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Summary: A few years ago, a so far unknown type of intercellular connections, involved in com-
munication was discovered. Due to their specific nano-architecture, these connections were named
membrane nanotubes or tunneling nanotubes. Nanotubes ensure the transfer of both membrane and cy-
tosolic cellular components, including organelles. Nanotubes also participate in calcium signal trans-
duction and apoptosis signal. The length of the distance at which cells contact via nanotubes reaches
several hundred micrometers. The published data suggest that nanotubes have heterogeneous structure.
Among them, there are nanotubes which provide direct contact of the cytoplasm in connected cells
(open-ended structure), and those, in which the transport requires overcoming a barrier, which is the
cell membrane (close-ended structure). An important finding in the study of membrane nanotubes was
demonstrating the ability of these connections of the intercellular transfer of pathogens, such as HIV,
or abnormal form of PrP prion protein. In addition, nanotubes mediate a transport of MDR protein,
involved in resistance of cancer cells to chemotherapy. It means that this type of cell connection may
play an important role in the pathomechanism of AIDS, prion as well as cancer diseases.

Key words: membrane nanotubes, intercellular communication, organelle transport, signal transduc-
tion, transmission of pathogens

Abbreviations: ABC ATP-binding cassette transporters; Akt3 RAC-gamma serine/threonine-protein
kinase; ALPS autoimmune lymphoproliferative syndrome; anti-EEA1 early endosome autoantigen
1 antibody; CD4 cluster of differentiation 4; CD59 cluster of differentiation 59; CDC42 cell division
control protein 42; DC-STAMP dendritic cell-specific transmembrane protein; DiD 1 1 dioctadecyl-3,
3, 3,3 -tetramethylindodicarbocyanine perchlorate; DiO dioctadecyloxacarbocyanine perchlorate ;
EPC endothelial progenitor cells; GFP green fluorescent protein; GM1 monosialotetrahexosylgang-
lioside; GPCR G protein coupling receptors; GPI glycosyl-phosphatidylinositol; HEK293T human
embryonic kidney cells; HIV human immunodeficiency virus; HUVEC human umbilical vein en-
dothelial cells; I-BAR Bin-amphiphysin-Rvs superfamily proteins; m-fCD methyl-B-cyclodextrin;
MDR multidrug resistance protein; MHC major histocompatibility complex; MLV murine leukemia
virus; MMSC multipotent stromal cells; MSCs mesenchymal stem cells; M-Sec tumor necrosis fac-
tor-o induced protein 2 (BP94); MSTO-211H human malignant pleural mesothelioma; mTOR mam-
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malian target of rapamycin; NK natural killers; PC12 rat pheochromocytoma cells; PI3K phospho-
inositide 3-kinase; PrP prion protein; PrP* scrapie prion protein; QGY-7703 human hepatocellular
carcinoma cells; RalA Ras-related small GTPase; Rho Ras homologous protein family; RTC renal
tubular cells; RT4 cell line derived from a transitional epithelium of urinary bladder; SH-SY5Y neu-
roblastoma; T24 transitional cell carcinoma of urinary bladder; TNT tunneling nanotubes.

INTRODUCTION

Intercellular communication is a fundamental phenomenon that provides
control and integration of physiological processes in living organism [46]. Plas-
modesmata, discovered over 100 years ago, are involved in information exchange
and cytoplasm connection between plant cells [5, 17, 58]. These channels include
actin filaments and so-called desmotubule, which passes through the center of
plasmodesmata. Desmotubule is a part of the modified endoplasmic reticulum ER.

Secretion of signal molecules outside the cell and their transmission to the
target cells (mainly by paracrine and hemocrine) is a classic mechanism of in-
tercellular communication in animals [35]. Microvesicles, exosomes as well as
ectosomes, which are released by the cells, are also engaged in intercellular trans-
mission of chemical signals. These structures are carriers of mRNA, miRNA and
proteins. Among the last, VEGF, PDGF, metalloproteases, integrin 1, chemokine
receptors [35] and G protein coupling receptors [21] are indicated.

In microvesicle transport, no cell-cell contact is required. This contact is nec-
essary to form gap junctions, the way of transporting of low molecular substances
and the second messengers, including calcium ions [76].

Direct interaction between the donor and acceptor cells is also characteristic
for immunological synapses [55]. Cell-cell contact connected by immunological
synapse is probably one of the mechanisms of trogocytosis. In this phenomenon,
the acceptor cell acquires from the donor cell fragments of the cell membrane
with integrated antigen proteins [13, 53]. In the case of natural killers, favorable
transfer of cytotoxic substances to the donor cell was observed [55, 68].

Rustom and co-workers [57], were the first who described, the yet unknown
type of intercellular connections. With regard to dimensions and morphology,
these structures were called membrane nanotubes or tunneling nanotubes (TNTs)
[57]. Actin filaments are the internal structural component of the TNTs observed
between rat pheochromocytoma cells PC12. Subsequent research on other types
of animal cells has shown that microtubules [9, 48] and intermediate filaments
[71] may also be present inside the nanotubes.

The variety of the cells, which are able to communicate in vitro using nano-
tubes, is impressive. Among them are cell line HEK293T [57], HUVEC [73], RT4
and T24 [28], QGY-7703 [44], MSTO-211H [38], or recently HeLa [59]. Mac-
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rophages [48], lymphocytes T [4, 66], NK cells [9] and dendritic cells [59] also
communicate readily via TNTs. So far, nanotubes have been observed in vivo only
between dendritic cells in mouse cornea [11].

Recent reports indicate also that nanotubes are the tool of bacterial communi-
cation [15], which suggests that TNTs are characteristic not only for multicellular
animal organisms.

A growing number of the cell types, which are able to form TNTs and a va-
riety of transported elements, including organelles, membrane-associated com-
ponents, or signal molecules [27, 41] prove that these connections represent
common mechanism of functional intercellular connectivity. Undoubtedly, the
breakthrough discoveries in the research of TNTs were the results, which showed
the TNTs participation in HIV [16, 66, 31, 32], prion protein PrP [7, 20, 34], and
MDR [50]. Therefore, the membrane nanotubes are the object of intense research,
which will allow finding out in detail not only the TNT structure and mechanisms
of their function, but first of all the factors that regulate TNTs formation. This
knowledge is very important for developing new therapies of some diseases.

The aim of this work is the comprehensive presentation of the current level of
the knowledge of TNTs biology and their participation in pathogenesis of some
diseases. The presented source data results from multidirectional studies, carried
out on the basis of a number of methods and techniques available in cell biology.

METHODS OF NANOTUBULAR STUDIES AND VISUALISATION

A high restriction in nanotube studies is the fact that TNTs are the structures
with very small dimensions and with short lifetime. The identification of these
connections is mainly based on the morphological criteria. Observations of TNTs
in electron transmission [21, 66, 71] and scanning microscope [15, 71, 31, 32, 75],
or using phase-contrast and interference microscope [8, 48] allowed mostly the
study of TNTs structure.

On the other hand, fluorescence studies give information about the structure
of TNTs, as well as of their function in intercellular transfer. Therefore, dyes like
DiD i DiO, or green fluorescent protein GFP are widely used [8, 31, 32, 67]. They
enable a labeling both components moving along nanotube surface and those
transported inside TNTs [23, 48, 66]. To visualize of actin filaments as TNTs cyto-
skeletal constituents, a phalloidin-Alexa fluor 488 is used, whereas anti- a-tubulin
monoclonal antibody conjugated with phycoerythrin is used to stain microtubules
[44, 48, 66, 75].

The ability of nanotubes to transport the organelles can be estimated by using
markers of selected cell compartments. For example, LysoTracker selectively accu-
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mulates in lysosomes [20, 57, 78], ERTracker in endoplasmic reticulum and Golgi-
Tracker which allows detection of Golgi apparatus [31]. For a similar purpose, Mi-
toTracker is used to mark mitochondria [25, 48, 52]. Contrary to rodamine, classic
marker of this compartment, MitoTracker accumulates firmly, also during cell fixa-
tion. Its accumulation does not depend on the potential of mitochondrial membranes,
which facilitates observations of mitochondria transport from cell to cell. Anti-EEA 1
antibodies are helpful in localization of endosome transport [32].

Recent results show the possibility of practical application in TNTs research of
inorganic markers — photostable nanoparticles defined as quantum dots [14, 44, 74].
After internalization, these nanoparticles form aggregates. Most of them are closed
in lysosomes or endosomes and in this way they are transported within nanotubes.
With the regard to properties, the quantum dots are considered as a convenient tool
in intercellular drug transport study [64].

In TNTs studies, both flow cytometry and microscopy analyses with a wide
range of markers for structural constituents as well as transported components are
used [4, 8, 40, 78, 75]. Quantitative estimation of intercellular organelle transport
after cytochalasin B treatment, as an agent disorganizing F- actin in nanotubes, can
be the example of these studies [8]. It is worth noting that over 3-fold reduction in
organelle transfer, obtained in flow cytometry analysis was similar to that obtained
in microscopy (2, 9-fold transport decrease).

Markers of the lipid rafts, known as the cell membrane regions with high distri-
bution of cholesterol and sphingomyelin, are used in the study of the influence of the
cell membrane composition and organization on TNTs formation and stability [37].
An example of new generation raft marker is ostreolysin, isolated from mushroom
Oyster mushroom. Ostreolysin differs from other raft markers, since it can interact
between two lipids (cholesterol and sphingomyelin), and it does not bind to any
lipid in its pure form.

Proteomic analysis of TNTs provides opportunities to find out the quantitative
contribution of their proteins. It applies not only to cytoskeleton proteins, but also
proteins of organelles localized within nanotubes [31].

By using fluorescence microscopy and modern computer technology, a new
method of automatic detection of nanotubes in vitro has been developed [26]. The
environments of the cell culture influences the results obtained. It refers, for exam-
ple, to the distance between cells. Its detection is difficult when the distance is too
small. Introducing of standardized environments of the cell culture may be the solu-
tion of this issue. The microstructured platform method allows to that. The cells are
attached to the substratum in a controlled and complementary pattern (singulariza-
tion) [1]. Assuming that nanotube formation may be different in normal and patho-
logical conditions, the data obtained with the method of microstructured platforms
would be quite important for research of new drugs influencing TNTs formation.
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STRUCTURE OF TNTs

With regard to structure, nanotubes are a heterogeneous group of intercellu-
lar connections. Depending on the cell type that form TNTs, these structures show
certain characteristic features (tab. 1). Structural differentiation is associated with
cytoskeleton component and the presence or lack of the cell membrane continuity.

TABLE 1. Heterogeneity of TNTs structure identified in various cell types

CYTOSKELETAL MEMBRANE
CELLTYPE COMPONENTS CONTINUITY REFERENCES
PC12 actin filaments + [57]
RT4, T24

type | actin filaments +
[71]

type 11 keratin filaments +
retinal epithelium actin filaments + [75]

macrophages

type I actin filaments +
[48]

type 11 actin filaments, microtubules +
lymphocytes T actin filaments ) [66]
lymphocytes T actin filaments + [4]
NK actin filaments, microtubules - [9]

The connections between PC12 cells, described by Rustom and co-workers [57],
are the structures with the diameter of 0, 05-0, 2 nanometers and the length exceeding
several hundred micrometers, and containing actin filaments. Continuity of the cell
membrane between PC12 cells provides the cytoplasm communication. This type of
TNTs is defined as the open-ended, and it allows the movement of the cell membrane
-associated components, as well as of components or organelles (fig. 1).

Nanotubes formed by macrophages are open-ended structures. Among them,
two types are distinguished, differing in cytoskeleton component and in diameter
[48]. Nanotubes of the type I are thin, with the diameter < 0, 7 micrometer, conta-
ining F-actin. Nanotubes belonging to the type II are thick, with the diameter > 0,
7 micrometer. This type of connections contains F-actin, as well as microtubules.
TNTs of lymphocytes T, described by Sowinski and co-workers [66], include only
actin filaments and they do not provide the continuity of cell cytoplasm. Hence,
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these nanotubes are defined as close-ended structures. For this type of connections,
the transport of components associated with the cell membrane is typical (fig.1).

The reports of Arkwright and co-workers [4] indicate that lymphocytes T stimula-
ted by FasL may also form open-ended TNTs (tab. 1). It suggests that the same type of
cells is able to create nanotubes with different structure, depending on coming signals.

Observations on RT4 or T24 cells show that these cells may form short, conta-
ining F-actin, connections, with the length of about 30 micrometers, as well as long
nanotubes (>100 micrometers), stabilized by keratin filaments [71]. In both cases,
they are open-ended nanotubes.

Despite the differences in structure, a lack of physical contact with the substra-
tum is characteristic for all types of TNTs. It allows distinguishing them from simi-
lar structures, e. g. filopodia, cytonemes or filopodial bridges. Like TNTs, filopodia
contain actin filaments, their average length, however, is only of a few microme-
ters [2, 8, 36, 41]. Cytonemes are actin-rich structures, with the length over one
hundred micrometers. They are described as connections involved in morphogen
transport in Drosophila melanogaster [33]. In mammals, thin extensions, similar
to cytonemes, are called filopodial bridges. With regard to their participation in
retroviruses transmission they are also defined as virus cytonemes [61].

Besides, TNTs differ from recently described tubular connections between
bronchial epithelium cells, although both types of structures are not attached to
the substratum, and both contain actin and microtubules [79]. Epithelial bridges
are wider (1-20 micrometers) and longer (25 micrometer -1 millimeter) than na-
notubes. They are stable for more than 48 hours, whereas for TNTs this time is no
longer than a few hours [79].

FIGURE 1. Scheme of TNTs structure a) open-ended, b) close-ended
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MECHANISMS OF TNTS FORMATION

Until now, two mechanisms of TNTs formation have been known. One of them
is the mechanism based on cell ability to form nanotubes from filopodia-like pro-
trusions, containing F-actin. This mechanism of de novo formation of TNTs was
described for PC12 cells, among others [8, 57]. During TNTs formation and elonga-
tion, polymerization of actin appears. It has been found that this process is inhibited
when latrunculin is used as an agent that induces actin depolymerization [57]. In-
terestingly, cytochalasin B inhibits formation of TNTs, but its influence on already
existing TNTs is weak.

Molecular mechanism of actin polymerization during de novo TNTs formation
has not yet been fully elucidated. Its similarity to the mechanism of filopodia for-
mation could not be excluded [2]. Perhaps, similar to that process, activation of
CDCA42 protein, which belongs to Rho protein family, involved in organization of
actin microfilaments, occurs [54].

After elongation, the end of protrusion interacts with adjacent cell. In PC12 cells,
forming open-ended TNT, an adhesion and membrane fusion occurs. The model
proposed by Lokar and co-workers [36] assumes that adhesion by several anchoring
junctions within the target cell membrane is required to complete stabilization. In
these regions, adhesion proteins like N-cadherin and -catenin are concentrated.

The second mechanism of TNTs formation is connected with prior cell-cell con-
tact, after which the cells are separated and a nanotube is formed between them.
This type of TNTs formation is typical for cells of immune system, like macro-
phages [48], or lymphocytes T [66]. The process is dependent on cell-cell contact
duration [67]. A short, transient contact between lymphocytes T, lasting about 2-3
minutes, rarely leads to TNTs formation. With increasing duration of cell-cell con-
tact, lasting over a few minutes, an incidence of TNTs formation is greater.

NK cells close contact with other cells has been found to allow formation of im-
munological synapse at the interface of nanotube with the membrane of the target cell.
The synapse mediates in NK cells cytotoxicity [9]. Cell polarization, as well as cell
adhesion is necessary to form a mature immunological synapse. The changes within
the cell membrane and F-actin rearrangement play a key role in this process [19].

The cell membrane organization has a significant effect on TNTs formation
and their stability. From the study of Lokar and co-workers [37], it has been found
that the presence of cholesterol is very important. Its partial depletion from the cell
membrane under methyl- -cyclodextrin, as well as under cell culture medium withe
out cholesterol, induces marked reduction of TNTs formation.

The increase in TNTs number of RT4 and T24 cells was observed with the
increase of the number of ganglioside molecules GM1 within this area of the cell
membrane [28]. This agent is a known lipid raft marker, which binds cholera toxin
B [63]. It was shown that the number of TNTs in tumour cells T24 is indeed larger
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than in normal RT4 cells. The difference was observed in standard cell culture, as
well as in lower temperature and after cholera toxin B treatment. More stimulated
effect of the toxin on tumour cells may be the result of higher lipid raft content
within the cell membranes [28].

Studies on artificial lipid systems may be also helpful in understanding of mech-
anisms and forces that rule the process of TNTs formation. The formation of nano-
tubular connections between liposomes was described in literature [71]. In contrast
to intercellular nanotubes, these connections, exhibit a mechanic stability, despite
that they do not have actin filaments as strengthening elements. Lipid rafts, rich in
cholesterol and sphingomyelin, with a suitable curvature, may be responsible for sta-
bility of nanotubes in artificial and biological systems [30, 71]. In the area where
a nanotube is formed, a tubular-shaped, so called anizothrope curvature, is preferred.
I-BAR proteins, associated with lipid rafts, are additional factor influencing on the
cell membrane geometry. Their role in interactions between actin filaments and the
cell membrane is known [80]. TNTs stability is guaranteed only over a specific range
of the cell membrane curvature, when the I-BAR proteins density is not high [29].

REGULATORY FACTORS OF TNTs FORMATION

The stress induced by hypoxia is a factor that stimulates cells to form TNTs de
novo. The research conducted on astrocytes and neurons from rat hippocampus re-
vealed that these cells are stimulated to form nanotubes in the presence of H,O, [73].
Cells undergoing stress begin to form nanotubes into unstressed cells. The very same
authors showed also that in hypoxia a protein p53 is activated, which is a starting
point for a cascade of events leading finally to TNTs formation (fig.2). The epidermal
growth factor gene is one of those which are activated by p53 protein. As a result, Akt/
PI3K/mTOR signaling pathway is turned on [73]. The results of Lou and co-workers
[2012] suggest the important role of mTOR in the TNTs formation. The process is
stopped in the presence of mTOR inhibitor (Everolimus). Stimulation of nanotube for-
mation in the glucose-rich and low pH medium may be the effect of mTOR pathway
hyperactivation [38].

M-Sec protein is another regulatory factor of TNTs formation [22, 47]. Its
expression is increased in hypoxia and may be regulated by p53 protein. [73].
M-Sec, induced by TNF-a, is defined as a one of possible molecular markers of
TNTs connections [47]. The results of research on M-Sec role in TNTs formation
indicate that this protein cooperates with RalA GTPase. RalA is involved in rear-
rangement of F-actin in cell and in the vesicular transport, which is responsible for
delivery of relevant membrane components in the region of nanotube formation.
M-Sec and RalA regulate actin polimerization, including in it CDC42 protein,
which was mentioned earlier.
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polymerization

TNT

FIGURE 2. Factors stimulating TNTs formation

According to the data shown above, the M-Sec protein participation as a reg-
ulatory factor in TNTs formation is probably limited to the nanotubes with actin
filaments. It suggests that the formation of TNTs, containing microtubules, needs
other regulatory factors than M-Sec protein [33]. Studying them as well as carry-
ing further studies on M-Sec role seems to be quite important. This may lead to the
discovery of some drugs affecting the factor activity, and in this way regulating
the TNTs formation process.

MECHANISMS OF NANOTUBULAR TRANSPORT
AND ITS PHYSIOLOGICAL ROLE

According to the numerous studies, membrane nanotubes are intercellular
transport routes of cytosol components, as well as organelles, and components as-
sociated with the cell membrane (tab. 2). Open-ended nanotubes, containing only
F-actin allow unidirectional transport [16, 20, 57], whereas the nanotubes with
F-actin, as well as microtubules, are capable of bidirectional transport [44, 48].

Myosin is involved in the transport along actin filaments [44, 74], kinesin and
dynein are protein motors associated with microtubule transport [44]. This trans-
port is an active process, which is blocked by azide, an agent that inhibits ATP
synthesis [48, 74].
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When the diameter of cargo is greater than the inner diameter of the nanotube,
the TNTs transport can take place via dilatations. The distentions along nanotu-
bes resemble gondolas [14, 71]. These structures form an integral part of TNTs
connections and they include both F-actin and keratin filaments. [71]. An average
speed of movement within the gondolas is 40 nanometers/second.

ORGANELLE TRANSPORT AS A CELLULAR RESCUE STRATEGY

Organelle transport via nanotubes seems to play an important role especially
when cells are damaged, or undergo premature senescence. Hence, its importance
is emphasized in repair cell strategy.

Diabetes, atherosclerosis and chronic kidney inflammation are accompanied
by oxidative stress result in stress-induced premature senescence of vascular en-
dothelium [18]. Lysosomal dysfunction, ganglioside cell accumulation and au-
tophagy are the effects of stressed conditions [51]. Transport of lysosomes with
integral membrane was observed in nanotubes directed from intact endothelial
progenitor cells to HUVEC cells exposed to an agent that induces collagen I gli-
cation. An average speed of this process was 1 micrometer/minute [77].

A repair effect such as increased transport of mitochondria was observed be-
tween normal EPC cells and HUVEC cells treated with cytotoxic concentration of
adriamycin (doxorubicin) and showing the mitochondria dysfunction [77].

The results of Cselenyak and co-workers [12] are another example of TNTs
contribution in rescue cell strategy. Viability of rat cardiomyoblasts incubated
for 150 minutes in the glucose-free medium, and in the presence of 0,5% O, and
99,5% N, was increased significantly after the contact with the normal mouse mes-
enchymal stem cells and the cytosolic contents as well as mitochondria transport.

The results of Plotnikov and co-workers [52] show that TNTs can also mediate
in differentiation of human mesenchymal multipotent stromal cells MMSC. Mito-
chondrial transport from differentiated renal tubular cells RTC is accompanied by
cytosolic components responsible for MMSC differentiation.

An open question still remains of how the formation of nanotubes and the se-
lective transport in non-stressed cells is initiated. Probably, the non-stressed cells
send signals to the intact cells and these start to form nanotubes. An accumula-
tion of phosphatidylserine in outer monolayer of the cell membrane can be such
a signal [78]. A binding of phosphatidylserine by annexin V blocks the signal and
reduces organelle transport significantly.



PARTICIPATION OF MEMBRANE NANOTUBES IN INTERCELLULAR COMMUNICATION 71

CALCIUM SIGNAL TRANSMISSION

Watkins and Salter, first showed the contribution of TNTs in Ca’" transmis-
sion [27]. Calcium signal via nanotubes is passed between immunological cells in
a matter of only a few seconds from a distance of even several hundred of micro-
meters. Further studies revealed that this transmission is possible also in retinal
pigment epithelial cells, HEK cells, or neuroblastoma cells SH-SYSY [22, 65, 72,
75]. In close-ended TNTs, a depolarization is directed from an activated cell to
a non-activated cell [72, 75]. This causes transient increase in Ca** concentration,
as a result of potential-dependent calcium channels activation.

A protein component of gap junctions, connexin 43, was found at the interfa-
ce between nanotube and the surface of the target cell [72, 75]. The fact that gap
junctions blocker, a meclofenamic acid, abolishes depolarization transmission in
the target cell and opening of voltage-dependent calcium channels, indicates the
important role of these connections in Ca?* signal transfer.

It was found, that a direct flow of calcium ions via TNTs may also follow.
However, open-ended nanotubes are involved in this process [22, 65]. At the same
time, it was demonstrated, that a passive flow of Ca?"ions is not sufficient for an
effective activation of the target cell [65]. Inositol triphosphate receptors are en-
gaged in the signal amplification. They were found within endoplasmic reticulum
inside TNTs.

APOPTOTIC TNTs DEATH SIGNAL TRANSMISSION

Recent studies have shown that activation of lymphocytes T by FasL, which is
involved in extrinsic apoptotic death pathway, stimulates cells to form nanotubes
and to exchange of death signal [4, 40]. Mutation in the cytoplasmic domain of
the Fas receptor, characteristic for the autoimmune lymphoproliferative syndrome
ALPS, excludes the possibility of lymphocytes T stimulation to form TNTS con-
nections [4].

The death signal distribution may be the result of membrane-associated FasL
ligand movement along the nanotubes [4]. The mobility of caspase-3, one of the
enzymes responsible for apoptosis realization, was also demonstrated within the
nanotubes [4]. The movement of membrane-associated FasL can be explained by
the close-ended type of nanotubes [66], whereas the transport of caspase-3 between
the cells connected is possible only with participation of the open-ended TNTs [4].
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TRANSPORT OF THE CELL
MEMBRANE-ASSOCIATED COMPONENTS

The transport of the cell membrane-associated components is a particular type of
transport occurring with the TNTSs participation. It includes movement of GPI-ancho-
red proteins, antigen proteins, or membrane receptors (tab. 2).

TABLE 2. Types of cargo transported by TNTs

CATEGORY COMPONENTS REFERENCES
Golgi, ER [31]
organelles endosomes [32]
lysosomes [20, 57, 78]
mitochondria [25, 48, 52]
cytosol calcein [52]
cytosol GFP [23]
2+
calcium signal Ca (721
Ca?", inositol triphosphate receptor [65]
apoptotic death signal caspase-3 [4]
cytotoxic (perforins) [9]
antigen CD59 [4]
cell membrane MHCI [39]
receptors GPCR [21]
GPI-anchored GFP [66]

Recent reports of Schiller and co-workers [59] indicate that TNTs are responsible
for the transport of MHC class molecules between HeLa cells. The degree of this
transport is significantly reduced in the presence of latrunculin A, inhibitor of actin
polymerization. It was found that GFP-labeled antigen protein HLA-A2 may be trans-
ported not only as a membrane-associated component, but also through the cytoplasm.
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The results of Takahashi and co-workers [70], that suggest TNTs participation
in the transport of transmembrane protein DC-STAMP, should also be noted. This
protein plays a key role in the fusion of osteoclast progenitors in osteoclastogenesis.

The accumulation of the second messenger cAMP in the target cell occurs as
a result of TNTs mediated transport of membrane receptors GPCR [21]. It suggests
that after transport these receptors remain functionally competent in the target cell.

The difference in membrane potential, presented across the lipid bilayer, is
probably the membrane flow for the TNTs transport associated with the cell mem-
brane, directing cargo from the regions with low potential to the region with the
higher one [27].

TNTs PARTICIPATION IN PATHOMECHANISM OF DISEASES

Existing data suggest that membrane nanotubes may play the important role in
the development of some diseases. HIV, as well as PrP* protein may be transpor-
ted by nanotubes from infected cells to non-infected cells [16, 20, 34, 66].

The intercellular spread of bacteria can also occur through the nanotubes [48].

The important issue is the TNTs contribution towards pathogenesis and invasion
of cancer. It is suggested that nanotubes may participate in the acquisition of the che-
motherapy resistance by tumour cells and in organelle transfer, including mitochon-
dria transfer [38, 39, 50]. This in turn can be an important strategy to ensure effective
respiration by tumour cells [38].

HIV TRANSFER

Transmission of a pathogen such as HIV is several thousand times more ef-
ficient in a case of physical cell-cell contact rather than during an uptake of cell-
free virus [10, 66]. The viral propagates preferentially across polysynapses, when
cell-cell contact is possible. These structures are formed between infected lym-
phocyte T and a few non-infected ones [56].

The results presented by Sowinski [66, 67] indicate that TNTs are also in-
volved in HIV transmission. These structures are classified as close-ended nano-
tubes. They differ significantly from viral cytonemes, which participate in both
HIV and MLV propagation [61, 62, 67].

An important difference between virus cytonemes and TNTs is the depend-
ence of the mechanism of their formation on interactions between virus envelope
protein and CD4 antigen in the target cell membrane (tab. 3). The process of the
virus transport relies on its surfing along outer surface of cytonemes.
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TABLE 3. Characteristics of close-ended TNTs and viral cytonemes, involved in HIV transfer. Accor-
ding to [67] changed

FEATURE CLOSE-ENDED TNTS* VIRUS CYTONEMES®

curved, adherent to substratum,
formed by non-infected cells,
through de novo mechanism

straight, above the substratum,

morphology and formation formed after intercellular contact

length -25 micrometers -5,8 micrometers

diameter 180-380 nanometers 75-200 nanometers

independent of interactions
between virus envelope protein
HIV transfer mechanism | and CD4 transfer of GFP-labeled
capsid protein from infected to
non-infected cell

dependent on interactions between
virus envelope protein and CD4
transfer along the outer surface of
cytonemes

speed of transfer 0,08 + 0,03 micrometers/second | 0,011 & 0,003 micrometers/second

a — results from [66]
b — results from [61]

The formation of nanotubes, involved in HIV transfer, is not dependent on
interactions between virus envelope protein and CD4 antigen on the target cell.
A capsid protein transfer of GFP-labeled HIV passes along nanotubes. It is un-
known, the process is a transfer inside nanotubes or on a surface of TNTs. How
virus transported via nanotubes overcomes a barrier of the cell membrane is also still
unclear. Probably, receptor-dependent endocytosis takes place at the end of TNTs [66].

Recent results of Kadiu and Gendelman [31, 32] suggest that in the virus prop-
agation open-ended TNTs are involved. HIV infection stimulates formation of the
connections with the length about one hundred micrometers and containing both
actin filaments and microtubules. Fluorescent labeled HIV envelope and capsid
proteins have been find in endosomes and Golgi apparatus.

Detailed proteomic analyses of isolated TNTs have shown that HIV proteins
were 3% of the overall identified proteins. The distribution of other proteins was
as follows: cytosolic (23%), cytoskeletal (19%), cell membrane (15%), endosome
(14%), mitochondrial (7%), ER (9%), Golgi (4%). Transfer of sequestered virus
within TNTs connections is a total protection against the extracellular environ-
ment, in particular against the immune system.
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TNTs IN NEURODEGENERATIVE AND PRION DISEASES

It is noted that TNTs are able to transport of damaged mitochondria between
the cells of the central nervous system. This transfer may contribute to the develop-
ment of neurodegenerative diseases, like Alzheimer or Parkinson [43]. a-synuklein
is probably the damaged factor of mitochondria, leading to degradation and frag-
mentation of these organelles [45]. Mitochondria failure induced by reactive oxygen
species participate in neurons degeneration in patients with Alzheimer [69].

It is believed that nanotubes are the tool for spreading both exogenous and endog-
enous PrP* protein, which is responsible for Creutzfeldt-Jakob disease [7, 20, 34].

Until now, it has been assumed that prion protein may be transfered by a direct
cell-cell contact, with exosomes participation or by secretion of PrP* from infected
cell to the extracellular space [3]. TNTs formed between dendritic cells and neurons
as well as between neurons alone play a crucial role in transfer of exogenous PrPs
from digestive tract to perihperal and then to the central nervous system [20, 34].

The mechanism of PrP* transfer and the type of TNTs participating in this
process is not yet completely known. Neither transport within endosomes, nor the
one along nanotube surface can be excluded [41]. According to data by Langevin
and co-workers [34], the process occurs as a transfer of PrP* aggregates (aggrego-
somes) from cytoplasm of infected to non-infected cell. It suggests the contribution
of open-ended nanotubes.

TRANSFER OF BACTERIA AND THEIR
RESISTANCE TO ANTIBIOTICS

Onfelt and co-workers® results [48] show, that bacteria Mycobacterium bovis
bacillus, with GFP expression, can surf between human macrophages, using nano-
tubes with the diameter < 0,7 micrometer, and containing F-actin. The first step of
this process is bacteria binding to nanotube membrane, then cell surfing along nano-
tube surface and the next step is phagocytosis in the place, where the nanotube has
a contact with target cell. Bacteria bind also to the nanotubes with higher diameter,
containing microtubules in addition to actin. However, no surfing in the direction of
the target cell is observed [48], which indicates the selectivity of this process.

Bacteria cells, able to form nanotube connections [15], can use them for non-
genetic and genetic transfer of their resistance to antibiotics. Protein and plasmid
transport was found not only between bacteria of the same species Bacillus subtilis.
The transport is possible also between different species Bacillus subtilis and Staphy-
lococcus aureus, or Bacillus subtilis and Escherichia coli [15].
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TNTs IN TUMOUR DISEASE

In some conditions, the response of tumour cells to the factors regulating TNTs
formation is stronger than the response of normal cells [28]. A low pH is one of the
stimulating factors, and the connections formed allow, among others, mitochondria
transport [38]. According to Lou and co-workers [38], tumour cells, paradoxically to
the Warburg effect, supporting mainly anaerobic metabolism, share of mitochondria,
which may provide increase in energy production and thereby cell proliferation.

TNTs participate also in transfer of mitochondrial DNA and its mutations [24].
It was found that cells from the individual tumour patient show a high heterogene-
ity of mitochondrial DNA because of mutations [24].

Nanotubes are probably a route to acquire the resistance to chemotherapy in
tumour cells [50]. So far, this phenomenon has been defined as multi-drug resistan-
ce connected with an overexpression and high activity of the cell membrane pro-
teins, belonging to the ABC family [60]. As a result, active efflux of drugs from
cell occurs, which makes it impossible to reach therapeutic drug concentrations.
Among proteins responsible for this, a main attention is paid to MDR protein.
MDR is a protein with molecular mass of about 170 kD, present in epithelial cells
of intestine, kidney and in blood-brain barrier [60].

In tumours developing from tissues with high expression of MDR gene, a low
response to chemotherapy is observed. For other tumours, exposure to cytotoxics
may lead to a de novo expression of MDR in cells, which did not show the resistan-
ce to chemotherapy. [49]. Such tumours, become secondarily multidrug resistant.

The results of Pasquier and co-workers [50], obtained on the MCF-7 cell line,
have shown that nanotubes participate in the MDR protein transfer. It means that
tumour cells, lacking the expression of MDR (MDR") and sensitive to drugs, may
acquire the resistance as a result of MDR transfer from MDR™ cells.

SUMMARY

Actually, the membrane nanotubes are defined as a very important form of
intercellular communication. It refers to animal, as well as bacterial cells. As a re-
sult of intensively conducted studies, our knowledge about the structure and the
role of TNTs is becoming more comprehensive. Undoubtedly, the development
of the methods, which allow visualization of the structure, as well as the type of
intercellular transport taking place with the participation of TNTs, contributed to
this. These structures are involved in many physiological processes, including
immunological response and cell repair. The main attention is paid to their hetero-
geneity and thus raises the question of which factors determine the type of TNTs
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formed by cells, and whether their formation is a cell-specific process. Some data
suggest that depending on the signals, cells may form different types of membra-
ne nanotubes. Taking into account the fact that these connections are the tool for
intercellular communication also in pathological conditions, it is quite important
to know the exact mechanism of their formation and the factors that regulate this
process. Understanding of these issues may lead to development of drugs and
strategy reducing the spread of certain diseases in the human body.
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