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Summary 
The immune system is crucial for defending organisms against pathogens and maintaining health. Traditionally, research in immunology has 
relied on laboratory animals to understand how the immune system works. However, there is increasing recognition that wild animals, due 
to their greater genetic diversity, lifespan, and environmental exposures, have much to contribute to basic and translational immunology. 
Unfortunately, logistical challenges associated with collecting and storing samples from wildlife, and the lack of commercially available species-
specific reagents have hindered the advancement of immunological research on wild species. Extracellular vesicles (EVs) are cell-derived 
nanoparticles present in all body fluids and tissues of organisms spanning from bacteria to mammals. Human and lab animal studies indicate 
that EVs are involved in a range of immunological processes, and recent work shows that EVs may play similar roles in diverse wildlife species. 
Thus, EVs can expand the toolbox available for wild immunology research, helping to overcome some of the challenges associated with this 
work. In this paper, we explore the potential application of EVs to wild immunology. First, we review current understanding of EV biology across 
diverse organisms. Next, we discuss key insights into the immune system gained from research on EVs in human and laboratory animal models 
and highlight emerging evidence from wild species. Finally, we identify research themes in wild immunology that can immediately benefit from 
the study of EVs and describe practical considerations for using EVs in wildlife research.
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minimal information for studies of extracellular vesicles 2023; MV: membrane vesicles; Mx1: Myxovirus resistant 1 protein; OMVs: outer membrane vesicles; 
PDL1: Programmed Cell Death ligand1; PPR: Peste des petits ruminants; RSV: Respiratory Syncytial Virus; SLAM: signaling lymphocyte activation molecule; 
STING: Stimulator of Interferon Genes; TB: tuberculosis.

Introduction
The vertebrate immune system is a complex network of cells 
and molecules that evolved, in part, to identify and neutralize 
pathogens. Given the near constant threat of pathogen infec-
tion all animals face, understanding how the immune system 
works and how it can be exploited to minimize pathogen-
associated morbidity and mortality has been a driving force 
in immunology [1]. To achieve this goal, traditional research 

in immunology relies heavily on laboratory animal models 
to study immune system complexities [2]. These models have 
yielded fundamental insights into immunobiology, such as 
validating clonal selection theory in rats, the concept at the 
basis of modern immunology that when an antigen enters the 
body, it binds to a matching lymphocyte clone (B or T cells), 
triggering lymphocyte proliferation and the deployment of 
an army of identical cells to fight that specific antigen [3]. 
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Despite such advances, it is increasingly recognized that lab 
animal models do not fully capture the diversity and com-
plexity of immune system responses observed in humans and 
other animals [4, 5]. This ‘translation gap’ is attributable, at 
least in part, to the lack of variation that characterizes labora-
tory animals. The models of choice in traditional immunology 
are typically genetically homogeneous and naïve to real-
world environmental challenges, both of which can constrain 
immune variation, limiting the translatability of laboratory 
model-based observations to humans and non-laboratory an-
imals [6, 7].

Due to the limitations of traditional laboratory animal 
models and aided by new molecular and quantitative tools, 
the study of wild animal immune systems—termed ‘wild im-
munology’—has gained momentum over the past two decades 
[8–12]. This emerging approach studies immune responses of 
genetically diverse animals in their natural environments. In 
this subfield of immunology, variability beyond the labora-
tory is not perceived as ‘noise’, rather, it represents the ‘real 
world’, where continuous biotic (e.g. food competition, pred-
ator encounters, microbial exposures) and abiotic (e.g. sea-
sonality) forces shape immune system function and evolution 
[5]. Supporting this view, a recent comparison of traditional 
lab mice to wild mice showed that immune profiles of lab 
mice resembled a human neonatal state, whereas wild mice 
immune profiles were more reminiscent of adult humans 

[13]. Such findings highlight the importance of incorporating 
organisms in natural environments into a broader view of 
immunobiology [5].

Despite the promise of wild immunology, studying the 
immune systems of non-model species comes with many 
challenges, including the lack of commercially available, 
species-specific reagents and methods [the ‘reagent gap’ [11]. 
While ‘omics’ techniques (e.g. transcriptomics, proteomics) 
have begun to bridge this gap, progress remains slow because 
many non-model species lack sequenced genomes, hindering 
full utilization of these methods [11]. Logistical constraints 
related to sample collection and storage in field settings can 
further impede collection of relevant immune data in wild an-
imal populations. One potential avenue to circumvent many 
of these challenges is the study of extracellular vesicles (EVs). 
EVs are membrane-bound, non-replicating nanoparticles, 
released by virtually all cell types [14]. EVs are broadly clas-
sified into three subtypes based on how they are formed 
(exosomes, ectosomes or microvesicles, and apoptotic bodies 
[herein referred to collectively as ‘EVs’ [14, 15]; Fig. 1]), and a 
growing body of research highlights the pivotal role of EVs in 
intercellular communication [16]. Within the immune system, 
EVs are significant because they contribute to orchestrating 
immune responses. This includes roles in activating and 
regulating immune cells and as essential messengers in im-
mune signaling [17]. EVs have also been isolated from a range 

Figure 1: extracellular vesicle biology. Cells release three main types of extracellular vesicles (EVs): exosomes, microvesicles (also known as 
ectosomes), and apoptotic bodies. Exosomes are formed through the fusion of multivesicular bodies with the plasma membrane. Ectosomes emerge 
from plasma membrane budding, while apoptotic bodies are produced from cellular fragmentation during apoptosis [15]. Different EV subtypes overlap 
in size and lack distinct transmembrane and cytosolic protein markers; therefore, current guidelines recommend using the general term ‘EV’ [14]
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of vertebrate body fluids, including blood, urine, saliva, milk 
and feces [18], allowing accessible sample collection from 
wild species. In this review, we explore the untapped potential 
of EVs for studying immunological processes in wild animals. 
First, we review current understanding of EV biology across 
diverse organisms. Then, we describe key insights about the 
immune system derived from research on EVs in human and 
laboratory animal models. Next, we identify research themes 
and questions in wild immunology that can immediately ben-
efit from the study of EVs. Lastly, we consider key advantages 
and disadvantages of employing EVs in wildlife research.

Extracellular vesicles are universal and 
conserved across the tree of life
EVs contribute to intercellular communication by transporting 
bioactive molecules such as proteins, lipids, and nucleic acids 
between cells at various distances [16]. Research across all bio-
logical domains confirms that EVs are produced by organisms 
in every domain (Fig. 2), suggesting a conserved cell-to-cell 
communication mechanism [19]. The universality of EV se-
cretion suggests a common origin, potentially tracing back to 
ancient lipid vesicles from the ‘primordial soup’ preceding the 
earliest known cellular forms [20]. In the harsh primordial en-
vironment, primitive lipid vesicles likely underwent structural 
refinements for enhanced robustness and better protection 
of their RNA contents [21]. By the era of the Last Universal 
Common Ancestor (LUCA), EV production mechanisms were 
likely already in play, setting the stage for the current forms 

of EV-mediated intercellular communication observed today 
[19].

Among eukaryotes, EV formation and release have been 
documented in protists, fungi, plants, and animals [19]. In an-
imals, EVs have been detected in a variety of species, including 
fish [22], shellfish [23], insects [24], nematodes [25], reptiles 
[26], birds [27], marsupials [28], and placental mammals 
[29–31]. In some cases, the molecular contents of these 
particles are also similar across certain taxa. For instance, sev-
eral small non-coding RNAs (microRNAs) critical for post-
transcriptional regulation, are consistently packaged in EVs 
derived from the milk of diverse mammals [32]. Ultimately, 
the observed degree of consistency in EV presence across di-
verse organisms suggests that for non-model organisms, EVs 
may offer a promising avenue for studying core biological 
processes, including immune function.

Immunological insights from extracellular 
vesicles
Research on laboratory animal models and humans has 
linked EVs to various immune phenomena, including lym-
phocyte maturation, fetal immune tolerance, allergic 
reactions, among others (see Table 1). Here, we focus on 
EV-related insights into innate and adaptive immunity and 
host-pathogen interactions, topics that are relevant for wild 
immunology. Innate immunity, acts as a first line of defense 
against pathogens, and involves non-specific responses such 
as barrier protection and phagocytosis [41]. By contrast, 

Figure 2: distribution of extracellular vesicles across the tree of life. EVs have been documented across all three biological domains, including a wide 
diversity of eukaryotes. Tree topology is based on the TimeTree of Life [TToLL5 [117]. Branch lengths are for illustrative purposes only and are not to 
scale
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adaptive immunity develops more slowly in response to spe-
cific pathogen exposures, and offers highly specific pathogen 
targeting and memory [41]. How organisms deploy these im-
mune responses varies depending on host (e.g. sex, age, gen-
otype), pathogen type (e.g. virus, bacteria, worm), and other 
factors. Highlights from human and lab animal research offer 
clues as to how EVs can be used to advance understanding of 
such immune variation in wild species.

EVs in innate and adaptive immunity
Inflammation, crucial in the innate immune response, is a 
defense mechanism that is conserved across organisms [42]. 
Triggered by pathogens, damaged cells, and toxic compounds, 
inflammation removes harmful elements and initiates the 
healing process [41]. Research shows that EVs are instrumental 
in the inflammatory process [17]. For example, a mouse study 
found that EVs originating from neutrophils transfer arachi-
donic acid to platelets, and platelets use this acid to synthe-
size thromboxane A2, which promotes vasoconstriction and 
platelet aggregation, thereby facilitating neutrophil migration 
into inflamed tissues [43]. EVs also carry diverse immune 
mediators (e.g. microRNAs, cytokines, plasma proteins, com-
plement proteins) that regulate innate responses and serve as 
indicators of the immunological profile [17]. For instance, in 
a study involving humans and rodents, EVs containing the 
complement receptor protein C5aR1 released by neutrophils 
were associated with reduced C5aR1 expression and altered 
neutrophil function [44]. Therefore, EV profiles can serve as 
potential markers of immune dysfunction. EVs also play a 
pivotal role in the functioning of B and T lymphocytes, the 

key mediators of the adaptive immune system. For example, 
EVs derived from B cells in humans and mice carry major 
histocompatibility complex (MHC) molecules that present 
antigens to T cells [45]. Similarly, antigen-presenting cells, 
especially dendritic cells, transfer MHC-antigen complexes 
to T cells via EVs [46]. Moreover, EVs were found to con-
tain a higher concentration of MHC complexes and an over-
representation of certain post-translationally modified MHC 
peptideligands compared to their originating cells [47]. These 
findings suggest that EVs could be a useful tool for exploring 
MHC variability in wild animals, providing much needed in-
sight into MHC peptide-binding diversity and specificity.

Host–pathogen interactions and EVs
Beyond contributing to a basic understanding of the im-
mune system, research on EVs has also provided insight into 
how the host immune system recognizes pathogens and how 
pathogens, in turn, modulate host immunity. For example, 
bacteria produce membrane vesicles (called outer membrane 
vesicles [OMVs] in gram-negative bacteria and membrane 
vesicles [MVs] in gram-positive bacteria), that carry microbe-
associated molecular patterns (MAMPs) [48]. Upon bacte-
rial invasion, MAMPs are detected by pattern recognition 
receptors on host immune cells, triggering an immune response 
[49]. For instance, OMV-associated lipopolysaccharides from 
Salmonella typhimurium activate mouse dendritic cells via 
Toll-like receptor 4, leading to dendritic cell maturation and 
production of proinflammatory cytokines [50]. EVs associ-
ated with protozoan and helminth parasites also stimulate 
the host immune system. For example, although the malarial 

Table 1: examples of extracellular vesicle involvement in immune system communication

EV source (tissue/cell type) EV target  
(cell/tissue type)

Impact of EVs on the target cell/tissue Species Key 
studies

Thymic epithelial cells Immature T cells Promote lymphocyte maturation and thymic egress Mouse [33]

Placental cells Natural killer 
and T cells

Confer immune tolerance to fetus Human [34, 35]

Dendritic cells T cells Present cat antigens and induce allergic response Human [36]

Mammary gland cells T cells Suppress T cells without inducing tolerance Human [37]

Endothelial cells B cells Stimulate autoantibody production and graft rejection Mouse [38, 39]

Astrocytes Liver cells Stimulate peripheral immune cell migration to the brain post-injury Mouse [40]
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parasite Plasmodium falciparum does not directly produce 
EVs, in humans, it induces infected red blood cells (iRBCs) to 
release EVs that contain Plasmodium DNA [51]. When these 
iRBC-derived EVs enter monocytes, they activate the STING 
(Stimulator of Interferon Genes) pathway, leading to produc-
tion of type 1 interferon and other cytokines [51]. Similarly, 
for Brugia malayi, the nematode responsible for lymphatic 
filariasis in humans, EVs released by third-stage larvae are 
internalized by murine macrophages in vitro, inducing a clas-
sically activated macrophage phenotype [52]. These studies 
suggest that EVs play a central role in orchestrating the host 
immune response to various pathogen challenges, a function 
that makes EVs a promising tool for identifying immune 
biomarkers of disease.

While pathogen derived EVs can stimulate the host immune 
system facilitating recognition and defense against pathogens, 
they are also exploited by pathogens to promote their own 
survival and replication within the host. One example is 
the gram-positive bacterium Mycobacterium tuberculosis, 
which secretes MVs that transport lipoglycans to host T cells, 
inhibiting CD4+ T-cell activation, thereby allowing the bacte-
rium to escape host immune surveillance [53]. EVs from hel-
minth parasites and cancer cells also carry immunoregulatory 
molecules that induce host immunosuppression. For instance, 
EVs from the cestode Echinococcus granulosus, when cul-
tured with murine peripheral mononuclear cells, inhibit 
CD4+ and CD8+ T-cell proliferation in a dose-dependent 
manner [54], potentially aiding parasite establishment and 
development [54]. Similarly, EVs derived from tumor cells 
carry immunoregulatory molecules, such as Programmed Cell 
Death ligand1 (PDL1) and Fas lignd (FASL), that contribute 
to cancer by inhibiting T-cell function [55]. These examples 
highlight a key pathogen strategy: the use of EVs to evade 
the host immune system and suggest the significant potential 

of using EVs to understand how pathogens manipulate host 
immunity.

EVs in wild immunology
Results from lab animal and human studies illustrate the 
promise of EVs for wild immunology. In particular, these 
studies suggest the key EV function of transporting immune-
associated molecules can be exploited to study how wild 
immune systems respond to diverse challenges in natural 
settings. Indeed, emerging work on wildlife EVs is already 
revealing the utility of this approach. For example, recent 
studies in reindeer, seabirds, cetaceans, and sea lamprey have 
used EVs to identify deaminated proteins, a group of modified 
proteins that play important roles in various immunological 
and disease processes [27, 29, 56, 57]. Below, we explore four 
thematic areas where EVs hold promise for advancing wild im-
munology: (i) improving disease detection and diagnostics, (ii) 
understanding pathogenesis, (iii) characterizing mechanisms 
of host resistance and tolerance, and (iv) unraveling pathways 
by which co-infecting pathogens interact.

Disease diagnostics
Early and accurate wildlife disease diagnosis is of growing im-
portance, especially given the rise in disease emergence events 
[58]. Common diagnostic methods largely rely on direct de-
tection of pathogen material (e.g. amplification of pathogen 
DNA via PCR) or indirect detection of pathogen exposure 
based on the host immune response (e.g. quantification of 
antibodies via serological techniques) [59]. However, these 
tests can lack accuracy due to a combination of factors, in-
cluding low levels of pathogen DNA in host tissues and an 
inability to distinguish current infection from past expo-
sure with antibody responses. In human medicine, EV-based 

Figure 3: extracellular vesicle-based DFTD biomarker discovery process. Proteomic analysis of serum-derived EVs from Tasmanian devils identified 
the protein CATH3 as a remarkably accurate biomarker for distinguishing advanced-stage DFTD. Initial discovery work identified the protein CATH3 as 
a highly sensitive biomarker candidate. Subsequent validation further illustrated the potential of CATH3 in EVs to distinguish latent stages of infection 
from a healthy state. These findings can be used to develop an EV-based approach for rapid DFTD diagnostic testing in the field.

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/3/1/kyae011/7697900 by Yale U

niversity user on 11 February 2025



7EVs in wild immunology, 2024, Vol. 3, No. 1

diagnostic approaches show promise for diagnosing various 
diseases [60]. For instance, the glycolipid, lipoarabinomannan 
(LAM), a cell wall component of Mycobacterium tuberculosis 
bacteria, is an emerging candidate biomarker for tuberculosis 
(TB) diagnosis [61]. Because LAM is excreted in urine, urine-
based LAM quantification holds promise as a rapid and sen-
sitive TB testing tool. While a range of methods have been 
used to detect LAM in urine, a recent study using immuno-
PCR detection of LAM in urinary EVs reported better sen-
sitivity compared to studies using ELISA or lateral-flow 
immunochromatography for detecting LAM in neat urine 
[62]. Similarly, EVs may provide new opportunities for more 
sensitive wildlife disease detection.

Research on Devil Facial Tumor Disease (DFTD), a trans-
missible cancer affecting Tasmanian devils, demonstrates 
how EVs can improve disease detection in the wild. DFTD 
is present in >90% of the Tasmanian devil’s range, resulting 
in an estimated 82% decline in wild devil populations since 
its discovery in 1996 [63]. Despite a latent period that can 
exceed one year, DFTD diagnosis primarily relies on visual 
tumor identification and biopsies [64]. However, during la-
tent stages of infection, when tumors are absent, biopsies are 
not feasible. Consequently, a liquid biopsy, such as a blood 
sample, becomes necessary. Recently, analysis of EVs from the 
blood of DFTD-free and advanced DFTD-infected Tasmanian 
devils identified the protein cathelicidin-3 (CATH3) as 
a promising biomarker of DFTD, with 100% sensitivity 
and specificity in differentiating between DFTD-advanced 
individuals and controls [28]. Validation on an independent 
cohort of animals at various stages of infection, including la-
tency (i.e. 3–6 months before tumors appear), further showed 
93.8% accuracy in differentiating between latently infected 
individuals and healthy controls (Fig. 3). This work suggests 
that EV-based diagnostics may be particularly valuable for 
wildlife diseases with long latency periods. In human and lab 
studies, EV-based diagnostic biomarkers have been identified 
for diseases such as tuberculosis, HIV, and prion diseases [62, 
65–67], paving the way for parallel studies in wildlife for 
similar diseases with notable latency periods, including bo-
vine tuberculosis, feline immunodeficiency virus, and chronic 
wasting disease.

Pathogenesis
Identifying the mechanisms underlying disease development, 
progression, resolution, or persistence (i.e. pathogenesis) is 
crucial for understanding the causes of disease and the factors 
leading to variable disease outcomes across hosts. EVs have 
been instrumental in this area, especially for understanding 
the pathogenesis of human diseases like HIV, where research 
shows that dendritic cells use EVs to transmit HIV particles 
to CD4+ T cells, facilitating within-host viral spread [68, 69]. 
Similarly, for Foot-and-mouth disease (FMD), a highly conta-
gious viral disease affecting domestic and wild cloven-hoofed 
animals, research shows that EVs released from virus-infected 
porcine kidney cells contain full-length FMD viral genomic 
RNA and partial viral proteins that are capable of infecting 
both naïve cells and infant mice [70]. Moreover, unlike di-
rect FMDV infections, which are effectively neutralized by 
FMDV-specific antibodies, EV-mediated infections are not 
fully neutralized, suggesting an immune evasion mechanism 
[70]. Given that wildlife can serve as reservoirs for FMD virus 
[71], applying similar EV-based approaches to investigate 

cell-to-cell virus transmission in wild hosts could uncover 
new mechanisms of within-host viral spread and persistence.
EV-based studies of other prominent livestock pathogens 
provide further insights applicable to wild species. For ex-
ample, in Peste des petits ruminants (PPR), a viral disease 
affecting small ruminants, EVs from PPRV-infected goat pe-
ripheral blood mononuclear cells enhance the expression of 
signaling lymphocyte activation molecule (SLAM) receptors 
in recipient cells, boosting PPRV replication and spread [72]. 
Interestingly, SLAM is one of two host cell receptors involved 
in the pathogenesis of canine distemper [73], a disease af-
fecting carnivores caused by a virus (CDV), which is closely 
related to PPRV. CDV infects a wide range of wild carnivores, 
many of conservation concern (e.g. Ethiopian wolf, African 
wild dog, and Giant Panda) [74]. Thus, exploring EVs in 
the context of CDV could yield new information about viral 
pathogenesis, a phenomenon that is not well understood in 
wildlife, especially CDV interactions with host cell receptors 
like SLAM [74].

Another wildlife disease of conservation concern where 
EVs could elucidate pathogenesis mechanisms is chytrid 
fungus (Batrachochytrium dendrobatidis, Bd) in amphibians. 
This fungus, linked to the decline of over 500 amphibian spe-
cies worldwide, produces an array of small molecules that 
individually or synergistically facilitate pathogen evasion of 
the host immune system [75]. EVs from other fungal species, 
like Candida spp and Cryptococcus neoformans, contain 
virulence factors and other immunosuppressive compounds 
[76], suggesting that studying Bd EVs may reveal how Bd 
suppresses amphibian immunity to promote its own persist-
ence.

Resistance and tolerance
Host defense mechanisms against pathogens are crucial 
determinants of infection outcomes. Resistance and tolerance 
represent two main strategies hosts use for pathogen defense. 
Resistance involves effectively limiting pathogen growth or 
replication, while tolerance entails minimizing pathogen-
induced damage [77]. Mechanisms of pathogen resistance 
and tolerance in wild animals are poorly understood, with 
most of the research to date concentrating on mechanisms of 
resistance [77, 78].

Human studies offer several examples of the role EVs play 
in modulating host resistance and tolerance, with potential 
relevance to wildlife. For instance, EVs secreted by HIV-1 
infected CD4+ T cells carry the antiviral enzyme APOBEC3, 
which inhibits HIV-1 replication and confers HIV-1 resistance 
to EV recipient cells [79]. Similarly, in Hepatitis B (HBV), 
EVs facilitate cell-to-cell transmission of APOBEC3, leading 
to IFN-alpha-induced antiviral activity in HBV-infected cells 
[80]. Interestingly, a recent comparative genomic analysis of 
37 bat species found evidence of APOBEC3 gene family ex-
pansion across multiple bat lineages [81]. Given the antiviral 
role of APOBEC3 enzymes, the diversification of this gene 
family may contribute to the extraordinary ability of some 
bats to coexist with viruses. Studying EVs to better under-
stand links between APOBEC3 and host–virus interactions in 
bats could shed new light on mechanisms of antiviral resist-
ance and tolerance in this group.

Research on teleost fish further demonstrates the impor-
tance of EVs in pathogen defense. A study on mandarin 
fish (Siniperca chuatsi) showed that serum EVs inhibit the 
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replication of infectious spleen and kidney necrosis virus 
(ISKNV), an iridovirus threatening the aquaculture industry 
[82]. This inhibition was facilitated by the presence, within 
EVs, of myxovirus resistance 1 (Mx1) protein, which is 
known to have antiviral properties against iridoviruses [82]. 
Similarly, the transport of proinflammatory cytokines by host 
EVs provides another example of EV involvement in pathogen 
defense. For example, dendritic cells from mice infected with 
the zoonotic bacterium, Chlamydia psittaci release EVs bound 
to the cytokine TNF-alpha [83]. These TNF-alpha bound EVs 
then stimulate production of IFN-gamma in natural killer 
cells, suppressing the growth of C. psitacci in infected epi-
thelial cells [83]. Interestingly, the EVs from infected den-
dritic cells lack bacterial components, suggesting a process 
mediated by host factors alone [83]. More generally, across 
various taxa ranging from plants to mammals, host-derived 
EVs have been shown to carry natural antimicrobial agents 
that combat fungal and bacterial pathogens, influencing in-
fection outcomes [84]. Overall, these findings suggest that 
EVs contribute to host resistance against a wide range of 
pathogens, highlighting the potential utility of using EVs to 
uncover new mechanisms of pathogen defense in wildlife.

Co-infection
Co-infection, the co-occurrence of multiple pathogens within 
a single host, is the norm rather than the exception in most 
animals [85]. Although interactions between co-infecting 
pathogens can significantly influence infection outcomes for 
hosts, the diversity of mechanisms underlying pathogen–
pathogen interactions are only beginning to be uncovered 
and rarely in wild animal populations [86, 87]. Recent work 
suggests that pathogen-derived EVs may play a prominent 
role in orchestrating within-host pathogen interactions. A no-
table example is the interaction between Moraxella catarrhalis 
and Haemophilus influenzae, bacteria often co-infecting 
the human respiratory tract. In in vitro studies, OMVs de-
rived from M. catarrhalis carry virulence factors (UsPA1 
and UsPA2) that bind to the third component of the comple-
ment system (C3), inhibiting the complement cascade. This 
process promotes the survival of both M. catarrhalis and H. 
influenzae by inhibiting complement-dependent killing [88], 
revealing a clear EV-mediated mechanism by which one path-
ogen can facilitate another.

Similar EV-mediated interactions have been described be-
tween Mycobacterium tuberculosis, the causative agent of 
TB, and HIV-1 in humans. In this case, EVs secreted by host 
macrophages infected with M. tuberculosis can reactivate 
HIV-1 from latency by inducing oxidative stress [89]. This 
finding suggests an intriguing EV-associated mechanism that 
might help explain the disruptive effect of Mycobacterium 
bovis infection on within host-pathogen communities. M. 
bovis, a close relative of M. tuberculosis, is the causative agent 
of bovine tuberculosis (BTB), a globally distributed wildlife 
disease. Various species act as maintenance hosts for BTB in 
different geographic regions, from badgers and wild boar in 
Europe to white-tailed deer in North America and brushtail 
possums in New Zealand [90]. In African buffalo, the pri-
mary reservoir hosts for BTB in southern Africa, individuals 
who acquire M. bovis undergo a significant increase in the 
number and functional types of other pathogens they host 
[91]. Studying pathogen derived EVs may offer a new ap-
proach to begin unraveling how M. bovis exerts such broad 

effects on co-infecting pathogens. For example, screening EVs 
for pathogen-specific molecules released by host cells might 
provide insight into the presence and location of co-infecting 
pathogens within the host. Indeed, studies show that EVs 
released from Mycobacterium bovis bacillus Calmette-Guerin 
(BCG) and BCG-infected macrophages carry antigens like 
LAM and 19-kDa lipoprotein (LpqH) [92], that provide a 
signature of infection. Likewise, FMDV-infected cells secrete 
EVs containing most viral proteins [70], offering a distinct 
signature of infection from another common pathogen of buf-
falo.

EVs have also been shown to influence interactions during 
co-infection by expanding the range of infected cell types 
and enabling immune evasion. For instance, co-infection 
with Influenza A Virus (IAV) and Respiratory Syncytial Virus 
(RSV) in humans leads to the formation of EVs containing 
surface proteins from both viruses. IAV exploits these EVs, 
specifically the RSV surface glycoproteins packaged within 
them, to evade anti-IAV antibodies and infect cells lacking 
IAV receptors [93]. This mechanism could be relevant for 
understanding infection dynamics in wild species with viral 
coinfections. For example, in Australian flying foxes, simulta-
neous shedding of up to nine bat paramyxoviruses has been 
documented. Notably, pulses of multi-species viral shedding 
were common and also sporadically coincided with peak 
spillover of Hendra virus, an often fatal zoonotic pathogen 
[94]. Investigating whether EVs mediate virus interactions 
within zoonotic reservoir hosts, like these flying foxes, could 
provide insight into immunological drivers of spillover.

Advantages and disadvantages of EVs in wild 
immunology
Incorporating the study of EVs into wild immunology re-
search offers a way to navigate some significant logistical 
hurdles commonly encountered in wildlife work. These hur-
dles include but are not limited to: (i) difficulties inherent in 
capturing and immobilizing free-ranging animals for invasive 
sample collection; (ii) challenges associated with working in 
remote field locations lacking cold storage facilities or other 
major equipment; and (iii) the frequent lack of appropriate 
immunological reagents for assaying samples collected from 
non-model species.

The first major advantage of EVs is their presence across 
all body fluids and tissues [18]. For wildlife studies, where 
access to invasive samples such as blood and tissue can be 
limited, this feature provides invaluable flexibility. For ex-
ample, EVs can be isolated from fluids such as feces and 
urine, providing a non-invasive option that increases the fea-
sibility of conducting wildlife related immunological studies. 
Importantly, EVs isolated from different body fluids will carry 
distinct host- or pathogen-associated signals depending on the 
specific cell types present in those fluids [95]. The presence of 
pathogen-derived EVs in host body fluids will further depend 
on the colonization site of the pathogen and the trafficking 
pathway of EVs within the host [96]. Given the heteroge-
neous nature of the signals contained in EVs isolated from 
different sources, selecting the appropriate body fluid for EV 
isolation to match the research question of interest is critical. 
For example, in TB infected individuals, urinary EVs have 
been shown to contain mycobacterial-associated components 
[62], making urine an effective choice for detecting bacterial 
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presence. In contrast, serum EVs tend to carry more host cell-
derived signals, valuable for understanding the host’s immune 
response to TB infection [97].

The second major advantage of EVs is their stability under 
diverse conditions. Due in part to their bilipid membrane, EVs 
are resilient to high temperatures and harsh environments [98, 
99]. This stability allows for effective storage under a variety 
of field conditions. For example, EVs in plasma can remain 
stable at temperatures ranging from 37°C to -20°C for up to 
three months, circumventing the need for short-term ultracold 
storage in remote settings [100]. For extended periods, a re-
cent study recommended storage in PBS supplemented with 
human serum albumin and trehalose at −80°C to effectively 
preserve EV particle concentration, size, surface markers, 
RNA content, and functional integrity [101]. This capacity 
for long-term storage of EVs, while maintaining sample 
quality, is crucial for wildlife studies given often-limited ac-
cess to sample processing equipment in remote field settings.

Once wildlife samples have been successfully collected 
and preserved, another persistent barrier to progress in wild 

immunology research has been the ongoing lack of immuno-
logical reagents for non-model species. Over the past decade, 
various ‘omics’ techniques have begun to help bridge this gap 
[102, 103]. However, applying omics methods to raw body 
fluids is often hampered by the presence of highly abundant 
molecules that can obscure the presence of low-abundance 
proteins. Therefore, a third major advantage of EVs stems 
from their ability to reduce this complexity and enrich a 
greater range of low-abundance proteins [98]. For instance, 
99% of the protein content of serum/plasma is accounted 
for by just 22 highly abundant proteins, such as albumin and 
immunoglobulins [104]. In contrast, in EVs isolated from 
serum the presence of these abundant proteins can be com-
pletely reduced [105]. Additionally, by concentrating certain 
molecules, EVs can reveal biological pathways that are oth-
erwise obscured in the original source material. A notable ex-
ample is the detection of epithelial–mesenchymal transition 
(EMT) hallmark proteins in EVs derived from DFT2 cells, a 
second transmissible cancer affecting Tasmanian devils. The 
EMT pathway is thought to be involved in the pathogenesis 

Figure 4: four essential steps for using extracellular vesicles (EVs) in wild immunology. (1) The first step involves selecting a sample type to be used 
as the EV source. This decision should be informed by the research question and the type of cellular communication being investigated. (2) The second 
step involves isolating EVs. The choice of method should depend on the sample type and work conditions. (3) The third step is the characterization of 
EVs, which includes quantifying their physical (size and morphology) and biochemical (protein, RNA, lipids) characteristics, with the specific approach 
tailored to the research question. (4) The fourth and final step is data analysis.
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of DFT2 and interestingly these proteins were not found 
in the proteome signatures of DFT2 cells themselves [106], 
indicating the capacity of EVs to concentrate molecules re-
lated to key disease processes.

Like all methodological tools, using EVs also presents 
challenges. Primary among these are issues related to 
standardizing methods for EV isolation [107]. Isolation 
techniques currently available for EVs vary significantly in 
terms of purity, yield, and practicality. Therefore, careful con-
sideration must be given to the relative benefits and costs of 
each method, particularly in the context of the specific re-
search questions of interest and work conditions. These 
considerations were thoroughly reviewed in a recent primer 
[108], providing guidance for making informed choices about 
EV isolation methods. For example, in the context of bio-
marker discovery, a methodology that ensures good yield, but 
which may not provide the purest samples (e.g. size exclusion 
chromatography techniques) might be preferred. Conversely, 
for understanding EV communication mechanisms, a method 
that prioritizes sample purity would be more suitable (e.g. 
density gradient) because it minimizes the co-isolation of 
molecules like lipoproteins, thus ensuring a more accurate at-
tribution of observed mechanisms to EVs. Another challenge 
of using EVs is the lack of fully annotated genomes for many 
non-model species, which can hinder efforts to characterize 
EV molecular cargo. However, using databases from related 
species or computational methods like de novo assembly can 
help overcome this challenge [109].

Overall, the advantages of using EVs in wild immu-
nology research appear to outweigh the disadvantages. 
Moreover, the entry barrier to EV research is relatively 
low, making it accessible to a wide range of study types. 
For newcomers to EV research, resources like EV-TRACK 
[110] and the minimal information for studies of extra-
cellular vesicles 2023 (MISEV2023) guidelines [111], are 
invaluable for providing methodological frameworks for 
standardization and repeatability. More generally, using 
EVs to address questions in wild immunology involves 
four essential steps (Fig. 4), each requiring careful decision- 
making that balances research goals with practical 
constraints. First, selecting the appropriate sample type for 
EV sourcing should align with the research question and the 
type of cellular communication under investigation. Blood 
samples are often used for studying systemic responses or 
diseases affecting the entire organism [112]. In contrast, 
saliva samples are particularly valuable for understanding 
local immune responses in the oral cavity [113]. Second, 
the choice of EV isolation method should consider sample 
type and work conditions. For example, size exclusion 
chromatography might be preferred for samples with high 
protein content, such as blood and urine, as it minimizes 
non-vesicular components like lipoproteins and offers me-
dium practicality for field use, given access to electricity 
and a centrifuge [114]. The third step is lab-based char-
acterization, including quantifying the physical (size and 
morphology) and biochemical (proteins, nucleic acids, 
lipids) characteristics of EVs. For biochemical character-
ization, different ‘omics’ techniques should be used based 
on the specific molecular cargo of interest. For proteins, 
proteomics approaches such as mass spectrometry are used 
to comprehensively profile protein contents [14]. For nu-
cleic acids, genomics and transcriptomics analyses can be 
performed using next-generation sequencing, which allows 

for a broad profiling of DNA and RNA sequences within 
EVs [14]. The fourth and final step is data analysis, where 
specific methods (e.g. pattern recognition, differential ex-
pression analysis, machine learning, and various statistical 
and bioinformatic approaches) should be tailored to the 
attributes of the dataset and study goals [115, 116].

Conclusion
Wild immunology exploits the vast genetic and environ-
mental variability of wild species to provide insights into fun-
damental and translational immunological questions. Despite 
its immense potential, the field faces logistical constraints, in-
cluding challenges with sample collection and storage in field 
settings, as well as a persistent lack of essential reagents for im-
mune marker detection and quantification. EV biology holds 
untapped potential to help address these challenges and en-
hance our understanding of immunology in wild populations. 
The universal presence of EVs across species and cell types 
renders them highly suitable for studying diverse non-model 
organisms. Furthermore, their resilience under extreme 
conditions positions EVs as a formidable tool for navigating 
key logistical hurdles of wildlife research. Most significantly, 
EVs reflect the biological state of their originating cells and 
encapsulate and transport biomolecules for intricate intercel-
lular communication, a function critical for decoding com-
plex immune system interactions. Leveraging these attributes 
of EV biology in wild immunology can have a profound im-
pact on the field.

Acknowledgements
We thank members of the Ezenwa lab group for discussion of 
ideas presented in this manuscript. Figures were created using 
Biorender under a license for publication use. The Editor-in-
Chief, Simon Milling, and handling editor, Iris Mair, would 
like to thank the following reviewers, Sigrun Lange and an 
anonymous reviewer, for their contribution to the publication 
of this article.

Ethical approval
Not applicable.

Conflicts of interest
The authors declare no conflicts of interest.

Funding
This study was supported by the US National Institutes of 
Health (Grant #: 1R01GM131319), and by the Morris 
Animal Foundation (Grant #D23ZO-431).

Data availability
Not applicable.

Author contributions
Conceptualization: C.E. and V.O.E. Writing-original draft 
preparation, review, and editing: C.E. and V.O.E. Visualization: 
C.E. and V.O.E. Funding acquisition: V.O.E and C.E.

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/3/1/kyae011/7697900 by Yale U

niversity user on 11 February 2025



11EVs in wild immunology, 2024, Vol. 3, No. 1

Permission to reproduce
Graphs included in Figure 3 originate from the following 
publication: https://doi.org/10.3389/fimmu.2022.858423. 
These graphs are used under the Creative Commons CC-BY 
license (version 4.0), which allows for free use, distribution, 
and adaptation with appropriate attribution. 

References
1. Eberl G. Immunity by equilibrium. Nat Rev Immunol 2016, 16, 

524–32. doi:10.1038/nri.2016.75
2. Pulendran B, Davis MM. The science and medicine of human im-

munology. Science 2020, 369, eaay4014. doi:10.1126/science.
aay4014

3. Nossal GJ, Lederberg J. Antibody production by single cells. Na-
ture 1958, 181, 1419–20. doi:10.1038/1811419a0

4. Mestas J, Hughes CC. Of mice and not men: differences between 
mouse and human immunology. J Immunol (Baltimore, Md. : 
1950) 2004, 172, 2731–8. doi:10.4049/jimmunol.172.5.2731

5. Maizels RM, Nussey DH. Into the wild: digging at immunology’s 
evolutionary roots. Nat Immunol 2013, 14, 879–83. doi:10.1038/
ni.2643

6. Abolins S, King EC, Lazarou L, Weldon L, Hughes L, Drescher P, et 
al. The comparative immunology of wild and laboratory mice, Mus 
musculus domesticus. Nat Commun 2017, 8, 14811. doi:10.1038/
ncomms14811

7. Leung JM, Budischak SA, Chung The H, Hansen C, Bowcutt R, 
Neill R, et al. Rapid environmental effects on gut nematode sus-
ceptibility in rewilded mice. PLoS Biol 2018, 16, e2004108. 
doi:10.1371/journal.pbio.2004108

8. Sheldon BC, Verhulst S. Ecological immunology: costly parasite 
defences and trade-offs in evolutionary ecology. Trends Ecol Evol 
1996, 11, 317–21. doi:10.1016/0169-5347(96)10039-2

9. Pedersen AB, Babayan SA. Wild immunology. Mol Ecol 2011, 20, 
872–80. doi:10.1111/j.1365-294X.2010.04938.x

10. Fassbinder-Orth CA. Methods for quantifying gene expression in 
ecoimmunology: from qPCR to RNA-Seq. Integr Comp Biol 2014, 
54, 396–406. doi:10.1093/icb/icu023

11. Flies AS; Wild Comparative Immunology Consortium. Rewilding 
immunology. Science 2020, 369, 37–8. doi:10.1126/science.
abb8664

12. Robertson S, Bradley JE, MacColl AD. Measuring the immune 
system of the three-spined stickleback–investigating natural var-
iation by quantifying immune expression in the laboratory and 
the wild. Mol Ecol Resour 2016, 16, 701–13. doi:10.1111/1755-
0998.12497

13. Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey 
KA, et al. Normalizing the environment recapitulates adult human 
immune traits in laboratory mice. Nature 2016, 532, 512–6. 
doi:10.1038/nature17655

14. Welsh JA, Goberdhan DCI, O'Driscoll L, Buzas EI, Blenkiron 
C, Bussolati B, et al.; MISEV Consortium. Minimal information 
for studies of extracellular vesicles (MISEV2023): From basic 
to advanced approaches. J Extracell Vesicles 2024, 13, e12404. 
doi:10.1002/jev2.12404

15. Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extracellular 
vesicles and nanoparticles: emerging complexities. Trends Cell Biol 
2023, 33, 667–81. doi:10.1016/j.tcb.2023.01.002

16. Liu Y-J, Wang C. A review of the regulatory mechanisms of extracel-
lular vesicles-mediated intercellular communication. Cell Commun 
Signal: CCS 2023, 21, 77. doi:10.1186/s12964-023-01103-6

17. Buzas EI. The roles of extracellular vesicles in the immune system. 
Nat Rev Immunol 2023, 23, 236–50. doi:10.1038/s41577-022-
00763-8

18. Colombo M, Raposo G, Théry C. Biogenesis, secretion, and inter-
cellular interactions of exosomes and other extracellular vesicles. 
Annu Rev Cell Dev Biol 2014, 30, 255–89. doi:10.1146/annurev-
cellbio-101512-122326

19. Gill S, Catchpole R, Forterre P. Extracellular membrane vesicles in 
the three domains of life and beyond. FEMS Microbiol Rev 2019, 
43, 273–303. doi:10.1093/femsre/fuy042

20. Mulkidjanian AY, Galperin MY, Koonin EV. Co-evolution of pri-
mordial membranes and membrane proteins. Trends Biochem Sci 
2009, 34, 206–15. doi:10.1016/j.tibs.2009.01.005

21. Askenase PW. Ancient evolutionary origin and properties of uni-
versally produced natural exosomes contribute to their therapeutic 
superiority compared to artificial nanoparticles. Int J Mol Sci 2021, 
22, 1429. doi:10.3390/ijms22031429

22. Jayathilaka ET, Edirisinghe SL, Lee J, Nikapitiya C, De Zoysa M. 
Isolation and characterization of plasma-derived exosomes from 
olive flounder (Paralichthys olivaceus) and their wound healing and 
regeneration activities. Fish Shellfish Immunol 2022, 128, 196–
205. doi:10.1016/j.fsi.2022.07.076

23. Yang H, Li X, Ji J, Yuan C, Gao X, Zhang Y, et al. Changes 
of microRNAs expression profiles from red swamp crayfish 
(Procambarus clarkia) hemolymph exosomes in response to WSSV 
infection. Fish Shellfish Immunol 2019, 84, 169–77. doi:10.1016/j.
fsi.2018.10.003

24. Reyes-Ruiz JM, Osuna-Ramos JF, De Jesús-González LA, Hurtado-
Monzón AM, Farfan-Morales CN, Cervantes-Salazar M, et al. 
Isolation and characterization of exosomes released from mos-
quito cells infected with dengue virus. Virus Res 2019, 266, 1–14. 
doi:10.1016/j.virusres.2019.03.015

25. Buck AH, Coakley G, Simbari F, McSorley HJ, Quintana JF, Le 
Bihan T, et al. Exosomes secreted by nematode parasites transfer 
small RNAs to mammalian cells and modulate innate immunity. 
Nat Commun 2014, 5, 5488. doi:10.1038/ncomms6488

26. Ogawa Y, Kanai-Azuma M, Akimoto Y, Kawakami H, Yanoshita 
R. Exosome-like vesicles in Gloydius blomhoffii blomhoffii venom. 
Toxicon 2008, 51, 984–93. doi:10.1016/j.toxicon.2008.02.003

27. Phillips RA, Kraev I, Lange S. Protein deimination and extracel-
lular vesicle profiles in Antarctic seabirds. Biology 2020, 9, 15. 
doi:10.3390/biology9010015

28. Espejo C, Wilson R, Pye RJ, Ratcliffe JC, Ruiz-Aravena M, Willms 
E, et al. Cathelicidin-3 associated with serum extracellular vesicles 
enables early diagnosis of a transmissible cancer. Front Immunol 
2022, 13, 1209.

29. D’Alessio S, Thorgeirsdóttir S, Kraev I, Skírnisson K, Lange S. 
Post-translational protein deimination signatures in plasma and 
plasma evs of reindeer (Rangifer tarandus). Biology 2021, 10, 222. 
doi:10.3390/biology10030222

30. Sammarco A, Finesso G, Cavicchioli L, Ferro S, Caicci F, Zanetti 
R, et al. Preliminary investigation of extracellular vesicles in mam-
mary cancer of dogs and cats: Identification and characterization. 
Vet Comp Oncol 2018, 16, 489–96. doi:10.1111/vco.12405

31. Samuel M, Fonseka P, Sanwlani R, Gangoda L, Chee SH, 
Keerthikumar S, et al. Oral administration of bovine milk-derived 
extracellular vesicles induces senescence in the primary tumor but 
accelerates cancer metastasis. Nat Commun 2021, 12, 3950. doi:                                                                                                                                                                                                                                                                                 
10.1038/s41467-021-24273-8

32. Herwijnen MJ, Druedonks TM, Snoek BL, Kroon AM, Kleinjan 
M, Jorritsma R, et al. Abundantly present miRNAs in milk-derived 
extracellular vesicles are conserved between mammals. Front Nutr 
2018, 5, 81.

33. Lundberg V, Berglund M, Skogberg G, Lindgren S, Lundqvist 
C, Gudmundsdottir J, et al. Thymic exosomes promote the final 
maturation of thymocytes. Sci Rep 2016, 6, 36479. doi:10.1038/
srep36479

34. Hedlund M, Stenqvist A-C, Nagaeva O, Kjellberg L, Wulff M, 
Baranov V, et al. Human placenta expresses and secretes NKG2D 
ligands via exosomes that down-modulate the cognate receptor 
expression: evidence for immunosuppressive function. J Immunol 
(Baltimore, Md. : 1950) 2009, 183, 340–51. doi:10.4049/
jimmunol.0803477

35. Stenqvist A-C, Nagaeva O, Baranov V, Mincheva-Nilsson L. 
Exosomes secreted by human placenta carry functional Fas li-
gand and TRAIL molecules and convey apoptosis in activated 

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/3/1/kyae011/7697900 by Yale U

niversity user on 11 February 2025

https://doi.org/10.3389/fimmu.2022.858423
https://doi.org/10.1038/nri.2016.75
https://doi.org/10.1126/science.aay4014
https://doi.org/10.1126/science.aay4014
https://doi.org/10.1038/1811419a0
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1038/ni.2643
https://doi.org/10.1038/ni.2643
https://doi.org/10.1038/ncomms14811
https://doi.org/10.1038/ncomms14811
https://doi.org/10.1371/journal.pbio.2004108
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1111/j.1365-294X.2010.04938.x
https://doi.org/10.1093/icb/icu023
https://doi.org/10.1126/science.abb8664
https://doi.org/10.1126/science.abb8664
https://doi.org/10.1111/1755-0998.12497
https://doi.org/10.1111/1755-0998.12497
https://doi.org/10.1038/nature17655
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1016/j.tcb.2023.01.002
https://doi.org/10.1186/s12964-023-01103-6
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1093/femsre/fuy042
https://doi.org/10.1016/j.tibs.2009.01.005
https://doi.org/10.3390/ijms22031429
https://doi.org/10.1016/j.fsi.2022.07.076
https://doi.org/10.1016/j.fsi.2018.10.003
https://doi.org/10.1016/j.fsi.2018.10.003
https://doi.org/10.1016/j.virusres.2019.03.015
https://doi.org/10.1038/ncomms6488
https://doi.org/10.1016/j.toxicon.2008.02.003
https://doi.org/10.3390/biology9010015
https://doi.org/10.3390/biology10030222
https://doi.org/10.1111/vco.12405
https://doi.org/10.1038/s41467-021-24273-8
https://doi.org/10.1038/srep36479
https://doi.org/10.1038/srep36479
https://doi.org/10.4049/jimmunol.0803477
https://doi.org/10.4049/jimmunol.0803477


12 Espejo and Ezenwa

immune cells, suggesting exosome-mediated immune privilege of 
the fetus. J Immunol (Baltimore, Md. : 1950) 2013, 191, 5515–23. 
doi:10.4049/jimmunol.1301885

36. Vallhov H, Gutzeit C, Hultenby K, Valenta R, Grönlund H, 
Scheynius A. Dendritic cell-derived exosomes carry the major cat 
allergen F el d 1 and induce an allergic immune response. Allergy 
2015, 70, 1651–5. doi:10.1111/all.12701

37. Zonneveld MI, van Herwijnen MJC, Fernandez-Gutierrez MM, 
Giovanazzi A, de Groot AM, Kleinjan M, et al. Human milk extra-
cellular vesicles target nodes in interconnected signalling pathways 
that enhance oral epithelial barrier function and dampen immune 
responses. J Extracell Vesicles 2021, 10, e12071. doi:10.1002/
jev2.12071

38. Dieudé M, Bell C, Turgeon J, Beillevaire D, Pomerleau L, Yang B, 
et al. The 20 S proteasome core, active within apoptotic exosome-
like vesicles, induces autoantibody production and accelerates re-
jection. Sci Transl Med 2015, 7, 318ra200–318ra200. doi:10.1126/
scitranslmed.aac9816

39. Habertheuer A, Korutla L, Rostami S, Reddy S, Lal P, Naji A, et 
al. Donor tissue-specific exosome profiling enables noninvasive 
monitoring of acute rejection in mouse allogeneic heart transplanta-
tion. J Thorac Cardiovasc Surg 2018, 155, 2479–89. doi:10.1016/j.
jtcvs.2017.12.125

40. Dickens AM, Tovar-Y-Romo LB, Yoo S-W, Trout AL, Bae M, 
Kanmogne M, et al. Astrocyte-shed extracellular vesicles regulate 
the peripheral leukocyte response to inflammatory brain lesions. 
Sci Signaling 2017, 10, eaai7696. doi:10.1126/scisignal.aai7696

41. Marshall JS, Warrington R, Watson W, Kim HL. An introduction to 
immunology and immunopathology. Allergy Asthma Clin Immunol 
2018, 14, 1–10.

42. Gourbal B, Pinaud S, Beckers GJM, Van Der Meer JWM, Conrath 
U, Netea MG. Innate immune memory: an evolutionary perspec-
tive. Immunol Rev 2018, 283, 21–40. doi:10.1111/imr.12647

43. Rossaint J, Kühne K, Skupski J, Van Aken H, Looney MR, Hidalgo 
A, et al. Directed transport of neutrophil-derived extracellular 
vesicles enables platelet-mediated innate immune response. Nat 
Commun 2016, 7, 13464. doi:10.1038/ncomms13464

44. Unnewehr H, Rittirsch D, Sarma JV, Zetoune F, Flierl MA, Perl M, 
et al. Changes and regulation of the C5a receptor on neutrophils 
during septic shock in humans. J Immunol (Baltimore, Md. : 1950) 
2013, 190, 4215–25. doi:10.4049/jimmunol.1200534

45. Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, 
Melief CJ, et al. B lymphocytes secrete antigen-presenting vesicles. 
J Exp Med 1996, 183, 1161–72. doi:10.1084/jem.183.3.1161

46. Arnold PY, Mannie MD. Vesicles bearing MHC class II molecules 
mediate transfer of antigen from antigen-presenting cells to CD4+ T 
cells. Eur J Immunol 1999, 29, 1363–73. doi:10.1002/(SICI)1521-
4141(199904)29:04<1363::AID-IMMU1363>3.0.CO;2-0

47. Bauzá-Martinez J, Heck AJ, Wu W. HLA-B and cysteinylated 
ligands distinguish the antigen presentation landscape of extracel-
lular vesicles. Commun Biol 2021, 4, 825.

48. Toyofuku M, Schild S, Kaparakis-Liaskos M, Eberl L. Composition 
and functions of bacterial membrane vesicles. Nat Rev Microbiol 
2023, 21, 415–30. doi:10.1038/s41579-023-00875-5

49. Johnston EL, Heras B, Kufer TA, Kaparakis-Liaskos M. Detection 
of bacterial membrane vesicles by NOD-like receptors. Int J Mol 
Sci 2021, 22, 1005. doi:10.3390/ijms22031005

50. Alaniz RC, Deatherage BL, Lara JC, Cookson BT. Membrane 
vesicles are immunogenic facsimiles of Salmonella typhimurium that 
potently activate dendritic cells, prime B and T cell responses, and 
stimulate protective immunity in vivo. J Immunol (Baltimore, Md. 
: 1950) 2007, 179, 7692–701. doi:10.4049/jimmunol.179.11.7692

51. Sisquella X, Ofir-Birin Y, Pimentel MA, Cheng L, Abou Karam 
P, Sampaio NG, et al. Malaria parasite DNA-harbouring vesicles 
activate cytosolic immune sensors. Nat Commun 2017, 8, 1985. 
doi:10.1038/s41467-017-02083-1

52. Zamanian M, Fraser LM, Agbedanu PN, Harischandra H, 
Moorhead AR, Day TA, et al. Release of small RNA-containing 

exosome-like vesicles from the human filarial parasite Brugia 
malayi. PLoS NeglTrop Dis 2015, 9, e0004069. doi:10.1371/
journal.pntd.0004069

53. Athman JJ, Sande OJ, Groft SG, Reba SM, Nagy N, Wearsch PA, 
et al. Mycobacterium tuberculosis membrane vesicles inhibit T cell 
activation. J Immunol (Baltimore, Md. : 1950) 2017, 198, 2028–
37. doi:10.4049/jimmunol.1601199

54. Zhou X, Wang W, Cui F, Shi C, Ma Y, Yu Y, et al. Extracellular 
vesicles derived from Echinococcus granulosus hydatid cyst 
fluid from patients: isolation, characterization and evaluation of 
immunomodulatory functions on T cells. Int J Parasitol 2019, 49, 
1029–37. doi:10.1016/j.ijpara.2019.08.003

55. Ma F, Vayalil J, Lee G, Wang Y, Peng G. Emerging role of tumor-
derived extracellular vesicles in T cell suppression and dysfunction 
in the tumor microenvironment. J ImmunoTher Cancer 2021, 9, 
e003217. doi:10.1136/jitc-2021-003217

56. Magnadóttir B, Uysal-Ongaer P, Kraev I, Svansson V, Hayes PM, 
Lange S. Deiminated proteins and extracellular vesicles-novel 
serum biomarkers in whales and orca. Comp Biochem Physiol Part 
D: 529 Genom Proteom 2020, 34, 100676.

57. Rast JP, D'Alessio S, Kraev I, Lange S. Post-translational pro-
tein deimination signatures in sea lamprey (Petromyzon marinus) 
plasma and plasma-extracellular vesicles. Develop Comp Immunol 
2021, 125, 104225. doi:10.1016/j.dci.2021.104225

58. Dobson AP, Pimm SL, Hannah L, Kaufman L, Ahumada JA, Ando 
AW, et al. Ecology and economics for pandemic prevention. Science 
2020, 369, 379–81. doi:10.1126/science.abc3189

59. Michel AL, Van Heerden H, Crossley BM, Al Dahouk S, Prasse 
D, Rutten V. Pathogen detection and disease diagnosis in wild-
life: challenges and opportunities. Rev Sci Tech 2021, 40, 105–18. 
doi:10.20506/rst.40.1.3211

60. Schorey JS, Harding CV. Extracellular vesicles and infectious 
diseases: new complexity to an old story. J Clin Invest 2016, 126, 
1181–9. doi:10.1172/JCI81132

61. Flores J, Cancino JC, Chavez-Galan L. Lipoarabinomannan as 
a point-of-care assay for diagnosis of tuberculosis: how far are 
we to use it? Front Microbiol 2021, 12, 638047. doi:10.3389/
fmicb.2021.638047

62. Dahiya B, Khan A, Mor P, Kamra E, Singh N, Gupta KB, et al. 
Detection of Mycobacterium tuberculosis lipoarabinomannan 
and CFP-10 (Rv3874) from urinary extracellular vesicles of tu-
berculosis patients by immuno-PCR. Pathog Dis 2019, 77, ftz049. 
doi:10.1093/femspd/ftz049

63. Cunningham CX, Comte S, McCallum H, Hamilton DG, Hamede 
R, Storfer A, et al. Quantifying 25 years of disease-caused declines in 
Tasmanian devil populations: host density drives spatial pathogen 
spread. Ecology Lett 2021, 24, 958–69. doi:10.1111/ele.13703

64. Espejo C, Patchett AL, Wilson R, Lyons AB, Woods GM. Challenges 
of an emerging disease: the evolving approach to diagnosing devil 
facial tumour disease. Pathogens 2021, 11, 27. doi:10.3390/
pathogens11010027

65. Mehaffy C, Kruh-Garcia NA, Graham B, Jarlsberg LG, Willyerd 
CE, Borisov A, et al. Identification of Mycobacterium tuberculosis 
peptides in serum extracellular vesicles from persons with latent 
tuberculosis infection. J Clin Microbiol 2020, 58, e00393–20. 
doi:10.1128/JCM.00393-20

66. Huang Y, Liao Z, Dang P, Queen S, Abreu CM, Gololobova O, et al. 
Longitudinal characterization of circulating extracellular vesicles 
and small RNA during simian immunodeficiency virus infection 
and antiretroviral therapy. AIDS 2023, 37, 733–44. doi:10.1097/
QAD.0000000000003487

67. Cheng L, Quek C, Li X, Bellingham SA, Ellett LJ, Shambrook M, 
et al. Distribution of microRNA profiles in pre-clinical and clinical 
forms of murine and human prion disease. Commun Biol 2021, 4, 
411. doi:10.1038/s42003-021-01868-x

68. Wiley RD, Gummuluru S. Immature dendritic cell-derived 
exosomes can mediate HIV-1 trans infection. Proc Natl Acad Sci 
USA 2006, 103, 738–43. doi:10.1073/pnas.0507995103

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/3/1/kyae011/7697900 by Yale U

niversity user on 11 February 2025

https://doi.org/10.4049/jimmunol.1301885
https://doi.org/10.1111/all.12701
https://doi.org/10.1002/jev2.12071
https://doi.org/10.1002/jev2.12071
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.1016/j.jtcvs.2017.12.125
https://doi.org/10.1016/j.jtcvs.2017.12.125
https://doi.org/10.1126/scisignal.aai7696
https://doi.org/10.1111/imr.12647
https://doi.org/10.1038/ncomms13464
https://doi.org/10.4049/jimmunol.1200534
https://doi.org/10.1084/jem.183.3.1161
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04<1363::AID-IMMU1363>3.0.CO;2-0
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04<1363::AID-IMMU1363>3.0.CO;2-0
https://doi.org/10.1038/s41579-023-00875-5
https://doi.org/10.3390/ijms22031005
https://doi.org/10.4049/jimmunol.179.11.7692
https://doi.org/10.1038/s41467-017-02083-1
https://doi.org/10.1371/journal.pntd.0004069
https://doi.org/10.1371/journal.pntd.0004069
https://doi.org/10.4049/jimmunol.1601199
https://doi.org/10.1016/j.ijpara.2019.08.003
https://doi.org/10.1136/jitc-2021-003217
https://doi.org/10.1016/j.dci.2021.104225
https://doi.org/10.1126/science.abc3189
https://doi.org/10.20506/rst.40.1.3211
https://doi.org/10.1172/JCI81132
https://doi.org/10.3389/fmicb.2021.638047
https://doi.org/10.3389/fmicb.2021.638047
https://doi.org/10.1093/femspd/ftz049
https://doi.org/10.1111/ele.13703
https://doi.org/10.3390/pathogens11010027
https://doi.org/10.3390/pathogens11010027
https://doi.org/10.1128/JCM.00393-20
https://doi.org/10.1097/QAD.0000000000003487
https://doi.org/10.1097/QAD.0000000000003487
https://doi.org/10.1038/s42003-021-01868-x
https://doi.org/10.1073/pnas.0507995103


13EVs in wild immunology, 2024, Vol. 3, No. 1

69. Izquierdo-Useros N, Naranjo-Gómez M, Archer J, Hatch SC, 
Erkizia I, Blanco J, et al. Capture and transfer of HIV-1 particles by 
mature dendritic cells converges with the exosome-dissemination 
pathway. Blood 2009, 113, 2732–41. doi:10.1182/blood-2008-05-
158642

70. Zhang K, Xu S, Shi X, Xu G, Shen C, Liu X, et al. Exosomes-
mediated transmission of foot-and-mouth disease virus in vivo 
and in vitro. Vet Microbiol 2019, 233, 164–73. doi:10.1016/j.
vetmic.2019.04.030

71. Vosloo W, Bastos ADS, Sangare O, Hargreaves SK, Thomson GR. 
Review of the status and control of foot and mouth disease in 
sub-Saharan Africa. Revue Scientif Technique (Int Office Epizoot) 
2002, 21, 437–49. doi:10.20506/rst.21.3.1349

72. Chen Y, Wang T, Yang Y, Fang Y, Zhao B, Zeng W, et al. Extracel-
lular vesicles derived from PPRV-infected cells enhance signaling 
lymphocyte activation molecular (SLAM) receptor expression 
and facilitate virus infection. PLoS Pathog 2022, 18, e1010759. 
doi:10.1371/journal.ppat.1010759

73. Pratakpiriya W, Ping Teh AP, Radtanakatikanon A, Pirarat N, Thi 
Lan N, Takeda M, et al. Expression of canine distemper virus re-
ceptor nectin-4 in the central nervous system of dogs. Sci Rep 2017, 
7, 349. doi:10.1038/s41598-017-00375-6

74. Loots AK, Mitchell E, Dalton DL, Kotzé A, Venter EH. Advances 
in canine distemper virus pathogenesis research: a wildlife perspec-
tive. J Gen Virol 2017, 98, 311–21. doi:10.1099/jgv.0.000666

75. Rollins-Smith LA, Ruzzini AC, Fites JS, Reinert LK, Hall EM, 
Joosse BA, et al. Metabolites involved in immune evasion by 
Batrachochytrium dendrobatidis include the polyamine spermi-
dine. Infect Immun 2019, 87, 10–1128. doi:10.1128/iai. 00035-19

76. Liu J, Hu X. Fungal extracellular vesicle-mediated regulation: from 
virulence factor to clinical application. Front Microbiol 2023, 14, 
article number 1205477.

77. Schneider DS, Ayres JS. Two ways to survive infection: what resist-
ance and tolerance can teach us about treating infectious diseases. 
Nat Rev Immunol 2008, 8, 889–95. doi:10.1038/nri2432

78. Råberg L, Graham AL, Read AF. Decomposing health: tolerance 
and resistance to parasites in animals. Philos Trans R Soc London 
Ser B 2009, 364, 37–49. doi:10.1098/rstb.2008.0184

79. Khatua AK, Taylor HE, Hildreth JEK, Popik W. Exosomes pack-
aging APOBEC3G confer human immunodeficiency virus resist-
ance to recipient cells. J Virol 2009, 83, 512–21. doi:10.1128/
JVI.01658-08

80. Li J, Liu K, Liu Y, Xu Y, Zhang F, Yang H, et al. Exosomes mediate 
the cell-to-cell transmission of IFN-α-induced antiviral activity. Nat 
Immunol 2013, 14, 793–803. doi:10.1038/ni.2647

81. Moreno Santillan DD, Lama TM, Gutierrez Guerrero YT, Brown 
AM, Donat P, Zhao H, et al. Large-scale genome sampling reveals 
unique immunity and metabolic adaptations in bats. Mol Ecol 
2021, 30, 6449–67. doi:10.1111/mec.16027

82. He J, Chen N-N, Li Z-M, Wang Y-Y, Weng S-P, Guo C-J, et al. 
Evidence for a novel antiviral mechanism of teleost fish: serum-
derived exosomes inhibit virus replication through Incorporating 
Mx1 protein. Int J Mol Sci 2021, 22, 10346. doi:10.3390/
ijms221910346

83. Radomski N, Karger A, Franzke K, Liebler-Tenorio E, Jahnke R, 
Matthiesen S, et al. Chlamydia psittaci-infected dendriticb cells 
communicate with NK cells via exosomes to activate antibacte-
rial immunity. Infect Immun 2019, 88, e00541–19. doi:10.1128/
IAI.00541-19

84. Brakhage AA, Zimmermann A-K, Rivieccio F, Visser C, Blango 
MG. Host-derived extracellular vesicles for antimicrobial defense. 
Microlife 2021, 2, uqab003. doi:10.1093/femsml/uqab003

85. Cox F. Concomitant infections, parasites and immune responses. 
Parasitology 2001, 122, S23–38.

86. Osborne LC, Monticelli LA, Nice TJ, Sutherland TE, Siracusa 
MC, Hepworth MR, et al. Virus-helminth coinfection reveals a 
microbiota-independent mechanism of immunomodulation. Sci-
ence 2014, 345, 578–82. doi:10.1126/science.1256942

87. Ezenwa V. Helminth–microparasite co-infection in wildlife: 
lessons from ruminants, rodents and rabbits. Parasite Immunol 
2016, 38, 527–34.

88. Thuan Tong T, et al. Haemophilus influenzae survival during 
complement-mediated attacks is promoted by Moraxella 
catarrhalis outer membrane vesicles. J Infect Dis 2007, 195, 
1661–70.

89. Tyagi P, Pal VK, Agrawal R, Singh S, Srinivasan S, Singh A. Myco-
bacterium tuberculosis reactivates HIV-1 via exosome-mediated 
resetting of cellular redox potential and bioenergetics. MBio 
2020, 11, 10–1128. doi:10.1128/mbio. 03293-19

90. Palmer M. Mycobacterium bovis: characteristics of wildlife reser-
voir hosts. Transbound Emerg Dis 2013, 60, 1–13.

91. Beechler BR, Boersma KS, Buss PE, Coon CAC, Gorsich EE, 
Henrichs BS, et al. Bovine tuberculosis disturbs parasite func-
tional trait composition in African buffalo. Proc Natl Acad Sci 
USA 2019, 116, 14645–50. doi:10.1073/pnas.1903674116

92. Prados-Rosales R, Baena A, Martinez LR, Luque-Garcia J, 
Kalscheuer R, Veeraraghavan U, et al. Mycobacteria release active 
membrane vesicles that modulate immune responses in a TLR2-
dependent manner in mice. J Clin Invest 2011, 121, 1471–83. 
doi:10.1172/JCI44261

93. Haney J, Vijayakrishnan S, Streetley J, Dee K, Goldfarb DM, 
Clarke M, et al. Coinfection by influenza A virus and respiratory 
syncytial virus produces hybrid virus particles. Nat Microbiol 
2022, 7, 1879–90. doi:10.1038/s41564-022-01242-5

94. Peel AJ, Wells K, Giles J, Boyd V, Burroughs A, Edson D, et al. 
Synchronous shedding of multiple bat paramyxoviruses coincides 
with peak periods of Hendra virus spillover. Emerg Microbes In-
fect 2019, 8, 1314–23. doi:10.1080/22221751.2019.1661217

95. Giovanazzi A, van Herwijnen MJC, Kleinjan M, van der Meulen 
GN, Wauben MHM. Surface protein profiling of milk and serum 
extracellular vesicles unveils body fluid-specific signatures. Sci 
Rep 2023, 13, 8758. doi:10.1038/s41598-023-35799-w

96. Kuipers ME, Hokke CH, Smits HH, Nolte-'t Hoen ENM. 
Pathogen-derived extracellular vesicle-associated molecules that 
affect the host immune system: an overview. Front Microbiol 
2018, 9, 2182. doi:10.3389/fmicb.2018.02182

97. Mehaffy C, Ryan JM, Kruh-Garcia NA, Dobos KM. Extracel-
lular vesicles in mycobacteria and tuberculosis. Front Cell Infect 
Microbiol 2022, 12, 912831. doi:10.3389/fcimb.2022.912831

98. Boukouris S, Mathivanan S. Exosomes in bodily fluids are a highly 
stable resource of disease biomarkers. Proteomics Clin Appl 2015, 
9, 358–67. doi:10.1002/prca.201400114

99. Schulz E, Karagianni A, Koch M, Fuhrmann G. Hot EVs–how 
temperature affects extracellular vesicles. Eur J Pharm Biopharm 
2020, 146, 55–63. doi:10.1016/j.ejpb.2019.11.010

100. Kalra H, Adda CG, Liem M, Ang C-S, Mechler A, Simpson RJ, 
et al. Comparative proteomics evaluation of plasma exosome 
isolation techniques and assessment of the stability of exosomes 
in normal human blood plasma. Proteomics 2013, 13, 3354–64. 
doi:10.1002/pmic.201300282

101. Görgens A, Corso G, Hagey DW, Jawad Wiklander R, Gustafsson 
MO, Felldin U, et al. Identification of storage conditions stabilizing 
extracellular vesicles preparations. J Extracell Vesicles 2022, 11, 
e12238. doi:10.1002/jev2.12238

102. Babayan SA, Liu W, Hamilton G, Kilbride E, Rynkiewicz EC, 
Clerc M, et al. The immune and non-immune pathways that 
drive chronic gastrointestinal helminth burdens in the wild. Front 
Immunol 2018, 9, 56. doi:10.3389/fimmu.2018.00056

103. Becker DJ, Lei G-S, Janech MG, Bland AM, Fenton MB, Simmons 
NB, et al. Serum proteomics identifies immune pathways and can-
didate biomarkers of coronavirus infection in wild vampire bats. 
Front Virol 2022, 2, 862961.

104. Issaq HJ, Xiao Z, Veenstra TD. Serum and plasma proteomics. 
Chem Rev 2007, 107, 3601–20. doi:10.1021/cr068287r

105. Muraoka S, Hirano M, Isoyama J, Nagayama S, Tomonaga 
T, Adachi J. Comprehensive proteomic profiling of plasma and 

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/3/1/kyae011/7697900 by Yale U

niversity user on 11 February 2025

https://doi.org/10.1182/blood-2008-05-158642
https://doi.org/10.1182/blood-2008-05-158642
https://doi.org/10.1016/j.vetmic.2019.04.030
https://doi.org/10.1016/j.vetmic.2019.04.030
https://doi.org/10.20506/rst.21.3.1349
https://doi.org/10.1371/journal.ppat.1010759
https://doi.org/10.1038/s41598-017-00375-6
https://doi.org/10.1099/jgv.0.000666
https://doi.org/10.1128/iai. 00035-19
https://doi.org/10.1038/nri2432
https://doi.org/10.1098/rstb.2008.0184
https://doi.org/10.1128/JVI.01658-08
https://doi.org/10.1128/JVI.01658-08
https://doi.org/10.1038/ni.2647
https://doi.org/10.1111/mec.16027
https://doi.org/10.3390/ijms221910346
https://doi.org/10.3390/ijms221910346
https://doi.org/10.1128/IAI.00541-19
https://doi.org/10.1128/IAI.00541-19
https://doi.org/10.1093/femsml/uqab003
https://doi.org/10.1126/science.1256942
https://doi.org/0.1128/mbio. 03293-19
https://doi.org/10.1073/pnas.1903674116
https://doi.org/10.1172/JCI44261
https://doi.org/10.1038/s41564-022-01242-5
https://doi.org/10.1080/22221751.2019.1661217
https://doi.org/10.1038/s41598-023-35799-w
https://doi.org/10.3389/fmicb.2018.02182
https://doi.org/10.3389/fcimb.2022.912831
https://doi.org/10.1002/prca.201400114
https://doi.org/10.1016/j.ejpb.2019.11.010
https://doi.org/10.1002/pmic.201300282
https://doi.org/10.1002/jev2.12238
https://doi.org/10.3389/fimmu.2018.00056
https://doi.org/10.1021/cr068287r


14 Espejo and Ezenwa

serum phosphatidylserine-positive extracellular vesicles reveals 
tissue-specific proteins. IScience 2022, 25, 104012. doi:10.1016/j.
isci.2022.104012

106. Patchett AL, Flies AS, Lyons AB, Woods GM. Curse of the devil: 
molecular insights into the emergence of transmissible cancers 
in the Tasmanian devil (Sarcophilus harrisii). Cell Mol Life Sci: 
CMLS 2020, 77, 2507–25. doi:10.1007/s00018-019-03435-4

107. Couch Y, Buzàs EI, Di Vizio D, Gho YS, Harrison P, Hill AF, et al. 
A brief history of nearly EV-erything–The rise and rise of extracel-
lular vesicles. J Extracell Vesicles 2021, 10, e12144. doi:10.1002/
jev2.12144

108. Hendrix A, Lippens L, Pinheiro C, Théry C, Martin-Jaular L, 
Lötvall J, et al. Extracellular vesicle analysis. Nat Rev Methods 
Primers 2023, 3, 56.

109. Moreno-Santillán DD, Machain-Williams C, Hernández-Montes 
G, Ortega J. De novo transcriptome assembly and functional anno-
tation in five species of bats. Sci Rep 2019, 9, 6222. doi:10.1038/
s41598-019-42560-9

110. Van Deun J, Mestdagh P, Agostinis P, Akay O, Anand S, Anckaert 
J, et al.; EV-TRACK Consortium. EV-TRACK: transparent re-
porting and centralizing knowledge in extracellular vesicle re-
search. Nat Methods 2017, 14, 228–32. doi:10.1038/nmeth.4185

111. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, 
Andriantsitohaina R, et al. Minimal information for studies of ex-
tracellular vesicles 2018 (MISEV2018): a position statement of 

the International Society for Extracellular Vesicles and update of 
the MISEV2014 guidelines. J Extracell Vesicles 2018, 7, 1535750. 
doi:10.1080/20013078.2018.1535750

112. Alberro A, Iparraguirre L, Fernandes A, Otaegui D. Extracellular 
vesicles in blood: sources, effects, and applications. Int J Mol Sci 
2021, 22, 8163. doi:10.3390/ijms22158163

113. Wu J, Liu G, Jia R, Guo J. Salivary extracellular vesicles: 
biomarkers and beyond in human diseases. Int J Mol Sci  2023, 
24, 17328. doi:10.3390/ijms242417328

114. Konoshenko MY, Lekchnov EA, Vlassov AV, Laktionov PP. 
Isolation of extracellular vesicles: general methodologies 
and latest trends. Biomed Res Int 2018, 2018, 8545347. 
doi:10.1155/2018/8545347

115. Espejo C, et al. Early Cancer Biomarker Discovery Using DIA-MS 
Proteomic Analysis of EVs from Peripheral Blood, in Serum/
Plasma Proteomics: Methods and Protocols. Clifton, NJ: Springer, 
2023, 127–52.

116. Hill AF, Pegtel DM, Lambertz U, Leonardi T, O'Driscoll L, 
Pluchino S, et al. ISEV position paper: extracellular vesicle 
RNA analysis and bioinformatics. J Extracell Vesicles 2013, 2, 
22859.

117. Kumar S, Suleski M, Craig JM, Kasprowicz AE, Sanderford M, Li 
M, et al. TimeTree 5: an expanded resource for species divergence 
times. Mol Biol Evol 2022, 39, msac174. doi:10.1093/molbev/
msac174

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/3/1/kyae011/7697900 by Yale U

niversity user on 11 February 2025

https://doi.org/10.1016/j.isci.2022.104012
https://doi.org/10.1016/j.isci.2022.104012
https://doi.org/10.1007/s00018-019-03435-4
https://doi.org/10.1002/jev2.12144
https://doi.org/10.1002/jev2.12144
https://doi.org/10.1038/s41598-019-42560-9
https://doi.org/10.1038/s41598-019-42560-9
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.3390/ijms22158163
https://doi.org/10.3390/ijms242417328
https://doi.org/10.1155/2018/8545347
https://doi.org/10.1093/molbev/msac174
https://doi.org/10.1093/molbev/msac174

	Extracellular vesicles: an emerging tool for wild immunology
	Introduction
	Extracellular vesicles are universal and conserved across the tree of life
	Immunological insights from extracellular vesicles
	EVs in innate and adaptive immunity
	Host–pathogen interactions and EVs

	EVs in wild immunology
	Disease diagnostics
	Pathogenesis
	Resistance and tolerance
	Co-infection

	Advantages and disadvantages of EVs in wild immunology
	Conclusion
	Acknowledgements
	References


