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ABSTRACT: Extracellular vesicles (EVs) are membranous P — Etracton ot Eve Ay of EVS glvconlation
structures secreted by various cells carrying diverse biomolecules.

Recent advancements in EV glycosylation research have under- " 3 miseee An—x e
scored their crucial role in cancer. This review provides a global | Lo e |5 L-4<:
overview of EV glycosylation research, covering aspects such as .,,M; e e
specialized techniques for isolating and characterizing EV | = - g -
glycosylation, advances on how glycosylation affects the biogenesis g |- - I .

ascites semen

and uptake of EVs, and the involvement of EV glycosylation in A apopti bodies o
intracellular protein expression, cellular metastasis, intercellular
interactions, and potential applications in immunotherapy.
Furthermore, through an extensive literature review, we explore
recent advances in EV glycosylation research in the context of
cancer, with a focus on lung, colorectal, liver, pancreatic, breast, ovarian, prostate, and melanoma cancers. The primary objective of
this review is to provide a comprehensive update for researchers, whether they are seasoned experts in the field of EVs or newcomers,
aiding them in exploring new avenues and gaining a deeper understanding of EV glycosylation mechanisms. This heightened
comprehension not only enhances researchers’ knowledge of the pathogenic mechanisms of EV glycosylation but also paves the way
for innovative cancer diagnostic and therapeutic strategies.

The glycosylation of EVs effects various physiological and pathological processes

Lung, colorectal, liver, pancreatic, breast, ovarian, prostate, and melanoma cancers

1. INTRODUCTION

. . C: : mRNA, miRNA, IncRNA, DNA, teil
Extracellular vesicles (EVs) are membranous vesicles enclosed e oo o, peere

Markers: CD9, CD63, CD81, TSG101, Alix exosomes
by a phospholipid bilayer that are produced and secreted by
various cell types and contain a wide array of biomolecules." ~
EVs are commonly categorized into three major subtypes Cargoes: mRNA, mRNA, InGRNA.proteins M aas
based on their size, biological characteristics, and production Markers: integrin, selectin, CD40 ligand oo
mechanisms: exosomes (Exos, 50—150 nm), microvesicles -
(MVs, 150—1000 nm), and apoptotic bodies (ApoBDs, 1—5 ondosome.
,um).ZG Thereinto, Exos are formed by the fusion of Gargoes: cell organeles, nuclear fraction
multivesicular bodies (MVBs) and the cell membrane, whereas Mearkers: histones, annexin V sroptote e Ealyeniig
MVs are released by pinching off the cell membrane via
outward budding and apoptotic bodies are delivered during the
process of cell apoptosis with undetermined origin (Figure Figure 1. Formation, cargos, and markers of extracellular vesicles. The
1).7’8 The distinct markers present on EV subtypes allow for color orange represents exosomes, yellow represents microvesicles,

their differentiation, highlighting their vital significance in both and blue represents apoptotic bodies.

physiological and pathological processes.” Evidence from
studies suggests that EVs are abundant sources of biomarkers,
with exploratory analysis of EVs holding promise for enhancing
early disease diagnosis, treatment strategies, and prognostic
evaluations.

Glycosylation, a common post-translational modification
(PTM) of proteins, occurs in eukaryotic cells with the aid of
glycosyltransferases.'”~"> This modification encompasses N-
glycosylation, O-glycosylation, C-glycosylation, and the glyco-
sylated phosphatidylinositol-anchored proteins, and each
category is defined based on how glycans are linked to

proteins."” The first two categories are of greater concern in
glycosylation (Figure 2). N-glycosylation involves attaching N-
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Figure 2. N-glycosylation types and O-glycosylation types of glycoproteins.

acetylglucosamine (GIcNAc) to the nitrogen atom of the
protein’s asparagine side chain through an amide bond,
typically with the specific amino acid sequence Asn—X—Ser/
Thr. This modification can be further categorized into high
mannose type, complex type, and hybrid type based on the
branching pattern of the glycan chain.'® O-glycosylation
predominantly occurs at the hydroxyl group of serine or
threonine side chains and usually does not have specific amino
acid sequences. The extensively studied forms of the O-
glycosylation are O-GalNAc and O-GlcNAc." Glycosylation is
one of the most prevalent PTMs, and glycoproteins are major
biomolecules extensively distributed across the surfaces of
plasma membranes and cell membranes.'® Glycosylation can
alter the conformation, physicochemical properties, and
stability of proteins, thereby impacting various physiological
processes, including cancer cell proliferation, metastasis,
apoptosis, and immune evasion.'”'*'”'® Furthermore, it
holds a significant association with the development of
numerous diseases.'”'” Remarkably, tumor-derived EVs have
been discovered to contain an enrichment of tumor-associated
glycans, and glycosylation has been identified as a potent
influencer of the biosynthesis and function of EVs, highlighting
the potential of EV glycosylation to serve as the viable source
of biomarkers.

Glycosylation can occur on biomolecules, including proteins,
lipids, DNA, and more. In this review, we specifically highlight
recent advancements in the study of the glycosylation of EVs,
covering analytical methods, biological functions, and
applications in cancer.

2. THE RESEARCH OF GLYCOSYLATION IN EVS

EVs are not confined to their initial perception as mere waste
carriers at the first time of discovery. In contrast, they play
crucial roles in a variety of physiological and pathological
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events, including immune responses, cellular differentiation,
cellular metastasis, and so on.>”° The contents of EVs cargoes,
especially glycoproteins, fluctuate with the state of the cells;
they serves as a mirror of cellular events and states, conveying
information that influences neighboring cells and the
surrounding environment.”' The research of glycosylation in
EVs holds substantial clinical significance and has garnered
increasing attention in recent years.

2.1. Extraction and Analysis of EVs and Glycosylation.
While numerous proteins on the surface of EVs have been
identified as highly glycosylated, these vesicles are encom-
passed by an intricate humoral environment.”” ** Conse-
quently, the assessment of their glycoprotein content is
susceptible to disruption by various other constituents.
Hence, conducting an exhaustive glycoproteome analysis of
EVs necessitates the initial purification of these vesicles from
the sample, followed by the enrichment of glycosylated
proteins.'' Continued technological and experimental advan-
ces have unveiled the heterogeneity and diversity of EV
glycosylation, thus facilitating their utilization for the diagnosis,
prognosis, and treatment of related diseases. The following
section delineates the advancements in research methodologies
employed for the separation and analysis of EVs and
glycosylation.

2.1.1. Methods to Isolate and Characterize EVs. EVs are
produced by various types of cells and are consistently found in
body fluids, including blood, saliva, urine, semen, breast milk,
malignant ascites, and cerebrospinal fluid, as well as tissue and
cell culture media.””*> Up to the present, researchers in
relevant fields have proposed several predominant techniques
for isolating EVs from complex biological samples (Figure 3).
These methods include ultracentrifugation (UC),*® differential
ultracentrifugation (DC),”"** density gradient centrifugation
(DGC),” size exclusion chromatography (SEC),” membrane
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Figure 3. Sources, isolation, and characterization of extracellular
vesicles.

filtration,*" microfluidic platforms,32 flow field-flow fractiona-
tion,” affinity-based techniques,‘%4 and immunomagnetic bead
enrichment.>>>¢ Among these methods, UC is regarded as the
gold standard,”” and the combination of these techniques has

been documented to yield high-quality EVs.”*~*" While each
of these methods presents its own set of advantages and
disadvantages,””~** based on the scope detailed in the present
study, these isolation approaches can effectively purify EVs
from complex biological samples to a certain degree. This
enables both qualitative and quantitative analysis of the
biomolecules carried by them.

The efliciency of the isolation of EVs can be characterized by
assessing their physical properties (Figure 3), which have been
extensively reported in the literature. These methods exhibit
distinct advantages and disadvantages that are complementary
in their application. For instance, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) generate
high-resolution EV images despite limited throughput;*
nanoparticle tracking analysis (NTA) quantifies EVs concen-
tration and size distribution but requires a specific camera and
optimized settings;**™* tunable resistive pulse sensing
(TRPS) measures the concentration and size distribution of
EVs by detecting transient changes in ionic currents, which
occur as vesicles traverse nanopores;’ >’ dynamic light
scattering (DLS) assesses various physical attributes of EVs
in suspension, but it requires special attention to conditions
that may induce disturbances;’>* and flow cytometry (FC)
characterizes surface proteins and enables precise counting and
sorting of EVs, exhibiting high reproducibility across various
suspension fluids.””**** Among these, TEM and NTA or
TEM and FC are commonly combined for EV character-
ization,*®**

2.1.2. Methods to Enrich and Characterize Glycosylation.
As mentioned above, it is crucial to perform EV purification
prior to analyzing glycosylation. Besides, to prevent interfer-
ence in glycosylation analysis, several enrichment methods for
glycans and glycopeptides have been developed. These include
size exclusion chromatography (SEC),*® hydrophilic inter-
action chromatography (HILIC),”” boronic affinity chroma-
tography (BAC),”” porous graphitized carbon (PGC),*”
hydrazide chemistry,”’ chemical labeling-based enrichment,”'
and lectin-based affinity enrichment.”” These glycosylation
enrichment methods facilitate the purification of EVs for
subsequent analysis. The advantages and disadvantages of
these enrichment techniques are extensively discussed in the
fields of glycoproteomics and glycomics and will not be further

Table 1. Overview of Glycosylation in EV Analysis Methods”

method principle advantages disadvantages ref
GC LC physical properties of analyzed samples  suitable for analysis of a single glycoprotein require standards to decode the glycosylation ~ 66—68
structures
MALDI-MS identification of the glycan structures simple and fast, only a few seconds, high sensitivity ~incompatible with chromatography, only 73-75
and glycosylation sites by m/z of useful for glycosylation analysis in simple
fragments samples
ESI-MS compatible with multiple chromatography, suitable time-consuming, low throughput, high cost, 78, 79, 92
for glycosylation analysis in complex samples complex spectra, difficult to decode
WB transfer glycoproteins to membranes and  qualitative and semiquantitative analysis, validation ~ poor accuracy and reproducibility in 80, 82
detect with antiglycan antibodies analysis of glycoproteins quantification, antibody-dependent
ELISA antigen—antibody binding, mature technology with good reproducible results,  quantitative analysis of glycoproteins and 83—-85
quantification by fluorescence or suitability for detecting extracellular secreted glycans with known glycans structures
luminescence signals proteins
lectin-based lectins bind and recognize the high sensitivity, lectin arrays with high throughput low accuracy, disturbed and inhibited by 86,87,89,93
method carbohydrates structures other monosaccharide structures
fluorescence detection by conjugates emission fast, high resolution requires fluorescent labeling prior to 90, 94

detection

detection

“The abbreviations in the table are explained with the corresponding full names as follows: GC, gas chromatography; LC, liquid chromatography;
MALDI-MS, matrix-assisted laser desorption/ionizationmass spectrometry; ESI-MS, electrospray ionization mass spectrometry; WB, Western

blotting; ELISA, enzyme-linked immunosorbent assay; and ref, references.
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elaborated upon here.'”**~® The following section primarily

focuses on reviewing the analytical methods for glycosylation.

After the enrichment of glycosylation from isolated EVs,
glycoproteome and glycome characterization can be performed
using multiple techniques (Table 1). Gas chromatography
(GC) and liquid chromatography (LC) analyze carbohydrates
based on distinctions between their physical properties, and
these techniques are well suited for glycosylation analysis of a
single glycoprotein.(’(’_68 However, their ability to elucidate the
structures of glycan chains is reliant on the presence of
reference standards. Mass spectrometry (MS) identifies the
glycan structures and glycosylation sites of glycoconjugates
through the mass-to-charge ratio (m/z) of fragmentation ions,
and the relative signal intensities can provide quantitative
information.****~"* The emergence of matrix-assisted laser
desorption/ionization (MALDI) and electron spray ionization
(ESI) has advanced the application of MS in the field of
macromolecular analysis, encompassing the analysis of
glycoconjugates. MALDI-MS offers simplicity in sample
pretreatment, ragid detection within seconds, and relatively
high sensitivity.””~”> However, its compatibility with chroma-
tography or other separation techniques is limited, making it
primarily suitable for the analysis of glycosylation in
uncomplicated samples. ESI-MS, including LC-MS, CE-MS
and IMS, is compatible with a range of separation techniques,
making it well suited for glycosylation analysis of intricate
salmples.m’%_79 However, it has drawbacks, such as being
time-consuming, low throughput, high cost, and the generation
of complex spectra, that make it analysis challenging. Western
blotting (WB) is a prevalent technique to achieve qualitative,
semiquantitative, and validation analysis based on antiglycan
antibodies, but its %luantitative accuracy and reproducibility are
relatively limited.**~** Enzyme-linked immunosorbent assay
(ELISA) is based on the principle of antigen—antibody
binding, %uantiﬁed by fluorescence or luminescence signal
intensity.”~*° ELISA is a well-established and reproducible
technique with a wide range of applications, but it is limited to
the analysis of known substances. Lectins bind and recognize
carbohydrates structures, which can be employed to analyze
specific glycoproteins and glycans with high sensitivity.”>**~*
However, the method exhibits relatively low accuracy and is
susceptible to inhibition and interference from other
oligosaccharide structures. Fluorescence detection by con-
jugates emission is sensitive and rapid, but it requires a specific
fluorescent tag because carbohydrates do not absorb visible
light, thereby significantly restricting its application.®®”’

Currently, the assignment of glycan structures to specific
glycosylation sites is primarily accomplished through high
performance liquid chromatography-tandem mass spectrome-
try (HPLC-MS/MS).”" As of now, none of these techniques
can fully substitute for the others, and researchers can select
the most appropriate analytical technique based on the specific
objectives of their experiment. As mentioned above, there are
many methods for the isolation and analysis of glycosylation of
EVs, and the selection or combination of different techniques
significantly influences the downstream results; however, there
is currently no consensus on the “best approach”. The
following viewpoints are widely acknowledged and embraced
by the majority: researchers tend to prefer more complex
isolation and analysis techniques, particularly for complex body
fluids or when assessing the glycoproteome within EVs.

2.2. Glycosylation Influences the Biogenesis and
Uptake of EVs. EVs are transport vesicles containing a

trove of components and are secreted by cells in both
physiological and pathological states.**”>*® Various PTMs of
proteins occur during EVs genesis, and they are expected to
participate in a variety of biological processes.”” Carbohydrate-
structured substances, such as oligosaccharides, polysacchar-
ides, and glycoproteins, are essential components on the vesicle
surface that play a role in re$ulating the biogenesis and the
recipient cell uptake of EVs.'"””® In the next section, an
overview of the research progress regarding glycomics analysis
and glycoproteomics analysis shows that glycosylation
compositional features are closely related to the biogenesis
and uptake of EVs.

Although the mechanisms are not well understood, several
papers have provided evidence that glycosylation affects the
biogenesis and uptake of EVs (Figure 4). Guo et al.
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Figure 4. Schematic representation illustrating the influence of
glycosylation on the biogenesis and uptake of EVs. In the gray circle,
“++” indicates that glycosylation is positively correlated with EVs,
whereas “+—" indicates that glycosylation is negatively correlated with
EVs. In the orange ring, the text annotates the correlation between
glycosylation and the biogenesis or uptake of EVs. In the light blue
circle and the dark blue ring, the text annotates the sample of the
study and the type of glycosylation, respectively.

demonstrated distinct sialylation ratios of MUCI proteins in
both MCF7 and MDAMB231 parental cells and their
corresponding EVs using their prog)osed quantitative local-
ization analysis (QLA) method.”” The results of their
experiments revealed that at least part of glycosylation plays
a role in the biogenesis pathway of EVs. Fuentes et al. proved
that ITGB3 impacted the uptake of EVs by activating
endocytosis through interaction with heparan sulfate proteo-
glycan (HSPG).” After treating the murine hepatic cell lines
(AML12 and MLP29) with glycosidase PNGase F or
neuraminidase, the researchers revealed that there was no
significant change in the size of the EVs, and the increased
uptake of the EVs could be attributed to the charge effects,
direct glycan recognition, or a combination of both.**'*’
Exosomes, as a smaller subset of EVs, have garnered increasing
attention for the effect of glycosylation on their uptake by
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recipient cells. Genetic evidence from the investigation of cell
mutants indicated that HSPG acted as an internalized receptor
for cancer cell-derived exosomes and that elevated levels of cell
surface HSPG substantially enhanced the uptake of exo-
somes.'”" Moreover, in dendritic cells, the uptake of exosomes
was specifically attenuated by p-mannose and p-glucosamine,
and this interaction was at least partially mediated by C-type
lectins.'®” In macrophages, 6N-acetylactosamine chains could
inhibit exosome uptake by binding on galectin 5." In ovarian
carcinoma SKOV3 cells, the removal of sialic acid led to an
increase in exosome uptake. Conversely, treatment with high
concentrations of monosaccharides or f-lactose resulted in
decreased exosome uptake compared to glucose.”’

2.3. The Biological Role of Glycosylation of EVs.
Glycosylation, characterized by covalent and intricate hetero-
geneous linkages, has been proved to perform an irreplaceable
function in the regulation of biological processes at the cellular
level.">*7°! EVs, which encompass a diverse range of cargos,
have been reported to be involved in various biological
processes. Proteins encapsulated within EVs often exhibit
various types of glycosylation modifications.'** In the following
section, we highlight the biological roles exerted by the
glycosylation of EVs.

Glycosylation of EVs affects the expression of certain
proteins associated with exosomes. For instance, core 1-
mediated O-glycosylation regulated CD44 expression by
modulating truncated O-glycoproteins released via exosomes.
This resulted in the downregulation of CD44 expression
intracellularly while upregulating CD44 expression within the
exosomes. This finding also suggested that the high proportion
of CD44-positive exosomes could potentially serve as a
biomarker for aberrant O-glycosylation.’® In addition, the
glycosylation of EVs has been found to influence the metastatic
potential of certain cells. The glycocalyx, consisting of sugar-
coated components such as glycoproteins, proteoglycans, and
glycosaminoglycans, played a significant role in promoting
angiogenesis and metastasis through EVs and held a pivotal
position within the tumor microenvironment.'” The sialyl-
transferase ST6GALI1 could be released into the extracellular
environment, where it added a-2,6-linked sialic acids to N-
glycans on cell surfaces and secreted glycoproteins. In breast
cancer, ST6GAL1 enhanced both growth and aggressive-
ness.'”® The high bisecting GIcNAc on the surface of EVs led
to the attenuation of the prometastatic function of breast
cancer cells. This effect was achieved through the inhibition of
galectin 3/vesicle f1 expression.3

Differences in glycomic profiles between the parental cells
and secreted EVs are evident. Additionally, variations are
observed in the surface glycomic profiles among exosome
subpopulations. Therefore, the analysis of glycosylation in EVs
is considered to be useful for studying interactions and
glycoprotein sorting. Findings from localization and quantita-
tive analysis studies revealed that the glycome signatures of
EVs proteins differed from those of their parent cell
membranes.”” This suggested that protein-specific glycome
signatures could serve as factors for protein sorting. Further,
these specific glycans took on an irreplaceable role in
intercellular communications. Matsuda et al. reported that
the secreted glycoproteins, membrane glycoproteins, and EVs
glycoproteins of pancreatic cancer cell lines exhibited markedly
different glycome signatures.lé Similarly, CD9-, CD63-, and
CD81-positive exosomes shared varying glycome signatures.
The experimental data above provide evidence that specific

glycans likely play a role in sorting glycoproteins into vesicles.
The broad-ranging glycosylation analysis of various types and
sources of EVs could contribute to unraveling the mechanisms
underlying the interactions between EVs and cells.

The comprehensive and in-depth analysis of EV glyco-
sylation significantly contributes to the advancement of
immunotherapy. EVs are characterized by their nanoscale
size, biocompatibility, and prolonged circulatory half-life,
rendering them valuable as delivery vehicles for drugs and
small molecules.'”” Furthermore, EV glycosylation not only
mediatesphysiological functions through multiple mechanisms
but also opens avenues for designing EVs for therapeutic and
immunological applications.”® Efficient attachment of antigens
to the surface of EVs could be facilitated by binding antigens to
the transmembrane domains of viral glycoproteins, resulting in
heightened immunogenicity.'”® The presence of @-2,3-linked
sialic acids on B cell-derived exosomes not only enhanced their
recognition and capture of CD169-positive exosomes but also
played a crucial role in promoting exosomal antigen-mediated
immunity.'*®  Glycosylation also fostered the interaction
between EVs and host immune cells, holding si%niﬁcance in
immune regulation and vaccines development.11 Moreover,
senescent cells release a higher number of EVs compared to
nonsenescent cells, which are accompanied by distinct glycan
profiles on their surfaces. These differences enable senescent
cells to induce specific types of cell lysis by selectively binding
to lectins, potentially serving as a foundation for lectin-targeted
therapies.' "'

3. EV GLYCOSYLATION IN CANCERS

According to the global cancer statistics 2020, the number of
new cancer cases globally reached a concerning 19.3 million,
resulting in a staggering loss of 9.9 million lives."'> This
highlights the significant increase in cancer incidence and
mortality, which places a heavy burden on healthcare systems,
caregivers, and the global economy and affects the quality of
life of patients, causing physical and psychological suffering.
Therefore, there is an urgent need for in-depth research into
the pathomechanisms of these cancers and the development of
innovative early diagnostic and therapeutic strategies to
combat this global threat.

Cancer-derived EVs share many common biological
functions that impact multiple biological processes in the
development and progression of the diseases. The alterations
of glycosylation frequently occur during cancer progression.
The study of glycosylation in EVs has revealed that cancer-
derived EVs are enriched in disease-associated glycans.”
Compared to blood samples, the analysis of EV glycosylation
prevented interference from high-abundance proteins, provid-
ing a wider dynamic range and higher sensitivity.'® The
potential of EV glycosylation in the early diagnosis of disease is
increasingly being evaluated, highlighting the value of the
application of EVs as one of the most versatile biopsy samples
for the discovery of specific diagnostic biomarkers.””''™''*
Notably, global analysis of EV glycosylation not only facilitates
the discovery of diagnostic markers but also aids in
understanding the causative mechanisms of diseases and
contributes to the development of therapeutics.

In the following sections, we will provide an overview of
recent advances in EV glycosylation in the research fields of
lung, colorectal, liver, pancreatic, breast, ovarian, prostate, and
melanoma cancer. The aim is to elucidate the pivotal
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discoveries in EV glycosylation and underscore its significance
in advancing cancer research.

3.1. Lung Cancer. Small cell lung cancer (SCLC) and non-
small cell lung cancer (NSCLC) represent the two most
common subtypes of lung cancer.''®'"” Notably, there are
distinct differences in the N-glycomes of EVs released from
SCLC cells and NSCLC cells. The structural motifs of N-
glycans found in SCLC-released EVs resembled the brain N-
glycans, while NSCLC-released EVs predominantly featured
lung-specific N-glycans characterized by core fucosylation, a
feature associated with NSCLC."'® Furthermore, lectin array
analysis revealed the selective expression of integrins between
these two cell types. These profiles suggest a molecular
connection between the glycoproteins present in EVs and the
types of lung cancer.

NSCLC accounts for approximately 80% of all lung cancer
cases, and the treatment and pro%nosis of NSCLC largely
depend on the disease stage.'®’'” Unfortunately, many
patients are diagnosed at advanced stages, emphasizing the
critical need for novel diagnostic biomarkers to enhance both
the quality of life and survival rates among NSCLC patients.'"”
Therefore, the search for novel diagnostic biomarkers is
essential to improve the life quality and the survival rate of
NSCLC. In the study by Li et al. proteomic analysis revealed
that a-2-glycoprotein (LRG1) was upregulated in urinary
exosomes from NSCLC patients and in tumor tissues.'”” This
suggested its potential as a biomarker for NSCLC. While this
study did not include ROC curve analysis or diagnostic
specificity assessments, it provided the possibility of identifying
potential biomarkers for NSCLC at the subcellular level. Pan et
al. isolated exosomes via UC and conducted semiquantitative
proteomic analysis of exosomes derived from the nonsmall cell
line NCI-H838."*' By comparing these exosomal proteins to
whole cell membrane proteins, they found that while there was
no significant difference in MUCI1 levels in the plasma, MUC1
levels in plasma exosomes from NSCLC patients were 1.5-fold
higher than those in healthy individuals. This study
underscored the potential of plasma exosomal MUCI as a
sensitive diagnostic biomarker for NSCLC. Moreover, Niu et
al. identified serum exosomal a-2-HS-glycoprotein (AHSG)
and extracellular matrix protein 1 (ECM1) as potential
diagnostic markers for NSCLC.'”” When combined with
serum carcinoembryonic antigen (CEA), the area under the
curve (AUC) exceeded 0.9, indicating diagnostic and
prognostic potential. These findings suggest that serum
exosomes contain glycoproteins with valuable diagnostic and
prognostic implications.

3.2. Colorectal Cancer. Colorectal cancer (CRC), ranking
as the third most prevalent malignant tumor, has significantly
better survival and quality of life outcomes when diagnosed
early.''” Studies have highlighted the potential of glycoconju-
gate analysis of EVs in human serum associated with CRC as a
complementary approach to traditional methods, offering
promise for early CRC diagnosis.'*’ Notably, a-1-acid
glycoprotein 1 (ORM1) in human plasma EVs, linked to
CRC subtypes, has emerged as a significant factor impactin§
overall survival and may serve as a key prognostic indicator.'”

Detailed investigations into CRC-derived EV glycosylation
have covered conditioned media, plasma, and tissues. For
instance, Sun et al. isolated EVs from the plasma, cancer
tissues, and paracancerous tissues of CRC patients.'”> They
analyzed the proteome and glycoproteome of the EVs using
LC-MS/MS and found that levels of fibrinogen-f3 chain (FGB)

and -2 glycoprotein 1 (2-GP1) were significantly elevated in
cancer tissue-derived EVs and that FGB and $2-GP1 had more
diagnostic potential than CEA and CA19-9. This study used
late specimens (T2—T4), and future investigations of early
specimens are warranted to determine the specificity of early
diagnosis and to explore whether these biomarkers can be used
for CRC subtyping and staging. In addition, Chaiyawat et al.
isolated secreted proteins and EVs from conditioned media
using DC and DGC, respectively.” By removing N-glycans
with PNGase F and O-GalNAc glycans via -elimination, they
isolated the O-GlcNAcylated proteins. Subsequent quantifica-
tion through 2D gel electrophoresis and LC-MS/MS analysis
revealed significantly elevated O-GlcNAcylation in EVs from
metastatic CRC cell lines. This study suggests that aberrant O-
GlcNAcylation of EV proteins might be involved in the process
of cancer metastasis and could serve as a potential biomarker
for metastatic CRC.

3.3. Liver Cancer. Among primary liver cancer, hepato-
cellular carcinoma (HCC) comprises more than 75% of cases
and intrahepatic cholangiocarcinoma (iCCA) comprises more
than 10%.""* Early diagnosis of both HCC and iCCA is critical
for enhancing patient outcomes, as advanced-stage disease
management is more limited and associated with significant
side effects.*® At present, both the imaging tests and serum
marker tests, which are more commonly used in clinical
practice, lack perfect specificity and sensitivity. Researchers in
related fields are actively developing new diagnostic markers
for liver cancer, including studies on EV glycosylation, with the
aim of enabling early diagnosis.

Lv et al. captured glycosylated peptides by reacting
aldehyde-modified resins with the amino groups of peptides
and then released the N-glycans using PNGase F, enabling MS
analysis of the glycome in both serum and cellular
exosomes.'”” In this study, 77 N-glycans were identified in
HCC serum exosomes compared to 74 N-glycans in healthy
human serum exosomes, with 24 N-glycans showing differ-
ential expression. These findings suggest that profiling serum
exosomal N-glycome may yield novel insights into potential
HCC biomarkers. Li et al. identified 756 N-glycopeptides in
urinary EVs and found that glycoproteins LG3BP, PIGR, and
KNG are upregulated in HCC128."** Although this study had
a small sample size and the candidate markers were not
validated, this study highlights the promise of site-specific
glycomics analysis in the quest for new noninvasive diagnostic
markers.

3.4. Pancreatic Cancer. Surgical resection is the only
curative option for pancreatic cancer (PC)."*” However, PC
usually lacks noticeable symptoms in the early stages; thus,
many patients are diagnosed when the cancer has spread to
vital tissues and cannot be treated surgically, which leads to a
poor prognosis and high mortality. Therefore, there is an
urgent need to develop specific liquid biomarkers for the early
diagnosis of PC, which is of great clinical significance.

Cancer cells surviving in ascites often display cancer stem
cell (CSC)-like features. and understanding the signaling
associated with CSC-like cells is essential for addressing
therapy-resistant diseases.'’’ EVs were abundantly secreted by
CSC-like cells, creating a tumor-specific microenvironment
within the peritoneal cavity. These EVs played pivotal roles in
tumorigenesis, tumor growth, metastasis, angiogenesis, the
formation of premetastatic niches, immunosuppression, drug
resistance, and epithelial-to-mesenchymal transition (EMT)."
Research into the glycosylation of exosomes in PC ascites has
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suggested that glycosylation could contribute to early diagnosis
and prognosis assessment. For instance, Melo et al. isolated
exosomes using DC and identified significant enrichment of
glypican-1 (GPC1) in tumor-derived exosomes through MS
and FC.* Their study demonstrated that GPCl-carrying
circulating exosomes could serve as a potential biomarker for
early PC diagnosis. Sakaue et al. employed a kit combined with
UC to isolate exosomes from PC ascites.'* In their study, WB
analysis revealed elevated expression of the CSC-associated
protein CD133 in advanced PC ascites in comparison with
gastric cancer and decompensated cirrhotic ascites. Lectin
assay analysis further indicated a strong correlation between
high glycosylation levels of CD133 and patient survival. These
findings suggest that glycosylated CD133 in ascites exosomes
holds promise as a prognostic biomarker for advanced PC.

Studies investigating the glycosylation of EVs in the serum of
PC patients and in PC cell lines have been documented.
Yokose et al. conducted an integrated analysis using lectin
microarrays and ExoCounter to examine EVs in PC cell line
cultures and serum samples from PC patients.'** Although the
structure of the O-glycans needs to be further elucidated,
glycomics analysis showed an increase in the number of O-
glycans recognized by amaranthus caudatus agglutinin (ACA)/
agaricus bisporus agglutinin (ABA) in EVs at the site of PC
lesions and a significant decrease in these glycan alterations
after surgical intervention, suggesting that they could serve as
potential biomarkers for PC. Consequently, exploring the
association between the number of O-glycan changes and
biological information carried by nucleic acids such as DNA or
miRNA is an interesting direction for future research.

3.5. Breast Cancer. Research emphasizes that early
diagnosis of breast cancer (BC) improves patients’ five-year
post-diagnosis survival.'** The emerging body of evidence
highlights the integral role played by EV glycosylation in both
the diagnosis and treatment of BC. This evidence opens up
promising avenues for identifying and developing biomarkers
for EV glycosylation.

In a glycoproteomics study, Chen et al. identified 1453
unique glycopeptides using label-free quantitative techniques,
of which 20 glycopeptides were significantly overexpressed in
EVs of BC patients and could serve as potential diagnostic
markers.”> However, the authors did not demonstrate the
diagnostic specificity and accuracy of these candidate
biomarkers. Terava et al. developed a method using wheat
germ agglutinin (WGA) to detect glycome patterns of human
serum EVs glycoproteins and mucins.'*> They found that the
glycovariants CD63UEA, CAI2SWGA, and CAI1S—3WGA
had the potential to differentiate between localized BCs and
healthy controls and were superior to traditional glycoprotein
tumor markers, such as CA125 and CA15—3. However, it is
worth noting that most of the samples used in this study were
from early stage BCs, and it was not possible to link these
glycovariants to specific BC subtypes. The diagnostic perform-
ance of these glycovariant biomarkers needs validation in larger
clinical cohorts.

Chemoresistance is an important cause of therapy failure in
BC. Ma et al. found that a large number of transient receptor
potential channel S (TrpCS$)-containing EVs were present on
the surface of adriamycin-resistant human breast cancer cells
(MCF-7/ADM), but not in untreated patients."*® They
hypothesized that circulating EVs promoted intercellular
transport of TrpCS5, leading to the production of the
multidrug-resistant transporter protein P-glycoprotein, which,

in turn, leads to chemoresistance. However, the authors also
noted that the correlation between TrpC5-containing EVs and
the clinical response to chemotherapy may not be entirely
attributable to the role of TrpCS-containing EVs, and that
further exploration is needed to determine the potential of
TrpCS-containing EVs as a diagnostic biomarker for chemo-
therapy-resistant BC. Tan et al. utilized DGC to isolate EVs
from BC cells and found that bisecting GIcNAc low-expressing
EVs promoted carcinogenesis and metastasis.” The authors
also found that vesicular integrin Sl is a target protein of
bisecting GIcNAc and that high expression of bisecting
GlcNAc strongly inhibited cells metastasis. This suggests that
glycosylation modification of EVs affects their biological
functions, and the analysis of EV glycosylation is expected to
identify new therapeutic targets for BC.

3.6. Ovarian Cancer. In comparison to whole cell
membranes, EVs derived from ovarian cancer (OC) cells
exhibit distinct glycosignatures, including complex N-glycans
with o-2,3-linked sialic acid, fucose, bisecting-GlcNAc, and
LacdiNAc structures and O-glycans with the T-antigen."’’
These specific glycosignatures hold potential as new
biomarkers for OC.

The glycosylated macromolecules found in exosomes from
OC patients have garnered significant attention, e.g, CD24
and EpCAM have been reported as potential diagnostic
markers.*®'*? In addition, Escrevente et al. conducted studies
involving carboxyfluoresceine diacetate succinimidyl ester-
labeled exosomes from SKOV3 cells isolated by UC.”' They
employed immunofluorescence microscopy and FC to
investigate exosome uptake by recipient cells under several
different conditions, complemented by lectin analysis, to
characterize the glycosylation patterns of these exosomes.
Their research revealed that exosomes were enriched in high
mannose-type and sialic acid-type glycoproteins, influencing
their uptake via endocytosis. These glycoproteins hold promise
as potential OC biomarkers. Escrevente et al. delved into the
glycoproteome and N-glycome of exosomes derived from
SKOV3 cells by lectin imprinting, NP-HPLC analysis, and
MS.% Their investigations identified abundant glycoproteins
with sialic acid, particularly galectin-3-binding proteins, in
SKOV3-derived exosomes. These proteins were confirmed to
play an important role in interactions between exosomes and
target cells, influencing EV uptake by recipient cells. The
characterization of the N-glycome in exosomes revealed
predominantly high-mannose glycans and complex glycans
with multiantennary. These studies shed light on the potential
of exosomal glycosylation as a biomarker for OC. Gomes et al.
isolated EVs and total cell membranes from OVMz ovarian
carcinoma cells using DC."*” Their analysis, employing
immunoblot analysis, SDS-PAGE analysis, and MALDI-
TOF/TOF analysis, unveiled disparities in glycoprotein
abundance and glycosylation patterns between exosomal
vesicles and total cell membranes. They discovered that
galectin-3 binding protein (LGALS3BP), which contains a
complex N-glycan structure, was highly enriched in EVs.
Literature reports indicated that LGALS3BP is significantly
overexpressed in patients with advanced stage disease,
metastasis, and poor chemotherapeutic outcomes.'*’ The
above evidence suggests that glycosylation profiling of EVs is
beneficial for exploring the potential biomarkers of OC.

3.7. Prostate Cancer. Prostate cancer (PCa) is one of the
most common malignant tumors in the male population, with a
significant global incidence and mortality rate.'*' While
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prostate-specific antigen (PSA) is mentioned as a marker for
prostate cancer, it is important to note that PSA testing has its
limitations in both sensitivity and specificity.'** In recent years,
researchers have increasingly focused on understanding the
significance of glycosylation in improving the accuracy of PCa
diagnosis. In the field of glycosylation studies of EVs derived
from pancreatic cancer cell lines, Sandvig et al. found that the
expression of glycoprotein CUB-containing domain protein 1
in EVs released from the metastatic PCa cell line PC-3 was
specific by proteomic analysis.'* In addition, Clark et al.
combined extracellular vesicle characterization and quantitative
proteomics to study wild-type and FUT8 knockout pancreatic
cancer cell models."** They discovered that overexpression of
a 1,6-fucosyltransferase FUTS8 in pancreatic cancer cells led to
altered glycans on EV surface glycoproteins, which in turn
affected the production of extracellular vesicles associated with
PCa progression. These emerging evidence strongly indicates
that abnormalities in the glycosylation of EVs are closely linked
to the development and progression of prostate cancer.

As a result, research into the glycosylation of EVs obtained
from biopsy samples of pancreatic cancer patients has gained
significant traction. Nyalwidhe et al. conducted an in-depth
analysis of glycosylation in EVs from expressed prostatic
secretions and urinary exosomes by employing three
complementary analytical methods: MALDI-TOF, HPLC,
and Triple Quadrupole MS.'** Their findings indicated that
patients had significantly lower levels of tri- and tetraantennary
N-glycans in prostate fluid exosomes and higher levels of
bisecting N-acetylglucosamines, which are associated with
disease progression. It is important to note, however, that the
samples used in this study were pooled samples; therefore, no
definitive conclusions can be drawn at this stage. Vermassen et
al. identified an increased number of extracellular vesicles in
the urine of J)ancreatic cancer patients compared to healthy
individuals.'*® Furthermore, they established a correlation
between prostate protein N-glycosylation and the extraction
rate of urinary-vesicle-associated prostate-specific antigen.
Remarkably, despite the lower sensitivity and specificity, this
association demonstrated greater clinical diagnostic value when
compared to serum PSA levels and urine glycoprotein profiles.
Blaschke et al. introduced an innovative method for N-glycome
analysis of EVs in urine and prostate fluid.”* This method has
the capability to detect up to 100 N-glycans and has
demonstrated its utility across various biological sample
types. Notably, its capacity to analyze a large population of
clinical samples effectively expands the potential clinical
applications of extracellular vesicle N-glycosylation analysis.

3.8. Melanoma. Melanoma of the skin had a worldwide
incidence of 324,635 new cases, accounting for 1.7% of all
cancer cases in 2020.""” It is a highly aggressive and lethal
disease with no available cure, and experts agree that early
diagnosis and treatment can dramatically reduce mortality.'*’
Clinical diagnostic methods for melanoma include visual
observation, palpation, and sonographical examination, but
they often have limitations in achieving precise early
diagnosis."*” Recent studies have revealed that extracellular
vesicles transport cargo that facilitates angiogenesis and
mechanistic remodeling. This process enables cancer cells to
evade immune responses, a pathway closely linked to
melanoma metastasis and progression.'*® Therefore, the
investigation of extracellular vesicle glycosylation has emerged
as a prominent area of interest in melanoma research.

Surman et al. isolated ectosomes from cutaneous melanomas
through UC.'*” They employed a panel of lectins, combined
with WB and FC, to compare glycoproteins among ectosomes,
whole-cell extracts, and membranes. As a result, the study
revealed that ectosomes exhibited variations in specific glycan
epitopes, either enriched or deleted. Furthermore, the authors
indirectly suggested that ectosomes from distinct cell
membrane regions harbored unique glycosylated structures.
If confirmed, this finding implies a potential role of
glycosylated protein structures in regulating vesicle numbers,
which could be of clinical significance. Subsequently, Surman
et al. also established the LC-MS/MS approach to perform the
initial analysis of the ectosomal N-glycome released by uveal
melanoma Mel202 cells.””” They identified distinct glycan
patterns between Mel202 cells and secreted ectosomes. These
ectosomes were enriched in bisected complex-type N-glycans
and @-2,6-linked sialic acids, which may be associated with
ectosome formation and interactions. Harada et al. employed
UC to isolate EVs from three distinct mouse melanoma B16
variants, each with varying metastatic potentials.””' They
conducted an analysis of 2-aminopyridine (PA)-labeled N-
glycans using MALDI-TOF MS. This study yielded the initial
qualitative and quantitative characterization of intricate glycan
structures within the three B16 variants, contributing to the
extended exploration of the N-glycome within tumor-derived
EVs. Specific modification of the glycocalyx allowed high levels
of mannose to be expressed on extracellular vesicles generated
after apoptosis. These vesicles delivered tumor-specific
antigens and initiated the T-cell immune response.'>
Together, these findings hold promising clinical potential for
the early diagnosis and T-cell-based immunotherapy of
melanoma.

4. CONCLUSION AND FUTURE PERSPECTIVES

This review summaries the diversity and importance of
methods for the study of EV glycosylation, where modern
advanced techniques including FC and MS provide powerful
tools for in-depth study of EV glycosylation.” Continuous
improvement and standardization of EV glycosylation analysis
methods have enhanced sensitivity and specificity and reduced
data discrepancies between different laboratories. Coupled
with the establishment of pertinent databases, this facilitates
data comparison and sharing across studies. Studies have
shown that EV glycosylation significantly influences not only
the biogenesis and uptake of these vesicles but also their
biological functions and signal transduction, thereby playing a
key role in both physiological and pathological processes.
Future research should prioritize exploring the mechanisms
through which different types of glycosylation modifications
impact these processes. With a deeper understanding of these
biological functions, researchers in related fields can look
forward to the development of new therapeutic strategies and
biomarkers that will provide more options for the management
of a wide range of diseases.'”’ Certainly, EV glycosylation
research demands multidisciplinary collaboration, including
biochemistry, cell biology, immunology, and clinical medicine.
This collaborative approach aids in comprehending the
significance of EV glycosylation across diverse fields and
facilitates the translation of these findings into practical
applications for cancer diagnosis, therapy, and monitoring.

In conclusion, the field of EV glycosylation is rapidly
advancing, with a broad spectrum of applications. Future
research endeavors will continue to deepen our comprehension

https://doi.org/10.1021/acsomega.3c07441
ACS Omega 2023, 8, 47380—47392


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

of this field, likely yielding further innovations and break-
throughs in the diagnosis and therapy of diseases.
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