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Abstract

The identification of Tunneling Nanotubes (TNTs) and TNT-like
structures signified a critical turning point in the field of cell-cell
communication. With hypothesized roles in development and
disease progression, TNTs’ ability to transport biological cargo
between distant cells has elevated these structures to a unique
and privileged position among other mechanisms of intercellular
communication. However, the field faces numerous challenges—
some of the most pressing issues being the demonstration of TNTs
in vivo and understanding how they form and function. Another
stumbling block is represented by the vast disparity in structures
classified as TNTs. In order to address this ambiguity, we propose a
clear nomenclature and provide a comprehensive overview of the
existing knowledge concerning TNTs. We also discuss their struc-
ture, formation-related pathways, biological function, as well as
their proposed role in disease. Furthermore, we pinpoint gaps and
dichotomies found across the field and highlight unexplored
research avenues. Lastly, we review the methods employed to date
and suggest the application of new technologies to better under-
stand these elusive biological structures.
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An overview of tunneling nanotubes

Cell-to-cell communication occurs through a variety of mechanisms

which enable a diverse collection of biological messages to be

shared between cells. These mechanisms include gap junctions

(GJs), immunological and neural synapses, soluble factors, and

extracellular vesicles. Stepping into the spotlight in 2004, thin, tubu-

lar membranous conduits rich in actin termed Tunneling nanotubes

(TNTs) were first described and progressively gained recognition for

allowing direct transport of cytoplasmic molecules, proteins, orga-

nelles, and even pathogens between distant cells. Although similar

cellular structures called plasmodesmata had been described in

plants (Sager & Lee, 2018), the identification of TNTs in the cells of

animals was revolutionary and has incited great debate among the

scientific community (Baker, 2017).

Since TNTs were first observed in cell culture (Rustom et al,

2004), the field of TNT-mediated intercellular communication has

expanded rapidly to reveal their existence in a wide variety of cell

types, primarily in vitro. In two-dimensional (2D) cell culture, TNTs

are defined as: (I) thin (20–700 nm) and straight membranous

protrusions hovering over the substrate and directly connecting two

(or more) cells of both homotypic (same) and heterotypic (different)

kind. (II) Internally, the presence of F-actin cytoskeletal filaments

enables (III) intercellular transfer of cargo. The last and most

distinctive property of bona fide TNTs are (IV) open-ended cell-cell

contact sites at each end, allowing cytoplasmic continuity (Fig 1);

however, few studies have successfully demonstrated this feature.

Interestingly, a subset of TNTs described as “close-ended” protru-

sions facilitate electrical coupling between cells through GJs at the

tip of the protrusion and recipient cell (Wang et al, 2010; Wang

et al, 2012; Lock et al, 2016; Okafo et al, 2017). Notably, the func-

tional ability to transport cargo is what makes other TNTs unique

and distinct from this class of close-ended protrusion that, given the

size and selective permeability of GJs, does not allow intercellular

transfer of large cargoes (e.g., mitochondria). Considering that cellu-

lar processes, including TNTs, are dynamic protrusions, it is

conceivable that close-ended TNTs eventually result in open-ended

TNTs, indicating that at some point in their lifespan, these struc-

tures will enable large intercellular cargo transport through open

ends. However, whether close-ended TNTs are different structures

—and not a “time point” in their lifetime—has not yet been investi-

gated.

One distinguishing characteristic of TNTs appears to be that they

contain only actin. This fact was demonstrated through two key

findings: (I) microtubule-disrupting and microtubule-stabilizing

agents (nocodazole and paclitaxel, respectively) did not alter induc-

tion of TNTs (Wang et al, 2011), and (II) F-actin depolymerizing

toxins, (latrunculin, cytochalasin B, and cytochalasin D) blocked

TNT formation (Bukoreshtliev et al, 2009; Schiller et al, 2013; Taka-

hashi et al, 2013; Dupont et al, 2018). In addition to thin “canoni-

cal” TNTs fulfilling the characteristics outlined above, “thick”

(> 0.7 lm in diameter), microtubule-bearing TNTs have been found

in macrophages (Onfelt et al, 2006; Souriant et al, 2019; Dupont
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et al, 2020), urothelial cells (Onfelt et al, 2006; Veranic et al, 2008;

Resnik et al, 2018), B cells (Osteikoetxea-Moln�ar et al, 2016); PC12

cells (Wang & Gerdes, 2015); astrocytes and cardiac myoblasts

(Austefjord et al, 2014). These structures appear to be more resis-

tant compared to thin TNTs, presumably from the rigidity provided

by their thick architecture and microtubule cytoskeletal backbone

and can reach up to 250 lm as described recently in macrophages

(Dupont et al, 2020). They have been involved in the transfer of

organelles (Eugenin et al, 2009; Hashimoto et al, 2016; Dupont et al,

2018) and HIV (Dupont et al, 2020); however, their specific struc-

ture and arrangement of their internal cytoskeleton, and whether

they are open-ended has not been assessed yet.

While identifying straight membranous protrusions with no

substratum contact is achievable in a sparse, 2D cell culture land-

scape, identifying TNTs in 3D models such as organoids (Zhang

et al, 2018; Pulze et al, 2020; Whitehead et al, 2020), ex vivo

explants (Chinnery et al, 2008), and tissues (Lou et al, 2012), is

considerably more challenging. In these and/or other ecosystems in
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Figure 1. Distinctive properties of TNTs.

TNTs are (I) thin (20–700 nm) and long reaching (up to 100 µm in thin TNTs; < 700 nm in diameter) membranous protrusions that hover over the substrate and
connect distant cells. Thick TNTs (diameter of > 700 nm) (not shown) can extend up to 250 µm in length. TNTs are (II) rich in F-actin cytoskeletal filaments, which
enable (III) internal intercellular cargo transport using motor proteins. Bona fide TNTs feature (IV) open-ended contact sites at each end allowing for cytoplasmic
continuity. A subset of TNTs contains one close-ended contact site that facilitates electrical coupling between cells through gap junctions (GJ) at the tip of the protrusion
and recipient cell.
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which cells are embedded in a natural or artificial matrix, stromal

elements, such as neighboring cells, can both overshadow TNTs

and force them to adopt convoluted shapes compared to those seen

in vitro (Korenkova et al, 2020). In these complex circumstances,

TNT detection relies solely on evaluation of intercellular cargo or

signal transfer, a feat of extreme technical difficulty.

In certain cases in which structures meet only some of the crite-

rion detailed above, we suggest authors employ the term TNT-like

structure rather than TNT in order to establish a common language-

base in the field and to avoid the use of different terms for similar

TNT-like structures identified in different cell types, such as: T-cell

nanotubes in Jurkat T cells (Sowinski et al, 2008) and epithelial

bridges in epithelial cells (Zani et al, 2010). In other cases, TNT

synonyms, such as: bridging conduits in macrophages (Kadiu &

Gendelman, 2011), nanoscale bridges in endothelial cells (Connor

et al, 2015), and intercellular membranous nanotubes in urothelial

cells (Lokar et al, 2012) have also been utilized. This heterogeneity

in nomenclature has reportedly “created confusion in terminology”

(Ariazi et al, 2017; Baker, 2017; Yamashita et al, 2018; Korenkova

et al, 2020) and ultimately resulted in widespread contention over

differing language ascribed to what may or may not be the same

biological structure.

In spite of this dissidence, TNTs and TNT-like structures still

represent unique biological phenomena thought to play a role in a

wide-range of physiological processes and pathological conditions.

These respective roles have been carefully examined in specialized

reviews spanning various TNT research domains (Table 1).

However, despite remarkable advances in TNT biology over the last

decade, formidable challenges in this discipline remain. The absence

of a TNT-specific marker and technological limitations in the

process of structural characterization have hampered our ability to

(I) catalog TNTs unambiguously and determine potential existence

of subclassifications, and (II) verify their existence in vivo and ascer-

tain if they have the same functions as observed in vitro.

Here, we review methodologies previously and currently

employed to study TNTs and suggest the future implementation of

cutting-edge technologies to enhance and further the field. We also

summarize, discuss, and critically appraise existing research to

outline and define the principles on which the next generation of

TNT research should be based both in vitro and in vivo.

Methodology for the study of TNTs

Labeling
Given the current scarcity of a TNT-specific biomarker, the prevail-

ing method in TNT labeling is the staining of the entire plasma

membrane with fluorescently conjugated proteins which bind

glycolipids and glycoproteins, such as WGA (Abounit et al, 2015),

FM1-43 (McCoy-Simandle et al, 2016), and MemBright (Collot et al,

2019). Alternatively, overexpressing proteins associated with the

plasma membrane, such as H-Ras, CAAX, and Lyn also serve a simi-

lar purpose (Caneparo et al, 2011; Rainy et al, 2013; Hanna et al,

2019).

Although the plasma membrane composition of TNTs remains

largely unexplored (Delage & Zurzolo, 2013), previous studies iden-

tified an enrichment of specific lipids, notably cholesterol and sphin-

golipids, in the membrane of TNTs connecting urothelial cells

(Lokar et al, 2012), and, through indirect evidence, a role of the

phosphatidylinositol triphosphate (PIP3) in TNT formation in astro-

cytes (Wang et al, 2011) and neuronal CAD cells (Gousset et al,

2013) (see (Delage & Zurzolo, 2013) for review). In HeLa cells, PIP3
and phosphatidylinositol biphosphate (PIP2) both appear to recruit

M-Sec (Kimura et al, 2016), a protein that shares homology with

Sec6, a component of the exocyst complex, that is known to be an

inducer of de novo TNTs (Hase et al, 2009). Interestingly, PIP2 was

localized on M-Sec-positive TNTs, whereas PIP3 instead accumu-

lated in the plasma membrane ruffles at the cell periphery. Taken

together, these discoveries expose a promising avenue of research

which should be further explored as it may uncover important struc-

ture/function information concerning TNT membrane composition

and transport role, and TNT-specific membrane labeling hits.

Another complementary TNT-labeling approach is the target-

ing of their actin backbone through either fluorescently

Table 1. Classification of specialized reviews spanning various
tunneling nanotube research domains.

Topic References

Molecular machineries involved
TNT formation, regulation, and
architecture

Abounit and Zurzolo (2012)

Gerdes et al (2007)

Gurke et al (2008)

Stability and elasticity Drab et al (2019)

Morphological diversity Austefjord et al (2014)

Gerdes and Carvalho (2008)

Disease and therapeutic
applications

Mittal et al (2019)

Challenges of studying them in
development, health, and disease
conditions

Ariazi et al (2017)

Jash et al (2018)

Distinctions with cytonemes, and
TNT-like membranous
protrusions

Korenkova et al (2020)

Sherer et al (2007)

Yamashita et al (2018)

Role in organelle transfer Kiriyama and Nochi (2017)

Murray and Krasnodembskaya (2019)

Vignais et al (2017)

Role in neural processes and/or
neurodegenerative diseases

Marzo et al (2012)

Victoria and Zurzolo (2017)

Vargas et al (2019)

Nussenzveig (2019)

Role in cancer Hekmatshoar et al (2018)

Matejka and Reindl (2019)

Roehlecke and Schmidt (2020)

Asencio-Barr�ıa et al (2019)

Pinto et al (2020)

Jash et al (2018)

Role in immunology Dupont et al (2018)

Lin et al (2019)

Onfelt et al (2005)

Role in Virology Jansens et al (2020)
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conjugated Phalloidin staining in fixed cells (Abounit et al,

2015), expressing fluorescently conjugated actin monomers (Tar-

divel et al, 2016), or using different actin dyes in living cells

(Lifeact fused to GFP or mCherry or the jasplakinolide-analog

dye, SiR-actin) (Sun et al, 2019). Additionally, a recent report

has shed light on a novel approach to simultaneously label

actin-, intermediate-, and microtubule-filaments of TNTs of

urothelial cells (Resnik et al, 2019), with potential future appli-

cation for co-cytoskeletal-distribution studies. The reproducibility

of this approach in TNTs in other cell types has yet to be estab-

lished, but it could be used to distinguish conduits containing

only actin, microtubules, or both (Resnik et al, 2018).

Efforts made to identify TNT-specific probes include the iden-

tification of an Aptamer, M17A2, which effectively labels TNT-

like structures in a specific breast cancer cell line (Zhang et al,

2016); however, its application and reproducibility in other cells

has yet to be confirmed. In another study, laser capture

microdissection and mass spectroscopy enabled Gousset and

colleagues to isolate and compare membranous protrusions (in-

cluding TNTs) formed by neuronal CAD cells (Gousset et al,

2019). This study revealed interesting and unexpected proteins,

such as microtubule-nucleating proteins in cells with TNTs typi-

cally deficient of microtubules. Such studies have provided our

field with protein candidates to be further explored which is

especially important for in vivo studies where the demand for a

marker is much higher.

Detection by microscopy
Laser scanning confocal microscopy (LSCM) has revealed that the

long (up to 100 lm) and thin (20–700 nm) topological nature of

TNTs make them fragile and vulnerable to shearing forces (Sartori-

Rupp et al, 2019) (Box 1). The preservation of TNTs through classi-

cal fixation methods has been met with countless obstacles as

TNTs’ heightened susceptibility to low-concentrated chemical fixa-

tives (e.g., paraformaldehyde) and long-light exposures often results

in breakage or bending.

To circumvent the obstacle of preserving TNTs, we and others

have implemented a two-step fixation protocol leveraging extensive

crosslinking via glutaraldehyde prior to paraformaldehyde fixation

(Abounit et al, 2015; Carter et al, 2020). The fragility of TNTs has

rendered investigations concerning membrane permeabilization

experimentally cumbersome, as pores on the membrane weaken the

scaffolding structure that builds TNTs. Presently, access to the

lumen of TNTs is achieved through the use of milder membrane

detergents (e.g., saponin) at low concentrations (Rupp et al, 2011;

Costanzo et al, 2013; Zhu et al, 2018); however, the identification of

inner TNT components with this method remains unsatisfactory due

to its intrinsic inefficiency and damage it inflicts on the membrane.

Expression of fluorescent proteins residing or getting transported

within the lumen of TNTs has been used to image these structures

using live microscopy, but this approach also generates complica-

tions due to the potential detrimental effects levied on the cell by

protein overexpression. Moreover, this technique is indirect and

cannot be used in all cell types given the existing variation in trans-

fection susceptibility and ranging difficulties in protein expression.

To properly identify TNTs by microscopy, it is crucial to distin-

guish them from other membranous protrusions such as filopodia.

Unlike peripheral filopodia (substrate-adherent filopodia), TNTs

hover over the substrate and even over other cells, and unlike

dorsal filopodia, TNTs must connect two or more distant cells suffi-

ciently spaced apart in order to be visualized (Fig 1) (Abounit et al,

2015). This requires cells in culture to be seeded in a medium-con-

fluent monolayer ecosystem warranting sufficient physical space

between cells (Zhu et al, 2018). An interesting study actually found

this stipulation could be overcome by cellular protease treatment

(e.g., trypsin). In their study, Rustom and colleagues singularized

cells by detaching them and turning them spherical, allowing for

unobstructed TNT visualization (Staufer et al, 2018). However, it is

currently unknown whether protease treatment of cells induces

TNT formation via a stress response, for example (Zhang, 2011;

Matejka & Reindl, 2019), and more intriguingly, if the observable

connections are capable of intercellular cargo transport (Staufer

et al, 2018). This study also highlights an intriguing conundrum in

the field—the correlation between cell shape and respective capacity

to form TNTs. If round cells exhibit a low membrane tension

compared to a state in which cells are spreading with an increased

membrane tension exerted by lamellipodial protrusions (Pontes

et al, 2017), it is reasonable to think that round cells have a higher

propensity to form TNTs. The more readily available membrane

reservoir in round cells could also provide the extra membrane area

necessary to give rise to new membranous protruding structures

(Gauthier et al, 2012). However, efforts to assess the biophysical

properties that mediate this relationship have not been undertaken.

Quantitative assessment
Another aspect of TNT research not sufficiently addressed, yet

vital to the reproducibility of findings, is the framework

employed in quantitative analysis (see Box 2). The application

of machine-learning (ML) approaches was previously proposed

to identify drug targets in a single-result algorithm application

using a database of inputs obtained from not only TNTs but

also GJs and hemichannels (Valdebenito et al, 2018). Using

morphological and structural features that characterize TNTs,

such as: height above substrate; TNT length, diameter, and

straightness; actin composition; and cargo transport (Fig 1,

Box 1), we propose another ML-based approach to automate the

quantification of TNTs in vitro by distinguishing them from

other membranous protrusions (e.g., filopodia and lamellipodia)

(Box 2). We withhold there is now sufficient ground truth data

(LSCM micrographs) published in the field to tentatively train a

neural network described above, but the achievement of this

necessitates an agreement on a common TNT definition, data

sharing, and the collaboration of numerous labs. International

meetings held over recent years joining the academic leaders in

the TNT field have shown TNT researchers are indeed ready to

have these critical discussions and undertake an immense collab-

orative effort of this scale (Ariazi et al, 2017).

Quantitative analysis of TNTs could also benefit from use of

controlled devices where cellular position and growth-direction of

TNTs are confined to microchannels in a micro-fluidic chip (simi-

larly to those routinely used for axonal growth studies (Neto et al,

2016)). This assay could in theory enhance reproducibility, through-

put, and versatility of TNT studies; however, it is challenging in

practice and has only been employed once thus far (Yang et al,

2016). As an alternative, we are establishing patterned surface

arrays where cellular distance can be controlled in order to generate
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Box 1. Detection by microscopy

The detection of TNTs is achieved primarily through high-magnification differential interference contrast (DIC) imaging and 3D LSCM in fixed cells
(Hurtig et al, 2010), and spinning disk microscopy in living cells. However, these methods do not grant the optical resolution necessary to image these
structures.
Studies using time-gated continuous wave stimulated emission depletion (gCW-STED) (B�enard et al, 2015) in fixed TNTs and live-cell STED nano-

scopy in living cells (Reindl et al, 2019), with a sub-diffraction resolution of < 100 nm, are pioneering TNT microscopy methods but have yet to reach
widespread implementation in the field. Structured illumination microscopy (SIM) has also enabled us and others to observe fixed TNTs in more detail
(Delage et al, 2016; Hal�asz et al, 2018; Hanna et al, 2019; Vargas et al, 2019b). Unfortunately, without a robust membrane dye or a TNT-specific pro-
tein marker, Photo-activated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) do not offer any advantages.
The complexity of the matter only increases with the consideration of another outstanding obstacle—imaging these fragile structures in 3D cell cul-

tures and tissues. One possible solution to this problem is to employ a lattice light sheet microscopy (LLSM) imaging system as done by Smith and
colleagues in Ca2+-signaling TNTs connecting human breast cancer cells (Parker et al, 2017). Even more recent developments in LLSM host a remark-
able capacity to observe dynamic membranous protrusions in 4D with minimal bleaching and proved that even highly dynamic cellular protrusions,
such as filopodia, can be observed at small time intervals without significant quenching (Chen et al, 2014). Implementation of tools borrowed from
physics and astronomy, such as adaptive optics, may also be combined with LLSM, to allow for observation of intracellular molecules (Liu et al, 2018),
an endeavor which would tremendously aid TNT research.
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Box 2. Quantitative assessment

Relevant biological information from experiments is currently extracted through quantification of connected cells via TNTs using a computer-assisted
manual approach in Fiji/ImageJ or ICY (via TNT-specific Annotator plugin) (Delage et al, 2016). However, the introduction of an effective and extensible
tool to automatically and accurately count the (I) number of cells connected in a given region of interest (ROI) and (II) the number of individual tubes
would improve the versatility, throughput, and reproducibility across these experiments. Recent advances in artificial intelligence (AI) and ML-based
approaches have made it possible to automatically detect and quantify dendritic spines in neurons (Smirnov et al, 2018), but no attempts have yet
been made to integrate these tools in the study of TNTs.
Accurate characterization of TNTs requires the systematic accompaniment of functional assays (i.e., transport of cargo). Cargo transfer is assessed by

observing organelles (e.g., lysosomes), vesicles (or endosomes) labeled with fluorescent lipophilic cationic indocarbocyanine dyes (e.g., DiI and DiD)
transfer between cells in a donor and acceptor cell co-culture system (Abounit et al, 2015; Sharma & Subramaniam, 2019). The amount of transfer is
quantified by (I) live imaging microscopy or in fixed conditions by (II) LSCM or Fluorescence Activated Cell Sorting (FACS) (Abounit et al, 2015). In order
to examine whether the intercellular transport of vesicles in these functional assays is TNT-dependent and not occurring via long-range EV-mediated
mechanisms, these experiments must be supplemented by three controls: (I) a transwell filter that reduces (or eliminates) cell-to-cell contact; (II)
assessment of supernatant transferred from donor to acceptor cells; and (III) a mixture of non-co-cultured cells to obtain a background noise threshold
(Gousset et al, 2009; Abounit et al, 2015; Thayanithy et al, 2017).
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conditions which favor TNT growth in confined spaces. This

method will facilitate live imaging and quantitative analysis and

could be used to characterize different transport modalities inside

TNTs. A collection of TNTs from cells growing on such a functional-

ized pattern would allow us to characterize them with greater ease

as opposed to TNTs derived from sparse culture conditions. This

would improve the measurement of specific cargo transfer parame-

ters (e.g., velocity, direction, persistence), as well as the identifi-

cation of the motors involved (via overexpression and knockdown

studies).

Ultra-structure of TNTs

Methods and open questions
Ultrastructural methods such as scanning and transmission electron

microscopy (SEM and TEM, respectively), focused ion beam SEM

(FIB-SEM), and cryo-EM, offer invaluable insights unobtainable

through standard optical-based imaging approaches. Thorough

structural analyses of TNTs using these imaging approaches can

answer central questions concerning the morphological properties

which enable their function. For example, does cargo described as

“being transferred” by light microscopy get shuttled within TNTs, or

on the outside of the membrane? Does the cytoskeletal backbone of

TNTs contain actin, microtubules, or both? How is the cytoskeleton

organized to allow cargo transfer? Are TNTs open at both ends of

the structure, or are they closed, filopodia-like protrusions that

mediate cargo transport via a trogocytosis-like event, (in which an

entire patch of plasma membrane gets engulfed by another cell)

(Dance, 2019)? These questions would be difficult to address with-

out the implementation of EM-based methods (Figs 2 and 3).

Morphological features and cargo
Although EM has confirmed width and length measurements of

TNTs obtained by light microscopy were not far off (Table 2), EM

micrographs demonstrate that the diameter of TNTs varies along

their length; membrane bulges, presumably created by organelles

and membranous compartments (MCs) moving through TNTs can

easily expand their perimeter (Reichert et al, 2016; Scholkmann

et al, 2018). Serial-sectioning TEM (ssTEM) revealed MCs at the tips

of close-ended TNTs in Jurkat T cells (Fig 2) (Sowinski et al, 2008).

Given that TNTs in these cells were shown to be close-ended at the

given time point in which they were fixed and observed, these

observations suggest that MCs are unlikely to be transported inter-

cellularly and may instead be used to deliver different molecules

(including signaling molecules) at the end of the protrusion. By

ssTEM, mitochondria in macrophages (Okafo et al, 2017) and ribo-

somes in epithelial cells (Kumar et al, 2017) were purportedly

imaged within TNTs; however, due to the low magnification of the

produced images, the veracity of this claim is not easily assessable.

Through vitrification of cells, cryo-TEM enabled us and Piwocka

and colleagues to detect vesicles inside neuronal and stromal TNTs,

respectively (Kolba et al, 2019; Sartori-Rupp et al, 2019). Further-

more, through cryo-correlative EM (cryo-CLEM), (identification of

TNT-connected cells using fluorescence microscopy prior to freezing

and EM) and cryo-electron tomography (cryo-ET) (an imaging

modality of TEM that produces multi-angle, three-dimensional

volume reconstructions), we found that mitochondria also transfer

within the lumen of TNTs (Fig 2) (Sartori-Rupp et al, 2019). These

tomograms demonstrated membrane bulges surrounding the cargo

within, which often have a diameter equal to- or higher than the

TNT containing them. These bulges not only contain vesicles and

mitochondria, but also the actin cytoskeleton, which is likely

responsible for cargo transportation (Fig 2).

Cytoskeletal architecture
Cross-sectional analysis proved the actin in neuronal TNTs was

assembled in a similar fashion as in filopodia (Aramaki et al, 2016)

—hexagonally arranged, with an inter-filament distance of 10 nm

(Fig 2A). Unlike filopodia, where actin filaments can be branched,

in TNTs, they generally appear to be straight (Sartori-Rupp et al,

2019). Straight actin filaments are likely accountable for TNTs’

straight appearance. Given the distinct polarity of actin filaments, it

is difficult to discern the underlying mechanisms of bidirectional

cargo exchange unless actin filaments with opposite polarity coexist

in the same actin bundle, or in the case of TNT-like structures,

harbor both actin and microtubules. It is therefore essential

researchers increase the resolution of cryo-TEM and -ET technolo-

gies (e.g., TITAN Krios cryo-TEM) in order to correctly assess the

arrangement and polarity of actin filament bundles within TNTs.

The application of novel computational approaches elegantly devel-

oped by Medalia and colleagues to study actin filament polarity in

cryo-EM datasets will assist in this endeavor (Martins et al, 2021).

An intriguing discovery made by our group actually has the

potential to expound upon the exact mechanisms of bidirectional

TNT transport. Although historically defined as individual connec-

tions on the bases of LSCM observations, cryo-CLEM revealed that

TNTs in two neuronal cell lines, (mouse CAD and human SH-SY5Y

cells), generally appeared to be comprised of a bundle of several

thin, individual TNTs (iTNTs) braided together (Figs 2 and 3)

◀ Figure 2. Structural features of open- and close-ended TNTs.

Schematic representation of the 6 main types of open- and close-ended TNTs observed in vitro using electron microscopy (EM) approaches. i) Open-ended: “Thin”
TNTs, observed in photoreceptor and stem cells via SEM and in neuronal cells via cryo-TEM/ET; “Thick” (> 700 nm) TNTs, observed in epithelial and neuronal cells with
contact sites displaying questions marks to illustrate they were not demonstrated to be open; and a bundle of individual TNTs (iTNTs), a bundle of thin parallel
nanotubes that get twisted together or go over and under each other, together forming one group of intertwined tubes that cannot be resolved using fluorescence
microscopy; observed in neuronal and stromal cells using cryo-TEM/ET. ii) Close-ended (presumably facilitating cell–cell communication through gap junctions, which
are not visible by EM approaches): “hand-shake” TNTs observed in lymphocytes via ssTEM; invaginated TNTs, observed in lymphocytes via ssTEM and in neuronal cells
via FIB-SEM; and “resting” TNTs, observed in neuronal cells via FIB-SEM. A) Top- (A0) and cross-sectional (A0 0) views of a TNT showing its internal actin arrangement:
hexagonal actin arrays with a 10 nm distance between the center of adjacent actin filaments. B) Three types of cargoes observed within TNTs by EM: vesicles (B0),
mitochondria (B0 0), and membranous components (MCs) (B0 0 0), which could represent unidentified organelles. (C) Types of iTNT-iTNT interlinkage processes identified by
immunogold labeling and cryo-TEM/ET: N-Cadherin adhesion molecules between iTNTs (C0) and coiling threads (C0 0), whose protein and/or lipid composition are
currently known.
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(Sartori-Rupp et al, 2019). Contrary to a single TNT, iTNTs could in

reality host opposite actin polarities allowing for a bidirectional

exchange of cargoes. Interestingly, iTNTs have also been observed

in stromal cells, suggesting that non-neuronal TNTs could share this

feature (Fig 2) (Kolba et al, 2019). Furthermore, even TNTs of

macrophages exhibit lose-hanging, coiled, threads that could have

once formed part of a bundle which partially snapped during SEM

sample preparation (Hanna et al, 2019). Similarly, the identification

of multiple processes at the edge of TNTs in another report addition-

ally supports this notion (Okafo et al, 2017). SsTEM in Jurkat T

cells, however, clearly depicts TNTs as singular structures (Sowin-

ski et al, 2008). Intriguingly, our observations in neuronal cells have

also revealed the existence of single tubes with a larger diameter

(average of 500 nm). The relationship between iTNT bundles and

single tubes remains unclear and will require further inquiry.

Another open question that would benefit from the use of ultra-

structural methods concerns the molecular motors that drive cargo

transport in TNTs, which remain largely unexplored even by light

microscopy approaches. Cryo-CLEM actually enabled us to identify

MyosinX (MyoX)-positive vesicles within iTNTs (Sartori-Rupp et al,

2019), proving correlative studies could tremendously aid in the

characterization of these molecular motors.

Structural outlook
While EM has given researchers a much clearer understanding of

these structures, the question of whether or not intercellular cargo

transfer does indeed occur through open-ended TNTs unfortunately

cannot be addressed via cryo-EM. Additionally, although SEM

micrographs have previously suggested seamless surface transitions

between TNTs and cells (Reichert et al, 2016), the images do not

provide sufficient resolution to conclude whether TNTs are open- or

close-ended. On the contrary, qualitative ssTEM did reveal an open

TNT between PC12 cells (Rustom et al, 2004), but the single exam-

ple shown by the authors exhibits a short and bent shape, which dif-

fers greatly from PC12 TNTs typically observed by SEM or LSCM. In

immune cells, ssTEM revealed two types of close-ended TNTs: (I) a

single protrusion invaginating into an opposing cell and (II) two

filopodia-like protrusions meeting in the middle, making a “hand-

shake” (Sowinski et al, 2008), or in a synapse-like conformation

(Okafo et al, 2017). To test whether iTNTs in neuronal cells were in

fact open-ended, we employed correlative FIB-SEM and found most

iTNTs do openly connect cells, establishing cytoplasmic continuity.

In addition, closed nanotubes were either observed resting on the

membrane- or invaginating into other cells (Sartori-Rupp et al,

2019). Given that these observations were obtained using fixed

A′′A′
Fluorescence Microscopy

Fluorescence Microscopy

Cryo-Transmission Electron Microscopy

A′′′

Focused Ion Beam Scanning Electron Microscopy

B′ B′′

B''

B′′′ B′′′′

B''''
B'''

A''' 
A''  

''

10 µm

10 µm 500 nm 500 nm

500 nm 200 nm

Figure 3. Observation of TNTs by various electron microscopy-based approaches.

(A) Cryo-correlative electron microscopy (cryo-CLEM) and focused ion beam scanning EM (FIB-SEM) approaches employed to study TNTs of SH-SY5Y cells; images
modified from (Sartori-Rupp et al, 2019). (A0) Identification of TNT-connected cells is first performed through fluorescence microscopy of WGA (green)- and mitochondria
(red)-labeled cells (seeded on EM finder grids). After vitrification of cells, the recorded position of TNTs acquired by fluorescence microscopy is imaged by cryo-
transmission EM (cryo-TEM) and electron tomography (cryo-ET) at medium- and high-magnification (A″ and A‴, respectively). A mitochondrion can be observed within
an iTNT in A‴. (B) Correlative, FIB-SEM method employed to visualize TNTs using fluorescence microscopy (cells labeled with WGA, green) and FIB-SEM to assess open-
ended contact sites (B″ and B′′′′, respectively) through high-resolution 3D, volume imaging (B‴).
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cells, we cannot discriminate the possibility that closed structures

invaginating into apposing cells represent pre-TNT fusion events.

Further studies employing high-resolution, live imaging microscopy

will be required to fully investigate this point (see Box 1).

Immunogold labeling of proteins on the membrane of TNTs

could also pinpoint proteins involved in membrane fusion and inter-

action between close-ended TNTs. Using this approach, we identi-

fied N-Cadherin decorating strands between iTNTs and proposed it

could play a multi-faceted role in maintaining the stability of the

overall bundle through its homophilic interactions (Fig 2) (Sartori-

Rupp et al, 2019).

The transient and fragile nature of TNTs has ultimately rendered

in-depth ultrastructural analyses technically challenging, as tradi-

tional EM involves specimen-preparation steps which can seriously

injure the morphology of TNTs (Sartori-Rupp et al, 2019). The few

structural studies available (Table 2) do detail interesting considera-

tions but overall lack sufficient sample size to draw any quantitative

conclusions. This lack of statistical power impedes our judgement of

whether or not the cell-specific differences in TNT size, cargo,

cytoskeletal architecture, or overall topology illustrated above actu-

ally hold substantial biological meaning. Given most of our current

TNT-related knowledge stems from LSCM, a correlative approach,

such as the one employed by Davis and colleagues for the study of

Jurkat T cells (Sowinski et al, 2008) and by us in neuronal cells

(Sartori-Rupp et al, 2019), is recommended.

Mechanisms of TNT formation

Biogenesis
It is now well-established that TNTs emerge from one of two physi-

comechanical origins: the first being a cell dislodgement mechanism,

in which a thin actin-bearing membranous tube forms after two

adjacent cells fuse transiently and move apart; and the second being

an actin-driven protrusion mechanism, by which the tip of a filopo-

dium-like structure extrudes from one cell to fuse with another, onto

either its soma or the tip of a filopodium emanating from it (Rustom

et al, 2004; Hase et al, 2009; Wang et al, 2010).

Live imaging has revealed cell dislodgement to be the primary

TNT biogenesis mechanism in a variety of cell types (Table 3). Inter-

estingly, whole-cell patch clamping demonstrated some dislodg-

ment-derived TNTs to be electrically coupled by Connexin 43 (Cx43)

GJs (Wang et al, 2010). This observation is consistent with the find-

ings of several other groups, in which immune cells known to inter-

act by immune synapses (Finetti et al, 2017) form close-ended TNTs

(Onfelt et al, 2004; Watkins & Salter, 2005; Onfelt et al, 2006; Davis

Table 2. Key tunneling nanotubes’ structural features obtained through electron microscopy approaches.

Cell Model Method
Diameter
(nm) Conformation

Open/
Closed Cytoskeleton Cargo References

PC12 (neuronal) SEM, ssTEM 50–200 Single Open N/A N/A Rustom et al (2004)

Jurkat (lymphocyte) CL-ssTEM 180–380 Single Closed N/A MCs Sowinski et al (2008)

ARPE-19
(photoreceptor)

SEM 50–300 Single Opena N/A N/A Wittig et al (2012)

HSPC (stem) SEM < 100 Single Opena N/A N/A Reichert et al (2016)

KG1a (leukemic) SEM < 100 Single N/A N/A N/A Reichert et al (2016)

A549 (epithelial) SEM, ssTEM 250–1,370 Single Open N/A Mitochondria
& ribosomesa

Kumar et al (2017)

MDCK (epithelial) SEM, ssTEM N/A Single Open Fibersa N/A Kumar et al (2017)

Macrophages
(phagocyte)

SEM, ssTEM N/A Single Closed Actina Mitochondriaa Okafo et al (2017)

T24 & RT4 (bladder) SEM 100–200 Single Open N/A N/A Lu et al (2017)

661 W
(photoreceptor)

SEM 68–110 Single N/A N/A N/A Scholkmann et al
(2018)

CAD (neuronal) SEM, cryo-CLEM,
cryo-ET, FIB-SEM

Individual
TNT Avg.
109

Single & bundle Both Actin, no
microtubules

Vesicles, MCs Sartori-Rupp et al
(2019)

SH-SY5Y (neuronal) SEM, cryo-CLEM,
cryo-ET, FIB-SEM

Individual
TNT Avg.
120

Single & bundle Both Actin, no
microtubules

Vesicles, MCs,
mitochondria

Sartori-Rupp et al
(2019)

HS-5 (stromal) SEM, cryo-CLEM,
cryo-ET

~200 Single &
bundlea

Both Actina Vesicles Kolba et al (2019)

STHdh (neuronal) SEM, ssTEM < 200 Single Open N/A N/A Sharma and
Subramaniam (2019)

Macrophages
(phagocyte)

SEM N/A Single N/A N/A N/A Hanna et al (2019)

MCs, Membranous compartments.
aNot assessable or confirmed due to technique and/or insufficient image resolution employed.
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& Sowinski, 2008; Dustin et al, 2010). Whether dislodged TNTs

require adhesion molecules (e.g., Cadherins) for their formation is

currently unknown. The precise mechanism of actin backbone incor-

poration during dislodgement remains another open question.

However, recent studies have demonstrated the actin-bundling

protein, Fascin, found in filopodia (Vignjevic et al, 2006) and certain

neuronal dendrites (Nagel et al, 2012), is absent in the dislodged

TNTs of epithelial lung cells (Dubois et al, 2018).

In contrast to dislodgement, the actin-driven protrusion mecha-

nism is typical of relatively immobile cells (e.g., neurons and epithe-

lial cells) (Bukoreshtliev et al, 2009; Gousset et al, 2013). This

suggests these TNTs are formed by the action of actin protein

networks which promote actin filament growth, similar to other actin-

based protrusions such as filopodia, or filopodia-like structures (see

section below). Also in this case, TNTs do not contain fascin, where

evidence in neuronal CAD cells shows that fascin overexpression has

an inhibitory effect on TNT formation (Gousset et al, 2013). Live

imaging assays additionally showed 93% of TNTs in HeLa cells origi-

nated from filopodia-like protrusion interplay (Bukoreshtliev et al,

2009), reinforcing this hypothesis and underlining the importance of

investigating both cellular and molecular players in filopodia forma-

tion. To explore this further, here we discuss several studies focused

on actin-related proteins in the context of TNT formation.

Actin cytoskeleton and actin protein regulators
Although there exists variety in both approaches and models used

to study TNT formation mechanisms, there is a consensus that these

mechanisms involve proteins regulating (I) actin polymerization,

(II) membrane supply and recycling, and (III) stress/inflammation

and survival responses. Studies also indicate different mechanisms

may operate in different cellular contexts, supporting the argument

that these mechanisms are cell-specific. Here, we will focus on

proteins and signaling pathways linked to dynamic actin networks

which function in the formation and regulation of other common

membranous protrusions, such as filopodia (Ljubojevic et al, 2021).

Molecules deployed to form TNTs via membrane recycling (e.g., dif-

ferent Ras-related proteins in brain (Rabs) and M-Sec, are described

in detail elsewhere (Hase et al, 2009; Marzo et al, 2012; Dubois

et al, 2018; Dupont et al, 2018; Zhu et al, 2018; Bhat et al, 2020)).

The Rho family of small GTPases is well-characterized in the

formation and rearrangement of the actin cytoskeleton in filopodia

and lamellipodia (Heasman & Ridley, 2008). CDC42 was first

observed at the base of TNTs connecting immune Jurkat T cells

(Lachambre et al, 2014) where secramine A, a CDC42-specific inhi-

bitor, was shown to reduce TNT formation (Arkwright et al, 2010).

In HeLa cells, inhibition of CDC42 by transfecting cells with a domi-

nant negative construct of CDC42 also decreased TNT formation.

Conversely, inhibition of Rac1 by overexpression of its dominant

negative form had no significant effect (Hase et al, 2009). Treating

macrophages with specific inhibitors for CDC42 and Rac1, Cox and

colleagues confirmed TNTs in immune cells require both CDC42

and Rac GTPases for their formation (Hanna et al, 2017). Interest-

ingly, our observations in neuronal CAD cells seem to indicate the

opposite—that inhibition of CDC42 and Rac1 significantly increases

the number of cells connected by TNTs (Delage et al, 2016). More-

over, direct inhibition of the common downstream effector of

Wiskott–Aldrich syndrome protein (WASP) and WASP family

verprolin-homologous 2 (WAVE2), Arp2/3, resulted in a decrease in

the formation of TNTs in macrophages (Hanna et al, 2017) but an

increase in neuronal TNTs and TNT-mediated vesicle transfer (Sar-

tori-Rupp et al, 2019).

Taken together, our combined results in neuronal cells disagree

with those collected in macrophages (Hanna et al, 2019) and

suggest a cell-specific underlying pathway which is activated to

generate TNTs. This was supported by other studies, most notably

as seen for M-Sec, which was shown to be involved in the formation

of TNTs in immune (Hanna et al, 2019) but not neuronal cells

(Gousset et al, 2013).

Furthermore, recent findings indicate filopodia and TNTs use

distinct mechanisms of formation. More specifically, we demon-

strated that the same actin regulators have opposing effects on the

two structures: (I) CDC42–VASP–IRSp53 network, which induces

filopodia formation serves as a negative regulator of TNTs while the

(II) epidermal growth factor receptor pathway substrate 8 (Eps8),

which reduces filopodia formation, induces TNT formation and

increases cargo transfer (Delage et al, 2016). The discovery that

these same actin regulators may have antagonistic effects relative to

filopodia and TNT formation could be explained by a sort of

“switch” that shifts the formation of one structure over the other

(Delage et al, 2016). However, when and how this paradigm occurs

is not yet known. One possible approach to investigate this further is

to perform structural studies and examine the role these actin regula-

tors have on the cytoskeletal anatomy of TNTs and filopodia of both

neuronal and immune cells. This approach could also help us under-

stand whether the structures containing both microtubules and actin

—or only actin—are similar or different in their ultrastructural archi-

tecture, open- or close-ended properties, and functional capabilities.

Wnt pathway
More recently, we have explored the Wingless-related integration

site (Wnt) pathway due to its function in actin cytoskeleton remod-

eling, filopodia formation, and neuronal growth cone guidance

(Onishi et al, 2013). Our observations show the activation of the

Wnt/Ca2+ pathway allows Wnt ligands to regulate the formation

and stability of TNTs in neuronal cells and primary neurons (Vargas

Table 3. Tunneling nanotubes’ preferred biogenesis mechanism.

Cell type
Cell
dislodgement

Actin-
driven Reference

squamous cell
carcinomas
(SCC)

100% – S�aenz-de-Santa-Mar�ıa
et al (2017)

neuronal crest
cells (NCCs)

100% – S�aenz-de-Santa-Mar�ıa
et al (2017)

NRK cells 100% – S�aenz-de-Santa-Mar�ıa
et al (2017)

HEK 293 82% 18% Wang et al (2010)

human
primary,
hematopoietic
progenitors

Most* N/A Reichert et al (2016)

leukemic KG1a
cells

Most* N/A Reichert et al (2016)

PC12 7% 93% Bukoreshtliev et al
(2009)
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et al, 2019b). The Wnt/Ca2+ pathway achieves this through the

interactional modulation of actin and the b isoform of Ca2+/calmod-

ulin-dependent protein kinase II (BCaMKII). Intriguingly, activation

of the Wnt pathway also influences the formation of cytonemes, a

specialized type of filopodia that transport signaling proteins

between distant cells in development (Kornberg & Roy, 2014; Yama-

shita et al, 2018; Korenkova et al, 2020); however, unlike cyto-

nemes, TNT formation is not affected by Wnt-mediated activation of

c-Jun N-terminal kinase (JNK) and B-catenin (Mattes et al, 2018),

suggesting TNTs and cytonemes experience differential regulation

(Vargas et al, 2019b). Future studies are necessary to accurately

assess whether Wnt-induced TNTs, like cytonemes, can also trans-

port components of the Wnt pathway (e.g., Frizzled receptor) (Stan-

ganello & Scholpp, 2016).

MyosinX
The myosins are a superfamily of actin-based motor proteins

that “walk” on actin filaments. Of all the myosins, MyoX (an

unconventional myosin motor) is the most broadly distributed

within cells and is a potent filopodial inducer (Sousa & Cheney,

2005). Our group additionally showed MyoX is a critical inducer

of neuronal TNTs (Gousset et al, 2013). We demonstrated that

neuronal TNT formation requires the motor and tail domains of

MyoX, specifically the F2 lobe of the tail protein-ezrin-radixin-

moesin (FERM) domain as essential. Given MyoX increases

adherent- and dorsal filopodia formation, we postulated neuronal

TNTs could arise from a specific subset of MyoX-driven dorsal

filopodia, independent of integrins, (transmembrane receptors

required for the formation of adherent filopodia). Consistent with

our hypothesis and subsequent data (Delage et al, 2016), MyoX

indeed acts downstream of CDC42 and induces TNT formation

independent of VASP, another potent inducer of dorsal filopodia

formation, which conversely gets transported to the tip of filopo-

dia by this motor (Bohil et al, 2006; Kerber & Cheney, 2011).

Together, these findings demonstrate the existence of different

mechanisms for dorsal filopodia formation and support a distinct

role of Myo10 in TNTs.

Overall, these studies indicate that differential mechanisms oper-

ate in disparate cellular contexts, reinforcing the argument for cell

specificity. Additionally, the fact filopodia and TNTs do not share

the same mechanisms of formation supports the notion that they are

in fact distinctive cellular structures.

Transfer function of TNTs

The principal function of TNTs being intercellular cargo transport

makes them unique from other membranous protrusions, such as

filopodia. The transported cargo includes various organelles,

proteins, but also viruses, and bacteria. Here, we focus expressly on

the role of TNTs in the transfer of mitochondria, lysosomes, amyloid

aggregates, and related function in disease. For reviews that

describe the involvement of TNTs in bacterial and viral transmis-

sion, please refer to Table 1.

Mitochondria
Observations derived from varying cell types have demonstrated

TNTs capability for intercellular mitochondrial transfer (Vignais

et al, 2017). The biological significance of this transfer is not yet

fully understood. Observations in mesenchymal stem cells of TNT

transfer of healthy mitochondria to cells harboring DNA defects

strongly suggest an underlying protective function of mitochondrial

transfer (Lin et al, 2019). In addition, mitochondria transfer through

TNTs has frequently been observed in the context of different

cancers (Lou et al, 2012; Antanavi�ci�ut _e et al, 2014; Thayanithy et al,

2014; Desir et al, 2018), where they are proposed to sustain tumor

progression and invasion (Pinto et al, 2020).

Mitochondria are cells‘ chief energy producing organelles and

thus mitochondrial dysfunction can lead to an accumulation of

Reactive Oxygen Species (ROS), highly charged particles long

known to pose a threat to cellular integrity and viability (Dixon &

Stockwell, 2014). Intriguingly, ROS have been proven to be an effec-

tive inducer of TNTs via the major form of endogenous ROS, hydro-

gen peroxide (H2O2) (Liang, 2018). In rat hippocampal astrocytes,

neurons, and HEK293 cells, H2O2 significantly increases the number

of (homotypic and heterotypic) cells connected by TNT-like struc-

tures compared to untreated cells (Wang et al, 2011). Notably, upon

co-culturing non-stressed and stressed cells, the authors observed

that H2O2-treated cells were the initiators of TNT formation. Subse-

quent studies from our group showed that H2O2-induced stress also

increases TNT formation in neuronal cells by 70% (Gousset et al,

2013), indicating a ubiquitous effect on TNTs across distinct cell

types.

Combined, these and other observations led Rustom to propose a

mechanistic model of ROS-dependent TNT formation (Rustom,

2016). In his review, Rustom describes TNT formation directly

linked to the increase of ROS level in stressed cells. The underlying

reason why this occurs is not yet known; however, according to the

proposed model, TNTs are formed by unstressed cells in order to

establish an open communication with stressed cells as a “call for

help”. This event is followed by (I) the TNT-mediated transport of

mitochondria to rescue the apoptotic cell or (II) removal of cells

with excessive levels of ROS. This model posits TNTs as a commu-

nication tool in cellular organization and survival during stress

(Rustom, 2016).

The exact mechanism underlying ROS-mediated TNT induction

is not well understood; however, a study on TNTs in astrocytes indi-

cated H2O2 triggers phosphorylation of the p38 mitogen-activated

protein kinase (MAPK) (Zhu et al, 2005), a kinase responsive to

stress stimuli which has previously been shown to induce actin

cytoskeletal remodeling in fibroblasts (Hoffman et al, 2017). Other

reviews have further explicated the strict relationship between phys-

iological levels of ROS and actin-related proteins (Wilson &

Gonz�alez-Billault, 2015) and regulated actin flow at the leading edge

of cells (Taulet et al, 2012). These observations support the estab-

lished notion that H2O2 affects actin cytoskeletal organization and

induces the formation of actin-rich protrusions (Huot et al, 1998).

Future studies will be required to pinpoint the effect redox imbal-

ance can inflict on actin-associated proteins and, specifically, inter-

rogate any correlation between ROS synthesis and actin filament

oxidation. As previously reported by Wilson and Gonz�alez-Billault,

studying this spatiotemporal relationship is a challenging quest

given that both elements are short-lived and dynamic proteins (Wil-

son & Gonz�alez-Billault, 2015); however, novel genetic (Mishin

et al, 2015) and bioluminescence-based tools (Ishimoto & Mori,

2019) might be able to help us in these endeavors.

12 of 22 The EMBO Journal 40: e105789 | 2021 ª 2021 The Authors

The EMBO Journal Di�ego Cordero Cervantes & Chiara Zurzolo



Another unexplored area of TNT-mediated mitochondrial trans-

port is the molecular motors responsible for shuttling them. Agrawal

and colleagues found that the mitochondrial Rho-GTPase, Miro1, an

adaptor protein that attaches mitochondria to KIF5 motor proteins,

allows for mitochondrial transport through TNTs containing micro-

tubules (Ahmad et al, 2014). Our most recent correlative structural

analysis identified mitochondria traveling through actin, not micro-

tubules, suggesting that actin-driven motor proteins must also be

involved (Sartori-Rupp et al, 2019). Furthermore, we found mito-

chondria travel through TNTs at an average velocity of 50 nm per

second; however, their speed is not often uniform and instead

appears to accelerate in straight TNT segments (Wang & Gerdes,

2015; Sartori-Rupp et al, 2019).

Lysosomes
Lysosomes are membrane-bound organelles whose foremost func-

tion is to digest macromolecules and break down cellular waste.

Lysosomes were first observed in TNTs connecting macrophage

cells, moving at a speed of 1 lm/s (Onfelt et al, 2006). Since then,

the study of TNT-mediated intercellular transport of lysosomes has

revealed they can facilitate the transport of viruses (Eugenin et al,

2009) and proteins linked to various neurodegenerative diseases

(NDs) (Victoria & Zurzolo, 2017), which will be detailed below.

Interestingly, TNTs also exhibit a protective role in allowing (I)

hematopoietic stem cell (HSC)-derived macrophages to supply cysti-

nosin-deficient cells with functional lysosomes and (II) pulling cysti-

nosin-bearing lysosomes away from diseased cells (Naphade et al,

2015; Goodman et al, 2019). Additional studies have linked the

direct transfer of lysosomes to lysosomal gradient preservation and

endothelial cell viability (Yasuda et al, 2011). Finally, in tumor cells

derived from squamous cell carcinomas, Chiara and colleagues

observed that focal adhesion kinase (FAK)-deficient cells transfer

lysosomes and autophagosomes to FAC-proficient cells via TNTs,

supporting the relevance of a mechanism necessary to adapt to

stress evoked by impaired FAK signaling (S�aenz-de-Santa-Mar�ıa

et al, 2017).

Amyloid proteins
Major NDs, such as Alzheimer’s disease (AD), Parkinson’s disease

(PD), and Huntington’s disease (HD) all share the defining feature

of proteinaceous aggregates which accumulate in the central

nervous system (CNS) and cause neuronal cell death (Jucker &

Walker, 2018). A growing body of literature supports the hypothesis

linking the progression of these diseases to the spreading of these

assemblies, which have the unique prion-specific ability to imprint

their misfolding on soluble cellular protein (Luk et al, 2009; Goed-

ert, 2015; Hasegawa et al, 2017; Jansen et al, 2017). Recent data

from our laboratory and others have revealed TNT-mediated spread

of amyloid protein assemblies associated with various NDs. This

has led to our proposal that TNTs represent a major route for the

intercellular amyloid spreading and are thus involved in the

progression of these diseases (Victoria & Zurzolo, 2017; Vargas

et al, 2019a).

In a seminal discovery, our group demonstrated that the infec-

tious form of prion protein (PrPSc) is able to spread to other cells by

hijacking TNTs (Gousset et al, 2009). We have also shown prions

spread through TNTs within organelles of the endocytic pathway,

(most likely recycling endosomes) (Zhu et al, 2015). TNT-mediated

transport of prions occurs between neuronal cells as well as

between dendritic cells and neurons, and primary neurons and

astrocytes, together accounting for the progression of the prion

infection from peripheral tissue to the brain, and within the brain

(Gousset et al, 2009). Amyloid proteins’ prion-like behavior of

inducing misfolding of normal proteins led our group and others to

investigate the role of TNTs in the spreading of amyloid proteins

involved in more common diseases, namely a-synuclein with PD,

huntingtin with HD, and Tau/amyloid beta (Ab) with AD.

Alpha-synuclein
One of our studies previously documented that fibrillar a-syn could

also induce cells to form TNTs and “hijack” them to efficiently

spread intercellularly using lysosomal vesicles as shuttles (Abounit

et al, 2016a). Follow-up studies from our and other groups have

since shown that TNT-mediated aggregated-a-syn transfer occurs in

human and mouse astrocytes (Loria et al, 2017; Rostami et al,

2017), SH-SY5Y neuronal and SW-13 epithelial cells (Dieriks et al,

2017; Dilsizoglu Senol et al, 2019), and primary brain pericytes

(Dieriks et al, 2017). We have also recently observed a-syn-carrying
TNT-like structures in primary mouse cortical neurons (Vargas et al,

2019b) and human neuronal precursor cells (hNPCs) derived from

healthy subjects and patients carrying the early-onset PD-associated

A53T mutation in the a-syn gene (Grudina et al, 2019).

Although our experiments in hNPCs revealing the post-internaliza-

tion preferential localization of a-syn fibrils in lysosomes (Grudina

et al, 2019), confirmed our initial demonstration in murine neuronal

cells by showing that lysosomes transport a-syn aggregates through

TNTs, the mechanism and pathogenetic implication of this transfer

remains to be explained (Victoria & Zurzolo, 2017). The mechanism

used by a-syn aggregates to recruit and induce the aggregation of

soluble a-syn proteins in the cytosol of acceptor cells following TNT-

mediated transfer within lysosomes also represents an exciting

research avenue. Exploring this event and identifying the compart-

ments a-syn gets directed to when they reach “acceptor” cells hold

tremendous scientific and therapeutic value (Abounit et al, 2016a).

Dismantling TNTs to diminish or even halt the spreading of inter-

cellular a-syn also represents a promising therapeutic avenue (Vic-

toria & Zurzolo, 2017). Although latrunculin B was previously

shown to abrogate TNT formation and intercellular a-syn transport

(Rostami et al, 2017), actin depolymerizing toxins risk collapsing

the entire actin scaffold of cells. In one of our recent studies, we

showed that nM concentrations of the actin-targeting cyanobacterial

macrolide, tolytoxin, significantly decreased the number of TNT-

mediated transfers of a-syn fibrils without affecting the global actin

architecture of cells (Dilsizoglu Senol et al, 2019).

Identifying inhibitory molecular targets for TNT-related a-syn
transfer, while also avoiding effects on the actin cytoskeleton, will

require further research. For example, studying the kinetics of TNT-

mediated transport of a-syn through live imaging microscopy and

particle tracking (Sartori-Rupp et al, 2019) could provide useful

insights into the speed and dynamicity of a-syn spreading, including

the distribution of potential molecular motors. Our study on the

Wnt pathway, which demonstrates that a-syn transfer through TNTs

can be modulated by the Wnt/Ca2+ pathway, also represents an

important future area of study and is worth characterizing (Vargas

et al, 2019b). A more in-depth look at the topological landscape

governing the transfer a-syn using CLEM approaches could also
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teach us about the interaction between a-syn, lysosomes, actin, and

the TNTs containing them.

Huntingtin
In the case of HTT, several mechanisms have been proposed,

including extracellular vesicles (Tang, 2018) and transneuronal (sy-

naptic) spreading (Pecho-Vrieseling et al, 2014). Our early work has

also shown the intercellular propagation of mHTT through TNTs

(Costanzo et al, 2013). Primary cerebellar granule neurons could

also transport mHTT in a contact-dependent manner but we did not

identify any TNT-like structures due to the hectic dendritic land-

scape of primary neuron cell culture. It is likely that the co-labeling

approach recently employed by us to identify TNT-like structures in

primary cortical neurons could shed light on this intriguing possibil-

ity (Vargas et al, 2019b).

The precise molecular mechanism governing TNT-mediated inter-

cellular transport of mHTT is currently unknown, and little attention

has been paid to it since our initial observations. In an attempt to

learn more about the molecular pathway of mHTT spreading in a

brain region seriously affected by HD—the striatum (Kassubek et al,

2004)—Sharma and Subramaniam focused their studies on the stria-

tum-enriched GTPase protein, Rhes. Using mouse normal striatal

neuronal cells, the authors found Rhes induced the biogenesis of

TNT-like structures and enhanced intercellular transfer of mHTT

between donor and acceptor cell populations (Sharma & Subrama-

niam, 2019). Consistent with studies in PC12 (Bukoreshtliev et al,

2009) and MSCs (Zhang et al, 2018), TNT-like structures were abro-

gated with the F-actin depolymerizing toxin, cytochalasin D;

however, much remains unclear about the precise molecular mecha-

nism that underlies the TNT-mediated transport of mHTT compared

to a-syn. Future studies are needed to explore the depth and speci-

ficity involved in mHTT spreading by TNTs and how this mechanism

competes with others previously described (Tang, 2018). Interest-

ingly, Rhes also mediates Tau pathology in AD mouse models,

making studies with Tau mutants an interesting research avenue.

Amyloid beta and Tau
The work by Zhang and colleagues, which previously reported TNT-

mediated Ab transport in rat astrocytes and neurons, supports this

notion (Wang et al, 2011); however, no further evidence describing

the underlying mechanism or pathways involved has surfaced since

then. Meanwhile, we and others have shown that extracellular

monomeric and fibrillar Tau species induce the formation of TNTs,

which facilitate their transfer between neuronal cells (Tardivel et al,

2016; Abounit et al, 2016b). We have also recently shown that

endogenously formed Tau aggregates are found in TNTs (Chastag-

ner et al, 2020). Together, these data indicate that proteins involved

in Tauopathies and AD could hijack TNTs and use them as a means

of spread, as previously described for Prion, a-syn, and mHTT (Vic-

toria & Zurzolo, 2017).

Molecule and Signal transfer
Major histocompatibility complexes

Studies focused on immune cells have also demonstrated that TNTs

can transport major histocompatibility complexes (MHC), molecules

whose main role is to present antigens at the cell surface of certain

immune cells to be recognized by T cells. Transfer or association of

MHC-I class proteins with TNTs has been observed in B cells (Onfelt

et al, 2004); HeLa (Schiller et al, 2013); and thymic epithelial and

dendritic cells (Watkins & Salter, 2005; Millet et al, 2008). In NK cells,

MHC class I chain-related protein A was observed to transfer to the tip

of a close-ended TNT (or immune synapse) where it is postulated to

interact- and activate the target cell (Chauveau et al, 2010). Even

though it is currently unclear whether MHC molecules retain their

function when transferred, or how they behave during their transfer,

these studies propose an intriguing role for TNTs, including the initia-

tion and implication of signals that can trigger an immune response.

For further reading of TNT-mediated transfer of MHC complexes, we

would like to point our readership in the direction of a specialized

review by Bonaccorsi and colleagues (Campana et al, 2015).

Calcium transfer

Shortly after the discovery of TNTs, numerous studies demonstrated

that Calcium (Ca2+), too, could be transported via TNTs. First

evidenced by observations in dendritic cells and THP-1 monocytes,

and contrary to classical cellular electrical conductivity, intercellular

Ca2+ flux propagation between cells via TNTs was not driven by an

action potential (Watkins & Salter, 2005). Through GJ-specific inhi-

bitors, the authors also showed that TNTs could transport Ca2+ inde-

pendent of Gjs; however, the underlying mechanism of TNT-

mediated Ca2+ transfer was only reassessed years later, when TNTs

of SH-SY5Y and HEK293 cells were shown to involve IP3 receptors

for the active propagation of Ca2+ (Smith et al, 2011). Since then,

Ca2+ flux transfer through TNTs has been observed in several other

cell types, including Raw cells (Hase et al, 2009), immature neurons

(electrically coupled to distant astrocytes) (Wang et al, 2012), and

ARPE-19 cells (Wittig et al, 2012). Some, but not all contained Gjs,

indicating that—unless TNTs can transition between an open-ended

to a GJ-mediated, close-ended state—Ca2+ can be transported

between cells using two distinct types of TNTs. Whether and how

TNTs can exist and transport Ca2+ signals between functional

neurons connected by synapses has not yet been explored and

future investigations will have to address this possibility.

Presence of TNT-like structures in vivo

The data outlined above demonstrate that TNTs play a role in the

intercellular communication between various cells in culture (in-

cluding primary cells). This has allowed researchers to speculate on

their physiopathological role; however, definitive evidence stating

that TNTs exist within more complex biological contexts is currently

missing.

Development
Various studies have established that during gastrulation of marine

animals such as Sea Urchins, actin-containing filopodial protrusions

extend from ectodermal cells, and between primary and secondary

mesenchyme cells (Miller et al, 1995). Although sightings of thin

filopodia were previously made in Sea Urchins and were hypothesized

to play a role in locomotion (Gustafson & Wolpert, 1963), McClay and

colleagues suggest that the developmental timing, location, and rich

cytoskeletal apparatus of filopodia owe their regulation to signaling

organelles enabling communication of migratory cues (McClay, 1999).

During zebrafish gastrulation, long actin-rich Intercellular

Bridges (IBs) are generated from dividing epiblast cells (Caneparo
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et al, 2011) which do not separate by abscission as daughter cells

normally do during cytokinesis. The observation of fluorescent

membrane-linked Dendra2 moving along IBs at a rate only possible

through an active process led the authors to hypothesize that IBs

could function as TNTs for intercellular signaling during embryonic

patterning and development. However, recently published studies

described similar protrusions as “retraction fiber projections” that

host Migrasomes (Jiang et al, 2019), vesicular structures at the tips

of projections that release contents into the environment through an

EV-like mechanism called “migracytosis” (Ma et al, 2015; Huang

et al, 2019; Tavano & Heisenberg, 2019). Although IBs and migra-

some-carrying fibers resemble each other morphologically, it is

currently unclear whether migrasomes are derived from IBs, or

whether these two structures coexist in the complex zebrafish

gastrular micro-environment as two separate processes.

The formation of stable IBs through incomplete cytokinesis

was also shown in various germline and somatic tissues (Haglund

et al, 2011). For example, actin-rich germline bridges called Ring

Canals (RCs) are rims that connect germ cells in cysts of Xenopus

laevis (Kloc et al, 2004), Drosophila (Haglund et al, 2010), mice

(Pepling & Spradling, 1998), and several other animal models

(Haglund et al, 2011). The function of these connections remains

unknown; however, numerous reports have proposed they

promote the exchange of cytoplasm and organelles, in a similar

fashion to TNTs, with the important exception that TNTs do not

form from cell division (Caneparo et al, 2011). Whether any of

the structures previously identified as ring canals or IBs (such as

those identified by Caneparo et al, in zebrafish) are instead TNTs

forming between two different cell populations in vivo, which

enable intercellular communication, synchronization of cell divi-

sion, differentiation, or migration is currently unknown (Koren-

kova et al, 2020).

During development of the imaginal disk of Drosophila,

specialized filopodia called Cytonemes were identified and are

sometimes classified as the first demonstration of TNT-like struc-

tures in vivo (Ram�ırez-Weber & Kornberg, 1999). However,

distinct from TNTs, cytonemes are close-ended, specialized filopo-

dia (Kornberg & Roy, 2014) that play an important role in the

signaling of morphogens, (e.g., Bone morphogenetic protein,

BMP; Sonic hedgehog, Shh; Wingless-related integration site,

Wnt, and Fibroblast growth factor, Fgf), through ligands and

receptors that are currently under investigation (Kornberg, 2017;

Zhang & Scholpp, 2019). Interestingly, recent evidence from our

group indicates Wnt signaling is involved in the regulation of

TNT formation of primary neurons (Vargas et al, 2019b).

However, Wnt-dependent TNT formation is mediated by activa-

tion of the downstream calcium-calmodulin signaling pathway,

while the formation of cytonemes appears to be mediated by the

downstream activation of beta catenin (Mattes et al, 2018). Thus,

while activation of the Wnt receptor is involved in both cytoneme

and TNT formation, their downstream pathways differ, suggesting

cytonemes and TNTs are in fact different structures that might

have disparate developmental functions.

Prospective role of TNTs and TNT-like structures in brain
development
Over the past decade, our studies in neuronal cells revealed that

TNT formation and stabilization requires a variety of specific

proteins and ligands. Interestingly, many of these molecules are

enriched during pre- and postnatal brain development. MyoX, for

example, is regulated during early postnatal development of the

CNS in mice (Sousa et al, 2006) and is highly expressed in a brain

region of active cell proliferation and migration: the external- and

internal granule cell layers of the cerebellum (Raines et al, 2012).

During neocortical brain development, MyoX is also known to

form a complex with surface N-Cadherin adhesion molecules in

order to allow neuronal radial migration (Lai et al, 2015). Interest-

ingly, we previously showed that MyoX can give rise to neuronal

TNTs independent of its binding to N-Cadherin (Gousset et al, 2013)

and hypothesized that N-Cadherin played a role in the formation

and stability of TNTs through its’ homophilic interactions with N-

Cadherin molecules sitting on adjacent TNTs, “iTNTs” (Sartori-

Rupp et al, 2019). Whether N-Cadherin, whose primary functions

were classically thought to govern essential cell-to-cell interactions

during neuronal morphogenesis and correct synaptic pairing by

bringing apposed cell membranes into contact (Takeichi, 2007), also

serves as an essential player for TNT formation during cortical

neuron migration and polarity establishment will require further

investigation.

Our most recent discovery showing that TNT-like structures can

form between primary neurons at an early stage of development,

prior to the formation of synapses, supports the notion undifferenti-

ated neurons could utilize TNTs as a mode of intercellular commu-

nication where synapses have not been established (Vargas et al,

2019b). Whether this is the case in the brain requires further

inquiry. Interestingly, there are numerous instances when pre-

synaptic TNT-mediated communication could be employed during

brain development. For example, granule cells in the cerebellum are

neuronal progenitors with spherical somas and a few protruding

neurites that undertake two distinctive migratory events prior to

synapse formation (Komuro & Kumada, 2005). The underlying path-

ways that govern these events have been attributed to Bergmann

glia, but continue to be investigated (Galas et al, 2017). The

prospect of TNTs/TNT-like structures playing a role in neuronal

migratory processes via the propagation of depolarization signals, to

synchronize actin remodeling was previously proposed but never

demonstrated (Gerdes et al, 2013).

Wnt ligands, (Wnt5a/7a), which induce neuronal TNTs in

culture (Vargas et al, 2019b), participate in the maturation and func-

tion of pre-synaptic terminals and dendritic maintenance (Oliva

et al, 2013), and, in the case of Wnt7a, get secreted by cerebellar

granule cells to regulate synaptic differentiation (Hall et al, 2000).

Formation of dendritic spines is also regulated by Eps8 (Menna

et al, 2013; Stamatakou et al, 2013), another neuronal TNT inducer

(see above) (Delage et al, 2016). In the brain, Eps8 is localized post-

synaptically in the dendritic articulations of cerebellar granule

neurons (Offenh€auser et al, 2006) and in axons of cultured

hippocampal neurons, where it regulates the formation of filopodia

(Menna et al, 2009).

Taken together, these studies provide evidence that TNT/TNT-

like structures involve proteins with an elevated activity in develop-

ing brain areas, rich in neuronal precursors that are non-polarized

and/or are in the process of migrating. Although these proteins were

classically thought to give rise to and maintain neuronal processes

(e.g., dendritic spines and axonal growth cones), our in vitro data

proposes a novel molecular function in which these molecules also
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regulate neuronal TNTs, which are presumably engaged during

neurodevelopmental processes (e.g., neuronal precursor migration).

The discovery of TNT-like structures during migratory and signaling

events during early developmental processes of non-mammalian,

vertebrate organisms supports this notion (Miller et al, 1995; Cane-

paro et al, 2011), but our hypothesis on neurodevelopmental TNTs

has never been tested.

Owing to the difficulties of identifying TNTs in vivo—given lack

of a TNT-specific marker and limitations in the resolution of light

microscopy—our goal moving forward should be to focus on the

implementation of long-range, structural mapping technologies

(e.g., FIB-SEM) to detect TNTs in the developing brain without the

need for a TNT-specific marker. The technical and conceptual strate-

gies optimized by these investigations will serve as a stepping stone

that will eventually enable us to study the presence- and physiologi-

cal function of neuronal TNTs in developed mouse models

commonly used to study neurodegenerative disease conditions,

where we hypothesize to find an exacerbation of TNTs (Victoria &

Zurzolo, 2017).

Others
In other studies, MHC class II + cells in the mouse cornea were

observed to connect via TNT-like structures called membrane nano-

tubes (MNTs), < 800 nm in thickness and > 300 lm in length

(Chinnery et al, 2008; Seyed-Razavi et al, 2013). The authors

hypothesize isolated (dendritic) cells may use TNTs to communicate

and form an immunological syncytium; however, this hypothesis

has yet to be explored.

Intervascular bridges (IVBs) are actin-bearing fibrous strands

joining neighboring capillaries in the retina of humans and mice

(Mendes-Jorge et al, 2012). The expression of common pericyte

markers (NG2 and PDGFR-b) led the authors to hypothesize IVBs

are of pericyte nature. Interestingly, these bridges express Cx43,

suggesting these connections allow intercellular communication.

However, the precise signals transported between cells via these

bridges has not yet been explored. In another more recent study, Di

Polo and colleagues identified TNT-like processes (termed interperi-

cyte TNTs or IP-TNTs) that connect pericytes on retinal capillaries

and form a functional syncytium (Alarcon-Martinez et al, 2020).

The authors show that IP-TNTs contain mitochondria and actin, and

propagate intercellular calcium waves; however, their close-ended

tip characterized by the presence of GJs may limit the intercellular

transport of larger cargoes (Zurzolo, 2020).

Various malignant tumors, including those of lung-, ovarian-,

and laryngeal cancer, mesothelioma, and neuroblastoma, were

shown to form TNT-like connections (Antanavi�ci�ut _e et al, 2014,

2015; Ady et al, 2016; Desir et al, 2016). Mesothelioma cells

forming TNTs of > 70 lm in length contained microvesicles

labeled with MitoTracker (Lou et al, 2012). Human glioblastoma

tumors implanted into a mouse brain and labeled with an astro-

cytoma cell GFP reporter form long (> 500 lm) and thick

(> 1 lm) connections called Tumor Microtubes (TMs) between

glioblastoma cells (Osswald et al, 2015). However, it is not clear

whether TMs allow cargo exchange between cells similarly to

TNTs (Pinto et al, 2020, 2021).

Finally, a report by Cherqui and colleagues identified TNT-like

extensions connecting HSC-derived macrophages with kidney proxi-

mal tubular cells, crossing the dense basement membranes of the

kidney to deliver cystinosin-containing vesicles into diseased tubu-

lar cells (Naphade et al, 2015; Cherqui & Courtoy, 2017).

Collectively, these findings show that TNT-like structures exist

in vivo under certain physiological and/or pathological conditions.

Future studies will need to demonstrate whether these different

structures feature the TNT criteria described above (Fig 1).

Discussion and future perspectives

The growing number of TNT and TNT-like structure discoveries

in vitro and in vivo usher in an exciting time for the field of TNT-

mediated cell-to-cell communication research. We envision a new

era in TNT biology in which the successful deployment of sophisti-

cated labeling, imaging, and analytical technologies for the compre-

hensive characterization of TNTs will serve as an important

benchmark for testing our in vitro findings in vivo, and most impor-

tantly, as a conduit between the bench and the promising therapeu-

tic value that TNTs possess.

One of the primary objectives moving forward should be further

refinement of the up- and downstream pathways regulating the

formation of TNTs, (i.e., proteins modulating actin polymerization,

membrane supply and recycling, and stress response). The outcome

of these studies not only has the potential to yield a TNT-specific

marker, which the field still severely lacks, but also heralds a

promising therapeutic candidate that could target TNTs during

disease. A rigorous characterization of TNTs’ molecular architecture

will undoubtedly benefit from 3D, correlative structural investiga-

tions peering into the cytoskeletal and membranous anatomy of

TNTs at the nanoscale resolution.

Thorough molecular and structural studies will also shed light on

the diversity found among TNTs (e.g., open- versus close-ended)

and address existing dichotomies between species / cellular models.

Generating a comprehensive catalog of distinct types of TNTs will

enable us to label and classify them accordingly. For the time being,

we encourage authors to consider employing the terms “TNT” and

“TNT-like” in order to foster nomenclature consistency and eschew

the creation of analogous- or cell-specific terms, which have previ-

ously led to discrepancy and confusion (Ariazi et al, 2017; Yama-

shita et al, 2018). Other essential aspects which remain to be

uncovered regarding the operation of these complex biological

machines include the kinetics and underlying biophysical mecha-

nisms that lead to TNT fusion during formation (Abounit & Zurzolo,

2012; Dupont et al, 2018; Drab et al, 2019).

The opportunities facing us are tremendous, but to thrive, the

field will have to ascertain the presence of TNTs in vivo using

animal models, verify the functional features they exhibit in culture

translate to complex biological organisms, and determine their func-

tional role during an organism’s proper or improper development.

Visually accessible models like the developing zebrafish have

proven to be effective systems to interrogate the presence of TNT-

like structures in vivo, during embryogenesis. However, further

studies will be required to test whether these structures also exist in

a mammalian model and in the development of specific biological

systems such as the CNS, which is the focus of our group.

We currently face a number of limitations, but the future

prospects of TNT-mediated cell-to-cell communication during devel-

opment and in disease are nonetheless very exciting.
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