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Abstract
Extracellular vesicles (EVs) are lipid-bilayer membrane structures secreted by most
cell types. EVs act as messengers via the horizontal transfer of lipids, proteins, and
nucleic acids, and influence various pathophysiological processes in both parent and
recipient cells. Compared to EVs obtained from body fluids or cell culture super-
natants, EVs isolated directly from tissues possess a number of advantages, including
tissue specificity, accurate reflection of tissue microenvironment, etc., thus, attention
should be paid to tissue-derived EVs (Ti-EVs). Ti-EVs are present in the intersti-
tium of tissues and play pivotal roles in intercellular communication. Moreover, Ti-
EVs provide an excellent snapshot of interactions among various cell types with a
common histological background. Thus, Ti-EVs may be used to gain insights into
the development and progression of diseases. To date, extensive investigations have
focused on the role of body fluid-derived EVs or cell culture-derived EVs; however,
the number of studies on Ti-EVs remains insufficient. Herein, we summarize the lat-
est advances in Ti-EVs for cancers and non-cancer diseases. We propose the future
application of Ti-EVs in basic research and clinical practice. Workflows for Ti-EV
isolation and characterization between cancers and non-cancer diseases are reviewed
and compared. Moreover, we discuss current issues associated with Ti-EVs and pro-
vide potential directions.
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F IGURE  Schematic representation of subtypes of extracellular vesicles (EVs) released by a cell. EVs are secreted by cells into the extracellular space, and
can be classified into exosomes (EXOs), microvesicles (MVs) or ectosomes, apoptotic bodies (ABs) and large oncosomes (LOs). Exosomes are secreted by the
fusion of MVBs with the plasma membrane (PM), whereas MVs and large oncosomes are released by direct outward budding of the PM. ABs are released by
dying cells during the later stages of apoptosis so that cell debris can easily be eliminated by the neighbouring immune cells

 INTRODUCTION

Extracellular vesicles (EVs), which were firstly introduced in the 1980s (Pan et al., 1985), are heterogeneous membranous struc-
tures released from the cells through distinct biogenetic and secretory mechanisms (Fabbiano et al., 2020). In the past decades,
EVs have been recognized as “divinemessengers,” like Hermes (Braicu et al., 2015), which canmediate the exchange of biomolec-
ular information between cells and their microenvironment (Costa-Silva et al., 2015), both in prokaryotes and eukaryotes. EVs
are produced constitutively or upon activation by inflammatory responses, oxidative stress, hypoxia, mechanical stress, ageing,
cell death, and exposure to bacteria (Almeria et al., 2019, Bodega et al., 2019, Helmke & Vietinghoff, 2016, Kakarla et al., 2020,
Shah et al., 2018, Totani et al., 2017). Growing evidence has indicated that the contents, size, and membrane components of EVs
are highly heterogeneous, depending on the cell type of origin, cell state, and environment (Yáñez-Mó et al., 2015).
Despite their significant heterogeneity, EVs can be classified into three subtypes: microvesicles (MVs), apoptotic bodies (ABs)

or apoptosomes (Kerr et al., 1972), and exosomes (EXOs) based on their size distribution and biogenesismechanism [endosomal-
or plasma membrane (PM)-derived] (Figure 1). MVs are larger vesicular structures shed by direct outward blebbing of the PM
with a size of 50–1000 nm (Willms et al., 2018). ABs are released from cells undergoing programmed cell death through outward
blebbing and fragmentation of the PM (Akers et al., 2013), with a broad size range of 100–5000 nm in diameter (Mathieu et al.,
2019). EV populations unique to a disease, with specific biophysical characteristics and compositions, have also been identified
(e.g., oncosomes and large oncosomes [LOs] in cancer). Oncosomes (100–400 nm) and LOs (1–10 μm) are non-apoptotic EVs
originating directly from the PM, which are unique to cancer cells (Matarredona & Pastor, 2019, Willms et al., 2018). EXOs,
the smallest subgroup of EVs, are generated via an endosomal pathway that involves double invagination of the PM, the for-
mation of intracellular multivesicular bodies (MVBs) containing intraluminal vesicles, MVBs fusion to the PM, and exocytosis
(Kalluri & Lebleu, 2020), with diameters ranging from 30 to 150 nm (Kalra et al., 2016). Pioneering research has shown that
exosomes may function as “waste bags” that remove redundant and non-functional cellular contents (Abels & Breakefield, 2016,
Mincheva-Nilsson et al., 2016, Pan et al., 1985, Pegtel & Gould, 2019, Théry et al., 2002). Recently, studies have demonstrated
that exosomes play indispensable roles in multiple biological processes, including angiogenesis, apoptosis, maintenance of cel-
lular homeostasis, antigen presentation, inflammatory responses, and intercellular signal transduction (Huang & Xu, 2021, Li
et al., 2020), consequently involved in pathophysiological events in a variety of diseases, such as cancer, autoimmune diseases,
and infectious and neurodegenerative diseases (Gurunathan et al., 2019, Mashouri et al., 2019). The characteristics of each EV
subtype are summarized in Table 1.
At present, EVs can be generally classified into three subtypes: cell culture-derived EVs, body fluid-derived EVs, and

tissue-derived EVs (Ti-EVs), based on the sources from which they are obtained. To date, cell culture-derived EVs and body
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TABLE  Characteristics of EV subtypes

Characteristic Exosome Microvesicle Apoptotic body Large oncosome References

Size 30–150 nm 50–1000 nm 100–5000 nm 1–10 μm Kalra et al. (2016); Willms
et al. (2018)

Density 1.13–1.19 g/ml 1.25–1.30 g/ml 1.16–1.28 g/ml 1.10–1.15 g/ml Minciacchi et al. (2017);
Zhang et al. (2019)

Biogenesis Multivesicular bodies
fusion with plasma
membrane

Direct outward
budding from the
plasma membrane

Direct outward budding
from the plasma
membrane

Direct outward
budding from the
plasma membrane

Akers et al. (2013); Tkach and
Théry (2016); Willms et al.
(2018)

Compositions Nucleic acids (DNA,
mRNA, miRs),
lipids, proteins

Nucleic acids (DNA,
mRNA, miRs),
lipids, proteins

Cellular organelles,
cytosolic content
(DNA, mRNA, miRs),
lipids, proteins

Nucleic acids (DNA,
mRNA, miRs),
lipids, proteins

Doyle and Wang (2019)

Markers CD9, CD63, CD81 ARF6 and VCAMP3 Thrombospondin, C3b,
annexin V

ARF6, Cav-1,
membrane-
localized
cytokeratin-18

Akers et al. (2013); Morello
et al. (2013);
Muralidharan-Chari et al.
(2009); Van Engeland et al.
(1998); Willms et al. (2018)

Functions Maintenance of
normal physiology,
involvement in
pathological
processes

Cell-cell
communication,
tissue homeostasis,
tumorigenesis,
diagnostics, drug
delivery

Removal of dying cells,
antigen presentation,
antitumor immunity,
autoimmunity.
propagation

Propagating
tumour-promoting
material and
inducing
transformation

Al-Nedawi et al. (2008);
Caruso and Poon (2018); Ni
et al. (2020); Quesenberry
et al. (2015); Ratajczak and
Ratajczak (2020); Tkach
and Théry (2016)

fluid-derived EVs have been the focus of interest in the field of EVs. However, a number of limitations are associated with the
studies described below.
Notably, caution should be exercised whenworking with cell culture-derived EVs (mainly cell line-derived EVs) which are iso-

lated from cell culture supernatants. Cell culture-derived EVs are reliable candidates for mechanism study due to the availability
of EVs and repeatability of results. However, cultured cells may lose unique features following long-term cell cultivation, which
may lead to poor interpretation of the obtained EVs’ biological functions (Crescitelli et al., 2020, Crescitelli et al., 2021, Sahoo
et al., 2021). Additionally, most cells are currently cultured in two-dimensional (2D) environment with single-cell type (Jensen
& Teng, 2020), thus, cells lose their interactions with other cell populations that coexist in the same in vivo tumour microenvi-
ronment (TME) (Chen et al., 2020, Crescitelli et al., 2020, Crescitelli et al., 2021). Moreover, cell lines are obtained from a single
individual at a specific time during disease development, therefore cell culture-derived EVs cannot reflect dynamic progression
of diseases.
Compared with cell culture-derived EVs, growing attention has focused on EVs obtained from various biological fluids, such

as blood, breastmilk, cerebrospinal fluid, urine, and saliva (Belov et al., 2016, Guo et al., 2020, Leung et al., 2021, Vasconcelos et al.,
2019). Body fluid-derived EVs offer a minimally invasive way to reflect the dynamic progression of diseases in real-time (Leung
et al., 2021). However, admixtures from multiple sources are contained in body fluids, including serum proteins or a mixture of
EVs from the whole body (Jingushi et al., 2018). In addition, the extent to which EVs in the circulatory system are released from
specific tissues is unknown (Huang & Xu, 2021). One study reported that the location of adipocytes within the interstitial space
may block the diffusion of adipocyte-derived EVs into the circulatory system (Connolly et al., 2018). Low concentrations of EVs
derived from the circulatory system have been reported (Shah et al., 2018). Moreover, it is critical to identify the tissue of origin
(Shah et al., 2018). Given the limitations above, it is now the time for Ti-EVs to make their way into history.
Ti-EVs exist in the extracellular interstitium and are well-established mediators of intercellular signal transduction (Figure 2).

Ti-EVs have garnered increasing attention due to several favourable features (Table 2): (I) Ti-EVs comprise vesicles shed by
most cell types within the tissue microenvironment, especially the TME, and more accurately reflect the pathophysiological
characteristics and behaviours of cells as the three-dimensional (3D) structure of tissues and cell properties are retained (Camino
et al., 2020, Chen et al., 2020, Jang et al., 2019); (II) Ti-EVs analysis enables comparison of EVs components using EVs obtained
from tumour and adjacent non-tumour tissues, which share common biological properties (Jang et al., 2019, Jingushi et al.,
2018); (III) Ti-EV samples contain minimal contaminants because of the single-tissue source compared to body fluid-derived
EVs (Crescitelli et al., 2020, Jingushi et al., 2018); (IV) the underlying relevance of intratumoral heterogeneity (ITH) and tumour
evolution has not been fully explored (Nguyen et al., 2021). Analysis of Ti-EVs sampled at multiple sites and different stages
of disease evolution may offer insights into temporal-spatial heterogeneity within the TME. In terms of cancer, Ti-EVs may be
crucial for regulating the TME for tumour cell colonization and growth (Costa-Silva et al., 2015, Hoshino et al., 2015).
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F IGURE  Biogenesis and identification of tissue-derived EVs (Ti-EVs). (a) Ti-EVs are found in tissue interstitium released from various types of cells.
(b) Ti-EVs are released after double invagination and fusion of the plasma membrane with MVBs. Several proteins are implicated in EVs biogenesis and
include Rab GTPases, ESCRT proteins, and SNARE family proteins. (c) Ti-EVs have a complex composition of nucleic acids, protein, lipids, and metabolites.
Some proteins are also used as markers for EVs (CD9, CD63, CD81, flotillin, TSG101, and ALIX). EVs surface proteins include cell adhesion proteins, integrins,
cell-type-specific proteins, and so on

This review aims to summarize and discuss the status quo and progress of research into Ti-EVs in cancers and non-cancer
diseases. Problems and potential solutions in the field of Ti-EVs are proposed. Furthermore, we discuss the future directions of
Ti-EVs for clinical applications.We hope that this review will provide a comprehensive outlook on Ti-EVs as well as information
for future work to elucidate their functions for diagnostic, prognostic and therapeutic applications in a spectrum of pathological
conditions.

 TI-EVS INMULTIPLE CANCERS

In the past few decades, there have been remarkable developments in the study of EVs in cancers(Kalluri, 2016, Rajagopal &
Harikumar, 2018). EVs are involved in all of the hallmarks of cancer (Hanahan & Weinberg, 2011, Jurj et al., 2020) (Figure 3).
Tumour-derived EVs are associated with the biogenesis and evolution of various cancer events, including TME reshaping, angio-
genesis, local invasion, distant metastasis, the establishment of a pre-metastatic niche, and the development of drug resistance
(Mashouri et al., 2019, Wortzel et al., 2019). However, the exploration of Ti-EVs in cancer development and progression has
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TABLE  Comparison of characteristics of EVs from different sources

Source of EVs Tissue-derived EVs Body fluid-derived EVs Cell culture-derived EVs

Advantages Reflect pathophysiologic state accurately (Chen
et al., 2020, Camino et al., 2020)

Real-time and dynamic detection
(Leung et al., 2021, Erdbrügger
et al., 2021)

EVs can be collected repeatedly and are
not subject to fresh sampling

Analyzing EVs from diseased tissues and normal
tissues possessing a common histological
background (Jingushi et al., 2018, Jang et al.,
2019)

Minimal-invasiveness (Leung et al.,
2021, Erdbrügger et al., 2021)

Single-cell source

Relative minor contaminants with single-tissue
source (Crescitelli et al., 2020)

Large volumes (Erdbrügger et al.,
2021)

Cells can be immortalized (Sahoo et al.,
2021)

Parental cells are grown in a three-dimensional
environment

Multi-sources (Kaczor-Urbanowicz
et al., 2019, Siravegna et al., 2017)

Allow the analysis of temporal-spatial
heterogeneity of tissue microenvironment

Disadvantages Mixture of EVs from multiple cell populations
(Mincheva-Nilsson et al., 2016, Jang et al.,
2019)

Lower sensitivity and specificity in
biomarkers identification

Cell are living in two-dimensional
environment (Jensen & Teng, 2020)

Invasiveness (Leung et al., 2021) EVs admixture of other cellular and
organ origin from various
biological states (Crescitelli et al.,
2020, Leung et al., 2021)

Loss of the interaction with the
surrounding cells (Chen et al., 2020,
Crescitelli et al., 2020, Crescitelli et al.,
2021)

Inability to reflect the dynamic
progression of disease

Discrete tissue biopsies and limited sources for
sampling sources (Leung et al., 2021, Jang
et al., 2019, Siravegna et al., 2017)

Low concentrations of EVs in the
circulatory system (Connolly et al.,
2018, Shah et al., 2018)

Less representative of disease
characteristics after long-term cell
culture (Domcke et al., 2013, Jang
et al., 2019)

Sampling bias (Siravegna et al., 2017) Need to identify the original tissues
(Shah et al., 2018,
Kaczor-Urbanowicz et al., 2019)

Applications Mechanism study (Cheng et al., 2020) Mechanism study (Hoshino et al.,
2015)

Mechanism study (Tong et al., 2020)

Potential diagnostics (Hoshino et al., 2020) Diagnostics (Sheridan, 2016,
Mckiernan et al., 2018)

Potential therapeutics (Zhou et al., 2020) Therapeutics (Usman et al., 2018) Therapeutics (Williamson, 2018)

Potential prognostics Prognostics (Zhou et al., 2020)

remained at a preliminary stage. In this section, Ti-EVs in several types of cancer, including melanoma, colorectal cancer, pan-
creatic cancer, lung cancer, and renal cell carcinoma (Figure 4), are summarized and discussed (Table 3).

. Ti-EVs in melanoma

Melanoma is a malignancy that develops from the uncontrolled proliferation of melanocytes. Melanoma is a highly invasive
malignant tumourwith a high rate ofmetastasis and death, and prevalence has been growing (Chen et al., 2021). The development
of melanoma has been attributed to multiple factors, with ultraviolet light recognized as one of the most common risk factors, as
well as gene mutations (Ferguson, 2021, Lopes et al., 2021). According to Cancer Statistics, 2020, the death of melanoma accounts
for over 50% of skin tumours (excluding basal and squamous) in the United States (Siegel et al., 2020). Accumulating data have
shown that melanoma-derived EVs play a multifaceted role in driving metastasis by regulating the invasion and angiogenesis
of tumour cells (Gowda et al., 2020). To date, the most well-characterized mechanisms in the formation and progression of
melanoma are the (PI3K)/AKT and RAS/RAF/MEK/ERK signalling pathways (Yajima et al., 2012). Additionally, proteins such
as VLA-4, CD44, MHC I, TYRP2, Mart-1, Her2/neu, TRP, ADAM10, MAPK4K, Annexin A2, and GP100 are overexpressed
in melanoma EVs and may have potential as prognostic indicators (Mears et al., 2004, Rappa et al., 2013, Wolfers et al., 2001).
Nevertheless, the function of Ti-EVs in melanoma is yet to be defined.
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F IGURE  A schematic representation of the impact of tumour-derived EVs on the hallmarks of cancer. Ten hallmark capabilities of cancer are as
follows: sustaining proliferative signalling, evading growth suppressors, evading immune destruction, enabling replicative immortality, inducing angiogenesis,
activating invasion and metastasis, tumour-promoting inflammation, genome instability, and mutation, resisting cell death, and deregulating cellular
energetics. Tumour-derived EVs can contribute to all the hallmarks of cancer by transporting pro-oncogenic molecules to recipient cells

A well-developed protocol is presented in Figure 5a (Crescitelli et al., 2021). Extracellular vesicles and particles (EVPs) from
melanoma primary tumour tissue and draining lymph nodes invaded by the tumour were analyzed. Researchers identified a
list of tumour-specific proteins in tissue explants (TEs) with the highest predictive values for distinguishing malignancies from
normal tissues, including TNC and SRRT, which can be applied in diagnostics (Hoshino et al., 2020). Ti-EVs from metastatic
melanoma can provide more valuable information for the discovery of specific markers to separate EV subpopulations. For
example, ADAM10 and EHD4 are enriched in small low-density EVs (Crescitelli et al., 2020). Steenbeek et al. isolated cells
and EVs from mouse melanoma tissue and characterized the cargo of EVs released by two types of melanoma tumours with
different metastatic capacities. Different transfer efficacy was found between Ti-EVs and cell culture-derived EVs, emphasizing
the significance of studying the contents of Ti-EVs (Steenbeek et al., 2018). Jang et al. analyzed the surface proteomes of EVs
from metastatic melanoma tissues and found that mitochondrial inner membrane proteins were enriched in melanoma Ti-
EVs, compared to non-melanoma Ti-EVs. Differences were identified between Ti-EVs and cell culture-derived EVs (Jang et al.,
2019). Ti-EVs are found to be better tools for biomarker discovery because of their high specificity and relative concentration.
Investigation of Ti-EVs in the evolution of melanoma and their potential diagnostic application may further knowledge on
melanoma and help to combat the disease.
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F IGURE  Schematic of tissue types involved in the research of tissue-derived EVs (Ti-EVs). The left part presents some types of tissue involved in
non-cancer diseases, including brain tissue (mainly Alzheimer’s disease), liver tissue for a standard protocol for Ti-EV isolation, intestinal tissue, and adipose
tissue for some metabolic diseases. And the other part presents some tissues associated with cancers, including melanoma, lung cancer, pancreatic cancer,
colorectal cancer, and renal cell carcinoma

. Ti-EVs in colorectal cancer

Although surgery, chemotherapy, radiotherapy, and immunotherapy have demonstrated clinical efficacy in the treatment of col-
orectal cancer (CRC), CRC still ranks third in terms of incidence and is the second leading cause of cancer-related deaths world-
wide (Bray et al., 2018). Growing attention has been paid to the role of EVs from cell culture supernatants or the circulatory
system in CRC pathological processes (Hu et al., 2019, Takano et al., 2017, Yang et al., 2021). However, exploration of Ti-EVs may
have greater potential in the fight against CRC.
Ti-EVs from CRC were obtained using the method shown in Figure 5b. HIST2H2AB and PYGM were found to be enriched

in Ti-EVs from patients with CRC. Ti-EVs profiling could allow a diagnosis resulting in more targeted and efficient therapeutic
strategies for patients with tumours of unknown primary focus (Hoshino et al., 2020). Using high-resolution density gradient
fractionation and direct immunoaffinity capture, Jeppesen et al. isolated EVs from colorectal tumour tissues and adjacent tissues,
and identified Annexin A1 andA2 as novelmarkers of non-exosomal small to large EVs. Future work will be required to ascertain
the mechanisms by which heterogeneous components are released under pathological states and in the design of targeted treat-
ment plans (Jeppesen et al., 2019). Additionally, comparative analyses of the proteomic and lipidomic profiles of EVs secreted
fromMC38 colorectal tumours in mice identified a panel of proteins involved in immune response, migration, metabolism, cell
adhesion, and signal transduction (Cianciaruso et al., 2019). This information will be of utmost importance for the design of
strategic treatment interventions to combat colorectal cancer in the near future.

. Ti-EVs in pancreatic cancer

The occurrence and mortality rate of pancreatic cancers have continued to increase, despite reductions in morbidity and mor-
tality associated with other cancers (Vincent et al., 2011). In 2012, approximately 338,000 people were diagnosed with pancreatic
cancer, making it the 11th most frequent cancer (Ilic & Ilic, 2016). Pancreatic cancers are highly malignant, easily metastatic,
and immunotolerant, largely owing to the high proportion of diagnoses at advanced stages of cancer. It has been reported that
80%–85% of patients with pancreatic cancer present with terminal unresectable tumours. Themetastasis and immunological tol-
erance of pancreatic cancers arise through communication among different types of cells. EVs are the most critical intercellular
messengers (Zhao et al., 2017).

A study demonstrated that during the metastasis of pancreatic ductal adenocarcinomas (PDACs), premetastatic niche for-
mation in the liver was highly dependent on the migration inhibitory factor (MIF) from tumour-derived EVs. These findings
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F IGURE  Schematic overview of the protocol used to isolate extracellular vesicles (EVs) from multiple types of cancer tissue

suggested that EV-MIF prepared the liver for tumour metastasis and may be a prognostic indicator for the progression of PDAC
and the development of liver metastases (Costa-Silva et al., 2015). Hoshino et al. analyzed EVP proteins obtained from the pri-
mary tumours or regional lymph nodes of patients with pancreatic cancer (Figure 5c). Proteins (e.g., THBS2, VCAN) expressed
at significantly higher levels as well as those (e.g., ECM-associated molecules, ITGs, and some proteases) exclusively expressed
in pancreatic tumour tissue (TT)-derived EVPs (PaCa EVPs) were identified, which may reflect the extent of tumour stromal
invasion. Proteins associated with epithelial-mesenchymal transformation, coagulation, and actin signalling were upregulated
in PaCa EVPs compared to adjacent and distant tissue-derived EVPs. These EVP proteins may be utilized for the detection of
cancer and the determination of cancer type (Hoshino et al., 2020).

. Ti-EVs in lung cancer

As one of the most common and fatal cancers, lung cancer has a high incidence and mortality, and non-small cell lung cancer
accounts for approximately 85% of all lung cancers worldwide. Lung cancer is often diagnosed at an advanced stage when the
metastatic foci have formed (Srivastava et al., 2018) owing to a poor understanding of the molecular mechanisms that drive
metastasis and progression; thus, efficient diagnostic and therapeutic strategies are currently lacking (Zhang et al., 2020). To
date, attention has focused on the essential roles of EVs isolated from various biological fluids and cell culture medium (Gao
et al., 2018, Li et al., 2021, Liu et al., 2017, Zhang et al., 2020), making it difficult to compare EVs secreted from tumour cells to
those from non-tumour cells with common histology. In contrast, Ti-EVs may be suitable for providing overall insights into the
functions of EVs under both physical and pathological states.
Analyses of EVP proteomics in tumour and adjacent non-tumour tissues from patients with lung cancer undergoing surgery

(Figure 5b) revealed the presence of cancer-specific EVP proteins. In addition, HIST family proteins (such as HIST2H2AB)
and METTL1 were overexpressed and exclusively expressed in lung tumour tissues, respectively. Of note, proteins related to cell
division, metabolism, and RNA processing events were enriched in lung cancer EVPs. These biomarkers are available in the
majority of biofluids, and may therefore be used in liquid biopsies (Hoshino et al., 2020).

. Ti-EVs in renal cell carcinoma

Renal cell carcinoma (RCC) accounts for over 90% of renal malignancies, with 338,000 newly diagnosed patients every year
globally. RCC is the second most frequent urogenital malignant tumour in men and the third most common in women
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F IGURE  Schematic overview of the protocol used to isolate extracellular vesicles (EVs) from multiple non-cancer tissues

(Barth et al., 2020, Ferlay et al., 2015, Siegel et al., 2019, Znaor et al., 2015). The morbidity of patents with RCC is increasing,
and the overall prognosis remains unsatisfactory (Wang et al., 2019). The progression of RCC involves many cell types, and EVs
are critical messengers that facilitate the exchange of information within the TME (Grange et al., 2019).
EVs were extracted from viable surgical specimens of tumour tissues and adjacent normal tissues from patients with clear cell

renal cell carcinoma (ccRCC) (Figure 5d). Overall, 3871 tissue-exudative EVs (Te-EVs) proteins were identified by quantitative
LC/MS analysis, among which AZU1 was found to be highly expressed, neither stage- nor grade-dependent changes was found.
The Jonckheere-Terpstra test indicated that stage-dependent upregulation of AZU1 was found in Te-EV samples, but not in
serum samples. It seems reasonable to speculate that the Te-EV cargoes may have potential for investigations of EV functions
and liquid biopsy (Jingushi et al., 2018).

 TI-EVS IN NON-CANCER DISEASES

EVs are actively involved in the formation and progression of multiple cancers, and also function in the development of non-
cancer diseases, such as neurodegenerative disease, metabolic diseases, and intestinal ischemia/reperfusion injury (Figure 4).
They have been found to transfer metabolites, facilitate intercellular communication, and influence the formation of aggregates
of abnormally folded or unfolded proteins (Hurwitz et al., 2018, Levy, 2017, Matarredona & Pastor, 2019, Muraoka et al., 2020,
Soria et al., 2017, Zhang et al., 2021). Recently, Ti-EVs have attracted significant interest in studies on various diseases owing to
their favourable properties. Herein, we focus on researches on Ti-EVs in several non-cancer diseases; these are summarized in
Table 3.

. Ti-EVs in Alzheimer’s disease

Alzheimer’s disease (AD) is characterized by a decline in memory and cognitive function. In terms of incidence, it ranks first in
neurodegenerative diseases, accounting for 60%–80% of dementia cases (Zhang et al., 2021), comprising most of the 50 million
patients with dementia worldwide (Hurwitz et al., 2018). At present, there is no therapeutic strategy for this increasingly common
disease, and current treatment plans achieveminimal effects (Levy, 2017, Soria et al., 2017). Themain barrier for the diagnosis and
treatment of AD is a lack of overall understanding on its pathogenesis and pathophysiology (Hurwitz et al., 2018). EVs are being
increasingly considered as pivotal mediators in intercellular and cell-microenvironment communication (Zhang et al., 2021). To
date, efforts have been made to isolate brain Ti-EVs from patients with AD (Figure 6a). Mounting evidence suggests that the
characteristics of EV proteins and miRNAs make them potential diagnostic indicators for AD.
Quantitative proteomics analyses of brain Ti-EVs from AD patients identified GPM6A, ANXA5, ACTZ, and VGF as candi-

date molecules for distinguishing AD patients from controls and for monitoring the progression of AD (Muraoka et al., 2020).
Proteomic analyses have also identified proteins involved in neurodegenerative diseases, including tau, α-synuclein, and SOD-1
(Vella et al., 2017).

Recently, miRNAs carried in EVs were shown to be stable in biofluids and could be detected by high-throughput techniques,
such as microarray and RNA sequencing. In the AD brain, EVs loaded with miRNAs crossed the blood-brain barrier and were
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secreted into the cerebrospinal fluid and blood circulations (Denk et al., 2015, Kumar & Reddy, 2016, Satoh et al., 2015). Some
researchers have shifted their focus to miRNAs in brain Ti-EVs. Cheng et al. reported that brain Ti-EVs from patients with AD
were enriched with disease-associated miRNAs, and profiled the repertoire of miRNAs. This study was the first to interrogate
the small RNA contents of brain Ti-EVs and explore how they could be used to understand the early pathological changes in AD,
for the development of an early diagnostic blood test (Cheng et al., 2020). Research has highlighted differences and similarities
in miRNA expression from schizophrenia (SZ) and bipolar disorder (BD) tissue samples compared to control samples. RT-PCR
analysis revealed significantly enhanced expression of miR-497 in SZ tissues and miR-29c in BD tissues. These results suggested
that Ti-EV-derived miRNAs are potential biomarkers of SZ and BD (Banigan et al., 2013). Profiling of miRNAs in brain Ti-EVs
showed that miR-21-induced neurotoxicity from EVs was not influenced by apoptosis inhibitors, but weakened by necrostatin-
1, a necroptosis inhibitor, revealing the function of this pathway in central nervous system diseases (Yelamanchili et al.,
2015).
Tau, a microtubule-associated protein, plays an essential role in AD. Asai et al. demonstrated that microglial cells and

EVs were involved in the spread of tau pathology in the brain, and suppression of EVs production inhibited tau transfer
both in vivo and in vitro. Evidence has shown that inhibiting EVs secretion could be a possible therapeutic target for AD
(Asai et al., 2015). Muraoka et al. reported that tau and Aβ1-42 were significantly overexpressed in brain Ti-EVs from AD
(Muraoka et al., 2020). The putative role of Ti-EV-tau in AD will allow the development of targeted strategies against disease
progression.

. Ti-EVs in metabolic diseases

To date, multiple studies have reported different protocols to isolate and characterize adipose Ti-EVs (Figure 6b) (Jayabalan et al.,
2019) that participate in the development and progression of obesity and insulin resistance (Camino et al., 2020, Camino et al.,
2021, Crewe et al., 2018, Deng et al., 2009, Thomou et al., 2017, Zhang et al., 2020), and in some obesity-relatedmetabolic diseases
(Jayabalan et al., 2019, Koeck et al., 2014, Li et al., 2020). Adipose Ti-EVs are critical for changes in placental function in gesta-
tional diabetes mellitus and might be involved in pregnancy complications, such as fetal overgrowth (Jayabalan et al., 2019). A
complementary proteomics analysis of adipose Ti-EVswere conducted (Camino et al., 2021, Crewe et al., 2018, Zhang et al., 2020).
Proteomic analysis revealed that the expression of NPM3 and DAD1 in adipose Ti-EVs was greatly downregulated in obese pop-
ulations compared to controls. One study highlighted the function of adipokines in the regulation of biological processes within
adipose tissue (Zhang et al., 2020). Neighbouring endothelial cells can transport EVs containing Cav-1 to adipocytes, and this is
influenced by fasting/refeeding and obesity, suggesting that EVs are involved in tissue responses to changes in nutritional state.
Further efforts are warranted to define Ti-EV biology and develop novel therapies against diabetes (Crewe et al., 2018). Notably,
evidence has demonstrated that adipose Ti-EVs contain more proteins than adipocyte-conditioned culture medium, revealing
the complexity of Ti-EV profiles owing to the diversity of cell types and the vigorous interaction within the tissue microenviron-
ment (Zhang et al., 2020). Study described striking differences in protein profile between vesicles secreted by human visceral and
subcutaneous adipose TEs, paralleling the biological and endocrine behaviour of both tissues and offering more complete phys-
iological data reflective of the real microworld (Camino et al., 2020). Research has increased the ability to decode the intricacies
of intercellular cross-talk in adipose tissue. Exploration of the Ti-EV pathophysiology is opening new avenues to the under-
lying molecular mechanisms and identifying novel targets for the prevention, early diagnosis, and therapeutic management of
metabolic disorders.

. Ti-EVs in intestinal ischemia/reperfusion injury

Many studies have investigated ischemia/reperfusion (I/R) injury in cardiac, cerebral (Liao et al., 2020), liver transplantation (Ye
et al., 2020), as well as intestinal injury and transplantation. Among these tissues, the intestine is the most sensitive to I/R injury.
Of the Toll-like receptors (TLR), TLR2, TLR4, andmyeloid differentiation primary response 88 (MyD88) are related to intestinal
I/R (Nadatani et al., 2018). A rigorous workflow was recently developed to harvest small intestine Ti-EVs from a mouse model
of intestinal I/R (Figure 6c) and the expression of miRNAs of interest in these EVs of gut origin was assessed after intestinal I/R,
which help the mechanism investigations (Chen et al., 2020).

 POTENTIAL CLINICAL APPLICATIONOF TI-EVS

Over the past decades, EVs (mainly exosomes) have been characterized as emerging agents with potential clinical use owing to
their ability to transfer bioactive molecules among various cells, and as ideal engineered nanocarriers for targeted drug delivery.
As a subtype of EVs, Ti-EVs have favourable characteristics as diagnostic markers, prognostic indicators, and therapeutic agents.
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. Ti-EVs as diagnostic biomarkers

Ti-EVs are ideal candidates for diagnostic markers due to their intrinsic features. Ti-EVs are present in large numbers in the
extracellular interstitium and provide a snapshot of the interplay of multiple cell types and cells with tissue microenvironment.
Notably, Ti-EVs represent biomedical tools because their molecular profile is a snapshot of parental cells in various states (Bang
& Thum, 2012, Keller et al., 2011, Mathivanan et al., 2010). Thus, mapping the heterogeneous profiles of molecular components
is important for defining multiple human diseases and distinguishing the pathological states from the physical states (Hoshino
et al., 2020). Moreover, Ti-EV-harbored cargoes are not a random combination of cell fragments or garbage; however, the precise
biochemical compositions are integrated by a strict sorting mechanism, which makes Ti-EVs informative biomarkers in human
disease (Yang et al., 2020). Furthermore, Ti-EVs can protect the contents from degradation; however, the underlying mechanism
has not yet been elucidated. Stable expression of the contents allows us to diagnose and detect diseases consistently and contin-
uously (Farooqi et al., 2018). Notably, the relative concentration of Ti-EVs outweighs that of body fluid-derived EVs because of
the diffusion of EVs from specific tissue microenvironments to the circulatory system. Moreover, EVs in the circulatory system
are predominantly secreted by non-cancer cells and may hinder the identification of biomarkers (Jang et al., 2019). While many
attempts have been made to determine the functions of body fluid-derived EVs as diagnostic tools, Ti-EVs present higher sensi-
tivity and specificity in diagnostics. This is because the EVs that accumulate in the tumour interstitial space are mainly derived
from tumour cells (Connolly et al., 2018). Finally, the results of a recent study suggested that a certain relationship exists between
the concentration of Ti-EVs and cancer progression, indicating that the concentration of Ti-EVs may be a reliable marker for
disease evolution (Mege et al., 2016).

Taken together, these biological characteristics make Ti-EVs attractive as promising tools for the diagnosis and detection
of diseases (Chen et al., 2016) (Figure 7a). Notably, despite the advantages of Ti-EVs, diagnosis based on Ti-EVs cannot be
performed in cases where tissue biopsy is not available, such as deepmalignant tumours and tumours not suitable for biopsy (e.g.,
melanoma). In these cases, liquid biopsy is a valuable complementary diagnostic method, and biomarkers have been identified
in mechanism studies based on Ti-EVs.

. Ti-EVs as prognostic indicators

Surgery remains the preferred treatment option for most solid tumours. While progress has been made in terms of surgical tech-
niques, residual tumour cells in the operative margins or in the circulatory system following surgery remain a problem, leading
to tumour relapse and metastasis (Baker et al., 1989, Bu et al., 2019, Gottschalk et al., 2010, Tavare et al., 2012). Local recurrence
and remote metastasis during the late stage of cancer (Niibe &Hayakawa, 2010) are major challenges that need to be overcome to
improve the prognosis for patients undergoing surgery. Postoperative chemoradiotherapy has been shown to improve prognosis
for patients with cancer. Currently, immunotherapy, with therapeutic agents that harness the immune system to combat cancers,
has been utilized as a supplementary method to traditional therapeutic regimens (Farkona et al., 2016). However, many cancer
patients still die due to disease relapse, despite the use of surgery, neoadjuvant therapy, and postoperative chemoradiotherapy.
Accurate diagnosis of the metastatic state is critical for the individualized design of treatment plans for patients with cancer
(Li et al., 2017). Risk stratification in cancer is vital to reduce or avoid the improper treatment of patients with cancer (Krajew-
ska et al., 2017). The stratification of patients with cancer using different factors may yield more favourable results. Therefore,
efficient prognostic biomarkers are warranted for improved risk stratification, personalized postoperative adjuvant therapy, and
prognostication of patients with tumours (Yu et al., 2019). It is noteworthy that molecular alterations occur ahead of changes in
cell morphology and biological behaviour in patients with cancer.
Ti-EVs provide a “snapshot” of the cells of origin owing to their lineage. Thus, it is tempting to speculate that Ti-EVsmay repre-

sent tools for risk stratification for personalized postoperative therapy (Figure 7b). For example, Ti-EVs can be used to determine
whether the scope of surgery is adequate to eliminate tumour cells or whether the sentinel lymph nodes have been invaded by
analysis of Ti-EVs obtained from the surgical margin and draining lymph nodes, respectively. Based on the results of such analy-
ses, a comprehensive post-surgery management strategy (two-stage operation, chemotherapy, radiotherapy, immunotherapy, or
a combination of these methods) can be developed, which could improve the overall survival rate for patients with cancer.

. Ti-EVs as therapeutic agents

Mesenchymal stromal cells (MSCs) have been widely reported therapeutic efficacy in many pre-clinical trials of various diseases
and safety in human patients. Growing and convincing evidence have shown that MSCs exert many, if not most, of paracrine
effects through the secretion of EVs (Witwer et al., 2019). EVs from cell culture supernatants of MSCs have been demonstrated
to be therapeutically effective in multiple pre-clinical models, therefore, promising therapeutic agents that are proposed to test
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F IGURE  Tissue-derived EVs (Ti-EVs) in clinical practice. (a) Diagnostics: Ti-EVs harbour various bioactive molecules packaged from their parent cells
that can indicate pathophysiological conditions, which makes Ti-EVs promising tools for clinical diagnosis. (b) Prognostics: Ti-EVs isolated from tumour
tissue, adjacent tissue, and draining lymph nodes can contribute to risk stratification and consequently strategic post-surgery treatment. (c) Therapeutics: EVs
can be extracted directly from tissue. Ti-EVs are considered emerging nanocarriers for drug delivery through incorporating drugs, imaging agents, etc.
Alternatively, Ti-EVs themselves can be used as therapeutic agents employing cell modification (genetic or metabolic) in an attempt to alter the contents of
Ti-EVs for therapeutic purposes. Modified Ti-EVs are administrated by scaffold loading, local or systemic injection

in clinical trials (Börger et al., 2017, Lener et al., 2015, Reiner et al., 2017). MSCs can be isolated in multiple types of tissues, such
as bone marrow (Luo et al., 2019), fat tissue (Lou et al., 2015), the umbilical cord (Yaghoubi et al., 2019), the placenta (Bier et al.,
2018), the amniotic membrane (Farhadihosseinabadi et al., 2018), gingiva, and dental pulp (Zhang et al., 2018). Hopefully, MSC-
EVs can be extracted directly from tissues throughmultiplex bead-based platform (Koliha et al., 2016), microfluidic EVs isolation
method, etc.However, challenges remain inTi-EVs for therapeutic application, such as heterogeneity of Ti-EVs, low yield, limited
tissue sources, difficult preserving, and accurate determination of sampling sites, among others. In terms of therapeutics, cell
culture-derived EVs may be better source for disease treatment due to larger yield, certainty of cellular origin of EVs, simple and
economical production procedures, etc. At present, therapeutic application of EVs is still in its infancy. There is still a long way
to go in the future.
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 PROBLEMS AND SOLUTIONS

. Optimized methodology for the isolation of Ti-EVs

In 2017, Vella et al. presented an efficient protocol for separating Ti-EVs from brain tissue (Vella et al., 2017). Since then, a
multitude of research has been performed. To date, considerable attention has focused on the potential clinical applications of Ti-
EVs. However, several technical hindrances have restricted basic and applied research on Ti-EVs. The first involves optimization
of the Ti-EV isolation procedure (Lötvall et al., 2014, Yang et al., 2020).
While progress has been made in elucidating the role of Ti-EVs in recent decades, challenges in the effective enrichment of

Ti-EVs still need to be addressed (Yang et al., 2020). This is mainly attributed to the complexities of Ti-EVs with preserved bio-
chemical properties from the intact extracellular milieu and similarities in biochemical and physicochemical properties among
Ti-EVs, viruses, lipoproteins, as well as the heterogeneity of Ti-EVs themselves (Chen et al., 2019, Sahoo et al., 2021). Multiple
commonly used isolation methods impact EV purity, integrity, and active state, as well as yield (Xu et al., 2016). Huang et al.
showed that different parameters and techniques can influence the recovery and contents of Ti-EVs, and developed a protocol
for the isolation of Ti-EVs from brain tissue (Huang et al., 2020). As there is no optimal method for the isolation and charac-
terization of Ti-EVs that fulfils experimental and clinical needs, selecting a suitable method for use in studies on Ti-EVs may
be challenging. Several factors need to be considered: the type of EVs-containing matrix and the expected Ti-EVs yield, purity,
integrity, and concentration, which are dictated by the downstream analysis and scientific questions to be addressed (Witwer
et al., 2017).

1. Methods vary depending on the variety of tissue samples. For example, a well-established method for the isolation of Ti-EVs
has never been performed on bone tissue (Crescitelli et al., 2021), which should be optimized, such as the use of enzymes,
including the type, concentration, and incubation period (Allen et al., 2016,Hurwitz et al., 2019, Jeppesen et al., 2019, Steenbeek
et al., 2018, Yang et al., 2020).

2. Methods vary depending on the downstream application(s). The type of study—discovery, clinical, or preparatory research—
mandates a different yield, purity, and concentration (Sahoo et al., 2021). These factors are mutually restrictive. For example,
“the purity” of Ti-EVs is technically sensitive, which likely affects the interpretation of results, and accounts for the poor
concordance among the results of individual studies (Xing et al., 2020). Conversely, in some studies on biomarker discovery,
theremay not be strict requirements for purity if certain biomarkers can be detected repeatedly in EV solutions. In some cases,
the combination of several methods or specific modifications to existing methods may improve outcomes when addressing
specific scientific questions (Sahoo et al., 2021). Therefore, the choice of separation and concentration methods is subject
to factors that vary between studies and the heterogeneity of tissue samples, such that there is no one-size-fits-all approach
(Théry et al., 2018).

Notably, some conclusions can be drawn in terms of Ti-EV isolation. Firstly, for tissues rich in blood, such as liver and heart
tissue, a pre-rinse or perfusion is critical before Ti-EV isolation (Figure 6d), which can reduce contamination from serum-
EVs and other particles. In addition, differences exist among non-tumour tissues, benign tumours, malignant tumours, solid
tumours, and non-solid tumours in terms of texture, interstitial components, and blood abundance. These factors mandate the
optimization of isolation methods, such as the dissociation method, type of digestive enzymes, filter pore size, centrifugation
time and force.
Moreover, it is important to confirm that separatedEVs derive from the interstitial space, andnot from the intracellular space or

soluble nanoparticles secreted as a result of EVs-containing matrix harvest, processing, and storage (Jayabalan et al., 2019, Sahoo
et al., 2021). For example, Ti-EV isolation protocols should be performed on fresh tissue samples to avoid excessive cell death
(Huang et al., 2020, Hyatt & Wilber, 1959, Mincheva-Nilsson et al., 2016, Vella et al., 2017) or on TEs, for which a short culture
time is suitable (Mincheva-Nilsson et al., 2016). Moreover, it is recommended that gentle dissociation be performed to reduce
cell damage. For example, homogenization and shear stress can induce the release of intracellular vesicles (Mincheva-Nilsson
et al., 2016, Vella et al., 2017). In addition, the correct duration for enzymatic digestion, enzyme type, and gentle dissociation are
necessary to be determined to reduce cell damage. It was reported that enzymatic treatment of tissues digests the extracellular
matrix, possibly compromising cell secretory functions. Evidence has shown that the enzymatic methods may be too aggressive
and destroy Ti-EVs during processing (García-Contreras et al., 2012). A key point for Ti-EV studies lies in the proportion of
inactive cellswhenTi-EVs are extracted,which should be specified. Even a small number of dead cells can releasemoremembrane
structures than the Ti-EVs of interest (Théry et al., 2018). The absence of negative biomarkers for Ti-EV, such as calnexin, makes
Ti-EV preparations more convincing (Vella et al., 2017).
While differences exist among individual protocols for the isolation of Ti-EVs, some shared methods can be used to extract

Ti-EVs from multiple types of tissues (Figure 8).
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F IGURE  Common methods can be used to extract tissue-derived EVs (Ti-EVs) from multiple types of tissue. Tissue samples were processed
immediately after dissection by gentle mechanical forces or enzymes and 1 h has been considered a favourable duration; centrifugation at a speed of
∼500–3000g at 4◦C can be performed to remove apoptotic bodies and large cellular debris/intact cells; centrifugation at a speed of 10–14,000g at 4◦C, and then
passing through a 0.22 μm filter can be to used obtain large EVs after the removal of any contaminating microvesicles and remaining cellular debris;
ultracentrifugation speeds exceeding 100,000g at 4◦C are used to pellet small EVs, and this procedure should take more than 1 h; finally, the extracted Ti-EVs
can be used immediately or stored at −80◦C for several years

1) Tissue samples were processed immediately after dissection, and 1 h has been considered a favourable duration (Crescitelli
et al., 2021). For TEs cultured in conditionedmedium, culture time should be given special attention (preferably 24–48 h; at most
72 h, if possible) (Mincheva-Nilsson et al., 2016). In addition, it is recommended that tissues be dissociated gently by mechanical
forces or enzymes. Great caution should be exercised when selecting enzymes. For example, collagenase D (Cianciaruso et al.,
2019, Jang et al., 2019) is preferred when it is necessary to maintain the functionality and integrity of cell-surface biomolecules.
Collagenase D has enabled the isolation of cells from multiple tissue samples, including epithelial, liver, fat, muscle, pancreatic
islet, and endothelial cells (Crescitelli et al., 2021, Angyal et al., 2010, Fan et al., 169, 2014, Benck et al., 2016, Uchea et al., 2015).
Finally, the extracted Ti-EVs can be used immediately or stored at−80◦C for several years (Crescitelli et al., 2021). Different tissue
sources and isolation procedures mandate optimum temperature conditions to ensure the stability of Ti-EVs during long-term
storage (Zhang et al., 2020). The results showed that compared to freshly isolated Ti-EVs, the morphology and certain biological
characteristics of Ti-EVs change during storage at -80◦C for 4 days and 4 weeks, respectively (Lőrincz et al., 2014, Maroto et al.,
2017). Lyophilization is a candidate for long-term storage; however, its influence on Ti-EVs structure during recovery varies
depending on the use of cryoprotectants. Currently, storage at−80◦C remain a common option, despite the challenging and less
economical characteristics (Herrmann et al., 2021).
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Notably, collected Ti-EVs may be from multiple cell populations (Jang et al., 2019), even from single tissue. For an in-depth
study on Ti-EVs, and for use in clinical applications, the purification of specific cell type-EVs is required. Tissues comprise
of multiple cell types, including tumour cells, mesenchymal cells, endothelial cells, fibroblasts, and immune cells, from which
Ti-EVs inherit cell-specific markers during their biogenesis (Koliha et al., 2016). Cell populations responsible for the release of
metastatic EVs can be identified based on surface markers unique to certain cells in combination with classical exosomemarkers
(e.g., CD9, CD63, and CD81 (Mathieu et al., 2021). In addition to cell markers, potent technologies are crucial for the isolation
of cell subpopulation-EVs from tissues, such as single particle interferometric reflectance imaging sensing (SP-IRIS) with flu-
orescence (Arab et al., 2021), microfluidic resistive pulse sensing (MRPS) (Ahn et al., 2021), nanoflow cytometry measurement
(NFCM) (Tian et al., 2020), immuno-magnetic activated cell sorting (IMACS) (Sutermaster &Darling, 2019), immuno-magnetic
nanoparticles (IMNPs) (Zhang et al., 2017), etc. However, EVs derived from the same cell population can exhibit distinct charac-
teristics (Sahai et al., 2020). For example, MSCs are highly heterogeneous cells, wide variability exists in MSC-sEV preparations
that permeates the whole process from the starting materials through the production and purification to the end preparations
(Witwer et al., 2019). Thus, Ti-EVs derived from specific cell types with definite properties are needed to be identified. In addi-
tion, according to MISEV 2018 (Minimal Information for Studies of Extracellular Vesicles), EV subtypes can be defined based
on their physical characteristics. For example, “small EVs” (sEVs) and “medium/large EVs” medium/large EVs (m/lEVs) refer to
EVs with diameters of<100 nm or<200 nm (small), or>200 nm (large and/or medium), respectively. Alternatively, density can
be used for classification, such as low-, medium-, and high-density EVs (Crescitelli et al., 2020, Crescitelli et al., 2021). Precise
purification of Ti-EVs is critical for elucidating the roles of Ti-EVs under various pathophysiological conditions.

. Standardized protocol for the characterization of Ti-EVs

It is important to determinewhether something of interest has been obtained, regardless of the tissue source or research type. Sev-
eral techniques are necessary to assess the concentration, yield, purity, and subtypes of separated Ti-EVs. Herein, we recommend
complying with theMISEV2018 guidelines (Théry et al., 2018). However, it may be difficult to conduct all characterization assays
as the MISEV guidelines suggest when the EV yield is low, especially for in vivo—derived specimens. The main approaches
for characterizing isolated Ti-EVs involve the following: (i) determining the concentration and size distribution of EVs (with
nanoparticle tracking analysis [NTA] being the most common method) and normalization of the Ti-EV concentration to the
weight of the tissues; (ii) visualization of EVs using TEM; (iii) characterizing the presence of EV-specific molecules using tech-
niques such as western blotting, flow cytometric analyses, ELISA, mass spectrometry, ExoView, and other candidates (Bachurski
et al., 2019, Crescitelli et al., 2021, Hoshino et al., 2020, Théry et al., 2018, Welsh et al., 2020). Recently, a panel of novel pan-EVP
markers were identified, including ACTB, MSN, and RAP1B, which can be applied for the purification and detection of EVPs
(Hoshino et al., 2020). In the past decades, promising techniques for the characterization of Ti-EVs have been emerging, includ-
ing cryo-electron microscopy (Brisson et al., 2017), liquid-mode atomic force microscopy with peak force tapping (Hardij et al.,
2013), electron tomography (van Niel et al., 2011), immunogold labelling (Brisson et al., 2017), flow cytometry (Van Der Pol et al.,
2014), novel scatter- and fluorescence-based flow cytometry (Pospichalova et al., 2015, Van Der Vlist et al., 2012), and resistive
pulse sensing (Besse et al., 2016, Fraikin et al., 2011).
In addition, the definition of the bioactive substance(s) will remain a critical precondition before the fundamental study and

clinical application of Ti-EVs (Willis et al., 2017). Evaluation of Ti-EVs’ potency would be an excellent procedure in addressing
the challenges of the inconsistencies in preparations and batch-to-batch variations (Gupta et al., 2021). Thus, a fit-for-purpose
exosome potency unit (EPU) could be applied to purify bioactive EVs and standardize dosage among different EV prepara-
tions (Willis et al., 2017). Potency may be evaluated utilizing biological in vivo and in vitro assays, non-biological assays or a
combinatorial assay matrix (Nguyen et al., 2020).
In summary, there is a critical point to consider when characterizing isolated Ti-EVs: different combinations should be con-

ducted to define Ti-EVs based on four dimensions, size, shape,molecularmarkers, and specific functional properties. The criteria
abovemay be updated with advances in the “state of the art.” Standardization of characterizationmethods for Ti-EV preparations
could advance research outcomes towards powerful clinical applications.

. Sampling problems and heterogeneity exploration of Ti-EVs

Compared with EVs from other sources, sampling is a hurdle unique to Ti-EV research. Firstly, the availability of Ti-EVs is
limited. The clinical utilization of Ti-EVs requires the detection of a minimum amount of Ti-EVs in order to exert the expected
results. In terms of diagnostics, this can be addressed by improvements of detection sensitivity and specificity, while for potential
therapeutics, in vitro amplification of Ti-EVsmay represent a potent and practical solution. Second, an invasive sampling process
cannot be avoided (Leung et al., 2021). Moreover, sampling for Ti-EVs may be unavailable in some instances, including deep
malignant tumours and tumours that are not suitable for biopsy, such as arterial aneurysms. In these cases, liquid biopsy may be
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a more qualified candidate. Finally, Ti-EV-based analysis is subject to sampling bias (Siravegna et al., 2017). Multi-site sampling
provides an understanding of tumour heterogeneity; however, this can mislead diagnostics, such as the collection of specimens
at the centre of the tumour, adjacent tumour tissue, invasive margin, and bulky metastases. Multi-region analysis revealed spatial
heterogeneity in esophageal squamous cell carcinoma (Yan et al., 2019). Similarly, variations exist between different cancer stages,
from carcinoma initiation to tumour progression or metastasis. Conceivably, Ti-EVs, which provide a vivid snapshot of parental
cells and are mediators of various biological events, demonstrate significant heterogeneity. Thus, analysis of EVs from tissues
sampled at different disease stages and frommultiple regionsmayhave potential to guidemore personalized clinicalmanagement.
Therefore, the immediate next challenge will be to explore the spatial-temporal heterogeneity of Ti-EVs. Feasible strategy can
be to conduct large-scale clinical trials, sample at multiple sites, and analyze the yield and molecular expression differences
to determine the best sampling sites, and develop standard operating procedure (SOP) to guide future researches and clinical
practice.

. Discovery of biomarkers based on single Ti-EVs

Notably, given the heterogeneity of Ti-EVs, it is of particular importance to exploit their diagnostic and therapeutic potential at
both the population and single EVs levels. At present, the majority of diagnostic applications for EVs are at the level of “bulk
measurements,” which require 105-106 EVs for each biomarker to detect proteins of interest, or 102-103 EVs for themore sensitive
approaches (Xiong et al., 2021). Thus, the results are indicative of average levels for the Ti-EVs population. High-speed centrifu-
gation induces the formation of EV aggregates (Linares et al., 2015). Therefore, proteins trapped in the centre of aggregates may
be omitted if they are present at a low level. Profiling of single Ti-EV can avoid erroneous interpretation and enablemore accurate
detection data to be obtained. Novel technologies for single EV analysis have been emerging, and include transmission electron
microscopy (TEM) coupled with immunogold labelling (Gärtner et al., 2019), atomic forcemicroscopy (AFM) (Matsumura et al.,
2019), SP-IRIS (Arab et al., 2021), MRPS (Ahn et al., 2021), NFCMwith fluorescence (Tian et al., 2020), and laser tweezers Raman
spectroscopy (Smith et al., 2015), among other methods. In addition, large-scale clinical trials based on single-EV level by sam-
pling among various types of cancer are required to potentially identify common and specific Ti-EV-specific markers, which will
benefit further standardization and quality control of Ti-EVs.

. Prospects and challenges for the therapeutic application of Ti-EVs

EVs isolated from some special tissues can be potentially utilized for clinical treatment, such as bone marrow, fat, the umbilical
cord, the placenta, the amniotic membrane, gingiva, and dental pulp, and so on. Of concern, there are still some challenges to
which we need to pay attention. Firstly, the exploration of the biodistribution of Ti-EVs as therapeutic agents after administrated.
Several strategies have been developed tomaintain a high concentration of EVs in target tissues, such as enhancing their ability to
cross biological barriers, prolonging their half-life, improving targeting (by cloaking and surface display), and reducing clearance
(Antes et al., 2018, De Jong et al., 2020, ELAndaloussi et al., 2013, Fais et al., 2016). Secondly, the achievement of clinical scale yield
of Ti-EVs, possible solutions can be reconstitution of 3D tissue-like structures (organoids), bioreactor-based culture systems, or
the improvement of treatment efficiency. In addition to these obstacles, heterogeneity of Ti-EVs, storage problem, biocompati-
bility, etc., which need to be addressed urgently. Hopefully, future studies on Ti-EVs will focus on these issues. Nonetheless, to
harmonize research practice into Ti-EVs, and to ensure an acceptable level of data comparability, detailed technical and experi-
mental information should be provided in scientific articles, and characterizations should include a minimal set of evidence for
the EVs reported (Lötvall et al., 2014).

 CONCLUSIONS AND PERSPECTIVES

Although EVs from body fluids provide a source for liquid biopsies, and cell culture-derived EVs can be harvested for tissue
regeneration, understanding the reality of the tissue microenvironment, especially the TME, remains challenging. Ti-EVs, with
additional traits, have been shown to be promising agents for basic research and clinical applications. There are opportunities for
practitioners, scientists, and pharmacologists to work together to achieve this goal. Nonetheless, recent developments in Ti-EV
research should not mask the significant endeavours that are still need to be made to increase our knowledge of Ti-EVs and
translate this into clinical practice.
(1) Optimization of the methods for Ti-EV isolation should be prioritized. Of note, the isolation of Ti-EVs from specific cell

populations is necessary for in-depth mechanism studies and applications in clinical setting. (2) Standardized protocol for the
characterization of Ti-EVs and potency assays are critical to confirm bioactive Ti-EVs and establish the standards for clini-
cal applications. (3) Exploration of the spatial-temporal heterogeneity of Ti-EV is required. (4) Further investigations on the
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detection and identification of new biomarkers for clinical diagnosis at single Ti-EV levels are warranted. (5) There are also sev-
eral other problems to be solved, such as preclinical studies to determine the characteristics of Ti-EVs, animal studies to elucidate
the biodistribution of administrated Ti-EVs. Based on these considerations, an authorized guideline and emerging technologies
for Ti-EV research are desired to improve the consistency and repeatability of results, and to optimize clinical applications.
Despite the above challenges, the clinical application of Ti-EVs will be promising. Globally, at least 204 clinical trials focusing

on EVs had been reported by August 2021. Further knowledge on the intrinsic properties of Ti-EVs, as well as standardization
and quality control of Ti-EV researches, will greatly accelerate the clinical application of Ti-EVs (Xu et al., 2016). It is foreseeable
that with further efforts, these obstacles will be gradually removed and Ti-EVs may have potential clinical applications in the
future.
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