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SUMMARY

ABSTRACTABSTRACT

Extracellular vesicles (EVs) are small membranous vesicles secreted by many different cell types that have
emerged as potentially important mediators of organ crosstalk. EVs are of research interest in health and disease
and as biomarkers and therapeutic agents in various fields, including metabolism, reproduction, cancer, and
others. Despite promising data and a growing understanding of their role, challenges and limitations of EV
research remain, leaving room for optimisation regarding methods for pure isolations of EVs and translation
into clinical practice.

KEY POINTSKEY POINTS

Extracellular vesicles (EVs) are membranous particles that carry RNA, DNA, proteins, and lipids, and are secreted by many
cell types.

As EVs provide a snapshot of the current state of the secreting cell, they can be mediators of organ crosstalk.

In the clinic, EV-based biomarkers are used for prostate cancer diagnosis, and EVs are being tested as therapeutics via
immunotherapy or drug delivery vehicles. Current clinical studies are in early stages.

Communication between different tissues and organs in the body orchestrates virtually all fundamental
biological processes within an organism. While classically, metabolites, hormones and neural circuits have been
described as the key enablers of cross-talk among organs, small membranous vesicles, termed extracellular
vesicles (EVs), have emerged as messenger particles that execute communication within an organism [1]. EVs
are defined as particles without a functional nucleus that are released from cells and surrounded by a lipid
bilayer [2]. EVs carry ribonucleic acid (RNA), DNA and proteins (Figure 1Figure 1) and, recently, the biomolecular
corona attached to the EV membrane has also gained attention [3]. This corona consists of glycans, proteins,
lipids and nucleic acids that are not directly integrated into the EV but attached to the outside of the EVʼs lipid
bilayer. EV research has grown dramatically and is now expanding from basic understandings of the
physicochemical properties of EVs to potential roles and applications in health and disease. This review aims to
1) introduce the history and concepts of the EV field, 2) point out important considerations within EV research,
3) highlight the role of EVs in different research fields and 4) discuss the clinical use of EVs now and in the
future.
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Extracellular vesicles’ journey from waste product to cross-talk mediator within the bodyExtracellular vesicles’ journey from waste product to cross-talk mediator within the body

EV research has increased rapidly in the past decade, but the discovery of structures similar to EVs dates back to
1946 [4]. Researchers working on blood clotting discovered so-called particulate fractions that pelleted at 31,000
g, which they attributed to tiny breakdown products of the blood cells [4]. Twenty years later, these particulate
fractions were called platelet dust [5]. In 1987, the term exosome was used for vesicles which formed via
reticulocytes shedding off unwanted material during their maturation into erythrocytes [6]. A decade later,
additional functions were attributed to exosomes, such as their ability to induce a T-cell response. This function
was observed in exosomes secreted from B lymphocytes, harbouring the major histocompatibility complex
(MHC) [7]. The phenomenon was harnessed just two years later as an approach to suppress tumour growth in
mice, termed an exosome-based cell-free vaccine [8]. In this study, antigen-presenting cells (dendritic cells) were
exposed to tumour peptides in vitro; exosomes were then isolated from the supernatant of these cells and
injected back into tumour-bearing mice. The MHC molecules on the exosomes helped to prime the immune
system against the tumour, thereby diminishing tumour growth. This discovery marked the beginning of a
growing interest in vesicles, like exosomes. This interest was further accelerated with the discovery in 2007 that
exosomes can deliver miRNA and intact mRNA to target cells [9].

Challenges and considerations within extracellular vesicle researchChallenges and considerations within extracellular vesicle research

The exponential growth of EV research and its broad spectrum of applications and findings triggered the
formation of the International Society for Extracellular Vesicles (ISEV) in 2011. In their first published
framework in 2014, the ISEV aimed to clarify the various subtypes of EVs [10]. Therein, exosomes were defined
as a subtype of EVs. Previously, the term exosome had been used for any vesicle. However, this revised term
now specifically refers to vesicles generated via the endosomal route (Figure 2Figure 2A). Exosomes have a 30-150 nm
diameter and are formed via inward budding from an endosome that intracellularly forms a multivesicular body.
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When the multivesicular body fuses with the cell membrane, the vesicles are released (Figure 2A). Another
subtype of EVs is microvesicles, which are usually larger (100-1,000 nm diameter) than exosomes and are
generated by budding off the plasma membrane (Figure 2A). An additional EV subtype includes apoptotic
bodies, which are shed off by a cell during apoptosis and are 50-5,000 nm in size. While differentiating small and
large EVs may be done through their proteomic signatures [14], other biogenesis pathways may be challenging to
identify. Thus, the overarching term “EV” is commonly used to name all EVs, regardless of their origin.

Since 2014, the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines have been regularly
published to standardise isolation and characterisation methods within the field [2, 10]. Most approaches to
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isolating EVs from their respective fluid separate EVs from other components via size and/or density. Initially,
EVs were often isolated via differential centrifugation, where the centrifugation speed is sequentially increased
to first pellet cells, then cell debris and, eventually, at around 20,000 g, large EVs and, usually at 100,000 g, small
EVs [15]. In recent years, other methods, such as size-exclusion chromatography, have gained popularity [16].
Density centrifugation and flow- and charge-based methods are also used. In contrast, caution is advised for the
use of commercial kits claiming to precipitate EVs but likely also many other contaminants [2]. As one can
imagine, the different methods vary greatly in their performance regarding yield and purity (Figure 2B). A
method with high purity and yield has yet to be found, with companies and research groups still aiming to
develop new methods, e.g., using ultrasonic waves [17]. The characterisation of an obtained EV isolation is often
performed via transmission electron microscopy, nanoparticle tracking analysis and protein analysis (mass
spectrometry or western blotting) to assess typical protein markers commonly found to be associated with EVs.

In a complex fluid - like blood - that is often used in EV research, obtaining a pure EV sample is almost
impossible due to the high overlap of lipoproteins with the size and density of EVs (Figure 2C). Recent studies
have also investigated the platelet dust found in 1967, showing that many EVs in blood originate from platelets,
especially depending on how the sample is handled [18]. Ideally, several prerequisites should be met for the
preparation of blood samples for EV research, which is not always feasible and within the scope of the research
question posed in this paper. Ideally, platelet activation should be avoided to reduce the amount of EVs secreted
by platelets, leading to a high background signal. This can be achieved by avoiding cold exposure and by
collecting blood with an anticoagulant – such as ethylenediamine tetraacetic acid (EDTA) - that inhibits platelet
activation. The blood task force of the ISEV Committee recommends centrifuging the blood twice at 2,500 g,
carefully leaving the buffy coat behind to obtain pure blood plasma [19]. Additionally, considerations like
overnight fasting of the blood donor can reduce the lipoprotein content, thereby increasing the purity of an EV
preparation. As the EV field keeps expanding across different research topics, various starting materials are used
for EV studies, each with its own limitations and challenges. In addition to the blood task force within the ISEV,
additional task forces are in place to focus on EV research in urine, cerebrospinal fluid, reproductive fluids or
milk. These task forces aim to standardise the EV field [20]. Despite the increasing research on EVs, many
questions remain unanswered. One central question is whether the primary function of EVs is to act as
messengers targeting specific recipient cells or to simply signal to whatever cell type they may passively reach.
In other words, are EVs acting as a letter in an envelope with a specific address or more like a message in a
bottle? Several engineering strategies suggest that EVs have the potential to target specific tissues. For instance,
the addition of albumin to the EV corona improves selective uptake by hepatocytes [21], fusion of neuron-
specific peptides to an EV membrane protein leads to uptake of EVs to the brain [22] and engineering of glycans
on the EV corona achieved specific targeting to endothelial or dendritic cells [23]. In favour of a specific targeting
in physiology are data from the cancer field where EVs originating from tumour cells have distinct patterns of
membrane proteins (integrins) that lead to organ-specific uptake, and thereby metastases, in mouse models [24].
But how universal this is for all released EVs remains to be uncovered [25]. Equally, it is discussed how organised
the sorting of material, especially RNAs, occurs into EVs. As reviewed by Fabbiano et al. [26], accumulating
evidence suggests that EV packaging is controlled by RNA-binding proteins that are associated with the vesicle
formation machinery. However, several questions remain unanswered, including the exact mechanism of cargo
sorting, why studies report contradicting results, and whether sorting is altered depending on variables such as
health status [27].

Role of extracellular vesicles in a variety of different research areasRole of extracellular vesicles in a variety of different research areas

Because of the large amount of EV research in the past 20 years in a range of fields (Figure 3Figure 3), an exhaustive
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overview is not possible. This section therefore aims to give a current snapshot of some fields.

Research in the field of metabolism and metabolic dysfunction showed that EV concentrations in plasma are
increased in individuals with obesity (reviewed in [28]). Additionally, EVs secreted from adipose tissue
macrophages of obese mice caused insulin resistance when injected into lean mice and vice versa [29],
highlighting the potential of EVs for the field of metabolism. A recent study claimed that circulating EVs may
present a link between metabolic and vascular health, with results showing that EVs from patients with
metabolic syndrome blunted insulin-induced vasodilation in mouse arteries [30].

In reproductive biology research, EVs are studied in various fluids and tissues such as follicular fluid, blood-
borne placenta-derived EVs from pregnant females, uterine fluid, embryo culture and seminal fluid. It is now
well-known that blood EV concentration is increased in pregnancy and that the placenta secretes EVs needed for
a successful pregnancy because of their role in modulating the maternal immune response (reviewed in [31]). In
pathological states, placental EVs are heavily studied for their role in preeclampsia, a severe pregnancy
condition characterised by hypertension and proteinuria [32]. EVs from females with preeclampsia have
reduced levels of endothelial nitric oxide synthase, which could therefore participate in vascular dysfunction
inherent to the disease [32]. Additionally, neprilysin levels are increased on placental EVs from women with
preeclampsia and are likely involved in the disease as the peptidase neprilysin breaks down vasoactive
molecules [33]. In males, EVs have been reported as highly abundant in seminal fluid [34], with effects on sperm
function and the priming of the female reproductive tract for a potential pregnancy [35]. Important interest has
been expressed in multiple reviews, hypothesising that EV RNA could be involved in soma-germline
communication [36] and that EVs might have an application in assisted reproductive technologies [37].

As highlighted in the previous sections, significant EV research has progressed in the field of cancer, especially
regarding clinical applications, as discussed in the next section.

Clinical use of extracellular vesiclesClinical use of extracellular vesicles

EVs have been widely studied for their use as biomarkers owing to their availability in various easily obtainable
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biofluids. EVs are considered a snapshot of the state of an organ or cell at the sampling time point. Additionally,
EV isolation can enable the detection of a change that is otherwise masked in a complex fluid by other highly
abundant constituents. However, despite active research to identify EVs as biomarkers, very few EVs are
currently used as biomarkers in clinical practice [38]. Contributing to this low success rate is likely the lack of a
robust and approved pipeline for EV biomarker discovery and clinical testing that would be essential for
enabling the translation of research into the clinic [38].

Nonetheless, in the diagnosis of prostate cancer, four urine-based diagnostic tests and three serum-based
diagnostic tests based on EVs have been approved for use by the Food and Drug Administration (FDA) [39]. One
of these tests, called ExoDx, measures mRNA in urine EVs and has been incorporated into the Prostate Cancer
Early Detection guidelines. This test was proven superior to the previous standard of care to determine biopsy
need [40].

No therapeutic EV applications are currently approved by drug administration authorities. Yet, non-approved EV
therapies are available from various merchants without thorough testing, particularly for skin care products sold
in the US [41]. Whereas EVs hold great potential as therapeutic agents, the first preclinical results are only now
emerging, and validating tests are only in the early stages of clinical trials. A recent review reported that, in 2023,
60 studies using EVs as a therapy were registered as clinical trials, with 60% being in phase I or II [42].
Applications under clinical investigation include diabetes, myocardial infarction, wound healing, polycystic
ovary syndrome and host-vs-graft rejection, to name a few. The most advanced applications, with published data
from phase I trials, concern cancer immunotherapy as originally reported in 1998. Three phase I studies
highlighted the feasibility and safety of EV-based immunotherapy in lung, melanoma and colorectal cancer
patients 15 years ago [43-45]. Another highly researched therapeutic potential comes from EVs derived from
mesenchymal stem cells, where preclinical models have shown beneficial effects in models for stroke, newborn
brain injury, multiple sclerosis and Alzheimerʼs disease [46]. A human study has also demonstrated beneficial
effects of treatment with mesenchymal stem cell EVs for graft-vs-host disease [47]. An additional type of EV
therapeutics harnesses the use of EVs as a delivery vehicle, loading them with RNAs or drugs. EVs secreted from
tumour cells and packaged with the chemotherapeutic agent methotrexate have recently been shown to
successfully treat malignant pleural effusion in advanced non-squamous non-small cell lung cancer in a
randomised controlled trial [48].

ConclusionsConclusions

This review highlights the wide range of functions of EVs, with roles in immunomodulation, crosstalk,
reproduction, cancer, and metabolism, with growing research interest over the past decades in several fields.
Despite promising results in EV research, critical knowledge gaps must be addressed before advancing to use
EVs in disease treatment. Translation into the clinic requires more standardisation with a subgroup of the ISEV
committee dealing with regulatory affairs aiming to streamline manufacturing processes and quality control
assessments to enable the safe translation of EVs into the clinical setting [46].

Indeed, it will be exciting to see if the booming EV interest will translate into a wide range of applications in the
near future, including potential novel innovative diagnostics and therapies.
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