °C in a shaking water bath. Following incubation, the tissue-conditioned media was

transferred to a 40 uM nylon cell strainer (BD Falcon) and allowed to pass through the filter by gravity.
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Three hundred microlitres of 0.2 um filtered PBS was passed through the filter into the sample
collection tube. The tissue conditioned media was centrifuged at 300 g for 10 min at 4 °C and the
supernatant was transferred to a new tube for additional centrifugation at 2000 g for 20 min at 4 °C.
EVs were isolated from the clarified tissue-conditioned media (2 mL) using size exclusion

chromatography (SEC) 2 mL columns (Stem Cell Technologies, USA).

Liver tissue EV isolation
Size exclusion columns were conditioned prior to EV isolation by washing with 20 mL of 0.2

um filtered PBS. Clarified tissue-conditioned media (2 mL) was loaded in the sample reservoir and
allowed to pass completely through the filter before elution buffer (filtered PBS) was added. The first
3 mL eluted from the column was discarded and subsequent 3 mL of EV-containing fractions were
collected and pooled in 5 mL Protein LoBind Tubes (Eppendorf). For the duration of EV isolation,
the total volume of elution buffer in the sample reservoir did not exceed 2 mL. Pooled EV-containing
fractions were mixed by gentle inversion and concentrated using preconditioned Amicon Ultra 4
centrifuge filters (30 Kda, Millipore-Sigma, USA) to a final volume of 500 pL then aliquoted and stored

at -80 °C until analysis.

Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analysis was performed on a NanoSight NS300 (Malvern Panalytical,
Malvern, UK; software v.3.4) to determine abundance and size distribution of particles in EV isolates.
Samples were diluted by a factor between 4000x and 16000x with 0.2 um filtered PBS and analysed

in five 60 sec videos captured with constant flow (flow rate 100 AU).

Protein quantification

Total protein concentration in liver tissue homogenate and EV samples was measured using
micro bicinchoninic acid (BCA) kit (Thermo Fisher Scientific, Aus) following manufacturer’s
instructions. Homogenates and EVs were diluted 1:1000 and 1:250, respectively, using 0.2 ym
filtered PBS. Absorbance was measured at 562 nm using a plate reader (SpectraMax, Molecular
Devices) and protein concentration was determined using a bovine serum albumin (BSA) standard

curve (0 to 200 pg/mL).
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Targeted proteomics

Protein selection

A representative panel of 30 proteins involved in the interaction of drugs with the liver were
selected for this analysis. The panel comprised 15 DMEs with representation across the CYP, UGT
and carboxylesterase (CES) enzyme families. These proteins are predominantly highly enriched in
the liver compared to other organs and are involved in defining the PK profile for most drugs. The
additional 15 proteins, which are expressed in the liver but typically also exhibit substantial extra-
hepatic expression, are known molecular drug targets for chronic liver diseases (Dufour et al., 2022).
The tissue expression profile and surrogate peptides for each protein are described in the
supplementary material. Proteins were classified into three groups based on their reported specificity
of liver expression determined by cross referencing UniProt accession numbers against the Human

Protein Atlas (www.proteinatlas.org) (Uhlén et al., 2015) (Table 5.1)
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Table 5.1 Selection and grouping of targets in representative protein panel.

Group Protein agcr:;g;?;n Tissue enrichment exprezz:ztr:vii liver Relative expression in other tissues
Cytochrome P450 1A2 (CYP1A2) P05177 Liver enriched High N/A
Cytochrome P450 2B6 (CYP2B6) P20813 Liver enriched High Medium in intestine
Cytochrome P450 2C8 (CYP2C8) P10632 Liver enriched High Low in intestine
Cytochrome P450 2C9 (CYP2C9) P11712 Liver enriched High Medium in intestine
G’E;‘Z: - Cytochrome P450 2C19 (CYP2C19) P33261 Liver enriched High Medium in intestine
specific Cytochrome P450 2D6 (CYP2D6) P10635 Liver enriched High Low in intestine
enrichment Cytochrome P450 2E1 (CYP2E1) P05181 Liver enriched High N/A
Cytochrome P450 3A4 (CYP3A4) P08684 Liver enriched High High in intestine
Hydroxystermd(ﬂ%hg?;oBg%n)ase 17 beta 13 Q7Z5P4 Liver enriched Medium Low in many
UDP-glucuronosyltransferase 1A1 (UGT1A1) P22309 Liver enriched High Low in intestine
Carboxylesterase 1 (CES1) P23141 Liver, intestine, lung High High in lung, intestine
Group 2 — Carboxylesterase 2 (CES2) 000748 Liver, intestine High High in lung, intestine, kidney
Enrichment Diacylglycerol O-acyltransferase 2 (DGAT2) Q96PD7 Liver, adipose High High in adipose
in liver and Ketohexokinase (KHK) P50053 Liver, intestine, kidney High High in intestine, kidney
1'_2 other UDP-glucuronosyltransferase 1A6 (UGT1A6) P19224 Liver, kidney Medium High in kidney, medium in intestine
tissues UDP-glucuronosyltransferase 2B4 (UGT2B4) P06133 Liver, intestine, kidney Medium High in intestine, kidney
UDP-glucuronosyltransferase 2B7 (UGT2B7) P16662 Liver, kidney High High in kidney, medium in intestine
Acetyl-CoA carboxylase 1 (ACACA) Q13085 Non-specific High Ubiquitous
Acetyl-CoA carboxylase 2 (ACACB) 000763 Adipose, skeletal muscle Medium High in adipose
Membrane primary amine oxidase (AOC3) Q16853 Adipose Low High in lung, adipose, smooth muscle
Group 3 — C-C motif chemokine receptor 5 (CCRS5) P51681 Lymphoid Low Ubiquitous
Extra- Fatty acid synthase (FASN) P49327 Adipose High High in intestine, kidney
I:iespsa::ac Glucagon-like peptide 1 receptor (GLP1R) P43220 Pancreas Low High in pancreas
enrichment  Mitogen activated protein kinase kinase kinase 5 Q99683 Non-specific Medium Ubiquitous
or (MAP3K5)
ubiquitous Galectin 3 (LGALS) P17931 Intestine Low Ubiquitous
expression Lysyl oxidase like 2 (LOXL2) Q9Y4KO0 Smooth muscle Medium Ubiquitous
Peroxisome prolifer?;%':éi\;ated receptor alpha Q07869 Tongue Medium Ubiquitous
Peroxisome prollfera(tggiclz_\t’l(\;?ted receptor gamma P37231 Adipose Low Ubiquitous

147


https://www.uniprot.org/uniprotkb/P05177/entry
https://www.uniprot.org/uniprotkb/P20813/entry
https://www.uniprot.org/uniprotkb/P10632/entry
https://www.uniprot.org/uniprotkb/P11712/entry
https://www.uniprot.org/uniprotkb/P33261/entry
https://www.uniprot.org/uniprotkb/P10635/entry
https://www.uniprot.org/uniprotkb/P05181/entry
https://www.uniprot.org/uniprotkb/P08684/entry
https://www.uniprot.org/uniprotkb/Q7Z5P4/entry
https://www.uniprot.org/uniprotkb/P22309/entry
https://www.uniprot.org/uniprotkb/O00748/entry
https://www.uniprot.org/uniprotkb/P50053/entry
https://www.uniprot.org/uniprotkb/P19224/entry
https://www.uniprot.org/uniprotkb/P06133/entry
https://www.uniprot.org/uniprotkb/P16662/entry
https://www.uniprot.org/uniprotkb/Q13085/entry
https://www.uniprot.org/uniprotkb/Q16853/entry
https://www.uniprot.org/uniprotkb/P49327/entry
https://www.uniprot.org/uniprotkb/P43220/entry
https://www.uniprot.org/uniprotkb/Q99683/entry

Sample preparation
Tissue homogenate and EV protein in a 50 pyL volume of PBS were prepared for targeted

peptide analysis as previously described with some modifications (Newman et al., 2022c). One
hundred micrograms of total protein was digested per sample, corresponding to a mass of starting
material between 8.99 and 19.35 mg for LT-EV and 0.55-1.05 mg for L-HMG (Table 5.2). Samples
were lysed by three freeze-thaw cycles followed by vortex for 10 min at room temperature using a
MixMate sample mixer (Eppendorf). Samples were combined with 25 pL of RapiGest surfactant
(Waters, Aus) (0.3 % in 50 mM ammonium bicarbonate, pH 7.8) and incubated with dithiothreitol
(12.5 mM) for 90 min at 60 °C. Samples were cooled to room temperature prior to addition of
iodoacetamide (23.5 mM) and incubated in the dark for 60 min in a 37 °C shaking water bath. Trypsin
Gold (Promega, NSW, Australia) was added to protein samples at a ratio of 1:50 (w/w) and incubated
for 17 hours in a 37 °C shaking water bath. Digestion was terminated and Rapigest removed by
addition of formic acid (10 L, 10 % v/v) and further 30 min incubation at 37 °C followed by
centrifugation at 16,000 g for 10 min at 4 °C. Clear supernatant was extracted and spiked with stable
isotope labelled (SIL) peptides. Digested protein samples were analysed immediately and stored at

4 °C in the autosampler over the course of analysis.
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Table 5.2 Protein concentration and equivalent sample consumption for liver tissue and EVs.
Total protein measured by micro BCA in biological replicates (n=11) of liver homogenate (L-HMG) and liver
tissue EV (LT-EV), sample used for 100 pg protein digest and corresponding mass of starting tissue.

Sample ID Protein concentration Sample (pL) Tissue mass (mg)
(ng/uL) used for digest used for digest

L5 27.26 3.67 0.67
L6 22.64 442 0.74
L7 18.7 5.35 0.89
L9 20.48 4.88 0.81
L10 30.05 3.33 0.56

L-HMG L12 29.86 3.35 0.56
L13 28.41 3.52 0.61
L17 18.85 5.31 0.74
L29 15.82 6.32 1.05
L40 23.75 4.21 0.70
L41 29.95 3.34 0.56
L5 2.07 48.37 19.35
L6 2.19 45.71 18.29
L7 3.8 26.33 10.53
L9 3.71 26.93 10.77
L10 3.94 25.37 10.15

LT-EV L12 2.19 45.71 18.29
L13 2.9 34.52 13.81
L17 4.45 22.49 8.99
L29 3.32 30.14 12.06
L40 4.22 23.7 9.48
L41 3.15 31.76 12.7

Liquid chromatography mass spectrometry (LC-MS/MS)
Chromatographic separation of peptides was performed on an Agilent Advance Bio Peptide

Map column (100 mm x 2.1 mm, 2.7 ym) using an Agilent 1290 Infinity Il liquid chromatography
system with a flow rate of 0.2 mL/min. Peptide targets were assessed across two analytical methods,
including the EV marker panel described in Chapter 2 and a newly developed panel with
chromatographic elution conditions and transitions as described in Table 5.3 and Table 5.4,
respectively. Mobile phase consisted of 0.1% formic acid in water (mobile phase A) and 0.1% formic
acid in acetonitrile (mobile phase B). Multiple reaction monitoring was performed on an Agilent
6495B Triple Quadrupole mass spectrometer operating in positive electron spray (ESI+) mode.
Proteotypic tryptic peptides with at least one quantifier and 1 to 3 qualifier ion transitions per peptide
were monitored (Table 5.4). Skyline software (v.22) was used to verify monitored transitions and the
identity of detected peptides was confirmed by comparing retention time (RT) and ion transition ratios
to spiked stable isotope labelled (SIL) or positive controls. Peak areas of endogenous analytes were
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calculated using MassHunter Software (v.B.09.00) and endogenous analytes, for which SIL peptides
were spiked into samples, were normalised to SIL peak area for relative quantification. Peak area
data was normalised to represent equivalent tissue mass for comparisons between LT-EV and L-
HMG. Absolute quantification of EV marker analytes was determined using standard curves of SIL

spiked into liver tissue homogenate and EV matrices.

Table 5.3 Liquid chromatography elution conditions.

Time (min) Mobile Phase A (%) Mobile Phase B (%) Column temp (°C)
0 98 2
32 70 30
33 50 50
34 50 50 37
36 98 2
37 98 2
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Table 5.4 Multiple reaction monitoring mass spectrometry acquisition.
Bold and underline indicates stable isotope labelled amino acid. SIL spiked at final concentration in protein
digests of 5 nM.

Protein Peptide RT (min) Precursor Quantifier Qualifier1 Qualifier2 Qualifier 3

ACACA VNNADDFPNLFR 26.8 711.34 646.37 793.44 1023.49 -
VNNADDFPNLFR 26.8 716.35 656.38 803.44 1033.50 -
ACACB LGGIPVGVIAVETR 26.6 690.91 1040.61 520.81 844.49 -
ASGR1 SLESQLEK 14.1 467.25 733.37 604.33 - -
SLESQLEK 14.1 471.26 741.39 612.34 - -
AOC3 YQLAVTQR 14.8 489.77 687.41 574.33 - -
YQLAVTQR 14.8 494.78 697.42 584.34 - -

CCR5 YLAVVHAVFALK 21.0 444.27 393.24 527.82 648.41 492.31
DGAT2 DTIDYLLSK 24.2 534.28 738.40 851.49 234.14 -
DTIDYLLSK 24.2 538.29 746.42 859.50 242.16 -
FASN GVDLVLNSLAEEK 26.3 693.88 903.48 790.39 - -
GVDLVLNSLAEEK 26.3 697.88 911.49 798.41 - -
GLP1R LEHLHIQR 11.2 523.30 402.24 553.32 - -
LEHLHIQR 11.2 528.30 407.24 563.33 - -
HSD17B13 GLTSELQALGK 234 558.82 204.13 629.40 845.47 -
GLTSELQALGK 234 562.82 212.15 637.41 853.49 -
KHK HLGFQSAEEALR 19.8 679.35 1107.54 1220.63 775.39 -
HLGFQSAEEALR 19.8 684.35 1117.55 1230.64 785.40 -
LOXL2 VEVLVER 15.0 422.25 615.38 516.31 403.23 -
VEVLVER 15.0 427.25 625.39 526.32 413.24 -

LGALS3 IQVLVEPDHFK 20.5 442.25 643.32 431.24 341.22 24215
MAP3K5 ILTEDQDK 8.7 481.25 735.32 848.40 634.27 -
ILTEDQDK 8.7 485.25 743.33 856.41 642.28 -

PPARA LHLQSNHPDDIFLFPK 31.8 481.00 579.27 391.23 244 17 635.81
PPARG LQEYQSAIK 13.5 540.29 709.39 418.27 554.34 -
LQEYQSAIK 13.5 544.30 717.40 426.28 546.32 -
CYP1A2 YLPNPALQR 16.8 536.30 398.23 584.35 - —
YLPNPALQR 16.8 541.31 403.23 594.36 - -
CYP2B6 ETLDPSAPK 11.2 479.25 499.29 614.31 - -
ETLDPSAPK 11.2 483.26 507.30 622.33 - —
CYP2CS GLGIISSNGK 16.4 473.27 605.33 775.43 - -
GLGIISSNGK 16.4 477.28 613.34 783.45 - -
GIFPLAER 23.6 451.76 366.71 585.34 - -
CYP2C9 GIFPLAER 23.6 456.76 371.71 595.34 - -
CYP2C19 GTTILTSLTSVLHDNK 30.4 567.31 664.36 771.43 - -
GTTILTSLTSVLHDNK 30.4 569.98 668.37 775.44 - -
CYP2D6 DIEVQGFR 18.7 482.25 735.38 606.34 - —
DIEVQGFR 18.7 487.25 745.39 616.34 - -
CYP2EA FITLVPSNLPHEATR 24.2 565.65 561.29 717.89 - -
FITLVPSNLPHEATR 24.2 568.98 566.29 722.89 - —
EVTNFLR 18.7 439.74 650.36 549.31 - -
CYP3A4 EVTNFLR 18.7 444,74 660.37 559.32 - -
DTINFLSK 21.3 469.25 721.42 608.34 - -
CYP3AS DTINFLSK 21.3 473.26 729.44 616.35 - -
UGT1A1 DGAFYTLK 19.5 457.73 671.38 524.31 - -
DGAFYTLK 19.5 461.74 679.39 532.32 - -
UGT1A6 DIVEVLSDR 23.2 523.28 718.37 817.44 - -
DIVEVLSDR 23.2 528.28 728.38 827.45 - -
UGT2B4 ANVIASALAK 19.3 479.29 673.42 560.34 - -
ANVIASALAK 19.3 483.30 681.44 568.35 - -
UGT2B7 IEIYPTSLTK 21.7 582.83 646.38 922.52 - -
IEIYPTSLTK 21.7 586.84 654.39 930.54 - —
CES1 AGQLLSELFTNR 29.4 674.86 866.44 979.52 - -
AGQLLSELFTNR 29.4 679.87 876.44 989.53 - —
ADHGDELPFVFR 26.0 468.23 665.38 568.32 - —
CES2 ADHGDELPFVFR 26.0 471.57 675.39 578.33 - -
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Data analysis

Statistical analyses were performed using GraphPad Prism software v.10 (San Diego, USA).
Parametric t-tests were used to compare groups with alpha value 0.05. Absolute quantification of
protein targets was determined in LT-EV and paired tissue (L-HMG) for proteins with SIL peptide
available to normalise for matrix effects between sample types. Proteins not detected in both sample
types were excluded from the concordance analysis. The expression of protein targets in LT-EVs
relative to L-HMG was normalised to equivalent starting material (tissue mass) and log-transformed.
Pearson r values were generated to determine correlation in protein target abundance in total tissue

and EV samples.

EV-Track

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase

(EV-TRACK ID: EV231007) (Van Deun et al., 2017).

Results

Liver tissue characteristics

Demographic and molecular characteristics for tissue donors are described in Table 5.5. The
proportion of female tissue donors was 45 %. The median age was 54 years (range of 18 to 67
years). Despite mild liver pathologies indicated by biopsy and clinical diagnoses in some cases,
histopathology revealed morphologically normal tissue in study samples used for analysis, except

for L12 and L13, which each exhibited focal lytic necrosis and mild steatosis.
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Table 5.5 Characteristics of tissue donors and study samples.

Donor Donor Donor Smoking Alcohol S . N - e Study Sample
ID Age Sex use use Medications Biopsy Findings Clinical Characteristics Histopathology
phenytoin, .
dexamethasone, N?r:rcsl loé’g:g;f;'fg:ﬁ;@ sdr\c/)glets Mild fatty change, non-specific.
L5 62 M N/A N/A gentamicin, . vy . patocytes. very Necrosis attributed to terminal Normal
o infrequent necrosis. Mild inflammatory ; :
ranitidine, - . ischaemia.
. cell infiltrate in portal tracts.
cotrimoxazole
enicillin Normal hepatic architecture. In several
L6 18 M N/A social pe ’ lobules small groups of liver cells contain Normal Normal
cotrimoxazole
fat droplets.
Mild fatty change, scattered
lipogranulomas, fat laden macrophages Mild alcoholic liver injury.
L7 44 F none social dexamethasone in portal tracks and mild perivenular Possibly minor alpha1 Normal
fibrosis. Potential alpha-one-antitrpysin antitrypsin deficiency.
inclusions in some liver cells.
Severe ischaemic damage. Coagulative . I
. . g : No evidence of pre-existing
L9 19 M none social dopamine necrosis in hepatocytes of perivenular i - Normal
. : T iver disease
region of liver acini.
dopamine,
. morphine,
L10 67 F none social furosemide, N/A N/A Normal
midazolam
Carcinoma of the colon
L12 66 M none moderate insulin N/A (resected liver tissue adjacent Mild spotty necrosis
to tumour); diabetes mellitus
none for metoprolol Metastatic leiomyosarcoma of
L13 61 F 3yrs minimal methyclothiazide, N/A the rgctum (resect'ed right lobe Mild mlcrove§|cular
(1pk/day liver tissue adjacent to steatosis
) bethanecol . :
prior) tumour); obesity
Liver transplant for solitary
L17 45 M none none none N/A hepatoma in non-cirrhotic liver; Normal
sample is of normal left lobe
4-5
L29 45 M heavy drinks/day none N/A N/A Normal
L40 54 F N/A N/A N/A N/A N/A Normal
Solitary tumour nodule, inflammatory cell
infiltrate, pericellular fibrosis, sinusoidal i tastasis f loni
dilatation and focal haemorrhage lver metastasis from colonic
L41 66 F N/A N/A N/A : primary adenocarcinoma. mild Normal

Hepatic architecture elsewhere appears
normal but mild steatosis concentrated in
zone 1. Portal tracts are normal.

fatty liver
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Quantification of protein targets in EVs isolated from liver tissue

The primary outcome evaluated in the current study was the capacity to robustly detect and
quantify proteins involved in the interaction of drugs with the liver in LT-EV. Of the 29 proteins
evaluated, 27 (93 %) were detected in LT-EV. The absolute abundance of 15 DME proteins and 10
MAFLD drug targets were quantified in LT-EV, using SIL peptides spiked into protein digests (Figure
5.2). DMEs ranged in abundance from 0.15 to 220 pmol / 100 ug of EV protein and MAFLD drug

targets ranged from 0.07 to 27 pmol / 100 pg of EV protein.

The sensitivity and specificity of DME protein detection in liver tissue using LT-EVs were
described by confusion matrices (Figure 5.3). Except for CYP3A5, DMEs were all detected in both
L-HMG and LT-EVs from all biological replicates (n=11), thereby giving 100% sensitivity. Only 2 of
11 subjects had detectable CYP3AS5 protein in L-HMG and CYP3A5 was only detected in the paired
LT-EVs for these two individuals, giving 100% sensitivity and specificity. For 10 out of 14 MAFLD
drug targets (ACACA, ACACB, AOC3, CCR5, DGAT2, FASN, GLP1R, HSD17B13, KHK and
MAP3K5) that were detected in all L-HMG samples, the respective proteins were also detected in all
LT-EV samples. The only MAFLD drug target that was detected in all L-HMG samples but not all LT-
EV samples was galectin 3 (LGALS3). This protein was detected in 9 of 11 LT-EV samples (82%
sensitivity). Peroxisome proliferator-activated receptor alpha (PPARA) was not detected in any LT-
EVs despite detection in 10 out of 11 L-HMG samples. Two MAFLD drug targets (LOXL2 and

PPARG) were below the limit of detection for both L-HMG and LT-EV.
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Figure 5.2 Absolute quantification of protein targets in liver tissue EVs.

Abundance of (A) drug metabolising enzymes and (B) drug target proteins associated with treatment of metabolic associated fatty liver disease
in EVs isolated from liver tissue.
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Drug Metabolising Enzymes

LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivil LT-EV  TPR/Sensitivii
CYP1A2 /e y CYP2B6 /Se gd CYP2C8 /e id
D ND 100% D ND 100% D ND 100%
D 11 O TNR/Specificity D 11 OTNR/Specificity D 11 O TNR/Specificity
L-HMG L-HMG L-HMG
ND 0 o - ND 0 o - ND 0 o -
LT-EV  TPR/Sensitivity LT-EV  TPR/Sensitivity LT-EV  TPR/Sensitivity
CYP2C9 CYP2C19 CYP2D6
D ND 100% D ND 100% D ND 100%
D 11 O TNR/Specifici D 11 OTNR ifici D 11 OTNR ifici
L-HMG /s ay L-HMG /Specificty L-HMG /Specificity
ND 0 o = ND 0 o = ND 0 o =
LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivil
CYP2E1 /e ty CYP3A4 /Se y CYP3A5 /e y
D ND 100% D ND 100% D ND 100%
D 11 O TNR/Specificity D 11 O TNR/Specificity D 2  OTNR/Specificity
L-HMG L-HMG L-HMG
ND 0 o - ND 0 o - ND 0o 9 100%
LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivil LT-EV  TPR/Sensitivii
UGT1A1 /e By UGT1A6 /Se =d UGT2B4 /e i
D ND 100% D ND 100% D ND 100%
D 11 OTNR ifici D 11 OTNR ifici D 11 OTNR ifici
LT /Specificity e /Specificity L /Specificity
ND 0o o = ND 0 o = ND 0o o =
LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivil LT-EV  TPR/Sensitivii
UGT2B7 A oy CES1 5 y CES2 /e il
D ND 100% D ND 100% D ND 100%
D 11 O TNR/Specifici D 11 OTNR ifici D 11 O TNR/Specifici
L-HMG /s Ay L-HMG /Specificity L-HMG /s Aty
ND 0 o = ND 0 o = ND 0o o =
MAFLD drug targets
S e LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivil
A LT-EV  TPR/Sensitivity = /Se ity e /Se ity
D ND 100% D ND 100% D ND 100%
pecifici D 11 OTNR ifici D 11 O TNR/Specifici
L-HMG 2L N I ey (e /Specificlty | ume SpECaty
ND 0o o = ND 0 o - ND 0 o =
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GLP1R /e y HSD17B13 /Se y KHK /e Y
D ND 100% D ND 100% D ND 100%
D 11 O TNR/Specificity D 11 O TNR/Specificity D 11 0 TNR/Specificity
L-HMG L-HMG L-HMG
ND 0 o = ND 0 o = ND 0o o =
LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivi LT-EV  TPR/Sensitivi
LOXL2 R/fSe 4 LGALS3 RfSe i MAP3K5 R/ ty
D ND = D ND 82% D ND 100%
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Figure 5.3 Confusion matrices for detection of protein targets in paired liver tissue (homogenate (L-
HMG) and liver tissue EVs (LT-EV).
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Concordance between DME protein abundance in liver tissue homogenate and
EVs

The potential utility of EV derived markers to define between subject variability in DME
abundance is dependent on the concordance between the absolute abundance of DME proteins in
L-HMG and LT-EVs. Moderate to strong correlations were observed for 13 of the 14 DME proteins
assessed. Pearson coefficient (r) values describing the association between the absolute protein
abundance in L-HMG and LT-EV for these DMEs ranged from 0.595 to 0.962 (Table 5.6). Although
CYP3A5 was quantified in L-HMG and LT-EVs, only 2 of the 11 subjects were CYP3A5 expressors
and as such this target was excluded from the quantitative correlation analysis.

Table 5.6 Correlation of drug metabolising enzymes absolute abundance in liver homogenate and liver

tissue EVs.
ns: not significant, p-value <0.05 (*), <0.01 (**), <0.001 (***), <0.0001 (****).

Target Pearson r Significance
CYP2B6 0.962 i
CYP3A4 0.912 e
CYP1A2 0.858 e
CYP2D6 0.790 **

CYP2C19 0.786 **
CYP2C8 0.760 **
CYP2C9 0.758 **

CES2 0.722 *
UGT2B4 0.713 *
UGT1A1 0.709 *
UGT1A6 0.671 *
CYP2E1 0.654 *

CES1 0.595 *
UGT2B7 0.229 ns

Nine of the 15 DMEs evaluated here (CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1 and 3A4,
and UGT1A1) are considered liver enriched with only medium to low expression in extra-hepatic
tissue (Table 5.1). DMEs evaluated here that exhibit high expression in extra-hepatic tissue were
CES 1 and 2, both of which exhibit high expression in the intestine and lung, and UGTs 1A6, 2B4
and 2B7, each of which exhibit high extra-hepatic expression in the kidneys and either medium or

high expression in the intestine. Weaker correlations between the absolute protein abundance in LT-

157



EV and L-HMG for proteins that exhibit high extra-hepatic expression, particularly UGT2B7 (r =
0.229), is attributed to the presence of these proteins in extra-hepatic EVs isolated from the liver
tissue; noting that prior analyses have demonstrated that extra-hepatic EVs account for ~50% of

EVs detected in this tissue (Useckaite et al., 2023).

Relationship between the correlation of protein abundances in liver tissue
homogenate and EV and the extent of extra-hepatic protein expression.

While liver tissue represents an enriched source of liver derived EVs, this source still contains
a significant pool of EVs originating from other tissues. PK studies have demonstrated accumulation
of both endogenous and exogenous EVs in the liver (Tamasi et al., 2023, Zhang et al., 2020a), while
our previous analysis of the hepatic EV proteome demonstrated that ~50% of EVs in the liver
originate from distant organs including the brain and intestine (Useckaite et al., 2023). As EVs
account for a minor proportion (<1 %) of total protein in liver tissue, the abundance of protein targets
in L-HMG will be negligibly influenced by the presence of protein originating from extra-hepatic EVs.
For protein targets that exhibit high extra-hepatic expression, the proportion of extra-hepatic EV
derived protein relative to liver-specific EV protein in the LT-EV fraction (~50%) may be significant.
As such, the observed abundance of protein targets with high extra-hepatic expression in LT-EV,
but not L-HMG, will be impacted by the contribution of vesicles originating in other organs such as
intestine, lung or kidneys, thereby weakening the correlation of the protein abundances between L-
HMG and LT-EV. To address this phenomenon, we explored the relationship between the correlation

of protein abundance in L-HMG and LT-EV and the extent of extra-hepatic expression.

The 22 protein targets detected in all LT-EV samples were classified into three groups based
on tissue enrichment reported in the Human Protein Atlas. Group 1 contained tissue specific or
enriched proteins with high hepatic expression, Group 2 contained proteins with enrichment in liver
as well as 1-2 other tissues, and Group 3 contained proteins that are enriched in non-hepatic tissues
or expressed ubiquitously. All Group 1 proteins were strongly positively correlated with Pearson r
values ranging from 0.654 to 0.962. Four out of seven Group 2 proteins also exhibited moderate

positive correlations with r values between 0.595 and 0.722, while all Group 3 proteins had weak or
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no correlation with r values < 0.351 (Table 5.7, Figure 5.4). The association between hepatic
expression grouping and correlation was assessed by one-way ANOVA with Tukey multiple
comparison test which found significantly higher mean Pearson r in Group 1 compared to Groups 2
and 3 (p = 0.0135 and p = 0.0002, respectively).

Table 5.7 Impact of extra-hepatic protein expression on correlation of protein targets in liver

homogenate with liver tissue EVs.
ns: not significant, p-value <0.05 (*), <0.01 (**), <0.001 (***), <0.0001 (****).

Protein Group Target Pearsonr Significance

CYP2B6 0.962 b
HSD17B13 0.914 o
CYP3A4 0.912 b

CYP1A2 0.858 o

Group 1 CYP2D6 0.790 **
CYP2C19 0.786 **

CYP2C8 0.760 **

CYP2C9 0.758 **

UGT1A1 0.709 *

CYP2E1 0.654 *

CES2 0.722 *

uGT2B4 0.713 *

UGT1A6 0.671 *

Group 2 CES1 0.595 *
uGT2B7 0.229 ns

DGAT2 -0.048 ns

KHK -0.259 ns

ACACA 0.351 ns

FASN 0.265 ns

Group 3 AOC3 0.084 ns
MAP3K5 -0.134 ns

GLP1R -0.454 ns
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Figure 5.4 Correlation of protein expression (log units) in

homogenate (L-HMG).
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Concordance of correlated protein pairs in liver tissue homogenate and EVs

To evaluate the extent to which EV derived proteins represented the overall profile of the
tissue, correlation matrices were generated containing the protein targets that exhibited significant
correlations between matched L-HMG and LT-EVs in the previous section (Figure 5.5A & B). In liver
tissue, 84 % of proteins were positively correlated, at least to a weak extent (r > 0.2), of which 59 %
were at least moderately correlated with an r > 0.5. A distinct pattern of expression in respective LT-
EVs was observed with only 68 % of targets exhibiting positive correlations, of which 44 % had r >
0.5. Correlation (Pearson r) of protein target pairs in L-HMG was plotted against that in LT-EVs
(Figure 5.5C, Table 5.8) and were predominantly located in the top right quadrant, indicating positive
correlation in both L-HMG and LT-EV. Forty-four per cent of pairs were concordant in tissue and
EVs, having either the same classification of strength and direction of correlation in tissue and EVs
(e.g. strong, moderate or weak in both) or Pearson r differing by less than 20%. These points are

shown in blue in Table 5.8 and Figure 5.5C and track closely along the line of identity.
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Figure 5.5 Concordance of co-expressed protein targets in paired EVs and tissue.

Correlation matrices for proteins targets in (A) liver homogenate (L-HMG) and (B) liver tissue EVs (LT-EV). (C) Concordance of protein target pairs plotted in
L-HMG against LT-EV. Grid lines mark thresholds for the correlation classifications: no (-0.2 < r < 0.2), weak (-0.5 <r <-0.2; 0.2 < r < 0.5), moderate (-0.8 <
r <-0.5; 0.5 <r<0.8)and strong (-1.0 < r < -0.8; 0.8 < r < 1.0). Points labelled in blue exhibited concordance of protein correlation in tissue and EVs.
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Table 5.8 Concordance of Pearson r between liver homogenate (L-HMG) and matched liver tissue EVs
(LT-EV) for pairs of protein targets.

Blue font denotes concordance of protein correlation in tissue and EVs (r <20% different or matching
classification).

Protein target pair Pearson r L-HMG Pearson r LT-EV % difference Classification
CES2-CES1 0.928 0.867 -7% strong-strong
HSD17B13-CYPC9 0.681 0.801 18% moderate-strong
CYP2C8-CYP2C9 0.823 0.787 -4% strong-moderate
UGT2B4-CYP2C9 0.756 0.768 2% moderate-moderate
CYP2B6-CYP2C9 0.555 0.761 37% moderate-moderate
CES2-CYP2C19 0.791 0.726 -8% moderate-moderate
CYP1A2-CYP2E1 0.727 0.717 -1% moderate-moderate
CES2-CYP2C8 0.692 0.715 3% moderate-moderate
UGT2B4-UGT1A6 0.597 0.698 17% moderate-moderate
CES1-HSD17B13 0.468 0.683 46% weak-moderate
CES2-CYP2C9 0.812 0.680 -16% strong-moderate
UGT2B4-CYP2B6 0.276 0.675 144% weak-moderate
CYP2B6-CYP2C8 0.331 0.660 99% weak-moderate
CES1-CYP2C8 0.839 0.656 -22% strong-moderate
CES2-HSD17B13 0.398 0.655 65% weak-moderate
HSD17B13-CYPCS8 0.563 0.642 14% moderate-moderate
CES1-CYP2C9 0.859 0.629 -27% strong-moderate
CES2-CYP2E1 0.696 0.604 -13% moderate-moderate
CYP1A2-UGT1A1 0.530 0.595 12% moderate-moderate
CYP3A4-CYP2C8 0.812 0.585 -28% strong-moderate
UGT2B4-CYP2C8 0.621 0.563 -9% moderate-moderate
CES1-CYP2C19 0.752 0.557 -26% moderate-moderate
CES1-CYP2D6 0.508 0.551 8% moderate-moderate
CES2-CYP1A2 0.722 0.549 -24% moderate-moderate
UGT2B4-HSD17B13 0.605 0.547 -10% moderate-moderate
UGT2B4-CES1 0.719 0.536 -25% moderate-moderate
HSD17B13-CYPC19 0.386 0.516 33% weak-moderate
HSD17B13-CYP2D6 0.270 0.477 76% weak-weak
UGT1A6-CES1 0.565 0.451 -20% moderate-weak
CYP2D6-CYP2C9 0.383 0.451 18% weak-weak
CYP2C19-CYP2C8 0.682 0.444 -35% moderate-weak
CES2-CYP2D6 0.469 0.442 -6% moderate-moderate
CYP2B6-CYP3A4 0.303 0.431 42% weak-weak
CES2-UGT2B4 0.684 0.417 -39% moderate-weak
CYP2B6-HSD17B13 0.450 0.405 -10% weak-weak
CES1-CYP2B6 0.176 0.404 130% no-weak
CYP2C19-CYP2C9 0.542 0.402 -26% moderate-weak
CYP3A4-UGT1A1 0.498 0.401 -19% weak-weak
CYP1A2-CYP2C19 0.564 0.400 -29% moderate-weak
UGT1A6-CYP2C19 0.740 0.397 -46% moderate-weak
CYP3A4-CYP2C9 0.760 0.397 -48% moderate-weak
UGT2B4-CYP3A4 0.480 0.395 -18% weak-weak
CES1-CYP1A2 0.510 0.351 -31% moderate-weak
CES1-CYP2E1 0.600 0.344 -43% moderate-weak
UGT1A6-CYP2C9 0.311 0.338 9% weak-weak
UGT1A6-CYP1A2 0.584 0.338 -42% moderate-weak
UGT2B4-CYP2D6 0.479 0.331 -31% weak-weak
CYP2C8-CYP2E1 0.343 0.329 -4% weak-weak
UGT1A6-HSD17B13 0.132 0.324 145% no-weak
CYP2C9-CYP2E1 0.305 0.321 5% weak-weak
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CYP2C19-CYP2E1 0.516 0.317 -39% moderate-weak

CES2-CYP2B6 0.044 0.312 610% no-weak
CYP1A2-CYP2C9 0.457 0.309 -32% weak-weak
UGT2B4-CYP2C19 0.606 0.306 -49% moderate-weak
CYP2B6-CYP2D6 -0.024 0.277 -1263% no-weak
CYP2B6-CYP2E1 -0.267 0.254 -195% weak(-)-weak(+)
CYP1A2-CYP2D6 0.414 0.238 -42% weak-weak
UGT2B4-CYP1A2 0.377 0.232 -39% weak-weak
UGT1A6-CYP2D6 0.338 0.229 -32% weak-weak
CES2-UGT1A6 0.639 0.217 -66% moderate-no
CYP3A4-CYP2C19 0.615 0.211 -66% moderate-weak
CYP2B6-CYP1A2 -0.062 0.205 -433% no-weak
UGT2B4-CYP2E1 0.239 0.197 -18% weak-no
UGT1A6-CYP2B6 -0.203 0.180 -189% weak-no
CYP2D6-CYP2C19 0.577 0.172 -70% moderate-no
CES2-CYP3A4 0.693 0.153 -78% moderate-no
CYP1A2-CYP2C8 0.275 0.152 -45% weak-no
UGT1A1-CYP2E1 0.586 0.135 T7% moderate-no
CYP2B6-UGT1A1 -0.189 0.122 -165% no-no
CYP2D6-CYP2C8 0.430 0.119 -72% weak-no
CYP3A4-CYP2E1 0.523 0.107 -80% moderate-no
CES2-UGT1A1 0.358 0.089 -75% weak-no
CYP2D6-UGT1A1 0.371 0.089 -76% weak-no
UGT1A6-CYP2C8 0.378 0.076 -80% weak-no
HSD17B13-CYP1A2 0.000 0.072 -181085% no-no
CYP2C8-UGT1A1 0.507 0.058 -89% moderate-no
CYP2C19-UGT1A1 0.634 0.058 -91% moderate-no
CES1-CYP3A4 0.756 0.057 -92% moderate-no
UGT1A6-UGT1A1 0.583 0.042 -93% moderate-no
CYP3A4-CYP1A2 0.410 0.037 -91% weak-no
UGT1A6-CYP3A4 0.318 0.024 -92% weak-no
UGT1A6-CYP2E1 0.603 0.016 -97% moderate-no
CES1-UGT1A1 0.372 -0.007 -102% weak-no
CYP2D6-CYP2E1 0.277 -0.008 -103% weak-no
HSD17B13-CYP2E1 -0.359 -0.010 -97% weak-no
HSD17B13-CYP3A4 0.246 -0.014 -106% weak-no
UGT2B4-UGT1A1 0.136 -0.049 -136% no-no
CYP2C9-UGT1A1 0.154 -0.060 -139% no-no
CYP3A4-CYP2D6 0.189 -0.097 -151% no-no
CYP2B6-CYPC19 -0.246 -0.182 -26% weak-no
HSD17B13-UGT1A1 -0.153 -0.295 93% no-weak

Characterisation of EVs isolated from liver tissue

To ensure the robustness of the data, EVs isolated from the liver tissue were characterised
in accordance with the MISEV guidelines (Welsh et al., 2024). In contrast to the method used here,
previously reported protocols for the isolation of tissue EVs involve a mechanical approach to
dissociating the tissue, such as mincing; however, this results in cell lysis and release of intracellular

materials (Crescitelli et al., 2021). To minimise this type of contamination and facilitate the
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assessment of EV-derived content, here a gentle method was employed to enzymatically dissociate
the extracellular contents and release EVs trapped in the tissue, followed by a size exclusion

chromatography based separation for further purification.

Sections of liver tissue were imaged by TEM to visualise the cellular architecture and
presence of vesicles. The particles exhibited typical size, morphology and staining consistent with
lipid bilayers and can be observed in the extracellular space between intact hepatic cells (Figure
5.6). LT-EV isolates (n=11) were assessed for yield and expression of characteristic protein markers.
Particle count, reported here as the mean total yield (+ SD) from a 500 pL concentrated pool of EVs
isolated from 0.2 g of tissue, was 2.66 x 10'? (+ 1.54 x 10"?) particles and mean size was 83.4 (+
17.0) nm (Figures 5.7A & B). Mean (+ SD) total protein yield from paired L-HMG and LT-EV was
29.0 (+ 5.8) mg and 1.6 (x 0.4) mg per 0.2 g tissue, respectively and the particle to protein ratio
calculated for LT-EV was between 3.24 x 10" and 1.88 x 10" particles/ug protein (Figures 5.7C &

D).

Figure 5.6 Transmission electron microscopy (TEM) image of liver tissue section.
EVs in extracellular space labelled by size. Magnification 1200 x and 9300 x.
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The abundance of EV (CD9, CD81, TSG101, CANX), hepatocyte-specific (ASGR1) and co-
isolated matrix (albumin) markers is reported per 100 ug of protein from L-HMG and LT-EV. Absolute
quantification of EV markers was performed using our previously validated quantitative LC-MS/MS
method (Newman et al., 2022c). EVs isolated from tissue were significantly enriched in the
membrane markers, CD81 and CD9, the hepatocyte-specific surface marker ASGR1, as well as
cytosolic protein TSG101 and endoplasmic reticulum marker CANX (Figure 5.7E-I). It is noted that
CANX has been previously used to indicate the presence of intracellular organelle material arising
from non-vesicular or non-endolysosomal pathways; however, there is still no universally accepted
negative marker of EVs (Welsh et al., 2024). A population of vesicles expressing CANX are plausibly
released by hepatic cells, as we have detected typically ER-derived proteins such as CYP450s in
circulating EVs (Rodrigues et al., 2021). We also previously observed tissue-related differences in
EV marker abundance, reporting higher expression of CANX in tissue EVs from liver compared to
those from intestine (Useckaite et al., 2023). Albumin levels were measured as an indication of
soluble protein co-isolating with EVs. Albumin was highly abundant in liver tissue but was

significantly depleted in matched EV isolates (Figure 5.7J).
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Figure 5.7 Characterisation of EVs isolated from liver tissue.

A) Size distribution (nm) of particles against mean particle yield in a 500 yL concentrated EV isolate from 0.2
g tissue. B) Mean particle size of EV isolates. C) Total protein yield D) Particle to protein ratio in EV isolates.
(E-J) Concentration of EV and contaminant markers in liver tissue homogenate (L-HMG) and liver tissue EVs
(LT-EV), analysed by liquid chromatography mass spectrometry. Data reported as mean + SD and statistical
testing by paired t-tests. ** p<0.01, *** p<0.001, **** p<0.0001.
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Discussion

To the best of our knowledge, this study represents the first quantitative comparison of
protein abundances in paired liver tissue and tissue derived EVs. In our prior work, the application
of mass spectrometry for total proteome analysis revealed the capacity for liver derived EVs to
broadly reflect the protein expression in the originating tissue (Useckaite et al., 2023). Here, we used
targeted LC-MS/MS based proteomic assays to quantify the absolute abundance of 29 proteins
involved in the interactions of drugs with the liver. These analyses were performed to establish the
fundamental capacity of liver derived EVs to (i) define between subject variability in DME protein

abundance, and (ii) track within subject changes in the abundance of MAFLD drug targets.

Addressing the primary objective of the current study, DMEs and MAFLD drug target proteins
were readily detected in EVs from liver tissue. The majority of CYP and UGT enzymes exhibited
robust correlation with tissue expression (r > 0.6). In contrast, several MAFLD drug targets lacked
significant correlation. In line with the described impact of extra-hepatic expression of targets in this
study, a notable exception was 17-beta hydroxysteroid dehydrogenase 13 (HSD17B13), for which a
strong significant correlation was observed between EVs and tissue (r = 0.914). This liver-enriched
enzyme associates with lipid droplets and plays a key role in lipid metabolism. Recently identified
genetic variants linking loss-of-function to protection against disease progression have prompted the
investigation of hepatic HSD17B13 downregulation as a novel therapeutic strategy for MAFLD

(Lindén and Romeo, 2023).

We explored the capacity for EVs to represent the overall profile of the targets of interest
based on the concordance of correlations in tissue and matched EVs. Whilst the expression profile
in tissue may be more influenced by total protein abundance, the co-ordinated expression of proteins
in the EVs may be affected both by differential sorting and the relative abundance of extra-hepatic
EVs in the tissue. Indeed, we found less than half of the proteins with concordant expression in tissue

had this relationship represented by the EVs.

EVs are released from all cells into the extracellular milieu and display functional activities in

the local tissue environment, while a proportion will enter the bloodstream and act at distal sites
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(Crewe and Scherer, 2022). Considering the role of EVs as intercellular messengers, the differential
packaging of certain classes of proteins will impact recipient cell physiology both locally and
systemically. While molecular cargo present in the cytosol or plasma membrane may be
indiscriminately incorporated into vesicles during biogenesis, additionally there are various regulated
sorting mechanisms that are generally not well understood (Mathivanan et al., 2021). Hepatic cells
contribute to the total population of EVs in the blood under normal physiological conditions and
several members of CYP and UGT families have been identified as cargo at both mRNA and protein
level (Rodrigues et al., 2022, Rodrigues et al., 2021, Rowland et al., 2019). Moreover, the activity of
these enzymes is retained and contributes to extrahepatic metabolism. In this regard, the enrichment
of DMEs in liver derived EVs and close relationship with hepatic expression described here, have
possible physiological significance. We examined a range of DME proteins responsible for metabolic
clearance of xenobiotics, which is performed primarily in the liver. Other tissues that express DMEs
at lower levels contribute less to systemic metabolic clearance and rather have a more profound
effect on local tissue exposure. Since hepatic expression of CYPs and UGTs can be regulated by
levels of their substrates and various other environmental triggers, the transfer of hepatic EVs
containing these enzymes in representative abundance may mediate an appropriate modulation of
biotransformation in extra-hepatic sites (Gerth et al., 2019, Kumar et al., 2017). Indeed, our previous
studies showed that changes in CYP3A4 content of circulating EVs that were specifically enriched
for hepatic origin using hepatocyte marker ASGR1, can be used to predict individual exposure to
midazolam and other victim substrates in the context of both strong (rifampicin) and weaker

(modafinil) inducers (Rodrigues et al., 2022, Rodrigues et al., 2021).

In contrast to the relationship between EV and tissue expression for DMEs, limited correlation
was observed in the set of MAFLD drug target proteins. We selected proteins representing the
various therapeutic approaches (e.g. targeting lipogenesis and insulin resistance, inflammation and
fibrosis) for which investigational compounds have completed or testing is ongoing in phase 2/3
clinical trials (Dufour et al., 2022). Some of these have failed to meet efficacy endpoints, a persistent
feature of the MAFLD therapeutic landscape, as a pharmacological treatment is yet to be approved

for the condition. The paucity of non-invasive biomarkers to accurately measure efficacy of
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treatments over the course of clinical development is recognised as a key challenge for compound
prioritisation and managing the impact of disease heterogeneity within patient cohorts (Ratziu and
Friedman, 2020). A substantial body of evidence suggests that molecular information found in EVs
such as non-coding RNA, proteins and lipids have diagnostic and prognostic value for MAFLD and
are being actively explored as biomarkers (Newman et al., 2022a). A limitation of this study was the
use of liver tissue samples obtained from generally healthy individuals. The abundance profile of EV
proteins likely differs in disease and selective export of proteins and other cargo via EVs has been
observed from steatotic hepatocytes (Mleczko et al., 2022) and activated hepatic stellate cells (Li et
al., 2020). We also previously found an increase in the fraction of miRNA-122 encapsulated in liver
derived plasma EVs relative to total circulating levels in steatohepatitis patients compared to controls
(Newman et al., 2022b). Further to understanding disease-related differences in protein packaging,
accounting for the potential impact of drug treatment will be imperative to the application of EVs as

markers of response.

Using TEM imaging, we identified intact cells and the presence of EVs in the extracellular
space in the liver tissue samples. These EVs were recovered using a gentle tissue dissociation
method to limit the risk of contamination with intracellular material. EV samples were also
characterised in accordance with MISEV (Welsh et al., 2024), evaluating size profile and abundance
of typical EV markers using a previously validated targeted assay (REF). SEC was used to further
purify EVs from other components in the enzymatically treated tissue-conditioned media and we
pooled SEC fractions containing EV markers. Though albumin concentration was significantly
depleted relative to starting tissue, we cannot fully exclude the recovery of other soluble and non-EV

proteins.

In summary, this study provides fundamental evidence for the relationship between protein
abundance in liver tissue and liver derived EVs for proteins with key roles in normal liver function
and metabolic disease. Our results shed light on the differential packaging of drug metabolising
enzymes and drug targets for MAFLD, which may be linked to the function of hepatic EVs in normal
physiological contexts. Future studies to elucidate the mechanisms of protein packaging in health

and disease will help to inform appropriate selection of EV biomarkers for specific purposes. The
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possibility to track both variability in drug exposure and the efficacy of pharmacologic interventions
in vivo using a minimally invasive EV liquid biopsy promises to enhance not just the development of

novel therapies for MAFLD, but precision medicine strategies more broadly.
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CHAPTER 6
EXPLORING THE FEASIBILITY OF EV LIQUID BIOPSY
FOR MAFLD DRUG TARGETS

Context in Thesis

This thesis has so far presented the development of methodology and results that underpin
a framework for utilising circulating EVs in biomarker analysis. The focus has been on addressing
methodological and fundamental biology challenges and opportunities associated with applying this
framework to human biospecimens in the context of clinical trials for MAFLD. The preceding chapter
showcased the capability to quantify proteins in liver tissue derived EVs (LT-EVs), which may serve
as valuable pharmacodynamic or target engagement markers. This finding supports the potential to
predict and monitor treatment response in patients based on the abundance of these proteins in
circulating EVs. To this end, the primary aim of the following chapter was to evaluate the feasibility
of quantifying MAFLD drug target proteins in circulating global EVs and liver enriched plasma EVs,

employing targeted proteomic assays previously developed for LT-EV.

The successful implementation of EV biomarkers in clinical settings will require longitudinal
assessments, which underscores the necessity for reproducible EV isolation methods. A key
challenge in EV research for biomarker development, however, is reproducibility of results between
studies due to inconsistency of isolation methods. Even when the same technology is employed,
variability between batches and manufacturers or changes in access to identical products can hinder
this consistency. Since a new generation SEC column was introduced from an alternative supplier,
the work here also describes the reoptimisation of the SEC protocol. Data obtained is compared with
previous findings from this thesis to evaluate the relative performance. The work underscores the
challenges associated with the reliance on manufacturers when using commercially available tools
for EV isolation. Application of the new protocol to a population of MAFLD patients and healthy
controls revealed differences in the global and liver derived circulating EV populations that were not

observed using the previous protocol in Chapter 4. The potential variations in EV subpopulations
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and the extent and profile of contaminants isolated by different SEC columns highlight the difficulty

of comparing results across studies without standardised EV isolation protocols.

Introduction

It was demonstrated in the results of the previous chapter that EVs derived from liver tissue
harbour key protein cargo associated with drug metabolism and targets for drugs involved in
investigational treatments for MAFLD. The robust correlations observed for liver-enriched drug
metabolising enzymes between liver tissue EVs and paired total tissue, underpin the potential to
define between-subject variability in drug exposure using EVs. Indeed, the capacity to predict
exposure to medications metabolised by CYP enzymes has been previously demonstrated in
previous work using ASGR1+ IP of plasma EVs to quantify protein abundance (Rodrigues et al.,
2022, Rodrigues et al., 2021, Qiu et al., 2023). Metabolic drug interactions could be accurately
characterised since the changes in CYP abundance in the presence of CYP inducing agents were
commensurate to the known strength of the inducer. While factors affecting the pharmacokinetics of
a drug can be elucidated using an EV liquid biopsy, this approach has not been demonstrated for

characterising the pharmacodynamic profile.

Based on those studies (Rodrigues et al., 2022, Rodrigues et al., 2021, Qiu et al., 2023), as
well as data reported in this thesis (Chapter 4, (Newman et al., 2022b)), approximately 10% of EVs
isolated from plasma by SEC, on average, are captured by ASGR1 IP, but this can vary considerably
between subjects reflecting differences in EV release from the liver. Given that only a minor
proportion of circulating vesicles are of interest to the analysis, robust quantification is dependent on
the high sensitivity of the LC-MS method and efficient recovery of the target EV subpopulations.
While LC-MS has demonstrated sufficient sensitivity for quantifying liver derived protein cargo such
as CYP and UGT enzymes at the concentrations found in ASGR1+ EVs in the blood (Rodrigues et
al., 2021), the implementation of this workflow for quantifying an expanded repertoire of target
proteins is dependent on the comprehensive optimisation of the LC-MS method used to detect

surrogate peptides as well as the performance of the EV isolation method.

173



SEC is one of the most commonly used methods for isolating EVs from plasma and its
popularity has increased significantly in recent years (Royo et al., 2020). Although still second in
frequency to ultracentrifugation overall, SEC is the top choice for studies on EV diagnostics and
characterisation (Williams et al., 2023), owing to its relatively efficient removal of contaminant
proteins and gentle nature of the procedure that recovers vesicles intact and avoids the physical
disruption or aggregation induced by high speed centrifugation (Monguio-Tortajada et al., 2019). The
challenge of separating EVs from other components in plasma based on size exclusion is presented
by the predominating abundance of non-vesicular particles with overlapping size ranges. In
particular, very low density lipoproteins (VLDLs) and chylomicrons, with respective size ranges of
30-80 nm and 75-1200 nm, cannot be excluded using SEC. High density lipoproteins (HDLs, <20
nm) are typically removed and, while low density lipoproteins (LDLs) are also smaller than most EVs,
at 20-30 nm, their far greater numbers tend to result in partial co-elution (Figure 6.1) (Liangsupree

et al., 2021).
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Figure 6.1 Overlapping density and size ranges of extracellular particle subtypes.

HDL: high density lipoprotein; LDL: low density lipoprotein; IDL: intermediate density
lipoprotein; VLDL: very low density lipoprotein. Figure adapted from Liangsupree et al., 2021.
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Moreover, the size based separation alone cannot distinguish EV subpopulations. Using the
basic definition of EV subtype size ranges, SEC columns are designed to recover a diverse mixture
enriched for exosomes (30-150 nm) and small microvesicles (<200 nm) as well as some exomeres,
a class of extracellular particle with a lipid monolayer, typically <560 nm in size (Wang et al., 2023).
The heterogeneity in size, among several other biophysical properties, influences the composition
of molecular cargo likely to be found in the isolated populations, since the loading of cargo may be
restricted in smaller vesicles or influenced by packaging mechanisms through different intracellular
biogenesis pathways (Chevillet et al., 2014, Kaddour et al., 2021). Indeed when EVs are separated
by floatation on iodixanol or sucrose gradients, certain molecules may be relatively enriched in EVs
of higher or lower density (Kowal et al., 2016). Thus, in addition to the differing levels of
contaminating non-EV particles, each isolation method may be inherently biased towards capturing
populations of EVs with certain biophysical properties, impacting downstream analysis of molecular

components.

There are many commercially available premade SEC columns as well as chromatography
resins for in-house column preparation, which introduces significant diversity in the characteristics
of the SEC materials and the opportunity to optimise protocols for intended applications. As reported
in studies comparing the performance of different columns and resins, the dimensions of the column
and properties of the stationary phase, including the pore size, bead size and extent of cross-linking,
determines the exclusion limit and elution rate and impacts the recovery and resolution of EVs from
contaminants (Contreras et al., 2023, Lane et al., 2019, Benayas et al., 2023). Further, EV recovery
and reproducibility of separation may be impacted by adsorptive interactions of the column surface
material with EVs or matrix effects introduced by the composition and viscosity of the plasma (Fekete

et al., 2022, Monguio-Tortajada et al., 2019).

The work reported so far in this thesis, employed the iZon qEV Original (Legacy) SEC
columns, principally with the 70 nm resin. Though in Chapter 2, the EV marker profile was also
compared to the 35 nm resin and demonstrated that this lower exclusion limit enhanced recovery of
typical EV proteins with the trade-off for less efficient removal of soluble protein. Unfortunately, with

the discontinuation of the gEV columns, a different product had to be selected from an alternative
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manufacturer (STEMCELL TECHNOLOGIES) for subsequent EV isolations. Considering the
potential impact of the different column on the recovery of EVs containing the markers of interest,
the collection of EV-containing fractions was reoptimised and the characteristics of EV isolates

compared to that previously observed using qEV columns.

The previous results chapter of this thesis provided the methodology and evidence for the
capacity to quantify potential markers of target engagement for MAFLD in EVs from liver tissue. With
the envisioned next step of translating this to a liver specific EV liquid biopsy in clinical samples, the
aim of this exploratory analysis was to evaluate the feasibility of quantifying the protein targets in
plasma EVs using the newly optimised SEC method followed by ASGR1 immunoprecipitation to
selectively isolate the circulating liver derived EV subpopulation. The sensitivity of the SEC protocol

to differences in the circulating EV profile between MAFLD patients and controls is also evaluated.

Methods

Blood samples

Male and female patients (n=18) aged 18 years or over presenting to Flinders Medical Centre
with a clinical diagnosis of MAFLD were enrolled into the study. Consistent with emerging consensus
in the field that recognises the interplay of alcohol consumption with metabolic determinants, the
study did not exclude patients based on alcohol consumption and two patients self-reported alcohol
use above limits for ‘significant’ consumption. Patients under 18 years of age, with diagnosed viral
disease, post-transplantation or with cognitive impairment were excluded from the study. The study
protocol was approved by the Southern Adelaide Clinical Human Research Ethics Committee

(SAHREC 30.22).

Males and females (n=16) aged between 18 and 65 years were recruited as control subjects
matched to patients by age and sex. Participants were generally healthy at screening with a BMI
between 18 and 29 kg/m?, no history of liver disease and no recent (< 3 weeks) or current infections.
Controls were enrolled in the study in accordance with the protocol approved by SAHREC (261.18).

Written informed consent was obtained from all participants prior to enrolment.
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Plasma Collection

Venous blood was collected using a 21-gauge needle into KsEDTA plasma Vacuette (Greiner
Bio-one, Frickenhausen, Germany) and processed within an hour of collection. Samples were
centrifuged in two cycles of 15 minutes at 2500 g at room temperature and plasma was aliquoted

and stored at -80°C.

Isolation of Extracellular Vesicles

Size exclusion chromatography

Global EVs were isolated from plasma using 2mL size exclusion chromatography columns
(STEMCELL Technologies). Columns were equilibrated to room temperature and flushed with 20
mL of 0.2 um filtered phosphate buffered saline (PBS). The sample reservoir was loaded with 1 mL
plasma and eluate was collected from the column in 0.5 mL volumes. As the sample passed through
the top filter into the gel matrix, the reservoir was topped up with up to 2 mL PBS at a time, ensuring
the filter did not run dry. The first 5 fractions (2.5 mL) were discarded and the following 6 fractions (3
mL) containing EVs were collected and pooled. Pooled EV isolates were concentrated using Amicon
Ultra-4 centrifugal filters (Merck Millipore). Dilute EV fractions were added to the reservoir of pre-
conditioned filter units and centrifuged for 30-45 min at 4000 g at 10°C. Final volume of concentrated

EV samples was 200 uL in PBS.

Liver Specific Inmunoprecipitation
Plasma EVs were enriched for hepatocyte origin based on surface expression of ASGR1

using our previously reported protocol (Rodrigues et al., 2021, Rodrigues et al., 2022, Newman et
al., 2022b). Dynabeads M280 streptavidin magnetic beads (1 mg) (Thermo Fisher Scientific) were
pre-washed with PBS and conjugated to 5ug of biotinylated anti-ASGR1 antibody (Sapphire
Bioscience, Cat# LS-C430149, 0.5 mg/mL) by incubation at room temperature for 30 minutes with
gentle agitation. Antibody-conjugated beads were separated using a DynaMag-2 magnet (Thermo
Fisher Scientific), washed with 0.1 % bovine serum albumin in PBS and resuspended in 100 pL of
0.2 uM filtered PBS. Half of the concentrated volume of EVs prepared by SEC was added to the
beads and incubated for 24 hours at 4°C on a rotating mixer. Beads with bound immunocomplex

were separated from solution using the magnet, washed and resuspended in PBS.
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Transmission Electron Microscopy

Samples were prepared adapting a previously published protocol, with some modification
(Newman et al., 2021). Briefly, Ted-Pella B 300M carbon-coated grids (Ted-Pella, Redding, CA,
USA) were cleaned and hydrophilized using plasma glow discharge for 45 s (Quorum GloQube plus
glow discharge system, Quorum Technologies, UK) prior to use. Two pL of EV sample was diluted
up to 10 pL of 0.2-um-filtered PBS and was placed on carbon-coated grids for 4 min. Carbon grids
were washed once (15 s) at room temperature (RT) with 0.2 um filtered PBS and were contrasted
with 2% uranyl acetate (2 min, RT), washed once, and examined by FEI TECNAI Spirit G2 TEM
(Thermo Fisher Scientific, Waltham, MA, USA) operated at 100 kV. TEM images were acquired at

30,000 x and 68,000 x.

Nanoparticle Tracking Analysis

Particle analysis was performed to determine abundance and size distribution of plasma EV
samples, using a NanoSight Ns300 (Malvern Panalytical, UK, software v.3.4). EVs were diluted
1:1000 with 0.2 uM filtered PBS and analysed in five 60 second videos with a continuous flow, with
syringe pump speed of 100. Camera level 13 was used for capture and detection threshold 5 was

used for data analysis.

Targeted Proteomics

Targeted proteomics using LC-MRM-MS was performed as described in the primary methods
section of this chapter with few modifications. Total protein from 100 uL each of global EVs and
immunoprecipitated EVs were prepared for trypsin digest. SIL peptides were spiked into digested
protein samples at final concentration of ALB at 2 nM, CD9 at 0.4 nM, CD81, CANX and TSG101
each at 0.4 nM and MAFLD drug targets each at 1 nM, except ASGR1 at 2.5 nM. Where indicated,
100 uL of supernatant from protein digests containing SIL peptides were lyophilised for 2 hr and
reconstituted in 25 pL of 25 % acetonitrile in water. The MRM method described in Chapter 2 was
used to measure EV markers and contaminants. MAFLD drug targets were assayed in a separate
MRM method using the same gradient elution conditions described in the primary methods section
of this chapter. Considering the expected lower abundance in plasma EVs, to increase sensitivity for

the targets, one quantifier and one qualifier ion transition per peptide was included for a limited
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selection of analytes that were quantifiable in liver tissue EVs (ACACA, ASGR1, AOC3, DGAT2,

FASN, GLP1R, HSD17B13, KHK and MAP3K5).

Data Analysis

MassHunter Software (v.B.09.00) was used to calculate peak areas for endogenous analytes
and ratios to spiked SIL peptides. Linearity of response was assessed by standard curves of SIL
spiked into EV matrix. Lower limit of quantification was determined by evaluating peak areas in
blanks and SIL in mobile phase over the course of the analysis and sample peaks with at least 5x
signal to noise ratio were included for quantification. Control and patient sample groups were

compared using unpaired t-tests.

Results

Reoptimisation of EV collection from size exclusion chromatography columns

While thus far the isolation of global EVs has been performed using iZon qEV columns, the
unavailability of this product necessitated the introduction of an alternative column from a different
supplier. The 0.5-2 mL capacity SEC columns from STEMCELL Technologies were obtained and
subject to a robust characterisation of the EV population isolated for the purpose of quality control
and determination of optimal EV fraction collection. EV isolation was optimised for 1 mL sample
loading and, following discard of a 2 mL void volume, 9 x 500 L fractions were individually collected

and evaluated.

Particle analysis by NTA revealed the greatest number of particles in the size range of EVs
(mean and mode size ranges between 101.8-132.7 nm and 73.6-121.6 nm, respectively) in fractions
3to 7. In these fractions there was a combined particle count of 1.22 x 10" particles and total protein
content of 444.5 ug per mL of starting plasma (Figure 6.2A). The EV marker LCMS panel was used
to confirm the presence of EVs and showed a clear elution of CD81-, CD9-, TSG101- positive
vesicles in fractions 2-7. CANX was also abundant in these EV-containing fractions, supporting the
possibility of a CANX-positive EV population (Figure 6.2B). The marker of soluble protein

contamination, albumin, was not completely separated from EV fractions, but increased sharply in
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fraction 9 (Figure 6.2C). Based on these data, the fractions 2-7 were pooled to maximise EV recovery
and minimise albumin contamination from plasma. Liver enriched markers ASGR1 and CYP3A4
were quantified in pooled fractions 2-7 and subsequent 500 L fractions 8-11 (Figure 6.2D). All
ASGR1 was recovered in fraction 2-7 as well as > 54 % of CYP3A4 signal. CYP3A4 was also
abundant in fraction 8, suggesting a possible later-eluting population of vesicles containing this

protein but devoid of the classical EV markers.
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Figure 6.2 Reoptimising STEMCELL SEC columns.

(A) Particle count and total protein content, (B) concentration of EV markers, (C) concentration of albumin in
500 uL SEC fractions (Fr) following a pooled 2 mL void volume. (D) Concentration of liver enriched markers in
pooled fractions 2-7 and subsequent 500uL non-EV fractions.
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In a separate experiment, pooled plasma was isolated in triplicate from the same column to
assess reproducibility of EV marker quantification in pooled Fr2-7. CD81, CD9 and TSG101 were
highly abundant with respective mean concentrations of 247.9, 53.4 and 22.0 fmol / mL plasma,
while CANX was bellow limit of quantification in these isolates. Significant levels of albumin was co-
isolated in each replicate isolation, 530-6000 x greater abundance than the EV markers. Each of the
quantified markers exhibited acceptable reproducibility between isolations (CV 1.8-11 %) (Table

6.1).

Table 6.1 Reproducibility of EV marker quantification in pooled fractions 2-7.
LOD — limit of detection

Concentration (fmol/mL plasma)

ALB CD81 CD9 CANX TSG101
Isolation 1 123312 220.4 53.1 <LOD 222
Isolation 2 152418 242.8 58.1 <LOD 215
Isolation 3 119771 280.5 48.9 <LOD 224
Mean 131833 2479 53.4 - 22.0
CV % 1.1% 10.0% 7.1% - 1.8%

Comparative performance of STEMCELL SEC columns
The recovery of EVs using the newly optimised STEMCELL SEC protocol was compared to

previous data obtained with qEV Legacy columns. It should be noted that a direct comparison of
columns using matched plasma samples could not be done here, and rather explore representative
differences in performance based on data from previous studies reported in this thesis. Particle
analysis by NTA was used to examine the particle concentration in EV isolates and define the size
distribution by mean and mode diameter and the 10", 50" and 90™ percentiles (Figure 6.3). Median
particle count per mL of starting plasma was 2.2 x 10" for STEMCELL and 6.38 x 10'° for gEV70
Legacy and mean particle sizes were 128.6 nm and 102.6 nm, respectively. Despite the differences
in concentration and size profile between the two SEC columns, with the new protocol isolating an
apparently greater number of particles of a larger diameter, no statistically significant differences

were recorded.
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Figure 6.3 Size exclusion chromatography column comparison.

(A) Particle concentration and size distribution profile by (B) mean, (C) mode and (D-F) 10", 50t and 90t
percentiles compared by nanoparticle tracking analysis of EVs isolated by STEMCELL and qEV70 Legacy
SEC columns.

The concentration of protein markers (CD81, CD9, TSG101, CANX, ALB and ASGR1) were
compared between the SEC columns to explore the recovery of EVs and liver specific EVs and the
extent of soluble protein contamination. Table 6.2 reports ranges observed across biological
replicates. EV markers CD81, CD9 and TSG101 appeared to be enriched in STEMCELL isolates
compared to previous observations from qEV columns. CD81 was notably up to 112 x greater in

abundance. Recognising the limitation that the same plasma samples could not be compared
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between columns, we have noted in the course of using both protocols that abundances for the
generic EV markers from STEMCELL columns are consistently much greater than that in the qEV
column isolates. CANX was detected in all the STEMCELL isolates and quantified in 75%,
meanwhile, could be detected and quantified in only one from this set of gEV70 isolates. Albumin
contamination varied more widely within replicate samples from STEMCELL columns and was also
more abundant in these isolates compared to qEV70 Legacy. As with the qEV isolates, ASGR1 was
quantifiable and represented the isolation of a hepatocyte derived population among global plasma

EVs that may be extracted using the IP protocol following STEMCELL SEC.

Table 6.2 Comparison of concentration range for EV markers in isolates from STEMCELL and qEV70
Legacy SEC columns.

Concentration range (fmol/mL plasma)

Protein marker STEMCELL (n=4) qEV70 Legacy (n = 5)
CD81 33.8-280.5 1.2-25
CD9 16.1-48.9 3.8-23.2
TSG101 0.03-21.5 1.0-15
CANX <LOD-0.14 <LOD-4.0
ALB 3976 — 123312 1466 — 16715
ASGR1 23-7.6 1.5-25

The EV morphology and size profile was also assessed in TEM images of STEMCELL EVs
and compared to the image of control group EVs isolated by qEV70 Legacy in Chapter 4. Particles
of EV shape and size were markedly more abundant in the frame for STEMCELL isolates, however,
there was some cloudiness obscuring part of the image (Figure 6.4). This could be due to co-isolated
proteins and protein aggregates in the same which typically appear as granularity in the background
of TEM. Far less of this background was observed in qEV70 Legacy image. Both of the images,
though, showed the presence of small particles < 30 nm. Particles in this size range are well below
the diffraction limit and not detectable by NTA. It is difficult to distinguish EVs from similarly sized
lipoproteins by TEM, however, since the double membrane structure of EVs precludes a diameter

less than 30 nm, these observed small particles are likely to be HDLs, LDLs, or possibly exomeres.
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Despite STEMCELL columns retaining some non-EV material in resulting isolates, the EV
marker protein profile suggested the protocol was suitable for use within the workflow described so
far in this thesis, and arguably more effective for recovering global EVs expressing typical EV

markers than gEV70 Legacy columns.

Figure 6.4 TEM images of plasma EVs from STEMCELL and qEV70 Legacy SEC columns.

Images taken at 30,000 x magnification.
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Understanding differences in plasma EV profile of MAFLD patients

MAFLD and control sample donor characteristics

Plasma samples were collected from patients with MAFLD and control subjects. The groups
were matched for age, sex and ethnicity, while BMI was significantly higher in MAFLD patients (Table
6.3). Clinical characteristics related to MAFLD diagnoses were available for the disease population
and are given in Table 6.4. Given the invasiveness of a liver biopsy, the procedure is not routinely
performed for clinical diagnosis so recent biopsy results were not available for these patients. Local
practice guidelines instead recommend the use of FibroScan and assessment by scoring systems
such as Fibrosis-4 Index (FIB-4) and NAFLD Fibrosis Score (NFS). Based on defined cut-offs for
FibroScan in MAFLD, number of patients with stage F0/1, F2, F3 and F4 were 2, 4, 4 and 8 patients,
respectively. FIB-4 and NFS scoring systems detected significant fibrosis in 1 and 4 patients,

respectively, and at least half of patients were classified indeterminant for each.

Table 6.3 Comparison of demographic characteristics of control and MAFLD groups. Data presented as mean
+ SD and groups compared by unpaired t-tests.

Characteristics Control (n=16) MAFLD (n=18) p-value
Age (years) mean + SD 53.2 (11.3) 54.9 (14.2) n.s.

Sex - % Female 62.5 50 n.s.
Ethnicity - % Caucasian 100 94.4 n.s.
BMI (kg/m2) mean + SD 23.2 (2.8) 36.4 (5.9) <0.001
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Table 6.4 Clinical characteristics of MAFLD population. Data given as mean + SD except where indicated.

Clinical characteristic MAFLD (n = 18)

FibroScan (n)

F0/1 (2-7 kPa) 2
F2 (7-10 kPa) 4
F3 (10-14 kPa) 4
F4 (>14 kPa) 8
FIB-4 (n)
no signif. fibrosis (score < 1.3) 5
signif. fibrosis (score > 3.25) 1
Indeterminant 12
NFS (n)
no signif. fibrosis (score < -1.455) 5
signif. fibrosis (score > 0.675) 4
indeterminant 9
Type 2 diabetes mellitus (n) 8
Hypertension (n) 7
Dyslipidemia (n) 6
Waist circumference (cm) 119.7 (11.7)
ALT (U/L) 62.9 (36)
AST (U/L) 45.3 (15.6)
GGT (IU/L) 104.6 (75.5)
Total bilirubin (mg/dL) 11.7 (5.7)
Triglycerides (mmol/L) 1.7 (0.5)
Cholesterol (mmol/L) 46 (1.2)
HDL (mmol/L) 1.2 (0.2)
LDL (mmol/L) 2.4(1.2)
Albumin (g/L) 39.7 (3.8)
Glucose (mmol/L) 6.5 (1.8)
HbA1c (%) 6.0 (0.8)
Platelet count (x109/L) 225.5(72.1)
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Global EV concentration and size profile
The aim of this analysis was to evaluate the application of the STEMCELL SEC isolation

protocol for understanding perturbations in the profile of plasma EVs in MAFLD. Significantly greater
concentration of global EVs were observed in the MAFLD group compared to controls with 4.49 x
10" and 7.38 x 10'° mean particles per mL of plasma, respectively. Though the plot of size
distribution against particle count suggested more particles with diameter above 100 nm, there was
no significant difference in mean size between the groups (Figure 6.5A-C). Like the TEM image of
STEMCELL EVs described in the previous section, here there was significant background, with
granularity possibly related to protein contamination, which appeared to impact control and MAFLD
EV isolates equally (Figure 6.5 D & E). Particles of various sizes up to approximately 100 nm were
observed in each of the images in panels D and E, potentially including some HDL and LDL particles
< 30 nm. Consistent with observations of NTA, some larger particles were seen in the MAFLD group.
Panel F in Fig. 6.5 shows a representative image of a particle more than 400 nm in diameter from a

MAFLD isolate.
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Figure 6.5 Global plasma EV concentration and size profile from control subjects (n=16) and MAFLD
patients (n=18).

(A) Particle count by size distribution, B) Particle concentration presented as mean + SD. C) Mean particle size
(nm) presented as mean + SD. TEM images at 30,000 x and 68,000 x magnification of (D) control EVs and (E-
F) MAFLD EVs. ns not significant, *** p < 0.001.
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Protein profile of global EV's and liver specific EVs in MAFLD
Next the protein profile was explored by targeted LCMS in global EVs and paired liver derived

EVs enriched by anti-ASGR1 IP (Figure 6.6). In global EVs, CD81, TSG101 and CANX abundance
did not differ significantly between MAFLD and controls, while CD9 abundance was more than 3-
fold greater in MAFLD (p = 0.0005). While only 25 % of control samples had quantifiable levels of
CANX, 56 % of MAFLD samples could be quantified. Strikingly, the difference in CD9 abundance
was recapitulated in ASGR1+ EVs (2.6-fold greater in MAFLD vs control, p = 0.004). Meanwhile,
CD81 and TSG101 were 2.7-fold (p = 0.03) and 3.9-fold (p = 0.05) higher, respectively, in ASGR1+

EVs from MAFLD patients, despite no difference in these markers in global EVs.

Given the systemic nature of MAFLD, changes in global EVs may be driven by EV release
from other affected tissues, such as the adipose tissue or platelets and immune cells in the
circulation. However, the selective analysis of EV markers in ASGR1+ EVs determined that greater
numbers of liver derived vesicles positive for CD81, CD9 and TSG101 were present in the circulation

of MAFLD patients compared to controls.

In controls samples, IP captured between 3.5 and 10.1 % of EV marker abundance in global
EVs (Table 6.5). With the exception of TSG101, a similar proportion was captured from MAFLD
samples. An apparently greater capture of CANX was observed but in the few quantifiable samples,
did not reach statistical significance. Despite large variability between MAFLD biological replicates,
TSG101 capture was on average 2.5-fold greater in MAFLD than controls (p < 0.033), suggesting

that the liver is an important source of total TSG101 in MAFLD plasma.

Co-isolated albumin in global EVs was significantly greater in MAFLD compared to controls
(p = 0.05) (Figure 6.6), while the IP method markedly improved purity to a similar extent in each
group, only recovering up to 1.2 % (Table 6.5). It is possible that some albumin is in fact associated
with EVs released from the liver, if not encapsulated, then adsorbed as part of the EV corona (Hallal

et al., 2022).
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Figure 6.6 EV protein concentration profile in global (top panel) and paired IP (bottom panel) plasma EVs from control subjects and MAFLD patients.
N numbers for each analysis includes samples for which marker abundance was > LLOQ. Data presented as mean + SD and compared using unpaired t-tests.

*p <0.05, ** p<0.01, ** p <0.001, ns not significant.
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Table 6.5 Percentage of global protein marker abundance captured in ASGR1+ EVs in control and
MAFLD.
N = number of quantifiable samples included for analysis. Unpaired t-test * p < 0.05.

Control MAFLD
Protein marker Mean (SD) % n Mean (SD) % n
CD81 10.1 (17.1) 14 13.0 (14.5) 16
CD9 3.5(2.9) 16 4.2(3.3) 18
TSG101* 8.7 (4.4) 12 21.6 (33.9) 14
CANX 16.1 (1.9) 4 29.1 (21.4) 8
ALB 1.2 (1.4) 16 1.2(1.4) 18

Feasibility of detecting MAFLD drug targets in plasma EVs

MAFLD drug targets are associated with ASGR1+ EVs
Results given in the main part of this chapter demonstrated that the MAFLD drug target

proteins could be quantified in EVs isolated from liver tissue. Of these, HSD17B13 exhibits high liver-
specificity, while the other targets were enriched in liver as well as 1-2 other tissues or had significant
extra-hepatic or ubiquitous expression. Given that almost half of the EVs present in liver tissue may
arise from other sources (Useckaite et al., 2023), total liver tissue EVs were captured by anti-ASGR1
IP to confirm that the markers can be detected from the liver specific origin despite interference of
extra-hepatic EVs in the tissue. It should be noted that the IP protocol designed for capture from
plasma was not reoptimised for application to liver tissue EVs. As a markedly enriched source of
ASGR1, the method was not expected to achieve total recovery of ASGR1+ EVs and on average
16.3 % of ASGR1 signal was captured from triplicate IP using biologically distinct pools of LT-EVs.
Of the EV markers, CD81 and CANX were relatively enriched in the captured EVs (Figure 6.7A).
MAFLD drug targets were highly abundant in the captured EVs, especially the highly liver-enriched
marker HSD17B13 (Figure 6.7B). Aside from GLP1R, which was not detected in these samples,
these data demonstrate that the markers of interest can be detected in association with ASGR1+
EVs in the tissue and supports the possibility to determine the abundance of liver derived EV proteins

from the circulation by IP.
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Figure 6.7 Quantification of EV markers (A) and MAFLD drug targets (B) captured in ASGR1+
EVs immunoprecipitated from liver tissue EVs.

Data presented as mean = SD, n = 3 biological replicate pooled liver tissue EVs (LT-EVSs).
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Quantification of targets in global EVs from MAFLD and control plasma
Global plasma EVs isolated by STEMCELL SEC columns were analysed using the LC-MS

method for the panel of MAFLD drug targets. The assay exhibited linearity of response for SIL
peptides spiked in EV matrix with R? of standard curves between 0.988 and 0.999 (Figure 6.8). As
described in methods, the assay initially developed in liver tissue EVs, was modified to increase
sensitivity for expected lower abundance of the analytes in plasma, however, only four of the nine
analytes could be quantified in global plasma EV samples (Figure 6.9). AOC3 and MAP3K5 could
each be quantified in 69% of control samples and 94% and 100%, respectively of MAFLD samples.
DGAT2 was quantified in 75% and 56% of controls and MAFLD samples, respectively, while FASN
was quantified in only 25% of controls and 27% of MAFLD samples. Differences in abundance for
quantified samples were not significant between control and MAFLD groups, based on unpaired t-

tests.
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Figure 6.8 Standard curves of analytes in MAFLD drug targets panel.

Curves generated using stable isotope labelled peptides spiked in global plasma EV matrix.
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Figure 6.9 Concentration of MAFLD drug target proteins in global plasma EVs from control subjects and MAFLD patients.

N numbers for each target includes samples for which marker abundance was > LLOQ. Data presented as mean + SD and compared
using unpaired t-tests. ns: not significant. BLOQ: below limit of quantification.
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Lyophilisation of IP EV samples increases sensitivity for MAFLD drug targets

Plasma EV samples isolated from MAFLD and control subjects were purified further using
ASGR1+ IP. In order to understand the impact of the matrix and possibility of boosting sensitivity in
IP samples, global and IP EV samples were generated from a donor with known high circulating
ASGR1+ EVs and digested protein from each was kept neat in buffer or lyophilised and reconstituted
in mobile phase to 4-fold greater concentration. Neat and concentrated samples were analysed for
EV markers and MAFLD drug targets. All but three (ACACA, GLP1R and MAP3K5) analytes could
be quantified. The concentrating step increased the raw peak areas for endogenous analytes
between 2.2- and 9.3 -fold in the IP samples, while in global samples the greatest fold change in
peak area was only 2.3 and, for several analytes produced no change in signal (Table 6.6). Equal
amounts of standard peptides spiked prior to lyophilisation and into neat samples resulted in SIL
normalised peak area responses differing <17 %, suggesting the data was not impacted by losses
during the concentrating process. Although samples were concentrated by a factor of four, the
variability in observed peak area fold changes and the general lack thereof in global samples, may
be explained by analyte-dependent differences in chemical noise caused by contaminants co-eluting
around the analyte peak. IP samples are a much cleaner matrix compared to global samples, so
particularly in the latter, also concentrating components of the matrix will to some degree maintain
the ion suppression observed in neat samples. Overall the increase in signal achieved by the

lyophilisation, especially in IP EVs, is a useful adaption to the workflow to improve assay sensitivity.
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Table 6.6 Fold change (concentrated/neat) in peak area units of endogenous and SIL peptides for EV
markers and MAFLD drug targets in IP and global EVs.
— endogenous analyte BLOQ

Endogenous SIL
Assay Analyte
IP Global IP Global
CD81 3.2 1.0 4.0 1.0
CD9 2.3 2.1 2.8 2.1
EV markers TSG101 25 1.5 2.8 1.5
CANX 3.5 2.3 3.2 2.4
ALB 3.3 1.9 3.3 2.0
ACACA - - 6.0 1.6
AOC3 4.0 1.0 5.2 1.3
ASGR1 6.4 1.1 5.8 1.3
DGAT2 9.3 1.1 8.1 1.0
MA}';';gzgrug FASN 5.4 14 5.9 12
GLP1R - - 1.3 1.0
HSD17B13 8.1 1.0 8.1 1.0
KHK 3.2 1.5 3.2 14
MAP3K5 - - 1.6 0.8

Quantification of targets in IP EVs from MAFLD and control plasma

The capacity to quantify MAFLD drug target proteins in the concentrated IP EV samples was
evaluated in the MAFLD and control cohorts (Figure 6.10). Like the global EVs, ACACA, GLP1R and
HSD17B13 could not be quantified in these samples, despite the additional purification and
concentration. While each were BLOQ in global samples, ASGR1 was quantifiable in 81 % of
controls and 78 % of MAFLD IP samples, and KHK was quantifiable in just 2 of the controls.
Respectively, AOC3, DGAT2 and MAP3K5 could be quantified in 63, 69 and 38 % of controls and
83, 44 and 72 % of MAFLD samples. FASN was quantified in 56 % of control and 67 % MAFLD
samples, more than twice that found in global. There remained no significant differences in

abundance of the targets between the MAFLD and control subjects.
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Figure 6.10 Concentration of MAFLD drug target proteins in ASGR1+ IP plasma EVs from control subjects and MAFLD patients.
N numbers for each target includes samples for which marker abundance was > LLOQ. Data presented as mean + SD and compared

using unpaired t-tests. ns: not significant. BLOQ: below limit of quantification.
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Discussion

The aim of this exploratory analysis was to assess the feasibility of quantifying MAFLD drug
target proteins in liver derived plasma EVs using a new SEC protocol for the global EV isolation.
Despite successfully quantifying targets in liver EVs recovered from tissue and in association with
ASGR1, there was limited capacity to quantify these targets in the circulating EVs of the present
samples. A persistent challenge for biomarker development in EV research is exemplified by the
variations in performance of EV isolation methods used in this study. Even within the same
technology, differences in the composition of the columns can influence the relative enrichment of
EV populations, contaminant profile and repeatability. When using ready-made columns, there is an
inherent reliance on the manufacturer for consistency within and between batches. Ongoing
commercial development has ultimately lead to the discontinuation of existing SEC columns or the
specific resin constituents, and release of new products with a trend towards lower exclusion limits
of the resin (Kaddour et al., 2021). As qEV70 (Legacy) SEC columns became unavailable, an

alternative column was introduced from a new supplier to isolate EVs from plasma.

Shifting to the new column revealed differences in EV marker abundance, with STEMCELL
columns potentially proving more effective in preparing global isolates that express the typical EV
markers. Importantly, STEMCELL does not report the exclusion limit of the resin used in their
columns, while the exclusion limit of gEV was 70 nm. In comparisons with the 35 nm gEV column,
previously reported in Chapter 2, greater abundance of EV markers and soluble protein
contamination was observed with the lower exclusion limit. Taken together, these observations
suggest a greater recovery of smaller sized EVs as well as a different contaminant profile using
STEMCELL columns. While there were no significant differences in particle analysis, there is an
inherent caveat to using NTA for accurate concentration and size determination. Particularly in
polydisperse samples like EV isolates, the diffraction limit will impair detection of particles less than

50 nm (Bachurski et al., 2019).

Notably, particle concentration and the abundance of several EV markers were found to be

greater in MAFLD patients compared to controls, which contrasts with an earlier study in this thesis
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(Chapter 4). The possibility that the new SEC columns recover more EVs or enrich for different
subpopulations may explain this discrepancy, emphasising the challenge of comparing results

between studies without standard isolation methods.

The goal of quantifying changes in the protein targets in clinical samples to evaluate
treatment response, requires the assay to have sufficient sensitivity and dynamic range to cover
expected variability between subjects as well as changes in abundance within subjects. Plasma is a
highly complex matrix from which to isolate EVs and detect low abundance proteins. The
chromatographic resolution of target peaks may be compromised in the presence of significant
matrix contamination and suppression of ion detection in the MS source is enhanced particularly
when co-eluting contaminants are highly hydrophobic. Given the abundance of particles in the size
range of LDLs observed by TEM and limitation of SEC to remove other lipoprotein species in the EV
size range, these contaminants represent a significant barrier to the successful quantification of low
abundance targets in plasma EVs. Improvements to the initial global EV isolation will thus be crucial
to ensure the adequate recovery of target EV subpopulations containing markers of interest while
minimising the impact of co-isolated matrix contaminants that may cause signal suppression in

LCMS analyses.

Although the lack of paired blood and tissue samples from disease patients is a key limitation
of this work, the presented findings highlight the need for additional optimisation of SEC global EV
isolation to enhance the quantitative analysis of potential pharmacodynamic markers. Further
studies using matched tissue will also allow for validation of the quantitative relationship between
changes in tissue and circulating EVs. For the assessment of changes in EV biomarkers over time,
ensuring consistency in EV recovery and purity will be a vital consideration for isolation methods in

longitudinal study designs.
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CHAPTER 7
MAJOR CONCLUSIONS AND FUTURE DIRECTIONS

Major Conclusions

Overall, this thesis addresses several limitations of current techniques for the collection and
analysis of extracellular vesicles, which presently reinforce the barriers to the clinical translation of
EV liquid biopsy. EVs are an attractive source of biomarkers to provide similar insights to solid organ
biopsy through a much less invasive collection procedure. However, the key components of the
fundamental workflow for EV analysis in clinical samples, including blood collection and processing,
isolation of EVs from the biofluid, characterisation & reporting, and downstream analysis of molecular
cargo, are each accompanied by unique challenges which ultimately play an important role in
determining the quality of the sample and outcome of analysis. Characteristics of the sample donors
introduce pre-analytical factors that influence the abundance and protein cargo of circulating EVs
under basal physiological conditions and may include variation related to diurnal, prandial or sex
differences. Since an understanding of basal variability is a fundamental consideration in the
interpretation of disease-associated changes, EV characterisation and targeted LCMS proteomic
analysis were used to define normal ranges for EV concentration and size distribution and the
abundance of global EV and liver specific EV markers. Interestingly, ASGR1 abundance increased
in samples collected in the afternoon, suggesting that the relative contribution of the liver to the
circulating EV pool changed within the day and presenting an important consideration for study

protocols that sample liver-derived EV biomarkers from the blood.

The initial isolation of global EVs from the biofluid was done predominantly using size
exclusion chromatography, which is relatively effective at resolving EV sized particles from the
smaller soluble proteins. Nonetheless, the complexity of biofluids poses a challenge to EV isolation,
since sources such as plasma are replete with several classes of non-vesicular particles, especially
soluble proteins and lipoprotein particles, at orders of magnitude greater abundance than and
sharing many of the biophysical properties of EVs. As different isolation methods applied to biofluids

will result in varied EV recovery and purity, recommendations for sample characterisation and quality
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assessment include the enrichment of EV-associated proteins and depletion of contaminant protein
markers. Here, the development and validation of a targeted LCMS method allowed a panel of
markers to be quantified in EVs isolated from serum and plasma and from patients with MAFLD. The
requisition of small volumes of starting material to achieve characterisation with capacity for
multiplexed, high-throughput, absolute quantification provides an advantage for translation to clinical
sample testing, given the often limited availability of sample to be used across multiple control
experiments in addition to any primary analyses. Throughout this thesis, the development and
application of MRM methods permitted the analysis of both markers of EVs or contaminants and EV-
derived biomarkers of interest on the same platform using the same sample, offering the potential to

integrate quality assessment or data normalisation.

While western blots were used as a benchmark in the development of the EV marker MRM
method in Chapter 2, the MS-based technique was used thereafter for EV protein characterisation,
supporting alignment of subsequent study design and reporting to best practice and MISEV
recommendations. Data from all studies were also uploaded to EV-TRACK and obtained scores in
or higher than the 95th percentile of all experiments on the same sample type (Van Deun et al.,
2017) Recognising the broad utility to EV researchers for characterisation and reporting purposes,
this work underpinned the invitation to provide recommendations for targeted mass spectrometry of

EV proteins as a contributing author of the 2023 iteration of MISEV (Welsh et al., 2024).

The capacity for standard EV isolation methods to distinguish the vast heterogeneity of EV
subpopulations in a biofluid is another key limitation affecting the specificity of EV derived biomarker
analyses. Accordingly, the purity of isolation may be considered not only in the context of co-isolated
matrix contaminants but also in the recovery of vesicles of particular origin containing the markers
of interest. Advanced approaches to cell-type specific EV isolation thus provide the opportunity to
enrich rare disease-associated cargo that may otherwise be obscured by a background of abundant
impurities and irrelevant subpopulations of EVs. This thesis demonstrated a novel application of the
two step protocol to enrich global circulating EVs for liver origin using immunoprecipitation against
hepatocyte-specific surface protein ASGR1. The selective isolation of liver-specific EVs from patients

with MAFLD at different stages of severity was shown to improve the analysis of miRNA with
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diagnostic potential compared to total plasma RNA and global EVs. ASGR1+ EV miRNA expression
increased with disease severity and accounted for a greater proportion of total plasma miRNA. These
outcomes are in line with the reported changes in packaging and export of miRNA in EVs from
hepatocytes in the disease state, justifying the additional purification steps for circulating RNA

biomarker analysis.

While liver derived EVs in the blood are relatively rare, EVs isolated directly from liver tissue
are an enriched population containing hepatic protein markers and can be used to investigate the
profile in EVs relative to the tissue. A panel of markers involved in the interaction of drugs with the
liver, including drug metabolising enzymes and molecular drug targets of investigational treatments
for MAFLD, were developed for absolute quantification in liver tissue derived EVs (LT-EVSs).
Accounting for possible contribution from extra-hepatic EVs also present in the tissue, LT-EVs could
report on tissue abundance of drug metabolising enzymes, supporting the capacity to define between
subject variability in pharmacokinetic phenotype. This provides an additional layer of validation for
previous work by our group that reported the use of circulating EVs to predict metabolic drug-drug
interactions (DDlIs) in vivo. Importantly, changes in DME abundance in liver-specific EVs represented
the magnitude of DDIs perpetrated by weak-to-moderate and strong CYP inducers, which could
obviate the need for probe substrate administration of traditional PK phenotyping methods in healthy
volunteer trials. Further, patients with hepatic impairment due to conditions such as MAFLD may be
more susceptible to toxicity associated with reduced DME abundance, so a minimally invasive EV
liquid biopsy offers a tool to predict exposure and support precision dosing in these vulnerable
populations. This thesis also aimed to expand the capability to track markers of a drug’s
pharmacodynamic (PD) profile in vivo within individuals. The finding that proteins involved in key
disease pathways in MAFLD and identified as potential molecular targets for pharmacological
treatment, can be quantified in liver tissue EVs, raises the possibility of tracking changes in response

to treatment or to predict patients’ susceptibility to particular targeted therapies.

Although the final analysis exploring the feasibility of applying EVs for this purpose found a
limited capacity to quantify MAFLD drug targets in circulating global and liver enriched EVs, the

variable performance of SEC-based global EV isolation from plasma was highlighted as a possible
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aspect of the workflow that requires further optimisation. Achieving robust quantification of these
potential PD markers in circulating EVs will require greater rigour of global EV isolation methods
from plasma, ensuring sufficient recovery of target EV populations and minimising co-isolation of
interfering matrix components. Reproducibility will be particularly important for any longitudinal
assessments of EV biomarkers to monitor changes and response to treatment within subjects over

the course of a clinical trial.

Limitations and Future Directions

Optimising SEC for lipoprotein removal

SEC was employed for global EV isolation in this work based on several characteristics which
favour subsequent immunoprecipitation and clinical translation. Specifically, it does not apply
physical forces that could alter surface composition and is a simple benchtop method requiring no
sophisticated equipment while also being amenable to upscaling and automation with the use of
liquid handling robots. Commercially, developments in SEC resins have led to a trend in decreased
exclusion limit and the discontinuation of those with higher exclusion limits (Monguio-Tortajada et
al., 2019). Although resulting in increased recovery of EVs in reduced size ranges, this is

accompanied by greater lipoprotein co-isolation (Van Deun et al., 2020).

Since the membranes of both lipoproteins and EVs are rich in phospholipids and these lipids
act as a significant source of ion suppression in mass spectrometry, the increase in signal for EV
contained protein markers in SEC isolates with a lower exclusion limit may be counteracted by
enhanced matrix effects (Wang et al., 2023). Hence, in addition to the impact of abundant lipoprotein
co-isolation, using SEC columns that recover more vesicles in a smaller size range may not
necessarily improve biomarker detection if these smaller sized vesicles are less concentrated with
the cargo of interest. To this point, the characterisation of circulating EVs in Chapter 5 found that
STEMCELL SEC columns successfully enriched EV marker proteins in greater abundance than

previously observed with qEV columns and were sensitive to the differences in both global and liver-
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specific EV profile between MAFLD and control subjects. However, there was limited ability to detect

and quantify liver derived protein markers in the EVs.

Although combining SEC with immunoprecipitation markedly depletes matrix contaminants,
it remains important for the initial global isolation from plasma to achieve sufficient purity and yield
of target EV subpopulations. As lipoproteins can interact with EV surfaces, their abundant co-
isolation contributes to the density of the EV coronal layer which may obscure target epitopes and
reduce the efficacy of immunoprecipitation (Hallal et al., 2022). Further work is required to optimise
the isolation of EV subpopulations containing rare targets and subsequent LCMS detection and
quantification. This will include exploring the performance of alternative SEC resins for EV recovery
and removal of lipoproteins. Size based separation may also be combined with ion exchange to
exploit differences in charge between the particle types. EV membrane components confer a greater
negative charge than lipoproteins and several recent studies have demonstrated an improvement in
purity without compromising EV yield. For example, ion exchange absorption was performed to
capture EVs following SEC elution which depleted lipoproteins and improved the analysis of plasma
EV cancer-associated proteome (Wang et al., 2023). Alternatively, columns can be set up to perform
dual mode chromatography, containing a layer of cation exchange resin beneath the SEC resin, to
achieve bi-dimensional separation in a single step (Ter-Ovanesyan et al., 2023, Van Deun et al.,

2020).

Multi-omics of liver-specific EVs

The analyses of EV cargo reported in this thesis was limited to targeted techniques, including
LC-MRM-MS and RT-qPCR. A priori selection of targets was based on established EV markers,
previously reported biomarkers and changes in molecular pathways related to the disease for the
purpose of addressing shortcomings in EV characterisation and to demonstrate the value of tissue-
specific isolation from the blood. Targeted analyses typically provide enhanced sensitivity and
absolute quantification and are ideal for translational biomarkers to convey specific, actionable

information. However, there are several other classes of EV molecular cargo that may be informative

205



and untargeted analytical techniques offer a means to comprehensively interrogate disease-

associated changes and molecular signatures.

Extending from the methodological advancements described in this thesis, there is
opportunity to explore the capacity for circulating liver-specific EVs to convey total transcriptomic,
metabolomic and proteomic information, as well as the distribution of post-translational and
epigenetic modifications. Multi-omic analyses can deepen the understanding of disease processes
in an unbiased manner to reveal new candidates for targeted biomarker development or deconvolute
disease heterogeneity and define sub-phenotypes for predicting treatment outcomes. Given MAFLD
is a complex and heterogenous disease that is poorly recapitulated by animal models, focussing the
collection of this information to hepatically released EVs could reduce the reliance on solid tissue
biopsy for systems biology and biomarker discovery in human studies with low invasiveness and

access to longitudinal sample collection.

For example, gene expression analyses using liver tissue have been used to define
molecular subtypes of NAFLD based on key dysregulated biological pathways (Liu et al., 2022,
Hoang et al., 2019). By linking the dominant disease processes and related histological and clinical
features with the mode of action of targeted therapeutics, this information paves the way for precision
medicine strategies. However, owing to a range of post transcriptional regulatory processes, gene
expression does not tend to corelate strongly with protein abundance (Vogel and Marcotte, 2012),
which may favour proteomic analysis for a more dynamic representation of the activity of cellular
pathways. Moreover, the profile of differential miRNA expression can be explored in EVs and
integrated with mRNA interaction analysis to reflect the changes in translational regulation in MAFLD
(Kim et al., 2021). Future studies may incorporate multiple sets of liver specific omics data to
interrogate the diversity of EV molecular cargo and identify the most informative species or
combinations thereof. These studies would benefit from matched patient liver tissue and plasma
ASGR1+ EVs to determine the coverage achieved by liver derived EVs, possibility for detection in a

liquid biopsy and association with histological and clinical characteristics of the donors.
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Clinical Translation

Owing to the ability of EVs to convey timely, dynamic molecular information about organ
function, impact of disease processes and changes in response to interventions, it is highly appealing
to translate an EV biomarker strategy to clinical settings, particularly to assist in the development
and trials of pharmacological treatments for MAFLD. While the findings in this thesis serve to
advance the framework for utilising circulating EVs for these applications and contribute to evidence
for their diagnostic, prognostic and predictive value, a number of obstacles to clinical translation
remain. As highlighted in the final exploratory analysis, the variable performance of global EV
isolation methods impact the recovery of target EV populations and contaminant profiles. While the
work described in this thesis strongly indicates the promising future directions of EV biomarker
research, it is distinctly supportive of the capacity for the SEC technology to provide reliable data
within studies. Currently, the results from one study may not be comparable to those of another,
even when the same technology is used for isolation. As products are discontinued or manufacturers
report only vague characterisation of their proprietary materials, it is difficult to ensure the continuity
of the product and consistency of results. The potential for inconsistencies between batches or
products is especially problematic for the application to longitudinal analysis of clinical samples.
Future development of materials and protocols in-house will help to enhance the level of control over
critical aspects of the workflow with the aim to assure quality and reproducibility of EV analysis over

time.

Clinical trials of novel MAFLD drugs that target certain molecular drivers of disease tend to
result in low efficacy when tested in unselected populations (Ratziu and Friedman, 2020). Thus
patient enrolment based on predictive biomarkers that reflect disease phenotype and susceptibility
to particular treatments may be crucial to improving trial success rates for MAFLD. For any precision
medicine strategies employed in clinical trials, like biomarker-driven patient enrolment for targeted
therapeutics, it may also be necessary to translate this for post-approval clinical use. Essentially, if
a new drug is proven effective in a subset of patients identified based on a molecular signature,
these patients could also be routinely identifiable in the clinic for the ongoing optimal use of the drug.

Future translation of an EV liquid biopsy test will require validation of cost-effectiveness and, if not
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developed for an approved in vitro diagnostic, require adaptation for use in existing diagnostic
workflows. At present, the methods described in this thesis are labour-intensive and will benefit from
further work to increase throughput and reduce hands-on time, ideally automating the isolation of

plasma EVs and liver specific capture.

Finally, clinical translation of EV biomarkers will require the establishment of a widely
accepted data normalisation strategy. This remaining question presents a challenge to the
comparison of data and reproducibility across laboratories and studies and invokes caution in
interpretation of changes associated with a condition. In the context of EVs, the role of normalisation
is to account for variability in EV number associated with between- or within- individual or condition-
associated differences in vesicle secretion or technical variability in EV recovery. In this regard, the
selected characteristic, or set thereof, will be associated with EVs and inform on the number released
from a tissue of interest or reflect the sample yield. Given the inherent heterogeneity of EVs in
biofluids, the diversity of molecular cargo that offer potential biomarkers and the persisting limitations
of standard tools to analyse EV samples, these requirements are not necessarily straightforward to
address. For instance, counting vesicles by NTA or other light scattering techniques is impacted by
the small size and low refractive index of the particles, meaning a significant population, ostensibly
containing important diagnostic information, fall below the diffraction limit. Further confounding is
caused by the inability to distinguish non-vesicular contaminants in the size range. Similarly,
normalising protein biomarker abundance to total protein in EV isolates from biofluids introduces
error in that a large proportion of this is contributed by co-isolated soluble protein. Some choose to
normalise RNA biomarkers to total RNA, but this requires the use of highly sensitive equipment such
as a Bioanalyser or a Qubit to be reliable (Crossland et al., 2016). Thus, in the absence of reliable
normalisation to EV number and differentiation from contaminants, the measurement of protein and
RNA in EVs throughout this thesis was determined in constant amounts of sample input, i.e. the
volume of serum or plasma. Recognising the ease of analysing equivalent volumes of a liquid sample
type and lack of consensus surrogates for EV number, the MISEV guidelines support this approach

for analysing EVs from blood (Théry et al., 2018).
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The abundance of classical EV marker proteins, including tetraspanins, are commonly used
to demonstrate the enrichment of EVs in isolates and characterise samples. The development of the
EV marker LCMS panel in this thesis, offers the possibility to use the markers to adjust the
abundance of EV protein targets detected on the same platform in the same sample. However, their
proposed use for normalisation is complicated by the assumption that a given marker will exhibit
constant expression per vesicle, whereas, tetraspanin expression has been shown to be
heterogeneously distributed across single EVs in a sample (Mizenko et al., 2021). EV subpopulations
exhibit variable positivity for individual markers or clusters of markers and may be devoid of common
tetraspanin proteins altogether (Kowal et al., 2016). The role of these marker proteins in
normalisation will depend on the capacity to account for total sample heterogeneity. In the context
of bulk EV analysis, like LCMS, an appropriate combination of marker proteins could provide
reasonable coverage of the varied subpopulations present in an isolate to calculate an average
estimate of EV number. As an example, the data generated in Chapter 5 was used to explore the
correlation between EV marker abundance and particle count in liver tissue EV isolates. A sum of
the abundances of CD9, CANX and ASGR1 was produced to represent small, large and hepatocyte-
derived EVs, respectively. This was positively correlated with particle yield with moderate strength
(Pearson r = 0.69), suggesting possible utility as a surrogate for EV number in the sample. The
strength of the relationship using the sum of the markers exceeded that off any one marker alone
(CD9 r = 0.45; CANX r = 0.40; ASGR1 r = 0.17). Despite this, applying this normaliser did not
significantly improve the correlations of liver-enriched protein targets in LT-EVs with the paired

tissue.

When assessing biomarkers carried by specific tissue derived subpopulations, it will be
important to normalise to the release from the origin of interest rather than non-specific fluctuations
in EV number. Particularly as MAFLD is a multisystem disease with widespread inflammation, higher
global circulating EVs may arise from immune cells, adipocytes or other affected extra-hepatic
tissues. In future studies, it would be valuable to analyse matched liver tissue, liver tissue-isolated
EVs, and ASGR1+ immunocaptured EVs from the blood of the same patient at the time of biopsy.

This approach would help to determine the relationship between variations in tissue specific EV
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release and the abundance of circulating levels of target markers. By establishing the true
abundance of the biomarker in the tissue and the amount secreted in EVs, this information may be
used as a reference point to assess the impact of various normalisation strategies on the accuracy

of liquid biopsy results.
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Abstract

Chronic liver diseases represent a burgeoning health problem affecting billions of people worldwide. The insufficient perfor-
mance of current minimally invasive tools is recognised as a significant barrier to the clinical management of these conditions.
Extracellular vesicles (EVs) have emerged as a rich source of circulating biomarkers closely linked to pathological processes
in originating tissues. Here, we summarise the contribution of EVs to normal liver function and to chronic liver pathologies;
and explore the use of circulating EV biomarkers, with a particular focus on techniques to isolate and analyse cell- or tissue-
specific EVs. Such approaches present a novel strategy to inform disease status and monitor changes in response to treatment
in a minimally invasive manner. Emerging technologies that support the selective isolation and analysis of circulating EVs
derived only from hepatic cells, have driven recent advancements in EV-based biomarker platforms for chronic liver diseases
and show promise to bring these techniques to clinical settings.

Keywords Chronic liver disease - Non-alcoholic fatty liver disease - Metabolic-associated fatty liver disease - Extracellular

vesicles - Minimally invasive biomarkers - Tissue-specific biomarkers

Introduction

Chronic liver diseases represent a significant global health
burden that is set to grow in the coming decades [1, 2]. Alco-
hol-related liver disease and non-alcoholic fatty liver disease
(NAFLD) are two of the most common aetiologies and are
precipitated, respectively, by excessive alcohol consumption
and the combination of high calorie diet and sedentary life-
style [3, 4]. The growing prevalence of NAFLD, in particu-
lar, parallels that of obesity, type 2 diabetes and other fea-
tures of metabolic syndrome [5]. The pathology of each of
these disorders, as well as chronic infection with hepatitis B
(HBV) or hepatitis C (HCV) viruses, manifest inflammatory
and pro-fibrogenic processes in the liver that may progress to
cirrhosis and hepatocellular carcinoma (HCC). Accordingly,
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chronic liver disease is a leading cause of mortality in many
parts of the world [6, 7].

By way of example, independent of other factors, the
average all-cause mortality among NAFLD patients is 11.7%
higher compared to individuals without the disease (haz-
ard ratio (HR) 1.93 [1.86-2.00]). The impact of NAFLD
on mortality increases with increasing disease severity and
ranges from 8.3% (HR 1.71 [1.64—1.79]) for simple steatosis
up to 18.4% (HR 2.44 [2.22-2.69]) for non-alcoholic steato-
hepatitis (NASH) with fibrosis [8]. Adding to the challenge,
the capacity to treat NAFLD diminishes with increasing dis-
ease severity. Targeted weight loss slows progression in mild
disease, but is less effective in moderate to severe disease
[9]. Importantly, while there have been considerable break-
throughs in the prevention and treatment of viral hepatitis
in recent years [10], no medicine is currently approved for
NAFLD and progress has been slow with costly failures in
late phase trials due to an inability to easily monitor treat-
ment response.

Despite significant shortcomings in accuracy and practi-
cality, liver biopsy remains the gold standard diagnostic tool
to assess the presence and stage of various liver diseases.
This technique is currently the most reliable way to deter-
mine the pattern and severity of inflammation and fibrosis
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[11]. For patients with NAFLD, a diagnosis of the more
severe form steatohepatitis (NASH) can only be made by
histological identification of cardinal features, such as hepa-
tocellular ballooning and lobular inflammation [5]. Since
liver biopsy is a highly invasive technique, it comes with
the risk of severe complications and cannot be regularly
repeated to track changes in the liver over time [3]. Moreo-
ver, the technique is associated with considerable interob-
server and sampling variability, produces only a limited
representation of total liver tissue and, consequently, often
underestimates disease severity [12]. These issues limit its
widespread and repeated use and give rise to the urgent need
for non-invasive biomarkers, to aid diagnosis and monitor-
ing of patients with chronic liver disease. Currently, various
scoring systems may be applied to non-invasively stratify
patient risk, such as FIB-4 index, Maddrey Discriminant
Function (MDF) and Model for End-stage Liver Disease
(MELD), which rely on blood biochemistry. Non-invasive
diagnoses may employ imaging studies (e.g. magnetic reso-
nance imaging and ultrasound) [13, 14] and liver stiffness
may be assessed via transient elastography (e.g. FibroScan)
to estimate the degree of fibrosis [15].

In 2019, the American Association for the Study of Liver
Diseases identified the insufficient performance of these cur-
rent non-invasive tools to diagnose early disease and track
progression as the critical barrier to treating chronic liver
diseases [16]. The limitation being these approaches lack
specificity and sensitivity, particularly for mild and early
disease. To meet this demand, considerable research effort
has focussed on the development of blood-based biomarkers
that can reflect early pathological processes, disease pro-
gression and response to treatment [11]. In recent times,
circulating extracellular vesicles (EVs) have emerged as a
potential source of such biomarkers. These nanosized parti-
cles contain a distinct molecular signature of protein, RNA
and lipid moieties, that is both indicative of their cell type of
origin, and also the homeostatic or pathological stimuli that
induced their release [17]. EVs are shown to play a role in
immune modulation and autoimmune disease, tissue repair,
neurodegenerative disease, cardiovascular disease and the
development and proliferation of tumours [18]. A breadth of
work now evidences the crucial biological activities of EVs
in multiple facets of chronic liver pathophysiology, includ-
ing the cell injury, inflammation and fibrosis shared across
diverse aetiologies [5]. Technological developments in high-
throughput multi-omics approaches promise to unveil the
intricacies of EV molecular cargo and streamline the clinical
application of highly sensitive, disease-specific biomarkers
[19].

The purpose of this review is to summarise the key works
that establish how EVs contribute to normal liver physiology
and processes central to the development and progression of
chronic liver diseases. The current state and future direction

@ Springer

of circulating EV biomarker analyses will also be explored,
with a particular focus on techniques to selectively isolate
and analyse cell- or tissue-specific EVs for the detection and
tracking of chronic liver diseases.

Extracellular vesicles

EVs are a heterogenous population of small, non-replicating,
membrane-encapsulated particles, released by virtually all
cell types. Alongside soluble factors and signalling mole-
cules, they have emerged as a fundamental constituent of the
cellular secretome [20]. Regular release under basal condi-
tions contributes to the maintenance of homeostasis, while
changes to the magnitude and composition of EVs commu-
nicate responses to stressful or pathological stimuli between
neighbouring and distant cells. Signalling is mediated by
receptor-ligand interactions on the EV and cell surfaces,
which may directly trigger intracellular pathways or result in
the fusion or internalisation of vesicles and their associated
cargo [21]. The importance of the role of EVs in intercellular
communication is underscored by its evolutionary conser-
vation [11]. Signalling or regulatory molecules transferred
in this way are stable and protected from degradation, may
be transported through the systemic circulation to distant
organs and can easily be taken up by target cells. Notably,
the expression of specific surface proteins, such as integrins,
promote homing of EVs to target recipient cells [22].

EV subtypes

As the field of EV research has matured, so too has the
complexity of defining distinct EV subpopulations. Vesi-
cles secreted not only by different cell types, but also from
the same cell, possess inherent heterogeneity in physical
and biochemical properties [19]. Conventionally, EV sub-
types are characterised based on their mode of biogenesis.
Exosomes, typically 50-150 nm in diameter, are produced
via the endosomal pathway. Inward protrusions of the early
endosomal membrane create intraluminal vesicles (ILVs)
which leads to the formation of multivesicular bodies
(MVB). MVB trafficking and fusion to the plasma mem-
brane results in the extracellular release of ILVs, thereby
giving rise to exosomes. The production of exosomes may
be dependent or independent of the endosomal sorting com-
plex required for transport (ESCRT) machinery. ESCRT-0,
-1, -II, and -III protein complexes associate sequentially to
facilitate membrane fission and loading of EV cargo [22].
ESCRT-independent exosome release occurs via the produc-
tion of ceramide and sphingolipid membrane rafts and the
activity of neutral sphingomyelinase 2 [23]. Alternatively,
microvesicles (MVs), 100-1000 nm in size, shed directly
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from the plasma membrane. Specific membrane domains
are enriched with proteins that permit curvature and budding
via higher order oligomerisation and rearrangement of actin-
cytoskeletal networks. ESCRT proteins and ceramides are
also implicated in MV formation, in addition to ADP-ribo-
sylation factor 6 (ARF6) which participates in cargo selec-
tion [22]. MV formation is highly dependent on calcium
influx and amenable to activation by cell stress [24, 25].
Given the challenge of identifying the exact intracellular
origin of EVs isolated from the extracellular milieu, other
characteristics such as size, density and expression of spe-
cific surface markers are employed to distinguish EV sub-
populations. Though, a recent report of comprehensive EV
proteomic characterisation revealed significant heterogeneity
in marker expression within subtypes, particularly amongst
small EVs with or without endosomal origin [26]. Impor-
tantly, most of the commonly used isolation techniques pro-
duce a mixture of vesicle populations of varying purity and
enrichment. Accordingly, current guidance imparted by the
Minimal Information for the Study of Extracellular Vesi-
cles (MISEV) [27], states that isolates should be described
generically as “extracellular vesicles”, but may be classified
as small EVs (<200 nm) or medium/large EVs (> 200 nm),
by specific molecular components (e.g. ASGR1 +EV) or by

INTEGRIN

DNA

PROTEINS

Fy

e.g. TSG101, SYNTENIN

TETRASPANINS
(e.g. CDY, CD63, CD81

DISEASE-SPECIFIC CARGO

sy P

cell of origin (hepatocyte-derived EV). It should be noted
that for the purpose of biomarker discovery, rigorous separa-
tion of EV subtypes may only be necessary to the degree to
which sufficient sensitivity and specificity can be achieved.

EV composition and cargo

EVs contain biologically functional cargo, comprised of pro-
teins (including metabolically active enzymes), lipids, metabo-
lites and nucleic acids, such as messenger RNA, microRNA,
long non-coding RNA and DNA [28] (Fig. 1). EV-enriched
proteins are largely derived from their pathways of biogenesis.
Tetraspanins (CD63, CD81 and CD9) and human leukocyte
antigen class 1 (HLA-I) are transmembrane proteins com-
monly found in EV membranes, while tumour susceptibility
gene 101 (TSG101), ALG-2 interacting protein (ALIX) and
syntenin are cytosolic proteins involved in EV formation that
are ultimately exported in vesicles [27]. In addition to general
markers of EVs, cell type-specific proteins expressed on cell
membranes may be integrated into the membrane of secreted
EVs [29]. The identification of cell-type specific surface pro-
teins on EVs has been exploited for immunoaffinity-based iso-
lation of cell- or tissue-specific EVs from the global circulating

Y/

miRNA

IncRNA

SMALL MOLECULES

o

S8

e.g. miR-122, CYP2E1

CELL-SPECIFIC MARKERS
(e.g. ASGR1, EpCAM, HepPar1)

Fig. 1 Structure and cargo of an extracellular vesicle. Figure was created using BioRender.com
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pool. This has vast potential to improve the sensitivity and
specificity of low abundance and ubiquitously expressed dis-
ease biomarkers against the background noise resulting from
constitutive systemic EV release.

Current evidence for the selective packaging of EV
molecular cargo is supported by high variability and dis-
cordance in protein and RNA levels between EVs and their
parental cell [7, 22]. While the exact mechanisms for regu-
lated sorting of cargo remain unclear, the roles of various
RNA-binding proteins, Rab GTPases, and post-translational
modifications, such as ubiquitination and phosphorylation,
have been reported [24, 30]. The abundance and composi-
tion of EVs may be altered in response to ER stress [31] or
phenotypic activation. Li, et. al. [7] demonstrated that, com-
pared to quiescent hepatic stellate cells, EV were released at
4.5-fold greater rate upon transdifferentiation to a myofibro-
blastic phenotype, and contained more abundant proteomic
information associated with extracellular matrix production
and metabolic activity.

EVs as minimally invasive biomarkers

EVs are considered attractive biomarkers for a host of rea-
sons. Vesicles are abundant and highly stable in biofluids,
exhibiting longer half-lives than other circulating compo-
nents, such as free proteins or RNA complexes [20]. Durable
lipid bilayer membranes protect molecular cargo from deg-
radation, thereby providing a sort of “biomarker reservoir”
[32]. Since this diverse cargo is dynamic in nature, directly
related to the phenotype of parent cells, it may be used to
understand function at the organ, tissue or cellular level and
track changes in real time. In line with this application, and
in contrast to traditional tissue biopsy, sampling of EVs is
easily performed through access to peripheral blood and is
repeatable with minimal patient risk. As will be explored
throughout this review, the pertinence of EVs as a biomarker
source is underpinned by the biological activity of these enti-
ties across elements of chronic liver disease. These mecha-
nistic links may be the key to establishing a disease-specific
molecular signature from affected tissues. Notably, changes
in EVs have been demonstrated at earlier stages than overt
tissue damage or other clinical and histological signs [33].
However, as total blood EV is comprised of vesicles released
from multiple tissues into the circulation, the development
of biomarker strategies is increasingly geared towards selec-
tive analysis based on tissue-specific markers [34].

EV-based therapeutics
In addition to their role as a key diagnostic and monitoring

tool for the treatment of liver diseases, the application of
EVs as a therapeutic intervention for multiple forms of liver

@ Springer

disease has emerged. The properties of EV membranes make
them ideal vehicles for therapeutic cargo, including miRNA,
small interfering RNA (siRNA), chemotherapy agents or
other drugs, which may act to promote tissue regeneration,
reduce or reverse inflammation and fibrosis, or target cancer
cells in the liver. Promising results have been demonstrated
regarding the use of mesenchymal stem cell-derived EVs
in various pre-clinical models. However, the requirements
to initiate human trials are very different between a bio-
marker and an intervention. EV-based therapeutics face sev-
eral challenges related to the cost and scale of manufactur-
ing pure EVs that adhere to regulatory and quality control
standards for use in humans. Meanwhile, much of the recent
research regarding the role of EVs as biomarkers has come
from human data. Beyond pre-clinical studies identifying
EV cargo that reflect molecular changes in liver diseases, a
key focus of the present review is the detection of circulat-
ing EVs in human patients. Thus, the application of EVs as
therapeutics will not be extensively reviewed here but may
be found in references [22, 35, 36].

EVs in normal liver physiology

The liver is the largest internal organ in the body, function-
ally and anatomically complex and responsible for a diverse
set of metabolic, synthetic, digestive, detoxifying, storage
and regulatory roles. Approximately, 80% of total liver vol-
ume is comprised of hepatocytes, which are responsible for
the central physiological processes, while a further 6.5%
accounts for non-parenchymal cells that function in support
of hepatocytes and maintenance of the hepatic microenviron-
ment [20, 37]. These cells include liver sinusoidal endothe-
lial cells (LSECs), hepatic stellate cells (HSCs), cholan-
giocytes and the population of liver-resident macrophages,
known as Kupffer cells. The organised lobular architecture
of the liver facilitates cooperation and inter-regulatory func-
tions of diverse cell types through anatomical proximity
[38]. Effective cell-to-cell communication is also achieved
by the network of EV interactions, as each cell is both a
donor and recipient of EVs from the same and other hepatic
cell types (Fig. 2). The bi-directional transfer of molecular
information is imperative to homeostatic control in the liver
as well as the broader inter-organ communicative landscape.

Hepatic cell-derived EVs

The function of EVs derived from different hepatic cell
types is summarised in Table 1. Multiple enzymes involved
in the metabolism of carbohydrates, lipids, endogenous
compounds and xenobiotics are among key molecular
cargo identified in hepatocyte-derived EVs [39]. Hepatic
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Fig. 2 Extracellular vesicle release by various hepatic cells in normal liver function. Figure was created using BioRender.com

metabolic activity may be transferred to or induced in
extra-hepatic niches. For example, hepatocyte-derived EVs
carrying arginase-1 were found to regulate endothelial cell
function and alter serum metabolites associated with oxi-
dative stress in the systemic vasculature [40]. In the liver,
hepatocyte-EVs have also been shown to promote the prolif-
eration of cholangiocytes and other hepatocytes in paracrine
and autocrine fashions, respectively [37, 41]. Hepatocyte-
derived EVs have demonstrated the remarkable capacity to
mediate regeneration of functional liver mass. Nojima, et.
al. [42] EV-mediated transfer of sphingosine-1-phosphate
(S1P), sphingosine kinase 2 (SK2) and ceramidase between
hepatocytes promoted liver regeneration in mice following
70% hepatectomy. HSC are the key fibrogenic cells in the

Table 1 Hepatic cell EVs function and cargo

liver, and exchange of EVs between them is crucial in bal-
ancing extracellular matrix (ECM) production and degrada-
tion. LSEC-derived EVs contribute to modulation of this
balance. The EVs normally maintain HSC quiescence, but
when stimulated, EVs containing upregulated sphingosine
kinase 1 (SK1) are released to activate HSC [43]. Quiescent
HSC (gHSC) release EVs containing miRNAs (miR-214 and
-199-5p) and the transcription factor, Twist-1 [44, 45]. This
cargo suppresses connective tissue growth factor (CTGF)
to maintain quiescence in other gHSC or downregulate pro-
fibrotic genes, including a-smooth muscle actin (adSMA)
and collagen, in activated HSC (aHSC) [7, 21]. Conversely,
aHSC-derived EVs promote ECM production by transfer-
ring CTGF [46]. Lastly, EVs from cholangiocytes participate

Originating cell

Example cargo

Recipient cells

Functions

References

Hepatocytes DMET proteins and mRNA Hepatocytes,
extrahepatic
cells

Arginase-1 Endothelial cells
S1P, SK2, ceramidase Hepatocytes

Liver sinusoidal SK1 HSC

endothelial cells

Hepatic stellate cells miR-214, miR-199-5p, Twist-1, HSC

CTGF
Cholangiocytes IncRNA H19 Hepatocytes
Hedgehog ligands LSEC

Transfer metabolic activity

Regulate endothelial cells in sys-
temic vasculature

Promote proliferation and liver
regeneration

Modulate quiescent/active pheno-
type

Modulate quiescent/active pheno-
type

Regulate bile acid homeostasis

Promote wound-healing response

Conde-Vancells et al. [39],
Kumar et al. [51], Row-
land et al. [52], Rodri-
guez et al. [53]

Royo et al. [40]
Nojima et al. [42]
Wang et al. [43]

Charrier et al. [46], Chen
et al. [21], Chen et al.
[45], Chen et al. [44] and
Li et al. 2020

Liet al. [47]

Witek et al. [48]
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in bile acid homeostasis through the transfer of long non-
coding RNA H19 to hepatocytes [47], and in wound-healing
responses by delivering hedgehog ligands to promote angio-
genesis, growth and differentiation in recipient LSECs [48].

Metabolism

Hepatic metabolism plays a critical role in regulating the
abundance of endogenous chemicals, such as bile acids, fatty
acids, steroid hormones and bilirubin. Similarly, it serves
as a major clearance mechanism for xenobiotics including
drugs, dietary chemicals and environmental toxins. Specifi-
cally, metabolic clearance is the major route of elimination
for more than 80% of pharmaceutical drugs [49, 50]. Nota-
bly, the mRNA transcripts and active proteins of drug metab-
olising enzymes and transporters (DMET), cytochrome P450
(CYPs), UDP-glucuronosyltransferase (UGTs), glutathione
S-transferase and organic anion transporting polypeptides
(OATPs) have been detected in EVs derived from hepato-
cytes and in the blood. CYP protein and mRNA is enriched
in circulating EVs relative to total plasma, which suggests
selective packaging [51-53]. The transfer of DMET in cir-
culating EVs has physiological significance with respect to
protection of extra-hepatic cells from systemic toxicants or
increasing metabolic activity in tissues with lower basal
DMET expression, such as the lungs or brain [54]. Clini-
cally, this notion has potential applications as liquid biopsy
to indicate chronic alcohol, nicotine or illicit drug use,
liver disease, or to assess metabolic drug—drug interactions
(DDIs) and inter-individual variability in drug exposure. For
example, CYP2E]1 is induced by chronic use of alcohol or
paracetamol overdose. This is reflected in greater release
of hepatocyte EVs that transfer the capacity for CYP2E1-
mediated metabolism, resulting in oxidative stress and acute
injury in hepatic and non-hepatic cells [51]. A recent review
described how disease-associated alterations in CYP pro-
tein expression and activity may impact drug exposure in
patients with NAFLD [55]. The capacity to monitor chang-
ing pharmacokinetic profile is paramount for the develop-
ment of novel therapeutics for NAFLD and in optimal dos-
ing of existing treatments for common comorbidities.
Assessing variability in metabolic clearance within or
between individuals, resulting from variable hepatic DMET
expression or activity, DDIs, presence of liver disease or
other factors, is an appealing avenue for EV-based DMET
profiling. Work by our group showed that EV-derived
CYP3A4 was highly concordant with apparent oral clear-
ance of its probe substrate midazolam in healthy subjects
pre- and post-dosing of the inducer, rifampicin [52]. Since
then, Achour, et. al. [49] evaluated hepatic elimination based
on circulating EV mRNA of clinically important DMET,
reporting sound correlations with protein expression in

@ Springer

liver tissue. Interestingly, this study normalised the data to
a panel of 13 liver-specific RNA markers (e.g. apolipopro-
tein A2 and fibrinogen-beta) as part of a novel shedding
factor to account for variability in liver EV release into the
bloodstream. Instead, we recently applied our novel two-
step anti-ASGR1 immunocapture technique to selectively
isolate hepatocyte-derived EVs from global EVs and suc-
cessfully tracked the induction of CYPs 3A4, 3A5 and 2D6
and OATPs 1B1 and 1B3 during pregnancy and following
rifampicin administration [53]. Together these reports posi-
tion EV liquid biopsy as a viable strategy for individual
DMET phenotyping to aid precision dosing or classification
of clinical trial participants at enrolment.

EVs in liver pathobiology

Chronic liver diseases result from prolonged injurious stim-
uli that exceed the regenerative capacity of the liver. Over
time, unresolved inflammatory and fibrogenic activation
from disorders such as ALD, NAFLD, HBV and HCV infec-
tion can ultimately lead to fibrosis, cirrhosis and HCC [20].
EVs have emerged as potent pathogenic drivers in several of
these processes and a breadth of pre-clinical data establishes
the key molecular information carried in EVs that medi-
ate liver cell cross-talk in different chronic liver diseases.
In several instances, these EV cargoes have been analysed
in the circulation of animal models or human patients and
demonstrate the capacity for circulating EVs derived from
specific cellular sources to reflect pathological events in
affected organs. For each chronic liver disease, Table 2 lists
the cell-specific EVs and their cargoes, with recipient cells
and resulting function (if defined), divided into studies that
examined EVs in circulation and in vitro studies of EV cargo
yet to be translated to circulating EVs.

Non-alcoholic fatty liver disease

NAFLD is the most common chronic liver disease, currently
estimated to affect more than 25% of the global population
[56]. The condition may be considered a hepatic manifesta-
tion of the metabolic syndrome as it is often implicated with
other features, such as insulin resistance (IR), obesity and
type 2 diabetes mellitus [5]. In line with this, recent expert
consensus supports the updated nomenclature of metabolic
associated fatty liver disease (MAFLD), to reflect advanc-
ing knowledge of disease phenotype, heterogeneity in driv-
ers and coexisting conditions and diagnostic criteria that is
based on inclusion rather than exclusion (particularly around
alcohol use) [57, 58].

The condition presents as a spectrum of clinical disease
with some patients exhibiting simple steatosis (NAFL) while
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Table 2 (continued)
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Promote proliferation and
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angiogenesis
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Chen et al. [1]
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liver fibrosis patient and
mice with experimental

liver fibrosis
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Cargo not yet analysed in circulating EVs

Activated HSC

Identified in vitro Lietal. [7]

Activate HSC, promote

HSC

Proteomic profile associ-

fibrogenesis

ated with ECM pro-

duction and metabolic

activity

a fraction (~30%) will develop non-alcoholic steatohepatitis
(NASH) [59]. NAFLD is the product of multiple dysregu-
lated signalling pathways in the liver that involves abnormal
lipid metabolism leading to lipotoxicity and inflammation
[31]. While several risk factors relating to diet and lifestyle
are linked to the incidence of NAFLD, genetic predisposi-
tions have also been noted, as recently reviewed by Jonas,
et. al. [60]. Further, the contribution of gut dysbiosis, liver-
adipose cross-talk and increased cardiovascular disease-
related mortality, underscores the systemic nature of this
condition [61]. Current diagnostic tools remain inadequate
for the early detection, risk stratification and monitoring of
NAFL and NASH, presenting a significant hindrance to the
clinical management of patients and development of effec-
tive pharmaceutical interventions [16].

Numerous reports to date demonstrate changes in EVs
released by hepatocytes under lipotoxic stress and their con-
tributions to cellular and inter-organ cross-talk to promote
inflammation and fibrosis in the liver. These were described
in detail in a previous review [5]. Key molecular cargo of
lipotoxic hepatocyte-derived EVs include the death recep-
tor ligand, TRAIL, which triggers hepatocyte death and
macrophage activation with increased pro-inflammatory
cytokine expression (interleukin [IL]-1p and IL-6) [62].
The macrophage chemoattractant C-X-C motif ligand 10
(CXCL10) was also detected in EVs induced by steatosis-
related JNK activation in the liver [63, 64]. Further, lipotoxic
EV release was found to be dependent on ceramide path-
ways, activated by the ER stress sensor inositol-requiring
enzyme-la (IREla). IREla-stimulated EVs contained
C16:0 ceramide and SK1 which promoted macrophage
chemotaxis in vitro [65] and macrophage recruitment and
hepatic inflammation in mice [31]. The authors also showed
that mice over-expressing IRE1a had significantly elevated
circulating EVs and their hepatocellular origin was identi-
fied by electron microscopy (EM) with immunogold label-
ling of ASGR1 and CYP2E]. Lipotoxic hepatocyte-derived
EVs also modulate HSC phenotype in NAFLD. Specifi-
cally, EVs containing miR-128-3p suppressed peroxisome
proliferator-activated receptor-y (PPARY) in HSC, resulting
in upregulated profibrotic gene expression [66]. The effect
was dependent on EV internalisation by HSC, mediated
by Vanin-1 (VNN1) on the surface of vesicles. Increased
VNNI1 expression on lipotoxic EVs was previously impli-
cated with EV internalisation by LSEC resulting in patho-
logic angiogenesis [67]. Increased expression of miR-128-3p
was also identified in our recent work, alongside miR-122
and -192, in NAFL and NASH patient plasma EVs. This
was only observed in circulating EVs derived specifically
from hepatocytes (expressing ASGR1) [68]. Mitochondrial
dysfunction and oxidative stress are common pathogenic
events in fatty liver diseases related to both aetiologies, non-
alcoholic and alcoholic (discussed in the following section)
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[69]. Mitochondrial DNA (mtDNA) has been identified as
important EV cargo that promotes inflammation via TLR9
activation, thereby contributing to the transition from sim-
ple steatosis to steatohepatitis. Garcia-Martinez, et. al. [70]
found greater levels of mtDNA in plasma microvesicles of
mice and patients with NASH, with concomitant increase
in hepatocyte-specific marker, Arg-1, and demonstrated the
capacity for these particles to activate TLR9.

EVs from visceral adipose tissue actively contribute to
NAFLD pathogenesis by exacerbating systemic IR, inflam-
mation and hepatic fibrosis [71]. Differentially expressed
miRNAs in adipocyte-EVs from lean and obese individuals
target the TGF-p pathway in hepatocytes and HSC, result-
ing in the inhibition of fibrolytic enzymes such as matrix
metalloproteinase (MMP)-7 [18]. Another study emphasised
the important contribution of adipocyte-EV to circulating
miRNA levels and their capacity to modulate gene expres-
sion in the liver [72]. The authors showed that fibroblast
growth factor (FGF)-21 is a liver protein target of adipocyte-
EV derived miR-99b. FGF-21 is implicated in many meta-
bolic pathways and its suppression contributes to hepatic
steatosis [73]. In all, the current evidence positions EVs as
key players in the pathogenesis and progression of NAFLD
and supports the investigation of biomarkers within EV
derived from adipocytes and hepatic cell populations.

Alcoholic liver disease

Alcoholic liver disease (ALD) follows a similar clinical
course to that of NAFLD. Hepatic steatosis and alcoholic
hepatitis (AH) may resolve with alcohol abstinence, but pro-
gressive disease can lead to cirrhosis and liver failure [74].
Liver biopsy is not usually necessary for ALD diagnosis as a
history of significant alcohol consumption along with clini-
cal, radiologic and biochemical findings are often sufficient.
However, diagnosis may be complicated in alcoholic patients
with unreliable history or co-existing risk factors for other
conditions such as NAFLD; in such cases the threshold for
“significant” alcohol intake may be reduced. The lack of
accurate non-invasive biomarkers limits the dynamic assess-
ment of inflammatory activity and degree of fibrosis in ALD,
as well as the risk of developing cirrhosis. Considering that
ALD accounts for 50% of cirrhosis-related deaths [13],
biomarker discovery is an area of intense research focus to
improve the management of ALD and development of phar-
macological strategies to halt or reverse the disease.
EV-mediated macrophage activation is increasingly rec-
ognised as a key feature of the inflammatory process in AH
and parallels hepatic injury and fibrosis. A mouse model
of AH had significantly increased EV levels in circulation
and vesicles isolated from primary hepatocytes were found
to be enriched in mtDNA [75]. These EV activated TLR9

resulting in upregulated pro-inflammatory cytokine, IL-1f
and IL-17 production in liver macrophages and promoted
fibrogenic activation of HSC. Another study similarly
found that hepatocyte-derived mtDNA-enriched vesicles
released in response to chronic and binge ethanol feeding
in mice contributed to macrophage and neutrophil infiltra-
tion in the liver [76]. Verma, et. al. [77] treated hepatocytes
with ethanol in vitro, and showed greater release of EVs
expressing CD40-ligand. These stimulated macrophage-to-
M1 phenotypic switching, characterised by upregulated pro-
inflammatory cytokine expression (TNFa, IL-1f and IL-6).
Increased CD40L-expressing EVs were also detected in the
serum of patients with AH. Similarly, Momen-Heravi, et. al.
[78] demonstrated that EV containing miR-122 is transferred
from ethanol-treated hepatocytes to monocytes, resulting in
suppression of haem oxygenase 1 (HO-1) and subsequent
sensitisation to pro-inflammatory stimuli, such as lipopoly-
saccharide. In addition, mice and humans subjected to acute
alcohol binge, and mice also to chronic consumption, had
more EVs in circulation. The levels of miR-122 and -155
in the EVs changed over time post-binge, suggesting vari-
able packaging in response to alcohol. This notion is sup-
ported by earlier data comparing specific miRNA expres-
sion in circulating vesicle or protein fractions across models
of liver injury with different aetiologies [79]. The authors
showed that in models of inflammatory (i.e. NAFLD) or
alcohol-induced disease, miR-122 and -155 was mostly EV-
associated, while predominantly protein-associated in DILI.
This distinctive distribution of miRNA in chronic liver dis-
ease in contrast to the acute condition, DILI, supports the
investigation of biomarkers localised in EVs in the circu-
lation to improve performance and disease-specificity. EV
miRNA profile was also explored in mice with AH induced
by continuous intragastric ethanol infusion. Three miRNAs
in blood EVs, including let-7f-5p, miR-29a-3p and miR-
340-5p, discriminated AH mice from controls, as well as
from obese mice and those with NASH or cholestatic injury
[17]. Various sphingolipids have also been implicated with
inflammation and cell death in AH. Serum EVs from AH
patients were recently shown to be significantly enriched in
six sphingolipid species compared to healthy controls, heavy
drinkers, NASH patients and alcoholic cirrhosis patients.
The cargo was positively correlated with disease severity
and predicted 90-day survival [13].

Viral hepatitis

Viral infections represent a significant cause of chronic liver
diseases and are the most common aetiology for HCC [6].
In addition to certain viral factors, the carcinogenic nature
of HBV and HCV are linked to chronic inflammation,
fibrosis and changes in signalling pathways implicated in
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hepatocyte survival and tumour surveillance and suppression
[80]. While viral infections can be diagnosed by serologi-
cal techniques and monitored with respect to viral load and
immune status [11], a better understanding of the role of
EVs in pathogenesis and disease progression may facilitate
non-invasive assessment of liver damage and identify early
markers of increased HCC risk.

EVs are potent modulators of immune function. Hepato-
cytes infected with replicating HBV release EVs that induce
programmed death ligand-1 (PDL-1) in recipient monocytes,
possibly suppressing host antiviral activity [81]. Another
study showed that HCV-infected hepatocytes secrete EVs
coated with the HCV protein E2. These EV mimic viral par-
ticles thereby hindering the neutralising antibody response
[82]. Conversely, LSEC-derived EVs stimulated by inter-
feron (IFN)-I and -III, contribute to the antiviral response
[38]. Interestingly, EVs were found to participate in viral
spread during HCV infection. Using a rigorous multi-step
approach to remove free virus contamination, Bukong, et.
al. [83] isolated EVs from infected patient sera and Huh7.5
cell culture supernatant. The EVs contained replication com-
petent HCV-RNA in complex with argonaute-2, heat shock
protein 90 and miR-122, which mediated new infection in
hepatocytes. Hepatocyte-derived EV also activates HSC to
promote fibrosis in HCV. TGF-f pathway activation was
found to be triggered by EV-derived miR-19a in vitro and
increased levels of the miRNA were detected in serum EV
from chronic HCV patients compared to healthy controls
and patients with non-HCV-related liver disease of simi-
lar fibrosis grade [84]. A previous study, however, found
elevated circulating CD8 4+ and CD4 + T cell-derived EVs in
patients with active HCV, that promoted ECM degradation
by induction of MMP enzymes in HSC [85]. In summation,
these reports provide avenues for development of novel bio-
markers or therapeutic tools for chronic viral hepatitis.

Hepatocellular carcinoma

Hepatocellular carcinoma accounts for more than 80% of
primary liver malignancies and a third of global cancer-
related deaths [86]. Chronic liver diseases, especially with
cirrhosis, are major risk factors for HCC. Prognosis is poor,
exhibiting only 20% 5-year overall survival, often due to late
stage diagnoses [86]. Ultrasound has acceptable sensitivity
and specificity for HCC screening, but its capacity to detect
early lesions is limited [32]. Serum alpha-fetoprotein (AFP)
is a biomarker of widely variable performance that may
be elevated in late stages, but only in a subset of patients
[11]. Accordingly, a combination of ultrasound and AFP
assessment is recommended for surveillance by the Austral-
ian practice guidelines [87]. The use of ultrasound is also
endorsed by the American Association for the Study of Liver
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Diseases (AASLD), with or without AFP [88]. EVs are one
of three liquid biopsy approaches in oncology, among cir-
culating tumour DNA and tumour cells [32]. Since EVs car-
rying tumour-derived information are present in circulation
earlier and persist through to advanced disease, they present
the opportunity to initiate curative interventions.

The dysregulation of multiple signalling pathways and
complex network of interactions between malignant and
non-malignant cells in the tumour microenvironment are
critical to tumour progression. EVs are known to play a role
in regulating cell proliferation, migration, angiogenesis,
metastasis, epithelial-to-mesenchymal transition (EMT), and
immune escape. Specific HCC-EV miRNA cargo, for exam-
ple, has been linked to enhanced HCC proliferation (includ-
ing miR-93, -224 and -665) [89-91], while other cargo was
found to have an inhibitory effect (miR-9-3p, -638, -718 and
-744) [92-95]. Kogure et al. [96] reported that selectively
packaged miRNA and protein in HCC-derived EVs modu-
late the TGF-f activated kinase 1 (TAK1) pathway in other
hepatic cells to promote cancer growth. More recently, HCC-
derived EVs were found to inhibit apoptosis and enhance
proliferation of hepatocytes via transfer of long intergenic
non-coding RNA regulator of reprogramming (linc-ROR)
[97].

EVs also promote the invasion of HCC tumours through
normal liver tissue, as metastatic HCC-derived EV mobilise
healthy hepatocytes via transfer of oncogenic cargo, such
as mesenchymal-epithelial transition (MET) proto-onco-
gene, caveolins and S100 family members [98]. EV from
metastatic HCC also contain miR-1247-3p which facilitates
the conversion of normal fibroblasts to cancer-associated
fibroblasts (CAFs) in lung metastases and increased pro-
inflammatory cytokine (IL-6 and IL-8) secretion [99]. In
HCC patients, lung metastasis was positively correlated
with serum levels of EV-derived miR-1247-3p. EV protein
cargo in serum was also shown to aid differential diagno-
sis of intrahepatic cholangiocarcinoma, HCC and primary
sclerosing cholangitis, which is challenging with current
non-invasive tools [100]. These studies support the role of
tumour-derived EV cargo in encouraging a tumour-favour-
able environment for progression and metastasis through
communication with cancerous and non-cancerous cells,
and advance the notion that promising biomarker candidates
linked to oncogenic processes may be detected in circulat-
ing EVs.

Fibrosis

Liver fibrosis is a significant cause of morbidity and strong
independent risk factor for mortality in chronic liver dis-
eases, especially NAFLD [101]. While effective treatment
of the precipitating condition may reverse fibrosis in some
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patients, specific antifibrotic treatment options are scarce
[1] and patients may advance to cirrhosis and liver failure,
often necessitating liver transplantation [43]. HSC activa-
tion is the principal event at the cellular level leading to
ECM deposition and, under persistent profibrogenic con-
ditions, can produce fibrous scar and severely compro-
mise liver function [1, 7]. Fibrosis is a typical progression
common among multiple chronic liver diseases and can
be characterised by a number of molecular pathways not
specifically altered by a particular condition. These may
be monitored via EV-derived markers as described below;
thus, in conjunction with disease-specific markers that
identify the precipitating condition, fibrosis markers may
be helpful in tracking the severity of this complication.

EVs from HSCs of both quiescent and myofibroblast
phenotypes form a complex interplay of pro- and anti-
fibrotic EV signalling in the injured liver. One study deter-
mined that HSCs treated with PDGF-BB in vitro released
EVs enriched with PDGF receptor-alpha (PDGFRa)
via a mechanism of selective packaging [30]. The EVs
promoted migration in recipient HSC and liver fibrosis
in healthy mice, while inhibiting EV export of PDGFRa
ameliorated fibrosis in carbon tetrachloride (CCL,)-treated
mice. Patients with liver fibrosis also had increased lev-
els of PDGFRa in serum EV. HSC phenotype is further
modulated by LSEC-derived EV. Wang et al. [43] showed
that the EV specifically transfer SK1 and S1P cargo, which
upregulate AKT phosphorylation and migration. Expres-
sion of each at RNA and protein level was detectable in
EVs from mice with experimental liver fibrosis and human
patients with alcoholic fibrosis.

The Hedgehog (Hh) pathway is critical to the wound-
healing response and tissue remodelling in chronic liver
injury. Hh ligands released in EVs from damaged hepato-
cytes and aHSC, promote proliferation and angiogenesis
in recipient HSC and endothelial progenitor cells, respec-
tively; and have been detected at increased levels in the
plasma and bile of rats with fibrosis induced by bile duct
ligation [48]. Further, discordant miRNA and protein
cargo in EVs from qHSC and aHSC, either stimulate or
inhibit fibrosis depending on the phenotype of originating
and recipient cells. Serum EVs from healthy individuals
contain “anti-fibrotic” miRNA which decreased CTGF,
aSMA and collagen gene expression when applied to
aHSC in vitro and reduced hepatic fibrosis and inflamma-
tion in CCL,-treated mice [1]. Meanwhile, a proteomic
comparison of qHSC- and aHSC-derived EV revealed
greater protein content in the latter, associated with
profibrotic, inflammatory and chemotactic functions [7].
Accordingly, the presence of distinct pro- and anti-fibrotic
EV populations in the liver presents the intriguing possi-
bility to track fibrogenic activity and develop novel anti-
fibrotic therapies.

Analysis of circulating tissue-specific EV
biomarkers

The studies described thus far indicate the potential for
biomarkers with mechanistic links to chronic liver pathol-
ogy to be released in EVs and detected in the circulation
(Fig. 3). However, the EVs harbouring these molecules
of interest account for a relatively small proportion of the
complex circulating mixture of vesicles, which are also
derived from multiple other cells and organs. In plasma,
platelets are a major source of EVs (originating up to
90%), followed by other haematopoietic or endothelial
cell types [102, 103]. While the reported proportion of
hepatocyte-derived EVs in circulation varies widely [3,
33], this may be as small as a fraction of a percent. Since
conventional methods separate vesicles from other blood
components based on physical properties, producing bulk
isolates of heterogenous composition, the background
noise from non-hepatic EVs may preclude the sensitive
detection of disease-related changes. This is likely to
be particularly apparent in the diagnosis of early-stage
patients [104]. Evidently, the inability to efficiently iso-
late relevant subpopulations of EVs containing candidate
biomarkers represents a major barrier to their clinical
translation. Immunoaffinity capture fits within a broader
framework of EV sample collection and analysis for blood-
based biomarker contexts. The methodology can be sum-
marised in a generic workflow (Fig. 4) that incorporates
best practice (as reviewed by Useckaite, et. al. [105]) and
recommendations for characterisation and reporting [27,
106]. While the review of common isolation methods is
beyond the present scope and described in detail elsewhere
[102, 107], the following section will discuss the applica-
tion of immunoaffinity-based capture methods to detect
cell- or tissue-specific EVs and analyse their cargo in the
context of chronic liver diseases. Supplemented by emerg-
ing technologies, we envision this to serve as a foundation
for the implementation of informed and actionable bio-
marker strategies with broader relevance to any condition
or application. Studies described in this section are also
listed in Table 2 under Cargo detected in circulating EVs
for the particular disease.

Technologies to assess tissue-specific EVs

Given the biogenesis pathway and cell of origin influence
surface protein expression on EVs, the isolation of par-
ticular subpopulations can be achieved by immunoaffinity
capture (IAC) [108]. IAC is based on the interactions of
EV surface molecules with antibodies, most commonly
against tetraspanins, that are covalently linked to a fixed
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phase, such as magnetic or non-magnetic beads, plastic or
silica plates, porous monolithic microtips or microfluidic
devices [102]. Compared to conventional isolation meth-
ods, the use of antibodies permits the extraction of highly
pure and specific EVs, lending itself to customisation
against EV markers of interest [107, 108]. For instance,
ASGR and CYP2EI are known membrane-localised EV
constituents with high specificity for EVs of hepatocyte
origin, and have been applied for the selective analysis
of hepatocyte-derived biomarkers for liver disease in vivo
[109]. However, targeting specific EV populations inher-
ently reduces yield. Efficient recovery by IAC depends
on the availability of antibodies with sufficient specificity
and stability. The high cost of antibodies also limits scal-
ing of capture protocols to large sample volumes [107].
Though some techniques can be performed directly from
biofluids, IAC is usually preceded by global EV enrich-
ment. Variability between different global isolation meth-
ods with respect to subtype enrichment and cargo [110],
underscores the importance of confirming compatibility of
a chosen method with downstream analyses. Despite pre-
sent limitations, emerging immunoaffinity-based technolo-
gies show promise to improve clinical biomarker analyses
in a robust, timely and cost-effective manner.

Immunobead- or plate-based capture

The most common approach to selectively isolate EV sub-
types involves incubation of EVs with antibodies conju-
gated to magnetic beads or on plates [111]. EVs positive
for cell- or disease-specific surface markers can then be
selectively removed from the mixture by magnetic forces
or immobilisation on the plate surface. This may also be
used to improve the purity of samples, pre-enriched by
precipitation or ultracentrifugation, by targeting tetraspa-
nins [107]. The method is compatible with downstream
analyses, including polymerase chain reaction (PCR), for
direct quantification of molecular cargo [111], however,
tight covalent bonds make the elution of bead- or plate-
bound EVs challenging. Use of low pH buffers can release
intact EVs but may interfere with subsequent investiga-
tions of functional activity [108]. Nonetheless, for diag-
nostic purposes, pull-down of specific EV samples pre-
sents the opportunity to comprehensively interrogate cargo
across multi-omics platforms and identify disease-specific
molecular signatures. Immunoprecipitation of cell-specific
EVs from biofluids has been applied in biomarker discov-
ery by a select number of groups, in the context of neu-
ronal pathology [112-115], cerebrovascular disease [116],
transplant rejection [117], melanoma [118] and prostate
cancer [119]. These reports consistently support the notion
that EVs preferentially enriched for tissue origin are most
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informative of disease and thus enhance sensitivity and
specificity of biomarker analyses. We recently isolated
hepatocyte-derived EVs by anti-ASGR1 immunoprecip-
itation for the study of DMET induction by rifampicin
and in pregnancy [53] and to compare the performance of
miRNA biomarkers for NAFLD in unfractionated plasma,
global circulating EVs and liver-specific EVs [68]. Only
in applying the selective isolation technique, was a strong
significant trend observed in biomarker expression with
disease severity in NAFLD patients; thereby providing the
first evidence for the utility of tissue-specific EV isolation
techniques to improve diagnostic performance in chronic
liver disease.

Flow cytometry

Flow cytometry is a powerful technique that can be applied
to the enumeration and sizing of EVs from biofluids and
phenotyping of specific subpopulations [120]. Particles in
suspension are passed through a laser beam and measured
based on light scatter and fluorescent emission. Conven-
tional flow cytometers were designed for measuring single
cells, thus the limit of detection is substantially larger than
the typical EV size distribution (between 200 and 500 nm
depending on the instrument) [121]. Although modern
developments in high-resolution flow cytometry have
seen increased sensitivity towards lower limits (~ 100 nm),
this still misses a significant portion of smaller EVs, as
revealed by complementary techniques, such as nanopar-
ticle tracking analysis (NTA) [122]. Alternatively, larger
complexes can be formed using immunobeads to detect
the smaller range of EVs. This is useful for detecting EV
subtypes based on surface composition but provides no
direct insight into vesicle size [121]. Multiplexed flow
cytometry approaches allow the high-throughput analysis
of multiple markers of interest [110, 123]; however, like
other immunolabelling approaches (e.g. Fluorescent NTA
and immunogold-label EM), cargo detection is restricted
to surface expression.

In chronic liver disease, such as NAFLD, flow cytometry
approaches uphold the potential for cell-specific circulating
EVs to diagnose and track progression. In a diet-induced
mouse model of NASH, Li et al. [33] followed changes
in circulating EVs derived from hepatocytes (ASGRI1 +,
CYP2E1 +), macrophages (Galectin 3 +), neutrophils (Ly-
6G/6C +) and platelets (CD61 +). Hepatocyte-specific EV
levels were significantly elevated over the course of feed-
ing, occurring prior to histological evidence of inflamma-
tion and correlated with NAFLD activity score and features
of NASH, including lobular inflammation and ballooning.
Similarly, macrophage- and neutrophil-derived EVs were
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increased and strongly associated with hepatic inflammation
and fibrosis.

Povero et al. [3] also investigated changes in circulating
hepatocyte-derived EVs, bearing ASGR1 and bile acyl-coen-
zyme A synthetase (SLC27AS5), in human NASH patients
with and without cirrhosis. SLC27AS5 is a key enzyme in
fatty acid uptake and synthesis. While greater expression
is observed in steatotic hepatocytes, down-regulation has
been associated with progression to cirrhosis due to loss of
fat and functional parenchyma. In serum, SLC27A5+EVs
increased up to fourfold in NASH compared to healthy
controls then decreased slightly in cirrhotic NASH. Mean-
while, ASGR1+EYV levels increased with disease severity,
at almost twofold in pre-cirrhotic NASH and threefold in cir-
rhotic patients, compared to healthy controls. Liver-specific
EV numbers exhibited strong correlations with features of
NASH, including fibrosis stage, as well as various clinically
relevant scores, such as FibroTest, Enhanced Liver Fibrosis
(ELF) test and NAFLD Fibrosis Score (NFS). In addition,
hepatocyte-derived EVs could predict clinically signifi-
cant portal hypertension (hepatic venous pressure gradi-
ent [HVPG] > 10 mmHg) in cirrhotic NASH patients with
sensitivity of 92% and specificity of 75% (area under the
receiver operating characteristic curve [AUROC]=0.79),
identifying the cut-off as > 668 EVs/ul serum. Proteomic
profiling also revealed several differentially expressed pro-
teins that could distinguish advanced NASH from healthy
controls (AUROC =0.77) and pre-cirrhotic from cirrhotic
NASH (AUROC=0.80). Considering this analysis was per-
formed on global circulating EVs and in late-stage NAFLD
cohorts, the potential benefit of selectively analysing hepat-
ocyte-derived EV protein cargo may be explored in simple
steatosis or early NASH development.

CHRONIC INJURY

L— ALCOHOL
L— LIPOTOXICITY
L— VIRAL INFECTION

1T INFLAMMATORY EV
T PRO-FIBROTIC EV

NON-HEPATIC EV

It is noted that the above studies by and employed
nanoscale flow cytometry with detection thresholds
set to count EVs in the range of 110-1000 nm [33] and
200-1000 nm [3], respectively. Although limited to the
larger EV range, earlier reports utilising conventional flow
cytometers have also shown compelling results in support
of tissue-specific EV biomarkers for chronic liver disease.
Specifically, the profiling of immune cell-derived EVs dis-
criminated patients with NAFL, NASH and HCV infection
and healthy controls, and paralleled the extent of hepatic
inflammation. Chronic HCV patients had greater circulat-
ing CD4 +and CD8+T cell-derived EVs, while NAFLD
patients had more EVs from invariant natural killer T cells
and CD14 + macrophages. AUROC values ranged from
0.652 to 0.999 for various cohort pairs [124]. Later work
demonstrated that the combination of surface markers,
Annexin V, EpCAM, ASGRI1 and CD133, could be used
to identify tumour-associated EVs in circulation and distin-
guish between liver cancers (HCC and cholangiocarcinoma)
and tumour-free cirrhosis [125]. Similarly, EVs expressing
hepatocyte paraffin 1 (HepParl) were found in great abun-
dance in the circulation of patients with HCC, compared
to virtually undetectable levels in tumour-free cirrhosis and
healthy controls, and were proposed as an early marker of
recurrence [126].

Microfluidic devices

Recent innovations in microfluidic hardware have driven the
development of compact chip-like devices for the detection
and isolation of EVs from biofluids. Microfluidic devices
sort particles through a network of microchannels of var-
ying diameter, ranging from tens to hundreds of microns

Fig. 3 Extracellular vesicle liquid biopsy for chronic liver diseases. Figure was created using BioRender.com
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[102, 121]. Vesicle isolation is achieved either by actively
applying electric, magnetic or acoustic forces, or in a pas-
sive manner, depending on immunoaffinity interactions and
size exclusion [127]. In IA-based devices, antibody-func-
tionalised surfaces immobilise target EVs flowing through
the chip, to separate highly specific, pure vesicle subtypes.
For example, the ExoChip device contains anti-CD63 to

@ Springer

selectively capture exosomal small EV and has been applied
for biomarker discovery in pancreatic cancer patients [128].
Progress in the design of these devices continue to improve
sensitivity, reduce non-specific interactions and enhance
capture efficiency by increasing surface area and mixing
[127].
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Key advantages of IA microfluidic chips include rapid
processing time and low sample volume, requiring as little
as ten microliters of plasma but taking up to a few hundred
microliters [86]. It is noted that reducing sample input may
be detrimental to downstream analyses, whereby biomarker
yield in smaller volumes is insufficient for diagnostic pur-
poses [102]. Despite their current complexity and cost, the
development of integrated on-chip analysis of EV cargo
positions microfluidic devices as promising novel tools for
point of care testing (POCT) [129]. Captured EVs may be
lysed by chemical (e.g. Triton X-100) or physical (e.g. elec-
trical) means, and intraluminal nucleic acid amplified and
analysed on-chip by quantitative PCR. Protein cargo may
be detected by ELISA or released for off-chip proteomics
[121, 127].

Recently, Sun et al. [32] designed an EV purification sys-
tem, called EV Click Chips, to isolate HCC-derived EVs
directly from 500 pl of plasma, via surface expression of
ASGR1, EpCAM and CD147. Expression of 10 HCC-spe-
cific mRNA transcripts, analysed by digital droplet PCR in
the captured EVs, gave exceptional diagnostic performance
across several cohorts. Specifically, HCC was distinguished
from all non-cancer (AUROC =0.87) and from other pri-
mary malignancies (AUROC =0.95) and early HCC detec-
tion could be achieved amongst at-risk cirrhosis patients of
viral hepatitis, ALD or NASH aetiology (AUROC=0.93),
outperforming serum AFP (AUROC =0.69). While the
application of microfluidic devices is mainly at the proof-
of-concept stage [111], longitudinal follow-up and valida-
tion in larger cohorts may soon see this novel non-invasive
tool implemented in clinical settings for early diagnosis and
patient monitoring.

Nano-plasmonic enhanced scattering assay.

Nano-plasmonic enhanced scattering assay (nPES) is a
novel IAC technology that can isolate and quantify target
EVs using capture and detection antibodies [104]. The assay,
initially developed for tumour-derived EV from pancreatic
cancer patients [130], was shown to considerably reduce
cost, sample volume and analysis time and improved sen-
sitivity compared to ELISA [104]. Similar to microfluidic
devices, nPES is attractive for POCT given the assay con-
sumes as little as 1-5 pl and can be performed directly from
biofluids [13].

One research group recently developed a novel nPES
assay to quantify hepatocyte-specific EVs as biomarkers
for AH diagnosis [13] and for NAFLD resolution in obese
patients undergoing weight loss surgery [109]. EV cap-
ture was achieved through ASGR2 or CYP2EI and con-
firmed by CD63 positivity; and the capacity for circulating
hepatocyte-specific EV levels to differentiate patients from
controls was demonstrated in each cohort. Interestingly,
hepatocyte-EVs correlated with steatosis and inflammation

in NAFLD. The findings by Nakao and co-workers are in
line with an earlier study that showed a 68% reduction in
circulating hepatocyte-EVs (ASGR1 +, HepPar1 +) after
bariatric surgery; however, the use of flow cytometry lim-
ited vesicle detection to those within 200-900 nm diameter
[131].

Finally, lipidomic analysis revealed differential sphin-
golipid cargo in global EVs that was integrated in multi-
variable logistic regression models with MELD score and
log global EV count to predict 90-day mortality in AH
(AUC=0.91) [13]; and with body mass index and small
EV (110,000xg UC pellet) count to identify NAFLD
(AUC=0.80) [109]. Given the shortfalls of global EV analy-
sis, further development and validation of nPES and other
technologies to selectively analyse molecular signatures in
cell-specific EVs may advance clinical translation of predic-
tive models such as these.

Concluding remarks

EVs mediate a vast array of complex biological functions,
related to the maintenance of liver homeostasis as well as
the initiation and progression of liver diseases. A multiplic-
ity of reports underpins the mechanistic link between EV-
mediated cellular crosstalk and pathogenic processes that
translate to differential expression in EV-based biomarkers
across human patients and healthy subjects. The stability and
accessibility of EV in peripheral blood are among attractive
characteristics that compel their application as minimally
invasive biomarkers. In the field of chronic liver disease,
such tools for diagnosis and tracking of disease status and
response to therapeutic intervention is in critical demand.
The advancement of platforms designed to specifically
isolate and analyse EVs, derived from cells or tissues rel-
evant to the condition of interest, may greatly enhance the
sensitivity and reproducibility of circulating EV biomarker
analyses. It is our overarching view that clinical use will be
supported by the development of these technologies and a
holistic approach to evaluating disease-specific EV signa-
tures of composite molecular species.
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Addressing MISEV guidance using targeted LC-MS/MS: A method
for the detection and quantification of extracellular
vesicle-enriched and contaminant protein markers from blood
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Extracellular vesicles (EVs) are membrane-bound nanosized particles released by
Correspondence cells into bodily fluids containing an array of molecular cargo. Several characteristics,
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Australia, and associated cargo attractive biomarkers and therapeutic tools. To promote robust
Email: andrew.rowland@flinders.edu.au characterisation of EV isolates, the minimal requirements for the study of extracellu-
lar vesicles (MISEV) guidelines recommend the analysis of proteins in EV samples,
Funding information including positive EV-associated markers and negative contaminant markers based
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Grant/Award Number: 1158210 on commonly co-isolated components of the starting material. Western blot is con-

ventionally used to address the guidelines; however, this approach is limited in terms
of quantitation and throughput and requires larger volumes than typically available
for patient samples. The increasing application of EVs as liquid biopsy in clinical
contexts requires a high-throughput multiplexed approach for analysis of protein
markers from small volumes of starting material. Here, we document the develop-
ment and validation of a targeted liquid chromatography tandem mass spectrometry
(LC-MS/MS) assay for the quantification of markers associated with EVs and non-
vesicle contaminants from human blood samples. The assay was highly sensitive,
requiring only a fraction of the sample consumed for immunoblots, fully quantitative
and high throughput. Application of the assay to EVs isolated by size exclusion chro-
matography (SEC) and precipitation revealed differences in yield, purity and recovery
of subpopulations.

KEYWORDS
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1 | INTRODUCTION

In recent years, the field of extracellular vesicle (EV) research has exploded with publications documenting their biological prop-
erties, functionality, and potential diagnostic, prognostic and therapeutic applications in human disease (Shao et al., 2018; Théry
et al., 2018; Van Deun et al., 2017). The term EV describes a heterogenous population of membrane-bound vesicles; including
small EVs, such as exosomes (50-150 nm), that arise from endosomal pathways within the cell, and EVs of various sizes up to
1000 nm in diameter, shed directly from the plasma membrane (microvesicles) (Kowal et al., 2016; Newman et al., 2020). Whilst
originally perceived simply as a pathway for cellular garbage disposal, EV's are increasingly recognised for their roles in local and
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systemic intercellular communication, diverse physiological processes and disease progression (Newman et al., 2020; Shao et al.,
2018). These functions are facilitated via the transfer of biologically active cargo, including nucleic acids, proteins and lipids, into
recipient cells resulting in phenotypic and functional changes (Greening et al., 2017; Newman et al., 2020).

The stability conferred through encapsulation within the vesicle membrane and accessibility in biological fluids such as blood
and urine, makes EV cargo attractive as biomarkers and therapeutic tools (Hirsova et al., 2016). However, their clinical applica-
tion is hindered by several challenges, particularly with respect to the competing imperatives of recovery and purity of isolated
preparations (Newman et al., 2020; Van Deun et al., 2017; Webber & Clayton, 2013). To promote the standardisation of EV
methodologies and reporting, the International Society for Extracellular Vesicles (ISEV) has provided guidelines that set out
the minimal requirements for the study of extracellular vesicles (MISEV) (Théry et al., 2018). Researchers must provide robust
evidence to claim the presence of EVs in isolates and assign physiological properties or functions to them. In addition, the
EV-TRACK knowledgebase provides a platform for the detailed recording of experimental procedures through a checklist of
115 parameters, from which studies are assigned an EV-METRIC reflecting the capacity for the experiments to be properly
interpreted and reproduced (Van Deun et al., 2017).

A key component of the EV-METRIC is analysing samples for the presence of accepted EV markers and absence or depletion
of markers not associated with EVs (Van Deun et al., 2017) (£EV markers). EV enriched proteins are derived from the plasma
membrane or cytosol and reflect the process of biogenesis and sorting of cargo (Shao et al., 2018). MISEV (2018) defines two
categories of proteins to be analysed in all preparations, in order to robustly claim the presence of EVs (Van Deun et al., 2017).
Markers frequently identified from Category 1 (transmembrane or GPI-anchored proteins) include tetraspanins (CD9, CD8],
CD63) and major histocompatibility complex class 1 (MHC1) (Kowal et al., 2016; Shao et al., 2018; Théry et al., 2018). Category 2
comprises proteins that are incorporated from the cytosol into EVs, largely due to lipid- or membrane protein-binding capacity.
Examples of these are tumour susceptibility gene 101 (TSG101), heat shock 70 kDa proteins and flotillins -1 & -2 (Van Deun et al.,
2017). A third category of commonly co-isolated contaminants is also given for assessing purity. These are selected with respect to
EV source; for example, apolipoproteins or albumin in blood-derived EV isolates (Théry et al., 2018). Further, proteins expressed
in intracellular compartments other than plasma membrane or endosome, such as endoplasmic reticulum (ER) or nucleus, may
be used as markers of large EVs, cellular components or apoptotic blebs (Shao et al., 2018). Common examples include calnexin,
endoplasmin (GP96), or histones (Kowal et al., 2016; Théry et al., 2018; Webber & Clayton, 2013), and comprise Category 4, which
must be addressed by researchers claiming the specific isolation of small EVs (Théry et al., 2018).

Currently, western blotting is the most common approach used to address reporting requirements relating to analysis of +EV
markers (Théry et al., 2018). While western blotting is an established method for protein detection, the approach has many
inherent limitations that impact applicability to certain sample types. By way of example, as an antibody-based (immunoblot-
ting) method, western blotting is semi-quantitative and can reliably detect only one analyte per sample. This may not be an issue
when working with EVs isolated from cell culture media as sample volumes are plentiful, allowing for multiple parallel analy-
ses, and there is a greater ratio of vesicles to particulate contamination (Kreimer et al., 2015; Van Deun et al., 2017). This does,
however, become a key limitation in the context of addressing reporting requirements when working with biospecimens from
clinical trials or patient cohorts, as the resulting EV sample volume is often insufficient to accommodate multiple western blot
analyses as control experiments. Additionally, the biospecimen sample matrix is typically more complex and variable between
samples, which can impact the quality of western blot analysis. Importantly, western blots can also be limited by the performance
of antibodies, as non-specific binding can increase background and reduce confidence in analyte detection (Liebler & Zimmer-
man, 2013). As EVs become an increasingly important “liquid biopsy” platform and their application to clinical biospecimens
gains increasing attention, there is a need for a robust, higher throughput, multiplexed approach to address +EV marker report-
ing requirements, ideally utilising the same platform that is applied to biomarkers of interest. Particularly when working with
biospecimens, different EV isolation methods are known to enrich specific EV sub-populations and differ in terms of EV recov-
ery and the extent and composition of vesicular and non-vesicular contamination. Accordingly, it is important to consider the
compatibility of isolation strategy with the analytical platform.

In recent years liquid chromatography mass spectrometry (LC-MS/MS) analyses have facilitated expansive proteomic pro-
filing of EVs (Rosa-Fernandes et al., 2017; Shao et al., 2018). LC-MS/MS has been applied in both untargeted and targeted
workflows, to qualitatively screen for the presence of proteins and to quantify the abundance of specific proteins, respectively. Tar-
geted LC-MS/MS based protein quantification typically involves the enzymatic digestion of proteins into peptides, separation by
reverse phase liquid chromatography, and quantification of specific fragmentation patterns associated with the peptide of interest
using a triple quadrupole (QQQ) mass spectrometer (Kreimer et al., 2015; Rosa-Fernandes et al., 2017). This approach, referred
to as multiple reaction monitoring (MRM), is highly sensitive, reproducible, and depending on instrument configuration can
simultaneously analyse up to 20 proteins in a single sample. Additionally, targeted LC-MS/MS analysis enables absolute analyte
quantification in a complex matrix when the magnitude of the response for the endogenous analyte is normalised using a stable
isotope labelled (SIL) peptide and compared to an external calibrator spiked into a comparable matrix at a known concentration
(Greening et al., 2017; Kreimer et al., 2015).

Few studies have previously employed targeted LC-MS/MS assays to assess purity of EVs from blood (Park et al., 2021; Wang
et al,, 2017), and have been useful in the development of novel isolation strategies (Nguyen et al., 2021) or to gain insight to




NEWMAN ET AL. @ ISEV 30f18
o | sars

membrane origin of circulating vesicles (Zhang et al., 2020). Of these studies, only that by Park et al. (2021) was performed
on clinically relevant volumes of sample (100 ul plasma, while others used up to 200 ml). However, the proteins included in
this panel covered cytosolic EV-enriched proteins and non-EV contaminants while transmembrane (MISEV category 1) pro-
teins were notably absent. Thus, the present manuscript describes the development and validation of a novel MRM-based panel
specifically designed to address MISEV guidelines. This approach is sensitive, fully quantitative and high throughput. Establish-
ing the presence of EV markers and depletion of contaminants is a critical component of sample characterisation, likely to be
expanded upon in new iterations of MISEV (Witwer et al., 2021). Since the 2018 guidelines recognised the challenge of perform-
ing several characterisation experiments when sample volume is limited, we validate the application of this platform in small
starting volumes. Hence, the method described here may be generalised to other EV-based research applications, of different
cell-types or (patho)physiological condition, but we anticipate its particular value for the analysis of clinical biospecimens.

2 | METHODS
2.1 | Blood samples

Venous blood from healthy volunteers was collected into Z Serum Sep Clot Activator tubes or K;EDTA plasma vacuettes (Greiner
Bio-one, Frickenhausen, Germany) and centrifuged twice at 2500 g for 15 min at 10°C. Serum or plasma was extracted and
stored at —20°C until analysis. The study was approved by the Southern Adelaide Clinical Human Research Ethics Commit-
tee (SAHREC; number 261.18). Serum and plasma samples from patients with non-alcoholic fatty liver disease (NAFLD) were
purchased from Discovery Life Sciences (Hunstville, AL, USA).

2.2 | EVisolation
221 | qEV size exclusion chromatography

qEV Original (Legacy) 35 and 70 nm size exclusion chromatography (SEC) columns (iZon Science, Christchurch, NZ) were used
to isolate EVs from serum or plasma. Prior to EV isolation, columns were equilibrated to room temperature (RT) and washed
with 10 ml of 0.2 um filtered phosphate-buffered saline (PBS). Serum (500 ul) was loaded into the sample reservoir and allowed
to completely pass into the column before PBS was added (no more than 2 ml at any time) to begin elution. The first six fractions
(3 ml) eluted from the column was discarded and vesicles were collected as pooled fractions 7-11 (2.5 ml) into 5 ml Protein LoBind
tubes (Eppendorf). Pooled vesicle fractions were mixed gently by inversion and concentrated to 100 ul using Amicon Ultra-4
centrifuge filters (30 kDa, Millipore-Sigma) pre-conditioned with PBS. Concentrated vesicle isolates were stored at —80°C until
analysis.

2.2.2 | ExoQuick precipitation

Serum was centrifuged for 15 min at 3000 X g at 10°C to remove debris. Spun serum (500 ul) was combined with ExoQuick™
precipitation solution (126 ul) and mixed eight to 10 times by gentle inversion. Samples were incubated for 30 min on ice then cen-
trifuged for 30 min at 1500 g at 4°C to pellet EVs and again for 5 min in the same conditions, each time aspirating all supernatant.
The pellets were resuspended in 100 ul of filtered PBS/RIPA buffer and stored at —80°C until analysis.

2.3 | Nanoparticle tracking analysis
Nanoparticle tracking analysis (NTA) was performed to quantify particle concentration and size distribution in EV samples
using a NanoSight NS300 (Malvern Analytical, UK). Samples were diluted between 1:500 and 1:20000 in freshly 0.2 um filtered
PBS. Five 60-s videos were captured at camera level 14 with a continuous sample flow (flow rate 100). Videos were analysed at
detection threshold five using NTA 3.0 software.

2.4 | Transmission electron microscopy

Samples were prepared based on a previously published protocol (Newman et al., 2021). Briefly, Ted-Pella B 300 M carbon-
coated grids (Ted-Pella, Redding, CA, USA) were cleaned and hydrophilized using plasma glow discharge for 15 seconds
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(Gatan SOLARUS Advanced Plasma Cleaning System, Gatan, Inc., Pleasanton, CA, USA) prior to use. Five microlitres of sample
in 0.2 um-filtered PBS was placed on carbon-coated grids for 5 min. Carbon grids were washed once (15 s) at RT with 0.2 um
filtered PBS and were contrasted with 2% uranyl acetate (3 min, RT), washed once, and examined by FEI TECNAI Spirit G2 TEM
(Thermo Fisher Scientific, Waltham, MA, USA) operated at 100 kV. TEM images were acquired at magnifications of 49,000 and
68,000% (Figure S1).

2.5 | Human liver microsome preparation

Pooled human liver microsomes (HLMs) were prepared by differential centrifugation as described by Bowalgaha et al. (2005).
Briefly, liver portions (<1 cm thickness) were suspended in phosphate buffer (0.1 M, pH 7.4) containing potassium chloride (KCl;
1.15% w/v) and minced using scissors. The minced liver tissue was homogenized, initially with a Janke and Kunkle Ultra Turax
at a speed of 24000 rpm, and then with a Potter-Elvehem homogenizer (driven by a power drill) at a speed of 1480 rpm. The
homogenized tissue was centrifuged at 3000 g for 10 min at 4°C, and again at 10,000 g for 10 min at 4°C. The supernatant layer
was collected and centrifuged at 105,000 g for 1 h at 4°C. The resulting pellet was re-suspended in phosphate buffer (0.1 M, pH
7.4) containing KCI (1.15% w/v) and then centrifuged at 105,000 g for 1 h at 4°C. The final microsomal pellet was suspended in
phosphate buffer (0.1 M, pH 7.4) containing glycerol (20% v/v), aliquoted into 400 ul samples, and stored at -80°C until use.
Equal protein amounts of microsomes from five human livers (H7, female 44 years old [y/o]; H10, female 67 y/o; H12, male 66y/o;
H29, male 45y/0; and H40, female 54y/0) were used for the purpose of this study. Approval for the use of human liver tissue in
xenobiotic metabolism studies was obtained from both the Clinical Investigation Committee of Flinders Medical Centre and
from the donors’ next of kin. All livers were obtained within 60 min of death and were immediately sliced and frozen in liquid
nitrogen. Once frozen, livers were stored at -80°C until use.

2.6 | Protein isolation from EVs for immunoblots

EVs isolated by qEV were lysed by mixing an equal volume (6 ul) of EV sample in PBS with ice-cold RIPA (Radioimmunopre-
cipitation assay) lysis buffer (Thermo Fisher Scientific, IL, USA). ExoQuick isolated EV's (pellet) was lysed in 100 ul of the above
RIPA lysis buffer. All samples were incubated on ice for 25 min, centrifuged at 10,000 g for 10 min at 4°C. Soluble protein was
measured by micro BCA assay (Thermo Fisher Scientific, IL, USA), according to manufacturer’ instructions. Briefly, working
reagent (WR) was prepared using MA:MB:MC at 25:24:1 ratio. Lysed samples were diluted up to 300 ul in 0.2 um-filtered PBS.
In a 96-well plate, equal volume of WR and either sample or bovine serum albumin (BSA) standard were mixed and assayed in
duplicate. Absorbance of samples at 562 nm were compared to that of BSA standard curve (0-200 ug/ml) to determine protein
concentration, using a SuperMax plate reader (Molecular Devices, CA, USA).

2.7 | Protein isolation from HLM and serum for immunoblots

HLM and serum protein was isolated by mixing equal volumes of HLM and ice-cold RIPA buffer, incubated on ice for 25 min,
centrifuged at 10,000 g for 10 min at 4°C. Soluble protein was measured, as above, by micro BCA assay (Thermo Fisher Scientific,
IL, USA).

2.8 | Immunoblotting

EV, HLM, and serum protein (35 ug), isolated as described above, was used for immunoblotting as we previously described
(Useckaite et al., 2020), except that 5% BSA/TBS containing 0.1% Tween 20 (TBST) was used. Protein lysates (EV, HLM, and
serum) were resolved on gradient SDS gels (Bio-Rad Laboratories, CA, USA) and the proteins where then transferred to Immun-
Blot LF polyvinylidene difluoride (PVDF) membrane, 0.45 Im (Bio-Rad Laboratories, CA, USA), using a Turbo Blot transfer
unit (Bio-Rad Laboratories, CA, USA). Stain-free imaging of the gel was performed using a ChemiDoc MP imager (Bio-Rad
Laboratories, CA, USA) with a I-min stain activation time as previously described (Colella et al., 2012). Total protein images
were obtained at pre-blocking of PVDF (Figure S2). PVDF membranes were blocked with 5% (w/v) BSA in TBST and incubated
overnight at 4°C with primary antibodies.

Primary antibodies (in 5%BSA/TBST) from Abcam (Abcam, Cambridge, MA, USA) were anti-human CD9 (Cat.#:ab92959;
1/1000); anti-human CD63 (Cat.#:ab68418; 1/1000); anti-human CD81 (Cat.#:ab109201; 1/1000); and anti-human Calnexin (Cat.#:
ab2791; 1/1000). Primary antibody for anti-human TSG101 was from Invitrogen (Thermo Fishes Scientific, IL, USA; Cat.#:PA5-
31260; 1/1000). Secondaries from Cell Signalling Cell Signalling Technology, MA, USA) were anti-mouse IgG, HRP-linked
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(Cat.#:7076;1/1000) or anti-rabbit IgG, HRP-linked (Cat.#:7-74; 1/1000). HLM-lysate was included in all gels as a positive control.
Serum lysate was added as a positive control for Albumin.

SuperSignal West Femto Chemiluminescent Substrate Kit (Thermo Fisher Scientific, IL, USA) was used for detection, imaging
was performed using an automated ChemiDoc Touch Imaging System (Bio-Rad Laboratories, CA, USA) and densitometric
analysis was performed using Image] tool (https://imagej.nih.gov/ij/index.html).

2.9 | Peptide digestion

EVs isolated by SEC columns and by ExoQuick precipitation, 50 and 10 ul, respectively, were diluted up to 100 ul in PBS; con-
taining between 70 and 20 ug of SEC EV protein and 1132-1683 ug of ExoQuick EV protein. EVs were lysed by vortexing for
10 min using a MixMate sample mixer (Eppendorf) followed by three freeze-thaw cycles. Lysed samples were mixed with 50 ul
of ammonium bicarbonate (pH 7.8) and incubated with dithiothreitol (12.5 mM) for 90 min at 60°C. Samples were cooled to
RT prior to addition of iodoacetamide (23.5 mM) and incubation for 60 min at 37°C. Trypsin Gold was then added to protein
samples in a ratio of 1:40 and incubated for 17 h at 37°C. Samples were mixed with 20 ul of formic acid (10% v/v) in order to
terminate digestions, then centrifuged at 16,000 g for 10 min at 4°C. Resulting supernatant (100 ul) was spiked with a SIL peptide
cocktail (final [nM]: ALB: 10; CD81: 0.4; CD9: 0.1; CANX, TSGIO0L: 0.2). SIL peptides were obtained from Vivitide (MA, USA),
all of isotopic purity >99%. Digested samples containing SIL peptides were run immediately and stored in the autosampler at
15°C over the course of the run. A 5 ul aliquot of digested protein was injected for analysis by LC-MS/MS (Table S1). HLM and
serum, diluted 1:100 in PBS, were digested in the same conditions and run as positive controls.

2.10 | Chromatography

Chromatographic separation of analytes was performed on an Agilent Advance Bio Peptide Map column (100 mm X 2.1 mm,
2.7 um) using an Agilent 1290 Infinity IT liquid chromatography system. The temperature of the sample and column compart-
ments was maintained at 15°C and 30°C, respectively. A panel of analytes comprising the EV makers CD81, CD9, and TSG101,
and contaminants calnexin (CANX) and albumin (ALB), were separated by gradient elution with a flow rate of 0.2 ml/min. The
mobile phase consisted of 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B) held
in a proportion of 97% A and 3% B for the first 3 min. The proportion of mobile phase B was then increased linearly to 30% over
30 min then increased to 50% in 5 min and held for 1 min before returning to 3% over a further 5 min. Lastly, mobile phase B
was held at 3% to re-equilibrate the column for 5 min.

2.11 | Mass spectrometry

Column eluant was monitored by mass spectrometry using an Agilent 6495B QQQ mass spectrometer operating in positive elec-
tron spray (ESI4+) mode. Target proteins were included in the panel in accordance with MISEV reporting guidelines. Proteotypic
peptides for each protein marker were screened in EV samples and/or positive controls (HLM) and confirmed using Skyline
software. Peptides contained between seven and 22 amino acids for uniqueness and mass range of QQQ instrument. Peptides
had no methionine or cysteine residues. Sites of mutagenesis or post-translational modifications were avoided. For one peptide
per protein, one quantifier and two qualifier ion transitions were included for optimisation of the MRM method based on signal
intensity (Table 1). Three types of each analyte were detected; synthetic isotope labelled (SIL), endogenous and synthetic light
peptide; as the latter was spiked into samples to supplement endogenous levels where required for assay validation. Skyline soft-
ware was used to verify transitions and to select the optimal collision energy for each transition from seven predicted voltages.
MassHunter Optimiser Software was used to optimise source parameters: capillary voltage, nebuliser pressure and nozzle volt-
age; and cell accelerator voltage was optimised manually between 3 and 8 V. Identities of endogenous peptides were confirmed
by comparing retention time and quantifier/qualifier transition ratios to respective SIL peptide standards.

2.12 | Assay validation and calibration

Calibration standards (n = 8) were prepared to span the concentration ranges associated with qEV70 EV isolates, and to ensure
a robust minimal concentration to exclude contamination (CANX and ALB) from human serum. In this range, assay linearity
was determined for each analyte according to linear regression analysis. Assay sensitivity was determined for the panel. The
limit of detection (LOD) was defined as a signal to noise ratio of 3:1 and the lower limit of quantification (LLOQ) as 5X the
LOD.
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TABLE 1  Analyte sequences and transitions used for multiple reaction monitoring

Retention Precursor Collision
Analyte  Type Sequence time (min)  Ion Product Ions energy (eV)
ALB SIL H2N-LVNEVTEFAK*-OH 20.7 579.3 603.3 (y5+) 702.4 (y6+) 945.5 (y8+) 188
Light H2N-LVNEVTEFAK-OH 20.7 575.3 5953 (y5+) 694.4 (y6+) 937.5(y8+) 1838
CD81 SIL H2N-QFYDQALQQAVVDDDANNAK™-  23.9 754.4 870.4 (y8+) 969.4 (y9+) 10685 (ylo+) 17.3
OH
Light H2N-QFYDQALQQAVVDDDANNAK- 23.9 751.7 862.4 (y8+) 961.4 (y9+) 1060.5 (yl0+) 17.3
OH
CD9 SIL H2N-DVLETFTVK"-OH 24.3 530.3 603.4 (y5+) 732.4 (y6+) 846.5(y7+) 223
Light H2N-DVLETFTVK-OH 243 526.3 595.4 (y5+) 724.4 (y6+) 837.5(y74+) 223
CANX SIL H2N-IVDDWANDGWGLK"-OH 27.2 748.9 797.4 (y74+) 868.4 (y8+4) 10545 (y9+) 24.1
Light H2N-IVDDWANDGWGLK-OH 27.2 744.9 789.4 (y7+) 860.4 (y8+) 1046.5 (y9+) 24.1
TSGI01  SIL H2N-GVIDLDVFLK™-OH 325 563.8 7425 (y6+) 857.5(y74) 970.6 (y8+) 18.4
Light H2N-GVIDLDVFLK-OH 325 559.8 734.4 (y6+) 849.5 (y7+) 962.6 (y8+) 18.4

Note: SIL (*): Stable isotope labelled peptide; bold and underlined letter = heavy labelled amino acid. Bold values indicate product ions used as quantifier transitions.

Precision was assessed on the basis of intra- and inter-day variability in the slope produced by calibration curves run in trip-
licate on three separate days. Variability was recorded as percent relative standard deviation (% RSD) of triplicate injections
(within run) and of average slope across different days (between runs). Repeatability was assessed by five consecutive injec-
tions of a mid QC sample and variability recorded as % RSD. Accuracy was determined based on the recovery of SIL peptide
spiked into quality control (QC) samples at low (ALB: 6; CD81: 0.6; CD9: 0.06; CANX, TSGI101: 0.12 [nM]), mid (ALB: 10;
CD81: 1; CD9: 0.1; CANX, TSGI01: 0.2 [nM]) and high (ALB: 18; CD81: 1.8; CD9: 0.18; CANX, TSGI01: 0.36 [nM]) concentra-
tions within the calibration curve. Carryover was assessed in two consecutive blank injections following the highest calibration
standard.

The stability of analytes was evaluated in duplicate EV samples. Samples were kept at —20°C, 4°C, or 15°C and analysed at
baseline and after 6, 24, and 48 h. Concentration was determined at each time point and changes from baseline of less than 20%
were accepted as stable.

Matrix effects were assessed based on absolute and relative recovery of SIL peptides spiked in EV matrix or mobile phase.
Calibrators 1 and 6 and a middle QC sample were prepared and analysed in each matrix and used to generate curves.
Matrix effects were reported as % difference in slope and precision in each matrix was based on triplicate injections of each
QC.

The reproducibility of the protocol was assessed based on the reproducibility of detecting analytes and of quantifying analytes.
EVs were isolated in triplicate from the serum of three donors by each of the three isolation methods as described above, and
peptide digests were performed in duplicate, as also previously described. Reproducible detection across replicate isolations was
defined by samples with average normalised response > LOD and reproducible detection in peptide digests was defined by
equivalent response (both duplicates are < or > LOD) in each pair.

Additional analyses were performed to demonstrate the generalizability of the assay. Specifically, these analyses demonstrate
the capacity to detect EV markers in plasma from healthy controls and serum and plasma from subjects with NAFLD. These
analyses were performed using EVs isolated by two distinct isolation approaches.

2.13 | Statistical analysis
Statistical analyses were performed using GraphPad Prism software version 9 (San Diego, CA, USA). Comparisons of group

means were assessed by repeated measures one-way ANOVA with Tukey test for multiple comparisons. Linear regression analysis
was performed using Microsoft Excel version 16.

214 | EV-TRACK

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV220163) (Van
Deun et al., 2017).
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FIGURE 1 Characterisation of extracellular vesicles isolated by SEC and precipitation. (a) Transmission electron microscopy images. Direct
magnification X30,000. Scale bar = 100 nm. (b) Concentration and (c) Mean size of particles measured by nanoparticle tracking analysis. Data shown as
mean =+ standard deviation; **p < 0.01; (n = 3), One-way ANOVA and Tukey test for multiple comparisons. (d) Representative images of key proteins
considered to be markers of EVs (CD81, CD9, and TSGI101), according to MISEV 2018 guidelines, in EVs isolated by qEV35, qEV70, and ExoQuick against
HLM (non-EV control). Endoplasmic reticulum protein, CANX, was included as a marker of cellular structures considered to be enriched in cells relative to
EVs (i.e., non-EV component, negative EV marker). (e) Representative image showing albumin contamination in EV samples isolated by qEV35, gEV70, and
ExoQuick. Thirty-five micrograms of lysed EV or serum protein loaded per lane. Two lanes of albumin represent 35 ug of protein that leaked to the
neighbouring well due to pipetting error

3 | RESULTS
3.1 | Characterisation of EVs

EVs were isolated from human serum (n = 3) by each of three commercially available methods; gEV70 and qEV35 SEC columns,
and ExoQuick precipitation. TEM images revealed characteristic morphology and structurally intact vesicles isolated by each
method, however, high background from non-vesicular contamination was prevalent in the ExoQuick image (Figure la). The
mean particle concentration varied between methods, with significantly more particles isolated by ExoQuick compared to gEV70
(Figure 1b). Mean particle size measured by NTA was consistent across the three isolation methods (Figure 1c), although TEM
images demonstrated the presence of a sub-population of larger vesicles in the ExoQuick isolate.

Irrespective of EV isolation method, common EV markers CD81 and TSGI01 were detected by immunoblots in all EV sam-
ples (Figure 1d and Figure S2-S4), although differences in apparent abundance were observed (Figure S6). TSG101 abundance
was comparable between EVss isolated by each of the SEC columns, while a greater amount was detected in ExoQuick samples.
Similarly, samples isolated by SEC columns displayed low levels of CD81, with the highest signal detected in ExoQuick-isolated
samples. Two bands were observed for TSG101 protein, in line with other publications using the same antibody (Hofmann et al.,
2020; Schroeder et al., 2020). CD9 expression was not detected in any of the samples. The ER protein, CANX, was included
in the analysis as a marker of non-EV cellular structures (EV negative marker). CANX expression was below the LOD of the
immunoblot method. While this method cannot provide a quantitative assessment, the lack of CANX detection suggests minimal
contamination with cellular debris.
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TABLE 2  Mass spectrometer instrument settings

Parameter Setting

Time segment (min) 0-22 22-26 26-30 30-48
Delta EMV (V) 300 300 300 300
Capillary voltage (V) 3000 2500 3000 3000
Nebulizer pressure (psi) 30 25 30 30
Nozzle voltage (V) 1000 500 500 500
Cell accelerator voltage 5 3 5 4

Since EVs were isolated from human serum, an additional immunoblot was run to compare albumin contamination across
EV samples resulting from different methods of EV isolation (Figure le and S5). Lysed serum protein was analysed as a posi-
tive control. Similar size bands were observed at approximately 70 kDa across all EV samples, irrespective of isolation method.
Importantly, blots were loaded with equivalent amount protein (35 ug) for each sample type, so they do not reflect the ana-
lyte abundance in equal volumes of starting material. Specifically, the volumes of serum corresponding to amount of loaded
protein for EV samples isolated by qEV35, gEV70 and ExoQuick are 103, 115, and 1.9 ul, respectively (Table SI). This consid-
eration of co-isolated contaminants per serum volume highlights the vastly greater levels of albumin recovered in ExoQuick
isolates compared to SEC. Indeed, SEC has been reported to isolate a greater ratio of vesicle to serum proteins, compared
to precipitation reagents or conventional techniques such as ultracentrifugation, and can reproducibly isolate vesicles con-
taining characteristic EV markers (Mongui6-Tortajada et al., 2019; Vanderboom et al., 2021). As qEV35 enriches for vesicles
35-350 nm in diameter while qEV70 enriches those 70-1000 nm, the former is prone to greater co-isolation of lipopro-
teins from the blood. For these reasons, development of the peptide assay was primarily performed using vesicles isolated by
qEV70.

3.2 | MRM method development

Target proteins were selected to address the category reporting requirements outlined in the MISEV guidelines for EVs
derived from blood products (serum or plasma) (Théry et al, 2018). The final protein panel comprised CD81 (Category
1[a]), CD9 (Category 1[b]) and TSGI101 (Category 2a) as positive vesicle markers, albumin (ALB; Category 3) to represent
matrix-associated contamination in EV isolates from the blood, and calnexin (CANX; Category 4) as a marker of cellular
debris or large vesicles. Selected tryptic peptides corresponding to each target protein were detected in vesicles isolates and/or
positive controls (HLM) and one precursor ion with three product ion transitions of greatest intensities were included for
optimisation (Table 1). Instrument settings were optimised as described in materials and methods and values for optimised
parameters are given in Table 2. Chromatograms of SIL peptides spiked into digested EVs (qEV70) is shown in Figure S7.
Retention times were highly reproducible for each analyte measured in calibration standards with RSD between 0.04% and
0.07 %.

3.3 | Assay validation
3.31 | Linearity and sensitivity

Calibration curves were generated for each analyte in the panel to encompass the concentration range typically observed for
normal human serum (calibrators 1-6) and at points two and four times beyond that, as may be observed with increased levels
of circulating EVs in various disease states (calibrators 7 and 8) (Nguyen et al., 2021; Povero et al., 2020; Sehrawat et al., 2021).
The required range varied considerably between positive and negative EV markers: Albumin was validated between 2.0 and
80 pmol/ml while this range was 100-fold less for CD9 (Table 3). Linearity of response was assessed by linear regression anal-
ysis and produced coefficient of determination (%) values for each analyte ranging between 0.9966 and 0.9999 (Figure 2). The
sensitivity of the assay was determined with respect to LOD and LLOQ, calculated as described in materials and methods. For
most of the analytes, the validated calibration range extended towards the lower end of the assay’s sensitivity. Details of these
characteristics are summarised in Table 3.
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TABLE 3  Details of calibration and quantification for analytes in the EV marker panel

Calibration curve Limit of Lower limit of
Calibration coefficient of detection (LOD) quantification (LLOQ)
Analyte range (pmol/ml) determination (%) (pmol/ml) (pmol/ml)
ALB 2.0-80 0.9999 0.004 0.020
CD81 0.2-8.0 0.9985 0.050 0.230
CD9 0.02-0.8 0.9982 0.005 0.025
CANX 0.04-1.6 0.9984 0.007 0.035
TSG101 0.04-1.6 0.9966 0.006 0.031
TABLE 4  Assay precision
Variability (% RSD)
Analyte Intra-day Inter-day
ALB 0.4 0.4
CD81 5.6 7.6
CD9 3.0 6.2
CANX 4.5 3.9
TSG101 13 4.6

Note: Relative standard deviation (% RSD) of slopes of triplicate calibration curves run within day and on three different days.

TABLE 5  Assayaccuracy

QC Concentration (pmol/ml)

Analyte Low Mid High
Nominal Measured % True Nominal Measured % True Nominal Measured % True
ALB 6.0 6.75 112 10 10.9 107 18 20.2 110
CD81 0.6 0.550 92 1.0 0.972 97 1.8 1.72 96
CD9 0.06 0.063 105 0.1 0.094 94 0.18 0.187 104
CANX 0.12 0.112 93 0.2 0.232 116 0.36 0.340 94
TSG101 0.2 0.120 100 0.2 0.212 106 0.36 0.392 109
3.3.2 | Assay precision, repeatability and accuracy

Assay precision was assessed based on intra- and inter-day variability in the slope of calibration curves run in triplicate on three
separate days. The %RSD ranged from 0.4% to 13% for within-run variability in analyte response, and between runs, variability
ranged from 0.4% to 8% (Table 4). Instrument repeatability was also determined in five consecutive injections of the same sample
and gave % RSD < 9 % for all analytes. Relative accuracy (within matrix) of the assay was determined by measurement of low,
mid and high QC samples. These QC points were selected within the concentration range typically observed for normal human
serum (calibrators 1-6); nominal concentrations are given in Table 5. For all analytes, accuracy ranged from 92% to 112% at low,
97%-116 % at mid, and 94%-110 % at high QC concentration (Table 5).

333 | Carryover

Carryover was assessed in two consecutive "blank” injections of mobile phase following injection of the highest calibration stan-
dard. Blank injections involved a full LC injection cycle. Albumin response was detectable in both injections (injection 1 = 4X
LOD; injection 2 = LOD) but did not reach the LLOQ. For all other analytes, peak area response was less than LOD in both first
and second injections.
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FIGURE 2  Calibration curves for the five analytes in the EV Marker Panel, produced by linear regression analysis. Error bars represent % relative
standard deviation (% RSD) (n = 3)

3.3.4 | Short-term stability

Analytes were tested for short term stability with storage at —20°C, 4°C, or 15°C. Concentration was determined at baseline
and monitored in duplicate samples at 6, 24, and 48 h. To calculate concentration, peak area response for endogenous analytes
(or light peptide supplemented where required) was normalised to known concentrations of respective SIL peptide spiked in at



baseline. Concentration of all analytes was generally stable across each time point compared to baseline measures (Figure 3). ALB
concentration varied less than 7% in all cases and variability between duplicates remained low over time (<4% RSD). Indeed,
there were no notable trends in %RSD as most measures varied no more than 19% between duplicates; except for CANX, for which
variability increased up to the 24 h mark, especially in samples kept at —20°C (up to 34%). CANX concentration was otherwise
stable over time, with most variability + 17% from baseline. CD81 concentration was stable in samples stored at —20°C and 4°C
with <13% change from baseline. In 15°C samples, a slight decrease in SIL peptide response led to overestimated concentration by
26% at 24 h. Since SIL was spiked in at baseline and monitored concurrently with the light analyte, different rates of degradation
will affect calculations of analyte concentration. When light and SIL peptide responses were assessed individually, there were also
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TABLE 6 Relative recovery of SIL peptides in EV matrices compared to qgEV70

qEV35

Relative recovery (%) Precision (%RSD)
Analyte r % of curve in gEV70 Lower Mid Upper
ALB 0.9999 107 16 6.9 10
CD81 0.9955 91 18 13 7.1
CD9 0.9994 147 18 3.6 9.1
CANX 0.9993 128 3.3 8.6 23
TSG101 0.9909 164 14 3.5 2.2
Analyte ExoQuick

Relative recovery (%) Precision (%RSD)

P % of curve in qEV70 Lower Mid Upper
ALB 0.9973 40 7.4 6.2 2.5
CD81 0.9770 22 27 15 14
CD9 0.9980 133 9.1 6.1 2.9
CANX 0.9998 127 23 4.3 0.9
TSG101 0.9974 171 10 3.6 1.7

slight reductions in ALB and CD9 for samples kept at 15°C, but since signal was reduced in each light and SIL to a similar extent,
no effect was observed in concentration. Lastly, TSG101 concentration was particularly stable over time in samples kept at —20°C
and in 4°C and 15°C samples for 24 h. In the latter two, however, levels had decreased by 20% and 29%, respectively by 48 h.
Opverall, these data indicate that peptide concentration is stable during storage at —20°C and can also remain in the autosampler
over the typical course of assay runs without significantly affecting results.

3.3.5 | Matrix effects

It is widely established that EV isolation methods are not equivalent in terms of both vesicle recovery and purity. The presence
of non-vesicular contaminants can impact downstream analyses including detection and quantification of EV cargo by LC-
MS/MS Thus, the effect of different EV matrices was assessed based on absolute and relative recovery of SIL peptides spiked into
EV matrix or mobile phase. Relative recovery was determined in qEV35 and ExoQuick matrix using qEV70 as a comparator.
Standard curves were generated using calibrators 1 and 6 and a middle QC. R? values exceeded 0.99 for all analytes; with the
exception of CD8l in ExoQuick, which gave r? = 0.977 (Table 6). The ExoQuick CD8I curve was affected by imprecision at
the lower calibration points. Precision is reported as %RSD of triplicate injections at each concentration level. The results were
comparable with that observed in qEV70 matrix, though greater variability in CD81 quantification was observed in ExoQuick
samples at the lower calibration point (27%RSD). Only 22% of the CD8I response was recovered in ExoQuick matrix compared
to qEV70, these data indicate that this analyte is impacted in ExoQuick matrix such that limits of detection and quantification
occur at higher concentrations. Similarly, ALB response in ExoQuick was 40% of that in qEV70. The response for the remaining
analytes were greater in alternate matrices compared to gEV70, most notably TSG101 was 164% and 171% in qEV35 and ExoQuick,
respectively. Hence, this analyte, along with CD9 and CANX, may be detected and quantified at lower concentrations in qEV35
and ExoQuick EVs.

To determine absolute recovery, the slope of the SIL peptide standard curves in each EV matrix were compared to that in
mobile phase. Across each analyte, recovery in gEV70 matrix was observed at 38%-69% of mobile phase, with TSG101 most
impacted (Table 7). On average, qEV35 matrix exhibited the least impact on analytes (absolute recovery 52%-88%). In ExoQuick
matrix, albumin and CD81 peptide signals were significantly suppressed with recovery of just 22% and 13%, respectively.

The generalisability of the assay is demonstrated by analyses in serum and plasma from healthy donors and subjects with
NAFLD. Analysis of markers in EVs isolated from plasma of NAFLD patients (n = 4) and healthy controls (n = 5) by gEV70
demonstrated a comparable capacity (relative to healthy serum) to detect positive EV markers and albumin. However, calnexin
was only detected in 20% of healthy plasma EV samples. In EV's isolated by ExoQuick from NAFLD patient serum, markers were
consistently detected across samples (Table S2).
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TABLE 7  Absolute recovery of SIL peptides in EV matrices

Recovery (% of curve in mobile phase)

Analyte qEV70 qEV35 ExoQuick
ALB 55 59 22
CD81 58 52 13
CD9 57 84 76
CANX 69 88 87
TSG101 38 54 57

TABLE 8 Reproducibility of analyte detection in EVs isolated by SEC or precipitation

Isolations > LOD (%) (n =9) Equivalent duplicate digests (%) (n =9)
Analyte qEV70 qEV35 ExoQuick qEV70 qEV35 ExoQuick
ALB 100 100 100 100 100 100
CD81 78 100 100 67 100 100
CD9 100 100 100 100 100 100
CANX 100 100 78 100 100 100
TSG101 89 100 100 89 89 100

TABLE 9 Reproducibility of analyte quantification in EVs isolated by SEC or precipitation

Concentration (pmol/ml) Isolation variability (% RSD) Digest variability (% RSD)
Analyte qEV70 qEV35 ExoQuick qEV70 qEV35 ExoQuick qEV70 qEV35 ExoQuick
ALB 34 122 27984 36 30 6.5 2.5 8.1 34
CD81 0.25 0.38 8.54 19 37 20 3.8 6.4 20
CD9 0.04 0.16 0.24 18 22 13 20 9.2 6.9
CANX <LLOQ 0.19 0.54 - 17 53 - 14 31
TSG101 <LLOQ <LLOQ 1.55 - - 14 - - 6.9

3.3.6 | Reproducibility of analyte detection and quantification

The reproducibility of the protocol was evaluated using the SEC and precipitation-based EV isolation methods. EVs were isolated
from human serum (n = 3) in triplicate using each of the three methods and duplicate peptide digests were analysed on the panel
(i-e., 18 per isolation method). Concentration of analytes was determined based on normalised response (endogenous/SIL) in
isolates from equivalent volumes of starting material using the three methods of isolation. Reproducibility was assessed based
on analyte detection and analyte quantification, using LOD and LLOQ adjusted to reflect the observed effects of alternate EV
matrices on relative recovery, as described above.

Given the primary function of the EV Marker Panel is to demonstrate the presence or absence of positive and negative mark-
ers in accordance with the MISEV guidelines, we first sought to determine the reproducibility of analyte detection in replicate
samples. Reproducibility of isolation was based on average normalised response > LOD across triplicate isolations, and repro-
ducibility of peptide digests was defined by equivalent response (both duplicates are < or > LOD) in each pair (Table 8). Albumin
and CD9 was detected in 100% of isolations and digests from all isolation methods. CD81 was also detectable in 100% of isola-
tions and digests from qEV35 and ExoQuick EVs. However, from two of the donors, CD81 was not detected in qEV70 EVs in
one isolation each, which reduced isolation reproducibility to 78% overall for this analyte. Further, some discrepancy between
duplicate digests was observed, which may be attributed to the low abundance of CD81 in these samples. CANX and TSG101
were also detected reproducibly across isolations and digests in each isolation method. To expand the applications of the assay
beyond the binary determination of analyte detection, to those such as quantifying marker abundance for use as a normalisation
strategy, the assay must demonstrate reproducibility of quantification. To this end, variability in concentration was determined
in triplicate isolations and duplicate digests and presented as %RSD (Table 9). The variability of digests was less than 20% for
all analytes above LLOQ in each isolation method. Cases in which replicate values were < LLOQ were considered reproducible,
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since the effect of noise precludes the calculation of accurate %RSD. TSG101, for example, could not be quantified in EVs from
either SEC method. Meanwhile, this analyte was reproducibly quantifiable in ExoQuick isolates, exhibiting 14% and 6.9% RSD
in isolations and digests, respectively. Similarly, CANX was < LLOQ in qEV70 but could be reproducibly quantified in qEV35
and ExoQuick EVs. Since CANX is relatively enriched in cells compared to EVs, HLM were analysed as a positive control. Nor-
malised to injected protein, CANX signal in EVs compared to HLM was 3.5% and 0.65% in qEV35 and ExoQuick, respectively.
Positive EV marker CD9 could be reproducibly quantified across gEV70 and ExoQuick EVs (13% and 18% RSD, respectively).
CD81 quantification was also reproducible in ExoQuick isolates but more variable in qEV35 at 37%, which was driven by the
lack of quantifiable levels of the analyte in two of the triplicate isolations from one donor. Albumin concentration was 823-fold
and 3.6-fold higher in ExoQuick and qEV35 isolates, respectively, compared to gEV70, and each exceeded the upper limit of
quantification validated for the assay in qEV70 matrix. Relative to an equivalent volume of serum, the amount of albumin in
samples isolated by each method was 0.7%, 0.003%, and 0.001%, respectively. Despite significant depletion, albumin remains
highly abundant in EV isolates compared to positive EV markers. Albumin quantification was reproducible across isolations in
ExoQuick samples, while using SEC, variability was up to 36%. This suggests that while SEC columns, particularly qEV70, are
more effective at removing albumin, the samples may be inconsistently affected by free protein contamination. Figure 4 shows
the distribution of measured concentrations of analytes across all technical replicates with each isolation method with reference
to limits of detection and quantification. Notably, ExoQuick samples are enriched for both CD81 and TSGI01 in comparison to
SEC samples, while the differences in CD9 are much less pronounced (Figure 4). While qEV70 samples have higher purity (less
albumin and calnexin), tetraspanins are more abundant in qEV35 EVs. Differences in marker abundance may be attributed to
the columns enriching for vesicles of different size range. Further, recovery of vesicles (particularly CD81- and/or CD9- positive
vesicles) is possibly compromised by decreasing contamination.

4 | DISCUSSION

Here we describe the development and validation of a targeted LC/MS-MS peptide assay for the quantification of markers asso-
ciated with EVs and non-vesicle contaminants. A total of five EV + markers were included in the panel in accordance with the
MISEV guidelines (Théry et al., 2018). As stated, samples should be characterised based on the presence of established trans-
membrane (CD9, CD81) or cytosolic (TSG101) proteins that incorporate in EVs due to roles in biogenesis and trafficking, and
the absence or depletion of matrix-associated contaminants (e.g., serum protein, ALB) and non-endosomal intracellular com-
partment proteins (e.g., ER protein, CANX). The described workflow of in-solution peptide digest coupled with multiplexed
panel format provides a high-throughput quantitative platform for the analysis of clinical samples, requiring only a fraction of
that used for immunoblotting. In this regard, LC-MS/MS represents a valuable approach to streamline the acquisition of data for
addressing reporting criteria, while reducing reagent costs, labour, and consumption of human biospecimens, which are often
scarce in volume and irreplaceable.

Assay validation and calibration was primarily performed in EVs isolated by qEV70. Numerous studies (Brennan et al.,
2020; Gamez-Valero et al., 2016; Veerman et al., 2021) compare the characteristics and molecular composition of EV iso-
lates produced by various available methods, and increasingly, SEC is selected as the method of choice (Liangsupree et al.,
2021; Monguid-Tortajada et al., 2019; Sidhom et al., 2020). Nonetheless, no single isolation method is considered suitable
for all applications and downstream analyses. In the context of proteomic analyses, SEC has been favoured for the rela-
tive purity and detection of EV-associated proteins that can be achieved with marked reproducibility (Monguid-Tortajada
et al., 2019; Vanderboom et al., 2021; Veerman et al., 2021). By comparison, methods that rely on precipitating agents, includ-
ing ExoQuick, facilitate high recovery but may interfere with vesicle surface composition and co-isolate large amounts of
soluble proteins that mask less abundant EV proteins (Gdmez-Valero et al., 2016; Veerman et al., 2021). Similarly, conven-
tional techniques such as ultracentrifugation suffer poor reproducibility and significant contamination with protein aggregates
(Vanderboom et al., 2021).

The concentration range over which the assay was validated comprised eight calibrators to cover concentrations observed
in healthy donor serum and beyond to increased levels that may be observed in various disease contexts (Nguyen et al., 2021;
Povero et al., 2020; Sehrawat et al., 2021). For all analytes, calibration curves were linear (all 2 > 0.99) and the assay exhibited
good precision and accuracy. Notably, the concentration range validated for albumin was 100-fold greater than that for CD9
(Table 3). This aligns with previous findings that highly abundant serum proteins remain at concentrations in SEC isolates many
orders of magnitude above that of EV markers (Nguyen et al., 2021; Vanderboom et al., 2021). Blood is a complex matrix from
which to extract EVs, given their numbers are predominated by soluble proteins and various types of lipoproteins with similar
physical properties. Irrespective, LC-MS/MS boasts exceptional sensitivity and the present assay exhibited detection limits in the
picomolar range. The value of this sensitivity was realised in the context of sample consumption; where for SEC methods, the
volume of serum used in immunoblotting was ~100 ul on average, while only 12.5 ul in equivalent serum volume was injected for
LC-MS/MS analysis (Table S1, Figure S8). Importantly, the latter approach permitted multiplexed analysis without compromising
reliability of detection or requiring additional sample.
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FIGURE 4  Mean (+SD) concentration of analytes measured in duplicate peptide digests from triplicate EV isolations using different methods (n = 3).
Lower limit of quantification (LLOQ) and limit of detection (LOD) are indicated for gEV70 and LLOQ is given for analytes in alternate matrices where matrix
effects (relative recovery differs >20%) were observed

For immunoblotting, each biological repeat sample was run on a gel once, transferred onto PVDF membrane and re-probed
for CD9, CD8l, TSGI101, and CANX. The ability to re-probe the membrane following peroxidase deactivation has been previ-
ously demonstrated (Sennepin et al., 2009) and offers a time and sample-saving solution for multiple detections by western blot.
However, in our case, this approach introduced several challenges. EV markers, CD9 and CD81 have a similar molecular weight
(MW), with predicted bands at 25 kDa. As PVDF membranes were first probed and imaged for CD8l, followed by the strip-
ping, re-blocking and re-probing procedure for CD?9, it was not possible to confidently assess both. In this case, stripping of the
membrane was not successful and CD81 bands were still visible at MW of 25 kDa. Under ideal conditions, enough sample is
available to run a gel for one or two markers at different MW. When working with clinical samples of limited sample volume,
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there is often only enough sample for one immunoblot, presenting a challenge to the fulfilment of MISEV criteria (Théry et al.,
2018). In this study, lysed EV samples were run only once using a set volume of starting material, thereby accentuating the lim-
itations of immunoblotting that are overcome by our LC-MS/MS approach. With respect to quantitation, immunoblotting can
successfully determine the presence and relative abundance of analytes between sample types or groups. Densitometric analysis
was performed here but was affected by high background in some positive control (HLM) lanes (Figure S6A & D), resulting
in an overestimation of protein yield and skewed representation of the data from these lanes. In contrast, the LC-MS/MS assay
could be validated for the absolute quantification of analytes using stable isotope-labelled peptides spiked into samples at known
concentrations.

The degree and composition of contamination are key determinants of signal intensity and reproducibility in LC-MS/MS
analysis. Peptides derived from non-vesicular material may co-elute with target EV markers and suppress ionisation; and those
exhibiting similar mass to charge ratios may interfere with particular MRM transitions (Liebler & Zimmerman, 2013). The pres-
ence of different vesicle populations or contaminants, isolated by different methods, introduces different sources of interference
(i-e., lipid or peptide composition) and therefore greater variability in marker detection and quantification. These matrix effects
were evident in that the absolute recovery of several analytes was reduced in EV matrix irrespective of isolation method (Table 7).

The reproducibility of the assay was considered within two distinct frameworks defined by the potential applications. Primarily,
the EV Marker Panel can be used to demonstrate the presence and absence of EV (+) markers in line with the characterisation
and reporting criteria (Théry et al., 2018). Hence, reproducibility was assessed based on analyte response around the defined
LOD. As the detection of analytes was highly reproducible across replicate isolations and digests using all methods (Table 8), we
demonstrate that the EV Marker Panel is fit-for-purpose. Importantly, this can be achieved using only a fraction of the sample
that would otherwise be required for conventional methods, such as immunoassays.

In addition to addressing reporting requirements, quantification of EV markers may serve other functions, such as normalisa-
tion of EV-associated biomarker abundance, although such application would require assessment of quantitative reproducibility.
While target analyte response is expected to be more variable in samples with greater levels of contamination, here, we found
that in ExoQuick samples—which invariably contain large amounts of co-precipitated serum proteins—EV marker quantifica-
tion was highly reproducible both in terms of replicate isolations and digests. Of the positive EV markers, CD9 quantification
was most consistent across tested isolation methods and may be suitable for the purpose of normalising circulating biomark-
ers. The choice of isolation method is a key consideration for the analysis of both the biomarker and normaliser; but as seen
in ExoQuick samples, certain levels of contamination may not be detrimental, providing acceptable reproducibility of isolation
and quantification is achieved (Kreimer et al., 2015). The potential for human error is higher with SEC isolation due to greater
hands-on time. A recent study also found more variability in proteomic profiles using methods that require more time and
careful collection of EV-containing fractions (e.g., gEV70 and OptiPrep density gradient), in comparison to quicker and easier
methods (including ExoQuick and ExoEasy) (Veerman et al., 2021). Even so, automation of SEC can mitigate user influence and
improve reproducibility (Mongui6-Tortajada et al., 2019). Given the major source of protein in most EV preparations are con-
taminants, and vesicle recovery and purity differ markedly across isolation strategies (Théry et al., 2018; Useckaite et al., 2021),
the decision to normalise LC-MS/MS analyses to volume rather than total protein content is to avoid normalising to an artefact.
For clinical samples, patient groups may have more vesicles and EV protein, so the analysis of less sample compared to con-
trols could diminish the ability to detect important differences. When applied to EVs isolated by SEC or precipitation methods,
the assay demonstrated the differences in recovery and purity of EVs from equivalent starting material. As ExoQuick is a high
recovery, low purity method, high abundance of EV-positive markers and albumin contamination were observed. Meanwhile,
SEC methods show intermediate vesicle recovery and purity, with most substantial albumin depletion achieved by qEV70. Pre-
vious studies have also reported very low abundance or non-detection of TSG101 in SEC EV's from blood (Brennan et al., 2020;
Buschmann et al., 2018; Veerman et al., 2021). The heterogenous presence and relative abundance of tetraspanins and other bio-
genesis pathway-related proteins in EVs is influenced by originating cell types (Koliha et al., 2016; Kugeratski et al., 2021). EV's
isolated from the circulation generally comprise a large majority of haematopoietic cell-derived vesicles, especially platelet EV's
(Koliha et al., 2016; Kugeratski et al., 2021; Matsumoto et al., 2020; Palviainen et al., 2020). Notably, platelet-derived EVs have
been shown to be devoid of CD81 (Koliha et al., 2016), which may account for the levels of this marker observed in lower recovery
isolation methods such as SEC.

Though endogenous CD81 was more abundant in ExoQuick, assay sensitivity was reduced in this matrix. The success of other
EV applications such as untargeted profiling studies is dependent on pure sample preparations, since peptides derived from
abundant serum proteins will be sampled more frequently than scarcer EV peptides in the MS (Liebler & Zimmerman, 2013).
With minimal non-EV interference, profiling may reveal subtype-specific or tissue-specific vesicle markers (Karimi et al., 2018).
Ultimately, these techniques performed in pure samples should continue to generate insights into EV biogenesis, functions, and
diagnostic or prognostic value, and promote the development of novel affinity tools for the selective isolation of subpopulations
to improve the utility of liquid biopsy (Newman et al., 2022; Rodrigues et al., 2021).

To summarise, we have developed and validated a targeted LC-MS/MS method for the detection and quantification of a
panel of positive and negative EV markers in EVs from blood. The described workflow may be applied for the fulfillment of
standard characterisation and reporting criteria, described by the MISEV guidelines, or to quantify changes in EV proteins
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as a biomarker normalisation strategy. We illustrate how our approach overcomes several challenges faced with the use of
immunoblotting when working with limited volume of clinical samples, particularly in regard to sensitivity, throughput and
quantitation.
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Abstract: Small extracellular vesicles (SEV) have emerged as a potential rich source of biomarkers
in human blood and present the intriguing potential for a ‘liquid biopsy’ to track disease and the
effectiveness of interventions. Recently, we have further demonstrated the potential for EV derived
biomarkers to account for variability in drug exposure. This study sought to evaluate the variability
in abundance and cargo of global and liver-specific circulating sEV, within (diurnal) and between
individuals in a cohort of healthy subjects (1 = 10). We present normal ranges for EV concentration
and size and expression of generic EV protein markers and the liver-specific asialoglycoprotein re-
ceptor 1 (ASGR1) in samples collected in the morning and afternoon. EV abundance and cargo was
generally not affected by fasting, except CD9 which exhibited a statistically significant increase (p =
0.018). Diurnal variability was observed in the expression of CD81 and ASGR1, which significantly
decreased (p = 0.011) and increased (p = 0.009), respectively. These results have potential implica-
tions for study sampling protocols and normalisation of biomarker data when considering the ex-
pression of sEV derived cargo as a biomarker strategy. Specifically, the novel finding that liver-
specific EVs exhibit diurnal variability in healthy subjects should have broad implications in the
study of drug metabolism and development of minimally invasive biomarkers for liver disease.

Keywords: extracellular vesicles; diurnal variability; biomarkers; liquid biopsy; liver specific

1. Introduction

Small extracellular vesicles (sEVs), in particular exosomes, have emerged as a rich
source of circulating biomarkers with applications including tracking variability in dis-
ease, intervention efficacy, and drug exposure [1-3]. sEVs are heterogeneous membrane
encapsulated particles of less than 150 nm in diameter that are secreted into the blood and
other biofluids by virtually all cell types [4]. The sEV class comprises multiple specific EV
types including exosomes (classical and non-classical), arrestin-domain-containing pro-
tein 1-mediated microvesicles (ARMM), small apoptotic EV, and small autophagic EV;
however, multiple larger EV classes also exist [5]. These vesicles contain a complement of
nucleic acid (microRNA (miRNA), mRNA, and non-coding RNA), protein, and small mol-
ecule cargo that are derived from their cell of origin [6]. For the purpose of this study, we
refer to this heterogenous population of isolated vesicles as EVs.

Some EV cargo is explicitly packaged through defined pathways that are specific to
a particular EV type while other cargo is indiscriminately incorporated as a by-product
from the cellular milieu [6]. Accordingly, the composition of EV cargo depends on EV
type and the cell of origin. Differences in cargo between EV types have been extensively
studied and several markers have been proposed to discriminate sEV based on their type
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(e.g., CDY, CD63, CD81, TSG101, and Calnexin). EVs derived from the same cell have been
shown to vary in molecular composition [7]; yet, the degree of normal variability in the
abundance of circulating sEV and their cargo remains poorly defined [8]. In order to ro-
bustly define thresholds of accuracy, precision and sensitivity for an EV derived bi-
omarker, it is essential to understand the normal degree of variability in circulating EV
and to understand patterns (e.g., circadian) associated with EV abundance.

Of growing interest is the understanding of how EV derived from a specific cellular
or subcellular location may be applied to gain even greater understanding of organ func-
tion. There are a number of studies that have defined protocols for the isolation of tissue-
and organelle- specific EVs based on selective surface proteins [9-12]. By way of example,
liver-derived EVs can be selectively captured via the hepatocyte-specific surface protein
asialoglycoprotein receptor 1 (ASGR1), and may be of great value to the study of drug
metabolism [2] or liver diseases [4]. In order to robustly define abnormal expression, these
applications require an understanding of the normal range of expression between indi-
viduals, typical variability in expression within an individual, and the contribution of dif-
ferent tissues to the global EV pool in circulation. This study sought to evaluate the vari-
ability in circulating global and liver specific sEV abundance and cargo, and to define
patterns of variability, within (diurnal) and between individuals, that have the potential
to confound sEV derived biomarker analyses. The experimental design for the study is
summarised in Figure 1.

@ +Enroliment of healthy volunteers
Enrollment and * Male (n=5), Female (n=5)
Sample Collection
7\
AM PM Day 1 Blood collection Day 3 Blood collection
\ * Morning 9:00-9:30 * Morning 9:00-9:30
¢ W + Afternoon 15:00-15:30 + Afternoon 15:00-15:30
'\Q «. + Serum isolation within 60 min « Serum isolation within 60 min
\ \ of blood collection of blood collection
6 | |
EV Isolation from
Serum + EV isolation from serum by iZON qEV70 2mL SEC column

« Dilute EV sample concentration by Amicon Ultra-15 spin column
+ Concentrated EV sample storage (400pL/participant) at -80°C

|

@ + Nanoparticle Tracking Analysis (NTA)
Analysis « Transmission Electron Microscopy (TEM)
[ + Micro BCA Protein Quantification
( goj « Liquid Chromatography Mass Spectrometry (LCMS)

/ + Nano Flow Cytometry

Figure 1. Study design. A cohort of healthy males and females aged 18 to 65 years were recruited
(n =10) for extracellular vesicle variability study (EVV). Blood was collected in the morning (AM)
and the afternoon (PM) on day 1 and day 3 of the study. Participants were fed on day 1 and fasted
on day 3 for morning blood collection. Serum was isolated from whole blood and used for extra-
cellular vesicles (EV) isolation. EVs were isolated using qEV70 2 mL SEC column, concentrated to
the volume of 400 pL in phosphate buffered saline (PBS) and used for downstream analyses.
These included nanoparticle tracking analysis (NTA) to determine EV concentration/yield, trans-
mission electron microscopy (TEM) for EV size estimations and morphology assessment, mi-
croBCA protein quantification, liquid chromatography mass spectrometry (LCMS) for EV protein
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quantification, and nano flow cytometry for EV surface marker characterisation (EV-TRACK ID:
EV210044).

2. Materials and Methods
2.1. Study Cohort

EVV is a single-centre, open-label, single-sequence biomarker study involving a co-
hort of healthy males and females aged 18 to 65 years. Characteristics of the study cohort
are detailed in Table 1. The study protocol was approved by the Southern Adelaide Clin-
ical Human Research Ethics Committee (SAHREC 261.18), and written informed consent
was obtained from each participant prior to study enrolment. The study was conducted
according to the principles stated in the Declaration of Helsinki, and was compliant with
CPMP/ICH/135/95 GCP standards.

Table 1. Characteristics of EVV Study Cohort.

Characteristic Healthy Females (n = 5) Healthy Males (n =5)
Age (years) Mean (Range) 28 (22-35) 30 (23-38)
Height (cm) Mean (+ SD) 166.8 (5.7) 184.2 (8.0)
Weight (kg) Mean (+ SD) 55.4 (3.8) 86.4 (5.4)
BMI (kg/m?) Mean (+ SD) 20.0 (2.4) 255 (1.2)

2.2. Collection of Blood/Serum

Morning samples were collected between 9:00 and 9:30 am, while afternoon samples
were collected between 3:00 and 3:30 pm. Participants presented fed for blood collection
on day 1 and after an overnight fast on day 3. The participants were free to consume their
regular meals of choice for the duration of the study when not required to be fasted. Eight
millilitres of whole blood was collected into Z Serum Sep Clot Activator tubes (Greiner
Bio-One, Frickenhausen, Germany) using a 21-gauge Vacuette Safety Blood Collection
sealed vacuum device (Greiner Bio-One, Frickenhausen, Germany). To ensure sample
quality the device was primed by collecting a 5 mL “discard’ tube immediately prior to
sample collection. Serum was isolated from whole blood within 60 min of sample collec-
tion by two cycles of centrifugation at 2500x g for 15 min at 4 °C.

2.3. Extracellular Vesicle Isolation

Global EVs were isolated from serum by size exclusion chromatography (SEC) per-
formed using 2 mL qEV70 columns (Izon Science, Christchurch, New Zealand). SEC meth-
ods have been shown to effectively separate EVs from lipoproteins and other contami-
nants in serum, and is attractive for clinical biomarker applications due to its scalability
and efficiency [13-15]. The use of 2 mL columns ensured all downstream analyses came
from the same isolation. Prior to EV isolation, SEC columns were conditioned by washing
with 10 mL of freshly 0.2 um filtered phosphate-buffered saline (PBS). Thawed serum (2
mL) was added to the sample reservoir and EVs were eluted in PBS, which was added to
the sample reservoir as the last of the serum entered the column. For the duration of the
EV isolation, the volume of PBS in the reservoir was kept below 2 mL. The initial six frac-
tions of flow-through were discarded, EVs were collected in the pooled fractions 7 to 11
using Protein LoBind tubes (Eppendorf, South Pacific, Australia). Resulting pooled EV
fractions were mixed by gentle inversion 8 to 10 times and concentrated using pre-condi-
tioned 30 kDa Amicon Ultra-4 centrifuge filters (Millipore-Sigma, Bedford, MA, USA) to
a final volume of 400 uL in PBS. EV samples were aliquoted to avoid freeze-thaw and
stored at -80 °C until analysed or processed further.

2.4. Human Liver Microsome Preparation

Pooled human liver microsomes (HLMs) were prepared by mixing equal protein
amounts of microsomes from five human livers (H7, 44-year-old woman; H10, 67-year-
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old woman; H12, 66-year-old man; H29, 45-year-old man; and H40, 54-year-old woman)
obtained from the human liver “bank” of the Department of Clinical Pharmacology (Flin-
ders University, Adelaide, SA, Australia). Approval for the use of human liver tissue in
xenobiotic metabolism studies was obtained from both the Clinical Investigation Commit-
tee of Flinders Medical Centre and from the donors’ next of kin. HLMs were prepared by
differential centrifugation, as described by Bowalgaha et. al. [16].

2.5. Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to determine global particle
abundance and size distribution using the NanoSight NS300 (Malvern Panalytical, Mal-
vern, United Kingdom, Software Version 3.4). Samples were diluted between 1:1000 and
1:5000 using freshly 0.2 um filtered PBS; five 60-s videos were captured and analysed un-
der constant flow conditions (flow rate 50) using NTA 3.4 software.

2.6. Transmission Electron Microscopy (TEM)

Samples were prepared adapting a previously published protocol, with some modi-
fication [17]. Briefly, Ted-Pella B 300M carbon-coated grids (Ted-Pella, Redding, CA, USA)
were cleaned and hydrophilized using plasma glow discharge for 15 s (Gatan SOLARUS
Advanced Plasma Cleaning System, Gatan, Inc., Pleasanton, CA, USA) prior to use. Five
uL of sample in 0.2-um-filtered PBS was placed on carbon-coated grids for 5 min. Carbon
grids were washed once (15 s) at room temperature (RT) with 0.2 pm filtered PBS and
were contrasted with 2% uranyl acetate (3 min, RT), washed once, and examined by FEI
TECNALI Spirit G2 TEM (Thermo Fisher Scientific, Waltham, MA, USA) operated at 100
kV. TEM images were acquired at 30,000x and 68,000x (Figure S1).

2.7. Micro BCA Protein Quantification

A micro bicinchoninic acid (BCA) reagent kit (ThermoFisher Scientific, Waltham,
MA, USA), with a bovine serum albumin (BSA) standard curve (0-200 pg/mL), was used
to determine total protein in samples, as per the manufacturer’s recommendations. EVs
were lysed by addition of RIPA buffer 1:1 and incubation on ice for 25 min, followed by
centrifugation at 10,000x g for 10 min at 4 °C. Working reagent (WR) was prepared using
MA:MB:MC at a 25:24:1 ratio, respectively. EV containing samples were diluted between
1:20-1:100 in 0.2-pm-filtered PBS; 150 uL of the WR was mixed with either 150 pL of the
BSA standard or 150 uL of sample in duplicate using a 96-well plate. The plate was cov-
ered and incubated at 37 °C for 2 h. Absorbance was measured at 562 nm using a Spectra-
Max plate reader (Molecular Devices, San Jose, CA, USA).

2.8. Trypsin Digest

EV protein was prepared for LCMS analysis by trypsin digestion. EVs (50 uL) diluted
up to 100 pL in PBS were vortexed for 10 min using a MixMate (Eppendorf, South Pacific,
Australia) and subject to three freeze—thaw cycles to cause lysis. Dithiothreitol (12.5 mM)
and 50 uL of ammonium bicarbonate (pH 7.8) were added to samples and incubated for
90 min at 60 °C. Samples were cooled to room temperature, then incubated with iodoa-
cetamide (23.5 mM) for 60 min at 37 °C. The samples were then incubated for 18 h at 37 °C
with Trypsin Gold (Madison, WI, USA) at a Trypsin to protein ratio of 1:40. Trypsin di-
gestion was terminated by addition of 20 pL formic acid and centrifuged at 16,000x g for
10 min at 4 °C. Supernatant (100 pL) was extracted and stable isotope labelled (SIL) pep-
tide standards (New England Peptide, Gardner, MA, USA) were added at 2.5 nM concen-
tration. A 5 uL aliquot was injected for analysis by LC-MS/MS. Serum (diluted 1:10,000)
and HLM were digested in the same conditions and run as positive controls.
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2.9. Liquid Chromatography Mass Spectrometry (LCMS)

Chromatographic separation of analytes was performed on an Agilent Advance Bio
Peptide Map column (100 mm x 2.1 mm, 2.7 um) using an Agilent 1290 Infinity II liquid
chromatography system (Agilent, Santa Clara, CA, USA). The temperature of the sample
and column compartments was maintained at 4 and 30 °C, respectively. A panel of ana-
lytes comprising the EV makers CD9, CD63, CD81, and contaminants calnexin V and al-
bumin, were separated by gradient elution with a flow rate of 0.2 mL/min. The mobile
phase consisted of 0.1% formic acid in water (mobile phase A) and in acetonitrile (mobile
phase B) held in a proportion of 90% A and 10% B for the first 2 min. The proportion of
mobile phase B was then increased linearly to 60% over 13 min before returning to 10%
over the next 4 min and held for a further minute to re-equilibrate. Total run time was 20
min. EV marker TSG101 was run independently using isocratic elution at a flow rate of
0.2 mL/min. Mobile phase A was held at 80% and total run time was 6 min. The liver-
specific EV protein marker ASGR1, also run independently, was separated by gradient
elution at 0.2 mL/min. Mobile phase B was increased linearly from 10% to 40% over 8 min
then returned to 10% over 1.4 min. The column was re-equilibrated with a total run time
of 10 min. Column eluant was monitored by mass spectrometry using an Agilent 6495B
Triple Quadrupole mass spectrometer operating in positive electron spray (ESI*) mode.
Multiple reaction monitoring (MRM) was performed with one quantifier and one qualifier
ion transition for each peptide. Identities of endogenous peptides were confirmed by com-
paring retention time and quantifier/qualifier transition ratios to respective SIL peptide
standards. Analyte peptide sequences are given in Supplementary Table 1.

2.10. Nano Flow Cytometry (nFC)

Flow cytometry analysis was performed on the Beckman Coulter CytoFLEX S Flow
Cytometer (Beckman Coulter, Brea, CA, USA) as previously described [18]. Briefly, for
daily calibration of the flow cytometer, Megamix FSC & SSC Plus, BioCytex fluorescent
beads (BioCytex, Marseille, France) were used in sizes of 100, 160, 200, 240, 300, 500, and
900 nm. The gating strategy is described in Figure S2. The VSSC and SSC threshold was
set as the trigger channel below the 0.1-um bead population. A rectangular gate was set
on the VSSC-H log x BSSC-H log cytogram containing the 100 nm and 240 nm bead pop-
ulations and defined as ‘100 nm—240 nm Megamix gate’ followed by a “stable time gate”
set on the time histogram, in order to identify the microparticle region. To avoid swarm
effects each was serially diluted from 1:2 to 1:500 and measured with a flow rate of
10 uL/min prior to antibody labelling. EVs were labelled with 0.05 uL of anti-CD63-
AlexaFluor488 (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA, Cat.MAS5-
18149) or anti-CD9-BV405, (R&D Systems, Minneapolis, MN, USA, Cat.FAB1880V), anti-
CD81-Alexa700 (Biolegend, San Diego, CA, USA, Cat.349518), anti ASGR1-BV421 (BD Bi-
osciences, San Jose, CA, USA, Cat.74269) in 100 uL PBS for 30 min on ice in the dark. To
avoid false positive event measurement, all antibodies used were run in PBS alone to en-
sure the absence of antibody aggregates and non-specific binding to the particles in PBS.
To avoid carry-over effects between each sample measurement, a washing step was per-
formed with filtered PBS for 1 min at an increased flow rate of 60 uL/min. EV lysis was
performed by incubating PBS-diluted EVs in 0.05% Triton™ X-100 for 30 min at room
temperature.

Based on recommendations in the MIFlowCyt-EV guidelines [19], buffer only (PBS)
control, buffer with antibodies, unstained controls (EVs in PBS), and stained EVs were run
under the same settings (Figure S2).

2.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (San Diego, CA,
USA, version 9.0). The D’ Agostino-Pearson omnibus K2 test was used to assess normality
and log transformation was applied to NTA and mass spectrometry data. All variables
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passed normality and lognormality tests, so parametric tests were applied, except in the
case of total protein concentration, to which Wilcoxon test was used instead. Data was
presented as mean + 95% confidence interval and range. Statistical comparisons were per-
formed between different time points (AM and PM, fed and fast) using paired t-tests and
between independent groups (sex) using one-way ANOVA. Statistical significance was
set at 0.05.

2.12. EV-TRACK

We have submitted all relevant data of our experiments to the EV-TRACK
knowledgebase (EV-TRACK ID: EV210044) [20].

3. Results
3.1. Purity Assessment of EV Isolations from Serum

In order to assess the purity of EV isolations, a few samples were selected at random
and imaged by TEM to evaluate the background, composition, and EV structure. Repre-
sentative images from TEM analysis (Figure 2, Figure S1) indicated that EV populations
obtained by gEV70 SEC columns had limited non-vesicular contamination and the major-
ity of EVs were 40-140 nm in size. EVs were round and appeared structurally intact.

Adhering to EV TRACK transparent reporting platform recommendation, assess-
ment of non-EV-enriched proteins was performed in all EV samples to evaluate EV sam-
ple purity and potential non-vesicular contamination [20]. Calnexin V and albumin levels
were measured by LC-MS. Total protein matched serum and HLM samples were used as
positive controls for albumin and Calnexin V, respectively. The abundance of negative
markers in EV samples is presented as a mean percentage of expression + SD relative to
HLM and serum for the respective markers. Compared to HLM, minimal expression of
Calnexin V was detected in EV samples (0.52 + 0.40%). Similarly, albumin expression in
EVs was minimal compared to the serum control (0.95 + 0.32%).

Day 1 AM > ! Day 1 PM

Day 3 AM [

Figure 2. Sample quality assessment and characterisation of EVs using transmission electron mi-
croscopy (TEM). Direct mag: 30,000%, no sharpening, normal contrast. Scale bar = 200 nm.

3.2. Normal Variability

Normal variability between individuals was assessed with respect to EV characteris-
tics and the abundance of EV-associated protein markers on study day 1. Nanoparticle
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tracking analysis (NTA) was employed to determine size and concentration of particles in
EV isolates (Figure 3A, B). The mean (+ range) was 2.82 x 10" (3.02 x 101°-1.26 x 10%?) and
2.40 x 10" (4.37 = 1010-1.02 x 10%2) particles/mL for AM and PM samples, respectively (Ta-
ble 2). Mode size of particles was 83.0 (64.9-99.3) nm in the morning and 84.7 (76.0-92.9)
nm in the afternoon. Total protein in lysed EV samples was determined by microBCA
assay and varied widely between participants in the morning and afternoon (Figure 3C).
Mean (+ range) concentration in respective AM and PM samples was 2773 (26.4-2799.0)
ug/mL and 1318 (27.9-1345.9) ug/mL (Table 2). Quantification of EV protein, particle con-
centration, and size in the present study was consistent with previously reported ranges
for EVs isolated by qEV from human serum [14].
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Figure 3. Variability of serum EV particle abundance (A), size (B), total protein concentration (C),
and expression of EV-associated protein markers (D-H), quantified by nanoparticle tracking analy-
sis (NTA), microBCA assay, and liquid chromatography mass spectrometry (LCMS) in the morning
(AM) and afternoon (PM) of study day 1 in healthy volunteers (n = 10). ASGR1: asialoglycoprotein
receptor 1; CD: cluster of differentiation; TSG101: tumour suppressor gene 101.

Table 2. Geometric mean, 95% confidence interval (CI), minimum and maximum of particle count,
mode size, total protein concentration, and EV-associated protein marker abundance quantified in
EVs isolated in the morning and afternoon on study day 1 from serum of healthy volunteers (n =
10).

Particle Count (Particles/mL) Mode Size (nm)

AM PM AM PM

Mean 2.82 x 10" 2.40 x 10" 83.0 84.7

95% CI Lower 1.07 x 101 1.12 x 101 75.2 80.5

95% CI Upper 7.24 x 101 5.13 x 101 91.8 89.1

Minimum 3.02 x 1010 4.37 x 1010 64.9 76.0

Maximum 1.26 x 1012 1.02 x 1012 99.3 92.9
Protein Concentration (ug/mL) ASGR1 Response

AM PM AM PM

Mean 347.5 219.8 147.9 3319
95% CI Lower 104.2 90.8 76.6 115.9
95% CI Upper 1161.5 533.3 286.4 952.8

Minimum 26.4 27.9 21.2 31.2
Maximum 2799.0 1345.9 421.7 6622.2

CD9 Response CD63 Response
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AM PM AM PM
Mean 57.2 55.9 28.2 86.9
95% CI Lower 38.6 39.8 52 12.5
95% CI Upper 84.5 79.6 153.5 605.3
Minimum 28.2 31.0 2.6 1.3
Maximum 140.0 183.7 1158.8 4954.5
CD81 Response TSG101 Response
AM PM AM PM
Mean 120.0 94.2 9.11 11.6
95% CI Lower 77.1 61.7 -0.73 6.6
95% CI Upper 187.1 143.9 15.5 20.4
Minimum 56.6 24.6 29 4.6
Maximum 334.2 264.9 40.9 35.8

Markers were selected based on the Minimal Information for Studies of Extracellular
Vesicles (MISEV) guidelines for confirming the presence of EV-enriched proteins and in-
clude those derived from the plasma membrane, endosomal pathway, and cytosol [21].
The panel was comprised of tetraspanins CD9, CD63 and CD81, and the cytosolic protein
tumour susceptibility gene 101 (TSG101), as well as the hepatocyte-specific surface protein
asialoglycoprotein receptor 1 (ASGR1), which is known to be expressed on EVs derived
from this cell type [4,22]. The expression of protein markers was quantified by LCMS and
assessed for variability between subjects in AM and PM EVs (Figure 3D-H). Generic EV
markers (tetraspanins and TSG101) showed relatively low variation between subjects, ex-
cept for CD63 which was significantly more variable in both the morning and afternoon.
The relative response values ranged from 2.6 to 1158.8 in AM samples and 1.3 to 4954.5 in
PM samples (Table 2). The liver-specific EV protein ASGR1 exhibited similarly high vari-
ability, but only in the afternoon, as the range of values exceeded 16 times that of the
morning EV samples. In the context of biomarker applications, understanding these dif-
ferences in marker expression within and between individuals may aid the optimisation
of sampling protocols.

3.3. Effect of Fasting

Quantification by NTA of serum EVs collected from participants in fed and fasted
states, revealed respective mean (+ 95% CI) particle concentrations of 2.82 x 10" (1.07 x
1011-7.24 x 10') and 2.09 x 10" (6.61 x 101°-6.46 x 10'") particles/mL. No significant differ-
ences were detected by paired statistical tests (Table 3, Figure 4A,B). The mode particle
size was slightly higher after fasting at 92.0 (80.4-105.4) nm compared to 83.0 (75.2-91.8)
nm from fed individuals, but this difference did not reach statistical significance (p =
0.093).
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Figure 4. Effect of fed and fasted state on serum EV particle abundance (A), size (B), total protein
concentration (C), and expression of EV-associated protein markers (D-H), quantified by nanopar-
ticle tracking analysis (NTA), microBCA assay, and liquid chromatography mass spectrometry
(LCMS) from healthy volunteers (n = 10). Statistical analysis performed using paired t-tests. * p <
0.05.

Total protein concentration and the abundance of EV protein markers in fed and
fasted states were also compared (Table 3, Figure 4C-H). Mean protein concentration (+
95% CI) in respective fed and fasted states was 345.7 (104.2-1161.5) pg/mL and 822.2
(619.4-1094.0) ug/mL. While the difference between groups was not significant, the inter-
individual variability was notably greater in fed samples (Figure 4C). Assuming constant
stoichiometry, it follows that a lack of difference in particle concentration should be ac-
companied by no change in EV protein marker abundance. This was true of all markers
except for CD9, which exhibited a statistically significant increase in fasted individuals (p
= 0.018). Similarly to observations of variability in CD63 abundance throughout the day
(Figure 3F), a wide range was exhibited in fed and fasted states (Table 3, Figure 4F).

Table 3. Geometric mean and 95% confidence interval (CI) of particle count, mode size, total pro-
tein concentration, and EV-associated protein marker abundance quantified in EVs isolated from
serum of healthy volunteers (n = 10) in fed state and after an overnight fast. Statistical analysis
performed using paired t-tests. ns: not significant; * p < 0.05.

Particle Count (Particles/mL) Mode Size (nm)
Fed Fast Difference p Fed Fast Difference p
Mean 2.82 x 101 2.09 x 10" 83.0 92.0
95% CI Lower 1.07 x 10" 6.61 x 10 ns 0.193 752 80.4 ns 0.093
95% CI Upper 7.24 x 10" 6.46 x 10" 91.8 1054
Protein Concentration (ug/mL) ASGR1 Response
Fed Fast Difference p Fed Fast Difference p
Mean 347.5 822.2 147.9 168.7
95% CI Lower 104.2 619.4 ns 0.1602 76.6 99.1 ns 0.732
95% CI Upper 1161.5 1094.0 286.4 287.7
CD9 Response CD63 Response
Fed Fast Difference p Fed Fast Difference p
Mean 57.2 90.6 28.2 415
95% CI Lower 38.6 65.0 * 0.018 52 53 ns 0.680

95% CI Upper 84.5 126.2 153.5 3229
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CD81 Response TSG101 Response
Fed Fast Difference p Fed Fast Difference p
Mean 120.0 117.2 91 79
95% CI Lower 77.1 76.6 ns 088 54 44 ns 0.668
95% CI Upper 187.1 179.5 155 14.1

3.4. Diurnal Variability

In order to establish potential patterns of EV variability in healthy subjects, the anal-
ysis of EVs collected on study days 1 and 3 were pooled and compared between morning
and afternoon. EV abundance and size as measured by NTA was consistent between the
two time points (Figure 5A,B). Mean (+ 95% CI) particle count in respective AM and PM
samples was 2.29 x 10" (1.23 x 101"-4.79 x 10'") and 2.40 x 10" (1.41 x 10"-3.89 x 10") par-
ticles/mL (Table 4). Mode size of particles was 87.1 (81.3-95.5) nm in AM and 83.2 (77.6—
87.1) nm in PM samples.
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Figure 5. Diurnal variability of serum EV particle abundance (A), size (B), total protein concentra-
tion (C) and expression of EV-associated protein markers (D-H), quantified by nanoparticle tracking
analysis (NTA), microBCA assay and liquid chromatography mass spectrometry (LCMS) in the
morning (AM) and afternoon (PM) on study days 1 and 3 in healthy volunteers (n = 20). Statistical
analysis performed using paired t-tests. * p < 0.05, ** p < 0.01.

Analysis of EV protein and abundance of generic markers revealed no difference in
total protein concentration or response for CD9, CD63, and TSG101 at different times of
the day (Table 4, Figure 5C,E,F,H). Interestingly, however, CD81 was significantly lower
in the afternoon compared to the morning (p = 0.011) (Figure 5G). With no concomitant
change in particle number, this result may suggest a lower CD81 abundance per vesicle
or a decrease in the proportion of CD81* EVs. Additionally, a significant increase in
ASGR1 response was observed from AM to PM samples (p = 0.009), suggesting that the
proportional contribution of the liver to the circulating global EV pool was greater in the
afternoon (Figure 5D).
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Table 4. Pooled analysis of EVs collected from serum of healthy volunteers on study days 1 and 3
(n=20) for comparison of morning and afternoon. Data presented as geometric mean and 95% con-
fidence interval (CI) of particle count, mode size, total protein concentration, and EV-associated
protein marker abundance. Statistical analysis performed using paired t-tests. ns: not significant, *
p <0.05,** p<0.01.

Particle Count (Particles/mL) Mode Size (nm)
AM PM Difference  p AM PM  Difference p
Mean 2.29 x 101 2.40 x 10" 871 832
95% CILower 123 x10" 1.41 x 10" ns 0.863 813 776 ns 0.240
95% CI Upper 4.79 x 10"  3.89 x 10 955 871
Protein Concentration (ug/mL) ASGR1 Response
AM PM Difference  p AM PM  Difference p
Mean 537.0 380.2 1479 331.1
95% CI Lower 295.1 2239 ns 0123 97.7 169.8 ** 0.009
95% CI Upper 955 660.7 2239  645.7
CD9 Response CD63 Response
AM PM Difference  p AM PM  Difference p
Mean 724 52.5 338 676
95% CI Lower 56.2 38.9 ns 0.075 10.2 19.5 ns 0.239
95% CI Upper 93.3 70.8 114.8 2344
CD81 Response TSG101 Response
AM PM Difference  p AM PM  Difference p
Mean 117.5 724 8.5 11.0
95% CI Lower 49.0 12.9 * 0.011 5.9 7.6 ns 0.293
95% CI Upper 331.1 263.0 120 162

3.5. Effect of Sex

The impact of sex was next explored as a potential source of variability in serum EV
abundance and composition. Pooled analysis was performed for EVs collected on study
days 1 and 3 in the morning and afternoon and compared between female (1 = 10) and
male (n = 10) healthy subjects. In this cohort, EV concentration in AM samples as deter-
mined by NTA was more than 10 times greater in males compared to females (p < 0.0001)
(Figure 6A). Mean (+ 95% CI) particle count in female and male cohorts was 7.41 x 10"
(3.47 x 101°-1.58 x 101) and 7.76 x 10" (5.62 x 101'-1.10 x 102) particles/mL (Table 5). This
difference was less substantial in PM samples, at 1.10 x 10 (6.03 x 101°-1.95 x 1011) parti-
cles/mL in females and 5.01 x 10" (3.24 x 10'-7.94 x 10") particles/mL in males, but re-
tained statistical significance (p = 0.0002). Meanwhile, mode size of particles did not vary
with sex in either the morning or afternoon (Table 5, Figure 6B). In AM EVs, mean (+ 95%
CI) protein concentration was 330.4 (154.5-706.3) pg/mL in females and 865.0 (335.0—
2238.7) pg/mL in males. This significantly higher mean concentration in male subjects (p
=0.037) did not persist into the afternoon (Table 5, Figure 6C).

The mean abundance of EV protein markers quantified by LC-MS showed no varia-
tions according to sex (Figure 6D-H, Table 5). Interestingly, the previously described di-
urnal pattern of ASGR1 response was exhibited in female and male subjects alike and no
significant differences were observed between the two cohorts (Figure 6D). CD63 re-
sponse also showed the same degree of variability between subjects as observed for the
combined cohort, indicating that this finding was not singly influenced by either sex (Fig-
ure 6F).
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Figure 6. Effect of sex on serum EV particle abundance (A), size (B), total protein concentration (C),
and expression of EV-associated protein markers (D-H), quantified by nanoparticle tracking analy-
sis (NTA), microBCA assay, and liquid chromatography mass spectrometry (LCMS). Pooled analy-
sis of EVs collected from serum of healthy female (n = 10) and male (1 = 10) volunteers on study
days 1 and 3. Statistical analysis performed using one-way ANOVA. *p <0.05, *** p < 0.001, **** p <

0.0001.

Table 5. Pooled analysis of EVs collected from serum of healthy female (n = 10) and male (1 = 10)
volunteers on study days 1 and 3 in the morning and afternoon. Data presented as geometric mean
and 95% confidence interval (CI) of particle count, mode size, total protein concentration, and EV-
associated protein marker abundance. Statistical analysis performed using one-way ANOVA. ns:

not significant, * p < 0.05, *** p < 0.001, *** p < 0.0001.

Particle Count (Particles/mL)

AM PM
Female Male  Difference p Female Male Difference p
Mean 7.41x10% 7.76 = 10" 1.10 x 10" 5.01 x 10"
95% CI
10 11 10 11
o 3A7XI00 Se2x100 0 603100 32410 o 0.0002
95% Cl 1.58 x 10" 1.10 x 10%2 1.95x 10" 7.94 x 101
Upper
Mode Size (nm)
AM PM
Female Male Difference p Female Male Difference p
Mean 88.8 86.0 83.9 81.3
95% CI
Lower 778 765 ns 0.610 792 78 ns 0.622
95% Cl 101.4 96.8 88.8 87.2
Upper
Protein Concentration (ug/mL)
AM PM
Female Male  Difference  p Female Male  Difference p
Mean 330.4 865.0 289.1 509.3
95% CI
Lower 154.5 335.0 " 0.037 97.5 358.1 ns 0.822
(o)
95% Cl1 706.3 2238.7 855.1 722.8
Upper
ASGR1 Response
AM PM
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Female Male Difference p Female Male Difference p
Mean 136.5 183.2 248.9 321.4
95% CI
Lower 702 1104 ns 0.801 946 129.1 ns 0.844
95% Cl 265.5 304.1 654.6 799.8
Upper
CD9 Response
AM PM
Female Male  Difference p Female Male Difference p
Mean 70.6 73.5 56.8 49.3
95% CI
Lower 46.7 498 ns 0.987 321 378 ns 0.837
95% Cl 106.9 108.4 100.7 64.4
Upper
CD63 Response
AM PM
Female Male Difference p Female Male Difference p
Mean 29.6 39.5 57.9 78.9
95% CI
Lower >1 >3 ns 0.964 65 152 ns 0.959
95% Cl 171.0 293.1 515.2 408.3
Upper
CD81 Response
AM PM
Female Male Difference p Female Male Difference p
Mean  103.50 135.8 73.0 719
95% CI
2 7. 4 48.4
Lower 69 87.5 ns 0.641 3 8 ns 0.999
95% Cl 155.2 210.9 150.3 107.2
Upper
TSG101 Response
AM PM
Female Male  Difference  p Female Male Difference p
Mean 8.0 9.0 11.7 10.5
95% CI
Lower >3 +6 ns 0.945 >7 66 ns 0.944
95% Cl 12.1 17.6 24.2 16.7
Upper

3.6. Single EV Analysis by Nano Flow Cytometry

In addition to EV sample analysis by LC-MS, the presence of EV markers CD9, CD63,
CD81, and ASGR1 was confirmed by nano flow cytometry (Figures S3-56). A Cytoflex S
instrument was used to analyse surface EV protein markers on intact, individual EVs,
providing an additional insight into the EVV study using an alternative platform.

Normal ranges of EVs positive for CD9, CD63, CD81, and ASGR1 and quantification
by mean fluorescence intensity (MFI) was assessed for normal variability between the in-
dividuals and diurnal variability on day 1 (Figure S3). No significant differences were
observed for tetraspanin EV protein markers or for the liver-specific EV protein ASGR1,
however, ASGR1 levels were noticeably the most variable between individuals in both the
AM and the PM, being more pronounced in the PM samples (Figure S4A, S4E). MFI values
ranged from 241.4 to 582.0 in AM samples and 235.1 to 884.0 in PM samples. Importantly,
the range of observed PM sample values was 1.6 times greater than that of morning EV
samples (Figure S4E). Difference in MFI from AM to PM for CD9*, CD63*, and CD81* EVs
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was 3.5-, 1.5, and 1.2-fold, respectively. Single EV analysis revealed a greater inter-indi-
vidual variability in fed samples for ASGR1, CD63 and CD81 (Figure 54), and CD9 and
CD81 levels were significantly different (p = 0.049 and p = 0.002, respectively) between fed
and fasted samples.

Differences in diurnal variability were observed for ASGR1 and CD81 (Figure S5).
ASGR1 was noticeably the most variable between individuals in both the morning and
afternoon and the difference was more pronounced in the afternoon (Figure S5A, S5E).
MFI values ranged from 201.4 to 582.0 in AM samples and from 235.1 to 884.0 in PM sam-
ples. MFI values for ASGR1 were higher in PM samples (p = 0.002). Importantly, the range
of observed PM sample values was 1.7 times greater that of morning EV samples. The
difference in MFI between CD81 positive EVs in AM and PM samples was 1.1-fold with
MFI range between 6.4 and 137.0 in the AM samples and between 9.3 and 155.8 in the PM
samples (p = 0.036).

Differences in MFI values of CD81 positive EV populations were observed between
males and females in both morning (p = 0.038) and afternoon samples (p = 0.028) (Figure
S6D, S6E). Interestingly, inter-individual variability was greater in females than males in
the AM and PM samples with MFI values ranging between 16.4-137.0 in female AM and
6.4-97.5 in male AM samples. Similarly, MFI values in the range between 31.6-155.8 was
observed in female PM samples and between 9.3-96.0 in the male PM samples.

4. Discussion

Here, we report for the first time a diurnal pattern of expression for the liver-specific
EV marker ASGR1 in healthy human serum. We observed greater abundance and wider
variability between subjects in samples collected in the afternoon, indicating that the con-
tribution of the liver to the global pool of circulating EVs changes throughout the day.
Importantly, this pattern was consistent in males and females. Notably, in contrast to the
observed diurnal variability in expression of ASGR1* EVs, no difference in expression was
observed between fed and fasted states. This observation indicates that the diurnal varia-
bility in expression of ASGR1* EVs is not a post-prandial phenomenon. Data presented
here indicate that accounting for diurnal variability in EV expression may be particularly
important for the analysis of liver-specific biomarkers. Liver-specific EV markers are of
relevance to the use of EVs in the study of drug metabolism [2,23] and non-alcoholic fatty
liver disease (NAFLD) [4]. While not addressed specifically in the current study, these
data also raise the possibility that diurnal variability may cofound the analysis of EV
markers originating from other tissues and have broader implications for the design of
sampling protocols for other tissue-specific markers that may vary in a similar manner.

The potential for circulating EVs and their molecular cargo to be applied as mini-
mally invasive biomarkers is increasingly recognised for the diagnosis of a variety of con-
ditions or tracking individual responses to pharmacological interventions [24]. However,
a comprehensive understanding of how these circulating markers fluctuate in normal
physiology is currently lacking. Thus, the present study involved the analysis of EVs iso-
lated from the serum of healthy subjects collected at multiple time points. We reported
ranges, reflective of the normal variability between individuals, for particle size and con-
centration of EV isolates, total EV protein concentration and the abundance of EV-associ-
ated protein markers. In establishing normal ranges for the characteristics and composi-
tion of EVs, investigators may better define the thresholds for disease-associated changes,
thereby strengthening the foundations for diagnostic or prognostic applications.

As EVs and their molecular cargo are involved in numerous functions vital for ho-
meostasis, their biogenesis and composition are readily altered by different cellular and
extracellular stimuli, including changes in nutrient availability [25]. Circulating bi-
omarkers may fluctuate in response to feeding or alternatively, their quantification may
be confounded by natural variation in unrelated blood parameters, especially triglyceride
and lipoprotein levels [26]. To explore the effect of prandial state on the characteristics of
EVs and abundance of associated protein markers in healthy individuals, serum EVs were
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compared with and without an overnight fast and it was found that particle number and
size was not altered by fasting. These data contrast with prior reports of circulating EVs
post-prandially. Merk et. al. [27] found that food intake resulted in a 61% increase in par-
ticle count and a significantly greater median size. However, that study and later work by
Jamaly et. al. [26], reported strong correlations between particle count and plasma triglyc-
eride concentrations after feeding, suggesting the similarly sized lipoprotein particles in-
terfered with measurements. Blood serum EVs are unavoidably co-isolated with a range
of non-vesicular materials such as protein aggregates and lipoproteins [28,29]. Neither of
the aforementioned studies investigated EV purity. The latter of which isolated vesicles
by ultracentrifugation, which is known to be more susceptible to lipoprotein contamina-
tion [18], rather than size exclusion chromatography (qEV).

It is important to note that NTA lacks the capacity to distinguish vesicles from other
particles of comparable size, such as contaminating protein aggregates or lipoproteins
[26]. Our assessments of EV purity by TEM and non-EV protein controls indicated highly
pure vesicle preparations. Thus, effective removal of lipoproteins from both fed and fasted
EV samples may account for differences seen in previous reports and mitigate the need
for fasting in biomarker testing.

For the most part, the abundance of EV-associated protein markers, reported here,
agrees with a recent study [30] that employed a flow cytometry approach with specific
detection of EV protein markers, including the tetraspanins (CD9, CD63, and CD81).
While a significant increase in CD9 abundance was observed here, Mork et. al. [30] found
no changes between prandial states. It should be noted, however, that flow cytometry
methods are limited to vesicles > 100 nm in diameter, while LCMS permits analysis of all
digested vesicular proteins in the samples [31].

The effect of circadian rhythm is well appreciated across numerous physiological
systems and presents in circulation as oscillations in haematological parameters, blood
and immune cell activation, and expression of surface markers [28]. This study sought to
ascertain whether the characteristics of EVs and expression of associated markers exhibit
diurnal variability. Particle size and concentration of EV isolates collected in the morning
and afternoon did not vary, while the abundance of CD81 decreased and ASGR1 increased
significantly.

While there is very limited commentary on the presence of diurnal variation in EV
particle number and size over the course of a day, one study utilising nFC, reported an
upward trend in EV size as well as a wider range in evening samples compared to the
morning [31]. As previously mentioned, these disparate conclusions may be attributed to
the capacity for NTA to quantify particles in a size range below that of flow cytometry.
Taken together, the results presented here do not support fluctuations in the number or
size of EVs diurnally, but point to potential changes in their molecular composition. Ac-
cordingly, attention should be given to the time of day at which EVs are sampled to reduce
the effects of intra- and inter-individual variability on the sensitivity of biomarker anal-
yses.

Lastly, the participants’ sex was explored as a potential covariate associated with var-
iability in EVs from healthy subjects. NTA analysis revealed that EV samples taken in the
morning from males had more than 10 times greater particle concentration than those
from females. This difference persisted, albeit at to a lesser extent, in the afternoon. Nota-
bly, the stark difference in particle concentration between sexes was not accompanied by
greater levels of generic EV markers in male subjects. Sex differences have been observed
in prior studies using flow cytometry, whereby plasma-derived phosphatidylserine and
other microvesicle markers [32], and urinary CD63* EV levels were each higher in women
[33]. Recently, however, an NTA analysis of plasma EVs isolated by precipitation found
no difference in particle count between males and females [34]. The pool of circulating
EVs is contributed to by numerous cell types, but is largely made up of those released by
platelets [8]. Though currently unclear, particle number in male subjects in our study may
have been influenced by undefined factors, such as diet, physical activity, and immune
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activation that prompted the release of particular EV subpopulations bearing cell-type
specific markers [28,35,36]. While interesting as an observation, in the absence of control-
ling for other sources of variability, the data presented here demonstrating differences
between sexes in particle abundance should be interpreted with caution as other factors
such as exercise may have confounded the results in this small cohort.

Flow cytometry is an appealing tool that lends itself to the analysis of individual pro-
tein markers on the surface of intact EVs [18]. Based on our results, it is evident that the
data obtained by flow cytometry is not directly comparable to that from LCMS and has
some limitations. A large proportion of EVs cannot be included in the quantification due
to their size and the limit of detection of the flow cytometer. Conventional flow cytometers
are capable of detecting EVs of 100 nm in diameter or greater, thus excluding all smaller
EVs [37]. In this study, EVs between 100 and 900 nm were analysed. While observed di-
urnal variations were not consistent between study participants, every participant
showed some level of diurnal variation. This phenomenon was previously shown, how-
ever, and studies involving a larger number of participants are required to fully appreciate
diurnal changes [31].

Moreover, further detailing the daily time course of changes in EVs and their cargo
may facilitate the tracking of therapeutic interventions. Such objectives would be serviced
by longitudinal studies, testing in more frequent intervals of the circadian clock, and re-
peating measures across multiple days. Assessment of normal variability in healthy sub-
jects might also be extended to include the effects of race and other demographic or clini-
cal features.

5. Conclusions

Circulating EVs have immeasurable potential to be utilised as biomarkers. The value
of this diagnostic and prognostic tool with respect to sensitivity and specificity, however,
requires a fundamental understanding of the differences that naturally exist in the healthy
population. The findings of this study should, therefore, inform EV sampling and may be
of particular importance in the context of liver-specific EV-derived biomarkers.
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4409/10/3/485/s1, Figure S1: Unedited images for TEM analyses, Figure S2: Gating strategy for flow
cytometry analysis, Figure S3: Flow cytometry analysis establishing normal ranges of variability on
marker abundance, Figure S4: Flow cytometry analysis investigating the impact of fasting on EV
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease.
Definitive diagnosis of the progressive form, non-alcoholic steatohepatitis (NASH), requires liver
biopsy, which is highly invasive and unsuited to early disease or tracking changes. Inadequate
performance of current minimally invasive tools is a critical barrier to managing NAFLD burden.
Altered circulating miRNA profiles show potential for minimally invasive tracking of NAFLD. The
selective isolation of the circulating extracellular vesicle subset that originates from hepatocytes
presents an important opportunity for improving the performance of miRNA biomarkers of liver
disease. The expressions of miR-122, -192, and -128-3p were quantified in total cell-free RNA, global
EVs, and liver-specific EVs from control, NAFL, and NASH subjects. In ASGR1+ EVs, each miR
biomarker trended positively with disease severity and expression was significantly higher in NASH
subjects compared with controls. The c-statistic defining the performance of ASGR1+ EV derived
miRNAs was invariably >0.78. This trend was not observed in the alternative sources. This study
demonstrates the capacity for liver-specific isolation to transform the performance of EV-derived
miRNA biomarkers for NAFLD, robustly distinguishing patients with NAFL and NASH.

Keywords: microRNA biomarkers; extracellular vesicles; liver-specific isolation; non-alcoholic fatty
liver disease; non-alcoholic steatohepatitis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease,
affecting up to a third of the global population [1]. The disease manifests on a spectrum
of severity, with most individuals presenting with benign hepatic fat accumulation (non-
alcoholic fatty liver; NAFL) and approximately 30% exhibiting a more severe form known
as non-alcoholic steatohepatitis (NASH) [2]. While insulin resistance, obesity, and other
features of the metabolic syndrome are commonly associated with NAFLD, the aetiology
of the disease remains largely unknown, particularly with respect to its progression to
NASH [3,4]. Treatment guidelines consistently identify early detection and intervention
as key to improving the clinical outcomes and to reducing the burden of NAFLD [5,6].
NAFLD is an independent mortality risk factor, with all-cause mortality on average, 11.7%
higher in individuals with NAFLD compared with those without. The impact on mortality
among individuals with NAFLD is proportional to disease severity and ranges from 8.3%
for NAFL up to 18.4% for NASH and fibrosis [7].

NAFLD is diagnosed in individuals that exhibit fatty changes in more than 5% of hep-
atocytes where other causes of steatosis have been excluded [8,9]. Liver biopsy is the gold
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standard for NAFLD staging and the only approach to reliably defining fibrosis [10]. The
key limitation is that liver biopsy is an invasive procedure that carries a substantial risk of
complication, including bleeding and infection. This precludes biopsy in low-risk patients
and limits utility in high-risk patients, as the procedure can only be performed once every
two years. Additionally, given the sporadic infiltration of NAFLD and the limited tissue
sample achieved with a needle biopsy, there is a substantial risk of inaccurate diagnosis that
underestimates disease stage [9]. Given these limitations, a range of minimally invasive
approaches to diagnose and stage NAFLD have been proposed. These approaches are
typically based on factors such as serum biomarkers, body composition, comorbid diseases,
and abdominal imaging [8-10]. Different combinations of these factors produce the fatty
liver index, hepatic steatosis index, and liver fat scores, which are used as screening tools
for NAFLD. While strong predictive performance has been reported for some indices, there
is insufficient robustness to facilitate translation to routine clinical care, particularly for
mild and early disease [11]. Indeed, in 2019, the American Association for the Study of
Liver Diseases identified the inadequate performance of these tools as a critical barrier to
the effective treatment of patients with NAFLD [6].

MicroRNAs (miRNA) are small non-coding RNA that have been shown to reflect
disease-associated changes across numerous pathological conditions [12]. Altered ex-
pression of miRNAs that mediate pathways involved in lipid metabolism, inflammatory
activation, and the development of fibrosis have been observed in tissue from individuals
with NAFLD. The abundance of these miRNAs in blood has been postulated as potential
biomarkers used to diagnosis and track NAFLD [13,14]. This approach potentially confers
several advantages over liver biopsy. In addition to mitigating the risks of tissue biopsy,
circulating miRNA analysis facilitates longitudinal evaluation of disease and potentially a
more robust overview of disease stage. The stability of cell-free (cf) miRNA in blood is at-
tributable to protection by RNA binding proteins, such as argonaute 2 (Ago2), high-density
lipoproteins (HDL), or encapsulation within extracellular vesicles (EVs) [15].

EVs are small membrane-bound particles released by virtually all cell types into
various biological fluids including blood, urine, and cerebrospinal fluid [16,17]. EVs carry
an array of nucleic acid (including miRNA), protein, and lipid cargo derived from the parent
cell [17,18]. It has been proposed that isolating EVs from biological fluids may improve the
fidelity of miRNA biomarker analyses as the EV fraction provides a source of miRNA that
is selectively packaged in a more disease-specific manner [19]. Additionally, circulating EVs
express cell surface markers from the originating tissue. Thus, in contrast with circulating
miRNA bound to Ago2 and HDL, it is theoretically possible to selectively isolate EV
miRNA that originates from a specific tissue. It has been proposed [20] that analysis of EVs
selectively isolated from an afflicted organ provide the most informative description of
biomarker expression, as this fraction is less affected by ‘noise” associated with non-specific
fluctuations in global EV and, in the case of miRNA, total circulating expression.

To date, studies of cell-free miRNA in NAFLD have focussed broadly on expression in
whole plasma and serum. When simplified to a dichotomous analysis of healthy versus
NAFLD, moderate diagnostic performance in terms of discriminating these two groups
has been reported for a number of miRNAs both as individual markers and panels [13,21].
Despite intriguing preliminary results, the consistency of results from miRNA profiling
studies remains insufficient to be applied in practice [15]. Furthermore, this dichotomous
grouping of healthy versus disease limits meaningful interpretation of an individual’s
NAFLD risk, which differs substantially with disease severity. For the current study,
three representative miRNAs were selected based on their reported liver specificity (miR-
122), associations with steatosis and fibrosis (miR-122, -192, and -128-3p) and association
with inflammation (miR-192). This study sought to identify trends in the expressions of
these three miRNAs; to determine whether the sequential refinement of the source from
which biomarkers are quantified; and to improve their predictive power with respect to
differentiating NAFL, NASH, and control subjects.
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2. Materials and Methods
2.1. Study Population and Blood Samples

Clinically annotated K;EDTA plasma from NAFLD patients (NAFL n = 8; biopsy-
proven NASH n = 6) and healthy donors (1 = 14) matched for age and sex were purchased
from Discovery Life Sciences (Hunstville, AL, USA). The inclusion criteria included a
clinical diagnosis of NAFL or NASH by a physician, and the exclusion criterion was the
presence of a viral disease. The samples were aliquoted for EV isolation and total RNA
analysis according to the study workflow depicted in Figure 1 and stored at —80 °C. All
analyses were performed on all the patients, unless otherwise indicated. The demographic
data describing each of the three study populations are presented in Table 1. All relevant
data have been submitted to the EV-TRACK knowledgebase (ID EV210168) [22].

ul-
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Figure 1. Study workflow. Plasma samples from patients with non-alcoholic fatty liver disease
and matched healthy controls were purchased from Discovery Life Sciences (DLS). Samples were
aliquoted for miRNA quantitation directly from plasma and from EVs following their isolation by
qEV size exclusion chromatography (SEC) and immunoprecipitation (IP). EVs isolated by qEV were
characterised by transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and
protein expression. Figure was created using BioRender.com [https://app.biorender.com/; accessed
17 January 2022].

Table 1. Demographic information for control, non-alcoholic fatty liver (NAFL) and non-alcoholic
steatohepatitis (NASH) study populations.

Characteristic Control (n = 14) NAFL (n = 8) NASH (n = 6)
Age Mean (£SD) years 46.5 (15.7) 48.7 (17.7) 53.2 (15.4)
Sex Female (%) 429 57.1 50.0
Caucasian (%) 78.6 57.1 83.3
Race Other (%) 214 14.3 16.7
Unknown (%) 0 28.6 0

2.2. Isolation of Extracellular Vesicles
2.2.1. Size Exclusion Chromatography

Global EVs were isolated using qEV2 70 nm size exclusion chromatography (SEC)
columns (iZon Science, Christchurch, New Zealand). Prior to performing the isolations,
the columns were equilibrated to room temperature and washed with 10 mL of 0.2 um
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filtered phosphate-buffered saline (PBS). Plasma (1700 pL) was diluted up to 2 mL with
PBS, loaded into the sample reservoir, and allowed to completely pass into the column,
before eluting with PBS. The first six fractions eluted from the column were discarded, and
vesicles were collected as a pool of fractions 7 to 11 (10 mL). Pooled vesicle fractions were
concentrated to 400 pL using Amicon Ultra-15 centrifuge 30 kDa filters (Millipore-Sigma,
Bedford, MA, USA) pre-conditioned with PBS and stored at —80 °C until analysis.

2.2.2. Liver-Specific EV Immunoprecipitation

EVs specifically derived from the liver were separated from global EV isolates follow-
ing a previously published protocol [23]. Briefly, 1.5 mg of Dynabeads M280 streptavidin
magnetic beads (Cat#11205D, Thermo Fisher Scientific, Waltham, MA, USA) were pre-
washed with PBS and incubated with 15 ug of biotinylated anti-asialoglycoprotein receptor
1 (ASGR1) polyclonal antibody (Cat#LS-C685544, 0.5 mg/mL, Sapphire Bioscience, Redfern,
NSW, Australia) for 30 min at RT with gentle agitation. Antibody-conjugated beads were
separated using a DynaMag-2 magnet (Thermo Fisher Scientific, Waltham, MA, USA),
washed with 0.1% bovine serum albumin in PBS, and resuspended in PBS. Concentrated
qEV70 vesicles (150 uL) were added to antibody-coated beads and incubated for 24 h at 4 °C
on a rotating mixer. ASGR1+ EVs bound to the antibody-bead complexes were separated
on the magnet, washed, and resuspended in PBS.

2.3. Transmission Electron Microscopy

Samples were prepared based on a previously published protocol [17]. Briefly, 5 uL
of the EV sample in filtered PBS was placed on carbon-coated grids for 4 min (Ted-Pella
B 300M, Mason Technology, Dublin, Ireland). Grids were washed for 15 s with 0.2 um
filtered PBS at room temperature and were contrasted with 2% uranyl acetate (3 min at
room temperature), washed once, and examined by FEI TECNAI Spirit G2 TEM (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to quantify particle concentration
and size distribution in EV samples using a NanoSight NS300 (Malvern Analytical, Malvern,
UK). Samples were diluted between 1:500 and 1:2000 in PBS. Ten 60-s videos were captured
at camera level 14 with continuous sample flow (flow rate 100), and the videos were
analysed at a detection threshold of 5 using NTA 3.4 software.

2.5. Total Protein Concentration

EVs were lysed by the addition of a RIPA buffer at a ratio of 1:1, incubated on ice for
25 min and centrifuged at 10,000 x g for 10 min at 4 °C. Total protein concentration was
determined using Pierce MicroBCA Protein Assay following manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Peptide Digestion

EVs (50 puL) were diluted up to 100 uL in PBS, vortexed for 10 min using a MixMate
sample mixer (Eppendorf South Pacific, North Ryde, NSW, Australia), and then lysed by
freezing and thawing for three times. Lysed EVs were combined with 50 uL of ammonium
bicarbonate (pH 7.8) and incubated with dithiothreitol (DTT; 12.5 mM) for 90 min at 60 °C.
Samples were cooled to room temperature prior to the addition of iodoacetamide (IAA;
23.5 mM) and incubation for 60 min at 37 °C. Trypsin Gold was then added to the EV
protein samples in a ratio of 1:40 and incubated for 18 h at 37 °C. Digests were terminated
by the addition of 20 pL of formic acid (10% v/v), then centrifuged at 16,000 x g for 10 min
at 4 °C. A 100 pL aliquot of the resulting supernatant was combined with SIL peptide
standards (25-2500 pM cocktail; Vivitide, Gardner, MA, USA) and a 5 pL aliquot was
injected for analysis by LC-MS/MS.
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2.7. LC-MS Peptide Analysis

Chromatographic separation of peptide analytes was performed on an Agilent Ad-
vance Bio Peptide Map column (100 x 2.1 mm, 2.7 um) using an Agilent 1290 Infinity II
liquid chromatography system. The temperatures of the column and sample compartment
were maintained at 30 and 4 °C, respectively. Separation was achieved by gradient elution
with a flow rate of 0.2 mL/min. The mobile phase consisted of 0.1% formic acid in water
(mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B). The proportion of
mobile phase B was held at 10% for 2 min and then increased to 60% over 13 min, before
returning to 10% for 1 min. The column was re-equilibrated for 30 s, and the total run time
was 16.5 min. Column eluant was monitored by mass spectrometry using an Agilent 6495B
Triple Quadrupole mass spectrometer operating in positive electron spray (ESI +) mode.
Multiple reaction monitoring (MRM) was performed with one quantifier and one qualifier
ion transition for each peptide. The identities of the endogenous peptides were confirmed
by comparing retention time and quantifier/qualifier transition ratios to respective SIL
peptide standards and relative abundance determined by quantifier ion peak area.

2.8. RNA Isolation

Total RNA was isolated from plasma and EV samples using TRIzol LS™ Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) as per manufacturer’s instructions with
some modifications. Briefly, 750 pL TRIzol LS was added to 200 pL of plasma and 100 uL of
EVs (diluted up to 200 pL in RNase-free water). Samples were spiked with 2.5 femtomoles
of cel-miR-54 mirVana mimic (MC10279, Thermo Fisher Scientific, Waltham, MA, USA)
to normalise for technical variability in RNA extraction and RT-qPCR efficiency. This
exogenous control was employed in the absence of established endogenous genes for
normalisation of plasma or EV-derived miRNA RT-qPCR data [24,25]. Isopropyl RNA
precipitation was facilitated by addition of 40 ng of RNase-free glycogen (Thermo Fisher
Scientific, Waltham, MA, USA), and the RNA pellet was washed with ice cold 80% ethanol.
RNA was resuspended in 30 pL of RNase-free water.

2.9. RT-qPCR

Equal volumes of RNA (5 puL) were reverse transcribed using the TagMan microRNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). Since the concen-
tration of circulating cfRNA is usually below the limit of quantification for photometric
or colorimetric techniques, equivalent mass could not be reliably determined. Thus, RNA
input was based on a fixed volume rather than RNA mass (ng), as in previous stud-
ies [12,26,27]. Instead, alterations in miRNA levels in equivalent volumes of plasma or
EV isolates were detected relative to the exogenous spike in. TagMan Small RNA Assays
(Thermo Fisher Scientific, Waltham, MA, USA) were used to carry out qPCR assays with
primers specific to the miRNA of interest (hsa-miR-122 (002245), hsa-miR-192 (00491), miR-
128a (002216), and cel-miR-54 (001361)) in a Rotor-Gene 3000 (Corbett Research, Sydney,
NSW, Australia). Samples were assayed in duplicate and the same cycle threshold set
across all runs.

2.10. Statistical Analysis

Cycle threshold (Ct) values derived from RT-PCR were used to calculate relative
quantities (RQ) according to the following formula:

RQ = 27(mean biomarker Ct — mean spike—in Ct)

Statistical analysis was performed using GraphPad Prism software version 9.0 (San
Diego, CA, USA). The data are presented as mean £ SD unless specified. Statistical
comparisons between the NAFL, NASH, and control groups were performed using the
Kruskal-Wallis test and Dunn'’s test for multiple comparisons. Statistical significance
was set at 0.05. A receiver operating characteristic (ROC) analysis was used to assess
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the diagnostic capacity of miRNA biomarkers between pairs of groups. Ordinal logistic
regression was performed using R version 1.4 (Boston, MA, USA) to determine diagnostic
value across the three groups.

3. Results
3.1. Isolation and Characterization of Circulating EV's from NAFLD and Control Subjects

The concentration and size of global EV particles isolated from NAFL, NASH, and
control subjects was determined by NTA. An apparent higher mean EV concentration (£SD)
of 417 x 10! (+1.76 x 10M) particles/mL was observed in control subjects compared
with NAFL (2.34 x 10! (£9.03 x 10'%) particles/mL) and NASH (2.73 x 10 (+1.01 x
10M) particles/mL) subjects (Figure 2a, Table 2). However, given the marked within group
heterogeneity, no statistically significant differences in EV concentration were detected
between groups. Mean particle size, given in Table 2, also did not vary between control,
NAFL, and NASH groups.
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Figure 2. Characterisation of global circulating EV isolated from control, NAFL, and NASH subjects.
(a) Particle concentration and size distribution by nanoparticle tracking analysis (NTA) (n = 5).
Error bars denote SEM. (b) Representative TEM images of NASH patient and control global EVs.
(c) Relative abundance of EV protein markers determined by mass spectrometry. Error bars denote
SD. **p < 0.01.
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Table 2. Mean concentration and size of particles in qEV isolates from control, NAFL, and NASH
subjects determined by nanoparticle tracking analysis.

Group (n=5) Concentration (Particles/mL) Mean Size (nm)
Control 417 x 101 +1.76 x 101 1029 £ 2.7
NAFL 2.34 x 10M 4 9.03 x 10%0 113.3 + 10.4
NASH 2.73 x 101 4 1.01 x 101 110.1 + 8.6

Global EVs were also analysed by TEM to assess sample composition and morphology.
TEM images of EVs from NASH and control subjects isolated by qEV revealed characteristic
EV morphology, size, and removal of non-vesicular contaminants (Figures 2b and S1).
While the EVs were predominantly of similar size between NASH and control subjects, the
presence of a few larger EVs was noted in the control sample.

Established positive and negative EV protein markers were probed by targeted LC-MS
peptide analysis [17]. Positive markers, as described by the Minimal Information for Studies
of Extracellular Vesicles (MISEV) [28], include tetraspanins, CD81 (Class 1a), CD9 (Class 1b),
and tumour susceptibility gene 101 (TSG101; Class 2a) and were detected in EV isolates from
control, NAFL, and NASH subjects (Figure 2c). Only CD81 showed a significantly lower
abundance in NAFL compared with control samples; however, total protein concentration
did not differ between groups (Figure 52). Samples were also analysed for negative markers
of matrix contamination and cellular debris; albumin (Class 3b) and Calnexin V (Class 4c).
Minimal expression was observed for both negative markers; the mean abundance of
albumin and calnexin in EV preparations was 0.21% and 0.94% of abundance in respective
positive controls (plasma for albumin and human liver microsomes for calnexin).

Taken together, these data indicate that qEV size exclusion chromatography permits
the isolation of pure EVs with characteristic molecular and physical properties from the
circulation of patients with NAFLD and healthy controls. Characterisation of liver-specific
EV isolates was performed with respect to particle concentration and ASGR1 abundance
and is reported as Supplementary Data. Data are reported in accordance with MISEV
guidance. EV-TRACK study identifier is EV210168.

3.2. Expression of Total Cell-Free, Global EV, and Liver-Specific EV miRNA Biomarkers

Expression of miRNA was quantified in total cfRNA, global EVs, and liver-specific
EVs isolated by anti-asialoglycoprotein receptor 1 (ASGR1) immunoprecipitation. Relative
quantities (RQ) for miR-122, -192, and -128-3p were calculated after normalisation to an
exogenous spike-in (cel-miR-54) and compared between control, NAFL, and NASH subjects
(Figure 3). The expressions of all three miRNA biomarkers were significantly greater in
ASGR1+ EVs from NASH subjects compared with controls (p = 0.012 (miR-122), p = 0.013
(miR-192), and p = 0.032 (miR-128-3p)). Interestingly, this trend was not observed when
miRNA was analysed from total cell-free or global EV sources. In global EVs, only miR-128-
3p exhibited altered expression with significantly lower RQ in NAFL (p = 0.009) and NASH
(p = 0.019) subjects compared with controls. The apparent alterations in expression were
consistent irrespective of using total cell-free or global EV as the source of RNA (Figure 3c¢),
indicating that the isolation of global EVs did not confer an appreciable benefit towards the
capacity for miR-128-3p expression to distinguish the groups. Conversely, RQ for miR-122
and -192 did not vary between disease or control subjects in total cfRNA or global EV
analysis. Overall, these data suggest that the selective analysis of miRNA biomarkers from
liver-specific EVs has the potential to elucidate a useful trend in expression corresponding
with disease stage, particularly for biomarkers with high tissue specificity such as the
liver-specific miR-122 and, to a lesser extent, miR-192 and -128-3p.
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Figure 3. Differential expression of miRNA biomarkers in NAFLD. Relative quantities of miR-122 (a),
miR-192 (b), and miR-128-3p (c) normalised to cel-miR-54 in total circulating RNA, global EVs, and
asialoglycoprotein receptor 1 (ASGR1) positive EVs isolated from patients with NAFL and NASH
and from controls. Statistical analysis performed by the Kruskal-Wallis test with Dunn’s for multiple
comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars represent standard deviation.

3.3. The Proportion of Circulating miRNA Contained in EV's Changes with NAFLD

To further explore the distribution of miRNA biomarkers amongst circulating frac-
tions, RQs were used to calculate the expression of miRNA biomarkers in global EVs as
a percentage of total cfRNA and in ASGR1+ EVs as a percentage of global EVs (Table 3).
It has been observed that RNA isolation from unfractionated samples results in substan-
tially higher yield compared with EVs due to the contribution of other circulating miRNA
complexes. To ensure sufficient sensitivity, the equivalent starting volume for EV RNA
isolation was 2.5x that for total cfRNA and reported proportions were normalised ac-
cordingly. The results demonstrated that, in control samples, mean (£SD) percentage
expression in global EVs/total RNA was no greater than 5.6% (£10.0%), suggesting that
only a minor proportion of total cell-free RNA is found in EVs. Likewise, in control subjects,
the mean percentage expression in ASGR1+/global EVs was similarly low. Interestingly
however, there was a positive trend in proportional expression of all miRNA biomarkers
with NAFLD. In NASH, 27.1% of vesicular miR-122 signal came from ASGR1+ EVs com-
pared to just 2.4% in control subjects (p = 0.035) (Table 3, Figure 4a). Significantly greater
ASGR1+/global EV expression was also observed for miR-128-3p between NASH and
control subjects (p = 0.022) (Figure 4c), while a similar difference in miR-192 fell short of
statistical significance (p = 0.067) (Figure 4b). While only a small fraction of each miRNA is
released in EVs expressing ASGR1—so a larger fraction may be derived from cells other
than hepatocytes—these data suggest that, in NAFLD, the contribution of the liver to
circulating EV-derived miRNA increases.
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Table 3. Expression of miRNA biomarkers in global EVs as a percentage of total circulating RNA and
in asialoglycoprotein receptor 1 positive (ASGR1+) EVs as a percentage of global EVs from control,
NAFL, and NASH subjects.

miR-122 miR-192 miR-128-3p
Expression (%)
Mean SD Mean SD Mean SD
Control 5.6 10.0 51 14.5 2.3 3.7
Global EV/Total NAFL 23.3 27.3 8.7 6.7 17.0 26.2
NASH 5.1 10.6 3.0 3.4 2.6 1.0
Control 24 6.6 0.5 0.8 0.6 14
ASGR1+ EV/Global EV NAFL 9.9 20.7 10.4 17.0 13.3 20.2
NASH 27.1 37.2 8.8 9.8 10.5 10.1
a miR-122 b miR-192 c miR-128-3p
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Figure 4. Relative expression of miRNA in liver-specific EVs. Expressions of miR-122 (a), miR-192
(b), and miR-128-3p (c) in asialoglycoprotein receptor 1 positive (ASGR1+) EVs as a percentage of
global EVs in NAFL and NASH patients compared with controls. Statistical analysis performed
by the Kruskal-Wallis test with Dunn’s for multiple comparisons. * p < 0.05. Error bars represent
standard deviation.

3.4. Association between miRNA Expression and Disease Severity

Ordinal logistic regression was performed to evaluate associations between miRNA
abundance and the probability of a subject being healthy (control), NAFL, or NASH.
Significant associations between miRNA expression and group status were observed for all
three miRNAs in liver-specific EVs (Figure 5). The C-statistic for miR-122 was 0.80 with
an odds ratio (OR) of 0.60 (p = 0.004), indicating that, for every 1 unit decrease in ACt, the
subject was 40% more likely to be NASH than NAFL or NAFL than control. Similarly, the
C-statistics for miR-192 and miR-128-3p were 0.84 and 0.78, with ORs of 0.51 (p = 0.005) and
0.65 (p = 0.016), respectively. The expressions of miR-122 and miR-192 in total cfRNA and
global EVs demonstrated no significant association with group status. Robust predictive
performance was observed for total cfRNA and global EV derived miR-128-3p, with C-
statistics of 0.78 (p = 0.007) and 0.83 (p = 0.009), respectively. Of the miRNA sources, only
liver-specific EVs demonstrated a consistent trend amongst all miRNAs across increasing
disease state.
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Figure 5. Ordinal logistic regression models. Ordinal regression applied to distinguish control, NAFL
and NASH subjects using ASGR1+ EV-derived miR-122 (a), miR-192 (b), and miR-128-3p (c).

3.5. Capacity to Distinguish Subjects with Disease from Control

A receiver operator characteristic (ROC) analysis was undertaken to establish the per-
formance of each miRNA marker in the current analysis in a manner consistent with prior
studies, as summarised in our recent review [13] (Table 4). The abundance of total plasma
RNA derived miR-192 and miR-128-3p, but not miR-122, robustly distinguished individuals
with NAFLD from controls (AUC > 0.714). Comparatively poor performance was observed
for global EV-derived miRNAs, with only miR-128-3p (AUC = 0.888) distinguishing these
groups. As per the ordinal logistic regression analysis, liver-specific EV-derived miRNAs
demonstrated the strongest performance with respect to distinguishing individuals with
NAFLD from controls. AUC values for liver-specific EV derived miRNAs were invariably
>0.8. An extended ROC analysis defining the performance of miRNA marker with respect
to distinguishing individual paired groups (i.e., control vs. NAFL, control vs. NASH, and
NAFL vs. NASH) is reported in Supplementary Materials (Table S2, Figure S4).

Table 4. Area under the receiver operator characteristic curve for miRNA biomarkers isolated from
total cell-free RNA, global EVs, and ASGR1+ EVs.

All NAFLD—CTRL

Sotrce miR-122 miR-192 miR-128-3p
AUC p AUC p AUC p

Total RNA 0.607 0.335 0.714 0.054 * 0924  0.0001*

Global EV 0.505 0.963 0.582 0.462 0.888 0.001 *

ASGR1+ EV 0.830 0.004* 0.895 0.003 * 0.803 0.014 *

* denotes significant p-values (<0.05).

4. Discussion

This study provides the first direct evidence supporting transformative improvement
in the predictive performance of existing NAFLD miRNA biomarkers achieved by isolating
liver-specific EVs. Specifically, it is demonstrated that following anti-ASGR1 immuno-
precipitation, the expression of liver-specific EV-derived miR-122, -192, and -128-3p is
significantly associated with disease severity. In all cases, there was a significant trend
of greater miRNA expression in subjects with NASH compared with NAFL, and NAFL
compared with control subjects (Figure 3). Notably, this trend was not observed with either
total cell-free or global EV-derived RNA. Rather, an analysis from these two sources of RNA
revealed a significant decrease in miR-128-3p expression with disease, while miR-122 and
-192 were not altered in comparison with the controls. In all cases, liver-specific (ASGR1+)
EV-derived miRNA biomarkers demonstrated strong capacity to predict subject status
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as the control, NAFL, or NASH (Figure 5) with c-statistics > 0.78. This performance was
not observed with either total cfRNA or global EV-derived miRNAs. While the improved
predictive performance associated with liver-specific isolation provides additional support
for these markers reflecting a hepatic manifestation, the possibility that these markers may
also be associated with more systemic comorbidities cannot currently be excluded.

Indeed, each of the miRNAs investigated here is abundant in liver tissue, especially
miR-122, which accounts for about 70% of all miRNA expression in the liver [29]. However,
miR-122 is also found in cardiac and skeletal muscles; miR-192 is abundant in the kidneys,
intestine, and adipose tissue [30]; and miR-128-3p is expressed in numerous tissues types,
including in the CNS [31] and adipose tissue [32]. miR-128-3p also acts as a tumour
suppressor miR and is reported to be dysregulated in several cancers, including lung [33],
colorectal [34], and hepatocellular [35,36] cancer. Fundamentally, circulating miRNAs lack
tissue specificity; their presence and stability in biological fluids results from release by
multiple cell types and localisation within EV, lipoprotein, and Ago protein complexes [37].
The mechanisms of miRNA export from cells are known to be differentially affected by
disease states; accordingly, perturbation in the relative expression of circulating miRNAs
in vesicular or non-vesicular compartments are anticipated [12,15]. Consistent with this
phenomenon, it was observed that the fraction of total circulating miR-122 (which accounts
for 70% of hepatic miRNA) contained within liver-specific EVs increased with disease stage.
This observation further supports the hypothesis proposed by several recent studies that
optimising the circulating miRNA source is a key step in translating miRNA biomarker
analysis [12,15,19,38].

Jiang et al. [39] recently reported that, compared with total serum-derived miRNA,
differences in EV-derived miRNAs, including miR-122 (ROC = 0.79), more effectively dis-
criminated subjects with NAFLD from healthy controls. In contrast with Jiang, et al. [39],
in the current study isolation of global EVs did not improve the predictive performance of
miRNA biomarkers with respect to identifying individuals with NAFLD. It is plausible that
differences in performance gains achieved by global EV isolation relate to differences in the
composition of the NAFLD cohort (i.e., the proportion of individuals with NAFL versus
NASH or the proportion of individuals with non-hepatic co-morbidities). While this study
did not reproduce the improvement in predictive performance achieved by isolating global
EVs, we did demonstrate that further refinement of the miRNA source by tissue-specific
EV isolation markedly improved performance. This outcome is consistent with analyses
demonstrating improved signal to noise for minimally invasive protein biomarkers in
plasma for neuronal pathology [40—43] and cerebrovascular disease [44] with tissue-specific
isolation. As per the current study, selectively enriching the biomarker source was consis-
tently found to increase sensitivity and specificity of analyses. One study further showed
that the expression of miR-382 in intestine-specific EVs, but not global EVs, could predict
the functional activity of human breast cancer resistance proteins [45]. Furthermore, we
recently applied the liver-specific EV isolation method used here to describe the induction
of hepatic drug metabolising enzymes and transporters resulting from metabolic drug
interactions and pregnancy [23]. Collectively, these reports highlight the emerging potential
to leverage tissue-specific EVs as minimally invasive liquid biopsy platform.

The use of anti-ASGR1 immunoprecipitation facilitated the analysis of EV encapsu-
lated miRNA biomarkers released only by hepatocytes. Given the reported high abundance
of miR-122 in hepatocytes, a high proportional expression of miR-122 in ASGR1+ EV rela-
tive to global EV-derived miRNA was anticipated. However, in EVs isolated from control
subjects, the fraction of EV-derived miR-122 recovered from ASGR1+ EVs was strikingly
low (2.4% of global EV derived miR-122 and 0.13% of total circulating miR-122). This low
expression of miRNA in ASGR1+ EVs likely reflects the low fraction of circulating EVs
that are derived from hepatocytes. The substantial expression of miR-122 from non-hepatic
sources emphasises the potential for trivial changes in non-hepatocyte-derived miRNAs to
markedly impact NAFLD biomarker analysis in the absence of liver-specific EV isolation.
Interestingly, the fraction of global EV and cfRNA-derived miR-122, -192, and -128-3p
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recovered in ASGR1+ EVs was markedly higher in NAFL and NASH subjects compared
with controls, despite the circulating EV count remaining unchanged. This marked increase
in ASGR1+ EV-derived miRNA expression is consistent with the reported roles of these
miRNAs in the inflammatory processes and remodelling associated with NAFLD and sup-
ports the biological rationale for their use as biomarkers for this disease. It is worth noting
that, while the expression of miR-122 and -128-3p was significantly increased in NAFL
and NASH compared with control subjects (Figure 4), the proportion of these miRNAs in
ASGR1+ EV still accounted for <30% of global EV expression and <2.5% of total cfRNA
expression for each miRNA.

It is conceivable that a population of miRNA-containing hepatic EVs does not express
ASGR1 on their surface and hence are not captured by the immunoprecipitation method
applied in the current analysis. Alternatively, various extra-hepatic tissues expressing these
miRNAs may contribute more profoundly to their abundance in circulating global EVs.
NAFLD is notably the hepatic manifestation of a broader multi-system disease associated
with systemic inflammation and metabolic disturbances in several organs. It is likely that
perturbations in other organs may contribute to the observed differences in global EV
cargo derived from subjects with NAFL and NASH. This explanation further emphasises
the potential benefits of selectively isolating liver-specific EVs for biomarker analyses.
The data presented in a recent study by Povero et al. [46] indicated that EVs expressing
ASGR1 comprise approximately 20% of the circulating global pool and that the number of
hepatocyte-derived EVs increases with severity of NASH. However, in the limited sample
size analysed here, no differences in global EV abundance were observed between groups.
In this context, it is not clear if the increased proportional expression of miRNA with disease
was due to greater number of ASGR1+ EVs or increased packaging and export of miRINA
biomarkers into vesicles.

The observed increase in ASGR1+ EV miRNA expression is consistent with a large
body of work describing the dysregulated miRNA profile in NAFLD liver and selective
export into EVs. miRNAs have emerged as major players in the pathogenesis and progres-
sion of NAFLD, with altered hepatic expression of miR-122, -192, and -128-3p disrupting
several facets of hepatic lipid metabolism, insulin sensitivity, and cholesterol-lipoprotein
trafficking [29,35,47]. Prior studies have also emphasised the pathogenic consequences
of vesicular miRNAs from hepatocytes in response to lipotoxic injury in NAFLD [13].
EV-derived miR-192 was recently reported to induce pro-inflammatory polarisation of liver
macrophages [30] and EV miR-128-3p internalised by hepatic stellate cells led to marked
fibrogenic activation [48]. Decreased cellular miR-122 abundance has been observed in con-
junction with increased abundance in circulating EVs. This observation has been attributed
to accelerated miR-122 export via the exosomal pathways resulting from metabolic and
ER stress in hepatocytes [49,50]. Indeed, multiple reports [51-53] support the notion that
miR-122 increases specifically in the circulating vesicle fraction in NAFLD, while other liver
pathologies (e.g., drug-induced liver damage) are better characterised by changes in the
protein-associated fraction [12,53]. Further studies are required to elucidate the intracellular
source of miRNAs that are packaged into EVs and the specific mechanisms of export during
NAFLD and normal physiology. Nonetheless, the present findings are promising with
respect to increasing specificity by targeting analyses to liver-derived miRNA expression.

It is acknowledged that additional clinical data regarding the patient cohort would
have been useful and that the inability to access these data is a limitation of the current
study. Specifically, NAFL and NASH are hepatic manifestations of metabolic syndrome and
are closely associated with multiple comorbidities including type 2 diabetes and obesity,
which if unaccounted for, may confound biomarker screening. By way of example, while
the miRNA markers evaluated here have previously been associated with NAFL and
NASH [13], the current study is unable to definitively exclude that these markers are
specific to the hepatic manifestations of the syndrome and not alternative comorbidities
observed in this patient population. Additionally, it is acknowledged that, while the
purity of ASGR1+ EVs in control EV preparations (Figure S3 and Table S1) was extensively
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characterised, limitations regarding sample volume precluded comparable analyses in
the NAFL and NASH samples. Future studies confirming the observations reported here
will benefit from more extensive clinical data and the capacity to undertake additional
characterisation of post immunoprecipitation samples.

To date, studies of cell-free miRNA biomarkers have dichotomised subjects to dis-
criminate controls from subjects with either NAFL or NASH or simply pooled as NAFLD.
As summarised in our recent review [13], ROC analysis has identified strong predictive
performance of several miRNA markers quantified from total cell-free RNA [13]. Up to
7-fold increases in circulating miR-122 and -192 has been previously reported in NAFLD
patients [54,55]; however, such significant dysregulation in total cfRNA was not observed
in comparison to controls in this cohort. For a number of group pairings, however, ROC
analysis produced similarly strong discrimination of cohorts, as seen previously [13]. How-
ever, in order to investigate the capacity for miRNA biomarkers from different sources
(ASGR1+ EV, global EV, and total cfRNA), to predict an individual’s disease status across
control, NAFL, and NASH groups simultaneously, ordinal logistic regression was applied.
With this more robust approach that incorporated the biological link of increased biomarker
expression in a directional manner, ASGR1+ EVs consistently exhibited excellent diagnostic
accuracy. For miR-122 and -192, statistically significant associations were achieved only by
the analysis of liver-specific EV miRNA.

5. Conclusions

The findings presented here represent the first direct evidence supporting the hypoth-
esis that tissue-specific isolation enhances predictive performance of EV-derived miRNA
biomarkers. This study further provides the necessary foundational evidence demonstrat-
ing that liver-derived EVs represent a promising solution to current shortcomings with
regard to the clinical management of NAFLD. Specifically, this study determined that refin-
ing the source from which circulating miR biomarkers are analysed enhanced their capacity
to distinguish NAFLD patients from controls. While total cfRNA has long dominated the
focus of this field, the belief that markers obtained from a particular blood compartment
may better represent disease-associated changes has emerged with the promise of im-
proved biomarker specificity and reproducibility. Here, we show that the selective isolation
of liver-specific EVs by anti-ASGR1 immunoprecipitation has the potential to elucidate
useful trends in miR expression, which may be applied to track NAFLD patients across
the spectrum of clinical disease. This approach not only facilitates the use of biomarkers
with ubiquitous expression in unrelated tissues, which may otherwise limit their utility, but
also opens the possibility of discovering other highly disease-specific biomarkers, such as
EV-derived proteins, from just the affected organ. Such tools can facilitate early diagnosis,
identification of patients at greatest risk of progression, serial sampling, and longitudinal
monitoring. Thus, the development of liver-EV biomarkers will improve patient man-
agement universally, with profound impacts on clinical practice, utilisation of healthcare
resources, and advancement of therapeutics.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/biomedicines10010195/s1, Figure S1: Unedited TEM images, Figure S2: Total protein concentra-
tion in global EVs, Table S1: Particle concentration in global EV isolates, ASGR1 immunocapture, and
non-captured samples, Figure S3: ASGR1 abundance in global EVs and anti-ASGR1 immunoprecipi-
tation captured and non-captured portions, Table S2: Area under the receiver operator characteristic
curve analysis, Figure S4: Receiver operator characteristic curve analysis.
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Analysis of Extracellular Vesicle and Contaminant Markers
in Blood Derivatives Using Multiple Reaction Monitoring

Lauren A. Newman, Zivile Useckaite, Ting Wu, Michael J. Sorich,
and Andrew Rowland

Abstract

Extracellular vesicles (EVs) are naturally occurring membranous particles that can be isolated from blood
and other biofluids. EVs have drawn considerable attention for their potential as a minimally invasive
biomarker source for a range of conditions, based on tissue-specific expression of proteins and other
molecular information. To promote robust characterization of EV isolates, the International Society for
Extracellular Vesicles (ISEV) has established consensus minimal requirements for the study of extracellular
vesicles (MISEV) reporting guidelines. A core element of MISEV guidance is the recommendation for the
analysis of protein markers in samples, including positive EV-associated markers and negative contaminant
markers based on commonly co-isolated components of the sample matrix. Furthermore, there is growing
interest in circulating EVs enriched for tissue-specific origin, and in this context, the degree of nontarget EV
“contamination” (e.g., EVs derived from blood cells) may inform assessment of sample purity. The
increasing application of EVs as a liquid biopsy for clinical applications requires a high-throughput multi-
plexed approach that enables analysis of protein markers from small volumes of starting material, ideally
utilizing the same platform for measuring biomarkers of interest. To this end, targeted liquid chromatog-
raphy mass spectrometry using multiple reaction monitoring (LC-MRM-MS) is a key platform for the
quantitative assessment of target proteins within EV samples. Here we describe a protocol for the isolation
of EVs from blood and parallel analytical methods targeting general EV markers and blood cell-derived EV
markers, along with guidance of best practice for sample collection and processing.

Key words Extracellular vesicles, Protein markers, Liquid chromatography tandem mass spectrome-
try, Multiple reaction monitoring, EV characterization, Serum, Plasma

1 Introduction

Extracellular vesicles (EVs) are nanosized membrane-bound parti-
cles released by cells and can be found in a variety of biological
fluids, including blood. Different populations of EVs exist, as
defined by their mode of biogenesis within a cell. However, most

David W. Greening and Richard J. Simpson (eds.), Serum/Plasma Proteomics: Methods and Protocols,
Methods in Molecular Biology, vol. 2628, https://doi.org/10.1007/978-1-0716-2978-9_20,
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isolation methods recover a heterogenous population of vesicles,
including exosomes (50-150 nm diameter originating from the
endosomal pathway) and microvesicles (up to 1000 nm and shed
directly from the plasma membrane) [1]. EVs containing assorted
profiles of proteins, lipids, or nucleic acids represent a promising
new source of biomarkers, such as for several types of cancer [2],
immunological disorders [3, 4], neuronal pathologies [5-7], and
liver disease [8, 9], and can be assessed in patients in a minimally
invasive manner. However, the full potential for clinical translation
of EV biomarkers may only be realized in the context of clearly
defined and reproducible protocols for EV sample collection and
analyses. To this end, recommendations for experimental design
and reporting described in the minimal requirements for the study
of extracellular vesicles (MISEV) [10] provide a framework to
improve rigor and reproducibility in EV research. A variety of
techniques are available for the isolation of EVs from biofluids,
such as those employing resin- or polymer-based precipitation,
size exclusion chromatography (SEC), membrane affinity chroma-
tography, ultracentrifugation, density separation, and immunoaffi-
nity capture [11]. Each differs in terms of vesicle recovery and
purity and, since no one method is preferred for all applications,
the choice must be considered on the basis of compatibility with
downstream analyses. In line with MISEV recommendations, a key
assessment of EV recovery and overall sample purity can be
achieved by characterizing the abundance of protein markers
expected in EV samples and those considered contaminants. Posi-
tive EV markers include plasma membrane or cytosolic proteins
that are incorporated in EVs during biogenesis and release from
cells. Negative EV markers comprise matrix-associated contami-
nants co-isolated with EVs and tend to be highly abundant in the
starting material. Further, proteins expressed in intracellular com-
partments not involved in EV biogenesis, such as nucleus or endo-
plasmic reticulum, can be included to denote cellular debris and
other non-vesicle particles. These criteria are reflected in the proto-
col described below, in that protein markers selected to address the
recommendations for protein characterization include cluster of
differentiation (CD) 81 and CD9, tumor susceptibility gene
(TSG)101, albumin (ALB), and calnexin (CANX).

Beyond general EV markers, specific protein expression may be
assessed to determine the likely origin of vesicles. Cell surface
markers of the originating cell are incorporated into the membrane
of released EVs, thereby potentially enabling tracking of tissue
origin. Using most techniques to isolate EVs from blood will result
in a “global” population of vesicles with diverse cellular or tissue
origins. A large proportion of these EVs will be derived from
platelets, erythrocytes, other blood cells such as leukocytes, and
blood-adjacent endothelial cells [12, 13]. When seeking to track
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protein or RNA expression changes in a specific tissue (e.g., liver,
brain, gut, skeletal muscle), isolating the subset of circulating EVs
originating from a specific tissue of interest (e.g., using immuno-
precipitation (IP) against tissue-specific cell surface markers) may
substantially improve the performance of EV biomarkers [8, 14,
15]. In this regard, blood cell-derived EVs may suitably be consid-
ered contaminating vesicles in tissue-specific EV samples isolated by
IP. Accordingly, the protocol below also describes an analytical
method to detect platelet- and erythrocyte- derived proteins
(CD41 and CD233, respectively). The two analytical methods
may be used individually or in combination to address specific
research questions. In particular, with respect to purity, contamina-
tion markers may be considered in two categories:

1. Matrix-associated contamination, such as the highly abundant
albumin protein co-isolated from serum or plasma.

2. Vesicle contamination, i.e., EVs not derived from an organ or
tissue of interest.

As such, the blood cell-derived EV marker method may be
applied to determine the degree of “contaminating” blood cell-
derived vesicles and the efficacy of their removal from a tissue-
enriched preparation.

Liquid chromatography tandem mass spectrometry (LC-MS/
MS) using multiple reaction monitoring (MRM) is considered the
gold standard for quantitative analysis of target proteins in complex
samples. The technique involves the detection of proteotypic pep-
tides as surrogates for the proteins of interest, by a mass spectrom-
eter based on specific fragmentation patterns, known as transitions
[16]. Absolute quantification may also be achieved in this way by
adding heavy-labeled standard peptides corresponding to the
endogenous analytes and comparing response to a calibration
curve. As a highly sensitive, quantitative, and high-throughput
technique, targeted LC-MRM-MS is an ideal platform to charac-
terize EVs based on several proteins in a small amount of sample.
This is particularly advantageous when limited volumes of patient
blood are available to perform analyses of both MISEV recom-
mended controls and biomarkers of interest [17].

Here we describe a step-by-step protocol for the setup of two
LC-MRM-MS-based methods for the analysis of EV proteins in
isolates derived from blood serum or plasma. We provide best
practice guidance for blood collection and processing and EV
isolation, such that the methods may be optimally applied for the
characterization of EVs isolated from clinical samples.
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2 Materials

2.1 Blood Serum/
Plasma Collection

2.2 Isolation of
Extracellular Vesicles

2.3 Isolation of
Platelets and Red
Blood Cells (RBCs)
from Whole Blood

2.4 EV Protein
Quantification,
Extraction, and
Digestion

w

N SN o

N~

. ExoQuick™

. VACUETTE® Z Serum Sep Clot Activator tubes (Greiner

Bio-One).

. VACUETTE®™ K3E K3;EDTA tubes (Greiner Bio-One).
. Blood Collection Set + Luer Adapter; 21-gauge needle (Grei-

ner Bio-One).

. Tourniquet.

. Skin cleansing swabs.

. Refrigerated centrifuge (<10 °C).

. Protein LoBind tubes, 2 mL (Eppendorf).

. Protein LoBind tubes, 5 mL (Eppendorf).
. 10 mL conical bottom centrifuge tubes.

. VacuCap® 60 Vacuum Filtration Devices—0.2 pm, 60 mm

(Pall Corporation).

. Elution buffer: 1 x phosphate-buffered saline (PBS, Ca/Mg

free, pH 7.4, Gibco), 0.2 pm-filtered.

. qEV Oiriginal Size Exclusion Columns (35 or 70 nm, Izon

Science). Columns should be cleaned according to the manu-
facturer’s instructions and stored in 20% ethanol at 4-8 °C
after use.

. Amicon Ultra-4 Centrifugal Filter Unit (30 kDa) concentrat-

ing device (Merck Millipore).

. Refrigerated centrifuge (<10 °C) equipped with swing-out

rotor.

Exosome Precipitation Solution (System

Biosciences).

. 50 mL centrifuge tubes.

2. 10 mL centrifuge tubes.

. Lymphoprep™ density gradient medium: density of 1.077 g/

mL (STEMCELL Technologies).

4. Disposable plastic transfer pipettes.

. Heraeus Multifuge 3 S-R, fitted with swing-out 4 place rotor

(centrifuge must have option to remove braking for separation
of layers).

. EZQ™ Protein Quantitation Kit (Invitrogen).
. Rinse buffer: 10% (v/v) methanol, 7% (v/v) acetic acid in high-

performance liquid chromatography-grade water.
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. Gel DOC™ EZ Imaging System (purple UV sample tray) with

Image Lab™ Software (Bio-Rad).

. Benchtop centrifuge.
. Plastic staining tray.
. Benchtop vortex.

. Ammonium bicarbonate solution (pH 7.72): dissolve weighed

ammonium bicarbonate in Milli-Q water to a final concentra-
tion of 50 mM and adjust pH if necessary. Can be stored for
several months.

. Dithiothreitol (DTT) solution: dissolve 3.1 mg DTT in 100 pL

Milli-Q water to a final concentration of 200 mM. Prepare
fresh prior to use.

. Iodoacetamide (IAA) solution: dissolve 7.4 mg iodoacetamide

in 100 pL. Milli-Q water to a final concentration of 400 mM.
Prepare fresh immediately prior to use and protect from light.

Trypsin gold, mass spectrometry grade (Promega): reconsti-
tute 100 pg of trypsin in 100 pL. 50 mM acetic acid to a final
concentration of 1 pg/pl.. Aliquot reconstituted trypsin into
Protein LoBind tubes. Repeated freeze-thaw cycles (<5)
reduce enzymatic activity and should be avoided.

10% (v/v) formic acid in Milli-Q water. Can be stored for
several months.

Eppendort MixMate with 1.5/2.0 mL tube rack.
Amber glass vials (2.0 mL, Agilent).
250 pL pulled point conical glass inserts (Agilent).

Custom stable isotope labeled (SIL) synthetic peptides, isoto-
pic purity >99% (Vivitide). Reconstitute peptides in 25-50%
acetonitrile in water with 0.1% (v/v) formic acid. Aliquot into
Protein LoBind tubes, vacuum dry, and store at —80 °C.

2. Vacuum centrifuge.

. AdvanceBio Peptide Mapping C18 column (2.1 x 100 mm,

2.7 pm, Agilent) fitted with an AdvanceBio Peptide Map Guard
column (2.1 x 5 mm, 2.7 pm, Agilent).

. Agilent 1290 Infinity IT ultrahigh-performance liquid chroma-

tography (UPLC) instrument.

. Agilent 6495 triple quadruple (QQQ) mass spectrometer.

6. Solvent A: 0.1% (v/v) formic acid in Milli-Q water. Solvent B:

0.1% (v/v) formic acid in acetonitrile, all LC-MS grade.
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3 Methods

3.1 Collection and
Storage of Blood
Serum/Plasma

3.2 Isolation of
Extracellular Vesicles

Pre-analytical factors have a major impact on the recovery and
purity of EV preparations. The MISEV2018 guidelines [10] con-
tain generic best practice guidance for EV studies, while we recently
distilled elements of this guidance pertaining to the analysis of
EV-derived biomarkers in blood more specifically [11]. Impor-
tantly, differences in EV markers may be attributed to the collection
of blood samples from donors at different times of the day or based
on prandial state [14]. For the detection of low abundance EV
proteins in the blood, various donor-related factors that influence
EV recovery should be considered.

The method was developed and comprehensively validated in
serum-derived EVs and was confirmed to reliably detect EV mar-
kers in plasma-derived samples as well [17]. Differences in EV
abundance between serum and plasma may be observed due to
platelet activation and vesiculation during in vitro clot formation
in serum tubes post-collection. Artifactual EV release can be
reduced with careful collection and handling procedures, for exam-
ple, using a large diameter (21-gauge) needle and transporting
tubes upright and with minimal agitation.

1. Collect whole blood by venepuncture using a using a 21-gauge
Vacuette Safety Blood Collection sealed vacuum device into Z
Serum Sep Clot Activator and EDTA tubes (see Note 1).

2. Discard 5 mL of blood before sample collection.

3. Mix tubes by inversion six to eight times. For serum, store
vertically at room temp for 30 min to allow clotting (see Note
2). Process EDTA tubes immediately.

4. Separate blood serum or plasma (EDTA) in a refrigerated
centrifuge (10 °C) at 2500 g for 15 min. Repeat centrifugation
once more for 15 min (see Note 3).

5. Carefully extract supernatant, leaving 0.5-1 cm to prevent
contamination with buffy coat or clot.

6. Aliquot appropriate volume required for EV isolation into
2 mL Protein LoBind tubes and store at —80 °C. Avoid
freeze-thaw cycles.

EV isolation from blood plasma or serum can be achieved using a
variety of strategies. Importantly, the choice of isolation method is
based on the competing imperatives of vesicle recovery and degree
of purity. We have found the use of size exclusion chromatography,
in particular qEV70 which enriches samples for vesicles
70-1000 nm in diameter, to be favorable for our purposes. EV
markers and other biomarkers of interest can be detected reproduc-
ibly in these samples, while co-isolation of matrix-associated
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qEV isolation ExoQuick isolation

Fig. 1 Images of samples containing extracellular vesicles isolated by qEV size
exclusion chromatography (left) or ExoQuick precipitation (right)

contaminants, especially albumin, is minimized. The EV marker
analytical method has been validated on samples isolated using
three commercial products—qEV70, qEV35, and ExoQuick—
without modification to manufacturer instructions [17]. While
there is no optimal EV isolation method and the choice may vary
according to the scientific question and compatibility with down-
stream applications, it is important to note that interfering com-
pounds in lower purity EV preparations may affect the detection of
low abundance peptides. In the case of high recovery, low purity
methods such as ExoQuick, dilute samples using distilled water
prior to protein digestion. However, it should also be noted that
dilution of samples is likely to compromise detection of low abun-
dance proteins and proteins that are only expressed in specific
subpopulations (e.g., liver-derived EVs). In Fig. 1, the low purity
of ExoQuick isolations is apparent by the yellowy color, indicating
high levels of soluble protein contamination, especially albumin. In
contrast, qEV isolates are clear and free of particulate matter.

SEC methods result in high elution volumes and several
EV-containing eluate fractions must be pooled and concentrated.
Amicon filters can be used in accordance with manufacturer
instructions to concentrate samples such that 100 pL of EVs repre-
sent 500 pL of starting material (plasma,/serum). Fresh samples are
preferable for peptide analysis, but if this is not practical, plasma/
serum and isolated EVs can be stored at —80 °C (see Note 4).
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3.3 Isolation of The analytical method for blood cell-derived markers (CD41 and

Platelet and Red Blood = CD233) was developed using positive controls that were generated

Cells from Whole Blood by isolating platelets and RBCs from whole blood. Identities of
endogenous peptides in blood-derived EVs were then verified
against positive controls based on relative ion abundance and reten-
tion time.

1.

Collect 10 mL of blood by venepuncture into EDTA plasma
vacutainer and immediately transfer to 50 mL tube using a
transfer pipette.

. Carefully overlay 10 mL of blood on 10 mL of Lymphoprep in

a 50 mL tube (see Note 5).

. Caretully transfer tube to centrifuge and spin at 750 g at 20 °C

with no brake applied.

. Following centrifugation, observe separation of whole blood in

distinct layers of platelet-rich plasma, bufty coat, Lymphoprep,
and RBCs (see Fig. 2).

. Using a transfer pipette, sequentially remove plasma and bufty

coat layers each into separate 10 mL tubes.

. Discard Lymphoprep layer.
. Collect RBCs into 2 mL Eppendorf Protein LoBind tube using

a transfer pipette.

. Hill the tube containing buffy coat layer to the rim with PBS

and centrifuge at 500 g for 5 min at 4 °C, with braking applied.

. Discard supernatant and resuspend pellet in 10 mL of PBS.

Platelet rich plasma

Buffy Coat

RBC

Fig. 2 Layering of whole blood over Lymphoprep and separation into distinct layers—platelet-rich plasma,
buffy coat, and red blood cells (RBCs)
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Repeat centrifugation (500 g for 5 min, 4 °C) and then discard
supernatant and resuspend bufty coat pellet in 150 pL of PBS.

Centrifuge plasma at 2000 g for 5 min at 10 °C with braking
applied. Observe platelet sedimentation as a white pellet at the
bottom of the tube.

Remove supernatant (plasma) and resuspend in 100 pL of PBS
(see Note 6).

Digest 200 pg of protein from platelet and RBC layers as posi-
tive controls for the detection of blood cell-derived markers.

. Aliquot 100 pL of EV samples (~1 pg/pL) into 2 mL Eppen-

dorf Protein LoBind tubes (se¢ Notes 7 and 8). If required,
dilute a suitable volume of sample up to 100 pL. Use distilled
water to decrease the formation of salt adducts in mass
spectrometer.

. To lyse EVs, perform three freeze-thaw cycles by placing sam-

ples in a =80 °C freezer for at least 5 min followed by 37 °C
water bath for at least 1 min, checking that samples are fully
frozen/thawed before removing.

. Vortex samples at 1400 rpm for 10 min at room temp using an

Eppendort MixMate.

. To reduce disulfide bonds, add 10 pL of DTT (200 mM) and

50 pLL ammonium bicarbonate (pH 7.72) and incubate samples
on a heat block at 60 °C for 90 min.

. Perform this step in the dark. Allow samples to cool to room

temp (~10 min), then add 10 pL. IAA (400 mM), and incubate
in a shaking water bath at 37 °C for 60 min to alkylate free
cysteine residues.

. Add trypsin to samples in a ratio of 1:40 (w/w, enzyme to

protein), and vortex briefly (5 s) at maximum speed using a
benchtop vortex.

. Incubate samples in a shaking water bath at 37 °C overnight

(~17 h).

. Add 20 pL formic acid (10% v/v) to samples and vortex briefly

(5 s) at maximum speed using a benchtop vortex.

. Incubate at 4 °C for 10 min, then transfer samples to refriger-

ated centrifuge, and spin at 16,000 g for 10 min at 4 °C.

Carefully remove 100 pL of clear supernatant from each tube
and transfer to glass autosampler vials fitted with 250 pL
pulled-point glass inserts (see Note 9). The digested protein
samples can be analyzed by LC-MRM-MS immediately or
stored at —20 °C.
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3.5 SIL Peptides

3.6 Analytical
Method

1. Order custom SIL peptides for quantitative LC-MRM-MS
assays (see Note 10).

2. Resuspend each SIL peptide in 25-50% acetonitrile with 0.1%
formic acid in water and aliquot master stocks into 2 mL Pro-
tein LoBind tubes.

3. Use a vacuum centrifuge to dry aliquots and store at —80 °C
(see Note 11).

4. Prepare a standard cocktail containing all SIL peptides at
10 x desired final concentration upon spiking of EV samples
(see Note 12).

5. Spike the SIL cocktail into digested EV protein samples (see
Note 13).

The analytical method described here was set up and optimized on
an Agilent 6495 QQQ mass spectrometer. Therefore, it is ideally
reproduced and performed on a QQQ mass spectrometer; how-
ever, it could be applied on other instruments providing specific
setup and optimization is performed.

Two analytical methods are described here. The general EV
marker assay is designed to characterize EV samples based on
positive (CD81, CD9, TSG101) and negative (ALB and CANX)
marker proteins, for the purpose of assessing vesicle recovery and
purity or for normalizing measurements of protein biomarkers
against generic vesicle markers. The blood cell-derived marker
assay includes peptides for specific platelet- and erythrocyte-derived
proteins (CD41 and CD233, respectively) and may be useful for
assessing vesicle contamination in global EVs and post tissue-
specific EV enrichment.

General EV Marker Assay

1. Keep samples in the autosampler maintained at 4 °C. Set injec-
tion volume to 5 pL for analysis.

2. With a flow rate of 0.2 mL/min and column compartment
maintained at 30 °C, set up chromatography gradient accord-
ing to Table 1.

3. Divide acquisition into time segments according to Table 2 and
set stop time to 48 min.

4. With the instrument in MRM mode, set up the acquisition of
transitions for light (endogenous) and heavy (SIL) peptides
according to Table 3 (see Notes 14 and 15).

5. Define source parameters according to Table 4 (se¢ Note 16).

6. For each analyte, determine the limit of detection (LOD) based
on 3:1 signal-to-noise ratio and lower limit of quantification
(LLOQ) based on 5x LOD (see Note 17).
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Table 1
Gradient setup for general EV marker analytical method chromatography

Time (min) Mobile phase A (%) Mobile phase B (%)
0 97 3

3 97 3

33 70 30

38 50 50

43 50 50

44 97 3

Mobile phase A consists of 0.1% formic acid in water. Mobile phase B consists of 0.1%
formic acid in 25% acetonitrile in water

Table 2
Setup of acquisition time segments for general EV marker analytical
method
Segment Start time (min) lon mode Delta EMV
T1 0 ESI+ 300
T2 22 ESI+ 300
T3 26 ESI+ 300
T4 30 ESI+ 300
7. Prepare a standard curve using SIL peptides spiked in EV

matrix and analyze alongside samples for quantification.

Blood Cell-Derived Marker Assay

1.

Keep samples in the autosampler maintained at 4 °C. Set injec-
tion volume to 5 pL for analysis.

. With a flow rate of 0.2 mL/min and column compartment

maintained at 30 °C, set up chromatography gradient accord-
ing to Table 5.

. Divide acquisition into time segments according to Table 6 and

set stop time to 18 min.

. With the instrument in MRM mode, set up the acquisition of

transitions for light (endogenous) peptides according to
Table 7 (see Notes 14 and 15).

. Define source parameters according to Table 8 (se¢ Note 16).
. Determine the limit of detection (LOD) for each peptide based

on 3:1 signal-to-noise ratio (se¢ Note 17).
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Mass spectrometer source configuration (operating in positive mode) by time segment for general EV

marker analytical method

Time segment

Parameter 1 2 3 4
Gas temp (°C) 200 200 200 200
Gas flow (L/min) 14 14 14 14
Nebulizer (psi) 30 25 30 30
Sheath gas temp (°C) 250 250 250 250
Sheath gas flow (L/min) 11 11 11 11
Capillary voltage (V) 3000 2500 3000 3000
Nozzle voltage (V) 1000 500 500 500
Ton funnel high-pressure RF 200 200 200 200
Ton funnel low-pressure RF 100 100 100 100
Table 5
Gradient setup for blood cell marker analytical method chromatography
Time (min) Mobile phase A (%) Mobile phase B (%)
0 97 3
12 70 30
14 50 50
17 97 3

Mobile phase A consists of 0.1% formic acid in water. Mobile phase B consists of 0.1% formic acid in 25% acetonitrile in

water

Table 6

Setup of acquisition time segments for blood cell marker analytical method

Segment Start time (min) lon mode Delta EMV Divert
T1 0 ESI+ Waste
T2 2 ESI+ MS
T3 10.5 ESI+ MS
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Table 8
Mass spectrometer source configuration (operating in positive mode) by
time segment for blood cell marker analytical method

Time segment

Parameter 1 2 3
Gas temp (°C) 200 200
Gas flow (L/min) 14 14
Nebulizer (psi) 40 40
Sheath gas temp (°C) 250 250
Sheath gas flow (L/min) 11 11
Capillary voltage (V) 3500 3500
Nozzle voltage (V) 0 0
Ion funnel high-pressure RE 90 90
Ton funnel low-pressure RF 60 60

Note: T1 is diverted to waste

4 Notes

. To minimize the risk of sample hemolysis, warm up the vene-

puncture site to increase blood flow, avoid prolonged use of
tourniquet, allow disinfectant to dry completely before vene-
puncture, and use 20-22-gauge needle.

. Allow serum to clot for a minimum of 30 min. Blood taken

from patients receiving anticoagulant therapy may take longer
to clot. Do not exceed 2 h for clotting.

. Separated plasma/serum does not need to be transferred to a

new tube prior to second centrifugation. Subjecting tubes to
two distinct spins facilitates the depletion of platelets and
thereby ex vivo platelet-derived EV generation.

. In our hands, EV markers have been detected in plasma and

serum isolates stored at —80 °C for up to 3 years.

. Take care not to cause mixing of Lymphoprep and whole

blood. However, you may observe red blood cells sinking
toward the bottom of the tube. Always keep Lymphoprep at
room temp.

. Although the supernatant is plasma with platelets depleted, for

matched analysis of EVs from platelet-free plasma, an addi-
tional tube(s) of blood should be collected at the beginning
to recover EVs as per standard blood collection and EV isola-
tion protocol.
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7.

10.

11.

12.

13.

Since EV protein targets tend to be of such low abundance, we
recommend the use of low protein-binding tubes (e.g., Eppen-
dorf Protein LoBind tubes) for all EV protein work.

. Total protein content can be measured in EVs using the EZQ

Protein Quantitation kit. We have observed greater sensitivity
compared to micro BCA (bicinchoninic acid) protein assay,
which tends to overestimate protein concentration due to
high background.

. After centrifugation, EV peptide digests may contain precipi-

tates that don’t fully pellet and make drawing up clear superna-
tant challenging. If precipitates remain, we recommend placing
tubes on ice for 10 min and then repeat centrifugation.

SIL peptides used for quantitative analysis of EV markers—
light and heavy sequences—are given in Table 9. While blood
cell markers can be verified using blood cell positive controls,
candidate SIL peptides given in Table 10 may be included for
quantification.

Resuspend in 25% acetonitrile with 0.1% formic acid in water
for use and sonicate tubes for at least 20 min to minimize loss
on tube walls.

For any required dilutions, use 25% acetonitrile with 0.1%
formic acid in water.

If digested EV protein samples are to be stored, SIL peptides
should be spiked in prior to account for any degradation over
the storage time.

Peptide sequences used in general EV marker analytical method. Bold and underline indicates
isotope-labeled amino acids

Analyte Type Sequence
ALB Light H2N-LVNEVTEFAK-OH
SIL H2N-LVNEVTEFAK-OH
CDS81 Light H2N-QFYDQALQQAVVDDDANNAK-OH
SIL H2N-QFYDQALQQAVVDDDANNAK-OH
CD9 Light H2N-DVLETFTVK-OH
SIL H2N-DVLETFTVK-OH
CANX Light H2N-IVDDWANDGWGLK-OH
SIL H2N-IVDDWANDGWGLK-OH
TSG101 Light H2N-GVIDLDVFLK-OH

SIL H2N-GVIDLDVFLK-OH
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Peptide sequences used in blood cell marker analytical method. Bold and underline indicates isotope-

labeled amino acids

Analyte Type Sequence

CD41 Light H2N-VAIVVGAPR-OH
Candidate SIL H2N-VAIVVGAPR-OH
Light H2N-IVLLDVPVR-OH
Candidate SIL H2N-IVLLDVPVR-OH

CD233 Light H2N-LSVPDGFK-OH
Candidate SIL H2N-LSVPDGFK-OH
Light H2N-ADFLEQPVLGFVR-OH
Candidate SIL H2N-ADFLEQPVLGFVR-OH

Table 11

Sensitivity of analytical methods

General EV markers

Blood cell markers

Analyte LOD (pmol/mL) LLOQ (pmol/mL)
ALB 0.004 0.020
CD81 0.046 0.228
CD9 0.005 0.025
CANX 0.007 0.035
TSG101 0.006 0.031
Analyte LOD (peak area response)
CD41_VAIV 6.33

CD41_IVLL 11.1

CD233_LSVP 9.92

CD233_ADFL 1.10

Limit of detection (LOD) and lower limit of quantification (LLOQ) (pmol/mL) determined for General EV Markers,
and LOD (peak area response) determined for blood cell markers

14

15.

16.

17.

. Retention times of analytes (given in Tables 3 and 7) are
reflective of retention on an AdvanceBio Peptide Mapping
column (2.1 mm x 100 mm X 2.7 pm) with a column guard
attached.

Collision energy was optimized using the open-source software
Skyline, and cell accelerator voltage was optimized manually
between values of 3 and 8.

Key parameters for source optimization include nebulizer pres-
sure, nozzle voltage, and capillary voltage (performed using
MassHunter Optimizer software).

Assay sensitivity with our instrument and configuration is given
in Table 11. For general EV markers, concentration at LOD
and LLOQ could be determined using SIL peptides. For blood
cell markers, peak area response at LOD is given.
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