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Abstract

Substantial research has been devoted to elucidate the roles that extracellular vesicles (EVs) play
in the regulation of both normal and pathological processes, and multiple studies have
demonstrated their potential as a source of cancer biomarkers. However, several factors have
slowed the development of liquid biopsy EV biomarkers for cancer diagnosis, including logistical
and technical difficulties associated with reproducibly obtaining highly purified EVs suitable for
diagnostic analysis. Significant effort has focused on addressing these problems, and multiple
groups have now reported EV analysis methods using liquid biopsies that have the potential for
clinical translation. However, there are still important issues that must be addressed if these
discoveries and technical advances are to be used for clinical translation of EV cancer biomarkers
from liquid biopsies. To address these issues, this review focuses on the potential application of
EV biomarkers for diagnosis of major cancer types, discussing approaches for EV biomarker
discovery and verification, EV clinical assay development, analytical and clinical validation,
clinical trials, regulatory submission, and end user utilization for the intended clinical application.
This review also discusses key difficulities related to these steps, and recommendations for how to
best accomplish steps in order to translate EV-based biomarkers into clinical settings.

Introduction

Cancer is the second leading cause of death worldwide, being responsible for one in six
deaths. New biomarkers are badly needed to improve cancer diagnosis and evaluation and
thus improve patient outcomes. Extracellular vesicles (EVs) exhibit potential as such
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biomarkers, since these vesicles contain DNA, RNA and protein cargoes that reflect the
status of their parent cells at the time of their formation. The term “EV” covers a broad array
of vesicles secreted by cells, including exosomes, microvesicles, and apoptotic bodies. Most
of the studies we discuss in this review focus on exosome populations, but due to the
potential for contamination of such populations with small microvesicles we will use the
term EV to refer to a population that may contain both exosomes and microvesicles in
keeping with current practice. The unique composition, long in vivo half-life and physical
durability of EVs support that EVs are qualified materials to serve as stable and sensitive
biomarkers for various evolving malignancies. Thus, sophisticated EV-based diagnostic may
one day refine the algorithms for cancer diagnosis and therapeutic responses (Fig 1). EV
research is a rapidly evolving field, and researchers have proposed various diagnostic
algorithms, incorporating multiple tumor-associated EV biomarkers, with rapid and sensitive
quantifications.

Recent proteomic, metabolomic and genomic approaches applied to identify cancer-specific
EV markers show promising results in exploratory studies using small patient populations.
Emerging technologies for EV analysis, especially integrated platforms capable of EV
isolation, enrichment, and analysis on one device, promise to advance the potential
translation of EV liquid biopsy approaches for cancer diagnosis.

The development of integrated EV analysis platforms based on microfluidic, nano-
plasmonic, electrokinetic, surface plasmon resonance, and electrochemistry technologies
holds promise for the future production of high sensitivity and high-throughput assays for
EV analysis. However, despite the growing number of research studies that have generated
novel biomarkers, only a few new EV biomarkers/assays have progressed to actual
applications in clinical settings. Technical, clinical, logistical, financial, and regulatory
burdens have limited the rate of EV biomarker and platform translation. Understanding and
overcoming these challenges is essential for continued progress in EV-based biomarker
development.

Numerous reviews have addressed application of EVs as cancer biomarkers and recent
progress in EV isolation and analysis methods 1-28 but few focus on the translation and
clinical development of these EV biomarker assays. Extensive guidelines have been
developed to provide a framework for discovery and validation of cancer markers 2%-37, but
there are substantial barriers to implementing advanced techniques in clinical settings, and
significant effort needs to be spent to establish successful EV clinical assays with
meaningful clinical benefits. Similar to other clinical assays, EV clinical assay development
requires a sequence of essential phases carried out in a step-wise manner. These are: EV
biomarker discovery and verification, EV clinical assay development, analytical and clinical
validation, regulatory submission, and end user utilization for the intended clinical
application (Fig. 2). This review will emphasize two fundamental processes critical for
successful translation of an EV marker/assay into a clinical setting: following the standard
process for clinical assay development and addressing the practical aspects of implementing
EV assays in clinical settings. To address the first requirement, investigators should be
familiar with procedures governing clinical assay development, and follow best practices for
EV clinical assay development in compliance with current analytical, clinical, and
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manufacturing guidelines. The second focus requires consideration of practical aspects of
implementing EV assays in clinical settings. Useful clinical EV assays should utilize an
automated, user friendly, reliable, and inexpensive system for EV isolation, enrichment and
analysis, ideally these processes would all be accomplished on an integrated platform.

This review will also discuss the challenges and recommendations for translating potential
EV biomarkers for clinical disease diagnostics. We will particularly emphasize critical steps
required to translate emerging EV markers and EV analysis technologies into clinical
practice. Due to this focus and the scope of activity in EV research, we direct the reader to
recent review articles for summaries of other EV topics, such as EV biogenesis, secretion,
and function; conventional methods for EV isolation and detection; and recent research on
new EV applications as therapeutics 124,

EV biomarker discovery

EV biomarker discovery begins with the identification of EV targets that are specific to and
associate with, a disease of interest. This discovery effort also aims to obtain a relative
estimate of their clinical value, and prioritize these candidates for future evaluation.
Traditionally, most cancer biomarker candidates have been identified through knowledge of
the cancer’s pathophysiology, biochemistry and key processes. More recently, the use of
untargeted analysis approaches (e.g., genomics, proteomics, and metabolomics) now enables
the construction of comprehensive biomarker discovery pipelines. Many of the EV-based
biomarker candidates for specific cancers discussed in this article were discovered through
exploratory studies that employed mass spectrometry or second generation sequencing
approaches for proteomic and genomic analyses, respectively. However, despite the power of
these analytical approaches, one should exercise caution in the immediate clinical translation
of these biomarkers. Due to the large number of reported EV biomarker candidates that have
been proposed for various diseases and conditions, we will focus our discussion on EV
biomarker discovery and validation for clinical application on EV factors associated with
pancreatic cancer (PC), which is one of the most active areas for EV biomarker discovery.

Sample size:

Technological advances have propelled EV biomarker discovery for various cancers.
However, as exemplified using PC biomarker discover studies as example (Table 2) most of
these studies employ very small sample sets (10-20 samples or less in each group (e.g.,
cancer vs non-cancer). Only 8 out of 38 studies (for different clinical utilities) reviewed in
Table 2 employed cohorts with =20 samples in each group. Studies that employ such small
sample sizes at the discovery phase increase the risk of selecting false negative (failure to
detect true biomarkers) and false positive (candidates that fail to replicate) candidates.

Sample quality:

EV biomarker discovery studies often begin with convenient samples that are obtained
retrospectively from other studies or generic sample archives. Samples with incomplete
information (e.g., draw time relative to diagnosis and treatment) and handling history (e.g.,
number of freeze-thaw cycles, or length of storage) can introduce additional challenges to
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achieving consistent analytical reproducibility. One common scenario that can produce this
effect occurs when clinical samples are analyzed from different study sites that may have
used non-uniform procedures to obtain, process, store and handle samples. For example, in
the 38 studies reviewed in Table 2, there were 22 that utilized samples from a single site, 7
that employed samples from multiple sites, and 9 studies that did not specify if the samples
utilized were obtained from single or multiple sites. EV biomarkers detected using such
samples may thus be subject to unknown biases and experimental noise. EV-associated
biomarkers derived from samples with missing demographic and clinical data (e.g., patient
age and treatment) can also lead to diagnostic inaccuracy, and this problem can be further
compounded in studies where diagnostic criteria and definitions are not well defined and
consistent.

In robust studies, samples must be linked to appropriate data to confirm a subject’s clinical
status, the subject’s demographic information (e.g., age, gender, and ethnicity), the study’s
sampling methodology, and sample handling history. The “garbage-in, garbage-out” adage
of computer science also directly applies to the analysis of biological specimens for EV
biomarker discovery.

Sample type:

EVs have been identified in various types of body fluids for use as a liquid biopsy, including
saliva, urine, plasma, serum and whole blood. Among the 38 studies for different clinical
utilities reviewed here, the majority of studies used blood samples: 21 used plasma, whereas
11 used plasma without specifying the anticoagulant, 15 used serum, 2 used both plasma and
serum, and one used saliva.

Sample consistency is a key factor during the discovery phase. For example, serum
specimens experience EV contamination from activated and degranulated platelets. While
quantification of EV-based biomarkers may not differ when analyzed in either serum or
plasma specimen, it should be acknowledged that different EV-based biomarker thresholds
should be defined in one specimen type should be applied only to that specimen type.
Several recommendations and guidelines have been published recently regarding the
selection of blood sample types for EV analysis 62-69. The key point is that specific
analytical parameters (explained in the analytical validation section) and cut-off values
(explained in the clinical validation section) should be determined for each specimen type.

Notably, there are several clinical trials in which EVs are evaluated as the primary or
secondary outcome measure for the purpose of discovery of potential EV biomarkers using
proteomics, sequencing, and PCR techniques. The prospective nature of sample collection
will help overcome some of aforementioned sample related issues. Taking the PC clinical
trials as examples: one study (NCT03334708) has been designed to recruit 750 participants
to study the change in biomarkers to determine sensitivity and specificity of the assay to
diagnose early stage PC. As a discovery study, initial biomarkers to be tested include
proteins and proteases, functional DNA repair assays, EVs, stromal elements, circular RNAs
and circulating tumor DNA (ctDNA). Another study (NCT02393703) has planned to recruit
70 participants to study the EV-mediated intercellular signalling in patients with PC. In this
study, EV will be purified for downstream applications such as proteomics and RNA
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sequencing. The third study (NCT03250078) aims to explore the relationship between new-
onset diabetes mellitus and a subsequent diagnosis of PC. As a secondary outcome measure,
800 serum from participants will be banked to isolate circulating EVs and ctDNA.
Additional clinical trials will be described in the section: analytical and clinical validation of
EV associated biomarkers-review of clinical trials.

EV Biomarker verification

Initially promising reports at the biomarker discovery phase are often not sufficient to
develop a candidate biomarker into a valid clinical assay. Before moving to the validation
phase, thorough verification of biomarker candidates is required and successful completion
of this process is much more difficult than initial discovery. Verification has to be performed
in several studies with large and well-described patient populations that are completely
independent from those employed in the original discovery studies. Sample blinding is also
strongly recommended when performing EV biomarker verification studies, as systematic
review has observed pronounced bias due to the lack of patient blinding in clinical trials with
patient-reported outcomes 0. Most of the discovery studies listed in Table 2 were not
blinded.

The goal of candidate biomarker verification studies is to isolate true positive markers from
a large pool of candidate factors, and to ensure that only the most promising biomarkers
found in the discovery phase move on to the validation stage. As with drug development
studies, the vast majority of leads identified in the discovery phase do not survive the
subsequent verification step. This verification process may be the single greatest challenge
in the EV clinical assay development process.

Table 2 lists the potential clinical applications for multiple candidate EV biomarkers of PC
that were analyzed in separate early-stage exploratory studies, which were primarily proof-
of-concept. Notably, at the early discovery stage certain EV biomarkers demonstrated
promise for multiple clinical applications. For example, in a single exploratory study, GPC1-
positive EVs exhibited superior clinical performance for early PC detection, and evaluation
of metastatic disease burden, response to surgery, and disease prognosis 38. However, there
are very few cancer biomarkers that are approved by the US FDA for multiple intended
clinical usages. For example, the PC biomarker carbohydrate antigen 19-9 (CA19-9) has
been approved only for monitoring and management of PC but not any other functions, due
to lack of clinical evidence.

Verification studies require a clear definition of and justification for the intended clinical
application, careful selection of the source populations and sample types, and an adequate
number of high quality samples. For example, a biomarker for early PC diagnosis would
require a patient population with confirmed early-stage PC and benign pancreatic disease
(BPD), and appropriately matched normal controls (NC), while a biomarker for PC disease
progression would require patients with BPD and various stage PC tumors. We will describe
the verification process required for EV clinical applications in clinical trials in more detail
in a later section (Analytical and Clinical Validation of EV Associated Biomarkers-Review
of Clinical Trials) of this review.
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Independent biomarker verification studies are essential during clinical development.
Definitive clinical verification requires analysis of study cohorts that contain hundreds of
subjects, preferably from multiple institutions, and that incorporate a broad range of cases
and controls to mitigate environmental, genetic, and biological variation. The goal of these
studies is to isolate true positive markers and ensure that only the most promising move on
to validation, since the vast majority of leads do not survive verification. EV biomarker
verification must be performed using multiple studies with large, well-described patient
populations, independent from those analyzed in the original studies, before beginning the
biomarker validation phase. There are some EV clinical trials that employ large cohorts
(e.g., a few hundred or few thousand of participants), but the majority of clinical trial studies
for EV biomarkers employ very small sample sizes (e.g., fewer than 20 participants), as
exemplified in Table 4.

EV clinical assay development

An EV biomarker candidate that survives the verification step moves to the next phase, in
which a clinical assay is developed and subjected to analytical validation. Ideally, the assay
used in the EV biomarker discovery and validation phases should be the one intended for
routine clinical use, but this rarely happens in reality.

Commercial clinical assays are not yet available for most EV biomarkers and a research
assay may therefore be utilized as an alternative assay in an early discovery phase study. In
the context of developing EV biomarkers, conventional methods for EV isolation (e.g.,
ultracentrifugation (UC)) and characterization (e.g., ELISA, flow cytometry, and reverse
transcriptase polymerase chain reaction (RT-gPCR)) have been utilized for EV or EV
content analysis in research settings and discovery phases.

Most of the studies outlined in Table 2 used UC for EV isolation, but UC is not practical for
high-throughput assays or clinical settings due to its long run time, high instrumentation
consumables cost, technical expertise requirement, and undesirable performance
characteristics, including low purity and high variability. However, there is currently no gold
standard method for the isolation and analysis of EVs. A recent survey of 1742 published
EV experiments identified more than 190 distinct isolation methods and 1038 different
protocols used to isolate EVs from biofluids 67. A plurality of these experiments (45%) used
UC, but employed different parameters. Among the studies reviewed in this work in Table 2,
62% employed UC although the parameters used differed among these studies. For actual
EV analysis, most miRNA studies utilized RT-PCR, but several different methods were
employed for EV protein analysis in these studies, including nanoplasmon-enhanced
scattering (NPES), ELISA, an alternating current (AC) electrokinetic microarray, flow
cytometry, mass spectrometry, a localized surface plasmon resonance (LSPR)-based sensor,
and Western blot analysis. Different methodologies have also been used to analyze the same
EV target in different studies, which may also contribute to the inconsistent clinical
performance of these EV markers. For example, ELISA, AC electrokinetic microarray, flow
cytometry, and mass spectrometry were employed to measure EV expression of Glypican-1
in different studies 3842, These studies showed very different clinical performance, with
AUCs for PC diagnosis ranging from 0.59-1 (Table 2). In addition to their use of different

Lab Chip. Author manuscript; available in PMC 2020 March 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 7

methodologies, these studies also employed distinct study designs, patient populations, and
sample sizes, all of which can all affect assay results.

Most of the studies listed in Table 2 performed only rudimentary discovery or verification
studies using very small patient cohorts, and 60% of these studies did not perform or report
any analytical performance parameters. Of those that did report such data, 23% (6) reported
a cut-off threshold, 12% (3) reported limit of detection (LOD) and/or linearity information,
and 7% (2) reported precision data. Further, very little technical detail was provided for
many of these studies, which may contribute to the growing concern that a large fraction of
published discovery studies lack reproducibility. We highly recommend that researchers
perform analytical analysis on EV data intended for biomarker discovery and validation
studies, and provide product and manufacturer information, and at least basic analytical
performance data for any assay used to quantify the biomarker of interest, including
accuracy, precision, linearity and analytical sensitivity (e.g., limit of detection (LOD)).

The above mentioned research assays are may not be suitable for routine clinical use due to
their multiple manual operation steps, long analytical times and undesirable performance
characteristics, which include low recovery, sensitivity, specificity, precision and
reproducibility. In order to translate such research data to general clinical testing, effort must
be taken to develop EV assays that are suitable for routine and high-volume use, with
acceptable performance characteristics, in clinical laboratory settings.

A standard EV clinical assay development process therefore normally requires multiple
time-consuming and technically demanding steps, including purification of the EV subtype
of interest for analytical studies, generation of monoclonal antibodies specific for the target
EV biomarkers, development and optimization of a rapid and reliable assay and procedure
for the analysis of these biomarkers, and an assessment of its analytical performance. In
order to translate research findings to clinical tests, it is first necessary to improve EV
isolation methodology to deliver consistent results. Preferably a clinical assay would employ
an integrated platform with acceptable performance characteristics for reproducible and
high-throughput isolation and quantification of target EV populations in routine clinical
laboratory use. Methods that may be suitable for these types of analyses are described in the
following section, keeping in mind that they are still in the technology development phase
and have not yet been assessed by thorough validation studies.

Novel integrated systems for EV isolation and analysis

The clinical utility of EVs as cancer biomarkers when utilizing conventional methods for EV
isolation and analysis is very limited since these approaches are technically complex, labor-
intensive, time-consuming, and require highly trained technical personnel and relatively
expensive and specialized analytical instruments. For EV analysis methods to be useful in
clinical settings, they should generally exhibit several common features. Specifically, they
should use relatively small sample volumes; require minimal sample processing; and be
rapid, sensitive, specific, high-throughput, inexpensive and amenable to automation. Ideally,
these methods should use direct patient samples, without pre-treatment steps, or employ
simple and reproducible EV isolation steps. Several methods have been developed in the
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past few years to isolate, enrich, and analyze EVs by incorporating different technologies
into integrated platforms for EV analysis. These approaches represent a promising step
towards translating EV-biomarkers into clinical settings.

For example, multiple groups have employed microfluidic approaches to isolate and analyze
EVs, as discussed below, using platforms that require small sample volumes and exhibit
rapid assay completion times 16: 25. 27, 61, 71-79 These approaches tend to utilize a limited
number of EV enrichment methods, including EV capture by specific antibodies, by
microfiltration, or by electric fields. Quantification of specific EV populations or biomarkers
is likewise determined using a relatively limited array of methods, including the detection
signals produced by plasmon resonance, or the chromogenic conversion or electrochemical
reduction of a substrate.

Proof-of-concept studies with prototypes of these platforms have analyzed total EV
abundance, EV subpopulations, EV RNA targets, and EV intravesicular and membrane
proteins. These integrated EV analysis platforms offer many technical advantages that hold
great promise for enhancing the clinical translation of new EV biomarkers. It should be
emphasized, however, that most of these platforms are in very early stages of development,
and that rigorous analytical and clinical validation of these platforms are still needed to
evaluate their true potential for clinical translation. We will discuss some of these
approaches and specific prototypes in the following sections.

Sensor chip assays:

Several groups have developed platforms to isolate and/or analyze EVs upon binding to an
antibody-conjugated sensor chip. For example, Kanwar et al developed a simple “ExoChip”
microfluidic device for the on-chip isolation, quantification and characterization of EVs that
utilizes high surface area to volume ratios and chaotic mixing properties for rapid and
efficient EV capture by an anti-CD63 antibody, and subsequent EV labeling and
quantification (Fig. 3A), or /n situlysis to isolate protein or RNA for subsequent analyses. A
small clinical validation experiment using this platform analyzed total EV levels in serum
from 5 PC patients and 5 healthy controls, and found a >2-fold EV increase in the PC vs.
healthy control samples.

Similarly, Zhang et al developed a nano-interfaced microfluidic exosome (nano-IMEX)
platform where EVs were captured on the chip surface with an anti-CD81 antibody, and
specific detection antibodies were used for an on-chip ELISA in which EV abundance was
measured by detection antibody-mediated substrate conversion by an inverted epiflouresence
microscope (Fig. 3B) "8, with a reported detection limit of 50 EV/uL and a 4-log dynamic
range. In a proof-of-concept analysis, higher EV levels were detected in plasma samples
from 7 ovarian cancer patients than 5 healthy controls, which decreased after treatment.

Employing a different approach, Im et al. designed a nano-plasmonic exosome (nPLEX)
assay platform where antibody-mediated EV binding on an array of periodic nanoholes
produced a transmission surface plasmon resonance effect where changes in the intensity
and wavelength of transmitted light could quantitate EV binding or the binding of specific
proteins in EV lysates (Fig. 3C) 8. The reported LOD of ~3,000 EVs was ~100x that of a
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chemiluminescent ELISA comparator, and labeling captured EVs with nanoparticle-
conjugated antibody could increase signal intensity 300%, depending upon the nanoparticle
size and conformation. Results from a small clinical study (20 cancer cases and 10 non-
cancerous controls) indicated that this platform could distinguish patients with ovarian
cancer from cirrhosis patients (non-cancer controls).

Our group independently developed a nano-plasmon enhanced scattering (nPES) assay to
quantify total and disease-derived EVs from unpurified biological samples (Fig. 3D) 43. EVs
that bind both an antibody-conjugated gold nanosphere (AuS) and nanorod (AuR) produce a
plasmon that increases the intensity and shift the wavelength of their scattered light. We
employed this assay to evaluate plasma samples of PC, chronic pancreatitis and NC subjects
in a trial cohort (10/group) and a validation cohort (48-49/ group) and found that nPES
signal from EVs labeled with antibodies to EV-selective (CD9) and cancer-selective
(EphA2) markers distinguished PC patients from patients with chronic pancreatitis or
healthy subjects, outperforming results obtained using a standard EV ELISA, corresponded
with tumor burden, stage and early response to neoadjuvant therapy. This study also
examined the discriminatory ability (AUC 0.93-0.96), sensitivity (86—-94%) and sensitivity
(85%) of this assay to discriminate PC patients with stage I-I11 tumors or any stage tumor
from healthy controls or patients with chronic pancreatitis.

Immunomagnetic EV capture assays:

Several groups have now employed magnetic particles (MPs) in EV assay platforms. For
example, Fang et al. developed a microfluidic chip that permits EVs captured on magnetic
particles to be sequentially hybridized with primary and secondary antibodies, and then
analyzed for fluorescent signal 71 (Fig. 3E). This group analyzed EV expression of two
cancer-associated proteins (EpCAM and HER?2) in plasma samples. The EpCAM-positive
EV level was significantly increased in 6 breast cancer patients compared to that found in 3
healthy controls. EV HER2 levels in 19 breast cancer patients corresponded with its tissue
expression.

Shao et al. developed a micro-nuclear magnetic resonance (UNMR) platform to quantify the
IH NMR decay signal associated with EVs rendered superparamagetic by the binding of
antibody-conjugated MPs specific to EV target proteins (Fig. 3F) 82. NMR signal was found
to be proportional to EV number (R% >98%), strongly correlated (R2 >99%) with fluorescent
ELISA results, and revealed a detection threshold of ~10% EVs. NMR analysis of four
glioblastoma markers (EGFR, EGFRvIII, PDPN and IDH1 R132H) distinguished
glioblastoma-derived EVs from other EVs. Results from a mouse model revealed that a
composite score of glioma-derived EV abundance and the biomarker panel paralleled tumor
progression and decreased with treatment. Analysis in glioma patients before and after
treatment also found that this composite EV score could differentiate responders from non-
responders. However, this assay requires UC-purified EV samples that are not suitable for
use in clinical assays, and it is not clear if this approach can be readily adapted to use
minimally processed liquid biopsy samples.

He’s group subsequently developed a continuous flow microfluidic device (ExoSearch) for
quantitative capture and release of plasma EVs over a large range of sample volumes (Fig.
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3G) 7°. In this approach, plasma samples and antibody-conjugated MPs are injected in
separate channels and, after on-chip mixing, MP-bound EVs are retained by a magnetic field
and then hybridized with a mixture of fluorescently labeled antibodies for multiplex analyses
of EV composition. EV capture efficiency was inversely related to flow rate, ranging from
97% at 50nL/min to 42% at 10uL/min. Study assays were performed at a 1uL/min, with a
72% EV capture efficiency and a LOD of 7.5 x 10° particles/mL at a signal-to-noise ratio of
3. It was estimated that this platform capture EVs from 2 mL of plasma in 3 hours at
10uL/min (42% efficiency), favorably comparing with standard UC approaches that require
3 times as long with a 25% EV recovery rate. Multiplex analysis of the EV expression of the
cancer-associated markers CA-125, EpCAM and CD24 in serum from 15 patients with
ovarian cancer and 5 healthy controls found that all three markers were elevated on cancer
patient EVs, and observed AUC values of 1 for CA-125 and EpCAM and 0.91 for CD24.
The speed, sensitivity, scalability, multiplex capability, cost and potential for automation are
important features that may enhance the clinical translation of this method.

Shao et al. developed an immuno-magnetic exosome RNA (iMER) microfluidic chip to
analyze EV mRNA levels in circulating EV populations 7. This chip contains four
functional regions: an EV enrichment area, an RNA isolation site, a reservoir for the reverse
transcription of eluted RNA targets, and parallel chambers for on-chip gPCR analysis (Fig.
2H). Serum or cell culture EVs incubated with MPs conjugated with an anti-EV antibody
(CD63 or EGFR) were captured 93% efficiency upon on-chip magnetic enrichment, and on-
chip EV lysis and RNA isolation generated EV RNA size distributions similar to those
produced by a commercial RNA isolation column, although the chip yielded 50% more
RNA for a given sample volume. The iMER gPCR results also strongly correlated
(R2=0.986) with conventional gPCR. A small clinical study found that EphA2 and EGFR,
but not PDPN, were significantly elevated in a small cohort of GBM patients versus control
subjects. The accuracy for GBM diagnosis was 84% (EphA2) and 78% (EGFR) for single
marker IMER and increased to 90% when using three markers. An analysis of pre- and post-
treatment GBM patient serum samples also detected a significant inverse association
between the EV level of two mRNAS associated with the repair of chemotherapy-induced
DNA damage and favorable treatment response.

He et al. developed a microfluidic platform that used a cascading microchannel circuit to
sequentially isolate, enrich and lyse human plasma EVs to capture EV biomarker targets,
and analyze them in an chemifluorescence sandwich immunoassay (Fig. 31) 72. Plasma
samples are pre-mixed with antibody-labeled MPs, which are captured and lysed on-chip,
after which EV lysates are mixed in a serpentine channel with antibody-labeled MPs
recognizing specific EV proteins. These MP are retained in a second chamber by a magnetic
field and incubated with detection antibodies and detection substrate. This approach was
used to quantitate total and phosphorylated IGF-1R expression in EpCAM* EVs, and found
that mean IGF-1R, but not p-IGF-1R expression, was increased in EpCAM+ EVs from
plasma samples of 5 non-small cell lung cancer (NSCLC) patients with early-stage disease
(stage 1) versus their 6 NCs. IGF-1R and p-1GF-1R were quantifiable over a 4 log dynamic
range with a detection limit of 0.28 and 0.38 pg/mL™1, respectively, at a signal noise of 3,
which was approximately 100x more sensitive than a commercial ELISA.
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Immunomagnetic assays with electrochemical detection approaches:

Several groups have also utilized electrochemical detection approaches to analyze EVs. For
example, Doldan et al developed an amperometric biosensor (Fig. 4A) 8. In this method,
EV are bound by a capture antibody linked to the gold electrodes of a biosensor chip and
then incubated with an EV detection antibody and HRP-labeled secondary antibody and the
HRP substrate TMB, after which EVs are detected by the measuring the electrochemical
reduction of HRP-oxidized TMB. The linearity range of this assay found to be 102 to 106
EVs/uL, with a calculated LOD of 200 EVs/uL. EV specificity was quite good, since a
concentration standard of 108 MVs/pL produced a signal that was only slightly greater than
the EV LOD signal, and a 103 EVs/uL standard demonstrated similar signal in the presence
or absence of a 1000x excess of MVs. No clinical samples were analyzed in this system, but
it was demonstrated that EVs could be detected in 1000x dilutions of EV-depleted fetal
bovine serum with an average 90% recovery in EV spike-in experiments, suggesting that this
approach could be used to quantitate EVs present in diluted serum samples.

Jeong et al developed a similar integrated magnetic—electrochemical exosome (iMEX)
analysis platform that employed MPs for EV enrichment prior to on-chip analysis (Fig. 4B)
83, In this method, MPs conjugated with an EV capture antibody were incubated with
undiluted plasma samples, and then isolated and incubated with a HRP-labeled antibody
specific to an EV biomarker, loading on the iMEX chip, and captured on its sensor electrode
by a magnetic field. EV levels were measured by the signal from the electrochemical
reduction of the HRP-oxidized TMB. This assay was faster (1 hr vs. 5 hr), and required less
sample (10 pL vs. 100 pL), than ELISA and demonstrated a dynamic measurement range
spanning 4 orders of magnitude, with a LOD of 3 x 10* EVs while ELISA revealed a LOD
of 3 x 107 EVs. A small clinical study found that EpCAM and CD24 levels on plasma EVs
were higher in ovarian cancer patients than normal control subjects, and that pre- vs. post-
therapy EV levels of both proteins decreased in patients that responded to therapy.

EV analyses employing microfiltration-based EV capture approaches:

Multiple groups have used microfiltration-based approaches to isolate EVs for subsequent
analyses. Liang et al. developed a microfluidic device comprised of two serially connected
10 mm diameter chambers bounded by polycarbonate membranes with 200 nm and 30 nm to
retain EVs in the second chamber of the chip (Fig. 4C) 74, demonstrating EV isolation
efficiency 74% of the comparable UC yield. Captured EVs were analyzed by an on-chip
ELISA which was read by a smart phone camera and transferred to a laptop for data
analysis. In a small clinical study, mean EV levels were elevated in the urine of 16 patients
with bladder cancer versus 8 healthy controls, with a ROC demonstrating AUC of 0.96 and
81% sensitivity and 90% specificity. Urine samples were centrifuged and sterile-filtered
prior to analysis, and 8 mL was injected into the chip at a flow rate of 40 uL/min (>3.5
hours) while the on-chip ELISA required an additional 3 hours.

Woo et al. developed an automated “exodisc” microfluidic system that permits rapid and
efficient centrifugal isolation of EVs from biological samples, including cell culture
supernatants and urine, and subsequent /n situ ELISA analysis of captured EV samples (Fig.
4D) 7. Cell debris and large particles are removed by a centrifugation step prior to sample
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loading, large particles are retained by the 600 nm filter, and EVs are retained by the 20 nm
filter. This platform demonstrated a >95% recovery rate for EVs from cell culture
supernatants, markedly more than UC (3.9x) or the commercial Exospin procedure (2.8x),
with higher RNA (>100x) and protein (13x) concentrations for analyzed candidates. From
an operational standpoint, the Exodisc EV isolation method also required relatively modest
g-force and processing time (500g, 30 minutes) compared to standard UC (150,000g, 6
hours) or Exospin (16000g, 4 hours) EV isolation procedures, and exhibited better
performance than UC and Exospin methods in urine from 5 bladder cancer patients and 5
healthy controls.

Using an alternative fractionation approach, Ko et al developed a disposable optofluidic chip
where serial filtration of EV-capture beads with different diameters is utilized to negatively
select undesired EVs and enrich target EVs before an on-chip ELISA that is read by the
LED and optics of a standard smartphone (Fig. 4E) 84. Negative selection beads (7 um)
displaying antibodies to CD45 and CD61 capture leukocyte-derived EVs, which are
removed by filtration, after which positive selection beads (2.2 pm) conjugated with
antibodies to CD81 capture the remaining EVs and are incubated with HRP-linked
antibodies specific to a target biomarker, and the LED and camera of a smartphone is used to
detect chemiluminescent assay signal. The disposable optofluidic chip is designed to slot
into a housing that fits a smartphone and contains two optical filters to restrict the incident
light and the captured fluorescent signal. A custom smartphone app is used to control the
LED, measure the emitted light and analyze the resulting data. A proof-of-principle clinical
study found that injury samples demonstrated an increased rate and amplitude of target-
specific fluorescent signal development. However, this system demonstrated an LOD of 107
EVs, and a significant signal flattening as it approached this value.

EV analyses employing electric fields for EV capture:

Multiple groups now have now generated assay platforms that utilize alternating current to
driven EVs across a sensor chip. Vaidyanathan et al. developed an alternating current
electrohydrodynamic (ac-EHD) microfluidic device for multiplex exosome capture and
detection (Fig. 4F) 6. In this approach, chip microelectrodes are conjugated with specific
EV capture antibodies and purified EVs suspended in PBS are driven through the device by
an applied ac-EHD field, employing a 30 min on and 15 min off cycle for 2 hours. EV
detection antibodies labeled with FITC or HRP are then drawn through the device by either
ac-EHD force or applied pressure, and EV-bound FITC signal is captured with a
fluorescence microscope. Samples hybridized with FITC-conjugated detection antibodies
are then hybridized with anti-FITC antibodies conjugated with HRP, and signal from HRP-
labeled primary and secondary antibodies is analyzed by incubating these assays with TMB
and recovering this substrate for off-chip analysis. The linear detection range was found to
be 2.76 x 103 to 4.15 x 10* EV/uL in a pilot study, which was up to 3x more sensitive than
assays using pressure-driven hydrodynamic flow (LOD 8.30 103 EV/uL). Serum sample
from single individuals with HER2* and HER2™ breast cancer analyzed in a proof-of-
concept study, also revealed a significant difference in target EV level (2 x 104 vs 3.7 x 103
EV/uL). The narrow dynamic range of this assay may limit its translational potential for
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assays requiring quantitation, but may be suitable for assays that require only sensitive
detection for a yes-or-no diagnosis.

Similarly, Ibsen et al developed an alternating current electrokinetic (ACE) microarray
device in which EVs and other nanoscale particles from undiluted plasma samples could be
driven to accumulate at the edges of microelectrodes in response to dielectrophorectic high-
field regions that form when these chips are exposed to an alternating current (Fig 4G) 52. A
10 min application of AC current to the chip causes dielectrophoretic separation and
isolation of EVs and other particulates at the chip electrodes. EVs, but not plasma proteins,
are retained by the electric field during a wash step and can be stained /n7 situ with
fluoresce6nt antibodies to quantitate total or specific EV subpopulation levels or with an
RNA-specific dye to quantitate EV RNA abundance. Bound EVs can also be released from
the device by using a series of low-frequency electric pulses for off-chip analyses or lysed /n
situto generate high quality EV RNA samples. This process requires only a small amount
(30-50 pL) of plasma, serum or whole blood for EV analysis, and can be rapidly performed
to analyze or isolate EVs present in these samples. Lewis et al. subsequently utilized this
approach to isolate EVs from blood samples of patients with pancreatic or colon cancer to
analyze specific EV protein biomarkers for association with these cancers 4%, This study
found that /n situ staining of EV GPCL1 expression distinguished PC patients from NCs, but
did not differentiate PC and BPD patients, likely due to the small sample size and the
inclusion of arguably premalignant subjects in the BPD group. GPC1 also did not show a
trend to differentiate lymph node-negative and -positive PC patients, or early and late stage
PC cases. Conversely, analysis of a small set of samples from patients with colon cancer and
NC subjects found that high level EV GPC1 expression differentiated metastatic from non-
metastatic cases or NC subjects, but did not distinguish non-metastatic colon cancer patients
from NC subjects.

Current Limitations:

Many of the above proof-of-concept studies offer advantages that could facilitate the clinical
translation of EV biomarker assays for disease diagnosis and prognosis, including the
potential for more rapid, higher purity and more reproducible EV purifications that require
less operator time and less specialized and expensive equipment. However, all of these
studies performed only partial analytical validation of the method and most used small
sample size for both analytical and clinical validation. Complete analytical validation studies
need to be performed to more fully characterize operating parameters of these platforms for
the analysis of total EV populations and their performance with specific EV biomarkers,
while further clinical studies with large sample size and robust statistical designs, need to be
conducted to determine their clinical application in the appropriate populations.

Fig 5 indicates that most integrated systems for EV isolation and analysis have used small
numbers of patient samples (mean of 30, 95%CIl: 7-54). By contrast, the patient recruitment
numbers for the EV clinical trial studies described in the next section are much larger (mean
of 230, 95%ClI: 90-370). This is a key issue, since when a laboratory develops a novel
device, it may exhibit adequate performance handling small numbers of samples. However,
when translating such devices to the much larger scale required for clinical trials, and
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ultimately clinical applications, these devices need to consider scaling issues, including
fabrication, assembly, and operation issues associated with utilizing the device to
consistently analyze hundreds of samples. Research conducted on EV detection methods has
made significant progress with new innovations allowing rapid small analysis of clinical
samples for preclinical tests. However, several issues contribute to the bottleneck in the
translation of such tests from small scale research laboratory tests to large scale tests suitable
for validation in clinical trials for eventual clinical applications. One such issue is the
difficulty of scaling up the fabrication of such assay platforms, which is often not a concern
during the conception of a novel device but which can present significant challenges when
the time comes to mass produce the assay platform. Production capacity may vary widely
depending on the type of device and its requirement for specific manufacturing processes.
Another non-trivial issue is the relative scarcity of manufacturing facilities available to
perform such fabrication at the intermediate scale required for clinical trials. This is a
particular concern for proposed EV assay platforms that require manufacturing facilities
suitable for the production of microfluidic platforms or devices with nanoscale components.
Given the specialized expertise and equipment and the relatively high costs required to
produce such devices, particularly at limited scale, this appears likely to remain a significant
barrier to EV assay development. Similar to efforts to standardize EV purification and
characterization procedures, solving this issue may require the development of a consortium
focused on mid-scale production of devices with such specialize properties, although it does
not appear that any such initiatives are now under consideration. Precision and
reproducibility of device fabrication and associated quality controls may also become a
significant issue when scaling the production of a novel device, as device fabrication
parameters may become an issue when the device fabrication process is streamlined or
automated to allow increase production. Careful consideration should therefore be given to
the design of any new device intended for clinical application to ensure that its fabrication
can be readily scaled-up during the transition from research laboratory testing studies to
clinical trials and its ultimate use in clinical settings. Such manufacturing needs should be
considered at the early stages of the initial development process to avoid potentially costly
project delays required to troubleshoot fabrication issues and the potential need to redesign
the device or fabrication process to overcome them. In addition to fabrication issues outlined
above, additional effort may also be required for method optimization to enhance the
reproducibility of the assay procedure and streamline the hands-on time required for its
performance.

There is also an urgent need for more robust and reproducible methods for the isolation of a
pure vesicular population, since the quality of the EVs used for method development and
validation is critical for reproducibility studies. The lack of EV standards is a significant
issue for such studies, since there is currently no central source of such standards or a
consensus on the best method available to isolate high-purity EV populations for required
analytical validation studies. This absence requires that the process used to isolate such EV
standards and the purity and reproducibility of the standards generated in these studies be
carefully documented during all analyses. This is complicated by the potential for overlap
between exosome and microvesicle physical properties and biomarkers.
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In the future method development studies, the characterization and study design should be
included to ensure the EV quality and validity, even in the face of consensus standards, and
thereby improve method reproducibility. We will further discuss the requirements and
recommendations of analytical validation of the EV platforms in the following section.

EV assay validation-overview

EV assays intended for clinical use must undergo both analytical and clinical validation.
Analytical validation and clinical validation are two distinct processes with separate
evaluation characteristics. In the analytical validation process, procedures for the clinical
assay are established and the assay’s analytical performance characteristics are optimized
through a series of well-defined experiments. The clinical validation process establishes the
validity and utility of the assay through testing many thousands of patient samples to
determine its clinical performance in context of intended use. It has to be emphasized that
the diagnostic performance (e.g. diagnostic sensitivity and specificity) should not be
confused with analytical performance (e.g. analytical sensitivity and specificity). An
analytically optimized assay with adequate analytical performance characteristics will not
necessarily demonstrate satisfactory performance during its subsequent clinical validation.

Many national and international consensus standards have been developed to address aspects
of performance characteristics relevant to clinical assays. For example, standards and
guidelines have been published by the Clinical and Laboratory Standards Institute (CLSI),
the International Organization for Standardization (1SO), and the European Committee for
Standardization (CEN). The Food and Drug Administration (FDA) has recognized more
than 90 of these consensus standards in /n vitro diagnostic (IVD) premarket submission
(Medical Device Databases, http://www.fda.gov/MedicalDevices/
DeviceRegulationandGuidance/Databases/default.ntm) and published guidelines (http://
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfggp/search.cfm) for a variety of products.

EV assay validation-analytical validation

Accuracy:

Analytical validation addresses the following fundamental assay parameters: accuracy,
precision, analytical sensitivity, specificity, reportable range, and reference intervals.
Analytical performance of an assay must be thoroughly evaluated for the intended use or
application before validating its clinical utility. Most EV assays that have been reported as
potential EV cancer biomarker assay platforms report only a few of these parameters, if any,
and few of them describe validation protocols. Comprehensive description of experiments
required to determine the necessary analytical performance characteristics can be found in
Clinical and Laboratory Standards Institute (CLSI) guidelines (Table 3), which should be
followed to validate EV analysis systems intended for potential clinical use.

Accuracy describes how closely the measured concentration and the true concentration of a
sample agree. Several approaches are available for accuracy determination, such as
comparing the results measured by an assay under validation with those determined by a
reference method or by measuring certified reference materials with values assigned by a
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reference method (CLSI EPO9c). However, if there are neither reference methods nor
definitive reference materials available for the EV biomarkers being analyzed, an acceptable
alternative approach is to perform a recovery study (CLSI EP15-A3). In a recovery study,
known amounts of the analyte are added to samples at different concentrations, and the
measured concentrations are corrected to correlate with the true amounts.

In the current context, not all EV assays perform equally well in terms of accuracy, as
evident by a huge variability in recovery rates obtained by different purification and
detection methods. Beside well-recognized differences owing to differences in EV isolation
techniques, two other factors significantly contribute to poor method agreement: 1) the use
of antibodies with different epitope specificities for the same biomarker target, and 2) the
lack of a suitable reference EV material due to heterogeneity of EVs, which are presents in
multiple forms in circulation and may vary in response to various physiologic stimuli.

Precision describes how closely two independent test results agree. Precision should be
assessed by replication experiments that measure multiple aliquots of the same sample, or
same pool of samples, in independent analyses performed over a defined period of time,
usually several days. It is highly recommended that one measure multiple concentrations
(low, intermediate, and high) of the EV biomarkers of interest since precision is
concentration dependent. Measured imprecision at each concentration analyzed is expressed
as a standard deviation (SD) or a CV. CLSI documents EP05-A3 and EP15-A3 describe the
details of these procedures.

Detectable capability (analytical sensitivity):

Specificity:

According to CLSI guidelines, detection capability is an umbrella term for a set of
performance characteristics, including limit of blank (LOB), LOD, and limit of quantitation
(LOQ). For EV biomarkers, the LOB is the highest measurement result likely to be observed
for a blank sample known to be free of the EV biomarker of interest, while the LOD is the
lowest concentrations of the EV biomarker that can be consistently detected. The LOQ is the
smallest amount of the EV biomarker that can be quantitatively determined with acceptable
precision. Procedures used to determine these values are described in CLSI document EP17-
A2.

The analytical specificity of an assay is concerned with questions such as “does the assay
measure the analyte that it’s supposed to measure without cross-reacting with non-targeted
substances?” and “are there any factors that interfere with the measurement of this
biomarker?” Analytical specificity thus differs from clinical specificity, which refers to the
ability of a test to give a negative result for subjects who do not have the disease or condition
for which they are being tested. In designing experiments to determine the analytical
specificity of an EV assay, the most straightforward approach is to evaluate the behavior of
the assay in the presence and absence of potential cross-reacting or interfering substances
(CLSI document EP7-A2), which might include vesicles similar to the specific EV target of
interests, or compounds that can directly inhibit the assay reaction.
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Reportable range:

The reportable range of an assay is the span of test result values for which the laboratory can
verify the accuracy of the measurement response. To establish the reportable range for an
assay, a linearity experiment is performed to establish the range of values over which there is
a constant relationship between observed and expected values (the linear range). This range
can be found by making series of known dilutions of a highly elevated patient specimen or
standard with a known high quantity of the EV biomarker of interest (CLSI document EP6-
A).

Reference interval:

The reference interval of a biomarker refers to the range of values typically found in
individuals who do not have the disease or condition that is being assayed for by the test in
question. Due to the potential for significant biomarker variability in even healthy
populations, the CSLI guidelines recommend that one test 120 samples obtained from
healthy subjects to establish this reference interval (CLSI document EP28-A3C). The
healthy population examined in the study should be similar to the population that is the
intended target of the assay to reduce the potential for influence by cryptic confounding
factors. For most biomarkers that are present in apparently healthy individuals, the reference
interval is usually defined as encompassing the central 95% of ranked values in a population
bounded at the lower reference limit by the 2.5 percentile and at the upper reference limit
by the 97.5t percentile. The reference interval is different from the clinical decision limit,
which is a cut-off value derived from statistical methods (e.g., receiver operating
characteristic (ROC) analysis) applied to both the affected and healthy populations. Cut-off
determinations will be discussed in the clinical validation section below.

EV assay validation-clinical validation

Clinical validation is the process through which an assay is determined to be clinically
meaningful. Characterizing the diagnostic performance of novel clinical assays is an
extensive process. Clinical validation starts with a sound and careful study design that is
critical to minimize bias that can arise from systemic errors in laboratory measurements,
unrepresentative sampling, or uneven distribution of confounding variables. Evaluation of
clinical assays is ideally conducted following standard principles such as those outlined in
Standards for Reporting of Diagnostic Accuracy (STARD) and CLSI guidelines.

A series of clinical validation studies are necessary to determine the diagnostic accuracy
(clinical sensitivity and specificity) and diagnostic predictability (positive and negative
predictive values) through testing many thousands of samples in context of the intended
clinical use. An extremely important consideration in the clinical validation process is
whether the assay exhibits adequate performance characteristic for the intended clinical use.

One critical component of a clinical validation study is to determine the decision (cut-off)
level for the assay, the threshold to be used in making a medical decision. This differs from
the reference interval, and represents a clinical decision limit derived from statistical
methods (e.g., ROC analysis). Specific examples will be discussed in the following section.
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EV assay validation-review of clinical trials

PCA:

As of December 2018, there were about 40 trials testing EV-associated biomarkers for
various cancers. Table 4 lists the study title, recruitment status, cancer type, sample type, EV
biomarker target (if specified), and actual or estimated enrollment numbers for these clinical
trials found at https://clinicaltrials.gov/. This section will focus on EV-associated biomarkers
that are being evaluated in Table 4 studies as the primary outcome measure for prostate
cancer (PCA), PC, lung cancer and breast cancer, the four most-studied cancers in these
clinical trials. Previously published studies and data related to these EV biomarkers will also
be reviewed. There are also several trials in which EVs are evaluated as the secondary
outcome measure using proteomics, sequencing, and PCR techniques to discover potential
EV biomarkers (as described earlier in this review).

While these EV-based biomarkers were evaluated in the clinical trial setting, only a few of
these studies disclosed detailed methods on EV recovery and EV sample evaluation. Due to
the limited information provided, it is not possible to completely evaluate the analytical
performance of the methods used to analyze these EV biomarkers. Since many of the
proposed EV analytes are also present in the non-EV fraction of a specimen, it is particularly
important that investigators realize and strive to address the potential risk of contamination
during studies intended to analyze the specificity of an EV-based biomarker.

No EV associated biomarkers or EV assays have yet been approved by the US FDA. A few
EV assays are performed as laboratory developed tests (LDTSs) in clinical laboratories with
Clinical Laboratory Improvement Amendments of 1988 (CLIA) certifications for these tests.
We will review the current commercial status of these clinically available EV tests. Detailed
description of the regulatory requirements will be discussed in the section titled regulatory
requirements and end user utilization.

PCA is the most common solid malignancy and second leading cause of cancer death in men
worldwide. Several urine and plasma EV biomarkers have been reported and examined for
PCA diagnosis and treatment-selection.

ExoDx Prostate IntelliScore (EPI) based on PCA3 and ERG—One of the key
diagnostic challenges for PCA is the inability to accurately differentiate high-risk PCA from
low-risk (indolent) PCA or benign disease. Attempting to address this hurdle, three large
clinical trials (NCT02702856, NCT03031418, NCT03235687), have been registered to
study the ExoDx Prostate IntelliScore (EPI), which is based on EV RNA expression, in urine
samples from men who present with an elevated prostate-specific antigen (PSA) score at
their initial prostate biopsy. EPI normalizes the results of Prostate Cancer antigen 3 (PCA3)
and v-ets erythroblastosis virus E26 oncogene homolog (ERG), which are commonly
identified in PCA tissue, with SAM pointed domain-containing Ets transcription factor
(SPDEF) expressed in normal prostatic epithelial cells 86. The intended use of EPI is to
discriminate clinically significant PCA from indolent PCA or benign disease for men aged
=50 yr with PSA levels 2-10 ng/ml in the initial biopsy setting. In the aforementioned
JAMA Onclology study &7, in a cohort of 519 patients, EPI revealed a higher area under the
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receiver operating characteristics curve (AUC) score than the standard of care (SOC) based
on PSA, age, race, family history (0.73 vs. 0.63, respectively) for the ability to discriminate
between PSA cases with Gleason score (GS) values = GS7 and those with GS6 values or
benign disease.

The EPI assay utilizes a proprietary spin column process to isolate EVs from urine and
extract RNA for downstream RT-gPCR analysis. In the clinical trials and published
manuscripts, this test was performed in a CLIA-certified clinical laboratory. Sample
exclusion for this test was based on any of several pre-analytical and analytical-related
factors 87, which were: 1) failure of the internal control (bacteriophage QP spike-in); 2)
SPDEF detected at >30 copies per reaction; or 3) any sample outside the first-catch urine
volumes of 25-49 ml. In the prospective, multi-site trial study published in JAMA Oncology
87, 6% (training cohort) and 9% (validation cohort) of samples were excluded due to internal
control failure and 15-17% of samples were excluded due to urine volumes > 49 mL. In the
follow-up trial 88, 5% samples were excluded due to gene expression and/or internal control
levels outside assay acceptance limits. A two-phase adaptive clinical utility trial
(NCT03031418) was designed to further evaluate the clinical performance of the EPI test in
the intended use population (cohort 1, estimated enrollment: 500 patients) and to evaluate
how the results of the EPI test influenced the decision process when the biopsy decision was
uncertain (cohort 2, estimated enrollment: 500 patients). The results of the cohort 1 study
were published recently 88, reporting AUC values of 0.70 and 0.62 for EPI and SOC,
respectively, in a cohort of 503 patients. These results are comparable with previously
published results®’.

To reduce the false positive rate for unnecessary biopsy, a clinically useful test that follows
PSA screening should exhibit significantly improved clinical specificity compared to other
available methods. EPI is a non-invasive test that uses non-digital rectal examination (DRE)
urine in the initial biopsy setting. Its clinical utility is to potentially avoid an initial biopsy
when the EPI value is below the diagnostic cut-off point. Importantly, cut-off points were
carefully evaluated and defined in both the above studies. The sensitivity and specify of the
EPI test was 92-93% and 26-34%, respectively, when using a cut-off point of 15.6, and the
sensitivity decreased to 87-97% and the specificity increased to 37-40% when this cut-off
was raised to 20. In cohort 2 of the clinical utility trial (NCT03031418), the investigators
reached a consensus recommending use of the 15.6 cut-off point to evaluate how the results
of the EPI test influenced the decision process for determining whether or not to perform a
prostate biopsy, although these results have not been published to date. Furthermore, the
authors suggested that EP1 may be combined with other parameters such as clinical
preference and comorbidities for personalized risk assignment.

The EPI test is now available in a CLIA-certified clinical laboratory, which is a major
milestone for the translation of an EV-based assay into clinical practice, but medical
practices based on this assay result should carry some reservations. First, the assay is
performed as a LDT in a CLIA-certified laboratory, but details of its analytical validation
data, such as its linearity, analytical sensitivity, analytical specificity, and precision, have not
been reported. However, since the assay is commercialized, reimbursed by insurance, and
regulated by the CLIA, this validation data should be available upon the inquiry. Second,
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even though the initial proof-of-concept results are promising, the reported specificity and
sensitivity of the EPI test for clinically significant PCA cases are still suboptimal for ruling
in or ruling out the need for a prostate biopsy. There are also commercially available plasma
or urine based assays that show comparable or better performance, such as the Prostate
Health Index (PHI, Beckman Coulter, Brea, CA), 4Kscore (Opko, Miami, FL), PCA3 (Gen-
Probe, San Diego, CA), and SelectDx (MDx Health, Herstal, Belgium). Further studies are
warrant to evaluate the added value of this test when combined or compared with existing
PCA risk markers, including imaging results, prostate volume, free PSA, HOXC6, TDRD1,
DLX1 and/or some kallikreins 8. Finally, the EPI test has also not been mentioned or
recommended in clinical guidelines for incorporation into daily practice.

Androgen receptor splice variant 7 (AR-V7)—AR splice variants are truncated
receptor isoforms lacking the C-terminal ligand-binding domain (LBD) but which retain the
N-terminal transcriptional elements. The deletion of the AR LBD, a key regulatory region,
results in loss of the anti-androgen binding site and constitutive activation of AR signaling,
independent of ligand. Mounting studies 90-92 have suggested that detection of AR-V7 in
circulating tumor cells (CTCs) could represent a hormone therapy treatment-selection
marker in metastatic castration-resistant PCA (mCRPC). CTC tests for AR-V7 are clinically
available in CLIA-certified academic 94-96 and commercial 97 clinical laboratories. Several
clinical trials have been designed to evaluate the clinical utility of CTC-based AR-V7 as a
biomarker to guide treatment in mCRPC (e.g., NCT02269982, NCT03700099,
NCT03601143, NCT02601014, and NCT03050866).

In a recent study to examine the potential clinical utility of EV-associated AR-V7, Marzia
Del Re et al. 98 described a digital droplet PCR (ddPCR) method to detect AR-V7 mRNA in
EVs isolated from small plasma samples (1-2mL). In this study, exoEasy spin columns
(Qiagen, Valencia, CA) were used for EV isolation, RNA was extracted from bound EVs
using a QlAzol phenol/guanidine-based lysis solution, and ddPCR to analyze AR-V7 was
performed using the One-Step RT-ddPCR kit and endogenous full-length AR was used as an
internal control. The CV for this assay ranged from 3.1% to 36% as target abundance ranged
from 1.5 to 448 copies/mL. The authors measured EV-associated AR-V7 expression in 26
patients who received abiraterone and 10 who received enzalutamide. Among this
population, 14 patients were AR-V7-positive. Median progression-free survival (PFS) was
20 months in AR-V7-negative patients, who did not reach the mortality threshold for median
overall survival (OS) after 40 months of follow-up. These values significantly differed from
the median 3 month PFS and 8 month OS observed in AR-V7-positive patients (o < 0.001).
This OS data is similar to that in a previous study using a CTC-based method to detect AR-
V7 91, However, there was a larger difference in median PFS between AR-V7-negative and -
positive patients using the EV method and the CTC method between these studies. Larger
studies are warranted to determine if the EV method has higher sensitivity to detect AR-V7-
positive status in the same patient population.

One clinical trial (NCT03236688) is recruiting 30 patients to demonstrate the ability to
detect AR-V7 transcripts from EVs in plasma drawn from mCRPC patients before and after
treatment with selective Androgen pathway inhibitors (abiraterone and enzalutamide), using
the PSA response rate in AR-V7 positive patients as the primary outcome measure. This
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study is sponsored by EV Diagnostics, Inc., which has presented a poster on its preliminary
method development %9 that employs a proprietary spin column methodology to extract total
EV RNA from 0.5-4 mL of plasma for subsequent detection of full-length AR and AR-V7
by gPCR. The LOD of this method was reported to be 4 copies/reaction, and the AR-V7
status was determined in 6 PCA patients using this assay.

PC is the third leading cause of cancer-related death in the US, with a 5-year survival rate of
only 9% 190, Biomarkers for early detection, prognosis, and treatment monitoring are crucial
for PC patient management due to the aggressiveness of this disease and its frequent late
diagnosis. Various EV-associated biomarkers have been reported for early detection
(screening), diagnosis, treatment monitoring, metastasis burden, prediction, and prognosis in
small cancer patient populations.

Despite the accumulating number of reports that have shown proof-of-concept results for
EV-associated PC biomarkers (Table 2), Glypican-1 (GPC1) has thus far been the only EV
candidate that has entered clinical trials for evaluating its performance as a clinical
biomarker.

GPC1* EV studies and clinical trials—One highly-cited EV biomarker study identified
GPC1 as an EV-associated marker for pancreatic ductal adenocarcinoma (PDAC), reporting
that circulating level of GPC1* EVs demonstrated excellent clinical performance for early
detection of PDAC 38. In this study, serum EVs were isolated by UC and bound to EV
capture beads, which were then hybridized with a fluorescently labeled anti-GCP1 antibody
and analyzed by flow cytometry to determine the frequency of circulating GPC1* EVs.
Reasonable numbers of patients were included for both the discovery (190 PDAC) and
validation (56 PDAC) cohorts in a blind clinical validation study, which found that
circulating GPC1* EV abundance exhibited 100% sensitivity and specificity for early
detection of PDAC. Circulating GPC1* EV level was also found to be a promising indicator
of disease prognosis and metastatic disease burden, and for monitoring surgery responses.
Further studies are required to confirm these results, particularly since the diagnostic
performance of this EV biomarker significantly outperforms the performance of other cancer
biomarkers. To date, subsequent studies have yielded mixed results about the diagnostic
potential of GPC1* EVs, although most such studies have analyzed GPC1 expression levels
in total EV samples isolated from plasma or serum samples rather than the relative
abundance of GPC1* EVs among the total circulating EV population.

For example, one subsequent study employed liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to quantitatively measure GPC1 protein concentration in UC-
isolated plasma EVs, since the authors observed that highly specific antibodies to GPC1 are
not readily available 3. This study observed that EV GPC1 levels did not significantly differ
among patients with PDAC or chronic pancreatitis (CP) and NCs, or between pre- and post-
surgical resection samples of the same PDAC patients (N=3/group). However, another study
that employed ELISA to measure GPCL1 levels in UC-isolated plasma EVs found there was a
significant difference between matched pre- and post- surgical resection plasma samples
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from 11 patients, although no significant differences in EV GPC1 levels were detected
between a group of 27 patients with PDAC and 16 patients with different forms of BPD 40.
Correspondingly, the AUC value for discriminating PDAC from BPD in this study was only
0.59, with a sensitivity of 74% and specificity of 44%.

Two recent studies more closely resemble the original study methodology. One study
employed an ACE chip assay to directly analyze GPC1 on the surface of circulating EVs 41.
This study found that mean GPC1 expression of total EVs from PDAC patients was
significantly higher than that of NCs, but not patients with various BPD diagnoses. A
bivariate model incorporating EV surface expression of GPC1 and the EV-associated surface
protein CD63 exhibited an AUC of 0.99, such that a probability cut-off point of 0.7 yielded
94% sensitivity and 91% specificity to discriminate samples from PDAC patients and NCs.
A similar analysis performed with PDAC and BPD patient samples, yielded an AUC of 0.79
with 81% sensitivity and 70% specificity to distinguish these groups. However, the clinical
validation component of this study was performed with a small patient population (20
PDAC, 7 BPD and 11 NC), limiting confidence in these results. A more recent study that
employs methodology that more closely resembles that of the original GPC1 EV study
found that GPC1* EV levels were significantly increased in purified plasma EVs from
patients with advanced PC versus those from age- and gender-matched NCs 42. This study
also found that plasma GPC1* EV levels in matched patient samples significantly decreased
following radiotherapy, and a greater decrease in GPC1* EV level following therapy was
associated with improved median OS rate.

All four of these studies focused on GPC1 in PC, but with different study designs, sample
sizes, and methodologies. The original study 38 employed flow cytometry to measure the
number of GPC1 positive EV particles, while the subsequent studies employed LC-MS/MS,
ELISA, and the ACE chip to measure EV GPC1 protein concentrations 3%-41, One flow
cytometry study used a similar analytical approach but employed a different patient
population, analyzing the association of GPC1* EV with advanced rather than early PC
disease. This lack of a standard analytical approach makes it impossible to directly compare
the results of these studies, and illustrates a fundamental issue in the development of EV
biomarkers: the lack of useful replication studies.

One clinical trial study (NCT03032913) has completed its recruitment to evaluate and
compare diagnostic accuracy of CTCs and GPC1* EV quantification for PC diagnosis, with
a target enrollment of 20 PDAC and 20 non-cancer patients. This study will compare several
methods (not specified) for tumor cell recovery and the best method will be used to detect
and enumerate CTCs. GPC1* EVs from patient plasma samples will also be quantified by
flow cytometry. This study has not yet published any results. Another on-going study
(NCT03410030) was designed to test if a treatment regimen using a combination of protein
bound paclitaxel, gemcitabine, cisplatin and high dose ascorbic acid is safe and effective in
untreated metastatic PC, using an estimated 36 recruited study subjects. GPC1* EV's were
proposed as one of the potential blood biomarkers to be evaluated in the blood samples of
these trial participants. However, the samples sizes in both these studies is rather small, and
neither study has specified the details of its methodology for EV purification or
quantification.

Lab Chip. Author manuscript; available in PMC 2020 March 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 23

Other PC EV biomarker clinical trials—Additional clinical trials related to EV
biomarkers for PC are exploratory and do not describe specific EV markers. For example, a
study (NCT03334708) that will recruit 750 participants, with the goal of developing a
minimally invasive test for early diagnosis of PC and treatment monitoring, will analyze
various blood-based biomarkers, including proteins and proteases, functional DNA repair
assays, EVs, stromal elements, circular RNAs and circulating tumor DNA (ctDNA). Another
study (NCT02393703) titled “Interrogation of EV-mediated Intercellular Signaling in
Patients With PC” will recruit 70 participates, and purify and analyze exosomes for
downstream applications such as proteomics and RNA sequencing, and investigate whether
EV activity has a connection to disease recurrence and patient outcomes.

Lung Cancer:

Lung cancer remains the leading cause of cancer deaths worldwide. 80-85% of lung cancer
cases are non-small cell lung cancer (NSCLC). Several reviews 101105 have summarized
lung cancer-related EV biomarkers reported for diagnosis, prognaosis, prediction and
treatment selection, including various miRNAs, RNA, DNA and proteins.

Targeted therapy and immune checkpoint inhibitor (ICI) therapy have made great progress in
improved the effective treatment of lung cancer. Diagnostic assays are being specifically
developed to identify the right lung cancer patient population for specific therapy. To date,
clinical trials have been designed to analyze specific genetic abnormalities and programmed
cell death-1 protein ligand (PDL1) expression in EVs to guide targeted therapy and
immunotherapy.

T790M epidermal growth factor receptor (EGFR)—Numerous targeted therapies
have recently been developed for lung cancer, and management strategies for lung cancer
patients have improved and gradually shifted to personalized therapies that are based on the
detection of specific mutations. The first such important oncogenic target identified for
NSCLC was the presence of EGFR gene mutations. The reported prevalence of such EGFR
mutations varies, ranging from about 40% in Asian patients with NSCLC to 11-17% in
Caucasian NSCLC patients 106, The development of the first and second-generation EGFR
tyrosine kinase inhibitors (EGFR-TKIs) such as erlotinib, gefitinib and afatinib has greatly
improved the treatment of NSCLC patients with kinase domain EGFR mutations, although
about 40-60% of these patients acquire drug resistance after treatment 107, The T790M
missense point mutation in EGFR exon 20 is the most common mechanism of drug
resistance to the first and second-generation EGFR-TKIs. NSCLC patients with the T790M
mutation respond well to the third-generation TKIs, therefore detecting the T790M mutation
during first and second-generation TKI treatment will aid in guiding treatment selection to a
third generation EGFR-TKI.

Initial and repeated invasive tissue biopsy for molecular testing is not always possible and
for many cases such tissue biopsies are challenging due to comorbidities, insufficient tumor
tissue, safety concerns, and cost. Liquid biopsy using ctDNA has emerged as a noninvasive
strategy 108 and many clinical laboratories and companies now offer molecular diagnostics
for detection of specific mutations using ctDNA. However, these tests reveal wide variations
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in their reported sensitivities (21%-100%) and specificities (60-100%) 108, Results from a
meta-analysis 109 have reported sensitivity of 67% and specificity of 80%. The low
sensitivity of ctDNA assays may relate to the low amount of ctDNA available for analysis
that may yield target copy numbers that are too low to reproducibly reach the LODs of
technologies employed in these analyses, including NGS, gPCR, and ddPCR.

EVs are a significant source of cell-free circulating nucleic acids. Recently, methods have
been developed to co-isolate the major sources of circulating nucleic acid (ctDNA and EV
RNA and DNA,; together called exoNA) from the plasma of NSCLC patients, using a
proprietary spin-column extraction technology (Exosome Diagnostics, Inc.) 110111, This
exoNA is then reverse-transcribed and the mixture of ctDNA and EV cDNA and DNA is
analyzed using NGS or qPCR, as decried below.

In the TIGER-X (NCT01526928) study 119, 84 patients were enrolled from a population of
548 patients. This study is a phase 1/2 trial of rociletinib in NSCLC patients who are known
to have the T790M EGFR mutation and to have previously failed treatment with a thymidine
kinase inhibitor such as erlotinib, gefitinib or afatinib. A MiSeq System (Illumina CA) was
utilized to analyze the exoNA (EX01000). In contrast, the ctDNA extraction and analysis
was performed in different laboratories by BEAMing (Sysmex Inostics GmbH, Germany)
and the cobas® EGFR mutation test v2 (Roche Molecular Systems, Inc.), the later has been
approved by the US FDA. The status of the clinical laboratory certification in this study was
not specified. In subgroup A (n=56), which is representative of the TIGER-X study
population, the sensitivities of exoRN (EX01000) and ctDNA (BEAMing) for T790M were
90% and 84%, respectively. The sensitivities of exoRN (EX01000) and ctDNA (BEAMing)
for EGFRL858R or del19 were 98% and 82%, respectively. The difference in sensitivity
between co-isolating exoNA and ctDNA (BEAMing) alone is larger for EGFR L858R or
del19 compared to T790M. In a subgroup (N=50) enriched for low-copy plasma ctDNA
samples, the sensitivity was higher using exoNA (EX01000) (81% compared with 58% for
ctDNA (BEAMInQ)). Interestingly, in a subset of 22 cases, the sensitivities of exoRN and
ctDNA (cobas) for T790M were 72% and 67%, respectively. These detection rates are much
lower than those in the subgroup A but comparable to the previously reported rates in the
meta-analysis. The difference between exoRN (EX01000) and ctDNA (cobas) is small, if
unremarkable. As mentioned above, there were big variations of reported sensitivities using
different ctDNA platforms in different studies. Unfortunately, the manuscript does not
provide detailed information of analytical performance of the assays used in this study. The
observed difference in sensitivity could be due to various factors such as nucleic acid
extraction methods as suggested by the authors or different analytical performance of the
assays used for mutation analysis. The landscape of the EV diagnostic tests is complicated
by the fact that each test has its own EV extraction system and mutations are anlayed using
different platforms. To demonstrated the superiority of exoNA, the same analysis platform,
eg. exoRN (EX01000) or ctDNA (EX01000) should be used to make an apple to apple
comparison.

A larger study 111 from the same group included biopsy-confirmed 102 T790M-positive and
108 T790M-negative samples, where the T790M mutation status was determined using an
analytically validated gPCR assay in a CLIA-certified clinical laboratory, and analytical
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validation was performed to establish precision, LOD, and analytical specificity. The T790M
mutation frequency in exoNA achieved sensitivity of 92% sensitivity and 89% specificity in
this study, and showed higher sensitivity and specificity to the meta-analysis of ctDNA
alone. However, as aforementioned, a direct comparison using the same qPCR between
exoNA and ctDAN is warrant.

Currently, one clinical trial (NCT03236675) is recruiting 60 participants to demonstrate the
feasibility of detecting either EML4-ALK gene rearrangements or the T790M EGFR
mutation in plasma EVs isolated from patients with advanced NSCLC. This trial refers to an
“institutionally accepted assay” but does not provide more detail. Another clinical trial
(NCT03228277) is a phase 2 study to assess the efficacy of olmutinib in 25 NSCLC patients
with the T790M mutation, where mutation status will be confirmed using DNA extracted
from EVs present in bronchoalveolar lavage fluid.

PD-L1—PD-L1 is a classical immune surface protein and a ligand of the programmed death
receptor 1 (PD-1) protein, a cell-surface receptor present on certain immune cells, including
T, B and NK cells. Many cancer cells also express PD-L1 and the PD-1/PD-L1 interaction
between tumor and immune cells can inhibit the anti-tumor function of immune cells and
enable these tumors to evade immune recognition. ICI therapies targeting the PD-1/PD-L1
pathway have the potential to advance the treatment of cancer. However, reliable methods
are required to identify cancer patients who are likely to respond ICI therapy. According to a
recent systematic literature review 112 most of the published validation data for PD-L1 tests
relates to immunohistochemistry tests in the context of lung cancer. There is also significant
variability and lack of standardization in types of samples (biopsy or surgical-resection),
types of antibodies, types of cells tested, test cut-offs, and scoring algorithms. The
discussion of PD-L1 immunohistochemistry assays is beyond of the scope of this review and
can be found in other review articles 104,112,113

Whether PD-L1 expression is enhanced in cancer cell-derived EVs, whether it plays a role in
immune surveillance, and whether it can function as a biomarker for patient treatment
stratification and tumor progression has been unclear until recently when these points were
addressed in three EV studies examining EV-derived PDL1 in cell culture, a mouse model
and cancer patients, including patients with head and neck cancer (HNSCC), melanoma, or
NSCLC.

Using cell culture and a mouse model, Yang et al. 114 reported the presence of PD-L1
protein in EVs in the cell culture media of breast cancer cells and mouse mammary tumor
cells. This study found that EV-derived PD-L1 could bind PD-1 to inhibit T-cell mediated
cytotoxicity, that EVs could transport PD-L1 from PD-L1-positive to PD-L1-negative breast
cancer cells, and that treatment of mouse tumor models with the EV secretion inhibitor
GW4869 enhanced the efficiency of an anti-PD-L1 antibody mediated immunotherapy.

Theodoraki and colleagues identified PD-L1 expression in plasma EVs of HNSCC patients
115 EV was isolated by mini size-exclusion chromatography from plasma of 40 HNSCC
patients. Purified EVs were captured on beads using anti-CD63 antibodies, stained for PD-1
and PD-L1 and analyzed by flow cytometry. The authors demonstrated that PD-L1 levels on
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EVs, but not PD1 on EVs or soluble PD-L1, corrected with HNSCC patients’ disease
progression.

Marzia Del Re et al. 116 demonstrated plasma EV PD-L1 mRNA level changes during the
ICI therapy and is significantly associated with response to treatment in melanoma (/7=18)
and NSCLC (7=8). The EV isolation and RNA extraction was as previously described
methods 98. ddPCR was employed to analyze PD-L1 mRNA. Human B-actin ddPCR assay
was used as internal control. EV PD-L1 mRNA levels in plasma significantly decreased in
patients responding to treatment and increased in patients with disease progression at 2
months compared with baseline. There was no significant changes in patients with stable
disease.

Two clinical trials (NCT02890849 and NCT02869685) have been registered but not
recruiting yet focusing on EV PDL1 in NSCLC. The studies expect that the detection of PD-
L1 mRNA in plasma EVs should be simple, rapid, non-invasive. The first trial
(NCT02890849) is designed to explore the consistency of PD-L1 protein expression level in
tissues and mRNA levels in plasma EV of 60 NSCLC patients. The second trial
(NCT02890849) will measure the match rate of tissue PD-L1 protein expression and plasma
EV PD-L1 mRNA level before and after radiotherapy of 60 NSCLC patients.

Breast Cancer:

Several recent reviews 117-119 have summarized EV biomarkers associated with breast
cancer, including HER2, CD47, DEL-1, GSTP1, TRPC5, TRPC5, NANOG, NEUROD1,
HTR7, KISS1R, HOXC, KDR, CD49d, CXCR4 CD44 and various miRNAs (e.g.,
miR-1246, miR-21, miR-340-5p, miR-17-5p, miR-130a-3p, miR-93-5p). Four clinical
trials (NCT02514681, NCT02971761, NCT02892734, and NCT01344109) are set to study
EV biomarkers in blood, plasma, or serum. However, these studies are designed for
treatment evaluation or as pilot studies for biomarker discovery with no specific EV targets
mentioned. One study (NCT02514681) will recruit 370 patients to participate in a phase 111
trial of pertuzumab retreatment in previously pertuzumab, trastuzuamb and chemotherapy
treated Her2-positive metastatic advanced breast cancer. One of the secondary outcome
measures is to find prognostic and predictive biomarker markers for patients receiving anti-
HER?2 treatment. The study design indicates that miRNA expression in plasma EVs is one of
the potential biomarkers slated for evaluation, but does not specify which miRNAS are to be
analyzed as biomarkers. Two small phase Il studies (NCT02971761 and NCT02892734) will
recruit < 30 breast cancer patients each to evaluate differences in treatment efficacy and
safety. One of the tertiary objectives of NCT02971761 is to measure the temporal profile of
tumor-derived EVs, while NCT02892734 will evaluate ctDNA and EV-associated immune
signatures.

Regulatory requirements and end user utilization

After the analytical and clinical evidence for the performance and utility of a clinical assay
has been established, the validated assay must comply with a set of rules and regulations
before it can move into commercialization. Commercially distributed clinical laboratory
assays intended for diagnostic use in the US are considered to be in vitro diagnostics (IVDs)
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and their development and marketing are regulated by the US FDA. The specific type of
regulatory requirements applied for such tests is determined by the specific device
classification. IVDs are classified into three regulatory classes (Class I, 11, or 111) based on
the risk they pose to patients (low-, moderate-, and high-risk, respectively), with the
stringency of regulatory requirements increasing from Class | to Class I1l. Many low-risk
devices are deemed exempt from pre-market review and can be legally marketed upon
registration alone, but most moderate- and high-risk devices must receive FDA
authorization, after complying with a series of regulatory requirements, before they can be
legally commercialized in the US market. No EV biomarker assay has been approved by the
US FDA, and the regulatory approval processes can be very complicated and challenging for
this type of assay.

Under the FDA guidelines, LDTs are the subset of I\VDs intended for clinical use that are
designed, manufactured, and used in a single laboratory, as opposed to other 1VDs that are
made by a conventional manufacturer and used by many laboratories. Many LDTs serve
increasingly critical roles for patient care and some involve innovative and/or advanced
assay approaches, including mass spectrometry and second generation sequencing. LDTSs as
medical devices are subject to the United States Federal Food, Drug, and Cosmetic Act
(FD&C Act), although the FDA has generally exercised enforcement discretion toward
LDTs.

In the US, LDTs are subject to regulation by the Centers for Medicare & Medicaid Services
(CMS) under the CLIA, which established quality standards for laboratories conducting
testing on human specimens for the purpose of providing information for the diagnosis,
prevention, treatment of disease, or on the impairment or assessment of health. Laboratories
performing these types of tests, including LDTs, must be certified by CMS-approved
accreditation organizations. There are now examples of EV cancer assays which are
performed (e.g., EPI by Exosome Diagnostic, Inc.) or are under development as LDTs in
CLIA-certified clinical laboratories. However, even though the FDA generally does not
enforce the applicable provisions under the FD&C Act and FDA regulations, clinical
laboratories which develop and perform LDTs are still required by CLIA and state-specific
regulations to conduct rigorous analytical and clinical validation.

EV Assay standardization

The goal of testing standardization is to generate accurate test results regardless of the
laboratory, the analytical system, the location, or the time of testing. Equivalent laboratory
test values are crucial to allow application of consistent standards of patient care and disease
management. This is extremely challenging for EV assays, due to the lack of a gold standard
method and standard EV materials for method calibration. Efforts have been made to
standardize critical parameters of EV assays, such as blood collection, sample type, and
sample processing and storage, etc. 63-65. 68,120,121 For EV/ quantification, however, there
is still no consensus on how to define EV dosage, whether it should be number of vesicles,
protein amount, or a vesicle number to protein ratio 15, There is still a critical need to
standardize EV isolation and quantification methods. It would also be extremely valuable to
have generic biological standards for EVs, or EV subtypes, to calibrate different assay
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platforms. Although it should be recognized that EV composition and/or characterization
could differ by source and cancer types.

Conclusions

As illustrated in this review, there is considerable activity focused on the development of EV
assays for clinical applications. However, we emphasize that each phase listed in Fig. 2 is
essential for the ultimate development of a successful EV assay. The critical question is
which candidate EV biomarker from a large pool of biomarker pipelines justifies the
significant investment of time and money required to complete the entire assay development
process. We reiterate that rigorous study design and validation is essential, since a successful
EV biomarker must address essential criteria in each of the development phases.
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Fig. 1.
Schematic of extracellular vesicles (EVs) diagnostics from EV release to analysis. EVs

secreted by diseased and healthy cells are secreted into most body fluids, including blood,
and can be isolated by integrated EV capture and analysis platforms to detect and measure
expression of disease-associated EVs for disease diagnosis and the analysis of treatment
responses. Captured EVs are analyzed for disease-specific (e.g. pancreatic cancer-
associated) EV biomarkers, including membrane proteins (glypican-1 (GPC1), Ephrin type-
A receptor 2 (EphA2) and Integrin a.y); cytosolic proteins (macrophage migration inhibitory
factor (MIF) and asparaginyl endopeptidase (AEP)); microRNA (miRNA), long non-coding
RNA (IncRNA), cell-free DNA (cfDNA). Microfluidic devices are often used for such
devices, with most using one or more EV-specific antibodies (CD63, CD9 or CD81) for EV
capture. Antibodies targeting disease-associated EVs can be used as probes to generate
chromogenic, chemifluorescent, or electrochemical signals, among other readouts, or PCR-
based approaches can be utilized to quantify disease-associated nucleic acid biomarkers.
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Fig. 3.

E)?amples of microfluidic devices applications for EV analysis. (A) ExoChip EV platform?3,
(B) Nano-interfaced microfluidic exosome (nano-IMEX) assay’8. (C) Nano-plasmonic
exosome (NPLEX) assay®0. (D) Nanoplasmonic-enhanced scattering (nPES) assay*3. (E)
Fluorescent immunoassay’?. (F) UINMR assay. (G) ExoSearch assay’®. (H) Immuno-
magnetic exosome RNA (iMER) assay’®. (1) Immunomagnetic ELISASL. Panels A and G
were adapted with permission from The Royal Society of Chemistry. Panels. B, E, G, H, and
I were adapted under the Creative Common license http://creativecommons.org/licenses/by/
4.0/.

Panels C, D and F were adapted with permission from Springer Nature
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Fig. 4.
Examples of microfluidc devices applications for EV analysis (continued). (A)

Immunomagnetic assays with electrochemical detection approaches8?. (B) Integrated
magnetic—electrochemical exosome (iMEX) assay®3. (C) Microfiltration for direct EV
capture”. (D) Microfiltration for direct EV capture - Exodisc assay’’. (E) Microfiltration of
EV affinity beads for indirect EV capture®. (F) Alternating current electrohydrodynamic
(ac-EHD) assay method’®. (G) Alternating current electrokinetic (ACE) assay method®2. (H)
Surface plasmon resonance (SPR) detection8®. Panels A, B, D, F and G were adapted with
permission from the American Chemical Society. Panels C and E were adapted under
Creative Common license.

http://creativecommons.org/licenses/by/4.0/.
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Fig 5.

Cgmparison of the different scale of patient sample sizes employed in the research
laboratory studies described in the section on novel integrated systems for EV isolation and
analysis (green bars) and the clinical trial studies described in the section on EV assay
validation-clinical validation (blue bars).
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Table 3.

CLSI guidelines for validation performance characteristic

Source of guidelines: https://clsi.org/

validation performance characteristic

CLSI guideline

Accuracy EPO09c: Measurement Procedure Comparison and Bias Estimation Using Patient Samples
EP15-A3: User Verification of Precision and Estimation of Bias
Precision EPO05-A3: Evaluation of Precision of Quantitative Measurement Procedures

EP15-A3: User Verification of Precision and Estimation of Bias

Detection capability

EP17-A2: Evaluation of Detection Capability for Clinical Laboratory Measurement Procedures

Analytical specificity

EP7-A3: Interference Testing in Clinical Chemistry

Reportable range

EP6-A: Evaluation of the Linearity of Quantitative Measurement Procedures: A Statistical
Approach

Reference intervals

EP28-A3C: Defining, Establishing, and Verifying Reference Intervals in the Clinical Laboratory

Diagnostic accuracy

EP24-A2: Assessment of the Diagnostic Accuracy of Laboratory Tests Using Receiver Operating
Characteristic Curves, 2nd Edition
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