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ABSTRACT Tunneling nanotubes (TNTs) are actin-based intercellular conduits that
connect distant cells and allow intercellular transfer of molecular information, includ-
ing genetic information, proteins, lipids, and even organelles. Besides providing a
means of intercellular communication, TNTs may also be hijacked by pathogens, par-
ticularly viruses, to facilitate their spread. Viruses of many different families, includ-
ing retroviruses, herpesviruses, orthomyxoviruses, and several others have been re-
ported to trigger the formation of TNTs or TNT-like structures in infected cells and
use these structures to efficiently spread to uninfected cells. In the current review,
we give an overview of the information that is currently available on viruses and
TNT-like structures, and we discuss some of the standing questions in this field.
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ell-to-cell communication is essential to coordinate and maintain physiological

activities in organs and tissues. Eukaryotes have developed different strategies for
intercellular communication that depend on the nature of the message and the
distance across which the message has to be transmitted. For long-distance commu-
nications, several strategies can be used, including the secretion of messengers such as
cytokines, hormones, or growth factors, or the release of extracellular vesicles, such as
exosomes, which may contain different biomolecules (e.g., proteins, lipids, and genetic
information) (reviewed in reference 1). An additional type of long-distance intercellular
communications was described in 2004, based on the observation of thin membranous
nanotubes connecting distant PC12 rat pheochromocytoma cells (2). Rustom et al.
described these structures as hovering above the substrate, containing F-actin and
enclosed in a lipid bilayer. The term “tunneling nanotube” (TNT) was coined to
designate these structures, and it refers to their diameter, originally described as
ranging from 50 to 200 nm, and their ability to mediate intercellular transfer of
molecular information by forming a “tunnel” between distant and otherwise noncon-
nected cells. The original report on PC12 cells described TNTs as mediators of inter-
cellular transfer of endocytic vesicles and organelles. Subsequent studies confirmed _
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and/or myosin X (MyoX) (2, 10). Myosin Va has been suggested to mediate actomyosin-
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dependent transport of endocytic vesicles in TNTs (2), while MyoX has been proposed
to be a major player in the process of TNT formation (11). In addition to myosin motors,
microtubule-containing “thick” TNTs may also harbor microtubule motors kinesin 1 and
dynein to drive plus- or minus-end directed movement of cargo, respectively (8, 12).
Currently, TNTs are broadly defined as actin-containing intercellular membranous
connections that lack substrate adhesion and allow intercellular transfer of molecular
information (reviewed in references 9, 13, and 14). TNTs can be open or closed ended,
depending on whether they do or do not show cytoplasmic connectivity between
donor and recipient cells, respectively (2, 15). A recent study using correlative cryo-
electron microscopy to determine the ultrastructure of TNTs in neuronal cell lines (CAD
and SH-SY5Y) showed that many of the nanotubes that appeared as a single contig-
uous structure by fluorescence microscopy in fact constituted a bundle of several
thinner individual TNTs (iTNTs) stabilized and held together by N-cadherin (16). The
TNTs in this study were open ended and lacked microtubules. It remains to be
determined whether other types of TNTs equally may consist of bundles of iTNTs.

In general, two (non-mutually exclusive) models of TNTs formation have been
proposed. According to the first model, cells form a filopodium-like protrusion that
elongates and docks on a neighboring cell and further differentiates into a TNT (2). In
some cases, such as TNTs established by the urothelial cell line T24 or TNTs induced by
the US3 protein of pseudorabies virus (PRV), adhesion molecules such as cadherins and
B-catenin localize in the contact area between the filopodium/TNT and the recipient
cell, stabilizing and anchoring the newly established TNT (17, 18). In the second model,
TNTs originate between two joined cells that move away from each other and retain a
thin membranous thread upon cell dislodgement (15, 19).

The heterogeneous nature of TNTs suggests that their formation may rely on a
variety of molecular pathways, which are still largely unresolved. Nonetheless, some
important regulatory factors have been identified over the past years, including M-Sec
and the aforementioned MyoX.

In 2009, Hase et al. showed that the 73-kDa cytosolic protein M-Sec is present in
TNTs connecting Raw264.7 macrophage cells and that knockdown of M-Sec via RNA
interference suppressed the formation of TNTs (20). M-Sec contributes to TNT formation
via its association with the Ras-like small GTPase Ral-A and the exocyst complex (20).
The LST-1 (leukocyte-specific transcript 1) protein appears to act as a scaffold to recruit
Ral-A, the exocyst complex and likely M-Sec to the plasma membrane (21). Once the
complex is assembled, Ral-A binds to filamin, MyoX, myoferlin, and Ral binding protein
1 (RalBP1), resulting in the activation of Cdc42, which subsequently leads to actin
remodeling and filopodium formation (20-22). Nevertheless, the fact that TNTs can be
established between cells that do not express M-Sec, i.e., neurons (11, 23), indicates that
different mechanisms of TNT formation may exist.

MyoX is a widespread unconventional myosin motor protein with an established
role in filopodium formation and elongation (24, 25). In the central nervous system cell
line CAD, overexpression of MyoX results in TNT formation, and knockdown of MyoX via
shRNA impairs endogenous TNT formation (11). In this particular model, MyoX-induced
TNTs emerge from the extension and docking of filopodia. MyoX is recruited to the
plasma membrane of a subset of filopodia through its binding with phosphatidyl
inositol moieties [PtdIns(3-5)P3], where it contributes to TNT formation (11). In support
of this, in a recent study, expression of the HIV protein Nef was found to correlate with
an increase in MyoX expression, and this in turn resulted in MyoX-dependent TNT
formation (26).

Although TNTs have been described to occur under physiological conditions, several
stress stimuli may also trigger their formation, including oxidative stress, serum star-
vation, hyperglycemic conditions, inflammation, UV radiation, low pH, and hypoxia,
among others (6, 27-29). These data suggest that, under specific circumstances, TNT
formation may be part of a stress response mechanism to facilitate biomolecule and/or
energy transfer between damaged and healthy cells.

There is increasing evidence that TNT-mediated intercellular communication is

April 2020 Volume 94 Issue 8 €02120-19

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Minirevew

involved in several pathologies, including cancer, neurodegenerative diseases, and
infectious diseases. TNTs can facilitate cell-to-cell signaling and transfer of cellular
contents between tumor cells and their microenvironment (5, 30, 31) and have been
observed in human primary tumors (29, 32, 33). TNTs may contribute to cancer
progression and therapy resistance through the transfer of, e.g., oncogenic miRNAs (5),
multidrug resistance protein 1 (34, 35), mitochondria (36), and intercellular calcium
waves (33). For more information on the role of TNTs in cancer pathobiology, we refer
the reader to different reviews on the topic (see, for example, references 37, 38, and 39).
TNTs may also play a role in the progression of several neurodegenerative diseases
since they have been reported to contribute to intercellular transfer of misfolded
proteins from affected to healthy neurons, including transfer of amyloid B and tau
protein (Alzheimer’s disease), a-synuclein (Parkinson’s disease), huntingtin (Hunting-
ton’s disease), superoxide dismutase-1 (amyotrophic lateral sclerosis), and prion protein
(PrPSc; transmissible spongiform encephalopathies) (reviewed in reference 40). TNTs
may also contribute to intercellular spread of pathogens, primarily viruses—the topic of
the present review— but in some cases also bacteria. For example, recently, it has been
demonstrated that Mycoplasma hyorhinis induces TNT formation in infected cells and
exploits these structures for efficient and rapid cell-to-cell dissemination (41).

INDUCTION AND USE OF TNTs AND TNT-LIKE STRUCTURES BY VIRUSES

Viruses from different families have been described to trigger formation of TNTs or
TNT-like structures (Table 1), which these viruses may use to efficiently spread infection
and molecular information to neighboring cells. For some viruses, particularly retrovi-
ruses and alphaherpesviruses, viral proteins that are responsible for TNT formation have
been identified, as well as (part of) the signaling axes that connect the expression of
these viral proteins to TNT formation.

RETROVIRUSES

Intercellular retrovirus spread using TNTs was first shown for human immunodefi-
ciency virus (HIV). Transfer of virus was found to occur between macrophages, where
virus capsids were observed in endocytic compartments in the TNTs, and also between
CD4+ T cells where virus particles may surf on the outer surface of the intercellular
membranous conduits (15, 42, 43). Recently, coinfection of HIV and Mycobacterium
tuberculosis was found to increase TNT-mediated spread of HIV in macrophages. The
interleukin-10 (IL-10)-dominated anti-inflammatory microenvironment associated with
tuberculosis (TB) increases TNT formation in macrophages via IL-10/STAT3 signaling,
thereby enhancing intercellular HIV spread (44). TNTs in HIV-infected macrophages may
also connect to B cells, which results in transfer of the viral protein Nef from infected
macrophages to B cells, thereby interfering with antibody isotype class switching in the
latter (45). TNT formation in HIV-infected macrophages depends on the viral Nef protein
and its ability to interact with the nucleotide exchange factor Vav, thereby affecting
Rho GTPase signaling and actin polymerization (45).

Interestingly, the HIV-associated TNTs observed in T cells displayed very different
properties compared to those observed in HIV-infected macrophages. In T cells, TNTs
contain actin but no microtubules and do not allow the transfer of membrane-
associated proteins, small cytoplasmic dyes, or intercellular calcium signaling (15). TNTs
between macrophages do contain microtubules, allow the transfer of organelles, and
mediate gap junctional communication (43, 46). As another important difference
between both cell types, in T-cells, HIV uses existing endogenous TNTs to transfer
infectious virus to connected cells, while the virus triggers increased formation of TNTs
in macrophages via the viral accessory protein Nef (15, 42, 45, 47) (HIV Nef-induced TNT
formation in macrophages is schematically illustrated in Fig. 1). This discrepancy in
properties and functionality between the two cell types was explained in 2016 when it
was shown that HIV Nef-dependent induction of TNTs in macrophages requires the
expression of M-Sec (48). T cells, in contrast to macrophages, do not express M-Sec, and
thus the number of TNTs does not increase upon Nef expression in these cells. T-cell
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TABLE 1 Overview of TNTs and TNT-like structures triggered by different viruses?

Journal of Virology

Spread in
presence of

Virus particles
visualized in

Infected virus-neutralizing  or on TNT-like
Virus Viral protein involved cells Cell type(s) Microtubules  antibodies structures by EM  Reference(s)
Retroviruses
HIV-1 Nef Yes Macrophages Yes Yes Yes (TEM) 42, 43,45
HIV-1 and MLV Env Yes Cos-1, XC and HEK293 No No Yes (SEM) 53
HTLV-1 p8 Yes p8-overexpressing Jurkat, No ND® Yes (TEM) 51
MT-2 and primary T cells
Herpesviruses
Alphaherpesviruses
PRV us3 Yes ST, RK13, MEF Yes Yes Yes (TEM) 17, 56, 62
HSV-2 uUs3 ND Vero Yes ND ND 66
BoHV-1 US3 (in transduced cells)  Yes MDBK, KOP, primary bovine  Yes Yes ND 65, 71
fibroblasts
BoHV-5 us3 ND ST, Vero ND ND ND 67
Gammaherpesviruses
MHV-68 gp48/ORF58 Yes NIH 373, BHK-21 No ND ND 73
EBV BDLF2/BMRF2 ND Cos7, 293T, HelLa No ND ND 72
Alphaviruses
SINV, SFV, CHIKV Structural proteins (SFV) Yes Vero, primary HUVEC Yes Yes Possibly (SEM) 75
Pneumoviruses
HMPV P (transfected cells) Yes BEAS-2B, A549 Yes Yes ND 76
Poxviruses
w F11 Yes BS-C-1, Vero, PtK2 ND ND ND 77-80
Orthomyxoviruses
1AV ND Yes MDCK, Vero, A549 ND Yes ND 81, 82
Paramyxoviruses
PIV5 ND Yes MDCK, Vero, A549 ND Yes ND 81
MeV ND Yes Astrocytoma cells ND ND ND 83
Nidoviruses
PRRSV ND Yes MARC-145 Yes Yes ND 84, 85
Flaviviruses
WNV NS1 (transfected cells) Yes Vero, SH-SY5Y, U-87MG ND ND ND 86
Arenaviruses
LCMV ND Yes Hela ND ND ND 88
Picornaviruses
CVB3 ND Yes GMK Yes Yes ND 89
Reoviruses
RDV Pns10 (transduced cells) Yes NC-24 and Sf9 insect cells ND Yes ND 90, 91
RBSDV P7-1 (transduced cells) Yes Sf9 insect cells ND ND ND 92, 93

aMore detailed information can be found in the text. TEM, transmission electron microscopy; SEM, scanning electron microscopy.

bND, not determined.

lines expressing M-Sec, on the other hand, do show increased TNT formation in
response to Nef expression (48). The precise mechanism by which Nef activates M-Sec
to induce the formation of TNTs is still largely unknown, although it has been shown
that Nef associates with the Rac1/Cdc42 effector p21-activated kinase 2 (PAK2) and
several components of the exocyst complex and that Nef expression leads to upregu-
lation of MyoX, which is required for TNT induction (26, 49, 50). Whether and how MyoX
and M-Sec act cooperatively during Nef-induced TNT formation remains to be deter-
mined.

Human T-cell leukemia virus type 1 (HTLV-1), another retrovirus, also triggers the
formation of TNTSs via its p8 protein. HTLV-1 p8-induced TNTs contain mature virus particles
that concentrate in the contact area with connected cells. In contrast to HIV Nef, the p8
protein of HTLV-1 is able to trigger formation of TNTs in T cells (51). It was claimed that this
is due to the ability of p8 to induce the expression of M-Sec (48). However, another report
described that expression of the Tax protein of HTLV-1 also induces the expression of
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FIG 1 (A) Schematic representation of two of the best characterized models of virus-induced TNT formation: Nef-induced TNT formation
in HIV-infected macrophages and US3-induced TNT formation in PRV-infected epithelial cells. Both types of TNTs have been shown to carry
virus particles in vesicles (see, for example, references 17 and 43). Some of the molecular players that have been shown to be involved
in these two types of TNT formation are indicated. More detailed information on their role is provided in the present study. (B) An inset
image shows a schematic representation of what is known about the contact area between a PRV US3-induced TNT and a recipient cell
based on electron microscopy and confocal microscopy analyses (based on reference 17).
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M-Sec, without affecting TNT formation (52). Thus, the involvement of M-Sec in HTLV-1-
induced TNT formation has not yet been completely resolved. The p8-induced TNTs
facilitate intercellular spread of HTLV-1 between T cells (51).

Other reports also document retrovirus-mediated induction and/or use of intercel-
lular connections, which may constitute bona fide TNTs and/or TNT-related structures.
For example, murine leukemia virus (MLV) and HIV both use intercellular filopodial
bridges, dubbed viral cytonemes, to spread infection in Cos-1, XC, and HEK293 cell lines
(53). These filopodial bridges originate from uninfected cells and contact infected cells.
Their formation depends on the interaction of the virus receptor (nCATs1 for MLV and
CD4/CXCR4 for HIV) on the surfaces of uninfected cells and the viral ligand Env on the
infected cell. Virus particles reach the uninfected cell body by surfing on the outside of
the viral cytoneme using actin-based retrograde flow of the receptor. Expression of Env
alone is sufficient to induce the formation of these viral cytonemes (53).

In infected dendritic cells (DCs) cocultured with T cells, immature budding HIV particles
localize to the tips of filopodia of the DCs (54). These virus-capped filopodia scan the
surroundings of the DCs and can make up to 800 contacts per hour with neighboring T
cells. HIV capping of filopodia depends on the viral Gag polyprotein and the frequency of
filopodium formation is enhanced by the viral Nef protein, suggesting functional and/or
biochemical similarity to HIV Nef-induced TNTs (54, 55). The presence of virus-capped
filopodia correlates with increased spread of HIV in DC T-cell cocultures (54).

HERPESVIRUSES
Around the time of the discovery of TNTs, we described the formation of long cell
protrusions in epithelial and fibroblast cells infected with the porcine alphaherpesvirus
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pseudorabies virus (PRV) (56). These protrusions contact uninfected cells to form
intercellular membranous structures, contain F-actin and microtubules, and do not
contact the substrate and therefore represent TNTs (17). Expression of the viral serine/
threonine protein kinase US3 is necessary and sufficient for their formation (56, 57) (PRV
US3-induced TNT formation is schematically illustrated in Fig. 1). In PRV-infected cells,
US3-induced TNTs contain mature enveloped virus particles in vesicles that move
toward uninfected cells and contribute to viral spread, even in the presence of
virus-neutralizing antibodies (17, 56). Electron microscopy showed that US3-induced
TNTs are closed ended and that TNT-mediated virus spread appears to occur via egress
of enveloped virus particles at the contact area between TNT and recipient cell,
followed by viral entry into the recipient cell (17). In line with this, PRV lacking the
fusion-driving envelope protein gB is unable to spread via TNTs (R. J. J. Jansens and
H. W. Favoreel, unpublished data). Interestingly, the US3 protein is largely dispensable
for virus replication in cell cultures, while US3-null viruses are substantially attenuated
in vivo, indicating that US3 serves as an important virulence factor (58-60). In contrast
to most TNTs described in literature which are only stable for relatively short time
periods (typically minutes to a few hours), TNTs induced by the US3 protein are very
stable and have lifetimes up to 24 h (17, 56). This property is likely caused by the
presence of stabilized microtubules (containing posttranslational tubulin modifications)
in the US3-induced TNTs, and a marked enrichment of adhesion molecules (e.g.,
E-cadherin and B-catenin) at the contact area between TNT and recipient cell, ensuring
persistent TNT-mediated contact between donor and recipient cell (17).

The formation of alphaherpesvirus-induced TNTs depends on the kinase activity of
US3 (61). Although the underlying signaling network is not entirely clear, there are
indications that US3-induced TNT formation occurs via activation of the cellular Cdc42/
Rac1 Rho signaling axis and suppression of the opposing RhoA signaling axis. On the
one hand, US3 of PRV directly phosphorylates and thereby activates group A PAKs, which
are downstream effectors of Cdc42/Racl signaling, and PAK inhibition suppresses US3-
induced TNT formation (62). US3-mediated activation of group A PAKs triggers the actin-
severing protein cofilin via a poorly understood mechanism, which further contributes to
the cytoskeletal rearrangements caused by US3 (63). On the other hand, expression of US3
also activates cellular protein kinase A, leading to phosphorylation of RhoA and thereby
interfering with RhoA activity (64). The induction of TNTs by the US3 protein thus appears
to depend on simultaneous activation of the Cdc42/Rac1 branches and inhibition of the
RhoA branch of actin-controlling Rho GTPase signaling.

The US3 protein is conserved among the alphaherpesvirus subfamily of the herpes-
viruses and, probably as a consequence, many other alphaherpesviruses induce the
formation of intercellular structures. Indeed, induction of TNT-like structures has been
described upon transfection of cells with the US3 genes of bovine herpesvirus 1
(BoHV1), herpes simplex virus type 2 (HSV2), and bovine herpesvirus 5 (BoHV5) (65-67)
and upon infection of cells with HSV1 or BoHV1 (68-71). In contrast to PRV US3-induced
TNTs, TNTs formed in BoHV1-infected KOP and EBTR cells were described to be
significantly less stable and highly sensitive to chemical fixation. This could indicate
that BoHV1 differs from PRV with regard to stabilization of TNTs (71).

Although gammaherpesviruses do not encode a US3 homologue, Epstein-Barr virus
(EBV) and murine gammaherpesvirus 68 (MHV-68) also have a dramatic impact on the
actin host cytoskeleton, including the formation of TNT-like protrusions that are devoid
of tubulin (72, 73). TNT formation was observed in different cell lines that coexpress
either MHV-68 gp48 and ORF58 proteins or their distantly related EBV homologues
BDLF2 and BMRF2. MHV-68 gp48 has been implicated in intercellular virus spread both
in vitro and in vivo and is thought to drive the observed actin rearrangements, whereas
ORF58 is thought to assist mainly via recruitment of gp48 to the plasma membrane (73,
74). Despite the homologies in gammaherpesvirus proteins that trigger TNT-like for-
mation, the underlying mechanisms may be different since for EBV, cell protrusion
formation was blocked by expression of a dominant active RhoA, whereas MHV-68-
induced protrusion formation was blocked by dominant negative RhoA (72, 73).
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OTHER VIRUSES

Several members of the alphavirus genus induce actin- and tubulin-containing TNTs,
including Sindbis virus (SINV), Semliki Forest virus (SFV), and Chikungunya virus (CHIKV)
(75). Alphavirus-induced TNTs depend on expression of viral structural proteins and
were observed upon infection of Vero cells, as well as primary human umbilical vein
endothelial cells (HUVECs). Although these TNTs allow antibody-resistant infection of
connected cells even if the latter are virus receptor depleted, spread of infection still
requires fusion-competent virus, indicating that virus transfer may not occur via direct
cytoplasmic connectivity between donor and recipient cell (75).

Human metapneumovirus (HMPV) causes dramatic changes in the cytoskeleton of
infected human bronchial airway cells, resulting in the formation of complex branched
filamentous networks, as well as long intercellular extensions that likely represent TNTs
(76). These intercellular connections contain actin and tubulin, and their formation
depends on actin polymerization and involves Rho GTPase activity, particularly Cdc42/
Rac1 signaling. Transfection of cells with an expression vector encoding the viral P
protein was sufficient to trigger formation of TNT-like structures. HMPV-induced TNT-
like structures contain viral RNA and promote viral spread in the presence of virus-
neutralizing antibodies which, in contrast to cell-free infection, does not require the
presence of heparan sulfate on target cells (76).

During the late stage of an infection of epithelial BS-C-1 or Vero cells with vaccinia
virus (VV), the prototypic poxvirus, long intercellular connections are formed (77, 78).
These cell projections are formed by extending lamellipodia that progressively con-
dense to form a fine projection. These cell projections can exist without contacting
other cells and contribute to cell migration, but when they do make contact with other
cells, TNT-like structures appear to be formed. The viral F11 protein is necessary and
sufficient to trigger the formation of these structures and acts through binding to and
inactivation of RhoA (79, 80).

TNT-like structures in MDCK, Vero, and A549 cells infected with the orthomyxovirus
influenza A virus (IAV) or the paramyxovirus parainfluenza virus 5 (PIV5) and in
IAV-infected primary human bronchial epithelial cells have been reported to contain
the viral ribonucleoprotein (vVRNP) and the associated viral polymerase complex, which
make up the core infectious viral machinery (81, 82). In MDCK cells, IAV and PIV5 trigger
formation of TNT-like structures and this formation depends on actin polymerization
and the activity of group A PAKs (81). TNT-like structures in IAV- and PIV5-infected cells
contribute to intercellular viral spread, even when inhibiting spread of cell-free virus via
the addition of virus-neutralizing antibodies or neuraminidase inhibitors in the extra-
cellular milieu (81, 82). Astrocytes infected with measles virus (MeV), another paramyxo-
virus, form large syncytia by extensive cell fusion. It has been shown that infected cells
form TNT-like protrusions that intimately connect to surrounding cells and that these
initial contacts then fuse to form the basis of the syncytium, thereby promoting virus
spread (83).

MARC-145 cells infected with the nidovirus porcine reproductive and respiratory
syndrome virus (PRRSV) establish numerous TNT-like structures (84, 85). These struc-
tures contribute to PRRSV intercellular spread, even in the presence of neutralizing
antibodies, and PRRSV structural proteins coprecipitate with F-actin and the motor
protein myosin IlA that are present in the nanotubes (84). Interestingly, microtubule-
containing TNT-like structures between infected and uninfected cells also resulted in
transfer of mitochondria from uninfected to infected cells, thereby rescuing the latter
from PRRSV-induced apoptosis/necrosis (85).

For the flavivirus West Nile virus (WNV), it has been shown that expression of the
nonstructural viral NS1 protein in different transfected epithelial, neuroblastoma and
astrocytoma cell lines (Vero, SH-SY5Y and U-87MG) results in the formation of actin- and
NS1-containing TNTs. Similar structures were also observed in WNV-infected Vero cells
and contained not only NS1 but also the viral envelope glycoprotein E and have been
suggested to contribute to intercellular virus spread (86).
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In Hela cells persistently infected with the MX strain of the arenavirus lymphocytic
choriomeningitis virus (LCMV), there are also indications that viral intercellular spread
may involve different types of intercellular connections, including TNT-like structures
(87, 88).

Coxsackievirus B3 (CVB3), like other picornaviruses, typically requires cell lysis for
spread. However, in infected GMK cells, CVB3 also triggers the formation of cell
protrusions containing viral capsids, and these structures allow intercellular spread in
the presence of neutralizing antibodies. CVB3-induced cell protrusions branch out and
appear to embrace neighboring cells (89). Since they appear to adhere to the substrate
on which the cells are grown, it is unclear how these structures relate to TNTs.

Finally, some plant reoviruses that are transmitted by insects have also been
reported to trigger the formation of TNT-like structures in their insect host cells. Indeed,
the viral membrane-associated Pns10 protein of the phytoreovirus rice dwarf virus
(RDV) triggers formation of actin-based filopodium-like structures that contact neigh-
boring cells and facilitate intercellular spread in the presence or absence of virus-
neutralizing antibodies (90, 91). Tubule formation occurs in RDV-infected and Pns10-
transduced insect cells and depends on actin polymerization and myosin activity (91).
Insect cells infected with the Fijivirus rice black-streaked dwarf virus (RBSDV) or
transduced with the P7-1 nonstructural protein of RBSDV also form filopodium-like
structures that may facilitate intercellular spread (92, 93).

OTHER TYPES OF ACTIN-BASED INTERCELLULAR VIRUS SPREAD

In addition to TNTs and long cell projections that closely resemble TNTs, some
viruses induce and/or exploit shorter, filopodium-like actin-based structures that may
also enhance intercellular virus spread but do not directly contact neighboring cells.
The discovery of such virus-induced filopodium-like structures in cells infected with the
orthopoxvirus vaccinia virus (VV) in fact led to some of the first convincing evidence
that viruses can exploit the host cytoskeleton to enhance intercellular spread.

Over 40 years ago, using transmission electron microscopy, Gerald Stokes reported
that VV particles appeared to be released from the tip of microvillus-like short cell
projections in infected BSC-1 cells (94). These filopodium-like structures occurred late in
infection and contained actin and actin-binding proteins (95, 96). Much later, it was
found that these structures in fact constitute “actin tails” that propel progeny VV virions
from infected cells to uninfected cells, thereby enhancing virus spread (97). The actin
tails are formed underneath VV progeny particles that are sitting on the cell surface
upon fusion of their outer envelope with the plasma membrane during virus egress (98,
99). Their formation is initiated via a still incompletely understood outside-in-signaling
process involving the SCR4 domain of the viral B5 envelope protein and cellular Src and
Abl kinase family members, resulting in tyrosine (Y112) phosphorylation of the cyto-
plasmic domain of the viral A36 transmembrane protein (100-103). Phosphorylated
A36 serves as a signaling hub, recruiting several cellular proteins that trigger actin
polymerization, including Nck, WIP, N-WASP, Arp2/3, and Grb2 (100, 102, 104-107).

A36, together with its complex partner A33, is already expressed in the early stages
of VV infection of a host cell. The expression of these viral proteins therefore marks the
cells as infected. Fascinatingly, this expression prevents superinfection of the cell by
other VV particles and allows for a repulsion-mediated mode of virus spread (108).
When a VV particle lands on an already infected cell, the A33/A36 protein complex on
the plasma membrane of the infected cell initiates the formation of an actin tail
underneath the superinfecting virus particle, propelling it away from the infected cell
to another cell. Virions can be repelled from infected cells repeatedly, basically “jump-
ing” from one infected cell to another, until an uninfected cell is reached, thereby
accelerating virus spread (108).

A36 is highly conserved in orthopoxviruses, and it is therefore not surprising that
actin tails similar to those described for VV have been reported for other orthopoxvirus
family members, including monkeypox, variola, and ectromelia (109, 110).

Like poxviruses, African swine fever virus (ASFV) is a large DNA virus that replicates
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in the cytoplasm. ASFV also triggers the formation of virus-tipped filopodium-like cell
protrusions in infected cells. Curiously, unlike for poxviruses, ASFV virions are located
inside the tip of these cell projections rather than on the outside (111).

Filopodium-associated spread has also been described for some RNA viruses. The
paramyxovirus respiratory syncytial virus (RSV) triggers Arp2-dependent filopodium
formation in A549 human alveolar epithelial cells, which is associated with enhanced
virus spread and migration of infected cells. Expression of the F protein of RSV alone
was found to be sufficient to trigger filopodium formation (112).

Filoviruses Marburg virus and Ebola virus use filopodia to leave infected macro-
phages and Huh-7 human liver cells (113-115), although it is unclear whether these
viruses actively trigger filopodium formation. In infected cells, progeny virus capsids
that reach the cell periphery via actin-dependent transport enter filopodia, followed by
migration in and budding along these filopodia, allowing virus egress close to neigh-
boring cells (113-115).

CONCLUSION AND PERSPECTIVES

It is clear that several viruses trigger the formation of TNTs and TNT-like structures
to facilitate intercellular virus spread. However, the exact nature and characteristics of
virus-induced TNT-like structures are often poorly resolved. For example, in most cases,
it is unclear whether these structures are open ended, allowing direct cytoplasmic
transfer of virus or virus-related information to contacted cells, or closed ended.
Experiments involving transfer of fluorescent dyes or depolarization signals are often
used as evidence for open-ended TNTs, although such transfer can sometimes also be
explained by the presence of gap junctions in the contact area between the TNT and
the recipient cell. Direct observations of open-ended TNTs remain rather rare in
literature (2, 16). In addition, the factors mediating fusion in open-ended TNTs remain
unknown. It has been suggested that SNARE and/or viral fusion proteins or the specific
curvature of TNT tips could be involved in driving fusion but these hypotheses have not
been tested experimentally (116). Although for several viruses it has been shown that
TNT-mediated virus spread protects the virus from neutralization by antibodies that are
present in the extracellular milieu, this does not automatically imply the involvement of
open-ended intercellular structures. Indeed, for PRV, virus-induced TNTs facilitate antibody-
resistant intercellular spread, but electron microscopy indicated that these TNTs are closed
ended and that virus spread involves virus exit from the TNT and subsequent entry in the
contacted cell (17, 56, 62). Apparently, the tight contact area between the tip of the TNT
and the contacted cell protects virus particles that are present in this tight gap from
neutralization by antibodies (Fig. 1). In the case of PRV, the observation that the contact
area is enriched in adhesion molecules (e.g., E-cadherin and B-catenin) probably contrib-
utes to a tight, antibody-impermeable region (17). It will be interesting to determine
whether other virus-induced TNTSs also display increased densities of adhesion molecules at
the contact area with the recipient cell and what the underlying mechanism is that drives
such locally increased expression of adhesion molecules.

Another important but currently unresolved question is whether TNT formation and
elongation occur randomly or may show directionality, e.g., preferentially growing in
the direction of other (noninfected) cells. Future research may show whether cells
express and/or secrete molecules that attract or repel growing TNTs, possibly similar to
what is known with regard to axon guidance during neuronal development (117).
Interestingly, in the case of HIV Nef-induced TNT-like structures in macrophages that
drive Nef transport to B cells, it has been reported that the TNT-like conduits navigate
toward B cells through a CXCR4-dependent mechanism (45).

Several viral proteins that trigger formation of TNT-like structures have been de-
scribed, including Nef of HIV, p8 of HTLV-1, US3 of PRV and other alphaherpesviruses,
NS1 of West Nile virus, F11 of VV, and P protein of human metapneumovirus. Eluci-
dating the signaling networks affected by these viral proteins may point to central and
common signaling nodes that are involved in the formation of several TNT-like struc-
tures. This will shed light on the still poorly understood mechanisms of TNT formation
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in general and could lead to the identification of much-needed markers to more easily
discriminate TNTs from other actin-containing cell projections and to differentiate TNT
subtypes. In addition, elucidating the molecular mechanisms of virus-induced forma-
tion of TNT-like structures may identify potential targets for drug development aimed
at suppressing spread of different types of viruses. From what is currently known, TNT
formation by many different viruses involves modulation of actin-controlling Rho
GTPase signaling, particularly activation of Cdc42/Rac1 signaling and/or inhibition of
RhoA signaling. Of note in this context, actin remodeling by PRV US3 and HIV Nef
involves the Cdc42/Rac1 effector PAK protein kinases and PAK activity also contributes
to IAV-induced formation of TNT-like structures, pointing toward PAKs as potential
common signaling molecules (50, 62, 81).

Whereas most studies on virus-induced TNTs to date have focused on two-
dimensional cultures of cell lines and primary cells, an important challenge will be to
translate this information to models that more closely mimic natural infection, such
as, for example, tissues derived from infected animals and individuals and ex vivo
material that is subsequently infected in vitro. TNT-like structures have been
observed in vivo and ex vivo between immune cells in inflamed tissue and lymph
nodes, between cancer cells, and crossing the basement membrane in different
tissues (reviewed in reference 118). Regarding the latter, using ex vivo porcine
respiratory mucosa explants, we showed that during infection of respiratory epi-
thelial cells with PRV, the actin-modulating effects of the TNT-inducing US3 protein
kinase contribute to passage of virus across the underlying basement membrane
toward deeper tissues (119). The development and availability of increasingly
sensitive methods of imaging, including multiphoton microscopy, intravital micros-
copy, and super-resolution microscopy, will be instrumental in further dissecting
the role of TNTs in health and different types of disease, including virus infections,
and if and how these structures can be targeted for therapeutic purposes. Inter-
estingly, since TNTs have been reported to enhance the cytolytic effects of an
oncolytic herpesvirus in mesothelioma cells in vitro by transfer of thymidine kinase
to bystander cells (120), such therapeutic purposes may also include strategies to
allow or even enhance formation of cell projections.

To date, virus-induced TNTs have been mainly investigated with regard to their
potential to transport infectious virus from one cell to another. However, the ability of
TNTs to drive intercellular transport of several types of molecular information (e.g.,
microRNA and other types of RNA, proteins, lipids, and even organelles) may also have
a substantial impact on several aspects of the host response to infection and therefore
virus pathogenesis. Examples include the TNT-mediated transport of the Nef protein of
HIV to B cells, which interferes with isotype class switching, and the transport of
mitochondria from healthy cells to PRRSV-infected cells, which protects the latter from
virus-induced cells death (45, 84, 85). A more complete characterization of the molec-
ular information that is transported via virus-induced TNTs and its subsequent effect on
the recipient (and donor) cells will be crucial to better understand the role and
importance of TNTs in virus pathogenesis.
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