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Abstract

:

Exosomes are nanosized membrane microvesicles (30–100 nm) that have the capability to communicate intercellularly and transport cell components (i.e., miRNA, mRNA, proteins and DNA). Exosomes are found in nearly every cell type (i.e., mast cells, dendritic, tumor, and macrophages). There have been many studies that have shown the importance of exosome function as well as their unique packaging and targeting abilities. These characteristics make exosomes ideal candidates to act as biomarkers and therapeutics for disease. We will discuss the biogenesis, composition, and relationship of exosomes with non-viral microbial infections including gram-negative bacteria, gram-positive bacteria, Leishmania and Trypanosoma cruzi.
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1. Introduction


Extracellular vesicles (EVs) are secreted by cells and released into biological fluids in all living systems [1]. The EVs that are released can be pathogen or host-derived when an infection is present [2]. These vesicles are involved in complex intercellular communications [3] which are essential between cells. Cell-to-cell communication is necessary to maintain tissue and organ integrity, maintain homeostasis, and induce certain responses as a result of stimuli [4]. Many types of communication mechanisms between cells have been studied, including direct cell–cell connections (junctions), electrical stimuli, extracellular matrix interactions, and release of various chemical substances. Extracellular vesicles include exosomes, microvesicles, and apoptotic bodies [5] all of which carry a variety of molecules, including lipids, proteins and genetic material, such as DNA and non-coding RNA [6]. EVs vary in size and function and are released by different mechanisms from the cell. Originating from various subcellular compartments, the role of extracellular vesicles as regulators of biological information transfer is now a well-supported concept. Although, we now know the importance of EVs biologically and experimentally, we must now take painstaking efforts to isolate, purify, and characterize EV populations for diagnostic as well as therapeutic uses [7,8,9]. Careful consideration must be considered when evaluating EVs due to their overlapping size and composition.




2. Types of Extracellular Vesicles


2.1. Exosomes


Exosomes are the smallest type of EVs. These endosome-derived small membrane vesicles are approximately 30–100 nm in diameter [10,11]. Exosomes have the capacity to transfer proteins and nucleic acids through direct cell-to-cell contact as well as long-range signaling [10]. Most cells secrete exosomes being of endocytic origin [12]. Exosome interest has intensified due to their ability to be released from antigen-presenting cells to stimulate immune responses in vivo making them ideal for therapeutics [13]. They are also present in biofluids such as blood and the cerebrospinal fluid and play key roles in intercellular communication by transferring their materials between source and target cells under physiological and pathophysiological conditions [2]. An increasing body of studies have suggested that exosomes could potentially be used as biomarkers of infectious diseases with the possibility of preventing infection. A list of pathogens and their effect on hosts’ exosomes can be found in Table 1.




2.2. Microvesicles


Microvesicles (MVs), or membrane vesicles, or ectosomes, are substantially larger than exosomes ranging from 100–1000 nm. MVs differ from exosomes by the mechanisms of release and biogenesis. MVs are shed through outward budding and fission of membrane vesicles from the plasma membrane. In many ways, the fission resembles the abscission step in cytokinesis [23,24,25,26]. MV release also shares similarities with the mechanism of virus budding. Like exosomes, MVs carry a variety of molecules and are inducible, allowing their composition to be frequently enriched with molecules that are bioactive and whose production is specifically induced in response to a particular stimulus [23,24,25,26].




2.3. Apoptotic Bodies


Apoptotic Bodies (ABs) are the largest sized extracellular vesicle. ABs whose size varies between 1–5 µm are released by apoptotic cells as blebs [24,27,28]. AB release serves as a signal stimulating phagocytosis of apoptotic cells before induction of secondary necrosis [27,28]. ABs are enriched with various damage-associated molecular pattern proteins that can induce inflammation [27,28].





3. Exosome Biogenesis and Composition


Exosomes can be found in an array of eukaryotic fluids making them ideal candidates to serve as biomarkers. Exosomes have been found in the plasma [29], urine [29], cerebrospinal fluid [29], saliva [29], breast milk [30], amniotic [30], and bronchoalveolar lavage fluid [30]. Exosomes can be secreted by a large variety of cells, such as mast cells, dendritic cells, T cells, B cells, stem cells, astrocytes, endothelial cells, tumor cells, and epithelial cells [29,30,31]. Exosomes have several different surface molecules and are able to activate many cell receptors which allows them to participate in the exchange of materials between cells (i.e., proteins, lipids, carbohydrates, and pathogens) [23].



The formation of intraluminal vesicles (ILVs) after the inward budding of the membranes of late endosomes begins exosome biogenesis [32]. Multivesicular bodies (MVBs) transit towards the cell surface, fuse with the plasma membrane, and release intraluminal vesicles outside of the cell and into the extracellular environment [33,34]. Exosomes are the only secreted cellular vesicles that are formed from internal membranes [33]. Exosomes are rich in lipid composition (cholesterol, sphingomyelin, and ceramide) and protein composition which deems them a distinctly different organelle from those of the cell [29]. Exosomes from varying cell types may have common proteins for membrane fusion and cytoskeleton regulation (Rab family, GTPase, Alix, endosomal sorting complex required for transport (ESCRT) (Figure 1). Exosome proteins can also be cell type-specific, only embedding proteins for a particular cell type [29].



The ESCRT is found on the membrane of exosomes and has been found to sort cargo into intraluminals, necessary for intraluminal formation and secretion [29,33,34]. ESCRT has five soluble multiprotein complexes (ESCRT-0, -I, -II, -III, and Vps4) [35]. The initiation of the mulitivesicular body pathway is caused by ESCRT-0. ESCRT-0 subsequently recruits ESCRT-I to the endosomal membrane, which in turn recruits the remaining members of the ESCRT machinery, ESCRT-II and -III [2]. It has been hypothesized that ESCRT-0, -II, and -III aid in the budding and release of the vesicle. Vps4 stops the sorting and vesicle formation process [3,32].



Exosomes contain various proteins which are displayed or expressed and are dependent on the cell origin in which the exosomes are derived. These proteins include chaperone proteins; heat shock proteins (HSPs) 60, 70, and 90; cytoskeletal proteins (actin, tubulin); fusion protein (flotillin); tetraspanins (CD9, CD37, CD53, CD63, CD81) [3,14,29,30]; and so on. (Figure 1). Tetraspanins are membrane proteins that contain large complexes found on the plasma membrane of exosomes making them model protein markers [33]. They are characteristically found within some exosomes and can be used to confirm the presence of exosomes. Tetraspanins facilitate cell fusion, migration, signaling, and cell-to-cell adhesion [36], and were originally identified in B lymphocytes; subsequent studies showed the presence of these proteins in additional cell types [3].



Tetraspanins (CD9, CD63, CD81 and CD82), co-stimulatory molecules (CD86), and adhesion molecules (CD11b, CD54, CD63) (Figure 1) are high in abundance within exosomes and mediate cargo sorting and ILV formation [37]. In addition, CD81 facilitates cargo sorting of tetraspanin ligands such as Rac GTPase [38]. CD9 tetraspanins are targeted for fusion with the plasma membrane [2]. CD55 and CD59 provide protection against the complement system which makes them a fundamental part of the stability of the exosome when circulating in body fluids [37]. Exosomes are rich in molecules that are involved in antigen presentation, such as CD1 and the major histocompatibility molecules (MHC) class I and II. MHC plays a significant role in immune-regulation by presenting antigenic peptides to T cells [37]. Other exosomal proteins include HSPs 70 and 90, which assist peptide loading onto MHC I and II and have a role in the cellular response to stressors. Acting as chaperone proteins, HSPs also assist in protein folding and trafficking [37]. Signal transduction proteins (G proteins and protein kinases) and proteolysis enzymes (which may increase cell migration) are also found in exosomes [37]. Exosomes do not enclose nuclear, endoplasmic, or mitochondrial proteins.



When exosomes are released from the plasma membrane containing cargo, they have the ability to transport those molecules (lipids, carbohydrates, miRNA, and proteins) throughout their extracellular environment [29]. The cargo that is carried is contingent on various factors such as cellular and environmental aspects [29]. The host cell is able to receive or uptake these molecules through juxtacrine, endocrine, and paracrine signaling [29]. The target cell is able to uptake this cargo from the exosomes by phagocytosis, direct fusion with the plasma membrane, or by receptor-mediated endocytosis [2]. Receptor-mediated endocytosis involves the direct binding of exosomes to receptors on the plasma membrane or the membrane of an endocytic organelle of the host cell [2]. Direct fusion allows for the cargo to be released directly into the cell while being fused to the receptors of plasma membrane [11].




4. Exosomes and Bacterial Infections


Gram-negative bacteria have been shown to release vesicles for cell-to-cell communication with prokaryotic and eukaryotic cells [39]. Exosomes can play opposing roles in bacterial infections; these roles include activating immune response to prevent infection in an effort to protect the host [40] and/or assisting in spreading the infection [14]. In regards to preventing infection, the lipids, proteins, and carbohydrates found in exosomes can protect against subsequent infections by the insertion of microbial antigens into the host immune system [14,41]. In regards to assisting in the spread of the pathogen, lipids, proteins and carbohydrates found in exosomes can spread infection by activating the transcription of genes facilitating bacterial infection. Bacterial exosomes are able to transfer virulence factors (Figure 2), cause cytotoxicity, assist in bacterial invasion, and modulate the host immune response [41].



Giri and Schorey incubated exosomes from M. Bovis Bacillus Calmette-Guerin (BCG) infected cells and uninfected monocyte macrophages (J774) with splenocytes from infected mice [16]. Following incubation, exosomes from infected cells stimulated IFN-γ expression in CD8+ and CD4+ T cells whereas exosomes from noninfected cells did not induce IFN-γ [16]. CD69 (activation marker) expression was increased in T cells treated with exosomes from M. Bovis BCG infected J774 cells. Following those results, an in vivo study was completed to determine if exosomes had the ability to stimulate naïve T cells. The study design involved intranasally treated mice with exosomes ± adjuvant CpG, their findings showed a significant population of CD4+ and CD8+ T cells which produced IFN-γ [16]. This discovery proposed that exosomes have a substantial antigenic factor for both T cell populations [16]. Pro-inflammatory responses have been shown in exosomes from several types of bacterial infections including Mycobacterium species, Klebsiella pneumoniae and Cryptococcus neoformans (Table 1). These exosomes have also been shown to activate antigen-specific T cell response [42]. Khruh-Garcia and her associates set out to identify a biomarker panel for active Tuberculosis (TB) to be used as a diagnostic tool and to optimize a multiple reaction monitoring (MRM) method for marker detection [43]. They were able to identify 33 proteins targeted for detection in a prior study [43]. In their subsequent study, 20 of these 33 proteins targeted for detection were found in the exosomes of TB patients. Thus, tuberculosis infection can be diagnosed and classified (latent or active) by using exosomes [43]. Exosomes derived from bacteria-infected cells (Figure 2) could potentially be used for early identification of infectious pathogens that cannot be detected by standard methods such as PCR [44]. Previous studies have also shown that M. avium infected macrophages release exosomes containing a lipid-based cell wall component, that are then transferred to noninfected macrophages stimulating a pro-inflammatory response in latent macrophages (Table 1) [11]. By testing infected macrophages with M. avium infected macrophage exosomes, it was found that exosomes derived from bacterial components are released extracellularly and are able to conduct cell-to-cell communication via toll-like receptors [11]. Fleming et al. conducted a study on exosomal miRNA content, a function for bacterial pathogens [42]. Fleming and his colleagues found that infected THP-1 cell’s (Yersinia pestis or Bacillus anthracis) miRNAs were different in composition and packaging than uninfected cells.



Pseudomonas aeruginosa is responsible for only 400 deaths per year in healthcare settings. This bacterium can be treated with antibiotics; however, the bacterium has become resistant against some forms of antibiotic treatments [45]. The aforementioned pathogens secrete exosomes (Figure 2) that could potentially be used as a vaccine vehicle and/or used to learn more about the life cycle and pathogenesis of these pathogens [46]. Coakley and his colleagues demonstrated that targeting exosomes by vaccination with exosome-alum adjuvant provided immunity against helminths [47]. A similar strategy may be appropriate for Pseudomonas infections. Better knowledge of these exosomes may hold the answers to infection and disease progression. Exosomes ability to transfer information to uninfected cells for intercellular communication make them ideal candidates to battle diseases with no known treatment or vaccine.




5. Exosomes and Leishmaniasis Infections


Leishmanisis causes 20,000 to 30,000 deaths annually, an estimated 8 million people are affected by the disease worldwide [48]. Leishmaniasis is a parasitic disease found in the tropics, subtropics, and parts of Europe. Leishmaniasis is caused by a unicellular obligatory eukaryote [14]. There are three forms of Leishmanisis: visceral (affects the internal organs; sometimes fatal), cutaneous (skin ulcerations), and mucocutaneous (affects the mucous membranes of the nose, mouth, and throat cavities) [48]. Latent cases of Leishmaniasis may remain undiagnosed for years until the patient becomes immunocompromised. The patient will then develop fever, pancytopenia, and experience weight loss [48]. For the aforementioned reasons it is important to gain additional biological information concerning Leishmaniasis, this will aid in prevention and control of the disease.



Previous studies have shown that membrane bound vesicles with exosome characteristics are released from Leishmania spp. and contain virulence factors (i.e., GP63, HSP 10, HSP 70, TRYP1, 14-3-3-like protein, stress induced protein sti1) [14,49] (Figure 3). The chaperone protein, HSP 100, which was identified in exosomes from Leishmania-infected hosts was capable of assisting with packaging of the parasite’s proteins into exosomes [2]. Leishmania’s major virulence factor, GP63, (Figure 3) is found in the exosomes of infected cells, which could possibly activate the immune responses in uninfected immune cells [50]. GP63 allows immune system related genes to express, which in turn signals MAP kinases and transcription factors (i.e., NK-K8) [2]. However, exosomes from Leishmania-infected macrophages have been found to suppress the immune system of its host due to the down regulation of pro-inflammatory genes and suppression of macrophage activation [51]. Silverman et al. were able to show that Leishmania exosomes selectively induce macrophage secretion of interlukin-8 in a dose–response study [49]. It has been found that Leishmania-derived exosomes are used as a vehicle for Leishmania protein secretion and translocation into macrophages [49].



Through exosome secretion Leishmania spp. interferes with both the innate and adaptive immune systems and attenuate them in the hosts [51]. L. donovani exosomes derived from HSP100k/o (lacks proteins found in the wild type) have been shown to stimulate the production of pro- and anti-inflammatory cytokines by monocytes and dendritic cells [14] (Table 1). These results were not shown in the wild type form of Leishmania. Linderstorm et al. have shown that by vaccinating the hosts with CAF01-pulsed HSP100k/o L. donovani exosomes, a lower count of the parasite was observed after infection [52]. This finding leads to the possibility of generating exosomes containing Leishmania antigens as a vaccine candidate in high risk areas.




6. Exosomes and Trypanosoma cruzi Infections


Trypanosoma cruzi is a protozoan parasite that causes Chagas disease in regions of the world near Central America, South America, and Mexico [53]. It has been estimated that 100 million people are at risk of infection because of this parasite [53]. Heart disease caused by Chagas is now considered an emerging global health problem. In the United States, undiagnosed Chagas disease is responsible for 30,000–45,000 cases of cardiomyopathy annually [54].



T. cruzi is mainly transmitted by blood feeding triatomine insects [55]. T. cruzi infects and multiplies in different organs [55]. Symptoms during the first 4–8 weeks are mild. T. cruzi amastigotes prefer cardiac and skeletal muscle tissue [55]. Many people are not aware of their infection and easily transmit the infection through blood donations [55].



Trypomastigotes form in the midgut of the Reduviid Bug and then transform into epimastigotes, the main replicating stage in the invertebrate host [56]. Epimastigotes migrate to the hindgut and differentiate into infective metacyclic trypomastigotes, which are excreted with the feces of the vector [57]. The insect bites the host, thereby transmitting metacyclic trypomastigotes [57,58]. They enter host cells through lysosome-mediated pathways then differentiate into trypomastigotes in the cells’ cytoplasm [56]. These trypomastigotes reproduce over 4–5 days and exit the cells into circulation where they can invade new cells and may be taken up again by the vector [57].



Exosomes deliver payloads that promote T. cruzi cell invasion and evasion from the host immune response [59]. MVs are shed at the plasma membrane while exosomes are formed within a network [60]. It has been reported that mammalian tissue culture trypomastigotes release MVs carrying virulence factors such as transialidase superfamily components [54,61,62,63,64,65,66,67] and that these extracellular vesicles are involved in Chagas disease progression by increasing heart parasitism and inflammation [68].



Infected mice and potentially infected cells, are targets for immune responses [67]. Where EVs were injected into BALB/c mice before infection, there was an increase in the number of T. cruzi trypomastigotes after infection [15,67]. Pronounced heart pathology also suggests EV involvement [69]. Monocytes were also induced by T. cruzi infection to produce high levels of EVs [69]. These EVs may protect against complement responses against T. cruzi [68]. The flagellar pocket and plasma membrane of T. cruzi released EVs during infection in host cells [53]. The same results were recorded in sandfly invasion with epimastigotes [67]. These studies further revealed that EVs released at the plasma membrane were MVs while those at the flagellar pocket may have been exosomes [53].



Several studies have attempted to identify surface and secreted components of T. cruzi implicated in host-cell invasion, which consists of a multi-step process involving various parasite and host-cell molecules. Nearly, 367 distinct proteins were identified as cargo of secreted vesicles and exosomes produced by T. cruzi [59]. Proteomic analyses classified those proteins into 16 categories, involving host-parasite interaction, signaling, transporters, carbohydrate metabolism, oxidation-reduction, and others [70] (Figure 3). The current evidence suggests that T. cruzi produces exosome-like particles from the free-living and intracellular stages, as well as triggers other cells for EV production, in order to modulate the host immune response. This is of utmost importance, in that, various forms of EVs (microvesicles and/or exosomes) are involved T. cruzi invasion and pathogenesis.




7. Conclusions


Exosomes are biological extracellular vesicles released from all cell types. These extracellular vesicles are involved in intercellular signaling transferring DNA, RNA, and proteins. They have been studied and found in 33 species of mammalian (Figure 1), viral, and bacterial cells (Figure 2). An exosome content database, Exocarta (exocarta.org), currently lists 9769 proteins, 3408 mRNAs, and 2838 microRNAs that have been found in various exosomes derived from several cell types and various organisms (Figure 3). Vesiclepedia (microvesciles.org) also cataloged protein, mRNAs, and lipid content of exosomes with the promise of continuously updating information as it is published by extracellular vesicle researchers.



Exosomes are released by cells experiencing normal physiological conditions, exogenous stress (drugs and alcohol) and during pathogenic challenge. Exosomal vesicles can be found in eukaryotic biological fluids making them ideal candidates acting as biomarkers. Exosome Diagnostics, Inc. (http://www.exosomedx.com/) has developed a revolutionary liquid biopsy platform that allows non-invasive detection of clinical biomarkers, one notable use being the recognition of prostate cancer from a simple urine sample [71].



An increasing body of studies have suggested that exosomes could potentially be used as biomarkers of infectious diseases with the possibility of preventing infection. Several pathogenic organisms are capable of releasing exosomes, some of which are listed in Table 1, fungus, Cryptococcus neoforman [72], Leishmania major [49], and T. cruzi [70]. A wealth of data suggests that T. cruzi-derived exosomes (Figure 3) play a role in the invasion of the host-cell and modulation of infection which antagonizes the host [59].



Exosomes have several attributes which allow them to be used as a vaccine vehicle. Exosome-mediated drug delivery might provide advantages that other systems do not provide, including limited or no undesired immunogenicity when self-derived exosomes are utilized [73], superior stability in the blood due to evasion of complement factors, efficient delivery of cargo into the cytosol of the target cell, and possibly less off-target effects due to the natural propensity of exosomes to target specifically [73]. The first evidence of exosome-mediated transfer of mRNAs and miRNAs was presented by Valadi et al., who showed that exosomes from mast cells contained large amounts of RNA [74]. This finding has tremendous implications due to the possibility of the role of exosomes in transporting genetic material leading to gene regulation and protein expression.



The notion that exosomes can be specifically targeted to cell types with low immunogenicity is an attractive avenue for pathogenic vaccinations. In this regard, Aline et al. performed ground-breaking research suggesting that host exosomes may be employed as a potential vaccine against toxoplasmosis (Table 1) [20]. A complete examination of exosomes derived from uninfected hosts and infected hosts is needed to elucidate mechanisms related to pathogenesis and new therapeutics.
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Figure 1. Composition of mammalian-derived exosomes. Proteomic, Biochemical, and Immunological investigations have identified many specific proteins and RNAs present in some exosomes. This is a limited representation of common molecules present within some mammalian-derived exosomes. Molecules illustrated here are grouped based on category function or protein class: Tetraspanins, Enzymes, Cytoskeletal proteins, Heat Shock proteins/chaperone proteins, Membrane trafficking proteins, Immunoregulator molecules, Lipid rafts, MVB biogenesis proteins, and RNAs. Some of these molecules are also found in bacteria derived-exosomes (Figure 2) and protozoan derived-exosomes (Figure 3). 
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Figure 2. Composition of bacteria-derived exosomes. Proteomic, Biochemical, and Immunological investigations have identified many specific proteins and RNAs present in some exosomes. This is a limited representation of common molecules present within some bacteria-derived exosomes. Molecules illustrated here are grouped based on category function or protein class: Tetraspanins, Surface markers, Immunoregulator molecules, Mycobacteria proteins, Mycobacteria lipids, Toxins or virulence factors, DNA encoding genes, and RNAs. Some of these molecules are also found in protozoan derived-exosomes (Figure 3) and mammalian derived-exosomes (Figure 1). 
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Figure 3. Composition of protozoa-derived exosomes. Proteomic, Biochemical, and Immunological investigations have identified many specific proteins and RNAs present in some exosomes. This is a limited representation of common molecules present within some protozoa-derived exosomes. Molecules illustrated here are grouped based on category function or protein class: Chaperone proteins, Cytoskeletal proteins, Toxins or virulence factors, MVB biogenesis proteins, and RNAs. Some of these molecules are also found in bacteria derived-exosomes (Figure 2) and mammalian derived-exosomes (Figure 1). 
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Table 1. Exosomes and their role in pathogenic infections.
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	Pathogen
	Exosome Host
	Role in Infection
	References





	Leishmania donovani
	Macrophages

Monoctyes (after IFN-γ treatment)

Dendritic cells
	• Suppression of immune system

• Stimulation of IL-10, and suppression of IL-8 and TNF-α

• Pro and anti-inflammatory response
	[2,14]



	Trypanosoma cruzi
	Macrophages
	• Evasion of host immune response

• Division of exosomes

• Apoptosis resistance
	[15]



	Mycobacterium tuberculosis
	Macrophages, plasma
	• Pro-inflammatory response
	[16]



	Mycobacterium bovis
	Macrophages
	• Pro-inflammatory response
	[16]



	Mycobacterium avium
	Macrophages
	• Pro-inflammatory response
	[11]



	Bacillus anthracis
	Retinal pigment epithelial cells
	• Transfer of lethal factor to uninfected cells
	[17]



	Cryptococcus neoformans
	Macrophages
	• Pro-inflammatory response
	[18]



	Klebsiella pneumoniae
	Epithelial cells
	• Pro-inflammatory response
	[19]



	Toxoplasma gondii
	TAg-pulsed-DC2.4

Macrophages
	• TH1 immune response

• JNK Pathway activation
	[20,21]



	Plasmodium yoelii
	Reticulocytes, Plasma
	• Immune response modulation

• Reticulocytosis

• Change of cell tropism
	[2,22]
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