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Abstract

Liquid biopsy in cancer has gained momentum in clinical research and is experiencing a boom for
a variety of applications. There are significant efforts to utilize liquid biopsies in cancer for early
detection and treatment stratification, as well as residual disease and recurrence monitoring.
Although most efforts have used circulating tumor cells and circulating tumor DNA for this
purpose, exosomes and other extracellular vesicles have emerged as a platform with potentially
broader and complementary applications. Exosomes/extracellular vesicles are small vesicles
released by cells, including cancer cells, into the surrounding biofluids. These exosomes contain
tumor-derived materials such as DNA, RNA, protein, lipid, sugar structures, and metabolites. In
addition, exosomes carry molecules on their surface that provides clues regarding their origin,
making it possible to sort vesicle types and enrich signatures from tissue-specific origins.
Exosomes are part of the intercellular communication system and cancer cells frequently use them
as biological messengers to benefit their growth. Since exosomes are part of the disease process,
they have become of tremendous interest in biomarker research. Exosomes are remarkably stable
in biofluids, such as plasma and urine, and can be isolated for clinical evaluation even in the early
stages of the disease. Exosome-based biomarkers have quickly become adopted in the clinical
arena and the first exosome RNA-based prostate cancer test has already helped >50 000 patients in
their decision process and is now included in the National Comprehensive Cancer Network
guidelines for early prostate cancer detection. This review will discuss the advantages and
challenges of exosome-based liquid biopsies for tumor biomarkers and clinical implementation in
the context of circulating tumor DNA and circulating tumor cells.
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INTRODUCTION

Surgical tissue biopsies are considered the gold standard for solid tumor diagnosis.
Historically, this has been a morphology-based approach, but more and more cancers are
also being molecularly profiled to aid in treatment decisions and outcome-based predictions.
However, tissue biopsies are not always available and clinicians continue to face the hurdle
of tumor heterogeneity as they deliberate therapeutic options based on a patient’s tumor
genomic profile, since it is known that various parts within a tumor can present a related but
different genetic and epigenetic profile.1:2 Moreover, the molecular makeup of the tumor can
dynamically evolve over time, driven by microenvironmental stimuli and clonal selection
under treatment pressure,34 rendering future therapeutic decisions based on historical tissue
biopsy suboptimal.®6 Furthermore, the surgical biopsy procedure is constrained by
accessibility, repeatability, patient age, cost, and time, some even causing harmful clinical
complications. For instance, it has been reported that a lung biopsy costs on average US$14
587, which does not include the additional expense of complications from the surgery,
reported in 19.3% of patients, where the cost averages US$37 745.7

These inadequacies of tissue biopsy, concomitant with the paradigm shift to molecular
analysis, have begun a transition to molecular profiling of biofluids, also known as ‘liquid
biopsy’. This approach offers a significant step forward because of its less invasive nature,
lower cost, real-time insights into tumor status and, in some cases, the ability to overcome
the issue of tumor heterogeneity (or multiple metastatic lesions). Another important
consideration is that molecular tumor profiling by tissue biopsies cannot happen at optimal
frequency for practical and patient welfare reasons, whereas the ease of use and increased
availability of liquid biopsies can benefit more patients over time, even if the sensitivity is
lower than the gold standard tissue test in some cases.®

In general, liquid biopsies for cancer fall into three major categories based on the circulating
source of tumor-derived materials in biofluids: namely (i) circulating tumor DNA (ctDNA);

(i) circulating tumor cells (CTCs); and (iii) tumor-derived exosomes and other extracellular
vesicles (EVs) (Figure 1). These topics are reviewed with an emphasis on exosomes as well

as synergies that can result from combining multiple components in each category. There is

a range of different terminologies/nomenclatures for these EVSs, including exosomes, but for
simplicity here, we will use the terminology exosomes and EVs interchangeably for all EVs
smaller than 800 nm in diameter.

ctDNA approach

This nascent field has gained substantial momentum in clinical applications since the Food
and Drug Administration (FDA) premarket approval of the cancer liquid biopsy test (cobas®
epidermal growth factor receptor (EGFR) mutation test v2, 2016) as a companion diagnostic
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(CDx) to EGFR-targeted therapies in non-small-cell lung cancer (NSCLC)® (Table 1). The
ctDNA-based test detects EGFR mutations present in ~10%-30% of NSCLC cases. The
ctDNA approach now encompasses single-gene mutation assays as well as large panels for
broad molecular profiling strategies, including next-generation sequencing (NGS). Recently,
Guardant360® CDx (Guardant Health, Redwood City, CA, 2020) became the first FDA-
approved liquid biopsy NGS ctDNA test for treatment decisions on the use of osimertinib, a
second-generation tyrosine kinase inhibitor, in NSCLC patients harboring £GFR mutations.
10 This was followed by another FDA approval in the same space, the
FoundationOne®Liquid CDx (Foundation Medicine, Cambridge, MA, 2020)1 indicated for
treatment decisions for various targeted therapies in NSCLC, prostate, ovarian, and breast
cancers (Table 1). These NGS panels include a large number of genes. Not all genes on the
panels are clinically actionable today but can be useful for clinical trial enrollment or may
prove clinically informative in the future.

Despite this progress, one limitation of this approach is that it relies on a single type of
analyte, ctDNA, to be in sufficient quantities for analysis. This has proven to be particularly
challenging for early-stage cancers. Some studies indicate that detection of ctDNA
mutations alone requires impractically large input volumes of plasma to allow sufficient
copy numbers of ctDNA-derived mutations in early stage cancer.12 Also, detecting low
allelic frequency mutations in a broader gene panel increases the risk of false-positives due
to clonal hematopoiesis of indeterminate potential (CHIP)13 or detection of the large
numbers of indolent cancers that are better left undetected.1# Early cancer screening using
ctDNA has recently gathered momentum and provides some insight into actionable
mutations.1® Attention has also been drawn to methylation analysis of ctDNA for multi-
cancer screening!® and even the detection of intracranial tumors,1” combination with other
analytes, such as proteins.18:19 Moreover, the ctDNA liquid biopsy approach has been shown
to outperform tissue in the case of detecting acquired resistance and tumor heterogeneity in
gastrointestinal cancers.20 Challenges with multi-cancer screening assays, however, are even
greater, and implementations of machine learning that utilize input from millions of
parameters will require extensive studies to validate their performance and clinical utility. In
this process, there are risks of overfitting to hidden variables in the initial training and
validation sets when applied to the general population. Even large screening studies pose the
risk of not having sufficient patient numbers in each category when broken down to tumor
type, age, race, ethnicity, and other known risk factors.12

CTC approach

Tumor cells extravasate from the primary site into the circulation through the vasculature
and can disseminate to distant sites. CTCs are a minimally invasive source of tumor material
and have long been a focus of liquid biopsy.21~24 Characterization of the CTCs is appealing
since they are assumed to drive the disease process by nucleating metastatic events.2>
However, CTCs are a heterogenous group of cells, and only a tiny fraction of CTCs appears
capable of colonization and metastasis.28

Since CTCs are cellular analytes, they confer the advantage of containing RNA, DNA, and
protein from the tumor cells, with a spatial resolution of biomarkers (e.g. nuclear versus
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cytoplasmic), which is unattainable from ctDNA or exosomes. CTC analysis has yielded
important information on the metastatic process. It was shown, for example, that CD44-
dependent aggregation of CTCs provides cancer stem-cell-like properties, and that these cell
clusters have enhanced metastatic capabilities.2” A challenge of CTCs is that some cancers
only release a limited number of these cells into the circulation?8:2% and that they appear to
be more suitable for the evaluation of late-stage diseases.?> Nevertheless, several detection
technologies based on unique surface markers have been developed early on to harness their
clinical potential. The CellSearch® System (Veridex, Huntington Valley, PA, 2004) was the
first and remains the only FDA-cleared CTC analysis device3 to quantify CTCs in whole
blood and serves as the benchmark for CTC detection technologies. Clinical studies have
validated the prognostic value of CTC counts in patients with early and metastatic breast,
24,3132 metastatic castration-resistant prostate,33 and colon cancers.23 Molecular
characterization of CTC content can be valuable for therapy selection. For example, an
androgen receptor variant ARVv7 confers resistance to androgenic treatment, and the
detection of both ARv7 mRNA and protein in CTCs is linked with resistance to treatment in
metastatic prostate cancer.34:35 However, despite these promising developments, CTCs as a
platform continue to be limited by two main factors: their rarity and heterogeneity in the
circulation.36 The definition of a CTC also varies across different studies, since not all of the
cells isolated by a CTC platform are of tumor origin and carry the genetic aberrations
associated with the tumor.30:37

OPPORTUNITIES IN EXOSOME-BASED LIQUID BIOPSY

Here, we review the state-of-the-art in exosome-based liquid biopsies, with a particular
focus on the exciting opportunities as to how this field is contributing to a new generation of
tools for cancer diagnosis, patient stratification, monitoring, and treatment decision-making,
with the potential to enrich for tumor-derived exosomes based on surface markers (Figure 2).
We will also review the data wherein a combination of two or more types of liquid biopsy
analysis can be synergistic to improve clinical performance, especially as the field moves
toward early-stage cancer detection where tumor-derived material is more limited in liquid
biopsies.

Exosomes and other EVs present an exciting alternative, and in some cases a complement, to
other liquid biopsy forms for better overall diagnostic performances. Exosomes are released
continuously by all living cells#! and provide broad opportunities for clinically relevant
diagnostic content given that they contain DNA, RNA, and protein. Dying cells shed small
pieces of ‘cell-free’ DNA (cfDNA) into circulation through apoptosis and necrosis, with a
subfraction being DNA fragments from tumor cells as ctDNA. The stark contrast between
how ctDNA and exosomes are released suggests that exosomes reveal information about
living tumor cells and raises intriguing prospects for early lesion detection. For example,
mutations in RNA revealed by exosomes can be added to the signal from the cfDNA to
increase the sensitivity of mutation detection. More evidence is gathering that a multi-
analyte approach will prove advantageous.1842 Several studies have shown that combining
cfDNA with exosomal RNA is advantageous over cfDNA analysis alone.#3-45 In addition,
the exosome component enables a combination of exosomal RNA, cfDNA, and disease-
specific proteins as exemplified in Figure 3, but can also involve more complex analyses.
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The unique composition of the exosome compartment makes these vesicles particularly
amenable for multi-analyte testing, since they carry cancer informative DNA, RNA,
proteins, lipids, oligosaccharides, and metabolites.

Exosomes are nanoscale in size, with a majority being 30-200 nm in diameter. They are part
of a broad class of EVs actively released into biofluids through either fusion with the plasma
membrane and then exocytosis of multivesicular bodies, or direct budding of small
cytoplasmic protrusion from the cell surface.>45° The active shedding of vesicles from
tumor cells is thought to involve the mitogen-activated protein kinase pathway which is up-
regulated in most tumor cells.#8:56-58 |t has been reported that a cancer cell can release more
than 20 000 of these vesicles over 48 h.5% Notably, there are also larger vesicles, large
oncosomes, that can be up to 10 um in diameter and also carry RNA, DNA, and protein from
the donor cells.60-62 All these vesicles carry biological cargo, such as a variety of
biomarkers from the tumor, including those involved in the tumorigenic process.
Specifically, exosomes have been implicated in driving key attributes of malignant cell
behavior, including stimulation of tumor cell growth, suppression of the immune response,
induction of angiogenesis, promotion of tumor cell migration, and establishment of
metastases,®3 making them particularly attractive as cancer biomarkers. Indeed, the exosome
field has experienced an explosion in research as summarized in literature numbers for the
past 40 years (Figure 4A). Moreover, a snapshot of the current clinical trials database,
ClinicalTrials. gov, reveals a torrent of clinical diagnostic and translational research studies
of exosomes in cancers (72 studies, Figure 4B), remarkably outpacing areas such as
exosomes in cardiovascular (seven studies), neurodegenerative/neuronal diseases (five
studies), and diabetes (four studies). These are likely an underestimation since not all
clinical studies are reported in this database.

EXOSOMES PROVIDE CIRCULATING RNA BIOMARKERS

One development in the liquid biopsy field has been the characterization and analysis of
extracellular RNA, propelled by various major funding mechanisms, including the
Extracellular RNA Communication Consortium funded by the National Institutes of Health
Common Fund. Extracellular RNA molecules are protected from degradation in the
extracellular environment by forming ribonucleoprotein complexes, such as with Argonaute
11 (Ago2),%4 associating with high-density lipoprotein/low-density lipoprotein particles,®® or
being contained within exosomes and other EVs.41.66

An initial report in 2006 found RNA in exosomes from cell cultures,5” and a subsequent
study by Skog et al.#1 showed that tumor-derived mutations could be detected in exosomes
isolated from plasma of patients, opening the opportunity to use these exosomes
diagnostically. Exosomes mediate intercellular delivery of RNA and this was proposed as a
novel medium of communication between cells.56 These and other studies showed that EVs
are rich in small RNA (<200 nucleotides) molecules, with the majority of RNA <700
nucleotides, causing early investigations on circulating RNA to focus primarily on
microRNAs (miRNAs),86:68-72 3 fraction protected by ribonucleoprotein complexes as well
as contained within EVs.
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However, subsequent NGS-based studies on EV RNA reported that all RNA biotypes are
contained within EVs, including messenger RNAs (mMRNAs),41.67.73.74 mRNA fragments,’®
long noncoding RNA (IncRNA),”6.77 piwi-interacting RNA, and fragments of various
noncoding RNAs, such as ribosomal RNA,76:78 transfer RNA, vault RNA, and Y RNAs in
EVs.79-83 Whole transcriptome approaches, such as RNA sequencing (RNA-seq) are how
being applied to interrogate the EV cargo of cerebrospinal fluid (CSF), plasma,84-86 and
urine’® samples.

While the research space on clinical biomarkers seems currently dominated by miRNA
studies, the biomarkers that have made it through validation and are used clinically are more
typically mRNAs. The research interest in the miRNAs is mainly due to their abundance and
known regulatory potential. However, from a liquid biopsy standpoint, the ‘low hanging
fruit” has been the longer RNA biotypes, especially the mRNA targets with known mutations
and actionable alterations. In addition to the measurement of gene expression levels and
detection of tumor-specific somatic alterations, long RNAs provide additional opportunities
to study other processes that may indicate disease state/progression. For example, disease-
specific detection of alternatively spliced isoforms of RNA (e.g. ARV7*8 MET exon 14
skipping?9), fusion transcripts such as Echinoderm Microtubule-associated protein-Like 4 -
Anaplastic Lymphoma Kinase (EML4-ALK)%! and BCR-ABL, RNA editing,8” and circular
RNAs®8 represent alternative approaches which may not be observable using DNA, small
RNA, or protein assays. Previous studies employing RNA-seq to profile long RNAs have
reported a relatively small proportion and poor transcript coverage of these long RNA
transcripts which has led many to conclude that exosomes only carry short fragments of
mRNA and IncRNA75.76.78 yntil recent improvements in exosomal long RNA-seq
(sequencing of long RNA rather than long read sequencing).48:52.53

EXOSOMES IMPROVE MUTATION DETECTION SENSITIVITY FOR LIQUID

BIOPSY

Circulating nucleic acids, including the RNA contained within exosomes, has been proven to
increase the total number of mutant copies available for sampling compared with ctDNA
alone.*3 In one study, a direct, blind, comparative analysis of ctDNA alone versus exosomal
RNA plus ctDNA found up to 10 times more copies of the mutation when combining
exosomal RNA and ctDNA, compared with ctDNA alone (median of 24 copies/ml versus
234 copies/ml for EGFR activating mutations on ctDNA versus exoRNA + ctDNA,
respectively).*3 This substantially improves the odds of detecting the mutation in a blood
sample and would be particularly beneficial in the earlier stages of disease where circulating
copy numbers of ctDNA are very low. Another study showed a very high sensitivity (92%)
of EGFR mutations utilizing combined exoRNA + ctDNA for detection of EGFR mutations,
and the sensitivity remained high (88%) also in the subpopulation of intrathoracic lung
cancer (M0/M1a) that have been challenging for ctDNA assays to detect.*4 Moreover, a
recent longitudinal study investigating levels of BRAF, KRAS, and EGFR mutations in
exosomes and ctDNA over time demonstrated that the combined analysis significantly
improved the correlation of biomarkers with treatment outcome as compared with ctDNA
alone,*® highlighting that the interrogation of combined tumor materials from exosomes of
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living cells and cfDNA sourced from mostly dying cells could improve the likelihood of
success for a liquid biopsy test.

EXOSOMES ENABLE ENRICHMENT OF DISEASE SIGNALS

As with other liquid biopsy approaches, differentiating the tumor signal from the ‘noise’ of
normal cells remains a challenge when performing transcriptome analysis of RNA. This is
particularly challenging when the RNA is directly extracted from plasma because of the
sheer abundance of platelet-derived RNA that can give an overwhelming megakaryocyte
RNA background that interferes with the analysis.89 However, the unique feature of
exosomes is that they can be enriched from the biofluids using surface markers, and
subpopulations of exosomes can be isolated with tumor-specific or tumor-enriched surface
marker proteins. Indeed, multiple proof-of-concept studies have demonstrated the feasibility
of this approach,%-92 including the enrichment of epithelial cell adhesion molecule
(EpCAM)-positive tumor-derived exosomes from several types of cancer patients’ plasma.
68.69 Enrichment of exosomal subpopulations is technically challenging and requires well-
optimized protocols for its application, as antibodies that work well with tissues or purified
proteins may not work efficiently with exosomes due to the orientation and/or folding of the
surface protein in the membrane or the availability of the epitope on the exosome surface.
Also, surface properties of exosomes render them capable of adhering to many surfaces
including other exosomes. Nonspecific binding to the tube or bead surfaces used for
immunological capture might result in loss of important biological material and reduction in
specificity. Another emerging technology for disease/tissue-specific analysis of exosomes
and other EVs is nano-flow cytometry. Although currently more suitable for lower
throughput assays, this technique can sort/characterize individual EVs based on surface
markers and has an immense potential to improve the performance of exosome-based liquid
biopsies.24-9

Proteins located on the surface and within exosomes may also be used as cancer biomarkers.
Several different protein detection or exosome capture methodologies may allow for
discrimination of cancer types using various biofluids including plasma, serum, urine, saliva,
CSF, and ascites. For detection of brain cancer using exosomes in plasma, biomarkers such
as EGFRVIII have been successfully explored in brain cancer.3%97 Specific detection of
HER2 as a breast cancer marker has also been widely reported by a few distinct methods
including surface plasmon resonance, 8 surface-enhanced Raman spectroscopy,?® and
electrohydrodynamic micro shearing.1%0 Yoshioka et al.10 determined that surface markers
CD147, carbohydrate antigen 19-9 (CA19-9), and carcinoembryonic antigen were
specifically detected in the serum of patients with colorectal cancer using ExoScreen, a
bead-based fluorescence detection system with signal enrichment. Another fluorescence-
based microchip method was used to detect exosomes specifically in lung cancer patients
using antibodies directed against a-insulin-like growth factor 1 receptor and EpCAM, and in
ovarian cancer using EpCAM and CA125, respectively.192 Specific enrichment of exosomes
containing ovarian cancer biomarkers has also been achieved using several different
enrichment/detection methods for CA125, CA19-9, CD24, CLDN3, EpCAM, HER2, and
MUC18.103 L_astly, prostate-specific antigen (PSA) in plasma exosomes can distinguish
prostate cancer from benign hyperplasia.1% Protein detection technology has only recently
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improved in sensitivity to the single molecule level, 105106 and the proteomic landscape of
EVs in cancers, such as prostate cancer is just beginning to be unraveled.107 These advances
together with clinical understanding of cancer biology, could allow non-invasive protein
biomarkers to fulfill their clinical promise.

ADVANCES AND CHALLENGES IN EXOSOME-BASED LIQUID BIOPSY

The first commercial exosome-based ExoDx™ Prostate (IntelliScore) (EPI) test became
available for prostate cancer in 2016.198.109 This non-invasive urine test utilizes a novel
expression signature of three exosomal RNA transcripts (ERG, PCA3, and SPDEF) for the
risk management of men over 50 years of age with a PSA level in the ‘grey-zone’ of 2-10
ng/ml. The test gives a score from 0 to 100 where the risk of high-grade (Gleason score 7
and higher) increases with a higher score. The test was validated at a cut point of 15.6 to rule
out high-grade prostate cancer (91% negative predictive value), such that it would avoid
27% of biopsies with potentially harmful procedural consequences. The test performance at
this cut point has been validated in two prospective multicenter trials. A recent prospective
utility study with a blinded control arm further found that doctors that used the EPI test in a
real-world setting found 30% more high-grade prostate cancer than the randomized control
arm that used the current best standard of care for the biopsy decision. This further
highlights the utility of exosome-derived RNA biomarkers for early cancer detection. To
date, this exosome-based test has been used by >50 000 patients in their decision process
and is included in the National Comprehensive Cancer Network guidelines for early prostate
cancer detection.110

Exosomes are known to also carry DNA, and the circulating DNA associated with exosomes
has been shown to represent tumor DNA in a variety of cancer types.52:111-113 Cancer
biomarkers of potential clinical utilities using exosome-derived DNA have been on the rise,
encompassing genomic rearrangements,114 mutations,13 and copy number changes.115

In addition to nucleic acids and proteins, lipids and glycans are emerging as potential
biomarkers with studies of lipid biomarkers related to prostate cancer.116-118 New
technologies for exosome analysis are also being developed to move exosome-based assays
into more portable point-of-care devices. Microfluidic devices and other small portable tools
are now being employed for molecular analysis of exosomes, 119120 and technologies such
as transmission surface plasmon resonance have already shown promise to analyze ovarian
cancer exosome biomarkers.103

While there has been much effort in developing liquid biopsy in oncology, which is the focus
of this article, studies in transplant rejection,121:122 cardiovascular diseases,123
neurodegenerative disorders,124.125 fetal or prenatal diagnostics,126 and immunological
diseases'27:128 have expanded the areas of research for circulating biomarkers that could be
used in liquid biopsies. The application of liquid biopsy to neurodegenerative disease is
intrinsically linked with oncology with respect to brain tumors, where the obstacles of
sample collection are clear. EVs have been observed to cross an intact blood-brain barrierl29
and thus can be used for developing tests for neurodegenerative disorders, which is a less
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invasive procedure than CSF sampling that can have problematic side-effects, especially for
patients with a high intracranial pressure.

Clinical studies conducted using liquid biopsy platforms, similar to other clinical endeavors,
are often costly and time-consuming. One advantage of cfDNA and exosomes is that they
are stable enough to be analyzed retrospectively from frozen bio-banked samples. Exosome
nucleic acid analysis does not require preservatives for collection and plasma can, for
example, be stored for 2 days at 25°C or processed through many freeze-thaw cycles with no
significant degradation of DNA or RNA when the sample is subsequently processed.130
Evidence exists that exosome RNA transcriptome profiling can be successfully carried out
from plasma samples stored for more than 25 years at —80°C (unpublished data). As
diagnostic analytes, RNA, DNA, or protein cargo in exosomes hold this informative profile
stable during sample shipping and storage, which is critical for biomarker development
using retrospective samples. Together with recent revelations that clinical studies based on
exosomal RNA combined with cfDNA, in fact, made tests more clinically effective in
sensitivity and specificity relative to either exosome RNA or cfDNA alone, the exosome-
based liquid biopsy approach possesses some clinically fundamental advantages. Not all
cancer characteristics are reflected in DNA mutations. There are currently no cfDNA
mutation assays that have been able to discriminate clinically significant prostate cancer
(Gleason 7 and higher) from benign and low-grade prostate cancer. However, a three-gene
RNA signature from urine exosomes has shown good performance to do just that.108:109
Another proposed liquid biopsy platform utilizes RNA profiling of platelets from plasma,13!
and its validity and clinical utility remain to be seen.

Despite the plethora of research in oncology biomarkers, only a few of them make it through
validation to a commercial test. From a test developer’s viewpoint, it is necessary that not
only the proper controls be conducted, but also the study population must be designed to
ensure the biomarkers can be generalized to the intended use population. This is not trivial
because many factors can affect biomarker performance, including age, ethnicity,
environmental factors, and pre-existing conditions, as well as all the pre-analytical variables
associated with sample collections.

CONCLUSION

Considerable progress has been made in the field of oncology liquid biopsy, and the number
of tests available to clinicians is growing. While the obstacles to general adoption are not
trivial, the promise of liquid biopsies is undeniable since they offer a number of advantages
in addressing issues related to conventional biopsies. One example of challenges that rely
solely on mutation-based assays is the issue of CHIP, as well as the potential detection of the
large numbers of indolent cancers that are better left undiagnosed.14

The non-invasive nature and real-time assessment of the tumor’s molecular status make this
type of diagnostic more readily available and can also be used to track patients over time to
better monitor potential disease progression and therapeutic intervention. With these
prospects, exosomes offer a unique biomarker content that can be used alone or in
combination with other types of liquid biopsies. Increasingly sophisticated technologies for
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the analysis of tumor-derived exosomes should bring to the forefront transformational,
robust, next-generation content-rich cancer diagnostics.
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Figure 1. ctDNA, exosomes, and CTCsin circulation.
The molecular constituents from the tumor are released into biofluids at various stages of the

tumor development through very different mechanisms and represent different biological
entities. ctDNA is released from the dying tumor cells through apoptosis and/or necrosis,
exosomes are actively released from cells at each stage of tumor formation, whereas CTCs
are intact cancer cells disseminated from the tumor at later stages. Exosomes are involved in
promoting the growth, vascularization, and even the dissemination and metastatic process of
cancer. Elements are not drawn to scale.

CTCs, circulating tumor cells; ctDNA, circulating tumor DNA.
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Figure 2. Exosomes enable cancer specific enrichment.
Proteins overexpressed in a tumor are not necessarily cancer-specific when isolated from the

blood or other biofluid. Non-cancerous tissues can produce the same marker and generate a
variable amount of the marker in normal individuals. By enriching exosomes with a tissue-
specific (or cancer-specific) marker, higher sensitivity and/or specificity can be achieved.38
There are also known neoantigens (for example EGFRv3) that can be used to isolate cancer-
specific exosomes,39:40
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 ctDNA mutations
¢ cfDNA methylation
* Exosome RNA (exoRNA) enables added
* mutations
o splice variants
o fusions
e transcriptome analysis
* Exosomal protein analysis (exoProtein)

Exosomes
(exoRNA + exoDNA + exProtein)

Figure 3. Multi-analyte liquid biopsy approach utilizing exosomes for increased perfor mance.
Combining features from cfDNA and exosomes have clear synergies to achieve increased

liquid biopsy performance. The exosome fraction contains RNA and DNA (exoDNA) that
give increased copy numbers of mutations*3 and enable splice variant analysis of RNA,46-49
fusions,50:51 and transcriptome analysis.52:53 Combining the ctDNA mutations with cfDNA
methylation and/or exosome analysis can enable a more complete picture of the tumor-
derived biomarkers and potentially confer a better diagnostic performance. Exosomes from
various sources (exemplified by the colors) can also be enriched to increase tissue specificity
of the biomarker.

cfDNA, cell-free DNA; ctDNA, circulating tumor DNA.
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Figure 4.
(A) Exosome-based research publications. The interest in exosomes for diagnostics,

therapeutics and as an intricate part of intercellular communication has significantly
increased in recent years. (B) Overview of a total of 71 exosome-based clinical trials
registered worldwide in ClinicalTrials.gov (as of 22 October 2020) in diagnostics and
translational biomarkers for various cancers, manually curated through searches with
keywords (exosomes, extracellular vesicle, EVs, and microvesicles) with the elimination of
both duplicate hits and those for therapeutic applications.
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Table 1.

FDA clearance and approvals over the years in the cancer liquid biopsy field for solid tumors

FDA-approved assays

Indications

CellSearch™

Epi proColon®

cobas® EGFR Mutation Test v2
therascreen PIK3CA RGQ PCR
Kit

Guardant360® CDx

FoundationOne Liquid®CDx

2007: Circulating tumor cell blood test prognostic for breast, prostate, and colon cancer
2016: cfDNA plasma epigenetic test for colorectal cancer screening

2016: cfDNA gPCR plasma test indicated as a companion diagnostic to aid in selecting NSCLC patients
for treatment with targeted therapies

2019: cfDNA gPCR plasma test indicated as a companion diagnostic to aid clinicians in identifying breast
cancer patients who may be eligible for treatment with a targeted therapy

2020: cfDNA NGS plasma test currently indicated as a companion diagnostic to identify patients who may
benefit from targeted therapies in NSCLC

2020: cfDNA NGS plasma test currently indicated as a companion diagnostic to identify patients who may
benefit from treatment with targeted therapies in NSCLC, prostate, ovarian and breast cancers

CDx, companion diagnostic; cfDNA, cell-free DNA; EGFR, epidermal growth factor receptor; FDA, Food and Drug Administration; NGS, next-
generation sequencing; NSCLC, non-small-cell lung cancer; gPCR, quantitative polymerase chain reaction.
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