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ABSTRACT Various types of intercellular connections that are essential for commu-
nication between cells are often utilized by pathogens. Recently, a new type of cel-
lular connection, consisting of long, thin, actin-rich membrane extensions named
tunneling nanotubes (TNTs), has been shown to play an important role in cell-to-cell
spread of HIV and influenza virus. In the present report, we show that TNTs are
frequently formed by cells infected by an alphaherpesvirus, bovine herpesvirus 1
(BoHV-1). Viral proteins, such as envelope glycoprotein E (gE), capsid protein VP26,
and tegument protein Us3, as well as cellular organelles (mitochondria) were de-
tected by immunofluorescence and live-cell imaging of nanotubes formed by bovine
primary fibroblasts and oropharynx cells (KOP cells). Time-lapse confocal studies of
live cells infected with fluorescently labeled viruses showed that viral particles were
transmitted via TNTs. This transfer also occurred in the presence of neutralizing anti-
bodies, which prevented free entry of BoHV-1. We conclude that TNT formation con-
tributes to successful cell-to-cell spread of BoHV-1 and demonstrate for the first time
the participation of membrane nanotubes in intercellular transfer of a herpesvirus in
live cells.

IMPORTANCE Efficient transmission of viral particles between cells is an important
factor in successful infection by herpesviruses. Herpesviruses can spread by the free-
entry mode or direct cell-to-cell transfer via cell junctions and long extensions of
neuronal cells. In this report, we show for the first time that an alphaherpesvirus can
also spread between various types of cells using tunneling nanotubes, intercellular
connections that are utilized by HIV and other viruses. Live-cell monitoring revealed
that viral transmission occurs between the cells of the same type as well as between
epithelial cells and fibroblasts. This newly discovered route of herpesviruses spread
may contribute to efficient transmission despite the presence of host immune re-
sponses, especially after reactivation from latency that developed after primary infec-
tion. Long-range communication provided by TNTs may facilitate the spread of her-
pesviruses between many tissues and organs of an infected organism.

KEYWORDS Tunneling nanotubes, TNT, herpes, BoHV-1, bovine herpesvirus 1,
cell-to-cell transmission

Cells can communicate in a variety of ways, ranging from the secretion of soluble
factors into the environment to direct contacts and cellular projections linking

individual cells. The diversity of such intercellular connections makes their classification
difficult, and the nomenclature of various protrusions involved in cell communication
or cell migration may be sometimes confusing, although these protrusions differ in
morphological, structural, and functional characteristics (reviewed in references 1 to 3).
Advanced imaging techniques have recently made it possible to visualize a new type
of intercellular connections: fragile, elongated structures that can transiently connect
distant cells, sometimes for a very short time. Such membrane protrusions, named
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Bieńkowska-Szewczyk,
krystyna.bienkowska-szewczyk@biotech.ug.edu.pl.

VIRUS-CELL INTERACTIONS

crossm

May 2018 Volume 92 Issue 10 e00090-18 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.00090-18
https://doi.org/10.1128/JVI.00090-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:krystyna.bienkowska-szewczyk@biotech.ug.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00090-18&domain=pdf&date_stamp=2018-2-28
http://jvi.asm.org


tunneling nanotubes (TNTs), were described for the first time for cultured rat pheo-
chromocytoma PC12 cells (4). They were initially characterized as thin (50 to 200 nm in
diameter), long, membranous channels composed of actin filaments and containing no
tubulin. Later, the formation of similar membrane connections was observed in other
cultured cells, such as human embryonic kidney (HEK-293) cells (5), normal rat kidney
(NRK) cells (4, 6), HeLa cells (7), neurons and astrocytes (8, 9), and many others
(reviewed in references 3 and 10). Numerous observations have demonstrated that
nanotubes can connect immune cells, macrophages, monocytes, natural killer (NK)
cells, or Epstein-Barr virus (EBV)-transformed human B cells (11). Such “tubes” connect
the cytoplasm of cells and allow the exchange of signals, materials, and organelles
(lysosomes and mitochondria) between nonadjacent cells. Recent studies have shown
that the morphologies and compositions of TNTs formed by various cells may differ. For
example, two distinct types of tunneling nanotubes connecting human macrophages
have been described: thin nanotubes containing only actin and thicker (diameter over
0.7 �m) bridges containing both actin and microtubules (12). There is no clear hallmark
defining TNTs, and their length can vary from 10 to more than 100 �m. Observations
of TNTs both in vitro and in vivo are technically difficult because these structures are
sensitive to light, mechanical stress, and chemical fixation. Any one of those can cause
visible vibrations of the tubular connection and rupture, and therefore, the search for
TNTs in living tissues is a challenging task. Most studies on TNTs have been performed
in vitro using cultured cells, whereas observations of TNTs in vivo have rarely been
published: some examples include sea urchin embryos (13), myeloid cells in mouse
cornea (14, 15), and the region between the neural crest in chicken embryo (16).
However, large amounts of evidence indicate that TNT-mediated communication and
transport are essential for normal cell functioning under physiological conditions (17).
The molecular mechanism of membrane nanotube formation is not fully understood,
but stressful conditions, such as inflammation or any cell injury, have been shown to
stimulate cells to produce TNTs (18).

A growing number of reports have demonstrated the important role of TNTs in the
pathogenesis of neurodegenerative diseases and cancer (19), and the field of TNT
research is rapidly widening. A significant factor that may contribute to TNT formation
is the interaction of the cell with the pathogen. Tunneling nanotubes of various
dimensions have been shown to be involved in the transmission of bacteria (12), prions
(20, 21), and viruses. The first report about viral transmission in TNTs was described for
the spread of human immunodeficiency virus (HIV) from infected T cells to an unin-
fected one using nanotubular connections (22, 23). This new route of HIV transmission
was later confirmed by observations of HIV dissemination in vivo within lymph nodes
of humanized mice (24). “Hijacking” of TNTs and other cellular communication path-
ways by HIV enhances viral transmission to large populations of cells and is considered
an important factor in HIV neuropathogenesis and in the establishment of viral reser-
voirs (25). Moreover, the HIV accessory protein Nef has been shown to stimulate the
formation of tunneling nanotubes and virological synapses (26).

The involvement of TNTs in the spread of viral infection was recently reported for
other RNA viruses: influenza virus (IAV) (27) and porcine reproductive and respiratory
syndrome virus (PRRSV) (28). For both viruses, viral proteins and replication compo-
nents were detected in actin-rich connections formed by a variety of cells: Vero cells,
HEK-293T cells, BHK-21 cells, and porcine macrophages for PRRSV and MDCK cells, A549
cells, and primary human bronchial epithelial cells for IAV.

In the present study, we investigated whether a DNA virus, an alphaherpesvirus,
could also utilize nanotubular connections during infection. A hallmark of all herpes-
virus infections is the ability to establish latent infection. During latency, the virus is
hidden from the host immune response developed during the primary infection, but
after reactivation, herpesviruses survival depends on an efficient strategy to circumvent
host immune defenses (29–31). Direct transmission via closed cell-cell contacts is an
important strategy of herpesvirus immune evasion. Alphaherpesviruses can spread
across the junctions between the membranes of cells or by fusion of adjacent cells, and
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they travel “long distances” along neurons (32, 33). Neuronal spread requires the
transfer of virions across neural synapses and the transport of viral particles within
axons to the sensory ganglia. The major target cells of alphaherpesviruses are epithelial
cells (where primary infection usually starts) and neurons, where they persist during
latency. However, apart from these two target cells, alphaherpesviruses are able to
infect many types of cells in vitro and in vivo. This flexibility is mediated by the complex
interaction of multiple viral glycoproteins and cellular receptors (34), providing the
virus with diverse routes of entry and spread.

Our model alphaherpesvirus, bovine herpesvirus 1 (BoHV-1), is a widespread bovine
pathogen, a member of the Varicellovirus genus of Alphaherpesvirinae. BoHV-1 shares
many features with human herpesviruses, such as herpes simplex virus 1 (HSV-1) and
varicella-zoster virus (VZV) (35). Due to its strong immunomodulatory properties,
BoHV-1 is an interesting model for studies of viral immune evasion and cell-to-cell
spread (36, 37). BoHV-1 has a restricted host range compared with those of other
herpesviruses; the natural host of BoHV-1 is cattle, and it is propagated in cells of
bovine origin, although it has recently been shown to also infect human tumor cells
(38). In our studies of BoHV-1 entry and transmission, we often observed that infected
cells produced a network of cellular projections with various diameters and lengths.
Some of these extensions had a morphology characteristic of TNTs, and we wanted to
determine whether viral particles or proteins could be found in these connections.

In this study, we used bovine cells with a limited life span, primary fibroblasts and
epithelial cells, to investigate BoHV-1 infection. Cells with a limited life span reflect the
more natural and authentic course of infection, as opposed to typical cell lines such as
MDBK. First, we characterized the connections formed by uninfected cells and con-
firmed the presence of TNT-like structures in both cell types. Searching for viral proteins
in tubular conduits formed by BoHV-1-infected cells resulted in the detection of
structural components of the viral envelope, capsid, and tegument. The live-cell
imaging results for cells infected with fluorescent BoHV-1 with tags attached to capsid
or envelope (or to both viral compartments) indicated that TNTs could be involved in
cell-to-cell spread of herpesvirus.

RESULTS
Various types of cell connections are observed between BHV-1-infected cells.

In our studies of BoHV-1 entry and transmission, we used various cell types: commonly
used laboratory cell lines (e.g., MDBK), a panel of epithelial cell strains with a limited life
span (EBTR and KOP), and primary fibroblasts isolated from calf skin. Virus transfer
between directly adjacent cells could be easily visualized in all types of cells (Fig. 1A).
We also frequently observed (using fluorescently labeled virus, BoHV-1-VP26-GFP) the

FIG 1 Transfer of cellular and viral components between cells through different types of cell connections. (A) Direct cell junctions; (B) thick cellular bridge; (C)
tunneling nanotube. MDBK cells were infected with BoHV-1-VP26-GFP (green) and stained with MitoTracker red to visualize mitochondria (red). Yellow arrows
indicate the main direction of viral transfer. See also Movies S1 and S2 in the supplemental material. Images and time-lapse movies were obtained using a Nikon
PCM2000 confocal microscope.
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transmission of viral proteins through intercellular connections of various diameters
and lengths, which were rapidly formed between infected cells. In cell cultures with a
high density of seeded cells, the majority of the connections looked like thick short
bridges (Fig. 1B; see also Movie S1 in the supplemental material). However, we also
often observed the formation of thinner, elongated structures, which were more
prevalent in less densely seeded cell cultures (Fig. 1C; see also Movie S2). The mor-
phology of these longer tubular connections matched the description of membrane
tunneling nanotubes (TNTs). These actin-containing projections were fragile, thin, and
long (often more than 100 �m). They floated freely in the medium without attaching
to the substratum. Fluorescence analysis in living cells revealed the transfer of labeled
mitochondria and green fluorescent protein (GFP)-tagged viral proteins from one cell to
another via these long connections. The transfer of cytoplasmic molecules suggests
membrane continuity between two connected cells, which is one of the main features
of tunneling nanotubes. Bright-field imaging showed that granules and vesicle-like
structures (also described as gondolas) formed inside nanotubes from one cell to
another (Fig. 2).

Thin membrane connections formed between cultured bovine cells of various
origin have features characteristic of TNTs. To confirm that the observed connec-
tions could be classified as TNTs, we investigated the projections formed by the two
types of cells chosen for our further studies: bovine oropharynx epithelial cells (KOP)
and primary bovine fibroblasts. Both types of cells divide a limited number of times,
retain (to some extent) the characteristics of their source tissue, and are very useful for
examinations of the time course of events during viral infection. First, we characterized
the intercellular connections in uninfected cells (Fig. 3). TNTs do not have any specific
markers, but they differ from other cell projections by their morphological properties.
They contain F-actin (sometimes tubulin as well) and are long and fragile. To charac-
terize the connections formed by the bovine cells used in our experiments, we decided
to analyze their structural composition. However, the highly dynamic and transient

FIG 2 Bright-field images of tunneling nanotubes formed between BoHV-1-infected MDBK (A) and KOP
(B) cells with visible vesicles (gondolas). Red arrows indicate vesicle structures. Images were obtained
using a Nikon PCM2000 confocal microscope.
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nature of those connections and their mechanical and chemical sensitivity made it
difficult to perform immunofluorescence experiments. Initial experiments using a 4%
paraformaldehyde (PFA) and glutaraldehyde-formaldehyde mixture for cell fixation did
not provide satisfying results due to the breakage of most of the fragile connections.
We improved the fixation method by adding 16% PFA directly to the medium above
the cells to a final concentration of 4% PFA. This technique, along with very delicate
handling of the samples, allowed fixation of the cells without disruption of the TNTs
and immunofluorescence analysis in a reproducible manner. We observed nanotubes
of various lengths which we classified as short (�20 �m) or long (�20 �m). Using
anti-�-tubulin antibody and phalloidin-tetramethyl rhodamine isocyanate (TRITC) (a
high-affinity filamentous F-actin probe), we analyzed different types of intercellular
connections. Some of them (mostly short nanotubes) consisted only of actin fibers.
Most of the very long connections (some over 110 �m) contained both actin filaments
and microtubules (Fig. 3). These projections were not attached to the substratum but
seemed to be floating in the medium. The observations of the morphology, formation,
and composition of long intercellular membrane bridges between the investigated
cells convinced us that they were membrane nanotubes linking distant cells.

The presence of BoHV-1 in TNTs detected by immunofluorescence. To deter-
mine whether nanotubes were involved in the process of BoHV-1 infection, we per-
formed a series of immunofluorescence experiments. KOP cells and bovine fibroblasts
were infected with wild-type BoHV-1. At 12 h postinfection (h.p.i.), the cells were fixed
and analyzed for the presence of virus protein with anti-BoHV-1 serum. Additionally, the
cells were also stained for F-actin, which was previously shown to be present in all types
of nanotubes.

FIG 3 Tunneling nanotubes connect cells of bovine origin. Uninfected KOP cells (A and C) and bovine
fibroblasts (B and D) were fixed and stained to observe F-actin (red), �-tubulin (green), and nuclei (blue).
Based on their lengths, nanotubes were classified as short (A and B) or long (C and D). Zoomed images
of nanotubes (boxed regions) are shown under each picture in the top row (A and B) and at the right
of the images in the bottom row (C and D). Images were obtained using a Leica TCS Sp8 X confocal
microscope. Scale bars: 25 �m (top row) and 50 �m (bottom row).
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For both tested cell types, we were able to detect viral components in actin-
containing nanotubes (Fig. 4). Shorter nanotubes were more prevalent in uninfected
cells, while the long ones were found more frequently in infected cells, which could
suggest that viral infection stimulates TNT formation.

To investigate the influence of viral infection on TNT formation, we compared the
number and length of nanotubes formed by BoHV-1-infected cells and uninfected cells.
TNT connections in a field of view (10 fields per experiment) were counted and
measured using Lucia software in 6 separate experiments. A significant increase in the
number of TNT connections was found between cells infected with BoHV-1 and
uninfected cells. The increase was slightly higher in bovine fibroblasts (60%) than in
KOP cells (�50%) (Fig. 5A). We also observed that BoHV-1 infection altered the ratio of
short to long connections: in uninfected KOP cells long nanotubes (over 20 �m)
constituted about 6% of all intercellular connections, while in BoHV-1-infected cells
their percentage rose to 21%. In bovine fibroblasts the difference was even more

FIG 4 Detection of BoHV-1 in tunneling nanotubes. KOP cells (A) and bovine fibroblasts (B) were infected with
BoHV-1-WT (MOI � 1). At 12 h.p.i., the cells were fixed and stained. BoHV-1 proteins were detected using
anti-BoHV-1 serum (green staining). Additionally, the cells were stained for F-actin (red staining) and nuclei (blue
staining). Zoomed images of nanotubes (boxed regions) are shown at the right. Images were obtained using a Leica
TCS Sp8 X confocal microscope.
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evident: the number of long TNTs increased �4.5 times (from 8% to 36%) after 18 h of
infection with BoHV-1 (Fig. 5C). The increase in the length of nanotubes formed by
infected KOP cells was around 40%, while in bovine fibroblasts it was significantly
higher (70%) (Fig. 5B).

We also observed multiple projections tethering neighbor cells and forming cellular
networks. Viral proteins were present inside cell bodies and both inside and on the

FIG 5 BoHV-1 infection increases the number and length of TNT connections. KOP cells and bovine
fibroblasts were grown for 1 day on gelatin-coated coverslips and infected with BoHV-1-WT at an MOI of
1. Control cells were left uninfected. At 18 h.p.i., cells were fixed and stained with Alexa Fluor 488-phalloidin
conjugate to visualize the actin cytoskeleton. The number and length of cell connections were quantified
using confocal microscopy. TNT connections between infected and uninfected cells were manually counted
and measured in 6 separate experiments. Data were collected using the Lucia program. (A) Comparison of
the frequency of nanotubes formation in BoHV-1-infected and in uninfected cells. (B) Comparison of TNT
length. (C) Analysis of ratio of short (�20 �m) to long (�20 �m) TNTs showed a significant shift toward long
connections upon BoHV-1 infection. Data collected in 6 separate experiments represent the means,
normalized to the value for control (uninfected) cells, arbitrarily set at 100%. *, P � 0.01.
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surface of tunneling nanotubes. They also accumulated in bubble-like structures along
the nanotubes. The formation of such vesicles (named “gondolas”) has been reported
to potentially result from the transfer of a cargo that is too large to fit within the
diameter of the tube (39).

To understand the transmission of viral components via intercellular connections in
greater detail, we investigated the transfer of three individual BoHV-1 proteins that are
the components of different parts of the viral particle. Glycoprotein E is an envelope
component that, together with glycoprotein I, mediates the cell-to-cell spread of
alphaherpesviruses. Capsid component VP26 is the smallest capsid protein and can be
easily fused to a fluorescent tag to produce strong fluorescence emission and allow
visualization of the movement of individual capsids. The tegument protein Us3 is a
serine-threonine kinase involved in modulation of the host cell environment, e.g., by
rearrangement of the cytoskeleton. We generated BoHV-1 mutants expressing en-
hanced green fluorescent protein fused either to the C terminus of gE (gE-GFP) or to the
capsid protein VP26 (VP26-GFP). After infection of bovine cells with these mutants,
fluorescent viral proteins were tracked in live or fixed cells. Additionally, Us3 was
detected by immunofluorescence, and all cells were stained for the presence of F-actin.

All three viral proteins were visualized in infected cell bodies and in nanotubes (Fig.
6). Each of the investigated proteins was present both inside the “tunnels” and on their
surface. Glycoprotein E (and Us3 protein) was often accumulated in vesicles traveling
along the nanotube, which was usually not observed for capsids. These observations
confirmed that different parts of the virion were transported by intercellular nanotubes.
The next set of experiments was designed to verify whether the infectious BoHV-1
particles could move via these cellular extensions from one cell to another and use
them as a route for direct transmission.

Tunneling nanotubes are involved in BoHV-1 cell-to-cell transmission. When
the fluorescent signal emitted by viral proteins is traced by confocal microscopy, it is
not clear whether the signal is derived from separate parts of the virion, individual
protein aggregates, or whole viral particles. To address this issue, we analyzed the
spread of BoHV-1 in the presence of neutralizing antibodies. BoHV-1, like other her-
pesviruses, can disseminate through two routes of transmission: cell-free entry and
direct cell-to-cell spread. Cell-to-cell transmission can occur between cells that either
are in close contact with each other or are connected by cell projections. The presence
of neutralizing antibodies in the medium prevents virus-free entry, ensuring that viral
transfer occurs only via the direct transmission route. We performed a standard virus
neutralizing assay to determine the concentration of neutralizing antibody (anti-
BoHV-1 serum) required to block virus-free entry. After determination of the optimal
neutralization conditions, two populations of cells were prepared. The donor cells were
infected with fluorescent BoHV-1 mutant (VP26-GFP) at a multiplicity of infection (MOI)
of 1 for 1 h. After removal of unadsorbed virus, the cells were mixed at a 1:1 ratio with
the uninfected (target) cells. The target cells were stained with red dye, Vybrant DiL, a
lipophilic membrane stain that when incorporated into membranes produces orange-
red fluorescence that allows one to easily distinguish target cells from infected cells in
mixed cell cultures. The cells were seeded on gelatin-covered coverslips and cocultured
in medium containing neutralizing serum to block free entry of the virus. The cells were
monitored by confocal imaging for 18 h until the cells started to lyse. The experiments
were performed with both types of cells used in this study: KOP cells and bovine
fibroblasts. We observed the formation of long connections between uninfected target
cells (red) and donor cells infected with green fluorescent virus. Cells in different stages
of infection were visualized during these observations (Fig. 7). Donor cells showed signs
of late stages of infection when green capsids were released from the nuclei and
presumably incorporated into newly assembled viral particles. These cells were loaded
with green signal, and numerous GFP-tagged particles were moving inside the inter-
cellular nanotubes. Red target cells connected with donor cells clearly showed signs of
active viral infection: green viral capsids accumulating inside the cell nucleus and
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intracytoplasmic capsids undergoing secondary envelopment near the nucleus. In cells
with early-stage infection, single green capsids were visible in the nuclei. Moreover, the
formation of virus-transferring intercellular connections was detected not only between
cells of the same type but also between cocultured KOP cells and fibroblasts (Fig. 7C
and D). In this experiment, KOP cells infected with green virus were cocultured with
DiL-stained fibroblasts. We recorded transfer of GFP-labeled viral particles through a
nanotube from an infected bovine fibroblast toward an uninfected KOP cell. Selected
frames from this movie (Fig. 7D) show movements of green capsids inside the nano-
tube and, gradually, the start of productive infection in the nucleus of the connected
DiL-stained KOP cell. At the end of the recording the nucleus of the donor cell is shown
filled with green capsids which confirmed the active infection (see also Movie S3).

The transfer of GFP-labeled virus between epithelial cells and fibroblasts showed
that transmission via TNTs may occur between various types of cells. These observa-

FIG 6 Viral proteins of BoHV-1 in tunneling nanotubes. KOP cells (A to C) and bovine fibroblasts (D to F) were infected at an MOI of 1 with BoHV-1-VP26-GFP
for detection of GFP-tagged capsid protein VP26 (A and D), BoHV-1-gE-GFP for detection of GFP-tagged glycoprotein E (B and E), and BoHV-1-WT for detection
of tegument protein US3 (C and F). At 12 h.p.i., the cells were fixed and additionally stained for F-actin (red) and nuclei (blue). Zoomed images of nanotubes
(boxed regions) are in the right column. Yellow arrowheads indicate positions of viral proteins in nanotubes. Images were obtained using a Leica TCS Sp8 X
confocal microscope.
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tions indicated that infectious viral particles were transferred from donor to uninfected
cells via membrane nanotubes despite the presence of neutralizing antibodies. These
results support the notion that nanotubes allowing plasma continuity could be in-
volved in the direct transmission of BoHV-1.

Further investigation of BoHV-1 transmission was conducted by observations of
living cells infected with dually fluorescent BoHV-1. To obtain two-color BoHV-1 viral
particles, the mCherry-tagged VP26 gene was introduced into the genome of gE-GFP
recombinant BoHV-1. The resulting mutant (BoHV-1-gE-GFP-VP26-mCherry; red capsid
and green envelope) was used to infect KOP cells and bovine fibroblasts seeded on
glass bottom dishes. After infection, the experiment was performed in the presence of
virus-neutralizing serum.

Beginning at 12 h.p.i. (for fibroblasts) or at 24 h.p.i. (for slowly growing KOP cells),
live-cell movies were filmed for the subsequent 10 h to track the transfer of viral
fluorescent proteins. Images were collected every 10 to 19 s, analyzed, and processed.
Approximately 400 frames were combined into a movie illustrating viral transport
inside nanotubes (see also Movies S4 and S5; the details of the recording are given in
the legends to movies in the supplemental material).

In both cell types, we observed very dynamic movements of signal emitted by viral
proteins in the intracellular environment and inside intercellular connections. In some
cells, the GFP-gE-derived green signal accumulated in the perinuclear area, while red
fluorescent capsids were still enclosed in nuclei (Movie S4, early stage of infection). In
cells in more advanced stages of infection, the presence of a merged yellow signal
indicated the maturation of enveloped viral particles (Movie S5, more advanced infec-
tion). In all stages of infection, rapid transfer of viral materials through the long
nanotubes was consistently tracked, and we continuously observed the infection
spread from infected to uninfected cells. The transfer seemed to be mostly unidirec-

FIG 7 BoHV-1 cell-to-cell spread between two populations of cells through tunneling nanotubes in the presence of neutralizing antibodies. Red, uninfected
(target) cells stained with DiL; green, donor cells infected with fluorescent mutant BoHV-1-VP26-GFP (green). Results for KOP cells (A), bovine fibroblasts (B),
and cocultured KOP cells and fibroblasts (C and D) are shown. Green capsid proteins in the nuclei of target cells indicate the start of active infection. Red arrows
indicate donor cells, the white arrows indicate more advanced infection in a target cell, and green arrows show single capsids in the nuclei of newly infected
cells. Panel D shows selected images (see also Movie S3) from the recording showing steps in virus transfer from infected fibroblast to DIL-stained KOP cell.
Yellow arrows indicate green capsids. The bright-field image shows the cell morphology. The cell nuclei were stained with DAPI (blue staining). Images were
obtained using a Leica TCS Sp8 X confocal microscope.
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tional, with occasional particles moving back and forth inside the connection. Selected
frames from the live movies are presented in Fig. 8.

DISCUSSION

Herpesviruses can infect many types of cells and tissues, and the hallmark of
herpesvirus infection is latency, the ability to remain in an infected host in a “hidden”
form and to reactivate. This lifestyle requires the virus to be transmitted from the site
of initial infection to the latency site, e.g., from epithelial to neuronal cells (in the case
of alphaherpesviruses). Moreover, successful spread in the infected host is probably
linked to the ability to infect other cell types and to exploit all pathways of cell
communication (34). The entry of herpesviruses into cells is a multistep process that
requires interactions between specific receptors and a number of viral glycoproteins
that mediate initial attachment to cell surface heparan sulfate followed by fusion with
the plasma membrane or by the endocytic pathway (40). However, like some other
enveloped viruses, herpesviruses can also spread by direct cell-to-cell transmission from
infected to uninfected cells without release into the extracellular environment. This
route allows the barriers of multistep receptor binding to be avoided and helps to
protect viruses from the host immune response. There is growing evidence that for
some human pathogens, such as HIV and human T cell leukemia virus type 1 (HTLV-1),
cell-to-cell spread appears to be the main mode of dissemination, not only within the
infected host but also between hosts (41–43). For herpesviruses, which use multiple
strategies to spread, including transmission between cells via tight junctions, filopodia,
and virological synapses, direct cell-to-cell spread is an important immune-evasive
strategy contributing to the capacity of this virus to survive after reactivation, when the
virus is confronted with immune defenses developed during the primary infection
(44–46).

In the present study, we investigated the transmission of a member of the Alpha-
herpesvirinae family, bovine herpesvirus 1, which is closely related to and shares many
biological features with the human pathogens HSV-1 and VZV. We demonstrated that
various types of intercellular projections are utilized for the transfer of BoHV-1. The

FIG 8 Cell-to-cell transfer of dually fluorescent BoHV-1 mutant through tunneling nanotubes in the presence of neutralizing antibodies. KOP cells (A) and bovine
fibroblasts (B) were infected with dual-color fluorescent mutant BoHV-1-gE-GFP-VP26-mCherry. Red, viral capsids; green, envelope glycoprotein E. Selected
images from live microscopy recordings show fluorescently tagged structures moving inside the tunneling nanotubes (indicated by yellow arrows) from
infected to uninfected cells (see also Movies S4 and S5). Images and time-lapse movies were obtained using a Leica TCS Sp8 X confocal microscope.
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studies presented here were focused on the involvement of a specific type of connec-
tion, thin long membrane protrusions named tunneling nanotubes (TNTs), in viral
transfer. Our findings were mostly based on confocal microcopy analysis facilitated by
the use of fluorescently labeled viral mutants. The two types of bovine cells chosen for
this study, epithelial cells (KOP cells) and cells of mesenchymal origin (primary fibro-
blasts), are nontransformed cells with a limited life span and thus are more similar to
natural tissues than typical laboratory cell lines. We showed that both cell types were
able to form connections of variable lengths that could be classified as TNTs. We
detected both actin filaments and tubulin in most TNTs. No major differences between
nanotubes formed by fibroblasts and epithelial cells were observed, although many
reports have shown that the morphology, dimensions, and composition of nanotubes
formed by specific types of cells can vary (e.g., T cells and macrophages) (12). We
observed the transfer of cellular components, including mitochondria and viral pro-
teins, from one cell to another, which is consistent with the well documented role of
TNTs in the exchange of various cargo between physically separated cells.

The question arises of whether and to what extent the nanotubes observed be-
tween infected cells were induced by virus infection. Several reports have demon-
strated that viruses can induce TNT formation. HIV infection of human macrophage
stimulates TNT formation in a manner correlated with virus replication (47). A signifi-
cantly increased frequency of nanotube production has also been reported for cells
infected with influenza virus (27, 48). As shown in this report, we detected TNT-like
intercellular connections between both infected and uninfected cells used in this study.
Some of these connections were relatively stable, but most of them were transient
bridges, quickly disappearing or breaking. In virus-infected cells, nanotubes often
formed networks that simultaneously connected several cells. Quantification of inter-
cellular extensions showed a significant increase in the number of projections, partic-
ularly the long ones, in BoHV-1-infected cells compared to uninfected cells. BoHV-1
infection stimulated the appearance of long TNTs (over 20 �m and sometimes as long
as 120 �m). This tendency was more clearly manifested in fibroblasts (where the ratio
of long to short connections in BoHV-1-infected cells rose from 8% to 36%) than in
epithelial (KOP) cells. These results indicate that the ability to form nanotubes is cell
specific; this was also shown for HIV infection, where changes in the length of TNTs
were not detected in HIV-infected macrophages (47). The increase in TNT production
suggests that these projections can be exploited by the virus for more efficient spread
and probably also in vivo during natural infection.

In this study, we used immunofluorescence to confirm the presence of BoHV-1 in
long intercellular connections. Viral proteins were localized both inside and on the
surface of nanotubes and in numerous vesicles loaded with viral materials. During
infection of cultured cells with the BoHV-1 wild type or fluorescent mutants, we were
able to track individual viral proteins in TNTs. For our observations, we selected proteins
that are components of different structural parts of the herpesvirus virion: an envelope
glycoprotein (gE), a tegument protein (Us3 kinase), and a capsid structural protein
(VP26). All three proteins were visualized both in fixed and in live cells at various time
points after infection, which confirmed that all substructures of the viral particles were
transported, either individually or as parts of an assembled viral particle. They were
visible either as individual puncta or as protein-loaded vesicles moving along nano-
tubes. Glycoprotein E and Us3 protein were more often visible in bubble-like vesicles
(gondolas) than was capsid component VP26, which migrated mostly in the form of
compact structures, probably assembled capsids. In our previous studies of gE-GFP
expression, we often noticed that this glycoprotein was readily distributed to cell
projections and often accumulated in bubble-like structures along cellular extensions
formed not only by epithelial cells but also by neurons transfected with BoHV-1 gE (M.
Panasiuk, A. Brzozowska, M. Rychlowski, J. Jaworski, and K. Bienkowska-Szewczyk,
poster session presented at the 38th Annual International Herpesvirus Workshop, 20 to
24 July 2013, Grand Rapids, MI). Glycoprotein E is one of the main mediators of
alphaherpesvirus cell-to-cell spread and has been shown to accumulate specifically in
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cell junctions during viral infection (49, 50). No specific cellular factors interacting with
gE during its function in viral direct transmission (apart from IDE for VZV) have been
isolated to date (51). If such a factor exists and is identified, it would be interesting to
determine whether it is somehow associated with the area of the TNT formation in
infected cells.

Capsid movements were visualized with two virus mutants, BoHV-1 VP26-GFP
(green capsid) and the dual-color BoHV-1-gE-GFP-VP26-mCherry mutant (red capsid
and green envelope). For both types of mutants, we clearly observed the fluorescent
capsids traveling through nanotubes to the uninfected cell. It has been postulated that
during axonal transfer, unenveloped capsids and glycoproteins (loaded into vesicles)
are transported separately and later reassembled into mature virions (52). This phe-
nomenon might also function as a working hypothesis in the case of viral transport
mediated by TNTs: while examining the dual-color mutant trafficking in live cells, we
did not directly detect two-color structures inside TNTs (although that may have been
the result of how the viral particle was positioned in the tube), and the two signals
appeared to travel separately in the nanotubes. However, the presence of intact virions
in nanotubes was reported for projections formed by pseudorabies virus (PRV)-infected
cells (53).

In reports concerning the transfer of PRRSV (28) and influenza virus (29) via TNTs, the
transfer of several structural proteins was also shown. It was not clear in such analyses
whether the observed transfer reflected the transport of viral material together with
other cytoplasmic cargo or the transmission of mature viral particles. In the case of RNA
viruses, this question was addressed by searching for RNA or replication complexes in
membrane nanotubes. We did not attempt to detect viral DNA or BoHV-1 replication-
connected proteins in nanotubes, but our confocal imaging of living cells demon-
strated that the transfer of fluorescent signal emitted by viral proteins from infected to
uninfected cells resulted in the initiation of an active infection cycle in target cells,
confirming the presence of infectious material in the viral cargo migrating via TNTs.
Thus, we can safely assume that the capsids contained viral DNA. We used two
approaches to confirm that TNTs were involved in the spread of BoHV-1 infection. All
experiments were conducted in the presence of neutralizing serum, which completely
blocked the entry of free virus. In the first assay, we examined infection of DiL-stained
recipient cells cocultured with a population of donor cells infected with GFP-tagged
capsid virus. In the second assay, the infection events were tracked with a dually
fluorescent viral mutant. The dynamic trafficking of fluorescent structures—viral cap-
sids or complete virions—was clearly visible during these observations. Although it was
not always easy to determine whether the transfer of cargo via TNTs was bidirectional
or unidirectional, the live movies allowed us to follow the movements of single capsids
and mostly revealed a flow of viral structures from infected to uninfected cells. Inside
the cells infected with the BoHV-1 dual-color mutant, we observed a green (gE) signal
in the cytoplasmic perinuclear area and red capsids accumulating in the nucleus in the
early stage of infection (Fig. 8). In target cells, the start of infection was manifested by
the appearance of single capsids in the nucleus. In the later phase of infection, areas
with a yellow signal appeared inside the cells, indicating the presence of enveloped
viral particles. The formation of TNTs was also detected between two different types of
cells used in this study. These connections effectively mediated virus transfer between
epithelial cells and fibroblasts. Such transfer is likely to be involved in virus dissemina-
tion in the skin in vivo, but it remains to be confirmed whether it also occurs during
natural infection. The transfer via TNT occurs probably in combination with other
pathways of intercellular communication (other types of cell protrusions, exosomes, or
gap junctions), and the preferred pathway may depend on cell condition. However, the
fact that herpesvirus infection stimulates the formation of intercellular bridges and
changes the ratio of short to long connections indicates that nanotubes play role in the
dissemination of infection. All our observations confirmed that BoHV-1 transmission
occurred when no cell-free infection was possible, and tunneling nanotubes were used
as a pathway for direct cell-to-cell spread of the virus.
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PRV studies have indicated for the first time that Us3 protein kinase, a protein that
is highly conserved among herpesviruses, stimulates the formation of long intercellular
projections (54). While this manuscript was being edited for submission, another report
about the possible role of tunneling nanotubes in alphaherpesvirus infection was
published (53). The authors demonstrated that cells infected with pseudorabies virus or
transfected with PRV Us3 produced TNT-type projections involved in the transport of
viral proteins and viral particles. They presented data showing that the activity of Us3
is crucial for the formation of PRV-induced nanotubes. In our previous studies concern-
ing the functions of BoHV-1 Us3 kinase, we also observed that overexpression of
BoHV-1 Us3 disrupted the actin cytoskeleton architecture and caused dynamic produc-
tion of a network of long cell extensions (55). However, preliminary analyses of cells
infected with BoHV-1 Us3 null mutant showed that such cells produce some projec-
tions, although more slowly and less intensively (data not shown). The TNTs induced by
PRV Us3 were very stable, in contrast to our observations of the fragility of tunneling
nanotubes formed between BoHV-1-infected cells. Despite some differences between
individual herpesviruses, the PRV reports (53, 54) together with our data provide
evidence that alphaherpesviruses trigger the formation of TNT and that these struc-
tures can be involved in virus intercellular spread.

Unlike filopodia, tunneling nanotubes are not attached to any substratum when
forming a bridge between cells, and they “float” in the medium. Apart from this
structural difference, it is not clear whether these structures have specialized functions
in comparison to other cell projections. It is not known how materials transferred by
TNTs are selected. It has recently been suggested (56) that filopodia and TNTs are
formed through different molecular mechanisms associated with a “switch” in actin
regulators. The ability to develop TNTs is a potential defense response to stress. Viral
infection is also a stress factor that may trigger the formation of nanotube connections,
and further investigations are needed to better understand the relationship between
TNTs and viral pathogenesis.

MATERIALS AND METHODS
Cell cultures and viruses. MDBK (bovine kidney epithelial cells; ATCC) cells and the bovine KOP cell

line (fetal bovine oropharynx cells; Friedrich-Loeffler Institute, Greifswald-Insel Riems, Germany) were
grown in minimal essential medium (MEM; Sigma-Aldrich) supplemented with 10% fetal bovine serum
(FBS) and penicillin-streptomycin solution. All cells were maintained at 37°C in a humidified 5% CO2

atmosphere.
Bovine fibroblasts are a primary cell line isolated from skin excised from calf ear (International

Institute of Molecular and Cellular Biology, Warsaw, Poland). The cells were maintained in Dulbecco’s
modified Eagle’s medium with 4,500 mg glucose/liter (Sigma-Aldrich) supplemented with 10% fetal
bovine serum and penicillin-streptomycin solution.

The Dutch BoHV-1.1 field strain Lam (BoHV-1-WT), mutant with GFP fused to capsid protein VP26
(BoHV-1-VP26-GFP), mutant with GFP fused to the C terminus of glycoprotein E (BoHV1-gE-GFP), and
dual-color mutant with GFP fused to the C terminus of glycoprotein E and mCherry fused to capsid
protein VP26 (BoHV-1-gE-GFP-VP26-mCherry) were propagated in primary bovine fibroblasts and stored
at �70°C until use.

Antibodies and dyes. Goat anti-BoHV-1 serum (VMRD, Inc.) was used at a dilution of 1:1,000. Rabbit
anti-BoHV-1-Us3 serum (a kind gift from Günther M. Keil, Friedrich Loeffler Institute, Greifswald-Insel
Riems, Germany) was used at a 1:1,000 dilution. Mouse monoclonal anti-�-tubulin antibody (Sigma) was
used at a 1:2,000 dilution. F-actin was stained with phalloidin-TRITC conjugate (Sigma) at a 1:2,000
dilution. Secondary goat anti-rabbit IgG Alexa Fluor 488 and rabbit anti-goat IgG Alexa Fluor 488
conjugates (Molecular Probes) were used at a 1:2,000 dilution. Vybrant DiL cell labeling solution
(Molecular Probes) and MitoTracker Red (Molecular Probes) was used to label cells according to the
supplier’s instructions. Nuclear staining was performed with 4=,6-diamidino-2-phenylindole (DAPI) using
ProLong Gold antifade mountant with DAPI (Invitrogen).

BoHV-1 mutant construction. All virus mutants constructed for this study were obtained by the
cotransfection method. Cassette plasmids were cotransfected together with full-length BoHV-1 DNA or
BoHV-1-gE-GFP DNA into KOP cells using calcium chloride transfection. After homologous recombina-
tion, the mutants were isolated by picking positive plaques.

BoHV-1-gE-GFP mutant. The enhanced green fluorescent protein (EGFP) gene was amplified by PCR
using primers FOR (5=-AACCCTCCGCAAGGGCGAGGA-3=) and REV (5=-TGGCCTAGATCTATTGAGGACCCCT
TCCAA-3=). The EGFP sequence was ligated into the EcoNI recognition site in the gE 760-bp fragment
sequence in the pMR plasmid. The gE-EGFP fragment was introduced into the pUC318 plasmid encom-
passing the complete gE open reading frame (ORF). The full-length modified gE-EGFP sequence was
subsequently cloned into the pUS plasmid to generate the pUSgEGFP cassette plasmid, which was
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cotransfected with the full-length BoHV-1 DNA into KOP cells. The mutant was isolated and purified from
a single green fluorescent plaque.

BoHV-1-gE-GFP-VP26-mCherry mutant. BoHV-1 DNA sequences flanking the open reading frame
of the UL35 gene (coding for VP26 protein) were amplified in two separate PCRs with primer pair 36 FOR
(5=-ATTATAGAATTCTCTGCGCTGTCGGGCCTTGGCTC-3=) and 35 REV (5=-TTATACCATGCATACCGGTGCCGG
GATCGACCGAT-3=) or 35 FOR (5=-ATTATAGCATGCATGGCGTCGTCGAACCGCGAGTG-3=) and 34 REV (5=-
ATTATAGGATCCTTTGGCCTTTTCGGCGCGCCTGG-3=). Both amplification products were cloned and com-
bined in the pJET vector, such that the AgeI and NsiI recognition sites were introduced at the 5= terminus
of the UL35 gene, resulting in pJET 36/34. The mCherry gene was amplified by PCR using the primer pair
FOR (5=-CACCATGCATAGCAAGGGCGAGGAGGATAAC-3=) and REV (5=-ATTACCGGTCTTGTACAGCTCGTCC
ATGCC-3=). The mCherry sequence was ligated into pJET 36/34 at NsiI and AgeI sites to generate the pJET
VP26-mCherry cassette plasmid. The cassette plasmid was cotransfected with full-length BoHV-1-gE-GFP
DNA into KOP cells. The mutant was isolated and purified from doubly fluorescent (red and green)
plaques.

The BoHV-1-VP26-GFP mutant with GFP fused to capsid protein VP26 was constructed as described
previously (57).

Immunofluorescence analysis. (i) Analysis of the cytoskeleton composition. KOP cells and
bovine fibroblasts were grown on gelatin-coated coverslips (Sigma-Aldrich). At 24 h after seeding, the
cells were fixed by adding 16% PFA (Alfa Aesar) directly to the medium to a final concentration of 4%
PFA. The cells were incubated for 2 h at 8°C and air dried. Next, the cells were permeabilized with 0.2%
Triton X-100 in phosphate-buffered saline (PBS) for 5 min and washed 3 times with PBS. After incubation
with primary antibody for 1 h, the cells were washed 3 times with PBS, and the respective secondary
antibody was added for 1 h. The antibody solutions were prepared in PBS plus 5% FBS. Coverslips were
mounted using ProLong Gold antifade mountant with DAPI (Invitrogen), and the cells were analyzed
using a Leica TCS Sp8 X confocal microscope.

(ii) Analysis of infected cells. KOP cells and bovine fibroblasts were grown on gelatin-coated
coverslips (Sigma-Aldrich) for 1 day prior to infection. The cells were infected with BoHV-1 at an MOI of
1 for 1 h at 37°C to allow virus adsorption. Next, the virus inoculum was removed, cells were washed, and
fresh medium was added. At 12 h.p.i., the cells were fixed by adding 16% PFA (Alfa Aesar) directly to
medium to a final concentration of 4% PFA. The cells were incubated for 2 h at 8°C and air dried. Next,
cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min and washed 3 times with PBS. Primary
antibody was added for 1 h, the cells were washed 3 times with PBS, and the respective secondary
antibody was added for 1 h. Antibody solutions were prepared in PBS plus 5% FBS. Coverslips were
mounted using ProLong Gold antifade mountant with DAPI (Invitrogen). Cells were analyzed using a
Leica TCS Sp8 X confocal microscope.

Coculture assay. To analyze BoHV-1 transmission in the presence of neutralizing serum to block
free-cell transmission, a two-color population model was prepared. To distinguish between naive and
infected cells, the target cells were stained with Vybrant DiL cell-labeling solution (Molecular Probes)
according to the supplier’s protocol. The donor cells were infected with the fluorescent BoHV-1 mutant
(BoHV-1-VP26-GFP) at an MOI of 1. The cells were incubated with virus for 1 h at 37°C to allow virus
adsorption, washed, and mixed with target cells at a 1:1 ratio. The cells were seeded on gelatin-coated
coverslips (Sigma-Aldrich) and cocultured in medium containing neutralizing anti-BoHV1 serum at a
concentration that blocked cell-free spread of the virus (the amount of antibodies was determined in a
standard neutralization assay as described below). The same procedure was used for KOP cells and
bovine fibroblasts. At 18 h.p.i., the cells were fixed by adding 16% PFA (Alfa Aesar) directly to the medium
to a final concentration of 4% PFA. The cells were incubated for 2 h at 8°C and air dried. Coverslips were
mounted using ProLong Gold antifade mountant with DAPI (Invitrogen), and the cells were examined
using a Leica TCS Sp8 X confocal microscope.

Neutralization assay. Goat anti-BoHV-1 serum (VMRD, Inc.) was used in a standard BoHV-1 neutral-
ization assay. A 2-fold series of dilutions of the serum sample were prepared in a 96-well plate (100
�l/well). Samples of BoHV-1-gE-GFP fluorescent mutant lysate were added to individual wells and mixed
with the serum dilutions. The mixture was incubated for 1 h at 37°C. After incubation, the serum-virus
complex was transferred onto confluent monolayers of KOP cells. At 24 h.p.i., the cells were analyzed
using a fluorescence microscope for GFP-positive cells. The serum dilution that caused 100% inhibition
of virus infection was used in subsequent experiments to block cell-free entry of the virus.

Confocal live-cell imaging analysis. Time-lapse imaging analysis was performed using a Leica TCS
Sp8 X confocal microscope equipped with an environmental chamber at 37°C and 5% CO2. Images were
obtained at a magnification of �63. The relative time and scale bar are shown in the bottom of each
movie. KOP cells and bovine fibroblasts were seeded on glass bottom dishes (Willco Wells) 1 day prior
to infection. The cells were infected with BoHV-1-VP26-GFP or the dual-color BoHV-1-gE-GFP-VP26-
mCherry virus mutant at a low MOI to enable observations of single infected cells. After 1 h of adsorption
at 37°C, the virus inoculum was replaced with fresh medium containing neutralizing serum at the
concentration determined in the neutralization assay. The cells were analyzed for 10 h, and images were
collected every 10 to 19 s. The collected images were processed using Leica Software LasX and
CorelDRAW X7. Representative fragments of recordings are shown as Movies S3, S4, and S5 in the
supplemental material.

Statistics. Statistical differences were calculated on the raw data by two-tailed Student’s t test using
Mann-Whitney U Test Calculator (free software available at http://www.socscistatistics.com); a P value
of �0.01 was considered statistically significant.
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55. Brzozowska A, Rychłowski M, Lipińska AD, Bieńkowska-Szewczyk K. 2010.
Point mutations in BHV-1 Us3 gene abolish its ability to induce cyto-
skeletal changes in various cell types. Vet Microbiol 143:8 –13. https://
doi.org/10.1016/j.vetmic.2010.02.008.

56. Delage E, Cervantes DC, Pénard E, Schmitt C, Syan S, Disanza A, Scita G,
Zurzolo C. 2016. Differential identity of filopodia and tunneling nano-
tubes revealed by the opposite functions of actin regulatory complexes.
Sci Rep 6:39632. https://doi.org/10.1038/srep39632.

57. Wild P, Engels M, Senn C, Tobler K, Ziegler U, Schraner EM, Loepfe E,
Ackermann M, Mueller M, Walther P. 2005. Impairment of nuclear pores
in bovine herpesvirus 1-infected MDBK cells. J Virol 79:1071–1083.
https://doi.org/10.1128/JVI.79.2.1071-1083.2005.

TNT-Mediated Herpesvirus Spread Journal of Virology

May 2018 Volume 92 Issue 10 e00090-18 jvi.asm.org 17

https://doi.org/10.4049/jimmunol.1500845
https://doi.org/10.4049/jimmunol.1500845
https://doi.org/10.1128/JVI.03306-14
https://doi.org/10.1128/JVI.00036-16
https://doi.org/10.3390/v1030737
https://doi.org/10.1016/S0378-1135(01)00486-2
https://doi.org/10.1073/pnas.061029798
https://doi.org/10.1186/1743-422X-8-481
https://doi.org/10.1186/1743-422X-8-481
https://doi.org/10.1051/vetres:2006059
https://doi.org/10.1007/s007050050026
https://doi.org/10.1007/s007050050026
https://doi.org/10.1128/JVI.01621-10
https://doi.org/10.1128/JVI.00849-14
https://doi.org/10.1002/wnan.80
https://doi.org/10.2217/fvl.15.85
https://doi.org/10.2217/fvl.15.85
https://doi.org/10.1128/JVI.00443-10
https://doi.org/10.1128/JVI.00407-16
https://doi.org/10.3390/v8030074
https://doi.org/10.2217/fvl.09.62
https://doi.org/10.2217/fvl.09.62
https://doi.org/10.3389/fmicb.2016.00300
https://doi.org/10.3389/fmicb.2016.00300
https://doi.org/10.1128/JVI.02163-08
https://doi.org/10.1016/j.cellimm.2008.08.005
https://doi.org/10.1016/j.cellimm.2008.08.005
https://doi.org/10.1038/srep40360
https://doi.org/10.1128/JVI.74.23.11377-11387.2000
https://doi.org/10.1016/j.cell.2006.08.046
https://doi.org/10.1128/JVI.79.17.10875-10889.2005
https://doi.org/10.1128/JVI.00749-17
https://doi.org/10.1128/JVI.00749-17
https://doi.org/10.1073/pnas.0409099102
https://doi.org/10.1016/j.vetmic.2010.02.008
https://doi.org/10.1016/j.vetmic.2010.02.008
https://doi.org/10.1038/srep39632
https://doi.org/10.1128/JVI.79.2.1071-1083.2005
http://jvi.asm.org

	RESULTS
	Various types of cell connections are observed between BHV-1-infected cells. 
	Thin membrane connections formed between cultured bovine cells of various origin have features characteristic of TNTs. 
	The presence of BoHV-1 in TNTs detected by immunofluorescence. 
	Tunneling nanotubes are involved in BoHV-1 cell-to-cell transmission. 

	DISCUSSION
	MATERIALS AND METHODS
	Cell cultures and viruses. 
	Antibodies and dyes. 
	BoHV-1 mutant construction. 
	BoHV-1-gE-GFP mutant. 
	BoHV-1-gE-GFP-VP26-mCherry mutant. 
	Immunofluorescence analysis. (i) Analysis of the cytoskeleton composition. 
	(ii) Analysis of infected cells. 
	Coculture assay. 
	Neutralization assay. 
	Confocal live-cell imaging analysis. 
	Statistics. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

