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Liquid biopsy has been rapidly developed in recent years due to its advantages of non-
invasiveness and real-time sampling in cancer prognosis and diagnosis. Exosomes are
nanosized extracellular vesicles secreted by all types of cells and abundantly distributed in
all types of body fluid, carrying diverse cargos including proteins, DNA, and RNA, which
transmit regulatory signals to recipient cells. Among the cargos, exosomal proteins have
always been used as immunoaffinity binding targets for exosome isolation. Increasing
evidence about the function of tumor-derived exosomes and their proteins is found to be
massively associated with tumor initiation, progression, and metastasis in recent years.
Therefore, exosomal proteins and some nucleic acids, such as miRNA, can be used not
only as targets for exosome isolation but also as potential diagnostic markers in cancer
research, especially for liquid biopsy. This review will discuss the existing protein-based
methods for exosome isolation and characterization that are more appropriate for clinical
use based on current knowledge of the exosomal biogenesis and function. Additionally,
the recent studies for the use of exosomal proteins as cancer biomarkers are also
discussed and summarized, which might contribute to the development of exosomal
proteins as novel diagnostic tools for liquid biopsy.
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INTRODUCTION

Tissue biopsy is widely applied as the gold standard for clinical cancer diagnosis. Nonetheless, tissue
sampling becomes a substantial challenge once the tumor is adjacent to major blood vessels, which
would make the surgical sampling procedures extremely invasive and painful. In addition, there are
also some circumstances in which the small dissected tissues of patients may not be sufficient to
represent the pathological profile of the primary tumor (1). Due to the above limitations, liquid
biopsy has emerged as the most capable substitute for tissue biopsy due to the advantage of the
much more easily accessible samples, such as urine, blood, and cerebrospinal fluid. Multiple sources
of tumor-derived substances including circulating tumor cells (CTCs), circulating tumor DNA
(ctDNA), and exosomes can be detected from these body fluid samples and can be quickly analyzed
(2). Hence, reliable real-time information can be acquired that can help in making a cancer
prognosis and monitoring the physiological state of patients with repeated non-invasive
sampling (3).
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Masked by billions of host cells and vast quantities of free
DNA released from normal cells, CTCs and ctDNA are scarcely
dispersed in blood. Therefore, it is essential to isolate and enrich
CTCs and ctDNA with elaborate techniques that possess high
selectivity and sensitivity to carry out clinical analysis (4, 5).
However, the enrichment of CTCs remains a big challenge for
the application of CTCs, which is restricted by limited cancer
surface markers and hindered by a rather limited number of
CTCs themselves in the body fluids of cancer patients (6).
CtDNA is generally thought to be secreted by necrotic and
apoptotic cells. Although its abundance is higher than that of
CTCs (7), ctDNA fragments have a very short half-life, even less
than 1 h, and are rapidly cleared off (8). Based on these
difficulties, the development of exosomes for liquid biopsy has
gained increasing attention.

One of the greatest strengths of exosome-based liquid biopsy
over CTCs (0–1,000 cells per 7.5 ml of blood) (9) and ctDNA is
the larger distributed quantities of exosomes in the body fluids
(up to 1011 exosomes per ml in the blood) (10). It is not an
exaggeration that up to 10% of the circulating exosomes in a
cancer patient would be tumor-derived exosomes at the late
tumor stage (10, 11). Circulating RNA including mRNA and
miRNA is also suggested to be a significant functional mediator
in some cancers (8), but the worse stability in the plasma and
other intricate causes hinder the clinical use of cell-free RNA
(12). On the contrary, another advantage of exosomes as a
promising diagnostic marker is that the cargos inside exosomes
are well-protected by their lipid bilayer, which makes the intact
tumor-derived entities such as RNA, DNA, and proteins carrying
the comprehensive oncogenic information to be obtained and
identified right after exosome isolation (13). An example of that
is the family of phosphorylated proteins, which are usually
degraded by the free circulating phosphatase, making them
very difficult to be detected in the body fluid. However, these
phosphorylated proteins can be well isolated from exosomes and
stored stably in the exosomal form for as long as 5 years at −80°C
(14). The fact that different cargos are sorted into exosomes as a
protective vesicle makes multicomponent analysis feasible, which
is conducive to a full-scale knowledge of how exosomes function
and what the consequence is. Therefore, the sum of tumor-
derived exosomes can be representative of the tumor
heterogeneity (15). Moreover, combined research data have
shown and confirmed that tumor-derived exosomes and their
encapsulated proteins play important roles in cancer
progression, which indicates the enormous potentiality for
tumor-derived exosomal proteins as novel cancer biomarkers
in liquid biopsy (16).

Nucleic acids in exosomes have been intensively investigated
as cancer biomarkers. Nonetheless, increasing evidence suggests
that proteins of tumor-derived exosomes circulating in the body
fluids can also be the precise representative of relevant tumors in
distant tissues. Here in this review, the potential of exosomal
proteins as liquid biopsy biomarkers in future clinical research
has been discussed. The biogenesis and function of exosomes,
along with the latest isolation and characterization methods,
have been discussed. The application of different exosomal
Frontiers in Immunology | www.frontiersin.org 2
proteins as tumor liquid biopsy targets in different research
studies and the future development of exosomal proteins as
powerful diagnostic targets in hospitals have been elaborated on
in this review.
BIOLOGY AND FUNCTION OF EXOSOMES

Biogenesis and Composition of Exosomes
Extracellular vesicles (EVs) are particles naturally secreted by cells.
They are delimited by a lipid bilayer but do not have a functional
nucleus for self-replication (17). According to the process of
formation, EVs are classified into two categories: ectosomes and
exosomes. Ectosomes are formed by direct exocytosis of the
plasma membrane (PM) (18). By contrast, exosomes are the
product of consecutive internalizations of PM and are finally
released by fusion with PM. Consecutive PM internalizations
include the first inward budding of PM to form early
endosomes, which will then mature into late endosomes.
Second, invagination of the membrane in late endosomes gives
rise to several intraluminal vesicles (ILVs) containing various
constituents such as DNA, RNA, enzymes, and proteins. These
late endosome-containing ILVs are also recognized as multi-
vesicular body (MVB). Finally, MVB will fuse with PM, and
ILVs will be released as exosomes into the extracellular milieu
with PM-derivedmembrane (19, 20) (Figure 1). The generation of
exosomes can be both ESCRT (endosomal sorting complexes
required for transport)-dependent and ESCRT-independent (21).

Exosomes can be secreted by all types of cells including
eukaryotic and prokaryotic cells (14, 20). Negatively stained
exosomes display classic cup-shape and lipid bilayer structure
under electron microscopy (EM), with a generic size range of 40–
160 nm (~100 nm on average) in diameter and a density range of
1.15–1.19 g/ml (22). Diverse contents including nucleic acid,
protein, lipid, and metabolite can be sorted and packaged into
exosomes, which reflect the biological properties of parental cells
in different scenarios.

Similar to cell purification and isolation, proteins are widely
used as surface and internal markers for the isolation,
characterization, and investigation of exosomes. According to
the statistical study of data from ExoCarta, a database of exosome
cargos, there are approximately 10,000 different exosomal
proteins that have been characterized, and the number is
believed to be growing over time (23). The proteins wrapped
up in exosomes can be divided into three major groups according
to their functions: biogenesis relevant (tetraspanins and ESCRT
machinery), transport and secretion relevant (heat shock
proteins and membrane transport proteins and cytoskeletal
proteins), and cell of origin relevant (major histocompatibility
complex (MHC) molecules and cytokines and other proteins)
(10). CD9, CD63, CD81, and CD82 are the main tetraspanins
that are associated with cargo selection machinery and biogenesis
of exosomes, and CD63 is the protein marker mostly utilized for
immunocapture of exosomes. Representative ESCRT machinery
proteins are TSG101 and Alix. Heat shock protein, Rab GTPase,
annexin, flotillin, syntaxin, actin, and tubulin are the common
June 2022 | Volume 13 | Article 792046
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exosome transport-related proteins. However, the role of heat
shock proteins in the biogenesis of exosomes needs further
investigation (24). Some specific exosomes also contain MHC
molecules of antigen-presenting cells (APCs) and cytokines like
inter leukins that are accommodated with immune
responses (19).

Exosomal nucleic acids are comprised of DNA, mRNA,
miRNA, and lncRNA. As research moves further, the level of
miRNA in exosomes was found to be more condensed over other
species of nucleic acids from parental cells (25). Compared to
other nucleic acids, miRNA is the most widely studied
component in exosomes and is found to play a significant role
in exosome-mediated cell–cell communication (26).
Additionally, differential expression levels of miRNA are vastly
discovered in cancer cells by various clinical studies, indicating
that miRNA has great potential for cancer diagnosis (27).
Nonetheless, there are still difficulties to integrate exosomal
miRNA into cancer diagnosis and therapy (28).

In fact, the history of exosome research is relatively short,
which is only several decades. The initial discovery of the
existence of exosomes was in 1946 (29). But until 1987,
Johnstone et al. provided pivotal evidence for the selective
release of vesicles that are approximately 50 nm (in diameter)
as reticulocytes maturing to erythrocytes. These vesicles were
first termed exosomes by the same group (30). Later, a growing
body of research data demonstrated in detail that exosomes
played important roles in cell–cell communication in both
healthy and disease conditions (26, 26, 31, 32), which therefore
attracted increasing attention from the scientific field to explore
the potential of exosomes as the diagnostic analyte and drug
delivery carrier ever since.

Function of Exosomes
The biogenesis and content of exosomes have determined their
destiny and mission as intercellular messengers. When parental
cells produce and secrete exosomes, those exosomes carrying
Frontiers in Immunology | www.frontiersin.org 3
proteins, lipids, metabolites, and nucleotides can transfer via the
extracellular matrix (ECM) and circulation system and to any
site of our body. Recipient cells with different varieties can
internalize those exosomes by different patterns, such as
clathrin-dependent endocytosis (33) or direct fusion with PM
(34). Once uptaken, exosomes will deliver their cargos into cells
for the regulation of multiple cellular activities, such as cellular
development, immune response, and disease condition of
recipient cells (19). For example, exosomal DNA can promote
the cGAS-STING signaling pathway and pro-inflammatory
response (35). Additionally, exosomal miRNA can also show
regulatory functions during pregnancy (36). APCs like
macrophages or dendritic cells can produce exosomes that
carry MHC molecules with antigen peptides. Afterward, T cells
are primed and activated when they uptake those exosomes via
T-cell receptor (TCR)–MHC–peptide recognition (37).

Tumor-Derived Exosomes and Their Role
in Cancer
It is now widely accepted that exosomes also participate in
sophisticated cellular interactions between tumor cells and the
tumor microenvironment (TME) in every step of cancer
development. First, tumor-derived exosomal miRNA modifies
gene expression in epithelial cells or fibroblasts, promoting their
malignant transformation (19). Meanwhile, other soluble growth
factors are also delivered by exosomes to those tumor-associated
cells, activating different signaling events like PI3K/AKT
pathway (38) or Akt and ERK pathways (39) and leading to
the proliferation of recipient cells. Second, tumor-derived
exosomes can promote epithelial-to-mesenchymal transition
(EMT) and tumor metastasis by activating the resting cancer
cells to aggressively metastasize via multiple inducible signaling
molecules like Notch1 and HIF1a (40, 41). During TME,
hypoxic conditions promote tumor cells to express much more
exosomal proteins than those outside the niche, which promotes
ECM remodeling and angiogenesis (42, 43). In the meantime,
FIGURE 1 | Biogenesis and composition of exosomes. First invagination of plasma membrane (PM) forms the early endosomes that contain multiple constituents,
which will then mature into late endosomes. Second, invagination of membrane of late endosomes generates multi-vesicular body (MVB) containing intraluminal
vesicles (ILVs). ILVs are secreted into extracellular milieu as exosomes with cargos including DNA, RNA, and proteins.
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tumor-derived exosomes can assist tumor cells to escape from
the surveillance of the immune system and develop the capability
of chemoresistance, which further promote tumor progression.
Some studies have revealed that tumor-derived exosomes can
inhibit the cytotoxicity of natural killer cells and cytotoxic T
lymphocytes, both of which are indispensable players of the
immune mechanism against tumor progression (44, 45).
Macrophages and dendritic cells are the pivotal mediators of
innate and adaptive immunity, and they are not spared. Tumor-
derived exosomes have shown to induce the polarization of
immature macrophages into M2 macrophages and display
anti-inflammatory activities favoring the ongoing tumor
progression (46). Evidence has also shown that maturation of
dendritic cells can be suppressed by tumor-derived exosomes,
which affects the antigen priming and the activation of antitumor
T cells eventually (47). Intrinsically chemoresistant cancer-
associated fibroblasts (CAFs) can generate chemoresistant
exosomes by sorting relevant molecules into exosomes.
Recipient cells including tumor cells in TME will acquire the
ability of chemoresistance after the uptake of these
chemoresistant exosomes (48). Monitoring exchange of
exosomes in vivo remains a difficult subject to investigate,
which if resolved may shed more light on their tumor-
associated function.
ISOLATION AND CHARACTERIZATION
METHODS

The characteristics of exosomes are exploited as powerful targets
in liquid biopsy and therapy. Nevertheless, the biggest challenge
faced for their further application in clinical research and liquid
biopsy is the difficulty in obtaining a purified population of
exosomes from different sources of samples and accurately
characterizing them as authentic exosomes. Although
traditional methods like ultracentrifugation remain the gold
standard, their unsuitability becomes increasingly obvious due
to the requirement of expensive equipment, prolonged working
hours, and a large amount of labor (49, 50). On the contrary, new
methods like microfluidics take advantage of different traits of
exosomes and create opportunities for the transition of exosome
research from bench to bedside. The isolation method based on
size exclusion or hydrophobic interaction-related mechanism
can separate total exosomes from fluid samples. However, the
results and yield of purified exosomes among different isolation
methods are distinct from one another (51). In addition, there
are specific methods that can select subpopulations of exosomes
by surface protein markers. In this section, methods based on
exosomal proteins will be briefly discussed in terms of suitability
for clinical application.

Isolation Methods
Polymer Co-Precipitation
Polycthylene glycol (PEG) is cheap and easy to obtain, and the
whole purification process does not require complex equipment,
except for low-speed centrifugation. Therefore, many
Frontiers in Immunology | www.frontiersin.org 4
commercial kits have emerged based on the above strengths of
PEG co-precipitation, like ExoQuick, Exo-spin, and Total
Exosome Isolation. Commercial kits not only save time but
also provide relatively standard experimental procedures to
eliminate human errors, which therefore are very favorable to
clinical labs. Samples of purified exosomes are often
contaminated by junk components during isolation (52).
When dealing with a serum that contains plenty of lipid
proteins and albumin, it is recommended to remove such
interference before the use of kits if high purity is required.

Affinity-Based Isolation
The membrane of exosomes is enriched with phosphatidylserines,
which can bind to a type I transmembrane protein called Tim-4.
The binding specificity was developed as a novel method by Nakai
et al. to separate phosphatidylserine-rich exosomes (53). Compared
to PEG co-precipitation, separation by this method results in fewer
contaminants. However, the yield of exosomes might also include
other components such as microvesicles that also contain
phosphatidylserine. Interestingly, there are two commercial kits
that are likely associated with affinity membrane, including
exoEasy from QIAGEN and Capturem from TaKaRa.

Ultrafiltration
Based on the size and molecular weight, ultrafiltration is used for
exosomes enrichment. However, before loading the sample onto
an ultrafiltration column, it is usually recommended to perform
sequential centrifugation steps to totally remove cells and debris,
followed by a one-time filtration step through a 0.45-mm filter to
remove large apoptotic bodies (54). Likewise, ultrafiltration is
easy to conduct, and it saves both time and labor. But exosomes
can remain retained in the filtration membrane during
centrifugation, which not only hinders effective separation but
also leads to a big loss of yield with insufficient elution (55).
Moreover, when it comes to viscous samples like a serum,
ultrafiltration shows lesser efficiency. Therefore, the method
should be chosen according to the sample of interest to ensure
a better separation of exosomes.

Size Exclusion Chromatography
Size exclusion chromatography (SEC) is another popular
exosome purification method based on the size property of
exosomes. It can separate exosomes efficiently from impurities
(proteins, lipids, etc.) with well-maintained biological activity.
Nonetheless, traditional SEC requires a very long time to run
with the existence of contamination in the products (56, 57). But
there is a commercial automated instrument from iZON that can
be taken into consideration for clinical uses, which is claimed to
optimize the running time from hours to minutes.

Immunoaffinity Capture
Methods of immunoaffinity isolation usually contain two
components, streptavidin-coated magnetic beads and
biotinylated purified monoclonal antibodies, which can be
combined via a streptavidin–biotin bond. Antibodies with high
affinity will catch corresponding target exosomal proteins to
make sure that the exosomes are captured and gathered by a
June 2022 | Volume 13 | Article 792046
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magnet (58). Tetraspanins including CD9, CD63, and CD81 are
generally used as targets because these proteins are recognized as
ubiquitous markers expressed among exosomes regardless of
origin (19). Methods of immunoaffinity do not involve
complicated procedures, while the field of monoclonal
antibody production is mature enough to guarantee the quality
of antibodies. Therefore, the immunoaffinity capture method is
appropriate for clinical applications. However, it is worth to be
considered that exosomes isolated by the immunoaffinity
method cannot get rid of magnetic bead-bound antibodies,
which may influence the bioactivity of exosomes and the
experimental results of downstream assays. Surprisingly, a new
branch of aptamer-based technique emerged recently to show
strong potential to resolve the disadvantage of antibody-based
technique. The main advantage of the development of aptamers
by exosome researchers is that aptamers are easier to synthesize
and produce than antibodies (3). Notably, a group successfully
separated exosomes with CD63 aptamer and then discharged
bound exosomes by adding complementary nucleotide strands to
separate exosomes from aptamer. This method could largely
maintain the integrity and activity of exosomes, which further
reinforces the power of the aptamer-based isolation technique
for exosome research (59). Figure 2 provides an illustrative
procedure of representative methods, and Table 1 provides the
comparisons among the mentioned isolation methods with
their characteristics.

To achieve a higher yield and purity of exosomes from clinical
samples like body fluids, it is recommended to combine different
isolation methods along with the pretreatment of clinical
samples as mentioned above. In a methodology study of
Frontiers in Immunology | www.frontiersin.org 5
exosome isolation, Lobb et al. showed that ultrafiltration
competed over ultracentrifugation, and coupling ultrafiltration
with SEC resulted in a high yield of exosomes with high purity
(60). They pointed out that the yield of exosomes differed among
the application of different isolation methods, which suggested
that the size and species of samples need to be taken into account
before choosing a compatible isolation method. Another study
used ultrafiltration in a company with size exclusion liquid
chromatography, which proved that the combination of
different methods could also preserve the bioactivity of purified
exosomes (61). Scientific and clinical research on exosomes has
attracted much attention so far, which impelled the development
and revolution of the exosome isolation methodology.
Nonetheless, existing methods are still mostly working with
tissue cultures, and the results sometimes are not compatible
with physical conditions (62). Additionally, the experimental
results obtained on similar samples are controversial due to the
different amounts of samples and different protocols that are
used by different groups (63). Therefore, it is urgent to develop
standardized methods to better assist the research of exosomes as
well as to facilitate the translation of exosome-based techniques
for clinical application in liquid biopsy.

Characterization Method
Microscopy and Nanoparticle Tracking
It is recommended and encouraged to characterize exosomes by
two indispensable and complementary techniques, which usually
are EM and nanoparticle tracking analysis (NTA) (19). The
former provides the image of exosome morphology, and the
latter gives information on the size distribution and
FIGURE 2 | General procedures of different exosome isolation methods. Experimental conditions and operating processes of ultracentrifugation, PEG co-precipitation
(ExoQuick Kit, SBI, USA), ultrafiltration, and immunoaffinity are shown in the top panels from left to right. During preparation procedures, blood samples (plasma/serum)
would undergo two rounds of low-speed centrifugation, the pellet of each round is deserted, and the supernatant of final round is diluted with phosphate-buffered saline
(PBS) for better yield.
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concentration of exosomes (17). It is necessary to obtain a clear
and high-resolution image of exosomes to ensure that the intact
structure of exosomes is maintained, which requires hours of
microscopy operation and observation (64). Cellular
experiments like the uptake of exosomes in the absence of cell–
cell contact are sometimes used to demonstrate the bioactivity of
purified exosomes. NTA detects the Brownian movement of total
nanoparticles of a sample but is unable to distinguish the
phenotype or the origin of exosomes (65).

Bicinchoninic Acid Assay, Western Blotting,
and ELISA
Bicinchoninic acid assay (BCA) is one of the most widely used
methods for exosome protein quantification. By combining the
examined amount of protein with the concentration of exosome
particles, general knowledge of the quantity and purity of the
exosome sample can be obtained. Nevertheless, the contaminant
proteins can influence the authentic result. Western blotting and
ELISA are the most used methods for the characterization of the
exosomal composition, and the presence of certain proteins can
be confirmed; however, the results are also affected by
contaminant proteins, as they cannot separate exosomal
proteins from non-exosomal proteins (66). It is suggested by
MISEV that at least three positive and one negative protein
marker of exosomes should be conducted in Western blotting for
exosome characterization (17). For samples like serum or
plasma, the most recommended negative markers for exosome
characterization are apolipoproteins A1/2 and B as well as
albumin (17, 67). However, there are also some contradictory
studies indicating the presence of apolipoproteins A and albumin
in exosomes (68, 69). Therefore, cytochrome C, a protein of
mitochondria, and other endoplasmic reticulum (ER) and Golgi
proteins such as calnexin, BIP, GRP94, and GM130 are suggested
as negative markers for exosomes instead (17). It is sometimes
necessary to remove disturbing proteins to get a cleaner
background and a better readout.

Flow Cytometric Analysis
Regular flow cytometric devices detect and analyze targets at the
cellular level, and thus it is a great challenge to apply them at the
Frontiers in Immunology | www.frontiersin.org 6
nanosized level. To be analyzed by a flow cytometric machine,
exosomes should be immobilized on microbeads first and then
bound with fluorescent antibodies, which make the fluorescence
detectable as a positive signal. The good news is that the recent
development offlow cytometric instruments reduces the detection
limit to 100 nm (9), which strongly favors future exosome analysis
in clinical situations. A major strength of flow cytometry is that it
can recognize and select specific subpopulations of exosomes by
specific protein markers. Meanwhile, the number of those
fluorescence-bearing exosomes can be calculated (70).

Microfluidics
As increasing evidence has revealed the significant role of exosomes
in cancer progression, some research groups have coined
microfluidics for clinical isolation and analysis of exosomes.
Usually, microfluidics is a combined system of isolation,
characterization, and analysis modules, enabling a complete flow
of diagnosis based on exosomes. Microfluidics has the same
principles as conventional isolation methods such as
immunoaffinity capture and fluorescent analysis. But compared
to conventionalmethods,microfluidics requiresmuch less time and
amount of sample, whichmakes itmore clinically favorable. One of
the representative examples of microfluidics is developed by the
combination with flow cytometry, whose sensitivity reaches 10,000
exosomes per ml of serum (9). We can recognize the microfluidics
platform as a scaled-down version of common methods, but with
higher sensitivity and throughput, which therefore maintains the
great potential for liquid biopsy (72). Nonetheless, the method of
microfluidics should be further standardized before being widely
applied. A brief comparison of different methods of exosome
characterization is summarized in Table 2.
APPLICATION OF EXOSOMAL PROTEINS
IN LIQUID BIOPSY

The field of exosome research has put a huge effort into exploring
exosomal miRNA as an attractive biomarker for cancer diagnosis
because of the discovered correlation between the increased level
of miRNA and the manifestation of cancer. However, it has been
TABLE 1 | Comparison of different exosome isolation techniques.

Isolation technique Underlying mechanism Working
scalability

Sample
purity

Advantage Disadvantage Reference

Polymer co-
precipitation

Hydrophobicity of protein
and lipid

Small Low Cheap, fast, easy Contaminated by co-precipitated
particles

(52)

Affinity-based isolation Affinity Small High Fast, easy Expensive, contaminated by
microvesicles

(53)

Ultrafiltration Molecular weight Medium Medium to
high

Fast, easy Plugged up easily by vesicles (54, 55)

Size exclusion
chromatography

Size and molecular weight Flexible High Cheap, easy, reproducible Time-consuming (56, 57)

Immunoaffinity capture Immunoaffinity-antibody Small High Fast, easy Expensive, contaminated by
magnetic beads

(58)

Immunoaffinity-aptamer Small High Cheap, fast, easy Low recovery (3, 59)
Ultracentrifugation Differential density Flexible Medium Well-established and

commonly used
Time-consuming, ultraspeed
centrifuge required

(49, 50)
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neglected that exosomal proteins can also serve as diagnostic
biomarkers of cancer due to the following advantages: 1) protein
constituents from tumor-derived exosomes reflect the proteomic
profile of their parent tumor cells. Thus, circulating exosomes in
the body fluids can provide comprehensive information about
the distal primary tumor by the exosomal proteins (62).
2) Tumor-secreted proteins are greatly diluted by background
substances in the circulating blood, making them very difficult to
be detected. Enrichment of exosomes from blood can make it
much easier to detect the proteins wrapped up in exosomes (13).
3) Many proteins secreted by tumor cells are unstable and
vulnerable due to the presence of free protease in the body
fluids. But these proteins can be well protected within tumor-
derived exosomes, enabling in-depth analyses of relevant tumors
(14). 4) Different miRNAs can lead to a similar consequence of
gene expression sometimes (26), while the phenotypes of
proteomic profi les can be more straightforward and
representative of parent cells. Nevertheless, with increasing
research on exosomal proteins for biomarker application, new
challenges arise. For instance, the inconsistency among different
cohorts of study is found even in the analysis of the same
exosomal protein. Although there is still a long way to go, the
development and application of exosomal protein as a powerful
diagnostic tool for cancer therapy possess a bright future with
tremendous potential. In this section, exosomal proteins that
have been identified as tumor-associated markers by clinical
research will be summarized and discussed. In vitro studies with
cell culture or mouse models will not be covered because more
attention has been paid to clinical studies, which present more
relevant results to authentic physical situations. Exosomal
proteins discussed here are summarized in Tables 3–6.

Tetraspanin and Surface Protein
Tetraspanins such as CD9, CD63, and CD81 are considered the
major components of exosomal transmembrane proteins, which
participate in the biogenesis and cargo sorting of exosomes (108).
These three tetraspanins are also used most frequently as targets
conjugated with the immunoaffinity capture method.
Nevertheless, it has been noted that CD63 was less presented
Frontiers in Immunology | www.frontiersin.org 7
in all of the tested samples (109–111), which queries the widely
accepted concept that CD63 is ubiquitously existed on the
surface of exosomes and urges us to explore new exosomal
signature proteins. Tumor-derived exosomes are known to
play important roles in the process of tumor generation,
progression, and EMT, as exosomal tetraspanins can interact
with receptors like integrins on recipient cells for the enhanced
uptake of tumor-derived exosomes. Hence, exosomes with
increased expression of tetraspanins have been widely
identified in the body fluids of cancer patients by different
research groups. The correlation of tetraspanins with tumors
also makes these exosomal surface proteins strong biomarkers
for various cancers (112). An earlier proteomics study suggested
that the expression of exosomal CD9 significantly varied among
cancer tissues and relevant normal tissues (113). Recently, these
proteins, including CD9, have been increasingly demonstrated to
be closely relevant to cancer-derived exosomes by different
groups, thus possessing tremendous potential as cancer
biomarkers. An assay called ExoScreen was developed by the
group of Yoshioka et al. (76) to screen exosomes with surface
expressions of CD63 and CD9 from only 5 ml of serum from
colorectal cancer patients without any sample preparation
procedures such as dilution or purification. This assay
combined two groups of antibodies conjugated with a donor
photosensitizer bead and an acceptor photosensitizer bead. It
was also found that the level of CD9 and another surface
molecule CD147 was significantly increased in the serum of
colorectal cancer patients (114). Notably, the higher level of
CD147/CD9 in serum exosomes could also be detected at an
early stage of cancer, with the area under the curve (AUC) of
0.820 among healthy donors versus patients. The regular
reference tumor-associated antigens carcinoembryonic antigen
(CEA) and carbohydrate antigen 19-9 (CA19-9) were within the
normal value range (termed non-cancer) with the AUC of 0.669
and 0.622, respectively, indicating the great potential of exosomal
proteins as cancer biomarkers with higher specificity and
sensitivity than a regular signature. In another smaller cohort
of studies about prostate cancer, Krishn et al. also confirmed that
the CD9 level increased in plasma exosomes from patients
TABLE 2 | Comparison of different exosome characterization techniques.

Characterization method Exosome property Advantage Disadvantage Reference

Physical characterization
Electronic microscopy Morphology, size

distribution
Necessary process for nanosized exosome
morphological feature characterization

Time-consuming, affected by human factors like
visual sense

(64)
(17)

Nanoparticle tracking
analysis

Size distribution,
concentration in
solution

Fast and easy, in combination with
microscopy for exosome physical property
characterization

Unable to determine the phenotype of exosomes (17)
(65)

Biochemistry
characterization
Western blotting Presence and level of

protein
Classic and standardized method for protein
analysis

Low sensitivity, long preparation procedure, unable
to exclude contaminants from exosomes

(71)
(66)

ELISA Presence and level of
protein

Classic and standardized method for protein
analysis

Expensive, unable to exclude contaminants from
exosomes

(66)

Flow cytometry Protein specificity and
concentration in
solution

Able to identify subpopulation of exosomes
with specific protein markers

Resolution limit restricts the sensitivity, low amount
of protein reduces the fluorescence signal for
detection

(70)
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compared to that of the healthy control group. Along with the
upregulated CD9 levels on exosomes, the authors also found that
avb3 integrin was also expressed in plasma exosomes of cancer
patients, but the expression of another classic tetraspanin CD81
decreased somehow in cancer patients. However, a similar
change was not found in the RNA level of CD9 and CD81
between healthy and disease conditions, suggesting that there
should be an intriguingly complicated regulatory network
involved in the process. Additionally, exosomal proteins should
be more straightforward and convincing than exosomal RNA to
reflect the cellular activity in a sense (78). Moreover, a higher
expression of exosomal CD9 in plasma from prostate cancer
patients had also been revealed in another study by differential
centrifugation. However, these results came from a small-scale
study with only six recruited patients and thus should be verified
by identical experiments with a larger cohort. Nevertheless, they
investigated the role of CD9 in prostate cancer and found that
exosomal CD9 could promote cancer cell proliferation (79). An
additional study on bladder cancer also reported an elevated level
of CD9-positive exosomes in urinary samples (105). It looks like
CD9 can promote tumor growth in different types of cancers, but
an in vivo experiment has shown a contradictory result that the
knockout of CD9 in hepatocellular carcinoma can facilitate
cancer development instead. Additionally, it was also reported
that there was no difference between the number of exosomes
released by hepatocellular carcinoma cells before and after the
Frontiers in Immunology | www.frontiersin.org 8
overexpression of CD9 and CD81 (115). Although the results
obtained from cell lines do not always display exactly the same in
clinical scenarios, the complicated roles of CD9 discussed here
should remind researchers that solid conclusions require more
reliable comparative discoveries, especially regarding exosomes
that are naturally heterogeneous.

Meanwhile, an in-house study of melanoma reported that there
was a higher level of CD63+ exosomes in cancer plasma, which was
correlative with the level of caveolin-1, a component of caveolae
(81). Another pilot study with oral squamous cell carcinoma
patients showed that the level of CD63+ exosomes decreased
immediately after resection surgery, suggesting that the tumor
was responsible for the high level of CD63+ exosomes in the
circulation (82). In addition, to be potential candidates for cancer
biomarkers, a recent study using immunohistochemistry (IHC)
showed that tumor exosomal CD9 and CD63 might also act as
potential prognostic monitors due to the increased expression in
rectal tumor tissue after chemoradiation treatment (116). Although
it is helpful to build our understanding of pathology by tissue
biopsy, the result should be further verifiedwith body fluid samples
since liquid biopsy application of exosomes holds great promise in
non-invasive personal precision medicine. So far, very few studies
have investigated three tetraspanins (CD63, CD9, and CD81)
together in clinical settings; therefore, it is still unclear whether
the level of CD9, CD63, or CD81 correlates with different types
of cancers.
TABLE 3 | Exosomal tetraspanin and surface markers.

Type of
cancer

Protein
marker

Number
of

patients/
controls

Source of
exosome/
amount of
Sample

Isolation
technique

Diagnostic accuracy of proposed marker Reference

Lung
cancer

CD91 105/73 Serum/50 µl MSIA
(immunoaffinity
capture)

AUC = 0.724, sensitivity = 60.0%, specificity = 89.0%. (73)
Control group includes 54 healthy individuals and 19
interstitial pneumonia patients.

TSPAN8,
CD151

336/126 Plasma/10 µl EV array
(immunoaffinity
capture)

AUCTSPAN8 = 0.60, AUCCD151 = 0.68. Patient group is composed
of individuals with three types of lung cancer. Control group is
composed of non-cancer patients having symptoms of cancer.

(74)

Breast
cancer

CD82 80/80 Serum/500 µl ExoQuick Kit (SBI) Significantly increased in 30 representative samples. (75)
Control group is composed of patients with benign breast disease.

Colorectal
cancer

CD9, CD147 194/191 Serum/5 µl ExoScreen
(immunoaffinity
capture)

AUCCD9/CD147 = 0.820. (76)
Double-positive exosomes were used as diagnostic markers.

Pancreatic
cancer

TSPAN8 131/79 Serum/1~
1.5 ml

Sucrose gradient
ultracentrifugation

Positive in 90% of patient samples. (77)
Control group include patients with chronic pancreatitis benign
pancreatic tumor and non-pancreatic tumor and healthy volunteers.

Prostate
cancer

CD9, CD81 70/14 Plasma/over
3 ml

Ultracentrifugation Significantly increased (CD9) in five representative patient samples.
Significantly decreased (CD81) in four representative patient samples.

(78)

CD9 6/10 Plasma/2,500
µg of protein

Ultracentrifugation/
EV assay

Significantly increased in six representative samples. (79)
Control group is composed of patients with benign prostate
hyperplasia.

P-glycoprotein 4/6 Serum/1 ml Differential
centrifugation

Increased in 4 docetaxel-resistant prostate cancer compared to 6
treatment-naïve patients.

(80)

Melanoma CD63 90/58 Plasma/
unspecified

Ultracentrifugation Sensitivity = 96.5%, specificity = 43%. AUC unspecified. (81)

Oral
squamous
cell
carcinoma

CD63 10 Plasma/1 ml Ultracentrifugation Significantly decreased among 10 representative samples. (82)
Comparison was made between patients before and after surgery.
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Some other surface molecules expressed on exosomes were
also reported as strong cancer biomarkers. In a large cohort study
of lung cancer patients, an EV array was built that contained 49
exosomal and tumor proteins to collect the heterogeneous
populations of exosomes from 472 isolated plasma samples.
The expressions of two tetraspanins CD151 and TSPAN8 were
found to be significantly elevated in exosomes from cancer
patients, which could distinguish cancer from healthy control
with AUC of 0.68 and 0.60, respectively, independently of disease
stage and histological subtype. Following that, the combination
of 8 proteins along with CD151 and TSPAN8 was determined to
have the best separation outcome to distinguish cancer sample
from healthy control with the largest AUC of 0.74, which
suggested that a group of protein markers may have higher
sensitivity than an individual marker in diagnosis (74). Another
proteomic analysis presented similar data to show that the
expression of exosomal TSPAN8 was associated with
pancreatic cancer as well (77). A study on breast cancer
demonstrated that the level of CD82 in serum-derived
exosomes was significantly higher in a malignant group than
in the healthy control group. The results also suggested that the
level of CD82 was positively correlated with the malignancy of
breast cancer and thus could sensitively serve as a breast cancer
marker (75). There were also some other reports showing the
increased level of exosomal CD91 and P-glycoprotein in the
clinical case of lung cancer and prostate cancer, respectively
(73, 80), indicating their potential for cancer analysis.
Interestingly, the AUC of CD91 combined with CEA in
Frontiers in Immunology | www.frontiersin.org 9
distinguishing lung cancer reached 0.882 (73, 80), which
substantiated CD91 as a very good candidate for potential lung
cancer diagnosis.

There is a great chance that the surface molecules discussed
above will be applied widely in future clinical research on cancer
diagnosis and liquid biopsy, while most of these encouraging
findings were involved with two correlated proteins, like CD9
and CD147 or CD63 and caveolin-1, because it may not be
enough to get a whole picture of a tumor merely by a single
protein marker. By combining various biomarkers in one panel,
the signature of cancer can be identified and analyzed more
reliably, accurately, and efficiently. Though promising, the results
shown here came from different groups by using different
purification processes without any normalization. Future
studies with standardized methods are necessary to exclude the
contingencies of experiments that might induce the methods of
exosome enrichment.

Transport Protein, Heat Shock Protein,
and Adhesion Protein
TSG101, Alix, and heat shock proteins take part in the intracellular
transport of exosomes, which therefore shows important
implications in cancer (117–119). Elmira et al. reported in a recent
study with over 400 samples that the level of exosomal TSG101 was
significantly upregulated in colorectal tumor tissue (120). ANXA2, a
member of the annexin family involved in the endocytosis and
exocytosis processes, was identified to have an increasing level in
plasma exosomes of endometrial cancer (EC) patients. The AUC of
TABLE 4 | Exosomal transport protein, heat shock protein, and adhesion protein.

Type of
cancer

Protein
marker

Number
of

patients/
controls

Source of
exosome/
amount of
sample

Isolation
technique

Diagnostic accuracy of proposed marker Reference

Lung cancer HSP70 18/19 Plasma/10 ml
blood

Ultracentrifugation AUC = 0.8968 for distinguishing metastatic stage of cancer (including
lung cancer and breast cancer). Comparison was made between patients
with metastatic cancer and non-metastatic cancer.

(83)

Fibronectin 21/41 Serum/
unspecified

Sucrose gradient
ultracentrifugation

AUC = 0.844. (84)

Gastric
cancer

PSMA3/
PSMA6

24/13 Serum/2 ml exoEasy Maxi Kit
(QIAGEN)

Significantly increased in six patients with late-stage gastric cancer. (85)

Colorectal
cancer

HSP90 18/18 Serum/250 µl Total Exosome
Isolation Kit
(Invitrogen)

Significantly decreased in 18 representative samples. (86)

Prostate
cancer

avb3 70/14 Plasma/over 3 ml Ultracentrifugation Significantly increased in representative samples. (78)

ACTN4 20/8 Serum/
unspecified

Sucrose gradient
ultracentrifugation

Significantly increased in castration-resistant prostate cancer compared
to prostate cancer patients receiving primary androgen deprivation
therapy.

(87)

Pancreatic
cancer

ZIP4 24/78 Serum/500 µl ExoQuick Kit
(SBI)

AUC = 0.89 for distinguishing malignant cancer from benign pancreatic
disease. AUC = 0.8931 for distinguishing malignant cancer group from
normal group. [Number of controls include benign pancreatic disease (32)
and normal subjects (46)]

(88)

Endometrial
cancer

ANXA2 41/20 Plasma/500 µl ExoGAG AUC = 0.748. (89)

Gynecologic
cancer

HSP22 30 Serum/1 ml Ultracentrifugation Comparison was made among patients with ovarian cancer, patients with
endometrial cancer and patients with endometriosis.
Although no significant result was concluded.

(90)
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ANXA2 as a biomarker for EC is 0.74, which therefore can serve as a
relatively good marker suggested by the authors (89). HSP70 is
actively released as exosome surface protein under the stimulationof
high levels of IL-10 and IFN-g in the serum of cancer patients,
suggesting the role of exosomal HSP70 in tumor immunity and the
potential of HSP70 as a cancer biomarker (121). Moreover, it was
found that the number of HSP70+ exosomes in the plasma samples
from metastatic lung and breast cancer patients was significantly
higher than that of healthy volunteers, in which the level of HSP70+

exosomes was barely detectable (83). The same group further
compared the performance of exosomal HSP70 vs. CTCs in their
pilot attempt under clinical conditions and found that exosomal
HSP70 could act as a discriminative marker between patients with
non-metastatic lung cancer and metastatic lung cancer, possessing
better AUC of 0.8968 than that of CTC detection (AUC = 0.7857).
Frontiers in Immunology | www.frontiersin.org 10
Under stress, the induced form ofHSP70 is expressed exclusively by
cancer cells, which is calledHSP72. One of the conclusive reviews of
HSP70 discussed that tumor-derived HSP72-containing exosomes
promoted the immunosuppressive function of tumor-associated
suppressor cells, indicating the diagnostic value of HSP72 as the
target of cancer (121, 122). Other thanHSP70, an integrin-mediated
pathway-related heat shock protein HSP90 was also reported to be
strongly downregulated in the serum of colorectal cancer patients
compared to the healthy control group (86). Moreover, one of small
heat shock proteins (sHSP), namedHSP22, was found at a high level
in exosomes from gynecologic cancer patients, which was further
suggested to be correlated with host cytotoxic immune
response (90).

Subunits PSMA3 and PSMA6, belonging to the 26S
proteasome complex that is responsible for the functional
TABLE 5 | Tumor-associated exosomal protein.

Type of cancer Protein
marker

Number
of

patients/
control

Source of
exosome/
amount of
sample

Isolation
technique

Diagnostic accuracy of proposed marker Reference

Glioblastoma EGFR 24/8 Plasma/
unspecified

Differential
centrifugation

AUCEGFR = 0.78, sensitivity = 64.0%, specificity = 88.0%.
AUCEGFRVIII = 0.88, sensitivity = 68.0%, specificity = 100.0%.

(91)

Lung cancer EGFR 9 Plasma/
100 µl

Immunoaffinity
capture

Positive in five representative samples. (92)

Hepatocellular
carcinoma

LG3BP,
PIGR

29/32 Serum/1 ml Ultracentrifugation AUCLG3BP = 0.904. Sensitivity = 96.6%, specificity = 71.8%.
AUCPIGR = 0.837. Sensitivity = 82.8%, specificity = 71.8%.

(93)

Colorectal
cancer

Glypican-1 102/80 Plasma/
10 ml blood

ExoCap™ kit
(JSR)/
immunoaffinity
capture

Significantly decreased in cancer patients after surgery treatment
compared to patients before surgery treatment. Significantly increased in
patients compared to healthy control.

(94)

Glypican-1 85 Plasma/
20 ml blood

ExoCap™ kit
(JSR)/
immunoaffinity
capture

Significantly decreased in cancer patients after surgery treatment
compared to patients before surgery treatment. Significantly increased in
late stage of cancer.

(95)

Pancreatic
cancer

c-Met 30/40 Serum/250 µl Total Exosome
Isolation Kit
(Invitrogen)

Sensitivity = 70%, specificity = 85%. Diagnostic odds ratio = 13:2.
AUCdiagnostic not provided. AUCprognostic = 0.779. Control group include
non-malignant subjects, serous cystadenoma subjects, and chronic
pancreatitis subjects.

(96)

Glypican-1 62/20 Serum/250 µl Sucrose gradient
ultracentrifugation

AUC = 1.0. Sensitivity = 100.0%, specificity = 100.0%. (97)

Glypican-1 27/16 Plasma/
1~1.5 ml

Ultracentrifugation AUC = 0.59. Sensitivity = 74.0%, specificity = 44.0%.
Control group is composed of patients with benign pancreatic disease.

(98)

Glypican-1 24/26 Serum/2 ml Sucrose gradient
ultracentrifugation

AUC = 0.885. (99)

Pancreatic
ductal
adenocarcinoma

Glypican-1 22/28 Serum/250 µl Total Exosome
Isolation Kit
(Invitrogen)

AUC = 0.78 for GPC1+ exosomes in portal and peripheral blood.
Sensitivity = 64.0%, specificity = 90.0%.

(100)

Ovarian cancer CD24,
EpCAM,
CA-125

15/5 Plasma/20 µl ExoSearch Chip/
immunoaffinity
capture

AUCCD24 = 0.9067. AUCEpCAM = 1.000. AUCCA-125 = 1.000 (101)

Melanoma PD-L1 44/11 Plasma/
250 µl

TEI kit
(Invitrogen)/
ultracentrifugation

AUC = 0.9184. Sensitivity = 80.00%, specificity = 89.47%. (102)

Caveolin-1 90/58 Plasma/
unspecified

Ultracentrifugation Sensitivity = 69%, specificity = 96.3%. (81)

Head and neck
squamous cell
carcinomas

PD-L1 40 Plasma/1 ml Size exclusion
chromatography/
Immunoaffinity
capture

Significantly increased in cancer patients with active disease and late
stage (UICC stage III/IV) cancer.

(103)
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modification and the degradation of cellular proteins, were
shown to be enriched in serum-derived exosomes of gastric
cancer patients (85). In addition, exosomal zinc transporter
ZIP4 and integrin avb3 were also reported to be significantly
related to tumor growth of pancreatic and prostate cancers,
respectively (78, 88). In the latter study, to determine the
origin of exosomes, C4-2B-b3-GFP cells were injected into
NOD mice to develop prostate cancer, and the authors
successfully isolated plasma exosomes with GFP-tagged avb3
integrin in the circulation, indicating the direct relevance
between tissue-derived exosomes and circulating exosomes
(78). Moreover, exosomal fibronectin was also confirmed by
proteomic analysis on non-small cell lung cancer-derived
exosomes to display great diagnostic potential in the clinical
cohort (84). The actin cross-linking protein actinin-4, which
could facilitate cancer metastasis, was also identified as a
signature protein of metastatic prostate cancer with a high
expression level (87).

Tumor-Specific Protein
Tumor-associated proteins such as CA19-9, CEA, and prostate-
specific antigen (PSA) have been used as indicators in cancer
diagnosis for a long time. Among those significant biomarkers,
PD-L1 has become the focus of immunotherapy development.
PD-L1, existing on the surface of various cell types including
epithelial cells and tumor cells, can bind with PD-1 on the
surface of T cells to act as the key immune checkpoint mediator
in healthy conditions; however, it can also suppress the immune
response of cytotoxic T cells in cancer. Overexpression of PD-L1
has been reported to be indicative of the status of tumors by
using methods like IHC (123). Compared to tissue biopsy, liquid
biopsy offers a safer way of sampling, which can be conducted at
any time to acquire accurate information about the ongoing
illness in patients. Due to that, research starts to focus on the
investigation of the value of exosomal PD-L1 in liquid biopsy. A
mechanism study has demonstrated that metastatic melanoma
cells managed to escape from immune supervision by producing
Frontiers in Immunology | www.frontiersin.org 11
exosomes that carry PD-L1 to facilitate tumor growth as well as
suppress CD8+ T cells. Additionally, the authors also found that
compared to that in healthy donors, the level of PD-L1 in plasma
exosomes was significantly higher in melanoma patients (102).
Similarly, in patients with head and neck cancer, the expression
of PD-L1 on the membrane of plasma exosomes was discovered
to be associated with the progression of the disease, whereas
soluble PD-L1 was not correlated with any of the results found
with exosomal surface PD-L1 (103). This odd observation may
suggest that the exosomal surface proteins exhibit the same
expression pattern as parental cells. Nevertheless, a study on
pancreatic cancer revealed controversial results showing that the
level of PD-L1 on circulating exosomes was not correlated with
cancer. On the contrary, another molecule c-Met displayed a
strong correlation with cancerous parameters (96). Thus, based
on these favorable findings, more future work should be done to
provide convincing proof that exosomal PD-L1 can be developed
as an excellent cancer biomarker.

Glypican-1 (GPC-1), a surface-bound proteoglycan that
regulates signaling pathways mediated by TGF-b, Wnt, and
other growth factors, is overexpressed in a variety of cancer
tissues to promote cancer progression, especially pancreatic
cancer (124, 125). Melo et al. purified serum exosomes from
patients with pancreatic ductal adenocarcinoma (PDAC) and
found that all exosome samples of PDAC patients (n = 190) were
marked with high expression of GPC-1, suggesting a strong
correlation between cancer and serum-derived exosomes. More
than that, the authors analyzed the primary tumor tissue of
PDAC patients and found the mutant transcript of Kras, an
oncogenic gene that is frequently seen in PDAC. They confirmed
the presence of similar Kras mutation in GPC-1+ serum
exosomes of PDAC patients. These results indicated that a part
of circulating exosomes was derived from relevant tumors, which
underscored the importance of exosomal GPC-1 as a pancreatic
cancer biomarker (97). A similar study with PDAC further
emphasized the potential of exosomal GPC-1 by showing that
the level of GPC-1 was elevated in plasma exosomes of PDAC
TABLE 6 | Tumor-associated exosomal protein in urine and ascites.

Type of
Cancer

Protein Marker Number
of

patients/
controls

Source of
exosome/
amount of
sample

Isolation
technique

Diagnostic accuracy of proposed marker Reference

Prostate
cancer

TMEM256 16/15 Urine/
50~150 ml

Ultracentrifugation AUC = 0.87. Sensitivity = 94.0%, specificity = 100.0%. (104)

Bladder
cancer

TACSTD2 28/12 Urine/12.5 ml Ultracentrifugation AUC = 0.741. Control group is composed of 12 hernia patients. A
higher AUC = 0.80 of TACSTD2 was obtained in a larger cohort of
221 samples with ELISA.

(105)

Pancreatic
cancer

CD133 19 Ascites/
unspecified

exoEasy Maxi Kit
(QIAGEN)

The intensity of high-density glycosylation of CD133 significantly
correlated with survival days of pancreatic patients. Non-malignant
ascites from alcoholic and hepatitis C-related cirrhotic patients were
considered as control.

(106)

Endometriosis ANXA2 22/6 Peritoneal
fluid/1 ml

Exo-spin Kit
(Cell Guidance)

Specifically existed in endometriosis patients regardless of disease
stage.

(18)

Renal disease Polycystin-1 6 Urine/50 ml Ultracentrifugation Significantly increased in urinary exosomes. Comparison was made
between urinary samples and kidney tissue samples.

(107)
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patients, which was decreased accordingly after the resection
surgery of PDAC patients (98). However, in many studies with
PDAC, the investigation of exosomal GPC-1 was usually
combined with other surface markers, which were claimed to
possess higher sensitivity and specificity for cancer detection.
Buscail et al. reported that the combination with CA19-9 and
CD63+ GPC-1+ circulating exosomes could define PDAC much
better with an accuracy reaching 84% (100). Xiao et al. also
addressed that a sensitive and reproducible detection panel
consisting of exosomal GPC-1 and CD82 and serum CA19-9
could efficiently distinguish PDAC patients from healthy people
(99). Furthermore, a multiparametric exosome profiling was also
developed and conducted by screening exosomes from patient
plasma with a combination of ten surface markers including four
biomarkers from a major group of cancers, three putative PDAC
markers including GPC-1, and three pan-exosome markers
(126). Exosomal GPC-1 has also been demonstrated to be
increased in colorectal cancer (94). The percentage of GPC-1+

exosomes among total exosome numbers was significantly higher
in patients with more serious disease conditions (95). This
percentage was also significantly increased in relapsed patients,
indicating GPC-1 as a biomarker for diagnosis and poor
prognosis (95). Collectively, these research data obtained with
clinical samples greatly support the value of exosomal GPC-1 as a
potential diagnostic marker for cancer screening.

CD24 is a type of cell adhesion molecule participating in cell
recognition, activation, signal transduction, proliferation, etc., which
has been found to be abnormally expressed in various cancers.
Notably, Zhao et al. developed a multiplexed detection chip
combined with protein markers CA-125, EpCAM, and CD24,
which indicated a three-fold increase of exosomal CD24 in the
plasma of ovarian cancer patients. The AUC values of CA-125,
EpCAM, and CD24 were 1.0, 1.0, and 0.91, respectively, all
indicating the great value of diagnosis (101). But Soltész et al.
found that in the same type of cancer, the expression of CD24 RNA
was not detectable in all plasma or exosome samples of the patients,
though there is a significant alteration in the tissue of the same
ovarian cancer patients (127). Thus the bias existing between
exosomal protein and RNA remains to be solved, and it also
signifies the importance of exosomal protein in liquid biopsy.
Epidermal growth factor receptor (EGFR), another protein
specifically overexpressed in tumors, is closely associated with
cancer progression. Yamashita et al. showed that the expression
of EGFR on plasma exosomes was significantly higher in lung
cancer patients compared to healthy controls, whereas the level of
soluble EGFR in plasma showed no significant difference between
healthy and disease conditions (92). In another study, a microfluidic
chip combined with a nuclear magnetic resonance detection system
was developed by Shao et al. to analyze the expressions of EGFR and
its variant EGFR vIII on plasma exosomes of glioblastoma patients
(91). They identified that the levels of EGFR and EGFRvIII in
exosomes were significantly higher in patients compared to
healthy individuals.

Survivin-2B, a pro-apoptotic protein mainly found in primary
tumors rather than high-grade tumors, could be further
developed as a diagnostic marker for breast cancer (128).
Frontiers in Immunology | www.frontiersin.org 12
Caveolin-1, referred to in the above section as exosomal CD63,
was reported to be increased in plasma-derived exosomes of
melanoma patients, with even higher sensitivity than CD63 as a
putative melanoma biomarker (81). Galectin-3-binding protein
(LG3BP), a protein promoting tumor growth, was found in the
serum-derived exosomes of hepatocellular carcinoma (HCC;
liver cancer) patients with remarkably increased expression
compared to that of the healthy control group. It was worth
noting that although exosomal miRNAs in liver cancer were
widely studied, there was a paucity of studies with exosomal
protein biomarkers, which urged researchers to pay more
attention to potential protein biomarkers for liver cancer. The
diagnostic AUC of LG3BP was 0.904, which was much higher
than that of a non-specific tumor marker alpha-fetoprotein
(AUC = 0.802). However, another tumor marker PIGR was
surprisingly found to be elevated in serum-derived exosomes
with the diagnostic AUC of 0.837, higher than that of alpha-
fetoprotein (93). Thus, LG3BP and PIGR may work as novel
biomarkers for liver cancer together. Common cancer like lung
cancer and breast cancer are both discussed in this review
regarding different cancer-associated exosomal protein
markers. However, rather than exosomal protein, there are
much more research data in the clinical field of HCC that
showed nucleic acids in exosomes including miRNA and
lncRNA can act as novel biomarkers (129).

Exosomal proteins discussed in the above section almost
came from the study with either plasma or serum. Other body
fluids like urine or ascites, which are less viscous than plasma or
serum, are much easier to deal with. Exosomes from these
sources also have been revealed as potential tools for diagnosis
(31). For example, a proteome profile study of urine-derived
exosomes identified proteins from renal tubule epithelial cells.
Polycystin-1, specifically identified in urine-derived exosomes,
was associated with multiple renal diseases (107). The same
group further developed an efficient protocol for urinary
exosome isolation and storage (130). Different from plasma or
serum-derived exosomes, urine-derived exosomes are sometimes
more relevant to the urinary system, which suggests that they
might possess greater potential as early liquid biopsy biomarkers
for renal-related diseases. In urological cancers like prostate
cancer or bladder cancer, urine-derived exosomes still display
great value as diagnosis signature. One of the comprehensive
proteomic studies of prostate cancer described in a review (104)
suggested that TMEM256 displayed excellent accuracy for cancer
diagnosis with a high AUC of 0.94 in clinical urinary samples.
Nevertheless, in the discussion of another review, though
another group proposed TMEM256 as a potential biomarker
for prostate cancer, two other groups could not detect the
presence of TMEM256 in two sets of clinical urinary samples.
Moreover, the protein profiles obtained by these two groups in
the urinary sample of prostate cancer were also distinct, possibly
due to the different isolation and quantification methods or a
different control group (131).

Moreover, there was also a study by the group of Chen et al.
about a potential biomarker TACSTD2 for bladder cancer, which
was significantly increased in urinary exosomes of patients
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compared to individuals with hernia (105). The great potential of
TACSTD2 as a diagnostic biomarker for bladder cancer was
further supported by the validation of another cohort of study
(131) and by the fact that it was exclusively made by cancer cells
(132). Ascite-derived exosomes are also found as a strong
diagnostic tool for their expression of highly glycosylated
CD133 in pancreatic cancer (106). Meanwhile, the group of
Nazri et al. discovered the connection between peritoneal fluid-
derived exosomes and endometriosis by systemic liquid
chromatography with tandem mass spectrometry and
identified five associated exosomal proteins including AXNA2
to be potential diagnostic biomarkers for endometriosis (18). The
discussion about tumor-associated exosomal proteins as
potential cancer biomarkers should also remind researchers of
the fact that the clinical data are still limited. For example, when
investigating prostate cancer, exosomal proteins including CD9,
CD81, P-glycoprotein, and ACTN4 together can act as a
detection panel with high specificity. CD9, CD63, or glypican-1
can be taken into consideration as generic tumor-associated
markers of exosomes produced by a major group of cancers. In
the future, more comprehensive research should be conducted in
representative clinical cohorts to further substantiate the
existing data.
CONCLUSION AND PERSPECTIVE

With the increasing knowledge of exosomal functions in cell–cell
communication, the application of exosomal proteins as a
potential tool for cancer diagnosis and liquid biopsy has
become more and more at tract ive . Under normal
circumstances, tissue biopsy or pulmonary lavage is carried out
to examine the state of lung cancer, which undoubtedly causes
damage to the body. Notably, in a proteomic study of non-small
cell lung cancer, Li et al. demonstrated that AQP-2 (kidney
tissue-related)-positive urinary exosomes expressed a high level
of LRG1 protein. Similarly, LRG1 was also found highly
expressed in the lung tissue of cancer patients (133). The study
has presented us with a clue to the pulmonary origin of exosomes
dispersed in urine and a special perspective on diagnostic
utilization of urinary exosomes for lung cancer. Moreover, the
discovered correlations between urine-derived exosomes and
distant cancerous lung tissue encourage researchers to look
deeper into the origin, transport, circulation, and uptake
of exosomes.

Compared to the detection of tumors by classic antigens, the
combination of exosomal protein markers offers better
diagnostic results (76). Although increasing research data have
suggested the importance of exosomal proteins, there are also
some inconsistent and paradoxical results that we have discussed
in this review among different studies, which urge a more precise
investigation of exosomes. The most important reason for this
result is that no standardized methodology of isolation and
characterization has been established in the whole field of
exosome research. Additionally, exosomes are heterogeneous,
which makes the creation of standardized methods very
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necessary to promote the development of the clinical
application of exosomal proteins. In a recent comparative
study on the tetraspanin profile of exosomes, the heterogeneity
of exosomes was underlined to show a strong impact on the
diagnostic sensitivity of exosomal surface markers. Good
consistency exists in the tetraspanin profile of exosomes from
the same source regardless of isolation methods. But the results
confirmed that tetraspanin profiles of exosomes from a different
source are distinct (134). Additionally, other exosomal cargos
can also differ among different sources. From the long-term
point of view, the development of a microfluidics system is more
likely to be rapidly upgraded because it represents the cutting-
edge technology that can satisfy the needs of exosome
investigation. Microfluidics can integrate separate isolation
procedures and characterization procedures into a single
platform that skips the conservation of exosomes. Even more
encouraging, it can analyze multiple samples that have a small
volume to detect exosomes with high throughput and high
precision (135). Figure 3 shows a microfluidic system
conceived by our group that delivers a general workflow or
construction that can isolate and characterize tumor-derived
exosomes in clinical samples.

In a recent study, Zhang et al. presented a microfluidic system
in which exosomes are captured by an anti-CD63 aptamer and
diagnosed by an anti-EpCAM aptamer (136). To detect those
captured exosomes, a hybridization chain reaction (HCR) is
applied. In this way, the signal of EpCAM aptamer on the
surface of CD63+ exosomes is amplified in a linear form that
can be detected with high sensitivity. The detection limit is
confirmed as 0.5 exosomes/µl, and Zhang et al. also compared
the performance of the system to that of NTA, which showed
that the system could isolate cancer-derived exosomes and spare
non-cancerous exosomes at the same time. Notably, a similar
microfluidic aptasensor (aptamer-combined sensor) platform
was constructed by Wang et al. to detect tumor-derived
exosomes (137). The principle of HCR was also used, but in a
different way to accurately amplify the signal of EpCAM+

exosomes by the formation of a multidirectional reaction.
Surprisingly, the detection limit reached 285 exosomes/µl,
significantly higher than that of other systems. The huge
difference that existed between the two systems suggested that
the mechanism applied for the amplification and detection of
signals in an aptasensor system had a great impact on the
sensitivity. However, a remaining issue of these two studies is
that the exosomes they used for testing are enriched either by
ultracentrifugation of supernatant of cell culture or by isolation
of human serum with commercial isolation kit. Therefore, the
detection sensitivity and limit of these two systems for exosomal
EpCAM diagnosis of more complicated clinical samples without
exosome enrichment remain unknown. Moreover, in these two
studies, the use of a single biomarker CD63 for exosome capture
resulted in the omission of exosomes deprived of surface CD63.
Similarly, use of single biomarker EpCAM resulted in the
omission of tumorous exosomes lack of EpCAM.

While these issues are taken into consideration in our
proposed model (Figure 3), the combination of multiple
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exosomal surface markers in this model can promote the
probability to capture almost all exosomes in samples;
however, the actual performance of the device still relies on the
specificity of current exosomal markers and the identification of
novel exosomal markers. Moreover, the sensitivity for detecting
or capturing tumor-derived exosomes by the model also relies on
the binding affinity of tumor-associated aptamers to exosomes,
as well as the technique applied. The exclusion of non-cancerous
exosomes would be favored by the technical improvement of
detection strategy and the discovery of some novel tumor
markers with high specificity, which would result in the
enrichment of cancerous exosomes. For clinical use of
exosomes, the methods should be handy, highly efficient, and
supersensitive. The methods should also be compatible with
different clinical samples. When dealing with blood,
coagulation will cause the release of platelet-derived exosomes
in the serum; thus it is better to choose plasma for exosome
isolation (138). However, coagulation sometimes happens with
cancer progression; thus, it is extremely necessary to distinguish
tumor-derived exosomes from immune cell-derived exosomes in
the blood sample, which further emphasizes the need for the
discovery of tumor-specific exosomal markers. Additionally, the
development of cancer-stage-specific exosomal markers is also
very attractive to the current precision medicine theory.

It is worth mentioning that the standardization of exosome
isolation methods will favor future clinical utilization of
exosomes for immunotherapy at the same time. Safety is the
most important issue to be concerned about when talking about
therapy, which holds back many cell-therapy strategies. On the
contrary, the high purity of exosome products will be a strong
candidate for therapeutic treatment. For example, mesenchymal
Frontiers in Immunology | www.frontiersin.org 14
stem cell (MSC)-derived exosomes have already been proved to
mediate immune response in multiple murine models with acute
graft-versus-host disease (aGVHD) due to their anti-
inflammatory or immunomodulatory effects. MSC-derived
exosomes can promote the expansion of regulatory T cells,
which suppress the inflammatory response and can also induce
the production of anti-inflammatory cytokines like IL-10 while
inhibiting the production of inflammatory cytokines like TNF-a
(139, 140). In a typical clinical treatment against aGVHD, the
response of patients to MSC-derived exosomes administration
was found to be positive, and the clinical GVHD symptom was
significantly improved, suggesting the great potential of MSC-
derived exosomes for clinical therapies (141). Beyond that, the
function of MSC-derived exosomes has also been recently
introduced into the treatment of COVID-19 for the first time.
Patients infected with COVID-19 received 5 days of MSC-
derived exosome infusion. At the endpoint, data showed that
the percentage of CD3+, CD4+, and CD8+ T cells increased in
patients, implying the exciting outcome of immunomodulatory
effects of MSC-derived exosomes (142).

In summary, it is believed that with the advancement of
isolation technique and characterization strategy, the clinical
application of exosomal proteins would finally act as a
powerful diagnostic target in liquid biopsy as well as
effective immunotherapy.
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