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Abstract

Cancer exacts a heavy socioeconomic cost. Earlier detection and treatment are likely to mitigate this cost.
Unfortunately, conventional tissue biopsy, the gold standard in cancer diagnosis cannot fulfill the goal of earlier
detection. While liquid biopsy is a promising alternative to tissue biopsy, it has its challenges and limitations.
A major challenge is the isolation of bona fide lipid membrane vesicles from biological fluids. In this review,
we presented a new perspective of isolating different types of extracellular vesicles (EVs) by their affinity for
membrane lipid binding ligands for liquid biopsy. EVs are lipid membrane particles naturally released by almost all
cells and are found in almost all biological fluids suitable for liquid biopsy. They carry materials from the secreting
cells that could affect the biology of the recipient cells and could thus inform on the state and progress of the
disease. However, isolating bona fide EVs is a technical challenge as biological fluids have a complex composition
and contain particles or aggregates that are physically similar to EVs. Here we review the use of membrane lipid-
binding ligands to isolate different bona fide EV subtypes, and to circumvent the problem of co-isolating physically
similar non-EV complexes in current EV isolation protocols. We will discuss the advantages of this technique
and its potential for accelerated biomarker discovery and validation through examples of pre-clinical studies. We
propose that isolating EV subtypes is a technically viable and robust strategy to overcome the current bottleneck
of isolating EVs for liquid biopsy.
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INTRODUCTION

Cancer is the second leading cause of death in the world according to WHO (https://www.who.int/news-
room/fact-sheets/detail/cancer). In 2018, there was an estimated 18.1 million new cancer cases and 9.6
million cancer deaths worldwide with 70% occurring in low and middle-income countries. This creates
a devastating socioeconomic burden. To reduce this cancer burden, WHO has recommended cancer
prevention through avoidance of risk factors and implementation of existing evidence-based prevention
strategies. In addition, this burden can be reduced through early detection of cancer as many cancers could

be cured if diagnosed early and treated adequately.

The gold standard in cancer diagnosis is tissue biopsy. However as this is an invasive procedure, it is often
done when cancer is suspected and when the cancer is usually at an advanced stage. Also, the suspected
cancer may be in tissues that are hard to access such as the brain and tissue biopsy will be difficult with
significant clinical risks such as bleeding or infection. As such, surrogate methods for detecting the
presence of cancer such as liquid biopsy are being aggressively developed. Liquid biopsy was originally
defined by the US. National Cancer Institute as “a test done on a sample of blood to look for cancer cells
from a tumor that are circulating in the blood or for pieces of DNA from tumor cells that are in the blood”
(https://www.cancer.gov/publications/dictionaries/cancer-terms/def/liquid-biopsy). Although tissue biopsy
remains the gold standard for cancer diagnosis, liquid biopsy is gaining traction as it is less invasive and
could be used to screen for cancer prior to disease manifestation when the cancer is in its early stage.
Biomarkers used in liquid biopsy have also expanded beyond circulating tumor cells or DNA to include
circulating exosomes and miRNAs.

This review will focus primarily on the use of exosomes or more precisely, extracellular vesicles (EVs)
in liquid biopsy. As recommended by Minimal Information for Studies of EVs (MISEV2014)™ and the
recently updated and expanded MISEV2018"
(50-200 nm) extracellular vesicle that has an endosomal biogenesis while the term “EV” is a more generic

, the term “Exosomes” is presently used to describe small

term to describe membrane vesicles secreted by cells. Since the EV types and biogenesis of most EVs
in bodily fluids are presently not known, the term EV is, therefore, more appropriate when referring to
secreted membrane vesicles in liquid biopsy.

EVS AS SOURCES OF BIOMARKERS

MISEV2018 defines EVs as “particles naturally released from the cell that are delimited by a lipid bilayer
7l They are produced by nearly all cell types
from bacteria to yeast, plants and animals. EVs are known to carry a complex cargo of proteins, lipids,
RNA, DNA and other metabolites. As the cargo is derived from the secreting cell, the cargo reflects the
type and biology of the cells and could potentially inform on the state of health in the cells. Furthermore,
as EVs are generally thought to mediate intercellular communication through the conveyance of biological
materials from one cell to another, EVs could potentially propagate disease or modulate host response.
Hence the cargo of EVs could also predict the progress or resolution of the disease. Together, these EV
features provide a strong rationale for the use of EVs in bodily fluids such as blood, urine, saliva, tears or
sweat in liquid biopsy assays. The reader is referred to several recent comprehensive reviews in this area™™

and cannot replicate, i.e., do not contain a functional nucleus
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ADVANTAGE OF PLASMA EV OVER WHOLE PLASMA FOR BIOMARKER DISCOVERY AND
ANALYSIS

EV-based liquid biopsy is essentially a transformation of the traditional assay for biomarkers in plasma or
other bodily fluids into an assay for biomarkers in EVs isolated from either plasma or other bodily fluids.
This transformation is critical as using EVs from bodily fluids as the source of biomarkers as opposed to
unfractionated bodily fluids could greatly enhance the signal to noise ratio in detecting a biomarker. For
example, plasma, a commonly used bodily fluid in diagnosis has a wide dynamic concentration range of
at least 10 orders of magnitude between the most abundant plasma protein, albumin and rare biomarker
proteinslg]. In fact, > 95% of the protein mass in human plasma is dominated by a dozen proteins with
albumin and the globulins constituting about 50% and 25%, respectively[w]. As such, disease-associated
protein biomarkers are likely to be rare and masked by the highly abundant proteins, making plasma
biomarker discovery and detection challenging. Specific methods to Isolate EVs from plasma could
potentially remove the highly abundant proteins from the plasma and enhances the discovery and detection
of rare disease-associated biomarkers.

TECHNOLOGIES FOR ISOLATING EVS FROM BODILY FLUIDS

As extensively discussed in the MISEV2018", EVs could be isolated from different bodily fluids such as

serum/plasma, urine, tears, milk, spinal fluids using a large variety of techniques. As each of the fluids have
unique features that could interfere with EV purification and analysis, MISEV emphasized the need for
these fluids to be appropriately processed prior to EV isolation and analysis. For example, blood plasma is
routinely treated with anti-clotting agents such as EDTA, citrate or heparin to prevent clotting while the
urine is often depleted of Tamm-Horsfall protein, a major urinary protein. However, MISEV2018 does
not specifically recognise any method as the gold standard for EV isolation but noted that the choice is
dependent on the end use of the EVs. Presently, the most commonly used methods for EV isolation as
described in MISEV2018 are generally based on biophysical parameters such as size (e.g., filtration, size
exclusion chromatography, precipitation), density (e.g., differential ultracentrifugation, sucrose gradient
ultracentrifugation) and charges (e.g., electrophoresis, ion exchange chromatography). EVs are also isolated
according to surface proteins (e.g., immunoaffinity chromatography). Combination of these technologies,
e.g., filtration with density ultracentrifugation are also being used or developed to improve the efliciency,
specificity and purity of the EV preparation.

As noted by several groups, the desired end use of the purified EVs is greatly affected by the choice of
isolation techniques or combination of techniques. For example, precipitation or filtration techniques
could process large volumes of fluids and while this is critical in preparing sufficient therapeutic EVs,
these methods may not be as stringent as size exclusion chromatography in isolating highly enriched EV
preparation""”, As many of the current EV isolation techniques require specialized equipment and many
procedural steps, microfluidic chips are increasingly being used in the isolation of EV's as a means to reduce
the hands-on time and the number of procedural steps. Most of the microfluidic chips to isolate EVs are
also based on the same fractionation parameters as the conventional EV isolation techniques namely
immune-capture by antibodies against surface proteins of EVs'™, size fractionation by membranes" """,
ciliated micropillars™, acoustics” or viscoelasticity"".

Generally, most EV isolation technologies enriched for EVs on the basis of size or densities. Hence most
EV preparations, especially those from biological fluids, are also significantly enriched in similar sized non-
EV complexes such as HDL and LDL lipoprotein complexes and/or protein aggregates, and two or more
isolation techniques often have to be used in tandem to reduce non-EV components[lg'“]. In addition, most
of the current EV isolation technologies require relatively large volume of sample fluid, typically 250 uL to
1 mL or long preparation time to isolate sufficient EV's for diagnostic applications.



Page 4 of 9 Lai et al. J Cancer Metastasis Treat 2019;5:65 | http://dx.doi.org/10.20517/2394-4722.2019.011

Hence, development of EV-based liquid biopsy is hampered by two technical challenges, isolation of bona
fide lipid membrane vesicles and EV isolation from small sample volumes.

ISOLATING EVS THROUGH THEIR UNIQUE DEFINING FEATURE, LIPID MEMBRANE

The unique defining feature that differentiates EVs from other secreted cellular products is their lipid
membrane. Therefore, isolating EVs via their lipid membrane would enhance the specific enrichment of
EVs.

Although the lipid membrane of EVs originates from the secreting cells, the EV membrane is not
representative of the outer or inner cell membranes per se but rather of specific microdomains in cellular
membranes. For example, the membrane of exosomes derived from Daudi cells is enriched in lipid rafts
as evidenced by the presence of GM1 gangliosides which are enriched in lipid rafts”*!. It was further
reported using annexin V (AV) binding studies that phosphatidylserines are exposed on the outer surface
of exosomes'™. However, it is not clear if exosomes with exposed phosphatidylserines are exosomes or
apoptotic bodies as membrane vesicles from healthy cell populations are likely to contain apoptotic bodies
from apoptotic cells that are inevitably present in a healthy cell population[“]. In addition, it was also
observed that in platelets, AV binding activity was restricted mainly to microvesicles, and not exosomes'””
Finally, we observed that small EVs produced by mesenchymal stem/stromal cells (MSCs) consist of at
least 3 sub-types that are distinguished by their mutually exclusive binding affinity for cholera toxin B
(CTB) chain, AV and shiga toxin B (ST) chain. The latter three proteins bind membrane lipids, GM1
gangliosides, phosphatidylserines and globotriaosylceramides, respectively. The extraction of small EVs
by these three proteins was confirmed by scanning electron microscopy images of nanosized, spherical
structures of approximately 100-200 nm. Protein analysis of the three EVs revealed an enrichment of
exosome-associated proteins such Alix, Tsg 101, CD9, CD81 in the CTB-binding EVs which were much
reduced in the AV-binding EV's and not detectable in the ST--binding EVs. RNA was detectable only in the
ST--binding EVs™. It was also established through pulse-chase studies that the CTB-binding EVs have an
endosomal biogenesis, i.e., exosomes while the biogenesis of the AV- and ST-binding EVs is not known"***"".
In the pulse-chase studies, the MSCs were pulse-fed with either biotinylated transferrin or biotinylated
CTB and the biotinylated proteins was then “chased” to determine if the biotinylated proteins re-appear in
the culture medium as EVs.

CTB, AV and ST are multi-meric with at least five lipid-binding monomers per molecule. It was reported
that these monomers bind their lipid targets in a positive co-operative manner such that the lipid-bound
ligand is thermodynamically most stable when all the lipid-binding monomers are bound by the target
lipids"***. Therefore, the binding of an EV type by any of the three ligands implies that the targeted
lipids for the ligands are exposed on the EV membrane surface and are also present in high localized
concentration to enable multimeric bindingm]. This thermodynamic preference of each ligand to bind
multiple lipid molecules ensures that the ligand binds lipid-rich macromolecules or complexes such as EVs.

As a consequence of this preference, the lipid-binding ligand cannot be immobilized on a solid support
and must be in solution to minimize steric hindrance and facilitate ligand binding to multiple lipids
(unpublished observation, SKL). This thus minimizes the versatility in designing the procedural protocol
for isolation.

Together, the above observations suggest that EVs could be isolated through their lipid membrane via
specific membrane lipid-binding ligands as shown [Figure 1].
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Figure 1. Isolation of CTB/AV/ST-binding EVs from liquid biopsy. Biotinylated-CTB, AV or ST is added to the liquid biopsy. These
ligands, CTB, AV or ST will bind exposed membrane lipids, GM1 gangliosides, phosphatidylserines or globotriaosylceramides on the EV
membrane, respectively. After binding, the ligand-bound EVs can be readily extracted using either streptavidin-coated magnetic beads
and magnets, or streptavidin-coated polystyrene and membrane fifiltration. These extracted CTB/AV/ST-binding EVs can be used directly
for biomarker discovery or assay. CTB: cholera toxin B; EVs: extracellular vesicles; AV: annexin V; ST: shiga toxin

ISOLATING PLASMA EVS THROUGH THEIR AFFINITY FOR MEMBRANE LIPID-BINDING
LIGANDS

The binding affinity of EVs for CTB and AV in conditioned medium from cell cultures has also been
observed in EVs in biological fluids such as plasma and ascites fluid ", However, it was observed that
less than 1% EVs in the plasma have exposed phosphatidylserines[”] Furthermore, the CTB chain- and
AV-binding EVs in the plasma and ascites fluid are distinct populations of EV's with each subtype having a
cargo of proteins that is unique to EV subtype and pathological state of the patient[ss’“].

DIFFERENTIAL DISTRIBUTION OF DISEASE BIOMARKERS IN EV SUBTYPES OF BIOLOGICAL

FLUIDS

When plasma EV's were isolated according to their affinity for lipid-binding ligands, it was observed that
the distribution of a protein across the different EV subtypes is variable and the level of some proteins
in one EV subtype but not the other EV types or the bodily fluid correlate with the disease state of the
patient. This was evident even when the proteome of plasma and plasma EV sub-types from normal
healthy pregnant woman and pre-eclampsia pregnant women were analyzed in low-resolution 2D protein

)l When analyzed by more sensitive mass spectrometry and compared, there were differences within

gels
and between the healthy and pre-eclampsia populations of patients in each of the three fractions, namely
plasma, CTB- and AV-binding plasma EVs. These differences may occur in only one or two of the fractions,
and the differences could be an elevation in one fraction and a reduction in another. As such, a single

source of biological fluid could yield many candidate biomarkers.
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In addition, we also discovered that known proteins with weak or no correlation to a disease exhibited a
strong correlation to disease when associated with a specific EV type of the biological fluid. Therefore, to
facilitate the discovery of candidate biomarkers and their subsequent validation in population, we routinely
screened known and well-characterized proteins for candidacy as biomarkers using antibody arrays or
ELISAs"™!. The rationale for this strategy was two-fold. Firstly, the candidate biomarker would have a well
characterised ELISA. Secondly, the isolation technique could be readily coupled to the standard 96 well
ELISA platform leading to a semi-automated and moderately high throughput procedure”™”.

As a proof of concept, we tested our strategy in a study to identify predictive biomarkers for pre-eclampsia
using a prospective biobank*. Known and well-characterised proteins were first screened as potential pre-
eclampsia biomarkers in plasma, plasma CTB-binding EV and plasma AV-binding EV from patients. Three
different candidate biomarkers were identified, namely placental growth factor (PIGF), Tissue inhibitor of
metalloproteinase & Plasminogen activator inhibitor-1 in plasma (plasma PIGF), plasma CTB-binding EV
(CTB-TIMP1) and plasma AV-binding EV (AV-PAI1), respectively[“]. These three biomarkers were tested
in a prospective biobank of 843 pregnant women. Pre-eclampsia was predicted about 7.3 (+ 2.9) weeks
before clinical diagnosis with a combined AUC of 0.96, sensitivity of 100%, specificity of 78.6%, and PPV
of 9.9%. The cut-off concentration for predicting PE was at < 1235, < 300 or > 1300 and < 10,550 pg/mL
plasma for plasma PIGE, CTB-TIMP1 & AV-PAI1 respectively.

Differences in the proteome of the different EV types were also observed in cancer patients. Using a similar
strategy as in the pre-eclampsia study, it was observed that MMP9 was elevated in AV-, but not detectable
in CTB- or ST-binding EVs from the ascites fluid of serous ovarian cancer patients. However, this MMP9
elevation was not observed in AV-binding EVs from ascites fluid of liver cirrhosis patients””. More
recently, a preliminary screen of plasma, plasma CTB-binding EV and plasma AV-binding EV revealed the
presence of potential biomarkers that could prospectively predict the outcome of chemoradiation therapy

in patients with head and neck squamous-cell carcinoma®”

The presence of EVs in biological fluids with different affinities for membrane lipid-binding ligands
demonstrated that the presence of concentrated, exposed domains of specific membrane lipids in some EV
types are not unique to EVs from cell cultures. Importantly, this is a physiological phenomenon and not
a consequence of the unique nutrient composition of the culture medium. It is also notable that each EV
subtypes have different proteomes and that the proteome of these EV subtypes is differentially enriched in
disease biomarkers.

ADVANTAGES AND DISADVANTAGES OF USING MEMBRANE LIPID BINDING MOLECULES
IN EV ISOLATION FOR DIAGNOSIS

There are several advantages of using membrane lipid binding molecules to isolate EVs for diagnosis. The
most important advantage is that the principle for this isolation technique is based on the defining feature
of EVs, namely the presence of a lipid membrane. Membrane lipids are generally amphiphilic, i.e., having
both hydrophobic and hydrophilic ends, and in aqueous solution, they will form micelles or liposomes,
i.e., vesicles. Therefore, it is likely that these membrane lipids especially when present in localized high
concentrations in aqueous biological fluids, are likely to be minimally in a micelle configuration, and most
possibly, a vesicular structure. The presence of membrane or cytosolic proteins will strongly corroborate
the presence of membrane vesicles.

Based on affinity for membrane lipid-binding ligands, it is obvious that biological fluids contain several
EV types with EV type-specific proteome. Importantly from the diagnostic perspective, this EV type-
specific proteome is also dependent on the pathophysiological state of the donor and this pathophysiology-
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associated change in EV proteome varies with the EV type. Practically, it transforms a biological fluid as a
single source of biomarkers into multiple independent sources of biomarkers.

A third advantage is that as the different EV types are novel sources of biomarkers, the distribution of
known and well-characterized biomarkers and proteins in these EVs are not known. As we have shown,
examining their distribution in the different EV types as a function of the pathophysiological state is a
viable strategy to identify candidate biomarkers. Furthermore, it is easier to validate these known and
characterized biomarkers and proteins as the necessary assay reagents such as antibodies are available.

A fourth advantage is that the technique for EV isolation by lipid-binding ligands is akin to the commonly
used antibody capture techniques, and can be easily adapted for direct coupling to an ELISA for biomarker
assay. Hence isolating EV from biological fluids and assaying for biomarkers by ELISA can be readily
adapted for the standard automated 96 well ELISA platform used in routine clinical laboratory settings. It is

also amenable to the recent developments in nano-plasmonic technology".

Finally, the volume of plasma required for extracting EVs by their affinity for membrane lipid binding
ligands in sufficient quantity for a typical ELISA ranges from 10-30 pL biological fluids per assay[“’“]. As
each of the EV types identified so far are unique EVs™**
further by using multiplexed EV isolation system where the different membrane lipid-binding ligands are
added to the same sample and the bound EVs are then extracted according to the ligands bound to the

EVs.

, the volume of biological fluid could be reduced

Despite the advantages of lipid binding ligands for isolation of EVs, there are significant limitations with
this approach. The avidity of the ligands for the different lipids has turned out to be a double-edged sword.
The dissociation constants (K,) of CTB to GM1 is between 4.6 x 10" and 7.3 x 10", K, of AV to
phosphatidylserine is 5 x 10" M"“"** and K, of ST to GB3 is 5-30 x 10" M"*\. These dissociation constants
which are comparable to the median K, of antibody to antigen is 5-30 x 10 " M illustrate the difficulty
in dissociating the EVs from the ligands for subsequent characterisation. While this poses significant
challenge for biological studies of the different EV types, biomarker discovery and assay can be readily
performed on the ligand-bound EVs.

Another drawback of this approach is the limited number of suitable lipid binding ligands to isolate
EVs. Also, it is highly conceivable that many other EV types may not exhibit sufficiently distinctive lipid
molecules for EV stratification by this method. Also, the lipid binding characteristics of an EV is not likely
to be a characteristic of a specific cell type and is thus not likely to provide information on the cell source
of the EVs. Nevertheless, lipid binding ligands represent an additional tool to isolate and stratify EV types
that could increase the yield and specificity of EV types when complemented with present EV isolation
tools such as size exclusion fractionation or immunoafhinity isolation technology.

CONCLUSION

We propose that the use of membrane lipid binding ligands in EV isolation for liquid biopsy is a viable and
robust strategy to circumvent the present technical limitations in isolating bona fide EVs from biological
fluids for liquid biopsy. In addition, this isolation technique is versatile can be easily integrated into the
current clinical analysis platforms using 96 well assay plates and even newer analytical platforms such as
nano-plasmonics ' which uses the interaction of light and electronic oscillations in metallic substrates in a
nanometer-dimension to detect the presence of single EV.
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