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Abstract: Milk is considered as more than a source of nutrition for infants and is a vector involved in
the transfer of bioactive compounds and cells. Milk contains abundant quantities of extracellular
vesicles (EVs) that may originate from multiple cellular sources. These nanosized vesicles have
been well characterized and are known to carry a diverse cargo of proteins, nucleic acids, lipids and
other biomolecules. Milk-derived EVs have been demonstrated to survive harsh and degrading
conditions in gut, taken up by various cell types, cross biological barriers and reach peripheral tissues.
The cargo carried by these dietary EVs has been suggested to have a role in cell growth, development,
immune modulation and regulation. Hence, there is considerable interest in understanding the role
of milk-derived EVs in mediating inter-organismal and cross-species communication. Furthermore,
various attributes such as it being a natural source, as well as its abundance, scalability, economic
viability and lack of unwarranted immunologic reactions, has generated significant interest in
deploying milk-derived EVs for clinical applications such as drug delivery and disease therapy.
In this review, the role of milk-derived EVs in inter-organismal, cross-species communication and in
drug delivery is discussed.

Keywords: exosomes; extracellular vesicle proteome; animal extracellular vesicles; milk extracellular
vesicles; cellular crosstalk; cross-species communication; interindividual communication; extracellular
vesicle-based therapy; drug delivery

1. Introduction

1.1. Extracellular Vesicles

Extracellular vesicles (EVs) are membrane vesicles secreted by all cell types into the extracellular
space [1,2]. Although, it is known that apoptotic cells undergo blebbing and release apoptotic bodies,
healthy cells indulging in active secretion of vesicles has been more recently discovered [3–6]. EVs
shed by cells have been now classified into various categories: exosomes, apoptotic bodies and
ectosomes or shedding microvesicles, depending on their biogenesis and origin [1,7,8]. Exosomes
are vesicles ranging from 30–150 nm originating from the fusion of multivesicular bodies (MVBs)
or late endosomes with plasma membrane, thus being endocytic in origin [9–11]. Apoptotic bodies
(50–5000 nm) and ectosomes (100–1000 nm), contrarily, bud from the plasma membrane of apoptotic
and live cells, respectively (Figure 1) [1,12,13]. Since their discovery, additional understanding of
the molecular mechanisms regulating their biogenesis and secretion is emerging with their pivotal
role in intercellular communication and pathophysiology [14]. Until two decades ago, intercellular
communication was thought to be driven by direct cell–cell contact or secreted factors [4]. Over the
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years, EVs have emerged as more than mere garbage bags of cells to eliminate cellular debris and
are understood to be involved in more sophisticated processes such as intercellular communication
(Figure 1) [15–18]. Hence, EVs continue to garner more attention as their significance in health and
disease unfolds.
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Figure 1. EV subtypes and role in mediating cellular crosstalk. Schematic representation of three main
EV subtypes; (A) exosomes, (B) microvesicles, (C) apoptotic bodies released by all cell types into the
extracellular space. Exosomes and microvesicles are released by live cells via exocytosis and outward
budding, respectively. Apoptotic bodies, on the contrary, are released by apoptotic cells. EVs are
known to mediate intercellular communication by carrying a diverse cargo of proteins, nucleic acids
and lipids from the donor cell to the recipient. Adapted from [1].

1.2. EV Cargo

EVs carry a rich cargo comprised of proteins, nucleic acids, metabolites and lipids [1,19].
Even though, the presence of DNA in EVs secreted by all cell types is still controversial, packaging DNA
in EVs-derived from cancer cells confers higher stability as compared to nascent secreted DNA [20–23].
EV cargo is often reflective of cell type of origin and can also vary depending on state of cell such as
healthy, diseased, stressed and differentiation status [24–27].

EV proteome is the most well studied cargo content. They may contain proteins that are ubiquitous
as well as specific to cell of origin [19,28]. EVs are highly abundant in endosome associated proteins
involved in vesicle trafficking (Annexin, Rab, Flotilin and SNAREs). Some of these proteins such as
TSG101 and Alix are involved in MVB biogenesis [4,10]. Heat shock proteins (HSPs) such as HSP70
and HSP90 are also known to be present in abundance and are involved in antigen binding and
presentation to MHC proteins [29]. EVs are specifically found to be enriched with membrane proteins
that are found in microdomains at the plasma membrane, particularly, tetraspanins (CD9, CD63, CD81
and CD82) and integrins [26,30,31]. Other membrane proteins such as EGFR, MHC I and MHC II may
also be found in EV membranes [30]. Luminal cargo of EVs may also contain signal transducers, with
a role in pathways such as Notch and Wnt signaling [32]. Furthermore, metabolic enzymes such as
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peroxidases, pyruvate and lipid kinases, cytochrome P450 and enolase-1 [10] and cytoskeletal proteins
such as tubulin, actin and actin-binding proteins may also be present [19,33].

Though, the presence of proteins in EVs has been known since its discovery, the identifications of
RNA including microRNA (miRNA) and mRNA created significant interest [34]. Transcriptome
profiling of EVs has revealed presence of functional mRNA and miRNA in both free as well
as bound states [35]. Functional transfer of these nucleic acids to recipient cells has shown to
induce regulatory modulations and simulation of signaling pathways [34]. EVs are comprised of
a lipid bilayer, however, the lipid content of EV cargo has been shown to have a greater role than
just imparting structural integrity [36]. Lipids and lipid-related enzymes such as phospholipids,
ganglioside GM3, sphingomyelin, ceramide, cholesterol and prostaglandins are found in EVs [37–39].
Lipid composition of EVs has been observed to be different than that of originating cell’s plasma
membrane [37,39]. Like proteins and RNA, lipids in EVs too have been observed to have functional
effect and mediate intercellular communication by simulating recipient cell’s signaling pathways.
For instance, sphingomyelin in tumor-derived EVs has been shown to regulate angiogenic activity [40].
Taken together, EVs harbor a highly diverse cargo of biomolecules with potential role in mediating
phenotypic alterations in recipient cells and tissues.

1.3. EVs in Biofluids

Biofluids such as urine [41], breast milk [42], amniotic fluid [43], cerebrospinal fluid (CSF) [44],
saliva [45] and blood [46] consist of a wide variety of EVs secreted by different cell types. These EVs
have been implicated in a plethora of uncharacterized functions, mainly depending on the identity of
donor and recipient cells. Over the years, efforts to understand the function of EVs have highlighted
their role in various physiological and pathological conditions. These EVs have been observed to
be associated to a broad range of functions including signaling [47,48], protein clearance [49,50],
establishing infections [51,52], immune modulation [53,54] and cancer [18,55]. The role of EVs in
pathological processes and their presence in biofluids makes them a suitable target to be exploited as
disease biomarkers in liquid biopsies, with a greater ease of access [24]. In this regard, the potential of
using EVs enriched in CSF of patients with neurodegenerative disorders as disease biomarkers and for
novel therapeutic alternatives has been demonstrated [44]. EVs in biofluids also have potential role in
disease progression and pathology [56]. For instance, the role of EVs secreted by brain cancer cells in
promoting metastasis by permeating the brain blood vessels and destructing the blood brain barrier
has been demonstrated [57]. Furthermore, many studies have suggested impaired EV biogenesis
and secretion as a consequence of a pathological condition. For instance, reduced EV secretion
has particularly been observed in various neurodegenerative disorders such as Alzheimer’s and
Huntington’s disease [58,59]. Contrastingly, enhanced EV secretion in tumor cells exposed to hypoxia
is observed, primarily as a means to dispose metabolic waste and increase survival [60]. Hence,
aggressive and metastatic tumor cells have been reported to exhibit enhanced EV release contributing
to cancer-associated cachexia and pre-metastatic niche formation [61–64]. Similarly, studies have
suggested that cancer therapeutics may enhance the secretion of EVs by tumor cells, which have
a distinct cargo capable of inducing chemoresistance in recipient cells [65]. Taken together, these
observations suggest that based on the pathological state, EV numbers and the cargo within are altered
in biofluids. Although, various observations indicate EVs in biofluids as mediators of cellular crosstalk,
more efforts are now underway to better understand their potential role in health and disease.

2. Milk as a Biofluid in Interindividual and Cross-Species Communication

Milk serves as a functionally dynamic source of nutrition in infants across mammals and is the
most widely consumed natural beverage [66]. Milk has evolutionarily developed as a neonatal food
ensuring early development, growth and health in the short and long term [67,68]. Colostrum, the first
breast fluid produced before breast milk, is a rich source of nutritional factors and bioactive compounds.
Among these, colostrum consists of growth factors, immunological factors, epithelial cells, neutrophils
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and leukocytes [69–71]. In addition, the bioactive compounds present in milk include antimicrobials,
cytokines, chemokines, amino acids, casein fragments, antibodies and lipids that can have a vast range
of effects in the recipient [68,72–74]. Milk is also known to be a source of commensal and probiotic
bacteria found in infant gut [75,76]. More recently, it was realized that other than immune cells,
milk is also a vector to transmit the maternal stem cells to the infant, which contribute to its neural
development and immunity [67,77,78].

Milk as a biofluid with a complex composition of bioactive compounds and cells, aids in
inter-individual communication from as early as neonatal stage in life through breastfeeding [72,79,80].
As milk consumption from other sources such as goat, sheep, but predominantly bovine, is continued
through adolescence into adulthood, the communication becomes cross-species [68,79]. Milk is
particularly highly abundant source of miRNA, which are known for their role in post-transcriptional
gene regulation. Furthermore, the lactation specific and immune related proteins and miRNA in milk
may also exert epigenetic modifications, eventually resulting in gene expression changes in the recipient
cells [68,81,82]. These regulatory components in milk may mediate inter-individual communication
crucial to early development in neonatal stages [68,72,76,83]. Supporting the beneficial aspect of
the milk mediated communication, there are reports suggesting anticarcinogenic, antimicrobial,
immunomodulatory and metabolic implications of milk amino acids and proteins such as TGF-β,
casein, lactoferrin and lactoglobulin [84–88]. However, milk consumption, which is not species-specific,
although is known to have benefits, may be detrimental as well [79,83,89,90]. Hence, there are now
concerns over the regulatory implications of continued milk consumption in humans. For instance,
miR148a, which is the most highly expressed miRNA in milk has identical bovine and human sequence.
This DNA methyltransferase (DNMT) regulating miRNA may thus be able to govern gene expression
pattern in consuming adults [91].

The idea of cross-kingdom, species and interindividual transfer of bioactive compounds via
diet, is a recent avenue [92,93]. Although there are many studies suggesting interindividual and
cross-species transfer of dietary miRNA through milk or plant consumption, the concept remains
highly debated and controversial [93–98]. It has been argued that for these bioactive compounds to
exert physiological responses in the recipient, oral bioactivity and systemic bioavailability remain a
challenge [99]. The harsh enzymatic activity and acidity in the intestinal tract make it unfeasible for
the components to survive in the stringent conditions [100]. However, EVs present in milk and other
dietary sources have shown to protect such cargo from the harsh degrading conditions [94]. Milk EVs,
enriched in bioactive compounds, particularly miRNA, have been identified in human and bovine
mature milk and colostrum. Hence, EVs are thought to play a critical role in cross-kingdom, species
and inter-individual communication [42,101–103]. Although the avenue continues to be explored,
the process of milk EVs transferring miRNA between individuals and cross-species has been referred
to as ‘natural microRNA in vivo transfection system’ [79].

2.1. Milk EVs Mediate Intercellular Communication

Milk-derived EVs are nanosized signalosomes that have been identified in the colostrum
and mature milk of humans and cows. EVs have also been found in milk of many other species including
buffalos [104], pigs [105,106], and horses [107]. These EVs are present in vast abundance in the biofluid
and carry a diverse cargo of proteins, lipids, RNA and other bioactive compounds [66,96,108–110].
They are known to be a fundamental means of intercellular communication between the breastfeeding
mother and her newborn and now also cross-species due to consumption of milk in adulthood [111].
These lipid bilayer membrane vesicles are thought to be different form the milk fat globules (MFG)
and originate from many different sources within the organism (Figure 2). EVs can originate from
different cell populations present in the mammary gland-mammary epithelial cells, immune cells and
mammary stem cells [83,108,112]. Furthermore, the source of these EVs can be bacterial, from the
bacteria colonizing mammary glands or growing in milk [73,80].
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Figure 2. Milk EVs; source and role in cross-species inter-individual communication. (A). Milk EVs are
highly heterogenous and are secreted into the milk by a variety of cells residing in the source organism’s
mammary gland; mammary epithelial cells, immune cells, stem cells, bacteria and adipocytes. These
vesicles are distinct from the MFGs and carry a diverse cargo of bioactive compounds. (B) Upon
milk consumption, these EVs can survive the harsh, degrading conditions of recipient’s gut. These
EVs are then either taken up by the IECs (transendocytosis) or pass through the leaky epithelial gut
(paracellular translocation), eventually entering the systemic circulation.

Since the cargo contained in EVs is cell-type specific, milk EVs can contain a highly diverse cargo
depending on multiple factors such as source organism, diet, health and well-being among many
others [27,66,108,109]. Regardless of the source, the cargo transferred by milk EVs from source to
recipient is indispensable in exerting a physiological effect. Milk EVs serve to provide a protective
cover to the sequestered cargo and protect them from the harsh conditions in the gastro-intestinal tract.
For instance, commercial milk-derived EVs have been demonstrated to be stable under conditions
of low pH and boiling temperatures and freezing [81,113]. Furthermore, these harsh and degrading
conditions of acidic and enzymatic activity had no significant effect on the levels of the otherwise
labile cargo content [96]. Though it is unclear as why EVs in milk are more stable in harsh conditions,
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recent observations highlight that at least part of this effect can be attributed to calcium, in both raw
and commercial milk, contributing to membrane integrity and stability (unpublished observations,
Mathivanan lab). Other than milk EVs maintaining their integrity under challenging conditions
in the gut, they may facilitate the delivery of the cargo contents into systemic circulation through
intestinal epithelial cell (IEC) mediated transendocytosis [114]. In addition, milk EV uptake may also be
facilitated by diffusion through the epithelial barrier; paracellular translocation, as has been observed
recently in case of bacteria and EVs [115,116] (Figure 2). However, in vivo evidence supporting either
of these mechanisms is currently lacking. It is worthy to note that, over the last few years, many
studies have focused on the uptake of human and bovine milk EVs in various cell types. These studies
have not only successfully demonstrated the uptake of milk EVs by IECs [105,114,117,118] but also
macrophages [102] and vascular endothelial cells [119]. Milk EVs have also been demonstrated to be
able to cross blood brain barrier. This ability of milk EVs make them bioavailable to reach distant
sites in the body and hence has the potential to regulate gene expression in various tissues [103].
Hence, these inherent attributes make milk EVs a preferred vector for transmission of biomolecules
and regulatory factors into systemic circulation.

2.2. Milk EV Cargo

EVs in milk are derived from heterogenous cells, as described earlier, and harbor a diverse
cargo. The EV and the cargo within can be altered based on the source of species, breed, diet
and health state [27,66,104,106,108]. In the context of commercial and raw milk, the processing
involving homogenization and pasteurization may also influence the EVs and their cargo (Figure 3).
For instance, milk miRNA has been shown to be susceptible to processing and handling. Processes
such as pasteurization and homogenization led to significant reduction in levels of milk miR200c and
miR29b [120]. Furthermore, microwave has also been shown to reduce the miRNA and mRNA content
of milk EVs, possibly due to EV damage and exposure to degrading enzymes [121]. While pasteurization
might not significantly alter milk EV cargo, ultra-heat-treated milk EV cargo is significantly different
than that of pasteurized and raw milk. Prolonged heat treatment at high temperature has been
attributed to loss of EV cargo biological activity in some cases [103,122]. In corroboration with these
observations, sonication too has been observed to result in a reduced miRNA cargo in milk EVs,
possibly due to wreckage of vesicle membrane [82]. Furthermore, cold storage conditions have also
been shown to significantly deplete the milk EV cargo [104]. Contradicting these observations, there are
also studies indicating no remarkable change in levels of certain milk EV miRNA cargo in response to
harsh conditions such as prolonged boiling and low pH when compared to untreated raw milk [96,104].
This might be attributed to the varying stability of EVs from raw and commercial milk sources under
such degrading conditions of prolonged heating and acidity. Consistent with most of the literature,
proteomic and transcriptomics analysis revealed significant differences in protein and RNA profiles in
raw and commercial milk samples, respectively (Unpublished observations, Mathivanan laboratory).
Even though observations from these early studies on effects of processing on EV cargo is compelling,
further studies are required to define the precise effects of these processes on milk EVs and their cargo
in terms of altered bioavailability and bioactivity. While, to date, several studies have probed the cargo
of milk EVs, the functional role of the precise cargo is yet to be fully understood [66,103,111,123].
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Figure 3. Schematic representation of differences in milk-derived EVs between raw and commercial milk.
Raw milk from various species undergoes numerous processing steps before commercialization. These
processes; homogenization, heat treatment, cold storage, skimming and nutritional supplementation
lead to variations in milk-derived EVs. The isolated EVs from raw and commercial milk may thus
differ in abundance, composition and cargo.

In addition to milk processing, the EV heterogeneity and composition can also vary based on
the isolation method employed. Though differential centrifugation coupled with ultracentrifugation
remains the most widely used method for harvesting milk-derived EVs [42,66,123], various other
methods such as precipitation [118,121] and size exclusion chromatography [124] are also employed.
However, these isolation methods can result in different EV number and composition from the same
milk samples [125]. Hence, additional studies are needed to compare the isolation methods to harvest
milk EVs and study the variation in cargo and functional role.

Proteins present in the milk EVs have been broadly categorized as membrane or luminal. The initial
study revealed that milk EV proteome is much more diverse than that of MFG membrane. Milk EVs
and MFGs have been shown to have distinct secretion pathway. Further, while the MFG membrane
has been shown to be mostly enriched with proteins implicated in the lipid secretion pathways, milk
EV proteome consisted of proteins, which reflect other functions of secretory cells [108,123]. Consistent
with mammalian cell-derived EVs [19,28], milk EVs were found to be particularly enriched with
Rabs and annexins, proteins associated with vesicle trafficking and fusion. Other than the membrane
proteins with broad immunologic implications such as tetraspanins (CD9, CD63, CD81), proteins
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in milk EVs could be mapped to plethora of cellular pathways such as chemokine signalling, TLR
signaling and T and B cell receptor signaling pathways. Furthermore, membrane proteins such as
cell adhesion molecules and antigen presenting, and processing proteins were also adorned by these
EVs [108].

In one of our studies to understand bovine colostrum and mature milk proteome, milk EVs
were also enriched with certain milk associated proteins such as butyrophillin, xanthine oxidase,
adipophilin and lactadherin. This observation further confirmed the presence of proteins implicated
in eliciting immunologic reactions. Particularly, the EVs were observed to be enriched with proteins
involved in platelet/neutrophil degranulation, antimicrobial peptides and complement activation [66].
Many other independent studies have focused on understanding milk EV proteome from different
species such as horse, bovine and swine. In one such study, porcine milk EVs were found to
contain proteins such as epidermal growth factor, thrombospondin-1, connective tissue growth factor,
platelet-derived growth factor, myostatin and insulin-like growth factor-binding protein 7 among
many others with roles in controlling cell proliferation [106]. Presence of milk proteins such as
TGF-β [81,126], casein, lactoglobulin and lactoferrin with potential immunoregulatory roles has also
been observed [107,127,128]. This further strengthens the claim that milk EVs may have a potential role
in modulating the recipient’s immune system directing growth, repair and development in infants [66].
Another study to define protein cargo of human breast milk EVs concluded that they were enriched
with MHCs, tetraspanins, MUC-1 and HSPs. Results from the proteomic analysis suggested a unique
combination of proteins in human milk EVs; transmembrane (CD9, CD63, CD81, guanine-nucleotide
binding protein), intracellular (endoplasmin, calnexin) as well as cytoplasmic (Ras-related, Rabs,
annexins) [42]. Overall, milk EV protein cargo is highly diverse and differs not just between different
species but also between individuals from same species. Table 1 enlists a summary of studies so far
that have highlighted milk EV proteome from various species along with the major proteins implicated
in the cargo. These studies suggest the ability of milk EV proteins to influence the recipient’s immunity,
translation and metabolism related signaling in addition to contributing to the infant’s development
and growth [106–108,123,129].

Table 1. Summary of proteomics studies for milk-derived EVs from various species.

Milk Source Main Proteins
Implicated

Method of Isolation and
Characterization Reference

Bovine
Butyrophillin, Xanthine
Oxidase, Adipophilin,

Lactadherin

Differential centrifugation,
ultracentrifugation, sucrose

gradient, LC-MS/MS
[108]

Bovine
(S. aureus infected cows)

Butyrophillin,
Xanthine dehydrogenase,

Lactadherin, fatty acid
synthase

Differential centrifugation,
ultracentrifugation,

sucrose gradient, LC-MS/MS
[130]

Human

CD9, Annexin A5,
Flotillin-1, CD83, CD81,
Lactadherin, Syntenin,

Rab, Ras-related proteins

Differential centrifugation,
ultracentrifugation,

sucrose gradient, LC-MS/MS
[123]

Horse

CD81, CD63 receptors,
Beta-Lactoglobulin,

Lactadherin,
Butyrophillin,

Lactoferrin, Xanthine
dehydrogenase

Differential centrifugation,
ultracentrifugation,

sucrose gradient, MALDI MS/MS
[107]
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Table 1. Cont.

Milk Source Main Proteins
Implicated

Method of Isolation and
Characterization Reference

Porcine

CD9, CD63, HSPs,
Lactadherin,

Butyrophillin,
Adipophilin, Xanthine

oxidase

Differential centrifugation,
ultracentrifugation,

sucrose gradient, LC-ESI-MS/MS
[106]

Human

MHC II, CD81, MUC-1,
HSPs, CD63,

Butyrophillin,
Lactadherin

Differential centrifugation,
ultracentrifugation,

sucrose gradient, LC-MS/MS
[42]

Bovine

Butyrophillin, Xanthine
Oxidase, Adipophilin,

Lactadherin, Rab
GTPases, integrins

Differential centrifugation,
ultracentrifugation,

sucrose gradient, LC-MS/MS
[66]

Milk EV transcriptome is the most widely studied cargo [111]. Several studies to date have
revealed the presence of mRNA and miRNA in milk EVs with potential roles in immune modulation,
growth, development and maturation of infant immune system (Table 2) [79,102,111,131]. Since,
most of the miRNA found in bovine milk have either similar or even identical sequences to their
human counterparts, milk consumption has been associated with the consumer’s epigenetic regulation.
For instance, some of the most abundant miRNA found in bovine and human milk EVs (miR-148a,
miR-21, miR-29b-1 and miR-29b-2) have a known DNMT inhibitory function [83,131]. Hence, these
studies have highlighted a novel role of milk EV miRNA in gene regulation in eukaryotes both in
inter-individual and cross-species. Bovine milk EVs have also been found to be highly enriched with
milk protein- and ribosomal protein-related mRNAs as observed in several studies. Even though most
of these mRNA were truncated, there is evidence of mRNA with a start codon to be present in bovine
milk EVs, suggesting potential translation and ability to elicit immune reactions in recipient [96,102,111].
Non-coding RNA other than miRNA have also been observed to be present in bovine and human milk
EVs [27,111]. The role of many of these cargo constituents of milk EVs has been discussed in more
detail in further sections, in mediating inter-individual and cross-species communication.

Table 2. Summary of transcriptomics studies of milk-derived EVs from various species.

Milk Source Biomolecule
(Number) Implication Method of Isolation Reference

Human miRNA (602)
Immunoregulatory,

infant gut
development

Differential centrifugation, ExoQuick
exosome precipitation [110]

Bovine miRNA (27) Immune
modulation

Differential centrifugation,
ultracentrifugation, sucrose gradient [132]

Bovine mRNA (19,320),
miRNA (79)

Immune
modulation

Differential centrifugation,
ultracentrifugation [102]

Bovine
(S. aureus infected

cows)
miRNA (417) Immunoregulation Differential centrifugation,

ultracentrifugation, sucrose gradient [27]

Porcine mRNA (19,230)
Metabolism,
signalling
pathways

Differential centrifugation,
ultracentrifugation, sucrose gradient [106]

Human miRNA (330, 308) Early infant
development

Differential centrifugation,
ExoQuick-TC [118]
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Table 2. Cont.

Milk Source Biomolecule
(Number) Implication Method of Isolation Reference

Bovine miRNA (69) Signalling
pathways

Differential centrifugation,
ultrafiltration, ExoEasy Maxi Kit [133]

Bovine miRNA (334) Gene expression
regulation

Differential centrifugation,
ultracentrifugation, ultrafiltration [125]

3. Milk EVs in Cross-Organism and Cross-Species Communication

The potential role of dietary EVs in milk and their cargo in cross-organism/species communication
has only been realized over the last decade. During the last few years, their importance in infant
nutrition and role in physiological conditions has been studied and is becoming an increasingly
important avenue of biomedical research [42,73,111]. Milk EV and its cargo is speculated to contribute
to development, growth, immunity, EMT and many more pathophysiological processes [126,134–136]
(Figure 4). For instance, infants are exposed to a vast array of foreign elements post-birth. Resistance
to infections and development of a competent immune system relies heavily on factors supplied by
mother’s breast milk. This intricate system comprised of cargo from metabolic, epigenetic, probiotic
and stem-cell-derived system is indispensable in preventing conditions such as atopy and autoimmune
diseases in later stages of life by conditioning tolerance to various antigens [90,127,137]. Furthermore,
several studies have demonstrated the deficiency of bioactive miRNA and milk-derived EVs in infant
formula milk [68,90]. In fact, the abundance of miRNA has been found to be highest in raw milk,
followed by pasteurized milk. Whereas, formula milk has been found to be severely depleted in
miRNA and proteins such as TGF-β [96,138]. Further to these findings, it has been speculated that the
lack of milk-derived EVs and the associated cargo in formula milk may lead to impaired metabolic and
immunologic programming in infants [127,137].
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processes relating to; (A) immunoregulation, (B) cellular physiology, (C) growth and development and
(D) diseases.
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3.1. Milk EVs Mediate Post-Natal Development and Growth

Milk-derived EV cargo, particularly the miRNAs, are known to epigenetically regulate expression
of numerous development-associated genes and signaling in infants (Figure 4).

It has been proposed that milk EV miRNA regulate expression of the three key developmental genes
FTO, INS and IGF1 and promote activation of AKT-mTORC1 pathway, leading to increased protein
translation allowing for post-natal growth and species-specific metabolic programming [79,83,90].
The activation of these growth promoters is shown to be regulated via CpG demethylation, which may
be mediated by the abundant miRNA in milk EVs (miR-148a, miR-152, miR-21 and miR-29s). It has
been proposed that these miRNAs may play a role in the activation of specific genes by promoting
demethylation at CpG islands leading to an increased expression [139,140]. For instance, regulatory
role of FTO-driven transcription in post-natal growth and development has been studied in humans
and mice models. Where loss-of-function mutation caused growth retardation in humans, FTO
knockdown led to reduced weight and impaired metabolism other than retarded growth in mice
models [141,142]. Similarly, promoter CpG demethylation of INS and IGF1 has been shown to
positively correlate with their expression [143,144]. DNMT targeting milk EV miRNA may have a
role in contributing the enhanced expression of these genes, which play pivotal role in mTORC1
signaling activation and regulating postnatal growth [140]. In fact, milk consumption has been shown
to cause an increase in serum levels of insulin and IGF-1 [145,146]. Overall, these observations have
highlighted the importance of milk miRNA and proteins in guiding post-natal development. Based
on these observations, milk EVs being abundant in these regulatory miRNAs may be speculated to
guide post-natal growth and development too. However, the evidence so far is not unequivocal and
needs to be supported with more studies to confirm an indispensable role of these signaling moieties.
Intriguingly, nucleotide sequences coding many DNMT targeting miRNA (miR-148a-3p, miR-21–5p
and miR-29b-1–3p) in bovine and human EVs share a high degree of complementarity, which also
creates scope for cross-species activity of these molecules upon transfer and uptake [83].

3.2. Milk EVs Have Immunoregulatory Effect

Milk miRNA mediated epigenetic regulation has also been implicated to have immunomodulatory
role in infants [127,137]. Immunomodulatory effects exerted by milk EVs may not be just limited to
inter-organismal domain and may be observed in cross-species as well. Commercial cow milk-derived
EVs that contain TGF-β have been shown to induce differentiation of naïve murine immune cells
in vitro. They were able to drive the differentiation of the T cells to pathogenic Th7 lineage. Furthermore,
the study also reported the uptake of bovine milk EVs by murine macrophages [81]. Whilst the protein
cargo in milk EVs from humans, cows and pigs are known to be contributed majorly by mammary
epithelial cells, numerous other proteins expressed and/or associated with immune cells have been
discovered too [66,108,147].

Another major developmental gene that milk EV cargo is speculated to regulate through epigenetic
modification is FOXP3. Milk EV cargo functions by inducing stable expression of FoxP3 due to increased
gene demethylation, thus enhancing the number of regulatory T cells (Tregs) [127]. Foxp3 is regarded
as the primary transcription factor, driving activation of Tregs and plays a key role in inducing
tolerance against not only self-antigens, critical in preventing autoimmunity, but also environmental
antigens [148]. Functional analysis of human breast milk has also revealed that these vesicles repress
anti-CD3-induced IL-2, IFN-γ, and TNF-α, while they increase IL-5 production from allogenic and
autologous peripheral blood mononuclear cells (PBMCs). Although, it was demonstrated that milk
EVs added to PBMCs were able to increase the numbers of FoxP3+ Tregs, the mechanism is still
not completely understood [42]. However, recent studies pointed to a linear correlation between
CpG demethylation of FoxP3 promoter and its expression. In this context, milk EVs containing
DNMT inhibiting miRNA and TGF-β are now known to play a role in promoting stable FoxP3
expression. This might explain the role of milk in increasing Treg number and orchestrating intestinal
and systemic immunity. Furthermore, milk EV TGF-β in addition to exhibiting epigenetic regulation



Proteomes 2020, 8, 11 12 of 26

may also exert transcriptional control by activating transcription factors SMAD2 and SMAD3, which
enhance FoxP3 expression [127]. Large abundance of immune-cell related miRNA such as miR-223
has been observed in EVs derived from human milk with a potential role in immune modulation and
inflammation [125,149]. In fact, four of the top ten miRNA (miR-148–3p, miR-30b-5p, miR-182–5p and
miR-200a-3p) in human breast milk samples were found to be immune-based pre-miRNA [110,150].

Many other studies have indicated presence of immune regulatory cargo in milk EVs. Bovine
colostrum EVs are known to contain proteins that regulate blood coagulation and platelet activation [66].
Similarly, human milk EVs are known to be an abundant source of long non-coding RNA with immune
regulatory function, essential for child’s development [151]. Although, these findings have elucidated
the clear role of milk EVs in immune regulation and modulation, however, their clinical utility is yet to
be investigated.

3.3. Milk EVs Have Role in Physiological Processes, Health and Disease

The role of milk EVs is not limited to immune regulation and development. It extends beyond to
various other physiological processes in infants as well as throughout adulthood. An elaborate role
of milk-derived EVs has been speculated in processes such as adipogenesis [152], myogenesis [153]
and osteogenesis [128] (Figure 4). For instance, milk EV cargo may be involved promoting enhanced
adipogenesis via epigenetic regulation. Hypomethylation of adipogenic genes such as leptin (LEP)
and PPAR-γ2 (PPARG2) is observed in uncultured adipogenic stem cells. This indicates that expression
of these key adipogenic genes may be under epigenetic control [154]. In accordance with this
observation, promoter hypomethylation due to inhibition of DNMT1 by miR-21, another abundant
milk EV cargo, promoted adipocyte differentiation in porcine mesenchymal stem cells leading to
enhanced adipogenesis [152]. DNMT1 inhibition has also been shown to promote myogenesis, another
role that may be accomplished by DNMT targeting milk EV cargo. For instance, miR-148a not only
promotes adipogenesis but also leads to myogenic differentiation, possibly by targeting ROCK1,
which is an inhibitor of myogenesis [153]. The potential of whey protein-derived EVs in exerting
increased muscle protein synthesis and anabolic effect on C2C12 myotubes has been demonstrated
in vitro [134]. In line with this, another recent study has determined the effects in vivo in rats by
administering bovine milk EVs and observing enhanced skeletal muscle growth [155]. Milk EV
miRNA, miR-148a, miR-21 and miR-29b have been implicated recently to be also functioning by
promoting osteogenic differentiation of human stem cells [83]. Corroborating this, increase in serum
levels of miR-29b with increasing consumption of pasteurized bovine milk has been previously
observed in humans, facilitating increased expression of osteogenic regulator Runx2 in PBMCs of
the recipients [82]. More recently, the role of bovine milk EVs has been demonstrated in facilitating
osteogenesis by increasing FGF-2 and WISP-1 expression that may also confer high Runx2 expression.
Additionally, presence of Runx2 regulators such as TGF-β and lactoferrin in bovine milk EVs has also
been speculated to be responsible for the increased osteoblast differentiation, but impaired bone matrix
formation, in vitro [128]. The effects of bovine milk EVs in vivo were reflected via enhanced osteoclast
differentiation, resulting in increased osteoclast number in female DBA1/J mice, thus confirming
previous claims [156]. In conclusion, these studies have highlighted the imminent role milk EV cargo
may have in driving cellular physiology. Though some of these in vitro observations have been
successfully demonstrated in vivo in these studies, complete understanding of the mechanism of EVs
and specific cargo exerting the effects in a living system is still lacking.

Among other functional roles of milk EVs, they have been proposed to regulate the development
of infant gut by promoting IEC proliferation and survival. There is compelling evidence that bovine
milk EVs are taken up by IECs, at least in vitro [114,136]. miRNA cargo from porcine milk derived EVs
has been shown to enhance IEC proliferation in mice models [105]. Similarly, the potential of human
breastmilk EVs in preventing IECs against oxidative stress has been demonstrated [136]. Corroborating
these evidences, it has been observed that Yak milk EVs facilitate survival and proliferation of IECs in
hypoxic conditions [157]. This ability of milk EVs to attenuate cell death in IECs may be because of the
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cargo targeting and inhibiting p53 expression [136]. Furthermore, the DNMT targeting miRNA in the
milk EV cargo may have a potential role in promoting intestinal growth by enhancing lipid synthesis
via upregulation of AKT and SREBP1, a key transcription factor for lipid synthesis [158].

The exemplary potential of milk EV cargo is not just limited to guiding physiological process but
may also be observed in preventing infections. In this context, human milk EVs have been implicated
in preventing HIV-I infection, at least in vitro. The protective role of breast milk EVs was attributed to
the presence of MUC-1 on the EV surface, which enabled these nanoparticles to bind DC-SIGN on
cell’s surface and compete with HIV-I particles, thus restricting infection [159,160]. However, it needs
to be further studied whether such protective effects could also be observed in vivo. Interestingly, other
protein constituents of milk such as bile-salt stimulated lipases also have been implicated to have a
protective function against HIV-I infection [161]. These findings support the speculation that EVs
could play a pivotal role in prevention of mother to child HIV transmission in breastfed infants.

More recently, the potential of milk EVs in influencing gut microbiota has been explored in
several studies. For instance, the role of bovine milk EV cargo has been highlighted in being able to
elicit changes in microflora in mice cecum [162]. Further, these vesicles could also interact with the
microbiota and modulate their metabolites [163]. Another such study has revealed the ability of bovine
milk EVs to restore the healthy gut bacteria and alleviate colitis induced dysbiosis [147]. Overall, these
studies have highlighted the numerous health benefits which are a consequence of presence of these
EVs in milk.

So far, the evidence is mounting that milk EVs have a largely beneficial role in ensuring growth
and development in infants. However, continued milk consumption into adulthood may not be
physiological and hence has been proposed as a reason for developing diseases, an effect thought
to be mediated via milk EVs [90]. The detrimental effects of continued milk consumption may be
manifested in long term and are now being better understood. Milk consumption may lead to enhanced
risk of developing allergies, neurodegenerative diseases, obesity, diabetes and even cancer in later
stages of life [83,90] (Figure 4). These detrimental effects have been largely attributed to miRNA and
persistently high mTORC1 signaling due to continued milk consumption during adolescence [79,139].
For instance, miR-148, miR-155 and EV membrane lipids have been implicated in Parkinson’s disease
pathogenesis [90]. Even though miR-148a and miR-21 have been shown to have a pivotal role in
promoting adipogenesis, persistent consumption of the two miRNAs can lead to obesity. This may occur
either due to adipogenic gene expression enhancement or due to imbalance in cholesterol homeostasis
and paving way for metabolic imbalance [83]. Further, miR-148a and miR-21 are also known to
promote expression of FABP4, an obesity-associated gene, by promoter hypomethylation, leading
to metabolic aberrations and eventually obesity [139,140,164]. Enhanced miR-148a is also known to
increase risk of osteoporosis and fractures. This may be attributed to the miRNA promoting increased
adipogenesis over osteogenesis in bones, thus disturbing the bone homeostasis and increasing bone
porosity [165]. miR-29 family members have also been found to be abundantly expressed in diabetes
and increased levels of miR-29 in PBMCs upon consumption of cow milk can be one of the factors
contributing to diabetes [82]. Lastly, miR-148a and miR-21 are also understood to be carcinogenic and
are designated as ‘oncomiRs’ [83]. They are known to target tumor suppressor genes that play a role in
controlling cellular processes such as proliferation, invasion and apoptosis [166–169]. Hence, it has been
proposed that continued consumption of cow milk may lead to conducive tumorigenic environment
resulting from activation of oncogenic signals due to increased uptake of these oncomiRs, which are
abundant in milk EVs. Potential role of these miRNA in carcinogenesis has been studied in several
models including colon, prostate, hepatocellular carcinoma among many others [83,90]. In addition to
miRNA, high amounts of TGF-β2 in human breast milk EVs has also been shown to promote EMT
in breast epithelial cells, thus increasing risk of breast cancer development and progression [126].
Milk EVs have been observed to inhibit tumor suppressor genes in normal epithelial colon cells and
thus contribute to enhanced proliferation and EMT related changes. However, they failed to induce
similar changes in colorectal cancer cells. Although this primarily suggests the ability of milk EVs
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to contribute to intestinal growth, development and repair, the possible detrimental effects due to
promotion of proliferation and EMT upon continued milk consumption cannot be overlooked [117].
Corroborating this, continued consumption of milk EVs have been observed to reduce the primary
tumor burden of breast cancer but accelerate metastasis (Unpublished observations, Mathivanan lab).
These observations highlight the context dependent activity of milk EVs in cancer progression and
indicate their ability to act as potential carcinogens via transfer of oncogenic cargo components.

4. Milk EVs in Therapy

The concept of utilizing EVs in therapy and treatment regimens is still nascent. Regardless, recent
progress has stemmed entirely new avenues for further applications and develop EVs as drug-delivery
vehicles for clinical applications. For instance, the potential of human cell- derived EVs as delivery
vehicles for transporting siRNA to target the otherwise challenging target oncogenic KRAS, a key
driver of pancreatic cancer, has been successfully demonstrated [170]. Many studies are now focused
on understanding the physiological role of milk EVs not just in mediating cellular communication but
from a therapeutic perspective. In one such study, milk EVs have been shown to be able to transport
surface antibody molecules in the neonate intestine by binding the Fc receptor [171].

4.1. Milk EVs as Drug-Delivery Systems

Whilst therapies based on biomolecules such as RNA, recombinant proteins or drugs have shown
promise, their susceptibility to degradation promoted the need for drug-delivery vehicles. Other
factors such as inability to cross cell membranes, barriers and eliciting unwarranted immunological
responses also limit the use of these potential therapeutics in naked form [172,173].

Although, over the last three decades intense research into nanoparticle-delivery system has led
to the development of drug delivery approaches for therapy, inherent limitations have led to only a
few of them making to clinics [174–176]. The development of a suitable nanoparticle-based delivery
method, which has a decent circulating half-life, ability to evade host immune system and possess
target specificity to deliver the cargo at the target site with minimal side-effects remains obscure. In
this context, EVs have been demonstrated to possess numerous advantages to be exploited for the
purpose of drug-delivery. Not only do they have the intrinsic ability to cross biological barriers, but
also the immunogenicity and toxicity, which is a challenge with the use of synthetic drug carriers,
are evaded as the EVs are sourced either from autologous or benign biological sources making them
well endured in body and biofluids [171,173]. The benefit of using EVs instead of liposomes has been
demonstrated in the ability of EVs to be retained longer in circulation. The presence of CD47 on EV
surface renders ability to escape phagocytosis by monocytes and macrophages [170]. Furthermore,
milk EVs too have been shown to be retained in the system for prolonged periods, releasing the
therapeutic slowly and thus increasing efficacy, promoting enhanced cellular uptake and reducing
toxic effects [177]. Biocompatibility of milk-derived EVs from various sources has been successfully
demonstrated in animal models with no apparent toxicity or inflammatory responses suggesting they
are well tolerated and non-immunogenic [103,119,150,177,178]. In agreement, milk EVs have been
successfully deployed in pre-clinical settings as drug delivery systems (Figure 5). One such study
investigated the utility of paclitaxel packaged milk EVs for oral delivery and demonstrated improved
efficacy and reduced toxicity in mice xenografts [179]. Celastrol, a plant-derived triterpenoid has
been shown to have therapeutic value in cancer models. However, the use of this drug is limited
owing to its bioavailability and toxicity issues. Delivering celastrol loaded in bovine milk EVs has
been useful in not just increasing the efficacy but reducing off-site toxicity [180]. Similarly, enhanced
stability, anti-tumor activity and uptake of anti-inflammatory compound curcumin packaged in cow
and buffalo milk EVs has been demonstrated [177,181]. Recent reports demonstrate an increase in the
efficacy, anti-proliferative activity and reduced IC50 for milk EV encapsulated paclitaxel, aglycons and
berry anthocyanidins in several cancer models [182,183].
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of the (A) advantages of using milk EVs as drug-delivery system and (B) macromolecules that can
be packaged and delivered via milk EVs. The nanosized vesicles, other than their intrinsic cargo,
can also serve to deliver a variety of molecules including chemotherapeutic and anti-inflammatory
drugs, recombinant proteins, peptides and nucleic acids. These EVs can be engineered to target specific
sites of interest with the help of targeting ligands and lipids on their surface.

In addition to the benefits mentioned before, milk EVs are a potential source to be exploited as
natural drug-delivery systems given their scalability and economic viability of use [177]. Some EVs
have been shown to display tissue-tropism and selectively target cells, a characteristic that can be
exploited to specifically target cell types [184]. Many studies have also concluded that malignant cells,
due to their leakiness, plausibly exhibit higher uptake of EVs when compared to normal cells adding
to the intrinsic advantages offered by the EV-based drug delivery method [177].

4.2. Milk EVs as Anti-Inflammatory Agents

As milk EVs have been shown to inherently function as carriers and delivery vehicles for miRNA,
siRNA and protein cargo, they may serve as an unprecedented tool for therapeutic delivery of these
biomolecules in treatment of various diseases. Other than the inherent therapeutic ability of milk EVs
in preventing HIV infection of immune cells, they also possess anti-inflammatory properties.

Milk EVs have been reported to mediate immunosuppressive effects in various disease models
such as rheumatoid arthritis (RA) [185]. Bovine milk-derived EVs have been demonstrated to prevent
onset of RA, control cartilage pathology and bone marrow inflammation in IL-1Ra-defficient mice and
collagen-induced arthritis in DBA/J mice [186]. The immunosuppressive effect of bovine milk EVs
has been speculated to be due to the presence of TGF-β, which may lead to diminished production of
anti-collagen IgG2a accompanied by reduced splenic Th1 and Th17 mRNA [81]. Similarly, the ability
of bovine milk EVs and their immune modulating proteins and miRNA cargo has also been shown
in inducing anti-inflammatory effects and improving colitis outcomes [147]. It has been shown that
consumption of raw cow’s milk in childhood is associated to increased FOXP3+ Tregs, which may
lower the risk of developing atopy and asthma [187]. In this context, the role of milk EV cargo in
stabilizing FOXP3 expression and promoting Treg maturation has been demonstrated, as discussed
before [42]. This may enable milk EVs to induce local and systemic immunity by inducing tolerance to
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self as well as environmental antigens. Thus, accounting for prevention from developing atopy as well
as autoimmune diseases in later stages of life [127,137].

5. Future Perspective

Extensive studies designed to probe the role of milk EVs in the physiological functioning and
their extended utility in applications such as drug delivery and therapy has yielded many promising
outcomes. These studies demonstrated that milk EVs function to protect the otherwise labile cargo
of bioactive molecules sequestered within. These intrinsic properties of milk-derived EVs enable
them to survive harsh, degrading conditions enabling biodistribution of the cargo to peripheral
tissue. The potential of this diverse cargo carried within these signaling moieties in manifesting
epigenetic regulation in the recipient is promising and has attracted interest in the field. Although
preliminary evidence is mounting that milk EVs and their cargo are absorbed and elicit phenotypes in
humans and animals, further proof is warranted to confirm the biological significance unequivocally.
The mechanism of EV uptake and entry into systemic circulation in vivo remains obscure and is
yet to be understood. In order to demonstrate in vivo bioavailability and bioactivity, it is crucial to
understand the role of pathways such as transendocytosis and paracellular translocation in facilitating
the milk EV uptake in gut. It is noteworthy that even though these vesicles are present in surplus
in milk, physiological relevance is yet to be determined. Although the interest in understanding
inter-organismal communication mediated by the milk EVs has prompted many independent studies,
yet, there remains a gap of knowledge in understanding their source of origin, biogenesis and
difference when compared to other vesicles and MFGs. Even though these nano-signalosomes display
exemplary potential in formulating novel approaches of drug delivery and therapy further research
and standardization of milk-derived EVs isolation, purity and clinical application is required for
commercial implementation for therapy. Particularly, it becomes imperative to consider the deleterious
consequences of milk EV cargo in eliciting diseases such as diabetes and cancer or even promoting
disease progression in some cases. Several studies have suggested a context-dependent role of milk
EVs in the recipient’s system. Thus, before exploiting them for therapy, it is important to address this
concern about the safety of their use. Nevertheless, on the basis of what has been already uncovered,
the potential of these vesicles cannot be undermined. With further investigation, it may be possible to
address the current concerns regarding the bioactivity of these dietary EVs, better understand their
role in physiology and pathology, and even exploit them for clinical applications.
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Abbreviations

AKT Protein kinase B
CD Cluster of differentiation

DC-SIGN
Dendritic cell-specific intercellular adhesion
molecule-grabbing non-integrin

DNMT DNA methyltransferase
EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
EVs Extracellular vesicles
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FABP4 Fatty acid binding protein 4
FGF-2 Fibroblast growth factor 2
FoxP3 Forkhead box P3
FTO Fat-mass and obesity associated protein
GM3 monosialodihexosylganglioside
HSP Heat-shock protein
IECs Intestinal epithelial cells
IFN-γ Interferon gamma
IGF-1 Insulin-like growth factor-1
IL Interleukin
INS Insulin
MFG Milk fat globule
MHC Major histocompatibility complex
miR/miRNA Micro RNA
mTORC1 Mammalian target of rapamycin complex 1
MUC-1 Mucin-1
MVB Multivesicular body
PBMC Peripheral blood mononuclear cell

ROCK1
Rho-associated, coiled-coiled containing
protein kinase-1

Runx2 Runt related transcription factor 2

SMAD2/3
Mothers against decapentaplegic homolog
2/3

SREBP1 Sterol regulatory element-binding protein 1
TGF-β Transforming growth factor-β
TLR Toll-like receptor
TNF-α Tumor necrosis factor-α
Tregs Regulatory T cells
TSG101 Tumor susceptibility gene 101
WISP-1 Wnt1-inducible-signaling pathway protein-1

References

1. Kalra, H.; Drummen, G.; Mathivanan, S. Focus on Extracellular Vesicles: Introducing the Next Small Big
Thing. Int. J. Mol. Sci. 2016, 17, 170. [CrossRef] [PubMed]

2. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev.
Mol. Cell Boil. 2018, 19, 213–228. [CrossRef] [PubMed]

3. Hristov, M.; Erl, W.; Linder, S.; Weber, P.C. Apoptotic bodies from endothelial cells enhance the number
and initiate the differentiation of human endothelial progenitor cells in vitro. Blood 2004, 104, 2761–2766.
[CrossRef] [PubMed]

4. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Boil. 2013, 200,
373–383. [CrossRef]

5. Harding, C.; Stahl, P. Transferrin recycling in reticulocytes: pH and iron are important determinants of ligand
binding and processing. Biochem. Biophys. Res. Commun. 1983, 113, 650–658. [CrossRef]

6. Pan, B.; Johnstone, R.M. Fate of the transferrin receptor during maturation of sheep reticulocytes in vitro:
Selective externalization of the receptor. Cell 1983, 33, 967–978. [CrossRef]

7. Cocucci, E.; Racchetti, G.; Meldolesi, J. Shedding microvesicles: Artefacts no more. Trends Cell Boil. 2009, 19,
43–51. [CrossRef]

8. Zarà, M.; Guidetti, G.F.; Camera, M.; Canobbio, I.; Amadio, P.; Torti, M.; Tremoli, E.; Barbieri, S.S. Biology
and Role of Extracellular Vesicles (EVs) in the Pathogenesis of Thrombosis. Int. J. Mol. Sci. 2019, 20, 2840.
[CrossRef]

9. Pan, B.T.; Teng, K.; Wu, C.; Adam, M.; Johnstone, R.M. Electron microscopic evidence for externalization of
the transferrin receptor in vesicular form in sheep reticulocytes. J. Cell Boil. 1985, 101, 942–948. [CrossRef]

http://dx.doi.org/10.3390/ijms17020170
http://www.ncbi.nlm.nih.gov/pubmed/26861301
http://dx.doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29339798
http://dx.doi.org/10.1182/blood-2003-10-3614
http://www.ncbi.nlm.nih.gov/pubmed/15242875
http://dx.doi.org/10.1083/jcb.201211138
http://dx.doi.org/10.1016/0006-291X(83)91776-X
http://dx.doi.org/10.1016/0092-8674(83)90040-5
http://dx.doi.org/10.1016/j.tcb.2008.11.003
http://dx.doi.org/10.3390/ijms20112840
http://dx.doi.org/10.1083/jcb.101.3.942


Proteomes 2020, 8, 11 18 of 26

10. Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nature Rev. Immunol.
2002, 2, 569–579. [CrossRef]

11. Keerthikumar, S.; Gangoda, L.; Liem, M.; Fonseka, P.; Atukorala, I.; Ozcitti, C.; Mechler, A.I.; Adda, C.;
Ang, C.-S.; Mathivanan, S. Proteogenomic analysis reveals exosomes are more oncogenic than ectosomes.
Oncotarget 2015, 6, 15375–15396. [CrossRef] [PubMed]

12. György, B.; Szabó, T.G.; Pásztói, M.; Pál, Z.; Misják, P.; Aradi, B.; László, V.; Pállinger, É.; Pap, E.; Kittel, Á.;
et al. Membrane vesicles, current state-of-the-art: Emerging role of extracellular vesicles. Cell. Mol. Life Sci.
2011, 68, 2667–2688. [CrossRef] [PubMed]

13. Atkin-Smith, G.K.; Tixeira, R.; Paone, S.; Mathivanan, S.; Collins, C.; Liem, M.; Goodall, K.J.;
Ravichandran, K.S.; Hulett, M.D.; Poon, I.K.H. A novel mechanism of generating extracellular vesicles during
apoptosis via a beads-on-a-string membrane structure. Nat. Commun. 2015, 6, 7439. [CrossRef] [PubMed]

14. Yuana, Y.; Sturk, A.; Nieuwland, R. Extracellular vesicles in physiological and pathological conditions. Blood
Rev. 2013, 27, 31–39. [CrossRef]

15. Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208–1215. [CrossRef]
16. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367,

eaau6977. [CrossRef]
17. Margolis, L.; Sadovsky, Y. The biology of extracellular vesicles: The known unknowns. PLoS Boil. 2019, 17,

e3000363. [CrossRef]
18. Maacha, S.; Bhat, A.A.; Jimenez, L.; Raza, A.; Haris, M.; Uddin, S.; Grivel, J.-C. Extracellular vesicles-mediated

intercellular communication: Roles in the tumor microenvironment and anti-cancer drug resistance. Mol.
Cancer 2019, 18, 55. [CrossRef]

19. Pathan, M.; Fonseka, P.; Chitti, S.V.; Kang, T.; Sanwlani, R.; Van Deun, J.; Hendrix, A.; Mathivanan, S.
Vesiclepedia 2019: A compendium of RNA, proteins, lipids and metabolites in extracellular vesicles. Nucleic
Acids Res. 2018, 47, D516–D519. [CrossRef]

20. Jin, Y.; Chen, K.; Wang, Z.; Wang, Y.; Liu, J.; Lin, L.; Shao, Y.; Gao, L.; Yin, H.; Cui, C.; et al. DNA in serum
extracellular vesicles is stable under different storage conditions. BMC Cancer 2016, 16, 753. [CrossRef]

21. Kahlert, C.; Melo, S.A.; Protopopov, A.; Tang, J.; Seth, S.; Koch, M.; Zhang, J.; Weitz, J.; Chin, L.; Futreal, A.;
et al. Identification of Double-stranded Genomic DNA Spanning All Chromosomes with Mutated KRAS
and p53 DNA in the Serum Exosomes of Patients with Pancreatic Cancer. J. Boil. Chem. 2014, 289, 3869–3875.
[CrossRef] [PubMed]

22. Lee, T.H.; Chennakrishnaiah, S.; Audemard, E.O.; Montermini, L.; Meehan, B.; Rak, J. Oncogenic ras-driven
cancer cell vesiculation leads to emission of double-stranded DNA capable of interacting with target cells.
Biochem. Biophys. Res. Commun. 2014, 451, 295–301. [CrossRef] [PubMed]

23. Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.;
Xiang, J.; et al. Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 2014,
24, 766–769. [CrossRef]

24. Boukouris, S.; Mathivanan, S. Exosomes in bodily fluids are a highly stable resource of disease biomarkers.
Proteom. Clin. Appl. 2015, 9, 358–367. [CrossRef] [PubMed]

25. Vagner, T.; Spinelli, C.; Minciacchi, V.R.; Balaj, L.; Zandian, M.; Conley, A.; Zijlstra, A.; Freeman, M.R.;
Demichelis, F.; De, S.; et al. Large extracellular vesicles carry most of the tumour DNA circulating in prostate
cancer patient plasma. J. Extracell. Vesicles 2018, 7, 1505403. [CrossRef] [PubMed]

26. Mathivanan, S.; Lim, J.W.E.; Tauro, B.J.; Ji, H.; Moritz, R.L.; Simpson, R. Proteomics analysis of A33
immunoaffinity-purified exosomes released from the human colon tumor cell line LIM1215 reveals a
tissue-specific protein signature. Mol. Cell. Proteom. 2009, 9, 197–208. [CrossRef]

27. Sun, J.-J.; Aswath, K.; Schroeder, S.G.; Lippolis, J.; Reinhardt, T.; Sonstegard, T.S. MicroRNA expression
profiles of bovine milk exosomes in response to Staphylococcus aureus infection. BMC Genom. 2015, 16, 806.
[CrossRef]

28. Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.; Anand, S.; Zhao, K.; Samuel, M.; Pathan, M.;
Jois, M.; Chilamkurti, N.; et al. ExoCarta: A Web-Based Compendium of Exosomal Cargo. J. Mol. Boil. 2015,
428, 688–692. [CrossRef]

29. Srivastava, P.K. Interaction ofheatshockproteins withpeptides andantigenpresentingcells: Chaperoning of
the Innate and Adaptive Immune Responses. Annu. Rev. Immunol. 2002, 20, 395–425. [CrossRef]

http://dx.doi.org/10.1038/nri855
http://dx.doi.org/10.18632/oncotarget.3801
http://www.ncbi.nlm.nih.gov/pubmed/25944692
http://dx.doi.org/10.1007/s00018-011-0689-3
http://www.ncbi.nlm.nih.gov/pubmed/21560073
http://dx.doi.org/10.1038/ncomms8439
http://www.ncbi.nlm.nih.gov/pubmed/26074490
http://dx.doi.org/10.1016/j.blre.2012.12.002
http://dx.doi.org/10.1172/JCI81135
http://dx.doi.org/10.1126/science.aau6977
http://dx.doi.org/10.1371/journal.pbio.3000363
http://dx.doi.org/10.1186/s12943-019-0965-7
http://dx.doi.org/10.1093/nar/gky1029
http://dx.doi.org/10.1186/s12885-016-2783-2
http://dx.doi.org/10.1074/jbc.C113.532267
http://www.ncbi.nlm.nih.gov/pubmed/24398677
http://dx.doi.org/10.1016/j.bbrc.2014.07.109
http://www.ncbi.nlm.nih.gov/pubmed/25086355
http://dx.doi.org/10.1038/cr.2014.44
http://dx.doi.org/10.1002/prca.201400114
http://www.ncbi.nlm.nih.gov/pubmed/25684126
http://dx.doi.org/10.1080/20013078.2018.1505403
http://www.ncbi.nlm.nih.gov/pubmed/30108686
http://dx.doi.org/10.1074/mcp.M900152-MCP200
http://dx.doi.org/10.1186/s12864-015-2044-9
http://dx.doi.org/10.1016/j.jmb.2015.09.019
http://dx.doi.org/10.1146/annurev.immunol.20.100301.064801


Proteomes 2020, 8, 11 19 of 26

30. Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection,
Content, Release, and Uptake. Cell. Mol. Neurobiol. 2016, 36, 301–312. [CrossRef]

31. Théry, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev.
Immunol. 2009, 9, 581–593. [CrossRef] [PubMed]

32. Gangoda, L.; Boukouris, S.; Liem, M.; Kalra, H.; Mathivanan, S. Extracellular vesicles including exosomes are
mediators of signal transduction: Are they protective or pathogenic? Proteomics 2014, 15, 260–271. [CrossRef]
[PubMed]

33. Choi, D.; Kim, D.-K.; Kim, Y.-K.; Gho, Y.S. Proteomics of extracellular vesicles: Exosomes and ectosomes.
Mass Spectrom. Rev. 2014, 34, 474–490. [CrossRef] [PubMed]

34. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J. Exosome-mediated transfer of mRNAs
and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659.
[CrossRef]

35. Turchinovich, A.; Drapkina, O.; Tonevitsky, A. Transcriptome of Extracellular Vesicles: State-of-the-Art.
Front. Immunol. 2019, 10, 202. [CrossRef]

36. Mulcahy, L.; Pink, R.C.; Carter, D.R.F. Routes and mechanisms of extracellular vesicle uptake. J. Extracell.
Vesicles 2014, 3, 1093. [CrossRef]

37. Llorente, A.; Skotland, T.; Sylvänne, T.; Kauhanen, D.; Rog, T.; Orłowski, A.; Vattulainen, I.; Ekroos, K.;
Sandvig, K. Molecular lipidomics of exosomes released by PC-3 prostate cancer cells. Biochim. Biophys. Acta
(BBA) Bioenerg. 2013, 1831, 1302–1309. [CrossRef]

38. Skotland, T.; Sandvig, K.; Llorente, A. Lipids in exosomes: Current knowledge and the way forward. Prog.
Lipid Res. 2017, 66, 30–41. [CrossRef]

39. Lydic, T.A.; Townsend, S.; Adda, C.; Collins, C.; Mathivanan, S.; Reid, G. Rapid and comprehensive ’shotgun’
lipidome profiling of colorectal cancer cell derived exosomes. Methods 2015, 87, 83–95. [CrossRef]

40. Kim, C.W.; Lee, H.M.; Lee, T.H.; Kang, C.; Kleinman, H.K.; Gho, Y.S. Extracellular membrane vesicles from
tumor cells promote angiogenesis via sphingomyelin. Cancer Res. 2002, 62, 6312–6317.

41. Svenningsen, P.; Sabaratnam, R.; Jensen, B.L. Urinary extracellular vesicles: Origin, role as intercellular
messengers and biomarkers; efficient sorting and potential treatment options. Acta Physiol. 2019, 228, e13346.
[CrossRef] [PubMed]

42. Admyre, C.; Johansson, S.M.; Qazi, K.R.; Filén, J.-J.; Lahesmaa, R.; Norman, M.; Neve, E.P.A.; Scheynius, A.;
Gabrielsson, S. Exosomes with immune modulatory features are present in human breast milk. J. Immunol.
2007, 179, 1969–1978. [CrossRef] [PubMed]

43. Antounians, L.; Tzanetakis, A.; Pellerito, O.; Catania, V.D.; Sulistyo, A.; Montalva, L.; McVey, M.J.; Zani, A.
The Regenerative Potential of Amniotic Fluid Stem Cell Extracellular Vesicles: Lessons Learned by Comparing
Different Isolation Techniques. Sci. Rep. 2019, 9, 1837. [CrossRef] [PubMed]

44. Welton, J.L.; Loveless, S.; Stone, T.; Von Ruhland, C.; Robertson, N.P.; Clayton, A. Cerebrospinal fluid
extracellular vesicle enrichment for protein biomarker discovery in neurological disease; multiple sclerosis.
J. Extracell. Vesicles 2017, 6, 1369805. [CrossRef] [PubMed]

45. Han, Y.; Jia, L.; Zheng, Y.; Li, W. Salivary Exosomes: Emerging Roles in Systemic Disease. Int. J. Boil. Sci.
2018, 14, 633–643. [CrossRef]

46. Fernando, M.R.; Jiang, C.; Krzyzanowski, G.D.; Ryan, W.L. New evidence that a large proportion of human
blood plasma cell-free DNA is localized in exosomes. PLoS ONE 2017, 12, e0183915. [CrossRef]

47. Kalra, H.; Gangoda, L.; Fonseka, P.; Chitti, S.V.; Liem, M.; Keerthikumar, S.; Samuel, M.; Boukouris, S.;
Al Saffar, H.; Collins, C.; et al. Extracellular vesicles containing oncogenic mutant β-catenin activate Wnt
signalling pathway in the recipient cells. J. Extracell. Vesicles 2019, 8, 1690217. [CrossRef]

48. Hoshino, A.; Costa-Silva, B.; Shen, T.-L.; Rodrigues, G.; Hashimoto, A.; Mark, M.T.; Molina, H.; Kohsaka, S.;
Di Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature
2015, 527, 329–335. [CrossRef]

49. Yuyama, K.; Sun, H.; Sakai, S.; Mitsutake, S.; Okada, M.; Tahara, H.; Furukawa, J.-I.; Fujitani, N.; Shinohara, Y.;
Igarashi, Y. Decreased Amyloid-β Pathologies by Intracerebral Loading of Glycosphingolipid-enriched
Exosomes in Alzheimer Model Mice. J. Boil. Chem. 2014, 289, 24488–24498. [CrossRef]

50. Yuyama, K.; Sun, H.; Usuki, S.; Sakai, S.; Hanamatsu, H.; Mioka, T.; Kimura, N.; Okada, M.; Tahara, H.;
Furukawa, J.-I.; et al. A potential function for neuronal exosomes: Sequestering intracerebral amyloid-β
peptide. FEBS Lett. 2014, 589, 84–88. [CrossRef]

http://dx.doi.org/10.1007/s10571-016-0366-z
http://dx.doi.org/10.1038/nri2567
http://www.ncbi.nlm.nih.gov/pubmed/19498381
http://dx.doi.org/10.1002/pmic.201400234
http://www.ncbi.nlm.nih.gov/pubmed/25307053
http://dx.doi.org/10.1002/mas.21420
http://www.ncbi.nlm.nih.gov/pubmed/24421117
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.3389/fimmu.2019.00202
http://dx.doi.org/10.3402/jev.v3.24641
http://dx.doi.org/10.1016/j.bbalip.2013.04.011
http://dx.doi.org/10.1016/j.plipres.2017.03.001
http://dx.doi.org/10.1016/j.ymeth.2015.04.014
http://dx.doi.org/10.1111/apha.13346
http://www.ncbi.nlm.nih.gov/pubmed/31334916
http://dx.doi.org/10.4049/jimmunol.179.3.1969
http://www.ncbi.nlm.nih.gov/pubmed/17641064
http://dx.doi.org/10.1038/s41598-018-38320-w
http://www.ncbi.nlm.nih.gov/pubmed/30755672
http://dx.doi.org/10.1080/20013078.2017.1369805
http://www.ncbi.nlm.nih.gov/pubmed/28959386
http://dx.doi.org/10.7150/ijbs.25018
http://dx.doi.org/10.1371/journal.pone.0183915
http://dx.doi.org/10.1080/20013078.2019.1690217
http://dx.doi.org/10.1038/nature15756
http://dx.doi.org/10.1074/jbc.M114.577213
http://dx.doi.org/10.1016/j.febslet.2014.11.027


Proteomes 2020, 8, 11 20 of 26

51. Barclay, R.A.; Schwab, A.; DeMarino, C.; Akpamagbo, Y.; Lepene, B.; Kassaye, S.; Iordanskiy, S.; Kashanchi, F.
Exosomes from uninfected cells activate transcription of latent HIV-1. J. Boil. Chem. 2017, 292, 11682–11701.
[CrossRef] [PubMed]

52. Mori, Y.; Koike, M.; Moriishi, E.; Kawabata, A.; Tang, H.; Oyaizu, H.; Uchiyama, Y.; Yamanishi, K. Human
Herpesvirus-6 Induces MVB Formation, and Virus Egress Occurs by an Exosomal Release Pathway. Traffic
2008, 9, 1728–1742. [CrossRef]

53. Robbins, P.D.; Morelli, A.E. Regulation of immune responses by extracellular vesicles. Nat. Rev. Immunol.
2014, 14, 195–208. [CrossRef] [PubMed]

54. Chen, G.; Huang, A.C.; Zhang, W.; Zhang, G.; Wu, M.; Xu, W.; Yu, Z.; Yang, J.; Wang, B.; Sun, H.; et al.
Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. Nature 2018,
560, 382–386. [CrossRef] [PubMed]

55. Janowska-Wieczorek, A.; Wysoczynski, M.; Kijowski, J.; Marquez-Curtis, L.; Machalinski, B.; Ratajczak, J.;
Ratajczak, M.Z. Microvesicles derived from activated platelets induce metastasis and angiogenesis in lung
cancer. Int. J. Cancer 2004, 113, 752–760. [CrossRef]
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