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Abstract

Introduction: Current methods for diagnosing cancer can be invasive and costly. In recent years,
extensive research has been conducted on using exosomes as biomarkers for cancer detection.
Exosomes are 40-150 nm-sized extracellular vesicles released by all cell types, including tumor
cells. Exosomes are stable in body fluids due to their lipid bilayer member and often contain DNA,
RNA, and proteins. These exosomes can be harvested from blood, plasma, serum, urine or saliva
and analyzed for tumor-relevant mutations. Thus, providing an alternative to current methods of
tumor detection.

Areas covered: This review discusses the use of exosomal diagnostics in various tumor types as
well as their examination in various clinical trials. The authors also discuss the limitations of
exosome-based diagnostics in the clinical setting and provide examples of several studies in which
the development and usage of microfluidic chips and nano sensing devices have been utilized to
address these obstacles.

Expert commentary: In recent years, exosomes and their contents have exhibited potential as
novel tumor detection markers despite the labor involved in their harvest and isolation. Despite
this, much work is being done to optimize exosome capture and analysis. Thus, their roles as
biomarkers in the clinical setting appears promising.
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1. Introduction

For many tumor types, diagnosis is determined by a series of imaging scans, followed by
biopsy to confirm the diagnosis [1,2]. These methods are not only invasive but can be
uncomfortable for the patient as well as costly. Furthermore, in the absence of routine
screening, patients are more likely to receive a late stage diagnosis. A late diagnosis has the
potential drawback of decreasing the patient’s response to therapy and therefore their
survivability [3-5]. This makes monitoring patient response to therapy important. Thus, it is
necessary to develop new methods of diagnosing cancer that are less costly, less invasive,
and have the potential for detecting tumors early and monitoring patients undergoing
therapy.

In recent years, research has focused on the usefulness of exosomes in diagnosing cancer
patients as well as monitoring their responses to therapy [6-13]. Exosomes are 40-150 nm
extracellular vesicles comprised of a lipid bilayer membrane, complete with membrane-
specific proteins [14-16]. The lipid bilayer membrane confers stability, preventing the
exosomal cargo—DNA, messenger RNA (mMRNA), microRNA (miRNA), and proteins—
from degradation circulating throughout the body. Because of this stability, exosomes are
easily harvested from a variety of accessible body fluids. This makes them attractive targets
for developing new methods for detecting cancer [15,17,18].

The use of exosomes and exosomal cargo for cancer diagnostics requires identification of
the most commonly deregulated genes for a specific cancer type. This is because tumors are
multifactorial and exhibit what is known as tumor heterogeneity. Tumor heterogeneity
describes the differences in genetic mutations and cell behaviors observed between different
tumor types and their metastases as well as the same tumor type between different patients
[19,20]. Tumor heterogeneity is also important in determining the proper therapy and
maximizing patient survival [21,22]. It is therefore necessary to identify a panel of the most
likely deregulated genes for a given tumor type or for multiple tumors. Thus, a great deal of
work has incorporated bioinformatics, sequencing, and machine learning to determine
deregulated genes specific to any given tumor type [7,23-25]. This review will discuss
current exosomal markers that have been identified for the potential diagnosis of various
tumor types, which biomarkers are useful for monitoring patients, and the limitations of
current methods that must be overcome in order to bring exosomal biomarkers to the
forefront of clinical applications.

1.1. Extracellular Vesicle Formation

Exosomes belong to a category of extracellular vesicles which also include apoptotic bodies,
ectosomes, and microvesicles [26-31]. These vesicles were originally thought to be portions
of dead cells or cellular waste. However, it is now known that exosomes exhibit important
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involvement in extracellular communication [32—35]. Once released, exosomes can traverse

the body and localize to a specific cell. Once an exosome has localized, it will fuse with the

membrane of the target cell and release its contents. These contents encompass DNA, RNA,

and proteins which may proceed to carry out their functions in the new cell and contribute to
tumor progression [36-39].

Exosomes are generated via a complex process. They may develop with or independent of
endosomal complexes required for transport, or ESCRT [40,41]. Exosome formation which
relies on ESCRT begins with the binding of ubiquitinated proteins on the endosomal
membrane by ESCRTO [42,43]. The ESCRT-0 and endosomal membrane protein complex
with ESCRT-I and tumor susceptibility gene 101 (TSG101) to activate ESCRT-II. This
complex contributes to the curvature of the endosome to form the intraluminal vesicles
(ILVs) which make up the multivesicular body (MVB). Additionally, various cargos are
deubiquitinated as they are packaged into the ILVs. Once the MVB is formed, it fuses with
the cellular membrane where ESCRT-I1I aids in secretion of ILVs by pinching off the
cellular membrane to allow their release into extracellular space as exosomes (figure 1).
ESCRT-111 is then disassembled by vacuolar protein sorting-associated protein 4 (VPS4)
[44,45]. ESCRT-Independent exosome formation is less understood. It involves membrane
folding induced by lipids and heat shock proteins to develop the ILVs while the cargo is
sorted and packaged into exosomes via tetraspanins [35,45,46].

2. Exosomal Biomarkers for Specific Cancer Diagnosis

2.1. Breast Cancer

Breast cancer is the most common type of cancer and the second leading cause of cancer-
related deaths in women [47]. Breast cancer is typically diagnosed via routine mammaograms
or to clarify the results of a patient’s self-examination [48]. Upon a confirmation of the mass
via imaging scans, the mass is analyzed via needle biopsy or surgical incision to determine
malignancy. These procedures can be uncomfortable and painful to the patient. An
alternative means of diagnosis could therefore benefit many patients.

Recently, circulating exosomal miRNA were analyzed as potential biomarkers for breast
cancer [49]. Analysis of the media from breast cancer cell lines yielded a library of
exosomal miRNA. The microRNA miR-1246 was highly expressed in two breast cancer cell
lines, MCF-7 and MDA-MB-231 when compared to MCF10A, a normal mammary
epithelial cell line. They then analyzed the plasma of patient-derived orthotopic xenograft
mouse models to determine the expression of the miR-1246. They found that exosomal
miR-1246 was significantly higher in these xenograft models than in control mice across all
breast cancer subtypes, including progesterone and estrogen receptor negative subtypes,
which exhibited the highest levels of miR-1246 [49]. The study concluded that exosomal
miR-1246 and miR-21 in combination could offer a potential alternative to traditional
methods of breast cancer diagnosis.

Another study which focused on exosomal miR-1246 confirmed the observation of increased
expression levels in breast cancer. Using the MCF-7 cell line and the MCF-10a as the
normal control, the laboratory was able to detect high fluorescent signaling of exosomal
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miR-1246 using functionalized Au nanoprobes [47]. This laboratory followed up with
spiking the cell line-derived exosomes into healthy patient plasma and upon incubation with
the functionalized Au probes for four hours, observed a significant increase in the
fluorescent signaling of miR-1246. When they examined the plasma of healthy participants
versus breast cancer patients, they found cancer patients exhibited mean signal levels of
17.73+7.73 compared to the signal levels of healthy patients with a mean of 5.27+2.61 [47].

There are currently two clinical trials focusing on the use of exosomes for breast cancer
diagnosis and monitoring patient response to therapy. NCT02977468 is a phase one clinical
trial aiming to assess response to Pembrolizumab (brand name Keytruda®), for treating
triple negative breast cancer [50]. The study aims to monitor response to this form of therapy
by analyzing the tumor samples, circulating lymphocytes, and serum exosomes. The last
update occurred on September 2019 and this study was still recruiting. NCT02662621 is an
interventional clinical trial focusing on the use of an exosomal detection protocol for the
diagnosis of several cancer types, including breast cancer [51]. The study suggests that
exosomes exhibiting the stress protein, HSP70, on the cell membrane are cancer-specific
exosomes. The clinical trial aims to develop a minimally invasive diagnostic procedure that
involves the isolation of these specific exosomes from blood and urine, providing an
alternative to the current methods of cancer diagnoses. As of November 2019, the trial had
completed but as of the writing of this work, no data has been published. Table 1 provides a
summary of the current clinical trials exploring exosomes for diagnosing and monitoring
cancer patients as well as their current statuses.

2.2. Lung Cancer

Lung cancer is responsible for the most cancer deaths worldwide. There are three main types
of lung cancer: small cell lung cancer (SCLC), non-small cell lung cancer (NSCLC), and
lung carcinoid tumors. The two most common types, however, are NSCLC (80-85%) and
SCLC (10-15%). NSCLC can be broken into further subtypes, deriving from different areas
of the lungs, but all are subjected to similar treatments and have similar prognoses. There are
three subtypes of lung cancer: adenocarcinomas, the most common, comprising 40% of
diagnosed cases of lung cancer; squamous cell carcinomas, which contribute to 25-30% of
lung tumors; and large cell carcinomas which are generally undifferentiated tumors and
constitute 10-15% of lung cancers. Lung carcinoid tumors are associated with
neuroendocrine cells and make up fewer than 5% of lung cancers [48].

Current lung cancer diagnostic methods involve the use of imaging scans but cannot be
confirmed without examination of lung cells for presence of tumor. The least invasive
procedure for detecting lung tumors involves collecting sputum from the patient. This
method is effective for tumors originating in the airways, such as squamous cell carcinoma.
A slightly more invasive procedure involves collection of pleural effusions, though this may
not be enough to determine the type of tumor. A more invasive procedure uses needle biopsy
of the tumor which could result in collapsing the lung [48]. Thus, less invasive methods for
lung cancer detection are needed. Exosomes isolated from blood or serum may prove an
alternative to these invasive and potentially dangerous procedures.
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It is possible to differentiate between patients with lung inflammation and patients exhibiting
lung adenocarcinomas by analyzing pleural effusion for exosomal RNA expression levels. A
panel consisting of miR-200b, miR-200c, miR-141 and miR-375 exhibited a significant
increase in expression in lung adenocarcinoma compared to benign lung inflammation.
Additionally, these miRs exhibited greater than 0.95 values when analyzed using ROC
curves. However, the exosomal transcript which exhibited the highest diagnostic potential
was Lipocalin-2 (LCN2) with an AUC of 0.99 [52]. While this may be a promising
diagnosis, the collection of pleural effusions is slightly more invasive than using blood. It
would be interesting if these results were repeatable using the blood of patients with lung
inflammation versus patients with lung adenocarcinoma.

One clinical trial is in progress for testing the efficacy of exosomes for monitoring patient
response to lung cancer therapy. Clinical trial NCT02869685 is exploring the usefulness of
Programmed Death Ligand 1 (PDL1) mRNA expression in plasma exosomes to monitor the
success of radiotherapy [53]. PDL1 is a necessary receptor for activating naive T-cells,
which are important for successful destruction of tumor cells. This study was expected to
conclude in June 2019; however, the status of this clinical trial remains unknown.

2.3. Gastrointestinal Cancers (Colon Cancer, Hepatocellular Carcinoma, Pancreatic
Ductal Adenocarcinoma) for cancer-related deaths every year.

Diagnosing colon cancer usually involves routine screening via colonoscopy. By this
method, a patient is required to consume a preparation that completely evacuates all contents
of the colon while simultaneously refraining from consumption of solid foods. This process
can be uncomfortable and unpleasant for the patient. One benefit to a colonoscopy is that
should the physician identify polyps in the colon, they can be removed, thereby preventing
the formation of a tumor. Unfortunately, only about 40% of colorectal tumors are found at
this early stage. Thus, additional methods are needed to ensure a complete screening for
colorectal cancer [48].

Carcinoembryonic antigen (CEA) is generally observed in fetal gastrointestinal development
but resurfaces in the blood during tumorigenesis of the gastrointestinal tract. It is currently
used as a marker for monitoring colon cancer patients in the hospital [54]. However, CEA is
not specific to colon cancer, and thus leaves room for new, more specific markers. Lee et al.
analyzed exosomes for the presence of distinguishing protein markers [54]. They used two
colon cancer cell lines HT-29 and HCT-116 and one colon epithelial cell line from ATCC,
CRL-1541 for analyzing the presence of distinguishing protein markers. They identified
exosomal tetraspanin 1 (TSPANL1) as a potential marker for colon cancer detection. In
patient plasma samples, this protein exhibited a sensitivity of 75.7%. It is possible that
TSPANL in conjunction with CEA may provide a new diagnostic marker for colon cancer
prognosis and diagnosis [54].

While the incidences of certain cancer types have exhibited an overall decline, other types,
such as hepatocellular carcinoma (HCC), have increased by 3% each year since 2000 [48].
About 700,000 patients are diagnosed each year with hepatocellular carcinoma and results in
600,000 deaths per year. Additionally, HCC is often diagnosed in later stages, resulting in
poor patient prognosis and outcome regardless of therapy [55].
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Xue et al identified a potential biomarker of 8 exosomal miRNAs consisting of miR-17-5p,
miR-29a, miR-106a, miR-122, miR-125h, miR-145, miR-192, and miR-194. Of these, they
found that miR-17-5p, miR-106a, and miR-194 exhibited a correlation between expression
and tumor size. Additionally, miR-106a, on its own, was correlated with a lower survival
rate due to its involvement in tumorigenesis. [55]. There is therefore potential for this
biomarker to be used as both a diagnostic and prognostic indicator for treatment outcome.

Pancreatic ductal adenocarcinoma (PDAC) comprises most pancreatic cancer types. It is a
highly aggressive and metastatic type of tumor with a five-year survival rate of 7% [56].
Current methods of diagnosing pancreatic cancer involve imaging scans and invasive surgery
to confirm the diagnosis. There is currently only one serum marker test for pancreatic
cancer, sialylated Lewis (a) blood group 19-9 (CA19-9). However, CA19-9 is variable in its
sensitivity and specificity, with a range of 60%—-90% and 68%-91%, respectively [57].
Additionally, CA19-9 levels are increased in other gastrointestinal diseases and may not be
expressed in asymptomatic pancreatic cancer patients [58]. This makes identification of new
and early biomarkers for pancreatic cancer detection vital for positive patient outcome.

Glypican-1 (GPC1) is a cell-surface proteoglycan enriched on pancreatic cancer cell derived
exosomes. It was originally identified as a promising target for early pancreatic cancer
diagnosis [59]. A follow-up study to determine the efficacy of GPC1 as an early marker was
conducted by Zhou et al [60]. They monitored PDAC patients over the course of five years
and found that CA19-9 was significantly better than GPC1 in distinguishing PDAC patients
from healthy patients. However, they observed that high levels of GPC1 in serum were
correlated with a shorter overall survival rate. They concluded that GPC1 may be a
prognostic indicator rather than an effective diagnostic.

Another study compared a panel of exosomal mRNA and small nucleolar RNA (snoRNA) to
the ability of CA19-9 to distinguish between pancreatic cancer patients and healthy controls.
This study found that the expressions of WAS Protein Family Member 2 (WASF2), ADP
Ribosylation Factor 6 (ARF6) Small Nucleolar RNA, H/ACA Box 74A (SNORAT74A), and
Small Nucleolar RNA, H/ACA Box 25 (SNORAZ25) were able to distinguish between
pancreatic cancer patients and healthy patients with a greater than 0.90 value for a ROC
curve compared to CA19-9. They found that of their four-gene panel, WASF2 showed
higher correlation with pancreatic cancer risk even when compared to CA19-9. Exosomal
WASF2 may therefore provide a novel method for predicting a patient’s risk for developing
pancreatic cancer [61].

Recently, a bioinformatics analysis identified several potential exosomal targets for
pancreatic cancer diagnosis [15]. The study incorporated meta-analysis tools such as
GeneCards, variant analyses, and pathway mapping to identify these putative leads. The
study identified 575 protein coding genes, 26 miRNAs, one pseudogene, one long non-
coding RNA, and one antisense gene directly associated with pancreatic cancer. Some of the
miRNAs identified in this analysis such as miR-21, miR-34a, miR-155, miR-210, and
miR-221 have previously been described as causally linked to pancreatic cancer progression
[15]. Additionally, nine open reading frames were identified. Many of these targets were
readily identified in exosomes found in blood, plasma, saliva, and serum, which marks them

Expert Rev Mol Diagn. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Makler and Asghar

3. Using

Page 7

as having strong diagnostic potential. This study provides a framework with which to
develop a potentially new diagnostic, and as such, further work is required to test the
efficacy of the predictions laid out in this study [15].

Memorial Sloan Kettering Cancer Clinic is currently running two clinical trials. One to test
the efficacy of diagnostic exosomes in colon and liver cancers, NCT03432806 [62], and
pancreatic cancer, NCT03334708 [63]. Both are looking to identify biomarkers circulating
in venous blood as well as analysis of respective tissues. These studies are currently
recruiting. Another study, NCT03032913, was focusing on the efficacy of GPC1+ exosomes
along with CA19-9 as a PDAC diagnostic. At the conclusion of this work, they found that
GPC1+ exosomes could better predict PDAC in conjunction with CA19-9 than either marker
on their own [64].

Exosomal Markers for Cancer Detection and Patient Monitoring

Exosomal markers are attractive targets for the cancer detection arsenal because of their
increased levels in body fluids. In fact, it is well-established that tumors, and even other
types of diseases, release greater numbers of exosomes compared to healthy cells, which
alone may be indicative of tumor burden or presence of disease [65-67]. Though exosomes
can be harvested from all body fluids, plasma is the preferred medium for detecting most
solid tumors [66]. To that end, many studies analyzing plasma exosomes have observed a
correlation between the number of plasma exosomes and tumor burden as well as a drop in
ex0some concentration post tumor treatment or removal [12,68-72]. For example, a pilot
study examined CD63 and caveolin 1 (CAV1) expressing exosomes in stage IV oral
squamous cell carcinoma (OSCC) patients [73]. Increase in CAV1 expression is associated
with tumor progression in oral cancers, however, when oral tumors were resected, CAV1
expressing exosomes increased. On the other hand, CD63-expressing exosomes decreased
within a week post-resection. In both cases, they found that lower levels of CAV1 and
CD63-expressing exosomes were associated with longer term survival. This work thus
supports utilizing exosomal markers for monitoring patients undergoing treatments and for
determining patient prognosis.

Exosomal markers for cancer diagnosis and patient monitoring are important if the field of
cancer medicine is to move forward. At present, routine screening for breast, cervical,
colorectal, endometrial, lung, and prostate cancers are offered in the United States [74].
Regardless, new methods of screening that utilize exosomes may prove beneficial not just
for confirming those tumor types with established routine screenings, but also for those
tumors which do not yet have routine or reliable screening methods.

Exosomal-based diagnostics could provide an additional measure of verifying the presence
of a concerning lesion as imaging scans are not always capable of distinguishing between
what is benign or malignant [75]. For example, prostate cancer patients will often exhibit
higher levels of prostate-specific antigen (PSA) in their blood, even in the presence of
benign conditions [69]. However, it was observed that only patients with prostate tumors
exhibited greater levels of CD81 and PSA-expressing exosomes in blood plasma [69]. A
follow up study analyzed the plasma from prostate cancer patients (N=80), patients with
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benign prostatic hyperplasia (BPH, N=80), and healthy donors (N=80) [76]. The levels of
CD81 and PSA-expressing exosomes were measured across the patient sampling. This
clinical analysis was able to differentiate between prostate cancer patients and healthy
donors with a sensitivity and specificity of 100%. They also found this method was able to
distinguish between prostate cancer patients and patients with BPH with a sensitivity of 80%
and a specificity of 98%. In both cases, PSA and CD81-expressing exosomes offer better
diagnostic capability than serum PSA levels alone [77].

Likewise, another study examined exosomes as a confirmative for suspected ovarian cancer
diagnosed via imaging and CA-125 expression levels [71]. They found that patients with
ovarian cancer exhibited much higher levels of phosphatidylserine (PS)-positive exosomes
compared to the controls [71]. A similar study used PS-labeled exosomes for detection of
breast and pancreatic cancers [78]. They found an increase in tumor exosome release in
early disease onset, even before clinical evidence of the tumors [78]. These studies suggest a
strong potential for a pan-cancer exosome-based diagnostic.

Interestingly, studies have also found that the acidic tumor environment may contribute to
the increased release of exosomes which also possess a pH lower than exosomes from
healthy cells [70,79-81]. It may therefore be possible to determine the presence of cancer
within a patient based off the pH of the exosomes alone. These studies thus suggest the
clinical potential of exosomes for detecting tumors, confirming imaging scans, and
monitoring tumor burden in patients undergoing treatment.

4. Limitations for the Use of Exosomal Biomarkers

4.1. Isolation of Exosomes

Cost effective and rapid isolation and purification of exosomal-biomarkers remains the main
obstacle for their use in clinical application. There are several methods for isolation of
exosomes as well as commercially available kits. Some of the more common methods
include ultracentrifugation, density-gradient ultracentrifugation immunoprecipitation,
ultrafiltration and size-exclusion chromatography [82,83].

Ultracentrifugation is a time-consuming method which can damage the exosomes, result in
poor RNA yield, and have low reproducibility [84—-86]. Density-gradient ultracentrifugation
relies on developing a density gradient by using either sucrose or iodixanol and allowing the
extracellular vesicles to collect at a particular density upon lengthy centrifugation. Use of
iodixanol appears to be more successful at separating exosomes from viral particles than
sucrose [84,87,88]. While this method may yield higher purity, it takes several days and
results in sample loss of the larger exosomes, leaving only those which range in size from
50-100 nm [84,89,90]. Ultrafiltration is a method that involves the use of a series of
decreasing microfilters from 0.8 to 0.1 um [84,91]. This procedure takes just over two hours
and yields pure samples at varying sizes. However, the filters can clog, and the sample is
subject to protein contamination and deformation of the exosomes. Immunoprecipitation
involves using antibodies specific for exosome receptors such as EpCAM, CD9, CD63, and
TSG101 to name a few [83,84,92]. This process takes about four hours and yields high
purity and selectivity of exosomes but is costly and may result in nonspecific binding of
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other molecules in the sample. Size-exclusion chromatography, also known as gel filtration,
is effective for rapid processing and high yield and purity, though it does rely on
ultrafiltration or ultracentrifugation to first eliminate impurities [93,94]. However, the
method is costly and requires specialized equipment. Commercial kits eliminate the need for
complex techniques and take about an hour to complete, with some Kits requiring one
overnight step. They tend to preserve the integrity of the exosomal structures but are costly
and lack reliable reproducibility [84].

4.2. Conventional Methods for Detecting and Quantifying Exosomes

Once exosomes are isolated, they need to be analyzed and quantified. There are several
methods for quantifying exosomes including enzyme-linked immunosorbent assay (ELISA),
flow cytometry, and nanoparticle tracking analysis (NTA) [95]. Boriachek et al. has
summarized these methods [95]. ELISA is a plate-based assay that utilizes specific
antibody-antigen interactions for capturing specific proteins and typically produces a color
change that correlates with concentration of the target. ELISAs for exosomes incorporate
exosome-specific markers such as CD9, CD63, or CD81 and their antibody for capture out
of patient serum or plasma [96]. For more specific capture of tumor-derived exosomes, the
assay can incorporate tumor markers such as caveolin-1, GPC-1, HER2, or HSP90 [97-100].
Despite these benefits, ELISA still suffers from a fairly high degree of “biological noise”
[95].

Flow cytometry is another common method for detecting and quantifying exosomes. Flow
incorporates the use of fluorescent labeling and light scattering to detect and quantify the
particles. A modification of traditional flow, called FACS, utilizes fluorescent labeled
antibodies to sort specific exosomes. This can streamline identification and isolation of
exosome species. However, this requires quite a complex setup. A major disadvantage of
flow is a lack of consistent results as the sensing of the particles is dependent on the optical
settings and laser setup. Another issue is that flow has difficulty in detecting the smaller
exosomes. Lastly, it requires expensive equipment that is not always feasible for clinical
settings or resource limited areas [95].

NTA is another method that relies on fluorescent tagging to identify and sort exosomes. It
uses a laser beam to track the particles and determine size by their movement. These data
points are analyzed by a computer and presented in a graph for visualization. NTA’s main
advantage overflow cytometry is its ability to detect exosomes on the lower end of their
accepted size range. However, NTA is incapable of determining the biochemical
composition of exosomes. This coupled with a long analysis time compared to flow renders
NTA disadvantageous for clinical application [95,101].

4.3. Clinical Limitations

For clinical application, exosomes must be rapidly isolated with minimal contaminants and
deformities in order to ensure purity. Ultracentrifugation remains the gold standard for
exosome isolation and purity though it is the most time-consuming method. Newer, more
rapid, methods for isolating exosomes need to be developed if exosomes are to become
appealing for clinical use.
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These methods for detecting and quantifying exosomes have their advantages and
disadvantages for clinical application. For example, ELISA takes time to prepare but once
the assay is ready, a rapid colorimetric response can be observed for a positive result.
However, ELISA is susceptible to contamination by other biomolecules in the patient fluid
being analyzed. Flow cytometry can detect various exosomes and sort them by species but
suffers from needing expensive equipment and production of inconsistent results. NTA also
requires expensive equipment and is incapable of identifying the type of exosome it detects.

For a technique to be clinically applicable, it must be cost effective and minimize the use of
expensive equipment. Perhaps more importantly, a method must be conclusive and
consistent, qualities the methods discussed have difficulty achieving. Thus, a method which
removes the need for costly equipment and ensures purity with minimal time would be ideal.
These limitations are currently being addressed by the development of new methods of
sensing and detection including electrochemical detection, microfluidics, and hano-sensors.

5. Overcoming Limitations of Exosome Diagnostic Use in the Clinic

Harvesting tumor-derived exosomes from body fluids can be laborious and costly. However,
microfluidic chips and other nano-sensing technologies have shown to be useful in a variety
of point-of-care scenarios encompassing cell sorting, fertility, DNA and protein sensing,
viral detection, drug delivery, cancer diagnostics, and tumor modeling [102,103,112—
114,104-111]. It is therefore likely that such devices will overcome the limitations that
current methods exhibit for clinical application. In this section, we highlight a selection of
electrochemical biosensors, nanosensors, and microfluidic chips which have been developed.

5.1. Electrochemical Biosensors

One of the more common types of biosensors are electrochemical sensors. Common sensors
currently used in the clinic include blood glucose monitors and respiratory CO, monitors.
Electrochemical detection sensors utilize antibodies to interact and capture antigens. The
concentration of captured antigens is determined by changes in the electric current [95,115].
This principle is easily applied to exosomes [116].

Several electrochemical devices have been developed for capture and analysis of tumor
exosomes. One such device is called IMEX (integrated magnetic-electrochemical exosome)
[117]. IMEX incorporates magnetic beads functionalized with the common exosome
tetraspanins CD9, CD63, and CD81. The system utilizes magnets to pull these magnetic
bead-captured exosomes to the electrodes for electromagnetic sensing. To determine if the
device could provide clinical benefit, they used beads functionalized with ovarian cancer-
specific exosome marker antibodies CD63, CA-125, EpCAM, and CD24. Through this
method, iIMEX was able to detect ovarian cancer exosomes from 10 pL of patient blood in
about an hour’s time. Additionally, they tested the same patients post-treatment two months
later and found decreased levels of EpCAM and CD24 in the patients who responded to the
treatment [117].

Another method followed a similar method, using immunomagnetic sensing to capture
breast cancer exosomes [118]. They used magnetic particles functionalized with antibodies
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for exosome tetraspanins and cancer-specific tetraspanins CD24, CD44, CD326, and
CD340. The beads were isolated by a magnetic tube separator and transferred to a magnetic
electrode where amperometry was used for sensing. Through this method, they identified a
LOD of 105 exosomes/uL~1 in breast cancer patient serum [118].

Another electrochemical biosensor utilized CD9 antibodies functionalized to gold electrodes
[119]. The CD9 labeled exosomes were captured out of MCF7 breast cancer cell culture
media and then tagged with mouse 1gG antibody-HRP conjugate. The electrochemical
reduction of TMB by HRP was then observed. This device boasts a high degree of
sensitivity with a limit of detection of 2x102 particles/uL using a minimal volume of 1.5 pL
of sample [119]. As is, the device can distinguish exosomes from other extracellular
vesicles. Further studies using specific breast cancer exosomal markers are needed to
establish the potential of this device for clinical application. Regardless, this initial data
exhibits a great deal of potential for clinical use.

Electrochemical sensors can also be applied to exosomal miRNA. Detection of exosomal
mMiRNA is costly and requires time-consuming methods of purifying exosomes, lysing them,
isolating miRNA, and then RT-gPCR analysis of the miRNA targets. In order to use
exosomal miRNAs in the clinic, it is necessary to determine other methods of quantifying
target miRNAs that eliminate the need for expensive equipment and time-consuming steps.
Therefore, developing alternative methods of quantifying tumor-related exosomal miRNAs
has been of interest. A few studies have developed a means of electrochemical detection of
these miRs that eliminate much of these issues [120-122].

Two studies for electrochemical sensing of miRNAs, conducted by the same lab, involve the
use of locked-nucleic acids (LNA) for capture of miR-21 from MCF-7. The first study
utilizes a bipedal DNA walker and LNA to increase effectiveness of binding to the miRNA
sequence [120]. Gold nanoprobes were functionalized with hairpin probes while the DNA
walkers were labeled with FAM. The LNA provided a means for the walker to partially bind
and upon introduction of miR-21, the walker is released. The walker moves along the first
methylene blue hairpin probe, allowing it to interact with a second ferrocene labeled probe,
releasing the ferrocene from probe 2 and the methylene blue (MB) from probe 1. Together,
the probes guide the walker until it connects to the next miR-21. This system is capable of
quantifying the miR-21 based on the electrochemical ratio of ferrocene to methylene blue
[120]. Using breast cancer patients and serum from patients without breast cancer, they
found their system detected 2.5 fold change higher levels of miR-21 in breast cancer patients
than in the control [120].

The second LNA system utilizes two probes, one labeled with methylene blue and the other
with ferrocene attached to glassy carbon electrodes [121]. Upon introduction of miR-21, the
ferrocene labeled probe could functionalize with miR-21, releasing the methylene blue
labeled probe. This would result in the MB probe folding into a hairpin structure and resting
close to the electrode, resulting in a change of electric current. This method exhibited a close
similarity to RT-gPCR values when exosomal miR-21 from MCF7 was analyzed, suggesting
an alternative to RT-qPCR [121]. Further work encompassing the use of patient samples is
necessary, however, to determine the efficacy of this method as a potential diagnostic.
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DNA walkers have been previously described for identifying CD63 exosomes, not just
exosomal miRNA, using CD63 and EpCAM aptamers for MCF7 exosome recognition
[123]. This exosome capture and ratiometric system was analyzed with healthy patients and
breast cancer patients. The breast cancer patients exhibited nearly 100 times more exosomes
than the healthy patients [123].

A third method, called SEEmIR, uses peptide nucleic acids (PNA) for interaction with
spherical nucleic acid (SNA) nanoprobes [122]. The PNA is a probe with a neutral peptide
backbone that captures the target miR-21. The neutral peptide backbone decreases the
charge of the gold electrode, allowing miR-21 to bind more easily to the probe. The miR-21
prehybridizes with the SNA, which is very negatively charged, providing a more sensitive
binding to the PNA-functionalized electrode. When they tested SEEmIiR with plasma from
breast cancer patients, they found a significant difference in electrochemical responses
between breast cancer patients and healthy patients [122]. In general, electrochemical
biosensors may provide a more cost-effective method for detecting exosomal miRNAs.

Biosensors are ideal for clinical setting. They have the potential for highly specific and
sensitive real-time detection with the added benefit of low limits of detection. This makes
them ideal for monitoring patients transitioning through disease stages as well as monitoring
patients as they undergo treatment [115,124]. Biosensors are also portable and cost-effective,
which adds to their appeal. The disadvantage is that initial production and fabrication is
complex. Special care needs to be taken when identifying the appropriate markers as well as
ensuring precision in design to ensure reproducibility of the assays [95,124]. Despite this,
these types of sensors have the potential to overcome the current hurdles of exosome-based
diagnostics.

5.2. Mircrofluidics

Microfluidic chips also offer potential for overcoming the hurdles observed in clinical use of
exosomes for cancer diagnosis and monitoring. Microfluidic chips have the potential for
cost-effective and rapid application. Additionally, they require minimal amounts of sample.
Microfluidic chips can have plastic (PDMA or PMMA) or silicon designs with multiple
channels for isolating, washing, processing, and analyzing samples. The major drawback,
however, is they typically require skilled individuals to use and may have multiple steps with
limited automation [95]. Regardless, they offer a potentially rapid and cost-effective analysis
of tumor exosomes.

It has been previously stated that specific surface markers distinguish exosomes from other
extracellular vesicles such as CD63, MHCI, and CD83 [125-127]. The device used by Fang
et al. uses CD63 and its antibody functionalized to magnetic beads. These beads are
incubated overnight with either cell culture media from breast cancer and normal cell lines
or plasma from breast cancer and healthy patients [125]. To analyze these captured
exosomes, the solution was placed on the chip and controlled via syringe pump. On the chip,
the exosomes were mixed with MHCI antibody to isolate specific tumor-associated
exosomes and then subjected to immunofluorescent staining for epithelial cell adhesion
molecule (EpCAM) and human epidermal growth factor 2 (HER2). This method was shown
to exhibit a significant difference between healthy patients and breast cancer patients. While
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this particular chip requires an overnight step, the overall processing time is an improvement
from other methods. Additionally, it requires a significantly smaller sample and appears to
provide high yield and purity of breast cancer-specific exosomes [125].

In another study, magnetic beads functionalized with mouse T-cell immunoglobulin mucin
protein 4 (Tim4) antibody were used to capture exosomes derived from hepatocellular
tumors [128]. The functionalizing of the beads with Tim4-Fc antibody took 20 minutes to
complete, thereby eliminating an overnight step. The chip itself incorporated Y-shaped
PDMS micropillars, to form exosome capture microchambers, encased in indium tin oxide
(ITO) glass electrodes. To test the ability of the chip to pull exosomes out of solution, the
Tim4-antibody beads were added to the microchambers. Exosomes were isolated from cell
culture media using a 0.22 pum filter to remove larger vesicles and then further processed via
the commercially available ExoEasy Maxi Prep kit. The purified exosomes were then added
to the chip. During the initial washing to remove non-specific exosomes, a magnet was used
to hold the functionalized beads in place. To detect the exosomes, the magnet was removed,
and the captured exosomes were washed into the detection area where they were
immobilized once again by a magnet and tagged with Dil, a lipophilic membrane stain for
fluorescent imaging. They repeated this using functionalized single-stranded DNA probes
for fluorescent imaging and found just as much success in imaging the exosomes caught by
the chip. Finally, when they used this device to detect liver cancer-derived exosomes from
patients, they were able to process the sample within 3.5 hours using only 30 pL of patient
serum with the capability of distinguishing cancer patients from healthy controls [128].
Additionally, when used for patient samples, the only pre-processing of the sample involved
centrifuging to remove cells and cellular debris, thereby decreasing cost and money as the
commercial kit is not necessary.

Identifying exosomes is one method for diagnosing different types of tumors, however, the
contents of the exosomes may be more specific. Two chips were developed for this purpose
to detect pancreatic cancer [129]. The cell line PANC1 was used and its media was collected
for exosomal miRNA analysis. Upon removal of cellular debris, the cell culture media was
first introduced at approximately 100 pL into the first chip. This first microfluidic device
incorporated a surface acoustic wave (SAW) device to lyse the exosomes. The lysate was
then collected and transferred to the second microfluidic chip device, which was
functionalized with a miR-550 probe to capture the target miRNA. The second microfluidic
device relies on an ion-exchange nanomembrane sensor to detect alterations in voltage
current between hybridized hsa-miR-550 with its probe and the hsa-miR-550 probe on its
own. This method is reported to take approximately 1.5 hours, which is a vast improvement
over the current methods of exosomal RNA isolation and analysis [129].

5.3. Nanosensors

Nanosensors are a third application for overcoming the limitations of exosome-based
diagnostics and monitoring in the clinic. They offer the potential for real-time monitoring
and identification of multiple markers. Nanosensors can also be cost-effective while still
sensitive as they usually incorporate other methods such as microfluidics, electrochemical
sensing, and optics. As with the previous methods discussed, however, hanosensors suffer
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from reproducibility issues due to differences in fabrication from one batch to the next
[130,131].

Nanosensors are diverse and can range from optical sensing to electrochemical sensors. One
nanodevice for tumor exosome detection incorporates electrochemical sensing into its
design. This device utilizes platinum electrodes functionalized with EpCAM antibodies for
tumor-exosome capture and an additional EpCAM antibody tagged with a reporter for signal
amplification [132]. The amplification occurs when the reporter interacts with streptavidin-
conjugated alkaline phosphatase (ALP), causing an enzymatic reaction that acts as the first
amplification signal. The second amplification signal is determined by a redox reaction of a
byproduct, p-aminophenol (pAP), from the previous step as it shuttles between the anode
and cathode, converting to para-quinone imine. This shuttling between electrodes and
reduction produces a steady state current that is proportional to the concentration of
exosomes. In this way, their device was able to detect tumor-derived exosomes as low as 10
exosomes per pL [132]. The authors do report a need for optimization of this device and
streamlining of its design but do believe it has potential for point-of-care application [132].
Additionally, they used prostate cancer cell line exosomes and would thus require patient
samples to determine the effectiveness of this method for point-of-care application.

Nanosensors incorporating localized surface plasmon resonance imaging (LSPRI) offer high
sensitivity and portability for tumor exosome detection. This device was fabricated using
gold and quartz nanopillars, each approximated to the same size as single exosomes to
increase single exosome detectability [133]. The pillars were then functionalized with CD63
antibody for MCF7 breast cancer cell line exosome capture. With this device, they were able
to detect single exosomes from sub-femtomolar concentrations [133]. The ability to detect
single exosomes could be quite useful in distinguishing a tumor-specific exosome amidst the
rest of circulating exosomes from healthy cells. This device would therefore prove
invaluable in a clinical setting. However, further work is necessary to test this device using
patient samples with tumor-specific antibodies such as HER2 or EpCAM.

Another device using surface plasmon resonance (SPR) to detect CD9 and CD63 exosomes
with the ability to isolate clinically relevant exosome subtypes such as those expressing
HER?2 has been reported [134]. This group developed a SPR device that utilized CD9 and
CD63 antibodies for exosome capture. Once captured, an additional antibody for HER2 was
added to identify breast cancer-derived exosomes. In this way, they obtained a limit of
detection of 2070 exosomes/pL. Additionally, they were able to observe a difference in
spectral shift between exosomes captured from breast cancer patients (> 0.3 nm) and those
from healthy patients (< 0.2 nm) [134].

A third optical nanosensor was developed that does not require light excitation to engage a
response [135]. It incorporates a near-infrared semiconducting polyelectrolyte that interacts
with a quencher-tagged aptamer for specific exosome populations. Upon complexing with
the specific exosome, the quencher releases, producing and amplifying both a fluorescent
signal and an afterglow. To overcome the issues with background fluorescence, they
measured the afterglow and found it to be more reliable. They suggest the afterglow could be
beneficial in measuring exosome levels with minimal purification steps [135]. This would
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inadvertently save time and cost when considering this method for clinical application. They
tested this device with tumor aptamers for EpCAM, HER2, and MUC1 across five different
cell lines (chondrocyte, HeLa, MCF7, SKOV3, and HepG2) [135]. In this combination, they
found that exosomes from all cell lines contained these markers but in varying
concentrations and they were thus able to distinguish between the different cell lines [135].
The sensor does require equipment to read the fluorescence and afterglow, but it’s potential
for distinguishing cancer types based off concentration of specific markers suggests a
potential pan-cancer diagnostic.

The issues surrounding use of exosome-based diagnostics in the clinic remain a hurdle.
Exosome isolation is time-consuming and often requires costly kits or equipment. However,
nanodevices may provide an alternative as they can provide a cost-effective and sensitive
means of real-time detection for circulating tumor exosomes. Additionally, these devices
may be useful for multi-tumor detection platforms.

6. Conclusion

In the last decade, there has been a rapid increase in interest over the use of exosomes as
diagnostic tools. There are several laboratories and research groups focusing on the
optimization of exosome-based diagnostics. This is because tumors release a greater number
of exosomes compared to healthy cells. These tumor-specific exosomes will also exhibit
tumor-specific surface markers as well as traffic tumor-specific DNA, RNA, and proteins
throughout the body. Additionally, exosomes show promise in monitoring and predicting
patient response to therapy [12,13,136,137]. With such beneficial traits, it’s no wonder that
exosomes have become a focus for updating the current repertoire of tumor diagnostics. This
is evident in the 37 clinical trials listed on the NIH clinical trials website, all of which are
testing the diagnostic efficacy of tumor-derived exosomes.

However, for exosome-based diagnostics to become prevalent in the clinic, it is necessary to
overcome the issues with yield, purity, and time. Current isolation techniques can be
laborious, which makes them unattractive for use by physicians. Additionally, these
limitations are likely to result in high cost to the patient which can limit the feasibility of
such a diagnostic. Microfluidic chips and other types of nanosensing devices may provide
the ability to overcome the cost and labor necessary for processing exosomes from body
fluids. The biggest hurdle with using nanodevices and microfluidics, however, is their wide
range of design. There is currently no standard for such devices and many struggle with
consistency in fabrication. Some also require expensive equipment while others lend
themselves well to portability and clinical use. Despite these disadvantages, there are many
devices, each attempting to mitigate the issues in design and reproducibility while
optimizing sensitivity and specificity. It is reasonable, therefore, to expect an exosome-based
diagnostic to become widely used in the clinic as the field progresses and optimizes.

7. Expert Opinion

Liquid biopsies have emerged as a less invasive and alternative means of diagnosing various
tumors in the last 20 years (95-97). They have great potential for diagnosing and monitoring
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patients, in particular those who exhibit inoperable or difficult to access tumors [141].
Liquid biopsies encompass circulating tumor cells (CTCs), cell-free DNA (cfDNA)/
circulating tumor DNA (ctDNA), circulating miRNAs, and exosomes which can be
harvested from various body fluids. Some of these biopsy types, such as CTCs and cf/
ctDNA, may offer a more cost-effective method for identification of mutation and tumor due
to advancements in next generation sequencing. However, cfDNA is usually degraded within
a few hours, though in cancer patients the concentration can range up to 1000 ng/mL [141].
Meanwhile, CTCs are minimal in the blood, ranging from 1-10 CTCs per mL [142].
Exosomes, on the other hand, provide a more ample and quantifiable liquid biopsy with
about 90% of cfDNA found within exosomes [143,144]. Additionally, tumor-derived
exosomes possess a multitude of deregulated proteins and RNAs [145,146]. And with
numbers of exosomes ranging into the hundreds of millions per mL of blood, exosomes may
thus provide a more beneficial liquid biopsy diagnostic [147].

Even though tumors arising from a specific organ will harbor similar mutations within and
between patients, individual polymorphisms can and often do result in differences of cellular
expression [148]. Thus, as precision and personalized medicine becomes more feasible for
the future, the need for tumor biomarker panels is imperative. Exosomes are known to hold
several deregulated markers specific to a given tumor type and it is the opinion of the
authors that such a diversity of markers is likely to prove beneficial for diagnosing a
particular tumor across several patients exhibiting different polymorphisms. The issue with
any new technology is, of course, the optimization of usage and its cost-effectiveness.
Despite how attractive exosomes may be for diagnosing tumors, optimization of harvesting
and analysis are necessary as the current methods are expensive, time consuming, and
laborious. However, there are several laboratories hard at work developing such devices,
which suggests a very promising future for their widespread usage in the clinic.

Despite the limitations of current methods for harvesting and analyzing exosomes, there are
currently several clinical trials testing the efficacy of exosomes for monitoring patients as
they progress through their cancer treatments using various chip and nano technologies as
well as more traditional methods of exosome profiling. In addition, the field continues to
grow as Kits are produced to streamline the process of isolating and analyzing exosomes and
older methods are improved upon. Thus, the future of exosomes for use in the clinic remains
promising.
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Figure 1. ESCRT-dependent sorting and development of extracellular vesicles.
(1) ESCRT-0 initiates the extracellular vesicle formation by selecting ubiquitinated

endosomal membrane proteins. (1) ESCRT-I and TSG101 complex with the ubiquitinated
cargos to activate ESCRT-II. (111) ESCRT-II aids in the formation of ILVs and their
consequent packaging into MVBs. (IVV) The MVB contains multiple ILVs. (V) ESCRT-1II
deubiquitinates the MVB’s membrane and pinches the cellular membrane to aid in the

release of the exosomes into extracellular space
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Table 1.

Clinical trials examining exosomes for cancer diagnosis and patient response to therapy.
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Clinical Trial Tumor Type Purpose Status
NCT02977468 Triple Negative Breast Cancer Assess response and change in tumor to Pembrolizumab Recruiting
NCT02892734 HER2 Negative Inflammatory Monitor patient response to combination of Ipilimumab and Terminated
Breast Cancer Nivolumab
NCTO02662621 Infiltrating Non-metastatic Breast Quantify exosomes displaying HSP70 membrane protein in Completed, no
Cancer blood and urine for solid tumor diagnostic results posted
Breast Cancer with First
Metastasis
Ovarian Cancer, Stages 11 and 1V
Metastatic NSCLC
NCTO02971761  Androgen Receptor Positive and Monitor patient response to combination of Pembrolizumab Active, not
Triple Negative Breast Cancer and Enobosarm recruiting
NCT03830619 Lung Cancer Detection of exosomal long noncoding RNA as potential lung Recruiting
cancer diagnosis
NCT03317080 Lung Cancer Monitor circulating tumor DNA in surgical patients with lung Recruiting
cancer
NCT02921854 NSCLC Monitor response to radiotherapy and chemotherapy by Completed, no
analyzing patient serum results posted
NCT02869685 NSCLC Monitoring plasma exosomal levels of PD-L1 before and after Unknown
radiotherapy
NCTO03108677 Primary Osterosarcoma, Lung Analyze RNA profile of circulating exosomes for early Recruiting
metastases detection of metastases
NCTO03228277 T790M Positive NSCLC Monitor response to Olmutinib in T790+ NSCLC using DNA Completed, no
extracted from bronchial lavage fluid results posted
NCTO03432806 Colon Cancer, Liver Cancer Guide treatment of colon and liver cancers Recruiting
NCT02439008 Colon Cancer, Live Cancer, Monitor response to radiotherapy before, during, and after Terminated
Kidney Neoplasms administration
NCTO02393703 Pancreatic Cancer Use exosomes to monitor patients Active, not
recruiting
NCTO03032913 Pancreatic Cancer Patient disease monitoring Completed
[64]
NCTO03791073  Pancreatic Cancer Analyze interstitial tissue fluid for novel biomarker Recruiting
identification
NCT03250078 Pancreatic Cancer Development of blood-based screening for pancreatic cancer Recruiting
NCTO03334708 Pancreatic Cancer Early stage pancreatic cancer diagnosis Recruiting
NCTO03410030 Pancreatic Cancer Using GPC1-labeled exosomes, and additional biomarkers for Recruiting

monitoring patient response to combination of Ascorbic Acid,
nanoparticle Paclitaxel protein bound Cisplatin and
Gemcitabine
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