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Abstract

Cell-cell communication is critical to coordinate the activity and behavior of a multicellular 

organism. The cells of the immune system not only must communicate with similar cells, but also 

with many other cell types in the body. Therefore, the cells of the immune system have evolved 

multiple ways to communicate. Exosomes and tunneling nanotubes (TNTs) are two means of 

communication used by immune cells that contribute to immune functions. Exosomes are small 

membrane vesicles secreted by most cell types that can mediate intercellular communication and 

in the immune system they are proposed to play a role in antigen presentation and modulation of 

gene expression. TNTs are membranous structures that mediate direct cell-cell contact over 

several cell diameters in length (and possibly longer) and facilitate the interaction and/or the 

transfer of signals, material and other cellular organelles between connected cells. Recent studies 

have revealed additional, but sometimes conflicting, structural and functional features of both 

exosomes and TNTs. Despite the new and exciting information in exosome and TNT composition, 

origin and in vitro function, biologically significant functions are still being investigated and 

determined. In this review, we discuss the current field regarding exosomes and TNTs in immune 

cells providing evaluation and perspectives of the current literature.
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INTRODUCTION

Everyday humans use a variety of means of communication that are critical for our survival 

and our ability to function as a community. Analogous to this, a similar practice also occurs 
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on the microscale of the organism, where cells must communicate with each other to 

function as an intact organism. Cell-cell communication is important in every aspect of the 

human body whether it is between neurons of the brain, synchronous beating of heart cells, 

or uniform contraction of muscles. Our complex immune system also relies on 

communication for crucial immune cell functions including cell survival, maturation, 

migration, signaling, and most importantly, coordinating inflammatory responses. In the 

course of any infection, cells of the immune system must interact with each other for the 

proper immune response to be activated. Even in the absence of infection, immune cells 

must communicate to perform normal maintenance functions. Historically, research in 

communication between immune cells has focused on soluble means of communications 

(e.g. cytokines). This term refers to a cell secreting a factor, which another cell recognizes 

and then responds. Soluble factors allow for global communication between cells and for 

gradients of signal to form. For example, the generation of a fever is a response to soluble 

communication, as is migration or chemotaxis of neutrophils to a site of injury or infection. 

The characteristics of soluble factors are extremely important and lead to effective cellular 

communication throughout the body. However, not all communication can be attributed to 

soluble means. Another means of cell-cell communication occurs when cells are in physical 

contact with each other and molecules on the surface of each cell interact leading to a 

response in one or both of the cells. A well-studied example of communication by direct cell 

contact is the immune synapse, which forms by direct contact between a T cell and an 

antigen presenting cell (Davis & Dustin 2004), or the interaction that occurs when immune 

cells must leave the circulation and migrate across the endothelium of the blood vessel 

(Nourshargh & Alon 2014). Gap junctions also contribute to contact-dependent 

communication allowing for trafficking of small molecules between cells (Saez et al 

2003).Yet these types of interaction are usually of short range. Between contact dependent 

communication and secreted factors both short range direct and long range global 

communication patterns are met. However, there are additional alternative means of 

communication that allow for some aspects of direct cell communication to span longer 

distances. The focus of this review will be on two alternative means of communication 

between immune cells: exosomes and tunneling nanotubes (TNTs).

EXOSOMES

In addition to classical cytokine and chemokine-based signaling, immune cells are known to 

communicate through secreted extracellular vesicles and, in particular, endosomally-derived 

exosomes. These are small membrane bound vesicles secreted into the extracellular 

environment, which can carry a variety of different molecules (Johnstone et al 1987, 

Ratajczak et al 2006, Tian et al 2010). Immune cells can generate exosomes as well as take 

up exosomes produced by other cell types (Mittelbrunn et al 2011). The last decade has 

revealed a plethora of functions for exosomes in the immune system, nervous system, stem 

cells and cancer cells.

Structure

Exosomes were first identified by several groups using pulse-chase and electron microscopy 

experiments in reticulocytes (Harding et al 1983, Johnstone et al 1987, Pan et al 1985). In 
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general, exosomes are small round shaped membrane-bound vesicles with sizes ranging 

between 40 and 100 nm in diameter (Conde-Vancells et al 2008, Raposo et al 1996, Raposo 

& Stoorvogel 2013). Because of their small size, exosome structure is not readily observed 

using the light microscope but when examined by electron microscopy, exosomes appear as 

flattened spheres surrounded by a lipid bi-layer (Figure 1). These characteristics are 

consistent with the sizes and morphology of internal vesicles in the multivesicular endocytic 

compartment, or MVB, from which exosomes originate (Raposo et al 1996). Secreted 

exosomes also float on sucrose gradients with a density ranging between 1.13 g/ml to 1.19 

g/ml (Escola et al 1998, Raposo et al 1996, Thery et al 1999). This provides criterion to 

differentiate exosomes from membrane vesicles and protein aggregates released by 

apoptotic cells in addition to their structure and protein composition (Thery et al 2001). 

Secretion of exosomes is constitutive in many cell types including EBV-transformed B cells 

(Raposo et al 1996) and immature dendritic cells (DCs) (Thery et al 1999). However, 

exosome secretion is a regulated process in other hematopoietic cell types including mast 

cells and T-cells (Raposo et al 1997). When regulated, MVBs fuse with the plasma 

membrane following activation in a Ca2+-dependent manner (Blott & Griffiths 2002). 

Interestingly, T-cells seem to switch between constitutive release and regulated release 

depending on stimulation or activation (Blanchard et al 2002).

Exosomes have been isolated from various sources, in large part from tissue culture media in 

vitro but also in vivo from circulation. The common method utilized by most groups to 

purify exosomes is through a series of centrifugation steps to remove cellular organelles and 

other debris, followed by ultracentrifugation to pellet exosomes (Davis et al 1986, Raposo et 

al 1996, Thery et al 2006). Sucrose gradients are then used to separate proteins from lipid-

containing membrane vesicles (Escola et al 1998, Raposo et al 1996, Thery et al 2006, 

Thery et al 2009). More recently, polymer-based or immuno-capture methods have been 

used as fast and simple procedures for exosome purification that do not require 

ultracentrifugation. Despite the purification method, purified exosomes are further 

confirmed using multiple techniques including western blot, microscopy and proteomic 

analysis to characterize their morphology, composition and physical features. Commonly 

used markers for exosome purification in protein detection methods include tetraspanins 

CD9, and CD63, which are found to be associated and enriched in intracellular vesicles 

within MVBs (Escola et al 1998). Recently, the International Society for Extracellular 

Vesicles (ISEV) has proposed a series of criteria to define minimal characterization of 

extracellular vesicles, particularly exosomes. Based on the ISEV categories, three or more 

specific proteins should be present on vesicles to be properly referred to as exosomes 

including tetraspanins, integrins, adhesion molecules and others (Lotvall et al 2014). 

However, a detailed comparison is still needed to determine if the different methods 

purification precipitate different amounts or types of vesicles. Differences in these methods 

may contribute to potential variations between studies.

Biogenesis/formation

Based on proteomic analyses, exosomes were surprisingly found to lack proteins from the 

nucleus, mitochondria, endoplasmic reticulum or the golgi apparatus (Raposo et al 1996, 

Thery et al 2001, Thery et al 1999). Several studies on exosomes from immune cells, 
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including DCs, T-cells, and B-cells support the fact that exosomes are not derived from 

plasma membrane fragments (Blanchard et al 2002, Clayton et al 2001, Raposo et al 1996, 

Thery et al 2001). The presence of MVB markers including CD63 and major 

histocompatibility complex (MHC) class II support the endosomal origin of exosomes 

(Kleijmeer et al 1996, Thery et al 2001). Extensive protein analyses of exosomes secreted by 

DCs, lymphocytes, and other cellular sources have further revealed that MVBs represent a 

specific subcellular compartment to which a specific subset of cellular proteins is targeted 

(Mathivanan & Simpson 2009, Thery et al 2001, Thery et al 1999, Wubbolts et al 2003). In 

addition, other proteins typically associated with the endocytic pathway such as annexin II, 

Rab5 and Rab7 were present in exosomes (Gruenberg & Maxfield 1995). These results 

overall strengthen the argument that exosomes originate from the endosomal pathway. 

However, only a subset of endosomal/lysosomal proteins is present in exosomes suggesting 

specific targeting of proteins (Thery et al 2001, Thery et al 1999). Exclusion of proteins 

from exosomes also appears to occur during their formation. For example, exosomes derived 

from B-cells, DCs, or mast cells lack typical endocytic pathway targeting protein the 

invariant chain CD74 (Escola et al 1998, Raposo et al 1997, Zitvogel et al 1998). The 

LAMP2 lysosomal marker is also absent in exosomes derived from B-cells (Escola et al 

1998). These examples suggest active exclusion of proteins from exosomes. However, this is 

may not be a general property of exosomes since LAMP2 has been detected in DC derived 

exosomes (Zitvogel et al 1998). The presence of LAMP1 in exosomes is more controversial 

where it has been detected in EBV-transformed B cells using immune-electron microscopy 

(Raposo et al 1996, Raposo et al 1997) but not using western blot (Escola et al 1998) or 

FACS analysis (Vincent-Schneider et al 2002). The difference in the presence of certain 

endocytic markers in exosomes can be attributed to the fact that targeting proteins to the 

internal vesicles of MVBs is variable in different cell types. These proteins can either be 

cell-type specific as described above, or more common proteins. In general, common 

proteins include chaperones, tetraspanins, adhesion molecules, Rab proteins, and enzymes as 

well as cytoskeletal proteins (Fevrier & Raposo 2004) (Figure 2).

While the mechanism of protein sorting into exosomes is still unclear, some studies suggest 

a possible role of ubiquitination of cytosolic domains in targeting selected proteins to 

exosomes similar to that seen in protein targeting to MVBs (Hicke 2001, Katzmann et al 

2001). Blanchard et al. have shown that T-cell derived exosomes contained the ubiquitin-

ligase c-CBL (Blanchard et al 2002). Protein ubiquitination of membrane proteins results in 

successive interactions with multiple protein complexes known as ESCRT (endosomal 

sorting complex required for transport) that is involved in targeting these proteins to the 

intraluminal vesicles of MVBs (reviewed in (Babst 2005, Michelet et al 2010)). While 

ubiquitinated proteins were detected in DC-derived exosomes, these proteins were found to 

be soluble and hence independent of the ESCRT machinery (Buschow et al 2005), which 

suggests an alternative mechanism targeting membrane proteins to exosomes. Bushow et al. 

suggested that targeting MHC class II molecules to DC exosomes following activation by T 

cells is not due to ubiquitination but rather occurs through the transfer and sequestration of 

MHC II into an intracellular compartment that contains tetraspanin CD9. This compartment 

was further identified as MVBs based on size and relative content using electron microscopy 
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(Buschow et al 2009). Overall, these studies support the role of MVBs in the generation of 

exosomes.

Regardless of the mechanism of specific protein targeting, the orientation of exosomal 

membrane proteins depends on vesicle budding from the endosome/MVB. It is believed that 

exosomes form by inward budding from the limiting membrane of endosomes to form the 

internal vesicles of MVBs (van Deurs et al 1993). One function of MVBs is to mediate 

degradation by fusion with lysosomes, however, when MVBs fuse with the plasma 

membrane they release their internal vesicles, as exosomes, into the extracellular 

environment. This method of exosome generation results in the presence of cytoplasmic 

contents in the lumen and, upon release, exposes the extracellular domains of 

transmembrane proteins to the extracellular space. This membrane orientation of exosomes 

is supported by studies using antibodies against the extracellular domains of transmembrane 

proteins showing that they can be detected on the outside of intact exosomes, including 

MHC complex II molecules, CD9 and αMβ2 integrin (Raposo et al 1996, Thery et al 1999). 

Antibodies against cytoplasmic proteins, on the other hand, such as HSC70 and annexin II 

are not detected in whole-mounts of exosomes (Thery et al 1999). In addition, intact 

exosomes have also been purified using antibody-coated beads against MHC class II 

(Clayton et al 2001) and CD63 (Vincent-Schneider et al 2002). These results are consistent 

with the suggested inward budding model and membrane orientation during exosome 

biogenesis.

In summary, this mechanism of exosome formation explains the inclusion of cytoplasmic 

proteins in the exosome lumen and the presence of receptors and other transmembrane 

proteins with their ligand/receptor binding sites exposed to the extracellular milieu.

Function

The physical properties and composition of exosomes, as discussed above, make them an 

optimal means of intercellular communication. Many studies have aimed at elucidating how 

various exosome components affect recipient cells, as summarized in Table 1. As shown in 

Figure 2, exosomes contain a combination of ligands and receptors that could concurrently 

interact with multiple cell-surface receptors allowing for typical contact dependent cellular 

activation to occur as well as mediating exchange of both membrane and cytosolic 

components without cells actually being in close range. For example, secreted exosomes that 

contain MHC class II dimers bound to antigenic peptides could potentially elicit the 

activation of the adaptive immune response. For example, antigen-presenting cells (APCs) 

release exosomes bearing MHC class II/antigen complexes that activate primed CD4+ and 

CD8+ T cells through specific TCR-peptide interactions (Admyre et al 2006, Arnold & 

Mannie 1999, Patel et al 1999). In addition, DCs also become more efficient at stimulating T 

cells by acquiring exosomes from other DCs (Bedford et al 1999, Knight et al 1998, Vallhov 

et al 2015) (Table 1).

The generation of an efficient immune response also requires antigen-specific interactions 

between B and T cells. Exosomes from activated B cells contain peptide-MHC class II 

complexes that can directly stimulate primed, but not naïve CD4+ T cells stimulating T-cell 

proliferation in vitro (Muntasell et al 2007, Raposo et al 1996). In contrast, indirect 
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activation of naïve T lymphocytes occurs after DCs capture the released exosomes and then 

present the exosomal MHC-peptide complexes to specific T cells (Muntasell et al 2007, 

Thery et al 2002, Vallhov et al 2015). This is proposed to be due to the activated 

confirmation of αMβ2-integin (also known as LFA-1) on exosomes, which interacts with its 

corresponding ligand ICAM-1 expressed on the surface of primed and not on naïve T cells 

(Nolte-'t Hoen et al 2009) as well as on DCs (Segura et al 2007). In addition, other studies 

reported that mast cell-derived exosomes containing MHC class II molecules could also 

stimulate T-cells (Vincent-Schneider et al 2002). Interestingly, a recent study has reported 

that exosomes derived from microglia/macrophages resident in the CNS are involved in 

spreading pro-inflammatory signals, altering neuronal function and therefore contributing to 

pathogenesis of multiple sclerosis (MS) (Carandini et al 2015). Pathogen-infected cells can 

also secrete exosomes that carry antigens from pathogens and stimulate specific CD4+ and 

CD8+ T-cell responses (Bhatnagar & Schorey 2007, Walker et al 2009). More interestingly, 

DCs exposed to tumor peptides generated exosomes that were able to induce a T-cell-

mediated anti-tumor immune response in an in vivo study (Zitvogel et al 1998). However, 

the extent of T-cell activation by exosomes depends on the physiological state of the cells 

secreting them. For instance, exosomes from mature DCs are more efficient at stimulating 

T-cell activation than those from immature DCs both in vitro and in vivo (Admyre et al 

2006, Montecalvo et al 2008, Segura et al 2007). It is also possible that exosomes produced 

in peripheral tissues could sensitize immature DCs before they migrate to the lymph nodes 

(Thery et al 1999). Consequently, the proposed role for exosomes in immune response is 

spreading antigen-specific MHC complexes to activate T-cells directly or indirectly by 

increasing the number of antigen presenting cells resulting in the amplification of the 

immune response.

Recent findings have detected the presence of genetic material in secreted exosomes and in 

particular mRNA and miRNA, known regulators of protein expression. Genetic material was 

first detected in mast cell-derived exosomes, which could be transferred between different 

cells (Valadi et al 2007). Incorporation of genetic material into exosomes appears to be a 

selective process similar to the targeting of proteins because some groups have suggested 

that not all mRNAs present in the cell end up in the generated exosomes (Valadi et al 2007). 

This finding has increased interest in the field and has opened up new avenues in 

understanding mechanisms of mRNA targeting and the potential function of RNA transfer. 

Recent studies have observed the presence of miRNAs in immune cell-derived exosomes 

suggesting the possibility of transfer of miRNAs function. For example, EBV-infected B 

cell exosomes once captured by monocytes alter the expression of target genes in the host 

monocytes (Pegtel et al 2010). Furthermore, both DCs and T cells are able to secrete and 

take up exosomes with different miRNAs depending on the maturation state of DCs and 

upon specific MHC-T cell receptor interactions (Mittelbrunn et al 2011, Montecalvo et al 

2012). A recent study has shown that miRNAs miR-155 and miR-146a, which are critical in 

regulating inflammatory responses, are released within exosomes from DCs (Huffaker et al 

2012, O'Connell et al 2007, Turner et al 2011). Once taken up by other recipient DCs, 

miR-155 containing exosomes can mediate target gene expression promoting an 

inflammatory response to endotoxin. One study done on monocytes/macrophages detected 

miR-155 in exosomes in response to specific inflammatory stimuli, which could affect other 
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target cells including tumor cells in addition to immune cells (Alexander et al 2015, Vigorito 

et al 2013). Therefore, exosomes provide a means of miRNA transfer between immune cells 

resulting in the regulation of gene expression and the generation of proper inflammatory 

responses.

It should be noted that in some cases exosomes can have immunosuppressive effects. For 

example, exosomal miR-146a mediates an immunosuppressive effect in recipient DCs in 

response to endotoxin (Alexander et al 2015). Interestingly, the same study discovered that 

exosomal miR-155 and miR-146a contained within different exosomes are exchanged 

between immune cells in vivo, where miR-155 enhanced while miR-146a inhibited 

endotoxin-induced inflammation in mice (Alexander et al 2015). Moreover, multiple studies 

have found that tumor-derived exosomes bearing Fas ligand and tumor-necrosis factor-

related ligands could result in decreased proliferation of CD4+ and CD8+ T lymphocytes 

leading ultimately to Fas-mediated apoptosis (Andreola et al 2002, Clayton et al 2007, 

Huber et al 2005, Taylor et al 2003). Other studies have shown that tumor-derived exosomes 

had inhibitory effects on natural killer (NK) cells. This occurs primarily by blocking IL-2-

mediated activation of NK cells where tumor-derived exosomes contained membrane-

associated TGF-beta(1) which contributes to the anti-proliferative effects on NK cells as 

well as the down-regulation of the NK cell activating receptor (NKG2D) (Clayton et al 

2008, Clayton et al 2007, Liu et al 2006). In addition, parasites such as Leishmania major 

produce exosomes that may also generate an immunosuppressive response and contribute to 

increase resistance by modulating myeloid cell function and responses to infection 

(Silverman et al 2010). Therefore, the general belief in the field is that exosomes are 

involved in pleiotropic functions between immune cells themselves or with target cells 

depending on the source of these vesicles as well as the various molecules they carry 

(Romagnoli et al 2014). However, more research needs to be done to elucidate the potential 

roles of exosomes in cell-cell communication in vivo.

Overall, exosomes represent a very important alternative means of intercellular 

communication within the immune system that could ultimately result in a coordinate an 

inflammatory response over long distances. The various pro- and anti-inflammatory roles of 

exosomes have led many to propose a potential use for exosomes as biomarkers in disease 

diagnosis as well as a means to target cell functions (Vigorito et al 2013, Wei et al 2013).

TUNNELING NANOTUBES (TNTs)

Mechanisms of intercellular communication mediated by direct cell contact are important 

for many immunological processes including the formation of the immune synapse between 

T-cells and antigen-presenting cells (Davis & Dustin 2004). However, it is now clear that 

contact-dependent communication is not always restricted to immediately adjacent cells. 

TNTs are thin membranous structures that allow the transfer of signals through membrane 

receptor-mediated signaling or the transfer of material such as vesicles, organelles, proteins, 

or signaling molecules. These structures were first described in cultured rat 

pheochromocytoma PC12 cells and have since been described in numerous cells types 

including almost all immune cells (Rustom et al 2004).
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Structure

TNTs are long thin F-actin-based membranous channels connecting cells. These structures 

typically range between 50-200nm in diameter but can reach up to 800nm in thickness. All 

TNTs contain actin, but the thicker ones also contain microtubules, which accounts for the 

increase in diameter (Onfelt et al 2006, Rustom et al 2004). Unlike thin actin containing 

filopodia, TNTs are often not attached to the substrate and mediate connections between two 

different cells. TNT lengths vary dramatically and can reach up to several cell diameters 

long (Figure 1). Additionally, cells can form multiple TNTs with connections to different 

cells allowing for the formation of networks of cells (Watkins & Salter 2005). These 

connections are highly fragile and sensitive to light exposure, shearing force and chemical 

fixation (Rustom et al 2004). Moreover, there is a lack of known markers making these 

structures difficult to study. It is important to note that TNTs can be visualized after 

chemical fixation, but many structures are destroyed during the process. Therefore, live cell 

quantitation measurements are preferred, but some gentle fixation methods have been used 

(Hase et al 2009, Schiller et al 2013). Currently the term TNT is being used as a generalized 

term for thin membranous structures. These structures are sometimes referred to as 

membranous nanotubes, although TNT has become the more common nomenclature. Some 

earlier papers have employed a stricter criterion for the determination of TNTs making the 

requirement that these structures are tubular and allow for cytoplasmic interactions (open-

ended). However, there is also evidence of close-ended structure meeting the structural 

requirements of TNTs (Figure 2). Furthermore, these close-ended structures can be 

electrically coupled by gap junctions providing one of the known functions of nanotubes 

(Abounit & Zurzolo 2012, Chauveau et al 2010, Sowinski et al 2008, Wang et al 2010). 

Therefore, the authors suggest that the following structural requirements be used to identify 

TNTs: (1) they are not attached to the substrate, (2) they attach two cells, and (3) they 

contain actin. These strict requirements for TNTs help to differentiate them from other actin 

containing structures such as retraction fibers or filopodia. Unfortunately, the requirement 

that TNTs attach two cells (#2) restricts the field and causes studies on TNT formation to be 

more difficult to perform. These additional requirements in defining TNTs has led to some 

discrepancies in the literature. For instance, one of the first mentioned examples of 

structures resembling TNTs in B-cells actually refers to the protrusions as cytoneme-like 

and is commonly cited as the reference for B-cell TNTs (Gupta & DeFranco 2003). While 

this paper does not show the protrusions making connections between B cells or other cell 

types, further work confirmed that B cells do indeed form TNTs that meet the current 

structural requirements (Onfelt et al 2004, Rainy et al 2013, Xu et al 2009). Recently, some 

studies have differentiated TNTs into two subsets and quantify structures that connect cells 

as TNTs and structures similar in appearance to TNTs but do not connect cells as membrane 

protrusions to decrease confusion and will hopefully allow for better formation studies in the 

future (Hase et al 2009).

Using the criteria of cell-cell connection as a major condition for determining TNTs, it is 

known that TNTs can connect similar types of cells (homotypic) or connect different cell 

types (heterotypic). However, a majority of studies on TNT formation use homotypic TNTs 

as a model, while functional studies use both homotypic and heterotypic TNTs. Also, while 

rarely discussed, the contribution of membrane from each connecting cell to the resulting 
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TNT also varies and can consist of membrane from either cell or a mixture of both. A 

common way to visualize these structures is in live cultures using either a membrane dye 

added to the cultures such as FM1-43 or fluorescently labeled wheat germ agglutinin 

(WGA), or genetically expressing a fluorescent membrane marker (Chauveau et al 2010, 

Hase et al 2009, Kimura et al 2013) (Figure 1). When using a membrane dye, it is 

impossible to distinguish the membrane composition of TNTs. Only with the use of co-

culture of cells genetically expressing two different membrane localizing fluorescent 

molecules or labeled with two different fluorescent dyes can membrane composition be 

determined (Kimura et al 2013). Currently, structural differences in TNTs do not align with 

particular cell types. However, this may change as more information is gathered about TNT 

composition.

Formation

Despite the universal requirement for actin polymerization, the mechanism for TNT 

formation is not completely understood. There have been two widely proposed models for 

TNT formation: actin-driven protrusion and cell-dislodgment mechanism, both of which are 

supported by time-lapse recoding studies (Marzo et al 2012, Onfelt et al 2006, Onfelt et al 

2004, Rustom et al 2004, Sowinski et al 2008, Watkins & Salter 2005). The actin-driven 

protrusion mechanism involves one or two protrusive events that connect and eventually 

fuse with the membrane of the other cell or a protrusion from the other cell (Hase et al 2009, 

Rustom et al 2004). The cell-dislodgement mechanism involves two cells in close contact 

allowing membranes to fuse. As the cells migrate away from each other, a TNT is formed 

composed of membrane originating from either one or both cells involved (Davis & 

Sowinski 2008, Rustom et al 2004). It has been suggested that the cell dislodgment 

mechanism may be typical for motile cells which include immune cells (e.g. macrophages or 

lymphocytes) (Chauveau et al 2010, Zhang & Zhang 2013). It is unclear what induces TNT 

formation but studies have shown that longer duration of cell-cell contact prior to separation 

increases TNT formation in T lymphocytes and NK cells (Chauveau et al 2010, Sowinski et 

al 2011, Sowinski et al 2008). Also in some cases, the number of receptor/ligand interactions 

can directly influence TNT formation presumably by increasing the initial duration of cell-

cell contact (Chauveau et al 2010). Veranic et al. suggested naming TNTs formed by the 

actin polymerization model as type I and the cell dislodgement model as type II, but this has 

yet to be adopted by the field (Veranic et al 2008). It is important to note that the two 

mechanisms are not mutually exclusive and could occur in the same cell type. Furthermore, 

both mechanisms could potentially be used to form homotypic or heterotypic TNTs that 

contain membrane from either one cell or a mixture of the two contributing cells. Despite 

the two possible mechanisms of formation, the field is in agreement that actin 

polymerization is required for TNT formation. Neutrophils appear to form membrane 

tubular extensions similar to TNTs. However, this occurs in the presence of staurosporine or 

cytochalasin D (Galkina et al 2010). Therefore, these structures are truly not TNTs due to 

the independence of actin polymerization for formation. Currently, no single structure 

meeting all TNTs requirements has been found in neutrophils, basophils or eosinophils. 

Using the above criteria for TNT structure and formation it is possible that only a subset of 

immune cell types form TNTs.
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Little has been done to investigate the signaling pathways involved in TNT formation, 

especially with regard to immune cells. Many studies have employed over-expression of 

proteins into easily transfectable cells to examine the signaling requirements for TNTs but 

these do not directly address immune cells. Since actin polymerization is required, it has 

been proposed that some of the proteins involved in actin polymerization, such as Cdc42, 

will also be important for nanotube formation. Indeed, Cdc42, Rac1, ezrin and N-WASP are 

all localized to TNTs, but the requirement of these factors in TNT formation was not 

assessed (Lachambre et al 2014). Treatment of Jurkat T-cells with the Cdc42 specific 

inhibitor secramine A blocked TNT formation (Arkwright et al 2010). Using expression of 

dominant negative constructs in HeLa cells, inhibition of Cdc42 resulted in decreased TNT 

formation, but Rac1 inhibition showed no effect (Hase et al 2009). It is unknown if the 

signaling requirements for TNT formation will be different in cells artificially induced to 

make TNTs verses cells that form them constitutively. For example, DCs form TNTs in 

response to prion infection and HIV infection, but they also form them in the absence of 

infection (Eugenin et al 2009, Gousset & Zurzolo 2009, Nikolic et al 2011, Salter & 

Watkins 2006, Zaccard et al 2015). Also, the signaling requirements for TNT formation may 

be different depending on the mechanisms of formation. Despite these caveats, some 

proteins have been identified that regulate TNT formation.

One of the first proteins implicated in TNT formation in immune cells is M-Sec, also known 

as TNFaip2 (tumor necrosis factor –α-induced protein) (Hase et al 2009). Using RAW264.7 

macrophages cells, it was shown that the M-Sec reduction using shRNA significantly 

decreased TNT formation. Furthermore, overexpression of M-Sec increased formation of 

TNTs. M-Sec induced TNT formation in HeLa cells is partially dependent on the exocyst 

complex and requires RalA (Hase et al 2009). This work quantitated both TNTs using 

cellular connections as a requirement and as membrane protrusions and all data was 

supported by functional analysis of the TNTs. Further work in HeLa and HEK-293T cells 

has shown that leuckocyte specific transcript 1, LST1, a highly expressed protein in 

macrophages and DCs, is also required for M-Sec dependent TNT formation. This study 

shows that LST1 recruits RalA to the plasma membrane and thus promotes the interaction of 

RalA with the exocyst complex (Schiller et al 2013). RalA is also known to bind filamin and 

activate Cdc42, proteins that are involved in actin remodeling. Filamin (an actin cross-

linking protein) co-localizes with LST1 and also localizes to TNTs suggesting that filamin 

may function in this complex. However, overexpression of filamin did not enhance 

formation of TNTs indicating that while filamin may be involved, it is not a limiting factor 

in TNT formation (Schiller et al 2013). Interestingly, the exocyst complex is involved in 

vesicle docking required for membrane recycling and has led to the hypothesis that M-Sec 

and the exocyst complex are involved in supplying the extra membrane that is required 

during TNT formation. These results suggest that a large complex is formed uniting both 

actin polymerization and membrane recruitment at the site of TNT formation.

As mentioned above, TNTs are found in many different types of cells with several structural 

differences and multiple formation models so it may be possible that different proteins are 

involved in TNT formation in different cell types. For example, M-Sec is important in 

macrophage TNT formation, but it did not localize to or increase TNT formation in Jurkat 

T-cells (Lachambre et al 2014). It is also unclear if the different mechanisms of TNT 
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formation lead to different types of connections. Furthermore, it should be noted that other 

than blocking actin polymerization, removing the activity of a single protein or modifying a 

pathway (either by inhibition, shRNA constructs, or dominate negative constructs) does not 

completely suppress TNT formation suggesting that either multiple pathways are required or 

other compensatory pathways are involved.

While mechanisms of TNT formation are mentioned above, stimulation or induction of TNT 

formation requires discussion as well. There seems to be a basal level of TNT formation in 

many immune cells, for example in macrophages and DCs. However, there are descriptions 

in the literature of ways to increase the levels of TNTs in cells. Stimulation with pro-

inflammatory signals either exogenously or during infection increases TNT formation in 

macrophages, DCs, T cells, and NK cells (Chauveau et al 2010, Eugenin et al 2009, Gousset 

& Zurzolo 2009, Mukerji et al 2012, Nikolic et al 2011, Nobile et al 2010, Van Prooyen et al 

2010, Xu et al 2009). So far, while stimulation of immune cells increases TNT formation, 

there does not seem to be dramatic differences between different stimuli. For example, 

cytokine stimulation of NK cells increases formation of TNTs in NK cells, but there was no 

significant difference when NK cells were activated by different stimulating cytokines 

(Chauveau et al 2010). Again it is prudent to mention that the mechanisms by which 

exogenous stimulation induces nanotubes is unknown and whether the “basal level” of 

nanotubes observed is in fact due to stimulants and growth factors that occur in normal 

serum/media.

Function

TNT function can be quite varied although all known functions involve the transfer of cargo 

or signals from one cell to another (summarized in Table 2). For example, TNTs have been 

shown to transfer mitochondria or vesicles derived from early endosomes, endoplasmic 

reticulum, Golgi complex, and lysosomes (Kadiu & Gendelman 2011, Onfelt et al 2006, Xu 

et al 2009). Plasma membrane can also be transferred via TNTs as well as proteins 

associated with the plasma membrane (Rainy et al 2013). Finally cytoplasmic molecules, 

including signaling molecules such as calcium, can also be transferred through TNTs 

(Gousset & Zurzolo 2009, Rinaldo 2013, Watkins & Salter 2005). Transfer of microRNA 

through TNTs has been described in cancer cells, but this function has not been attributed to 

TNTs in immune cells as of yet (Thayanithy et al 2014). The necessity for transfer of a 

signal or cargo can also be used as a distinguishing characteristic of TNTs. Including this as 

a criterion would help to differentiate TNTs from other similar structures such as neutrophil 

membrane tethers and slings, which function in movement and adherence as opposed to 

communication (Sundd et al 2012). Therefore, the last suggested requirement for a structure 

to be considered verifiable TNT is transfer of material.

Despite the number of functions that have been ascribed to TNTs in various immune cells, 

overarching questions still remain regarding the biological significance of TNTs during 

immune cell function. Many TNTs have been shown to propagate calcium signals and to 

transfer mitochondria or other vesicles and organelles, yet the question remains of how 

relevant these functions are in the immune system. While the field is still struggling to 
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define TNT structure and function, there are several examples where TNTs have provided 

mechanistic insights into a number of fundamental biological questions.

A common function of TNTs is the propagation of an electrical signal (Wang et al 2010, 

Watkins & Salter 2005). Propagation of calcium signals has been seen in many cells types 

and can be associated with or be independent of gap junctions (Wang & Gerdes 2012, 

Watkins & Salter 2005). The first report of this in macrophages and DCs was by Watkins 

and Salter where they found that calcium flux was propagated along TNTs independently of 

gap junctions or ATP release (Watkins & Salter 2005). Calcium flux is often used as 

evidence of functional TNTs and propagation of calcium signals was seen to occur only 

through macrophages connected by TNTs. To conclude that M-Sec was involved in 

macrophage TNT formation Hase et al., demonstrated that depletion of M-Sec using shRNA 

resulted in the loss of calcium signal propagation (TNT function) as well as in a decrease in 

the number of TNTs formed (Hase et al 2009). However, it is unknown why calcium signal 

propagation in non-neuronal immune cells would be beneficial. In immune cells, there are 

several signaling pathways that are modulated by voltage-sensitive phosphatases or calcium 

sensitive protein kinases that could respond to TNT propagation of a calcium signals 

(Boudsocq et al 2010, Feske 2007). Yet, no work has been done to link calcium signal 

propagation through TNTs to a specific signaling pathway. This may be a potential line of 

investigation in the future. One hypothesized consequence of electric coupling through 

TNTs is synchronized actin-remodeling activity of various cell types during the healing 

process (Wang & Gerdes 2012). Another hypothesis involves TNTs mediating glial 

guidance although this would require that the TNTs are electrically coupled to gap junctions 

(Abounit & Zurzolo 2012).

TNTs have also been suggested to provide cell-contact dependent communication over long 

distances. This would suggest that a ligand on one cell membrane could interact with its 

receptor on another cell mediated through a TNT. Evidence supporting such TNT highways 

comes from studies examining the interaction of receptor/ligand pairs (Chauveau et al 2010). 

In heterotypic cellular TNTs, for example those connecting NK cells to target P815 cells, 

enough of a receptor ligand, MICA protein, accumulates at the TNT junction to trigger NK 

cell activation (Chauveau et al 2010). Furthermore, the signaling adaptor DAP10 

accumulated at TNT junctions with MICA along with a large number of tyrosine-

phosphorylated proteins indicating a signaling pathway leading to NK cells activation can 

occur through TNTs. After TNT activation of the NK cell, the target cell then migrated 

toward the NK cell using the TNT as a tether to form a tight contact leading to cell lysis. 

Adding to the biological relevance of TNTs, it has been speculated that this mode of NK cell 

activation and targeted cell lysis may aid in killing particularly motile target cells (e.g., other 

lymphocytes) that otherwise would escape before effector responses could proceed to 

completion (Chauveau et al 2010).

Signaling through TNTs has been seen between primary B cell precursor acute 

lymphoblastic leukemia cells and primary mesenchymal stromal cells although the exact 

signaling pathway was not investigated. This study compares cytokine production in co-

culture conditions with TNTs and in conditions where TNTs are removed either by shaking 

to mechanically break TNTs or by inhibiting formation of TNTs using inhibitors of actin 
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polymerization (Polak et al 2015). In conditions where TNTs were present, an increase in 

several pro-survival cytokines such as IP10, IL-8, and MCP-1 was observed. Polak et al 

suggest that TNT communication modulate the bone marrow microenvironment and allow 

increased survival for the cancer cells (Polak et al 2015). Another potential biological 

relevance of TNTs in cancer, while not in immune cells, relates to the transfer of 

mitochondria through TNTs. Transfer of mitochondria in PC12 cells rescues apoptotic cells 

suggesting potential roles during survival of tumor cells during chemotherapy (Wang & 

Gerdes 2015).

One biologically significant role for TNTs that has been extensively studied is TNT-

mediated disease transmission including prion transmission in DCs and neuronal cells 

(Gousset & Zurzolo 2009). This finding transformed the prion field by finally providing a 

mechanism for the transmission of the infection. Another example of TNT mediated 

transmission involves HIV. There is substantial evidence that antibody production in B cells 

is influenced by HIV, specifically mediated by the protein Nef (Xu et al 2009). However, as 

B cells are not routinely infected by HIV, it was unclear how the viral protein Nef was found 

to be expressed/localized in B cells. Xu et al. provided the answer by showing that Nef can 

be transferred through TNTs from macrophages into B cells. This resulted in the inhibition 

of immunoglobulin G2 (IgG2) and IgA class switching (Xu et al 2009). It is interesting to 

note that the majority of the established biologically significant contributions of TNTs 

involve transmission and infection of foreign agents.

Few consequences of TNT functions have yet to be assigned to normal immune 

surveillance, maintenance, or activation of immune functions. However, two interesting 

examples exist in DCs. To activate a cytotoxic T-lymphocyte response, DCs must migrate 

and transport antigen to the draining lymph nodes. It is here that transfer of antigenic 

information between migratory and lymph node-residing DCs occurs. One method of 

transfer of antigenic information occurs in a process called cross-dressing, with the 

acquisition of APC membrane patches (peptide-MHC complexes) by the partner cell. 

Schiller et al. hypothesized that TNTs would allow cross-dressing between remote DCs and 

they showed proof of concept where transfer of MHC class I molecules could occur via 

TNTs in HeLa cells (Schiller et al 2013). TNTs have now also been shown to facilitate 

intercellular antigen exchange in dendritic cells resulting in the enhancement of antigen-

specific T cell responses (Zaccard et al 2015).

Overall, TNTs represent an exciting alternative means of communication allowing for much 

more than just receptor-meditated signaling to occur. These structures are unique and allow 

for the transfer of varying and large materials from one cell to another. Open channels could 

also allow for transfer of more than one signal increasing the potential significance of TNT 

communication. The questions regarding the biological significance of TNTs will 

undoubtedly yield much fascinating research in the coming years.

CONCLUSIONS AND PERSPECTIVES

This review has focused on two alternative means of communication between immune cells: 

exosomes and tunneling nanotubes. Each of these methods of communication, in addition to 
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traditionally studied soluble factors and direct cell-cell contact, has unique properties. It is 

these unique properties that help address the varying requirements for different types of 

communication. For example, intercellular communication can occur over a very short range 

affecting only cells in the immediate vicinity or occur over a long range affecting multiple 

cells and acting more globally. Therefore, under different circumstances one or more types 

of communication might be favored over the others based on different requirements needed 

to accomplish a particular function. Long range communication, for instance, needs signal 

stability that can survive over time and distance needed for its transmission, a requirement 

not needed in short distance communication. We can speculate on how each of these 

alternative means of communication might fulfill different functions in the immune system.

The question remains as to how all these different communication mechanisms function 

together and what are the benefits of using one versus the other. Traditionally, long range 

communication has been thought to occur via secreted factors including hormones and 

cytokines providing systemic communication. However, secreted signals travelling 

throughout the body are more prone to degradation in addition to potentially causing off-

target effects on many different cell types. Exosomes provide another mechanism for long 

range communication overcoming some of the limitations of secreted factors. For instance, 

molecules within these membrane-enclosed vesicles are protected from interacting with the 

extracellular environment. This allows signals that would typically be degraded immediately 

to persist during transport (e.g. nucleic acids). Another benefit of exosomes is that signaling 

molecules do not need to be soluble and can be part of the membrane, thus increasing the 

versatility of the signaling molecules that can participate in long range communication. 

Additionally, exosomes allow for the aggregation of signaling molecules resulting in a 

greater strength of signal at long distances than soluble factors. Exosomes can also facilitate 

membrane exchange between the donor and the recipient cell. This transfer would result in 

the exchange of information between cells over long distance, such as MHC/antigen 

complexes being transferred to multiple immune cells. Despite the benefits, it is important to 

note that unlike secreted factors, exosomes cannot establish gradients and require more 

material to generate a signal (e.g. additional membrane material required for exosome 

formation). While these means of communication can also work in short or intermediates 

ranges, systemic communication may only be achieved by secreted factors and exosomes.

Short range communication can often be mediated by contact dependent communication. 

This is a direct interaction that does not spread globally. However, contact dependent 

interaction is restricted by number of cells that can be in direct contact with each other and 

often involves stationary or co-migratory cells in order to obtain a more prolonged effect. 

TNTs, on the other hand, can overcome the restriction of direct interaction solely with 

neighboring cells by allowing contact over larger distances. Additionally, cells can form 

multiple TNTs with connections to different cells allowing for the formation of networks of 

cells and the transmission of the signal throughout the network further propagating any 

signals.

Lastly, while the different forms of cellular interactions mentioned here fulfill different 

niches in terms of range of communication, it is also important to mention that the type of 

signal communicated via each method is also different. While these forms of communication 
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can mediate activation of signaling pathways through receptor ligand interactions, exosomes 

and TNTs also allow for the transfer of other material. However, it is not clear whether the 

luminal components of exosomes, other than the genetic material, have any function. TNTs 

allow for the transfer of organelles, cytoplasmic proteins, and plasma membrane proteins as 

well as directly transferring signaling molecules such as calcium. It should be noted that 

several studies have demonstrated interplay between the two types of cellular 

communication. For instance, in mesothelioma cells, exogenous exosomes enhance TNT 

formation (Thayanithy et al 2014). In addition, studies done on melanoma and leukemia 

showed that tumor-derived exosomes can promote endothelial cell communication via TNTs 

which in turn contributes to endothelial angiogenic responses (Hood et al 2009, Mineo et al 

2012).

In conclusion, whether mediated by direct contact or through secretion, by exosomes or 

TNTs, it is well known that cellular communication particularly between immune cells is 

crucial for multiple cellular processes. Elucidating the mechanisms of these novel and 

alternative means of communication will no doubt provide critical new insights into both 

normal physiological and pathological conditions.
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Figure 1. Macrophage exosomes and TNTs
(A) Transmission electron microscopy of exosomes purified from microglia, mononuclear 

phagocytes of the CNS. Scale bar indicates 100nm. Figure courtesy of SJ Coniglio in the JE 

Segall lab and G Perumal in the Analytical Imaging Facility at Albert Einstein College of 

Medicine (B) Representative images of macrophage/monocyte TNTs. RAW/LR5 cells are 

stained with membrane dye FM1-43FX and imaged live. Upper panels show substrate 

planes, lower panels show above substrate planes where TNTs are indicated with arrows. 

Scale bars indicate 10μm. Figure courtesy of S Hanna in the D Cox lab at Albert Einstein 

College of Medicine.
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Figure 2. Schematic representation of two different modes of immune cell communication: 
Exosomes and TNTs
(Upper panel). Exosomes are lipid bi-layer membrane vesicles that contain similar 

membrane composition of the cell producing them and contain the cytosol of the producing 

cell containing various cytosolic signaling molecules such as Rab GTPases as well as 

cytoskeleton components including actin and actin binding proteins and nucleic acids. 

(Lower panels) Tunneling Nanotubes are long thin structures that connect two neighboring 

cells. These structures can mediate direct membrane cell-cell interaction (closed ended) as 

well as the transfer of various material and cellular organelles including lysosomes and 

mitochondrial transfer (open ended).
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Table 1

Exosome functions in Immune Cells

Cell type-derived
exosomes

Function in Target cell(s) Reference

APC CD4+, CD8+ T cell-
activation

Arnold and Mannie 1999;
Patel et al. 1999;
Admyre et al. 2006

Dendritic Cell DC becoming more
efficient in stimulating T-
cells

Knight et al. 1998;
Vallhov et al. 2015

Dendritic Cell T cell mediated anti-
tumor response by
inducing CD8+ T-cells

Zitvogel et al. 1998

Activated B cell Stimulate proliferation of
primed CD4+ T cells

Raposo et al. 1996;
Munstasell et al. 2007

Mast cell Stimulate T cells Vncent-Schneider et al. 2002

Pathogen-infected cell Stimulate CD4+ and
CD8+

Bhatnagar and Schorey 2007;
Walker et al. 2009

B cell Alter gene expression in
monocytes

Pegtel et al. 2010

Dendritic Cell Target DCs or T cell
gene expression
promoting inflammation

O’Connell et al. 2007;
Turner et al. 2011;
Huffaker et al. 2012

Monocyte/macrophage Inducing inflammation
and affecting tumor cell
gene expression

Vigorito et al. 2013;
Akexander et al. 2015

Monocyte/macrophage Immunosuppression of
DCs

Alexander et al. 2015

Tumor cell Decrease CD4+ and
CD8+ T cell proliferation

Andreola et al. 2002;
Taylor et al. 2003;
Huber et al. 2005

Tumor cell Anti-proliferative effect on
NKs

Liu et al. 2006;
Clayton et al. 2007,2008

Leishmania major Inhibition of myeloid cell
function and response

Silverman et al. 2010
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Table 2

TNT functions in Immune Cells

Cells Target Function Reference

B cell NK cell Transfer of HLA-Cw5 Onfelt et al. 2004

B cell T cell Transfer of H-Ras containing PM
patches

Rainy et al. 2013

B cells Mesenchymal
stromal cell

Transfer of signal to upregulate
cytokines

Polak et al. 2015

T cell T cell Transfer of p8 protein Van Prooyen et al. 2010

NK cell Macrophage,
B cell

Target cell can travel back to NK
cell to reform immune synapse

Chauveau et al. 2010

Macrophage Macrophage Transfer of DiO labelled,
LysoTracker-labeled and
MitoTracker-labeled vesicles

Onfelt et al. 2004;
Onfelt et al. 2006

Macrophage B cell Transfer of vesicles labeled with
lysotracker, Transfer of Nef
protein

Xu et al. 2009

Macrophage Macrophage Propagation of calcium signaling, Watkins and Salter, 2005;
Salter and Watkins, 2006;
Hase et al. 2009

Macrophage Macrophage Cytoplasmic interaction Watkins and Salter, 2005

Dendritic
Cell

Dendritic
Cell

Propagation of calcium signaling Watkins and Salter, 2005

Dendritic
Cell

Neuronal
Cell

Transfer of Alexa-PrPSC,
Transfer of LysoTracker-labeled
vesicles

Gousset et al. 2009

Dendritic
Cell

Dendritic
Cell

Transfer of YG latex beads,
Transfer of HIV

Zaccard et al. 2015
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