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Abstract

Extracellular vesicles (EVs) represent small, membrane-enclosed particles that are derived from 

parent cells and are secreted into the extracellular space. Once secreted, EVs can then travel and 

communicate with nearby or distant cells. Due to their inherent stability and biocompatibility, 

these particles can effectively transfer RNAs, proteins, and chemicals/metabolites from parent 

cells to target cells, impacting cellular and pathological processes. EVs have been shown to 

respond to disease-causing agents and impact target cells. Given that disease-causing agents span 

environmental contaminants, pathogens, social stressors, drugs, and other agents, the translation of 

EV methods into public health is now a critical research gap. This paper reviews approaches to 

translate EVs into exposure science, toxicology, and public health applications, highlighting blood 

as an example due to its common use within clinical, epidemiological, and toxicological studies. 

Approaches are reviewed surrounding the isolation and characterization of EVs and molecular 

markers that can be used to inform EV cell-of-origin. Molecular cargo contained within EVs are 

then discussed, including an original analysis of blood EV data from Vesiclepedia. Methods to 

evaluate functional consequences and target tissues of EVs are also reviewed. Lastly, the expanded 
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integration of these approaches into future public health applications is discussed, including the 

use of EVs as promising biomarkers of exposure, effect, and disease.

1 INTRODUCTION

1.1 Introduction to Extracellular Vesicles (EVs)

1.1.1 What are EVs?—All cells, including healthy and diseased, release small 

membrane-enclosed particles called extracellular vesicles (EVs) that can travel into the 

extracellular space and exist in almost all bodily tissues/fluids [1–3]. These particles contain 

an outer lipid bilayer but are distinguished from cells because they cannot replicate; 

meaning, they do not contain a functional nucleus that allows for cellular replication. 

Instead, these particles serve as transient cargo carriers of many types of molecules between 

cells.

EVs were originally identified as early as the 1940s, though inconsistent terminology 

coupled with technological limitations made them difficult to characterize and report clearly 

until recently [3]. To provide a brief history, EVs may have been first described by scientists 

Chargaff and West, who hypothesized that small, minute breakdown products of blood 

contributed to blood clotting properties [4]. It was later that Wolf et al. in 1967 found 

through electron microscopy that small platelet-derived particulate matter acted as coagulant 

material [5]. This study also found that these particles contained lipids originating from 

platelets and referred to them as “platelet-dust” [5]. Two notable papers were then published 

over a decade later, in 1983, that simultaneously identified small vesicles (~50 nm) that were 

released from maturing blood reticulocytes into surrounding extracellular areas [6,7]. These 

small vesicles were found to play a role in transmitting blood plasma iron transporters, 

transferrins, between cells and extracellular environments of rat and sheep reticulocytes 

cultured in vitro [6,7]. Since these landmark studies, there has been an abundance of 

published research supporting the wide variety of roles EVs play in general cell health 

and disease.

When referring to these small particles, the term “EV” was not implemented until recently, 

where other umbrella terms have been coined over the past few decades. This evolving 

terminology supports the sudden expansion of EV research, which undoubtably contributed 

to the development of contradicting terminologies across labs and research consortia. 

However, this point of confusion is being directly addressed through the International 

Society for Extracellular Vesicles (ISEV), which have now produced two guidance 

documents (one in 2014 and one in 2018), to bring consensus to EV terminology and 

common aspects for reporting EV study findings. The terminology used in this review aligns 

with the most recent guidelines published by ISEV in 2018, where the term EV is endorsed 

as “the generic term for particles naturally released from the cell that are delimited by a lipid 

bilayer and cannot replicate, i.e., do not contain a functional nucleus” [8].

1.1.2 Overview of Biogenesis and Release Mechanisms that Define EV 
Subtypes—EV subtypes are defined by their mechanism of biogenesis, or in other words, 

how each particle is formed and released from the parent cell (Figure 1). EV subtypes span 
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three major classes: exosomes, microvesicles, and apoptotic bodies that are produced by 

processes that are distinct and independent from each other [2,9–11]. Once generated, these 

EV subtypes are difficult to differentiate, as they overlap in size and composition. Exosomes 

are formed within endosomal compartments which are organelles that aid in the process 

of endocytosis (i.e., the uptake of biological matter via the cellular membrane). Exosomes 

are released via secretion when these intracellular compartments fuse with the plasma 

membrane. Exosomes range in size of ~30–200 nm. In contrast, microvesicles are formed 

and released directly from a cell’s plasma membrane. Microvesicles range in size of ~100–

2000 nm [2,9,10]. Apoptotic bodies are generated from cellular apoptotic disintegration. 

Apoptosis refers to programmed cell death that occurs as an essential and controlled part 

of the cell cycle to maintain tissue homeostasis. As the cell breaks down into small parts, 

apoptotic bodies are released which typically range in size of ~1–5 um [11]. Of the three 

major EV subtypes, apoptotic bodies are the only subtype required to generate from dying 

cells, by definition; although it is important to note that other EV subtypes can be released 

during other cell death processes including primary necrosis, secondary necrosis, pyroptosis 

and necroptosis. Dying-cell-derived EVs can also be produced from ruptured membrane 

fragments that reform extracellularly into EVs [11]. Other terms that are sometimes used 

to refer to EV subtypes include microparticles, ectosomes (sometimes interchangeable with 

microvesicles), and oncosomes, among other possible names [8,9].

1.1.3 Overview on EV Content—EVs can contain important molecules that are well 

established regulators of cell function and overall health. Genetic material can be contained 

within EVs spanning DNA and RNA-based molecules, including mRNAs, microRNAs, 

various non-coding RNAs, and mitochondrial RNAs [12]. Other types of molecules that can 

be contained within EVs include lipids, proteins, chemicals, and/or chemical metabolites.

An interesting aspect of EV content is that the loading of specific cargo within EVs was 

once thought to be completely stochastic, based on random events and the local environment 

that happened to be in proximity during EV biogenesis [2]. However, there is now a 

propensity of evidence showing that EV content is not random; rather, the loading of 

molecular content within EVs is based on highly regulated processes [2,13–16]. EV loading 

is now recognized to reflect what the cell is experiencing in response to physiological 

and pathological status and potential changes in response to insults. EV content loading 

is further recognized as regulated with purposeful consequences towards downstream 

events and target cells [2,13–16]. This relatively recent shift in understanding has further 

accelerated interest surrounding EVs as carefully regulated transporters of molecular signals 

capable of influencing nearby and distal cells.

1.1.4 Potential Consequences of EV Release and Changes to Target Cells—
Once EVs are generated and released into the extracellular/pericellular environment, these 

particles can communicate with nearby cells or potentially travel and communicate to distant 

recipient cells. EVs can then impart beneficial, neutral, or detrimental effects to target cells 

[17]. The majority of secreted EVs remain locally and can remain inert/inactive without 

encountering target cells, or they can actively influence local processes. For example, for 

tissues undergoing cell death/injury, EVs often remain associated with the pericellular 
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matrix. In these conditions, EVs have been shown to promote clearance of cell debris 

and tissue repair while also sometimes contributing to inflammation and the propagation of 

immune signaling that overlaps with several cell death regulatory mechanisms [11]. In some 

instances, EVs can also travel to distant recipient cells via blood-mediated transport [11,18], 

which supports the utility of evaluating these particles in human blood samples for public 

health research applications.

EV-mediated communication can occur by a variety of mechanisms, including cell surface 

contact-mediated interactions, direct membrane fusion, endocytosis, and phagocytosis 

[11,18]. Other mechanisms of EV uptake are more dependent upon the lipid content 

surrounding EVs, where depending on the conditions, EVs can physically fuse together 

with target cell membranes [19]. After EV materials are transferred to target cells, these 

molecules can remain functional and influence target cell biology. Much of what we 

know surrounding EV-induced biological changes has resulted from cancer research. For 

example, tumor-derived EVs have been shown to contain certain RNA molecules that 

activate the important receptor, such as toll-like receptor 3 (TLR3), in lung cells, resulting 

in increased neutrophil infiltration and stimulation of chemokine secretion that promote 

lung tumor metastasis [20]. In addition to cancer, molecular contents within EVs have 

also been reported to alter processes involved in other many disease outcomes, including 

cardiovascular, liver, metabolic, and neurodegenerative disease, among many others [17,21–

24]. In summary, EVs can remain inert or potentially influence target cells locally or 

distally, transfer important molecular cargo contained within them, and alter target cell 

biology, potentially influencing disease. Further examples of these important intercellular 

communications are detailed throughout this review in the context of exposure science, 

toxicology, and public health.

1.2 Current Review Examines Approaches to Integrate EVs into Public Health Research

Strategies for analyzing EVs in biological samples have been reviewed, with publications 

occurring largely within the past few of years [2,3,8,9,12,25]. These reviews and 

corresponding original research articles have primarily been generated from molecular 

biology, genetics, and medical fields. However, there remains a critical gap in knowledge 

and communication of these approaches towards public health research. The field of 

public health encompasses clinical, epidemiological, and toxicological research aimed at 

identifying causes of human diseases and implementing measures to reduce the impact 

of disease-causing agents. Disease-causing agents can span environmental contaminants, 

pathogens, social stressors, and drugs, among others. Research in exposure science, 

toxicology, and public health relies heavily upon human biomonitoring efforts, clinical 

studies, and other controlled in vivo experimentation. One of the most commonly utilized 

biological samples in public health research is peripheral blood, as it represents an important 

tissue that is relatively easy to collect in comparison to other tissues. Molecular information 

within blood and other biological samples can also be leveraged to inform the overall 

health of an individual, as is common in clinical research and medical practice. Blood and 

biological fluid based analyses can also inform potential molecular mediators involved in 

disease, as is common for epidemiological and toxicological research. The advantage of 

sampling EVs is that they are present in all biological fluids. Much of the blood-focused 
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methods discussed in this review overlap with those that can be used to analyze other 

biological fluids applicable to public health research, including less invasive sampling of 

body fluids such as saliva, sweat, tears, and urine. Because EVs are present in all biological 

fluids and influence other target tissues, approaches to evaluate EVs in blood and other 

biological samples have the potential to significantly enhance ongoing public health research 

efforts. This review focuses on these approaches to help bridge the gap between these 

advanced molecular biology techniques and approaches to expand research on exposure 

science, toxicology, and public health.

2 APPROACHES TO ISOLATE BLOOD EVS FOR PUBLIC HEALTH 

RESEARCH

2.1 Blood Composition

Blood is one of the most common biological samples incorporated into public health 

research, and is composed of mixed cell types and other circulating matter, including 

red blood cells, white blood cells, platelets, and plasma. When conducting EV research, 

it is important to isolate and enrich for EVs amongst this complex biological fluid. This 

is particularly important given that blood (in particular, plasma/serum) contains non-EV 

particles that can range in size similar to EVs (e.g., lipoprotein, soluble cytokines, and other 

lipid-like particles) [26,27].

2.2 Preparation of Plasma and Serum

EVs are abundantly present in bodily fluids including blood components plasma and serum, 

which are commonly collected in exposure science, toxicology, and public health research. 

Several methods have been developed to isolate EVs from plasma and begin with collection 

of whole blood into anticoagulant-treated tubes. Several anticoagulants have been used 

to collect blood for analysis of EVs, including ethylenediaminetetraacetic acid (EDTA), 

sodium fluoride/potassium oxalate, and sodium citrate with or without additives such as 

adenosine and dipyridamole or dextrose [28–30]. Selection of anticoagulant is multifactorial 

and should depend on the intended downstream analysis. For example, citrate is one of 

the most commonly used anti-coagulants in EV isolation and is compatible with various 

downstream analyses such as RNA sequencing. Additionally, use of citrate has previously 

recommended by the International Society on Thrombosis and Haemostasis for use in 

isolation of EVs [31]. In contrast, heparin should not be used prior to EV isolation due to 

its interference with polymerase chain reaction methods commonly used in gene-specific 

expression analyses [29]. Heparin has also been reported to prevent EV uptake by cells 

which can lead to the inaccurate finding of increased EV numbers in the blood [8,32]. To 

isolate EVs from plasma, methods commonly require platelet-poor plasma. Platelet removal 

is essential because platelets release EVs on activation and fragment during a freeze–thaw 

cycle [29]. This is achieved via centrifugation to pellet cellular components, and collection 

of the resulting supernatant, representing platelet-poor plasma. Resulting plasma can be used 

to proceed to EV isolation.

Serum is collected from whole blood, typically by allowing blood to clot at room 

temperature and removing the clot by centrifuging. Remaining supernatant (serum) can 
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then be used for EV isolation [29,33]. Methods used to prepare serum have been shown 

to result in enrichment of platelet derived EVs, making plasma the preferred source of 

EVs in many studies [30]. However, some argue for the utility of serum-based EVs as 

containing informative miRNA disease biomarkers [33]. Therefore, careful consideration 

should be given when selecting EV sample source, where further data will continue 

to inform the advantages and disadvantages surrounding sample preparation in exposure 

science, toxicology, and public health research.

2.3 Methods for Isolation of EVs

A variety of methods have been developed to isolate EVs, each with potential advantages 

and limitations depending on the study purpose. Current methods include ultracentrifugation 

(e.g., differential centrifugation and isopycnic density centrifugation), size exclusion 

techniques, immunoaffinity, and precipitation. These methods leverage various properties 

of EVs such as their density, size, surface proteins and receptors, and solubility. Given 

that individual methods isolate based primarily on one EV characteristic, each method will 

vary in yield, potential co-eluting contaminants, and downstream applicability. Additionally, 

many methods aim to isolate exosomes as the specific subtype of EV of interest; however, 

because of overlapping particle properties (Figure 1), it is important to recognize potential 

limitations in each isolation technique.

Two of the most common EV isolation techniques include ultracentrifugation (UC) and 

size-based isolation. UC currently accounts for over 50% of all published isolation 

methods due to its relative ease and efficiency [34]. UC isolates EVs by leveraging size 

and density differences of each component within the original sample. This method is 

typically performed in two steps: first, a low-speed centrifugation removes cells, cell 

debris, and other large particles, and then second, a high-speed centrifugation (≥ 100,000 

× g) separates EVs. EVs can then be resuspended in medium such as phosphate buffered 

saline and stored for future analyses [29,35]. Size-based isolation techniques typically refer 

to methods such as ultrafiltration (UF) and size exclusion chromatography (SEC). UF 

isolates EVs based on their size using membrane filters with defined size or molecular 

weight exclusion limits [35]. Similarly, SEC utilizes a porous stationary phase to elute 

macromolecules and particulate matter out and retain small molecules in the gel to later be 

eluted by mobile phase [36]. For both UC and size-based isolation methods, similar sized 

particles can potentially co-elute, acting as potential sources of contamination. Overall, these 

methods have high yields, are relatively easy to perform, and after the upfront purchase of 

instrumentation (e.g., ultracentrifuge), these methods can be quite cost-efficient [29,32,36].

Additional methods for isolating EVs include immunoaffinity and co-precipitation [29]. 

Immunoaffinity is highly specific and leverages proteins and receptors in the membrane of 

EVs to separate and purify them from heterogenous mixtures [34]. Co-precipitation methods 

utilize EV solubility properties to isolate them from biological fluids. For these methods, 

a water-excluding polymer such as polyethylene glycol can be added to the sample to 

exclude EVs from a solution (via void volume exclusion) resulting in precipitated fractions 

of EVs can then be collected via centrifugation [37]. Various kits are available for exosome 

enrichment which have been tested for accuracy based on their performance measures using 
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approaches described below. Several of these kits utilize water excluding polymers such as 

ExoQuick (System BioScience), Exosome Isolation Reagent (Life Technologies), and Total 

Exosome Isolation Reagent (ThermoFisher) to isolate intact EVs. Given that no isolation 

technique works perfectly, it is important to further characterize EVs that are isolated from 

biological samples.

3 APPROACHES TO CHARACTERIZE EVS

A variety of methods are now available to characterize EV samples isolated/enriched 

from blood and/or other biological samples of interest for exposure science, toxicology, 

and public health applications. Physical properties that are commonly measured include 

EV size, concentration, and morphology captured using high-resolution microscopy, light 

scattering, electrical charge, and/or flow cytometry. EV presence can also be evaluated 

through biomarkers, which at this point, largely encompass protein markers that can inform 

the purity of EVs against similarly sized particles that can co-elute during EV isolation 

protocols. It is notable that at this point, the majority of EV-related studies depend upon the 

use of multiple complementary methods to characterize EVs within their samples of interest. 

These methods have been previously reviewed [8,9,25] and are summarized here to inform 

the design of ongoing/future research in public health.

3.1 Methods for EV Physical Characterization

3.1.1 Microscopy Methods for EV Physical Characterization—EVs can be 

structurally characterized using imaging techniques based on microscopy that include 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), cryo-

electron microscopy (CEM), and atomic force microscopy (AFM). SEM is the most 

established of these methods, commonly used in molecular laboratories, and results in 

images of EVs within a sample that have been typically stained with a contrasting agent (i.e., 

a counterstain), fixed, and dehydrated prior to imaging. Images are produced via scanning 

of the fixed surface with electrons, resulting in 3D images of surface topography and 

elemental sample composition. TEM is a similar method, though results are typically higher 

resolution than those produced via scanning electron microscopy. TEM can also notably 

be integrated with immunogold labeling to result in the potential parallel characterization 

of specific molecules [25]. CEM is similar to the two aforementioned methods except that 

instead of fixing/staining samples prior to analysis, samples are frozen and analyzed at 

low temperatures. This leads to improved morphology analyses, where the 3D structure 

of EVs has been verified as round [38]. Another type of microscopy method is AFM, 

where physical attribute data are obtained via mechanical measurements of deflection 

over the samples’ surface to inform molecular surface topography as well as stiffness 

and adhesion properties. Altogether, microscopy-based methods can provide important 

information regarding EV size and morphology, and typically result in high-resolution 

measures (>5 nm) of EVs on an individual basis [9]. These methods have the notable 

limitation of not providing information across all EVs within a sample, and thus cannot 

provide concentration measures or collective size distributions that can be used to trace back 

concentration/size estimates within originating blood, tissues, or other biological samples.
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3.1.2 Light Scattering Methods for EV Physical Characterization—EVs can be 

characterized for concentration and size distribution using bulk- and individual EV-based 

light scattering methods. A type of bulk method is dynamic light scattering, where EVs are 

suspended, and the bulk amount of scattered light is measured as the particles continuously 

move due to Brownian motion physics. Resulting light intensities and correlative fluctuation 

rates can be used to derive hydrodynamic particle diameters, yielding particle size and 

number distribution [9]. A similar light scattering-based method is nanoparticle tracking 

analysis (NTA) [39]; though for this method, scattering measures are obtained at the 

individual particle-level, in contrast to bulk particle measures. Through NTA methods, 

the path of each individual particle is recorded and used to determine particle velocity 

and diffusivity, which are measures that are used to calculate particle size and number 

distribution. These values can be used to characterize EV size distributions and quantify 

the number of EVs in a given sample volume. NTA methods can also notably incorporate 

protein profiling through immunofluorescent labeling methods [9].

3.1.3 Flow Cytometry Methods for EV Physical Characterization—Flow 

cytometry methods include flow cytometry for larger EVs (typically ≥ 300 nm) and 

other more high-resolution flow cytometry methods for smaller particles [2,8,40]. Flow 

cytometry traditionally operates by suspending a sample in a fluidics system, representing 

a hydrodynamically focused fluid stream, that then is passed through multiple laser 

beams. The sample’s particles are thus illuminated and their associated fluorescent light 

and scattered light are measured through an optical system [40]. High-resolution flow 

cytometers often differ from more standard flow cytometers by having higher powered 

lasers with more focused beams, a more stable fluid stream with a smaller diameter, and 

higher sensitivity optical detectors [40]. Single cell EV analysis methods have recently 

been incorporated through flow cytometry, specifically through the enabling of chemical-

based signal amplification methods [2]. These methods result in EV quantitation and size 

distribution information. Flow cytometry methods are also advantageous when coupled with 

fluorescence-based measurements to measure select proteins [40].

3.1.4 Tunable Resistive Pulse Sensing for EV Physical Characterization—
Tunable resistive pulse sensing represents an additional method for the evaluation of EV 

size distribution and concentration, that measures EVs >30 nm on an individual particle 

basis [41]. This method measures changes in electrical currents as individual particles pass 

through a polyurethane membrane containing size-adjustable nanopores. The amount in 

which the electrical current drops during the passing of each particle through the membrane 

is recorded and used to derive each particle’s associated volume. One limitation of this 

approach is that it becomes difficult to analyze complex biofluids containing heterogenous 

EV populations which block pores of certain sizes, although this method is quite efficient 

when analyzing purified samples [9,25].

3.1.5 Limitations of EV Physical Characterization Methods—Certain methods 

described have been shown to outperform others when measuring select EV size 

ranges, notably causing some researchers to advocate for characterization based on 

multiple platforms [42]. Notably, there are evolving guidelines to inform which physical 
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characteristics should be reported when publishing molecular data from isolated EVs [8]. 

As research surrounding EVs continues to grow, methods and associated best practices 

for characterizing EVs will continue to develop and should be considered when designing 

studies in public health research.

3.2 Methods to Evaluate EV Presence through Protein Markers

Particles that are isolated and physically characterized are often further analyzed for 

select proteins to further support that they are, indeed, EVs as opposed to other similarly 

sized particles that may be present within biological samples. Protein markers have been 

postulated to differentiate between EVs vs other particles and sometimes inform EV 

subtype. These methods and associated markers have been previously reviewed [8,9] and 

are summarized here.

3.2.1 Types of Protein Markers to Evaluate EV Presence—Because EVs are 

secreted/released from cells through budding or endosomal transition mechanisms, they 

maintain parts of the originating cells’ membrane and cytosol. Transmembrane and cytosolic 

proteins from the originating cell are therefore transferred in this process and can be 

leveraged to evaluate EV presence. The presence of EVs is commonly evaluated through 

multiple platforms, including the detection of at least one transmembrane protein known 

to be embedded in the plasma membrane. Transmembrane proteins that are commonly 

measured for these purposes include members of the tetraspanin family of transmembrane 

proteins, such as CD9 (CD9 molecule), CD63 (CD63 molecule), and CD81 (CD81 

molecule) [8,9]. The presence of these molecules suggests the presence of the lipid-bilayer 

outer membrane structure, indicating that the isolated particles may have originated from 

cellular multi-vesicular bodies/endosomal organelles, consistent with EV formation. The 

detection of proteins commonly present in cellular cytosol that are transferred into EVs 

can also be measured, such as ALIX (ALG-2 interacting protein X) and TSG101 (tumor 

susceptibility 101). To evaluate the purity of EV isolation, common protein contaminants 

that may be isolated at the same time as EVs can be measured, such as apolipoproteins, 

albumin, and uromodulin [8,9].

3.2.2 Methods to Evaluate Protein Markers of EV Presence—Methods used 

to evaluate protein markers in EV-based analyses include immunostaining approaches, 

including immunoblotting and immunohistochemical (IHC) analysis, imaging-based light 

scattering (e.g., NTA) and imaging flow cytometry analyses. Immunoblotting and IHC 

approaches are standard molecular biology techniques that have previously been described 

in the context of EV research allowing for semiquantitative measures of protein abundance 

[9]. A notable aspect of EV IHC analyses is that they can now be performed with further 

efficiency through assay miniaturization, for instance by leveraging microfluidics (e.g., 

ExoChip) [43] and spot-printing of antibody panels (e.g., EV arrays) [44,45]. In some 

instances, these surface-based methods for detecting proteins even allow for the recovery of 

EVs for further downstream processing and analyses [9].

Immunosorbent analyses can also be performed using immune-magnetic beads to capture 

and measure EV-associated proteins. These methods have several advantages compared 
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to immunostaining methods, including the potential detection of proteins with increased 

efficiency, relatively simple labeling and washing protocols, shorter assay run times, and 

assay flexibility that allows for subsequent analyses using the same samples. Methods can 

incorporate microfluidics and/or multiplexing to allow for the simultaneous detection of 

many surface markers [46]. Methods include the integrated microfluidic exosome analysis 

platform, the ExoScreen assay, and single EV analysis based on multiplexing [9,25]. Some 

of the most efficient approaches are those that couple protein-based measures with EV 

physical analyses. For example, NTA can be coupled with antibody and other dye-labeling 

techniques (e.g., cell membrane labeling) to obtain important phenotyping information 

alongside particle size distributions of labeled vs non-labeled particles. Similar information 

can be obtained through flow cytometry methods, where high-resolution flow cytometry 

can provide information on surface marker distributions at a single EV-level [46]. These 

technologies are currently being developed and refined and should serve as promising 

platforms in public health research.

3.2.3 Limitations of Protein Markers to Evaluate EV Presence—The use of 

protein markers to evaluate EV presence has important limitations, resulting in data that 

are largely qualitative when informing EV type. To date, proteins have yet to be identified 

that can be used to characterize all types of EVs, nor have any been identified as present 

consistently across every EV within a particular EV subtype [9]. Recent evidence, for 

example, has highlighted proteins once thought of as classical exosome markers (e.g., CD9 

or CD81) are also included in other EV subtypes and are not so clearly subtype-specific 

[47,48]. Overall, these current limitations must be considered when designing EV-related 

studies and interpreting resulting data, particularly when analyzing heterogenous tissues 

(e.g., blood) as is common in exposure science, toxicology, and public health studies.

4 EVALUATING EVS BASED ON CELL-OF-ORIGIN

It is well established that information from originating cells (aka “parent” cells or “host” 

cells) can be packaged into EVs, including lipids, proteins, and nucleic acids [12]. These 

molecules can then be functional within recipient cells upon arrival. In addition, some 

markers within the plasma membrane of originating cells can be packaged onto EVs, if 

they are generated through budding mechanisms [12]. EV content can therefore include 

information that can be used to inform cell-of-origin. The utility of cell-of-origin markers 

may be promising, particularly when multiple molecular evidence streams are combined 

using computational models to potentially improve cell-of-origin predictions. These markers 

can be incorporated into clinical diagnosis and treatment applications, drug delivery 

applications, as well as future applications postulated by this review surrounding public 

health.

4.1 Protein Markers Informing Cell-of-Origin

Several proteins have been identified to inform cell-of-origin for EVs (Table 1). For 

example, proteins that are present within the cell surface membrane of the host cell, such as 

transmembrane or GPI-anchored proteins, are often transferred to the surface membrane of 

the EV during EV biogenesis. When these surface proteins are associated with certain cell 
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types, they can thus be used to inform cell-of-origin. Some examples of cell surface proteins 

that can inform cell-of-origin include cluster of differentiation (CD) proteins, including 

CD9, CD14, CD53, and CD56 (also referred to as neural cell adhesion molecule [NCAM]) 

that are associated with certain immune cells. Other proteins that inform cell-of-origin 

include those that are located internally within cells (e.g., cytosolic proteins). It is important 

to note that most of these example proteins are merely associated with the listed tissue/

cell type, and are very rarely exclusive to those tissues/cell types. Because of this current 

limitation, there is an overall lack of definitive EV markers that are completely cell-specific. 

This limitation, combined with the inherent heterogeneity of EV subtypes, support the 

need for improved cell-of-origin markers and other coinciding measures that could further 

strengthen the identification of EV cell-of-origins through multifactorial data analysis and 

prediction modeling.

4.2 Lipid Markers Informing Cell-of-Origin

One of the major components of EVs is the surrounding lipid bilayer, which is derived from 

the parent cell, allowing it to potentially inform cell-of-origin. One side of phospholipid 

bilayers consists of two hydrophilic phosphate heads and a hydrophobic tail, with specific 

contents and configurations showing variety across cells and resulting EVs [2]. Studies 

have described the percentage of different lipid classes in several different cell types 

such as Oli-neu cells, human B-cells, mast cells, dendritic cells, and reticulocytes [49]. 

Enrichment of select classes of lipids have been identified in EVs, including cholesterol, 

glycosphingolipids, phosphatidylserine, and sphingomyelin. The changes in amounts of 

lipid classes have been quantified across select cell types, with several showing lipid class 

commonalities indicating that similar enrichment can happen in multiple types of cells. 

Certain phospholipids can also notably be distributed differentially according to cellular 

(and subsequence EV) surface sides [50]. Unlike RNA and proteomic sorting mechanisms, 

studying lipid composition has been difficult due to their inherent variability and limitations 

surrounding analytical methods [12]. Future research will likely expand upon the potential 

utility of lipid content in informing EV cell-of-origin.

4.3 Nucleic Acid Markers Informing Cell-of-Origin

EVs notably contain nucleic acids, including small RNAs (e.g., miRNAs) and mRNA 

molecules, which can also display patterns that are reliant upon cell-of-origin. In addition, 

there are certain RNA-based molecules that are expressed at relatively higher levels in 

certain cell types that could be leveraged for such purposes. Even molecules that are 

known to be highly expressed in certain cell types above others could be analyzed for 

suitability in informing cell-of-origin. Although the methods are available to link potential 

RNA molecules to specific parent cells, there have been an overall lack of studies evaluating 

the utility of using RNA-based molecules for informing or predicting EV cell-of-origin. 

One example study found that HEK293T cells released EVs that were enriched for specific 

miRNAs in comparison to other cell types [51]. Another recent example study employed 

computational methods based on gene expression profiles coupled with deconvolution 

analyses to estimate relative proportions of EV tissue origins in blood plasma samples [52]. 

Authors noted a large fraction of EVs attributable to blood cells as well as liver tissue from 

patients with hepatic disease, though it is notable that these methods are still in their infancy 
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and require further validation. We have demonstrated utility using mRNA and miRNA-

based signatures in machine learning and computational models to predict environmental 

exposures and toxicological outcomes [53,54], further supporting the potential of this field 

to leverage such signatures in EV research. Given the variable nature of RNA profiles across 

tissues [55], it is evident that such profile data could be leveraged to continue to develop 

computational models that predict, or otherwise inform, EV cell-of-origin.

4.4 Limitations and Future Directions Surrounding Cell-of-Origin EV Markers in Public 
Health Studies

Collectively, there is a current lack of specific EV-based biomarkers that are capable 

of clearly estimating cells-of-origin with high precision and/or confidence across tissues, 

including blood [12]. Most of the information surrounding cell-of-origin information centers 

around protein markers, largely encompassing cell surface markers that are largely specific 

to certain cell types. As this field continues to grow, additional layers of information will 

undoubtably contribute to the increased predictive capabilities of biomarkers in informing 

cell-of-origin, particularly in blood samples. Additional information that will likely bolster 

these predictive capabilities include other types of molecular profiles (e.g., RNA-based 

molecules, chemicals/metabolites) combined with enhanced EV property characterizations 

to allow for predictive modeling-based approaches. The combination of diverse data 

streams will contribute towards the improved elucidation of where EVs come from within 

investigated samples of relevance to exposure science, toxicology, and public health 

research.

5 EVALUATING EV CONTENT, FUNCTIONAL CONSEQUENCES, AND 

TARGET TISSUES IN PUBLIC HEALTH STUDIES

5.1 Evaluating EV Content

EVs contain important molecular cargo that are loaded based on highly regulated processes, 

resulting in the intercellular transmission of various molecules. These molecules include 

nucleic acids (e.g., mRNAs and miRNAs), proteins, lipids, and chemicals/metabolites 

[8,12]). Methods to evaluate expression/concentration signatures of these important 

molecules in research related to public health applications have been previously reviewed 

[56–60]. A challenge in EV research when evaluating these molecular signatures surrounds 

the limited amount of material within isolated EV samples. Therefore, approaches that can 

extract measures from small sample inputs are optimal, particularly when using samples 

of limited quantity which are typical of exposure science, toxicology, and public health 

research.

Molecular profiling data that have been published on EV content have been aggregated, 

in part, through the Vesiclepedia online database [61]. This online resource serves as 

a collection of nucleic acids, proteins, lipids, and chemical metabolites that have been 

identified in EVs, manually curated from previous studies, comprising mostly online peer-

reviewed publications. This database currently contains data from over 1250 EV studies, 

with over 38,000 nucleic acid records, 1000 protein records, and 600 lipid/metabolite 

records [61].
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To provide some examples relevant to public health research, we extracted and summarized 

human blood EV content molecular data within Vesiclepedia. Specifically, all molecular-

level data were downloaded from Vesiclepedia (v4.1) and filtered for records that 

reflected publications listed in the ‘Plasma’ browse category [62]. Data were filtered for 

‘Human’ species and organized to highlight the most frequently measured molecules. 

Fibrinogen alpha chain (FGA), platelet endothelial cell adhesion molecule (PECAM1), 

and haptoglobin-related protein (HPR) were identified as the most commonly measured 

EV-based plasma proteins across studies in humans recorded within Vesiclepedia. Functional 

analysis of commonly measured proteins identified immune response, blood coagulation, 

and hemostasis as the top-ranking functions associated with EV proteins (Figure 2). Notably, 

some of these proteins represent ubiquitous molecules present in blood that tend to stick to 

EVs regardless of isolation protocol (e.g., FGA) [63]. Similar to the protein results, the most 

commonly measured EV-based mRNAs included FGA, HPR, and PECAM1 (Figure 3). The 

most commonly measured lipid was phosphatidylserine, a component of the cell membrane, 

present in all EVs. Lastly, the most common miRNAs found in plasma EVs include 

let-7a, miR-103, and miR-142–3p (Figure 3). These miRNAs are notably involved in DNA 

damage response (let-7a), glucose homeostasis/insulin stimulus (miR-103), inflammatory 

processes (miR-142–3p), and cancer (let-7a, miR-103, and miR-142–3p) [64–66]. Data 

within Vesiclepedia, as well as other EV-related repositories, will continue to expand in the 

coming years, serving as valuable resources to merge EV data across samples and research 

applications.

Few studies have compared molecular profiles between full biological samples, analyzed 

in bulk, vs EVs that are isolated from the same full biological samples. One notable study 

compared miRNA content in whole plasma vs EVs isolated from plasma in patients with 

prostate cancer [67]. Authors noted clear differences in miRNA expression profiles between 

full plasma vs EVs isolated from plasma [67]. These obvious differences in molecular 

profiles further support the differential loading of molecular cargo within EVs vs general 

extracellular compartments. Furthermore, these findings support the importance of isolating 

EVs from biological samples and analyzing their contents, as opposed to evaluating whole 

tissue/blood samples collectively, to better characterize purposeful communication signals 

between cells.

5.2 Evaluating Functional Consequences of EVs

In addition to understanding the molecular content of EVs, it is of critical importance to also 

understand the biological function of EVs, as well as potential consequences of changes in 

EV content that may occur in response to exogenous insults and/or changes in disease state 

that are commonly investigated in exposure science, toxicology, and public health research. 

One strategy that researchers can employ to evaluate the functional consequences of EVs 

is through targeted inhibition of EV secretion, using agents that block EV secretion within 

controlled experimental designs. Comparing biological events that occur in the presence vs 

absence of these agents imparts useful information towards understanding EV consequences 

that can be leveraged towards exposure science, toxicology, and public health applications.
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Scientists have explored methods to inhibit EV release, both as research tools and potential 

therapeutics. Several pharmacological inhibitors have been used to block EV release, each 

targeting various subcategories or biological properties. Some of the most commonly used 

inhibitors include calpeptin, GW4869, imipramine, manumycin A, pantethine, and Y27632 

[68]. These inhibitors can be classified into two main groups: (1) those that affect EV 

trafficking (e.g., calpeptin, manumycin A, and Y2763); and (2) those that primarily effect 

lipid metabolism and thus EV biogenesis (e.g., GW4869, imipramine, and pantethine). 

These inhibitors can be further classified based on the primary EV subtype that is targeted 

and blocked. In general, studies may select GW4869 or manumycin A to target exosomes; 

or calpeptin, imipramine, pantethine, or Y27632 to target microvesicles. As an example, 

one in vitro study used the exosome secretion blocker GW4869 and found that it reduced 

the levels of pro-angiogenic miRNAs in mesenchymal stem cell-derived conditioned media 

[69]. These results suggested that exosomes may aid in promoting angiogenesis, and thus, 

inhibition of exosome secretion in these instances may be a useful therapeutic strategy 

in the future [69]. In addition to pharmaceuticals, some studies have implemented gene 

editing knockdown techniques to target specific genes known to influence EV release. For 

example, several studies have targeted Rab proteins to limit EV release due to their essential 

role in EV biogenesis and secretion [12,70]. One specific study found that inhibition of 

Rab27a gene expression by shRNA decreased exosome count by more than 50% and led 

to decreased tumor growth and metastasis in 4T1 carcinoma cells [70]. Similar methods 

involving pharmaceutical or gene knock-down EV blockers may be modified in future 

studies to target exposure-induced exosomes to reduce impacts of environmental toxicants.

The translation of findings produced from controlled, in vitro study designs to in vivo 
human biology requires further testing, which the medical research community is starting 

to address. A limited number of pre-clinical in vivo studies indicate that many compounds 

have the ability to block or limit the release of exosomes and/or microvesicles. For example, 

sulfisoxazole, an antibiotic that is approved by the Food and Drug Administration (FDA), 

was reported to inhibit small EVs from breast cancer cells in mice, leading to anti-tumor 

and anti-metastatic effects [71]. Additionally, the use of the drug, dimethyl amiloride, has 

led to decreased production of exosomes in three mouse tumor models, as well as increased 

efficacy of chemotherapeutic treatment [72].

The same study reported similar results in humans using amiloride, a drug typically used 

for treatment of high blood pressure, as an EV blocker among patients with colorectal 

metastatic cancer. Other therapeutic agents have demonstrated capabilities towards 

blocking EV assembly/loading/section, include clopidogrel, glibenclamide, imatinib, and 

indomethacin [68]. Given their current use in medicine for other treatments, these agents 

serve as potential candidates for pre-clinical evaluation.

5.3 Evaluating Target Tissues of EVs

There is mounting evidence supporting the specificity of EVs in targeting specific 

cellular properties associated with individual tissues throughout the body. For example, 

EVs have been demonstrated to serve as effective drug delivery carriers between tissues 

within controlled in vitro and in vivo experimental settings [12]. Therapeutic mediators 
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transferred via EVs have included siRNA, mRNA, miRNAs, and classic small molecule 

therapeutics including curcumin, paclitaxel, rhodamine 123, and doxorubicin. For example, 

incubation of the murine tumor cell line, EL-4, with curcumin resulted in the successful 

incorporation of curcumin into EVs released from these cells [73]. These in vitro-derived 

EVs were interestingly found to capture curcumin with stability and bioavailability in vivo. 

Specifically, these EVs were found to preferentially target brain tissue in mice, after nasal 

EV treatment, resulting in the protection against lipopolysaccharide-induced septic shock 

[73]. Still, the preferential targeting of specific EVs to specific target cell types/tissues 

requires further studies within medical and toxicological settings.

An approach that researchers can employ to more specifically address target tissue 

specificity associated with EVs is through mRNA/protein-based reporter tagging. A recent 

notable example surrounds the development of a mouse model with CRISPR-Cas9-mediated 

genome editing that enables the specific labeling of circulating CD63+ EVs from any 

cell type when crossed with lineage-specific Cre recombinase driver mice [74]. This 

group provided a case study of this application through the incorporation of a common 

green fluorescent protein, emerald GFP, specifically within developing vascular tissue of 

tamoxifen-treated pregnant mice. Circulating plasma emerald GFP-labeled EVs were also 

noted to contain additional EV (CD9 and CD81) and endothelial cell (CD105) protein 

markers and were noted to contain specific miRNAs [74]. It is notable that these types 

of models can be evaluated through imaging techniques, spanning magnetic resonance 

imaging (MRI), computed tomography scanning (CT scan), and other image-based analyses 

(e.g., flow cytometry-based microscopy). These types of strategies can impart important 

information surrounding where an EV is going throughout the body and imparting 

beneficial, neutral, or detrimental effects on recipient cell targets.

6 APPLYING EV RESEARCH TOWARDS ADDITIONAL PUBLIC HEALTH 

APPLICATIONS: A LOOK TOWARDS THE FUTURE

The field of exposure science, toxicology, and public health will significantly benefit from 

findings produced through EV research. Here, we summarize some ways in which EVs 

can be immediately incorporated into public health applications to improve our knowledge 

of chemical-disease relationships, disease etiology, and therapeutic interventions. EVs can 

specifically be used as new biomarkers of chemical exposure, biomarkers of disease, 

molecules to use for therapeutic interventions, and molecules to better understand factors 

contributing to overall public health (Figure 4). Specific attributes of EVs that can be 

leveraged for these purposes include EV size, concentration, and content, all representing 

novel data points that could serve as informative biomarkers of exposure and disease. These 

measurements can be acquired from blood samples, as this biological sample represents one 

of the most common type of sample acquired in clinical, epidemiological, and toxicological 

settings. Applications highlight the utility of blood-based EVs, though these approaches 

also extend towards additional biological samples, including potential tissue samples or less 

invasive biological fluid samples.
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6.1 Using EVs as Exposure Biomarkers

As described throughout this review, the molecular contents within isolated EVs differ 

between the molecular contents present in whole tissues analyzed in bulk. It is therefore 

important to specifically characterize molecular profiles within EVs, as opposed to (or 

in addition to) analyzing bulk samples. In the context of blood samples, this means that 

isolating and analyzing EVs from whole plasma or serum samples can impart more specific, 

and biologically meaningful, information surrounding molecular biomarkers of exposure 

and/or effect.

In relation to environmental exposure assessments, emerging evidence supports the utility 

of evaluating EVs as exposure biomarkers in humans. These data have been primarily 

generated in human studies relating air toxicant exposures to alterations in miRNA 

expression signatures derived from EVs. For example, several potential EV molecular 

biomarkers have been identified in humans in response to cigarette smoking in chronic 

lung diseases [75]. These putative biomarkers included certain miRNAs (e.g., miR-191, 

miR-200b-5p, miR-378a, mi-379, miR-7, let-7e, let-7g) and proteins (leucine-rich alpha-2-

glycoprotein 1, μ-calpain, and m-calpain) within EVs isolated from human plasma, serum, 

bronchoalveolar lavage fluid, cell supernatant, and/or urine samples. These biomarkers were 

also notably linked to lung cancer or chronic obstructive pulmonary disease [75]. Another 

study in humans has been presented in the form of a conference abstract, and provides 

preliminary evidence supporting the use of extracted saliva EVs and their associated miRNA 

expression in relation to ambient air pollution exposure in residents that bike within New 

York City [76].

Studies carried out in vivo and in vitro also provide evidence supporting the use of EVs as 

exposure biomarkers. For example, one study reported that exposure to particulate matter 

caused EVs to be released in a dose- and time-dependent manner within immortalized and 

primary human macrophages [77]. In addition, EVs have been evaluated for alterations 

associated with polycylic aromatic hydrocarbon (PAH) exposure, both in vitro, in human 

endothelial cells, and in vivo, in urine samples from PAH-exposed rats [78]. PAH exposure 

was found to increase EV production/release in both models. EVs have also been evaluated 

in relation to irradiation exposure in mice [79]. Here, mice were exposed to clinically-

relevant cranial (head only) irradiation, and circulating plasma samples collected two 

week post-exposure to detect signs of sustained systemic injury. EVs within these plasma 

samples were found to display differential metabolomic and lipidomic profiles involved 

in inflammation in exposed vs. unexposed mice. These data support an EV-mediated 

mechanism for sustained impacts of exposure conditions occurring systemically, through 

blood [79]. Collectively, there is still limited data in this research area, particularly in 

relation to environmental science and public health; though these important emerging studies 

support the utility of incorporating EVs as novel biomarkers of exposure across models and 

target tissues.
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6.2 Expanding the Use of EVs as Disease Biomarkers and Mechanisms for Therapeutic 
Interventions to Improve Public Health

As discussed throughout this review, extensive research has been conducted characterizing 

the role of EVs in human disease. Of particular interest towards public health, EV cargo can 

be evaluated to inform the health status of individuals by informing/predicting pathological 

state [2,12]. EV cargo such as RNA, miRNA, proteins, and lipids have been studied in 

association with a multitude of human disease outcomes. For example, EVs originating 

from cancer sites are quickly gaining attention due to an abundance of evidence supporting 

their role in tumor progression, establishment of pre-metastatic niche, and spreading to 

the secondary site [12,80]. Example molecules within EVs that have been implicated as 

potential biomarkers of cancer include Epidermal Growth Factor Receptor (EGFR) [81], 

Caveolin-1 (Cav-1) [82], and MET proto-oncogene, receptor tyrosine kinase (MET) [83], 

among others. Other EV-based biomarkers have been proposed from studies that isolated 

EVs from blood for diseases such as breast cancer [84], Alzheimer’s disease [24], and 

diabetes [21]. While research on EVs as disease biomarkers is abundant in the medical field, 

it has yet to be adequately incorporated into public health research. Future studies may 

evaluate EV cargo in human cohort studies as potential indicators of general health, as well 

as EV cargo changes resulting from human exposures to inform mechanism of action and 

potential therapeutic interventions.

While EV cargo can provide useful information towards disease state, the actual physical 

properties of EVs can also serve as biomarkers of disease and thus, be incorporated 

into public health research. For example, EV size and concentration have been shown 

to vary at different stages of cancer, suggesting that these parameters are in themselves 

useful for clinical diagnostics and informing an individual’s health status [85–87]. Studies 

suggest that cancer aggressiveness is associated with increased EV release and thus may 

be a useful diagnostic marker [82,88]. Several other diseases have been associated with 

altered EV release in blood such as diabetes [21], nonalcoholic fatty liver disease [22], and 

cardiovascular disease [23]. EV size and concentration data can therefore be used alongside 

EV molecular profile as multi-factorial contributors to exposure and/or disease biomarkers 

that translate to public health applications.

Many researchers are also experimenting with the use of EVs as tools for therapeutic 

intervention, which in public health research, could be leveraged for solution-oriented 

interventions in collaboration with medical communities. Given that many studies have 

reported disease-derived EVs, potential therapies may include EV blockers to reduce release 

and uptake. As detailed in section 5.2, EV blockers have the potential for improving 

disease outcomes influenced by EV communication, particularly in relation to cancer growth 

and metastasis. EVs also show promise as therapeutic delivery vehicles, as discussed in 

detail in section 5.3. The ability of EVs to transfer their content to target tissues makes 

them promising candidates for drug and gene delivery applications, especially given their 

biocompatibility with target cells. Future studies may translate and expand these methods to 

target and repair environmental exposure induced cell injury and associated health outcomes 

in the public health research setting.

Carberry et al. Page 17

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2022 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6.3 EVs for Understanding General Public Health

Changes in EV profiles occur during general cellular processes that regularly occur in the 

human body; and thus, EVs can be used to inform normal healthy responses to changes that 

occur naturally in humans. For example, changes in EVs are observed within maternal blood 

throughout pregnancy. Fetal placental tissues have been identified as a rich source of EVs 

within circulating maternal blood, serving as a route of feto-maternal communication [89]. 

Release of EVs associated with placenta tissue seems to even occur in a time-dependent 

manner over the course of pregnancy, as characterized through the evaluation of blood EVs 

that are PARP+. Specifically, PARP+ EVs in maternal plasma have been shown in several 

studies to increase with increasing gestational age throughout the first and second trimesters, 

and then maintain a constant concentration during the third trimester, demonstrating a 

time-dependent relationship alongside placental growth [89]. Though it is important to 

note that PARP expression occurs in other tissues, as well as the placenta, which could 

have influenced this trend. Of further relevance to maternal/child health, EVs have been 

identified and characterized within breast milk, and studies are beginning to link molecular 

profiles within breast milk EVs to child health outcomes [90]. Evaluation of EV-based 

indices could therefore inform whether or not healthy changes are occurring during and after 

pregnancy, potentially informing overall health of mothers and children. These techniques 

extend beyond maternal/child health research, where EVs are now being characterized in 

urine samples of humans across various health statuses [91]. Although the majority of EV 

research focuses on diseased patients, future applications of EV-based findings will inform 

broader health implications across overall public health.

7 CONCLUSIONS

In conclusion, the recent expansion surrounding EV discoveries will significantly impact 

many areas of exposure science, toxicology, and human health research. This review 

aimed to contribute to the translation of the new molecular biological techniques into 

the public health research arena, including clinical, epidemiological, and toxicological 

evaluations. These techniques can be leveraged to better understand chemical-disease 

relationships, disease mechanisms, and therapeutic interventions. EV content was once 

considered stochastic; though current evidence supports the loading of molecular content 

within EVs as highly regulated and purposeful in communicating cellular processes and 

resulting biological functions. Because of this, EVs can be used as biomarkers of exposure, 

effect, and disease that can contribute increased specificity in addition to existing measures. 

Future research efforts will include the continued expansion of technological development, 

allowing for increased sensitivity to allow for improved assessment of EV samples that 

inherently have low sample yields. Additional data are needed to improve molecular markers 

and computational models to inform/predict EV subtypes, cell-of-origin, and target tissue, 

to span both biological and chemical signatures. As these methods and associated findings 

expand, EV research will continue to impact our knowledge of human disease and public 

health.
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Impact statement:

Extracellular vesicles (EVs) represent small, cell-derived structures consisting of 

molecules that can serve as biomarkers of exposure, effect, and disease. This review 

lays a novel foundation for integrating EVs, a rapidly advancing molecular biological 

tool, into the field of public health research including epidemiological, toxicological, and 

clinical investigations. This article represents an important advancement in public health 

and exposure science as it is among the first to translate EVs into this field.
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Figure 1. Mechanisms of EV biogenesis, resulting in three defined classes of EVs (i.e., exosomes, 
microvesicles, and apoptotic bodies) with overlapping ranges in size, composition, and function.
Note that dying-cell-derived EVs can be generated through any of the below mechanisms.
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Figure 2. The most common proteins that have been measured in EVs circulating in human 
blood and their related biological functions.
The illustrated proteins include those that have been identified in 10 or more publications 

aggregated from the Vesiclepedia database. Molecules were further visualized according 

to functional categories based on Gene Ontology Biological Processes obtained from 

the Universal Protein Resource Knowledgebase [92]. Abbreviations: A2M, alpha-2-

macroglobulin; ALB, albumin; ANXA5, annexin A5; APOB, apolipoprotein B; C1QC, 

complement C1q subcomponent subunit C; C3, complement C3; C4BPA, c4b-binding 

protein alpha chain; CD5L, CD5 antigen-like; FGA, fibrinogen alpha chain; FGB, 

fibrinogen beta chain; FGG, fibrinogen gamma chain; FN1, fibronectin; GP1BA, platelet 

glycoprotein 1b alpha chain; HP, haptoglobin; HPR, haptoglobin-related protein; ITGB3, 

integrin beta-3; KRT2, kertain, type II cytoskeletal 2 epidermal; LGALS3BP, Galectin-3-

binding protein; PECAM1, platelet endothelial cell adhesion molecule; SERPINA1, alpha-1-

antitrypsin.
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Figure 3. The most common lipids, mRNAs, and miRNAs and that have been measured in EVs 
circulating in human blood.
The illustrated molecules include those that have been identified across the highest number 

of publications aggregated from the Vesiclepedia database.
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Figure 4. Overview of example utilities of EV research in environmental science, toxicology, and 
public health applications.
Shown here are example approaches to integrate EVs within human cohort evaluations, 

resulting in applications to better understand disease etiology, biomarkers of disease, and 

solutions to better protect public health.
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Table 1.
Example protein markers that have been used to inform cell-of-origin.

References are listed to include those that recognized the use of each protein marker towards informing a 

certain cell-of-origin. These examples do not represent an exhaustive list of all proteins and corresponding 

potential cells-of-origin. As discussed in section 4, these markers, in themselves, cannot definitely identify 

which type of cell emitted a specific EV; rather, this information can be used to inform cell-of-origin in 

concert with additional data streams and study design context.

Associated Protein 
Marker Symbol Cell-of-Origin Associated Protein Marker Full Name Reference(s)

A4/APP Neurons Amyloid beta / Amyloid precursor protein [8,93]

AChE-E Erythrocytes Acetylcholinesterase-erythrocyte [8,94]

AChE-S Neurons Acetylcholinesterase-synaptic [8,94]

CD2 Natural killer cells CD2 molecule [46]

CD8 Natural killer cells Cluster of differentiation 8 [46]

CD9 Eosinophils CD9 molecule [95]

CD11b Non-resident monocytes/
macrophages Integrin subunit alpha M [96]

CD14 Monocytes Monocyte differentiation antigen 14 [8,97]

CD16 Macrophage subsets CD16 antigen [98]

CD29 / FNRB Hepatocytes CD29 antigen / Fibronectin receptor subunit beta [27,99]

CD29 / FNRB Mesenchymal stromal cells CD29 antigen / Fibronectin receptor subunit beta [100]

CD37 Leukocytes Leukocyte antigen CD37 [8,101]

CD41b / CD42a Platelets Glycoprotein (Gp) IIb/IIIa integrin [8,46]

CD44 Mesenchymal stromal cells CD44 molecule [100]

CD45 / PTPRC / LCA Immune cells CD45 antigen / Protein tyrosine phosphatase, receptor type, 
C / Lymphocyte common antigen [8]

CD56 / NCAM Natural killer cells CD56 antigen / Neural cell adhesion molecule [46]

CD61 / GPIIIa Platelets CD61 antigen / Platelet glycoprotein IIIa [27,46,102]

CD63 Epithelial cells CD63 molecule [95]

CD66b / CEACAM8 Granulocytes/eosinophils CD66b antigen / Carcinoembryonic antigen-related cell 
adhesion molecule 8 [98]

CD73 Mesenchymal stromal cells 5’-nucleotidase ecto [100]

CD81 Epithelial cells CD81 molecule [95]

CD90 Mesenchymal stromal cells Cluster of differentiation 90 [100]

CD105 Mesenchymal stromal cells Endoglin [100]

CD105 Endothelial cells Endoglin [74]

CRABP1 Neural cells Cellular retinoic acid binding protein 1 [27,103]

EPCAM Epithelial cells Epithelial cell adhesion molecule [8,27,104]

GYPA Red blood cells Glycophorin A [8,105]

Ly6G Neutrophils Lymphocyte antigen 6 complex, locus G [106]

PECAM1 Endothelial cells Platelet and endothelial cell adhesion molecule 1 [8,107]

PLAP Placental cells Placental alkaline phosphatase [89,108]
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Associated Protein 
Marker Symbol Cell-of-Origin Associated Protein Marker Full Name Reference(s)

TSPAN8 Epithelial cells Tetraspanin-8 [8,27,109]
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