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ABSTRACT

In the extracellular environment, cell-free virions seek out naive host cells over long distances and between organisms. This is
the primary mechanism of spread for most viruses. Here we provide evidence for an alternative pathway previously undescribed
for orthomyxoviruses, whereby the spread of influenza A virus (IAV) infectious cores to neighboring cells can occur within in-
tercellular connections. The formation of these connections requires actin dynamics and is enhanced by viral infection. Con-
nected cells have contiguous membranes, and the core infectious viral machinery (RNP and polymerase) was present inside the
intercellular connections. A live-cell movie of green fluorescent protein (GFP)-tagged NS1 of IAV shows viral protein moving
from one cell to another through an intercellular connection. The movement of tagged protein was saltatory but overall traveled
only in one direction. Infectious virus cores can move from one cell to another without budding and release of cell-free virions,
as evidenced by the finding that whereas a neuraminidase inhibitor alone did not inhibit the development of IAV microplaques,
the presence of a neuraminidase inhibitor together with drugs inhibiting actin dynamics or the microtubule stabilizer paclitaxel
(originally named taxol) precluded microplaque formation. Similar results were also observed with parainfluenza virus 5 (PIV5),
a paramyxovirus, when neutralizing antibody was used to block spread by cell-free virions. Intercellular spread of infectious
core particles was unaffected or enhanced in the presence of nocodazole for IAV but inhibited for PIV5. The intercellular con-
nections have a core of filamentous actin, which hints toward transport of virus particles through the use of a myosin motor.

IMPORTANCE

Here we describe a new method by which influenza A virus (IAV) spreads from cell to cell: IAV uses intracellular connections.
The formation of these connections requires actin dynamics and is enhanced by viral infection and the absence of microtubules.
Connected cells appeared to have contiguous membranes, and the core infectious viral machinery (RNP and polymerase) was
present inside the intercellular connections. Infectious virus cores can move from one cell to another without budding and re-
lease of cell-free virions. Similar results were also observed with parainfluenza virus 5 (PIV5).

Influenza A virus (IAV), a member of the Orthomyxoviridae, is an
enveloped virus with a negative-strand segmented RNA ge-

nome. In virions, the eight RNA segments are decorated with the
nucleocapsid protein (NP) and one copy of a heterotrimer of the
RNA-dependent RNA polymerase complex consisting of PB1,
PB2, and PA. The ribonucleoprotein (RNP) and polymerase com-
plex are the minimal replicative machinery. The ribonucleopro-
teins are enclosed within a lipid envelope derived from the host
cell plasma membrane. Underlying the bilayer is an internal coat
of matrix protein (M1). Inserted through the lipid bilayer are the
viral integral membrane proteins hemagglutinin (HA) and neur-
aminidase (NA) and the M2 ion channel protein (1). HA binds to
the viral receptor, sialic acid, and also mediates fusion of the viral
envelope with an endosomal membrane during virus entry into
cells. NA has neuraminidase activity, which cleaves sialic acid
from complex carbohydrate chains and is required during virus
egress to preclude HA binding to its receptor on the host cell. The
proton-selective ion channel M2 activity is required for acidifica-
tion of the interior of virions during virus uncoating and also for
scission of budding virions (1).

Influenza virus particles gain entry to cells by binding to a cell
surface molecule containing sialic acid and are then internalized
into clathrin-coated pits and transported to endosomes. There,
the low-pH environment activates the M2 ion channel and selec-
tively transports protons and potassium into the virion interior to

bring about dissociation of the M1 protein from the RNP (2). Low
pH (pH 5.0 to pH 5.8, depending on the HA subtype) also triggers
an HA protein refolding event which causes the merger of the viral
membrane with the endosomal membrane, releasing the RNPs
into the cytoplasm for transport to the nucleus, where viral tran-
scription and replication occur.

For the assembly of virions, RNPs exit the nucleus through
nuclear pores and traffic on microtubules to the plasma mem-
brane (3). M1 interacts with the viral RNP (4–6) and together with
HA, NA, and M2 assembles into viral particles at the plasma mem-
brane. In polarized cells, budding occurs from lipid rafts on the
apical surface (7, 8), which are highly enriched in cholesterol and
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contain large amounts of glycerophospholipids and sphingolipids
(9).

The HA-containing lipid rafts (10, 11) coalesce to form
“barges” of rafts (from �325 to 500 nm at 4 h postinfection [p.i.]
to �425 to 600 nm at 6 h p.i.) (10). M2 protein associates mainly
with the periphery of lipid rafts and is largely excluded from viri-
ons (12). In contrast, M1 cannot target the plasma membrane in
the absence of other viral proteins (13). M1 expressed alone in
cells does not form virus-like particles (14), and M1 likely targets
the plasma membrane proteins by associating with the cytoplas-
mic tails of the viral integral proteins (13, 15–17).

All eight unique vRNPs must be incorporated into a new virus
particle for a productive infection to occur, though how packaging
is achieved remains controversial (18–20), and two models pro-
pose different mechanisms. The random-packaging model sug-
gests that viral RNP (vRNP) segments are randomly incorpo-
rated into budding virions and only virions or particle-forming
units containing all eight unique segments are infectious. The
selective-packing model, which has been rapidly gaining favor
(21–23), proposes that each unique vRNP segment contains a
distinct property that enables directed packaging to ensure that
exactly eight unique segments are incorporated into each bud-
ding particle.

The primary delivery system for many enveloped viruses to a
cell, including IAV, is by endocytosis of particles and fusion of the
envelope with the endosomal membrane. However, for some en-
veloped viruses, alternative delivery pathways that do not involve
either acid-triggered fusion or receptor-binding triggered fusion
have been described (24, 25). One emerging model has proposed
the use of long, filamentous intercellular connections described as
tunneling nanotubules (TNTs) as a means to transport virus par-
ticles to neighboring cells (26–28).

TNTs are long membrane-bound extensions (50 to 200 nm in
diameter and spanning as much as several cell diameters) that
tether two neighboring cells and can link many cells together in
tandem, forming complex cellular networks (29). These struc-
tures contain filamentous actin (F-actin) but not microtubules
and have been described as a means of cellular communication
over long distances, particularly transportation of organelles and
transmembrane proteins. Once the TNT has been established, the
membranes of each cell appear to be fused, as enhanced green
fluorescent protein (EGFP)-labeled membrane proteins can
transfer from one cell to another. Interestingly, only membrane-
bound protein or organelles are able to pass through TNTs and
small molecules freely existing in the cytoplasm are not (29).

Intercellular connections have been presented as a means of
transporting newly assembled human immunodeficiency virus
type 1 (HIV-1) particles to neighboring cells, either by traveling
along the outer membrane of a “virological synapse” (30, 31) or
the transfer of virus infectious cores within “bridging conduits”
(26, 27). The latter pathway has also been described for prions
(28). Though many names have been used to describe these inter-
cellular connections (e.g., nanotubules, virological synapse,
bridging conduits), the fundamental feature of these structures is
the connection of cytoplasm between two cells via membrane-
bound extensions. The extent to which these differently named
structures are distinct from one another is unclear. Here we will
use the term intracellular connection.

Our data show that IAV uses a similar pathway for intercellular
infections. This route of spread requires the establishment of in-

tercellular connections connecting the cytoplasm of two neigh-
boring cells, thereby allowing passage of the critical viral compo-
nents (i.e., RNA, NP, and polymerase) necessary for infection by
passing through the thin, membrane-bound connection and into
the cell body of a neighboring cell.

MATERIALS AND METHODS
Cells, antibodies, and reagents. Madin-Darby canine kidney (MDCK)
and human alveolar lung cells (A549) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Normal human bronchial epithelial (NHBE) cells were
maintained in bronchial epithelial growth medium (BEGM) as recom-
mended by the manufacturer (Lonza). All cells were maintained in a hu-
midified incubator containing 5% CO2 at 37°C. Antibodies specific for
influenza virus included goat anti-H3 HA (influenza A/Aichi/2/68 virus)
obtained from the National Institute of Allergy and Infectious Diseases
Repository, Bethesda, MD, and rabbit serum raised against expressed and
purified influenza virus nucleoprotein (NP) used at 1:400 and 1:200, re-

FIG 1 Viral ribonucleoprotein-containing intercellular connections form in
IAV-infected cells. MDCK cells were infected with IAV (A/Udorn/72) at an
MOI of 3 and fixed at 17 h p.i. Cell surfaces were immunostained for HA
(green) and then permeabilized and immunostained for NP (red). Infected
cells formed intercellular connections between neighboring cells that appeared
to connect the cytoplasm of both cells. Images were photographed on a con-
focal microscope (Zeiss LSM 5).
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spectively. Antiserum specific for PA was obtained from GeneTex
(GTX118991) and used at 1:50.

Antiserum specific for parainfluenza virus 5 (PIV5) hemagglutinin-
neuraminidase (HN) (R471) was obtained by injecting rabbits with puri-
fied HN soluble ectodomain expressed in Sf9 cells from a recombinant
baculovirus (32). For PIV5 NP, a mouse monoclonal antibody (MAb) was
used at 1:200 (33). F1a, a MAb specific for PIV5 fusion (F) protein, was
used to neutralize cell-free PIV5 virions at a concentration of approxi-
mately 4 �g/ml (33). Cytochalasin D, paclitaxel (originally named taxol),
and nocodazole were obtained from Sigma-Aldrich and IPA-3 from Cal-
biochem and used at concentrations of 20 �M, 100 �M, 30 �M, and 30
�M, respectively. Ammonium chloride (Mallinckrodt Pharmaceuticals)
was used at a concentration of 4 mM. Zanamivir (GlaxoSmithKline) was
used at a concentration of 10 �M, which has been previously shown to
inhibit NA activity (34). Wheat germ agglutinin conjugated to Alexa Fluor
488 (Invitrogen) was used at a concentration of 5 �g/ml for 10 min.

The GFP-NS1-expressing virus in the PR8 background has been de-
scribed previously (35).

Immunofluorescent and live-cell microscopy. MDCK or A549 cells
were grown on glass coverslips and infected with wild-type (wt) influenza
A/Udorn/72 virus (IAV) or PIV5 at a multiplicity of infection (MOI) of
three PFU per cell unless otherwise specified. Infection was synchronized
by allowing virus to attach at 4°C for 1 h followed by washing cells in
phosphate-buffered saline (PBS) and overlaying the monolayer with
warmed (37°C) Dulbecco’s modified Eagle’s medium (DME) containing
1% penicillin plus 1% streptomycin and 1 �g/ml N-acetyl trypsin for IAV
infections or DMEM containing 1% penicillin plus 1% streptomycin for
PIV5 infections. Infected cells were fixed with 10% formalin (Electron
Microscopy Sciences, Hatsfield, PA), and cell surfaces were blocked with
10% donkey serum (Sigma-Aldrich) in PBS followed by immunostaining
(without permeabilization) with goat anti-H3 HA serum at a concentra-
tion of 1:400 or with rabbit anti-HN antibody at a concentration of 1:50 in
1% bovine serum albumin (BSA)–PBS for 1 h at room temperature, fol-

lowed by extensive washes in PBS. Alternatively, to stain the surfaces of
mock-infected cells, wheat germ agglutinin conjugated to Alexa Fluor 488
(Molecular Probes) was used according to the manufacturer’s instruc-
tions to visualize the cell surface. To stain influenza virus NP or PA, cells
were permeabilized with PBS plus 0.1% Tween (PBST) for 3 min and
blocked in 10% donkey serum for 10 min at room temperature. Cells were
washed with PBST and stained with rabbit anti-NP serum at a concentra-
tion of 1:200. For PIV5 NP or P, cells were stained with mouse anti-NP
serum at a concentration of 1:200 in 1% BSA–PBST. To stain filamentous
actin and tubulin, cells were permeabilized and blocked as above and
stained with Alexa Fluor 594-conjugated phalloidin (Molecular Probes)
or with 2.5 �g/ml mouse antitubulin serum (sc-32293; Santa Cruz Bio-
technology). The secondary antibodies used were goat anti-rabbit IgG and
goat anti-mouse IgG conjugated to Alexa Fluor 594 at a concentration of
1:200 in 1% BSA–PBST. After room temperature incubation for 1 h, cov-
erslips were washed in PBST, dipped in water, mounted onto glass slides
using Prolong Gold (Invitrogen), and left to set overnight in the dark. For
live-cell movies, MDCK cells were seeded onto 42-mm coverslips and
infected with a recombinant GFP-tagged NS1 (35) expressing IAV at an
MOI of 1. Infected cells on the coverslip were transferred into an open
cultivation system (Zeiss) and maintained in warm DMEM buffered with
HEPES. The live-cell chamber was mounted on a heated stage to maintain
the culture at 37°C.

Immunostained and live cells were imaged with an LSM 5 Zeiss con-
focal microscope (Thornwood, NY) or a Zeiss Axiovert 200M fluores-
cence microscope using a 20�, 40�, or 63� objective as indicated. Col-
lected images were modified using Adobe Photoshop CS3.

RESULTS
Cells infected with IAV form intercellular connections contain-
ing viral nucleoprotein and polymerase. To investigate the for-
mation of intercellular connections during influenza A virus

FIG 2 Intercellular connections contain the IAV HA protein and a component (PA) of the polymerase in multiple cell types. A549, MDCK, and Vero cells were
infected with IAV at an MOI of 3 and fixed at 17 h p.i. Cell surfaces were immunostained for hemagglutinin protein (HA; green) and then permeabilized and
immunostained for viral polymerase (PA; red). Infected cells formed intracellular connections between neighboring cells that appeared to connect the cytoplasm
of both cells. Images were photographed on a confocal microscope. Scale bar, 20 �m.

Influenza Virus Spreads Intercellularly

February 2015 Volume 89 Number 3 jvi.asm.org 1539Journal of Virology

http://jvi.asm.org


FIG 3 Intercellular connections formed during IAV infection require actin dynamics and F-actin but do not require microtubules and occur more
frequently during infection. (A) MDCK cells were infected with IAV at an MOI of 3. At 1 h p.i., 30 �M IPA-3, 100 �M paclitaxel (“Taxol”), 20 �M
cytochalasin D (CytoD), and 30 �M nocodazole (Noc) were added to infected cells, and the cells were fixed at 18 h p.i. Cell surfaces were immunostained
for HA (green) and then permeabilized and immunostained for NP (red). Inset shows a zoomed image of two cells connected by an intercellular
connection. Viral NP is clearly visible within the connection (arrows) as well as in the cell body. (B) The bar graph quantifies the percentage of MDCK cell
pairs with intercellular connections in drug-treated and control (DMSO) cells infected with IAV. *, P � 0.05. (C) The bar graph quantifies the percentage
of MDCK cell pairs connected by intercellular connections in mock, PIV5, or IAV infections. ***, P � 0.001. Images were photographed on a confocal
microscope. Scale bar, 20 �m.
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(IAV) infection, MDCK cells were infected with Udorn IAV, and
at 17 h p.i. cells were fixed and cell surfaces were immunostained
for HA. Subsequently, cells were permeabilized and stained inter-
nally for NP. Confocal microscopy images showed that in addition
to budding virus, long HA-containing protrusions connected to
neighboring cells with what appeared to be fused membranes (Fig.
1). We observed these structures in infected cell monolayers as
early as 6 h p.i. and as late as 48 h p.i. (data not shown). Further-
more, NP staining was observed within the intercellular connec-
tions, suggesting the possibility that IAV vRNPs use the connec-
tions as an intercellular gateway to other cells as an alternative
egress/entry pathway.

To determine if intercellular connections formed in cell types

other than MDCK cells, A549 and Vero cells were infected with
IAV and stained for HA (Fig. 2). Intercellular connections similar
to those seen in MDCK cells were observed. Staining for PA in
A549, MDCK, and Vero cells confirmed the presence of RNPs and
their associated polymerase complex, as in infected cells RNPs are
found with a PA, PB1, and PB2 complex. It has been shown pre-
viously that the RNPs with associated polymerase complex is the
minimal replicative machinery (36).

Given the known involvement of F-actin in the TNT structures
(29), we were interested in determining whether or not actin dy-
namics were necessary for the formation of the intercellular con-
nections. To test this, IAV-infected cells were treated with IPA-3,
cytochalasin D, or dimethyl sulfoxide (DMSO) (as a solvent con-

FIG 4 Intercellular connections provide a route for infection of neighboring cells. (A) MDCK cells were infected at an MOI of 0.1 with IAV. At 2 h p.i., 10 mM
zanamivir, 30 �M IPA-3, 100 �M paclitaxel (“Taxol”), 20 �M cytochalasin D (CytoD), and 30 �M nocodazole (Noc) were added at 2 h p.i. as indicated, and the
cells were incubated for 48 h. Cells were fixed and immunostained for NP (red), and nuclei were stained with DAPI (blue). Images were taken on a fluorescence
microscope (Zeiss Axiovert 200M) using a 20� objective. (B) Quantification of the microplaques (NP-positive neighboring cells, white circles) in panel A. ***,
P � 0.001. (C) MDCK cells were infected at an MOI of 0.1 with IAV and treated with or without 4 mM ammonium chloride and treated as described for panel
A. Cells were fixed and immunostained as described for panel A. Microplaques (NP-positive neighboring cells, white circles) are quantified in a bar graph below
the images. *, P � 0.05. Counts for 70 fields of view were included per sample per trial.
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trol). The microtubule stabilizer paclitaxel and microtubule depo-
lymerizer nocodazole were also included as additional controls.
IPA-3 inhibits PAK1 (p21-activated kinase 1) (37), an interacting
partner of Rho GTPase family proteins that includes cell division

cycle 42 (CDC42) and RAC1. CDC42 is involved in the formation
of filopodia, which share many similarities to TNTs, including a
bundled F-actin core and a dynamic, probing movement toward
neighboring cells. Cytochalasin D binds to F-actin and causes

FIG 5 Intercellular connections form in paramyxovirus-infected cells and contain the RNP components N and P. A549, MDCK, and Vero cells were infected
with PIV5 at an MOI of 3 and fixed at 24 h p.i. Cell surfaces were immunostained for the fusion protein (F; green) and then permeabilized and immunostained
for either nucleoprotein (N, red) (A) or P protein (red) (B). Infected cells formed intercellular connections between neighboring cells that appeared to connect
the cytoplasm of both cells. Images were photographed on a confocal microscope. Scale bar, 20 �m.
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breakage, eventually leading to actin depolymerization (38). The
effects of these drugs on the formation of intercellular connections
in IAV-infected cells were determined by counting the connected
cells under each treatment (Fig. 3).

Drugs affecting actin dynamics (IPA-3 and cytochalasin D)
significantly reduced the number of cells connected by TNTs (Fig.
3). Unexpectedly, the microtubule-affecting drugs also affected
the formation of intercellular connections compared to the
DMSO control. Addition of the microtubule stabilizer paclitaxel
significantly reduced the number of intercellular connections,
whereas the microtubule destabilizer nocodazole increased the
number of intercellular connections compared to DMSO-treated
cells (Fig. 3B). These findings suggest a possible role for the mi-
crotubule cytoskeletal network in the regulation of intercellular
connection formation. We also quantified the number of intercel-
lular connections in mock- and IAV-infected MDCK cells and
found that IAV infection greatly enhanced the formation of inter-
cellular connections (Fig. 3C).

Intercellular connections can be used for spread of infectiv-
ity from cell to cell. The data shown in Fig. 1 to 3 indicate that the
intercellular connections that form during IAV infection contain
vRNP and that the formation of these connections requires actin
dynamics. These findings raise the question as to whether the in-
tercellular connections can mediate cell-to-cell spread of infectiv-
ity, as the vRNPs are the minimal replication machinery (36).

To determine if intercellular connections provide a route for
viral infection, MDCK cells were infected at a low MOI (0.1) with

IAV, and at 2 h p.i. the indicated drugs were added either with or
without the NA inhibitor zanamivir. Release of budding virions
from the host cell cannot occur efficiently without NA activity, as
cell-free virions would be bound at the surface of the host cell due
to HA binding sialic acid. Thus, the virus is limited to cell-to-cell
spread of infection via transport of vRNP through the intercellular
connections. At 48 h p.i., the cells were fixed and immunostained
for NP to score the number and size of microplaques. Like a
plaque, a microplaque is a clustered grouping of infected cells
resulting from cell-to-cell spread of virus. However, instead of
measuring large clearings of cells resulting from cytopathic effects,
here we score microplaques based on the presence of nucleopro-
tein within total cells (indicated by nucleoprotein immunostain-
ing and DAPI [4=,6-diamidino-2-phenylindole] staining). Three
or more adjacent cells staining positive for nucleoprotein are con-
sidered a microplaque. The results are presented in Fig. 4.

Treatment with IPA-3, cytochalasin D, and paclitaxel com-
bined with zanamivir to block cell-free virus spread prevented
intercellular spread as indicated by the lack of microplaques
formed at 48 h p.i. compared to what was observed with the
DMSO solvent control (Fig. 4A and B). This finding is consistent
with the data presented in Fig. 3, as treatment with these drugs
inhibited the formation of intercellular connections. Notably, the
microtubule destabilizer nocodazole resulted in an increase in the
number of microplaques (Fig. 4B). Drug concentrations were de-
termined to be nontoxic based on testing with NucGreen Dead
488 (Life Technologies) (data not shown) and based on the ability
for cell monolayers to become infected by IAV in the presence of
the cytoskeleton-affecting drugs.

FIG 6 Intercellular connections form in multiple cell types infected with IAV
(WSN) or PIV5. (Upper row) MDCK or A549 cells were infected with IAV
A/WSN/33 or PIV5, respectively, at an MOI of 3. Cells were fixed at 17 h p.i.
and immunostained for surface HA (WSN; green) or HN (PIV5; green) and
then immunostained internally for NP (WSN; red) or P (PIV5; red). (Lower
row) MDCK and A549 cells were mock infected and fixed 17 h later. Cell
surfaces were stained with wheat germ agglutinin conjugated to Alexa Fluor
488 (5 �g/ml for 10 min). The white arrow indicates an example of vRNP-
containing cell-cell connections. Images were photographed on a confocal
microscope. Scale bar, 20 �m.

FIG 7 Intercellular connections form in IAV-infected primary cells. Normal
human bronchial epithelial cells (NHBE) were infected with IAV (MOI � 1) or
mock infected and fixed at 17 h p.i. in 10% formalin. IAV-infected cell surfaces
were immunostained for hemagglutinin (HA; green), and then the cells were
permeabilized and immunostained for polymerase (PA; red). Mock-infected
cells were stained with Alexa Fluor 488-conjugated wheat germ agglutinin
(WGA) to visualize the cell surface. Images were photographed on a confocal
microscope. Scale bar, 20 �m.
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As an additional control for IAV cell-to-cell transport, we re-
peated the experiment shown in Fig. 4A and B using ammonium
chloride (AC). AC is a lysosomotropic agent that raises the in-
traluminal pH of endosomes and inhibits triggering of HA for
membrane fusion as well as blocks acidification of the interior of
the virion via the M2 ion channel (39). Thus, AC blocks infection
by cell-free IAV virions once the particle is internalized and elim-
inates the possibility that virions are associated with intercellular
connections on the extracellular side and “surf” along the connec-
tion to bind and enter the neighboring cell, as occurs with HIV
(31). The data indicate that cell-to-cell spread of IAV is inhibited
in the presence of IPA-3 and cytochalasin D and the microtubule
stabilizer paclitaxel but is not inhibited by nocodazole (Fig. 4C). A
4 mM concentration of AC was sufficient to inhibit virus spread,
as only 0.2% of the monolayer became infected when cells were
pretreated with 4 mM AC and subsequently infected with IAV,
whereas posttreatment with 4 mM AC at 2 h p.i. resulted in infec-
tion of 14% of the monolayer (data not shown). At 48 h p.i.,
essentially the entire monolayer of control cells (e.g., with no AC
or zanamivir) was infected; therefore, we used 2 days as our end-
point for measuring microplaque formation. Finally, given that
microplaques are seen in the presence of nocodazole and DMSO
together with AC, we can conclude that spread of IAV infection is
occurring in the absence of viral fusion.

Intercellular connections also form in cells infected with an-
other strain of IAV and another RNA virus and contain viral
cores. We examined cells infected with another negative-stranded
enveloped RNA virus, parainfluenza virus 5 (PIV5), to test if this
virus could also take advantage of intercellular connections as a
means of viral cell-to-cell spread. As shown in Fig. 5, when A549,
MDCK, or Vero cells infected with PIV5 were examined at 24 h
p.i., intercellular connections were observed in all three cell types
that stained for cell surface-expressed F protein (green) and inter-
nal staining for NP (red) (Fig. 5A) or P (red) (Fig. 5B). As NP and
P are part of the vRNP and NP, P, and L form the core replicative
machinery (40), the data suggest that RNPs are trafficked to neigh-
boring cells through the intercellular connections. Intercellular
connections were also seen with another IAV strain, A/WSN/33
(Fig. 6). Supporting our data shown in Fig. 3C, IAV- or PIV5-
infected cells, but not mock-infected cells, contained intercellular
connections (Fig. 6).

Intercellular connections can form in IAV- and PIV5-infected
cell lines MDCK, Vero, and A549. Since these are all transformed cell
lines, we were interested in whether or not an infected primary cell
line would support the formation of intercellular connections. To
test this, we infected normal human bronchial epithelial cells
(NHBE) with IAV or PIV5 and looked for the presence of inter-
cellular connections as before. Figure 7 shows that IAV-infected,

FIG 8 Intercellular connections are utilized by the paramyxovirus parainflu-
enza virus 5 as a means of cell-to-cell spread. (A) MDCK cells were infected at
an MOI of 0.1 with PIV5. At 2 h p.i., cells were treated with neutralizing MAb
F1a or left untreated. Cells were then treated with or without IPA-3 (30 �M),
paclitaxel (“Taxol”; 100 �M), cytochalasin D (CytoD; 20 �M), or nocodazole
(Noc; 30 �M) and incubated for 48 h. Cells were fixed and immunostained for
N protein (red), and nuclei were stained with DAPI (blue). Images were taken
on a fluorescence microscope with a 20� objective. Microplaque (N-positive
neighboring cells, white circles) quantification is shown in the bar graph. *,
P � 0.05; **, P � 0.01. Counts for 70 fields of view were included per sample
per trial.
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but not mock-infected, NHBE cells formed intercellular connec-
tions containing polymerase protein (PA). Interestingly, NHBE
cells infected with PIV5 were similar to the mock-infected ones in
that we did not see the formation of intercellular connections
(data not shown).

To determine if intercellular connections observed in PIV5-
infected MDCK cells could serve as a route to transfer infectious
cores intercellularly to a neighboring cell, cells were infected with
PIV5 at an MOI of 0.1 and at 2 h p.i. IPA-3, paclitaxel (“Taxol”),
cytochalasin D, nocodazole, and DMSO were added to infected
cells. To block infection of naive MDCK cells by cell-free PIV5
virions, a neutralizing MAb specific for the fusion (F) protein of
PIV5 was added at 2 h p.i. as indicated. After 48 h, the cells were
stained for PIV5 NP and microplaques were scored as for IAV. The
data show that PIV5 is able to form microplaques in the presence
of neutralizing antibody and DMSO, but cell-to-cell spread is sig-
nificantly reduced in the presence of the cytoskeleton-affecting
drugs, including nocodazole (Fig. 8). Pretreatment of cells with
the MAb resulted in infection of only 0.03% of the monolayer,
whereas posttreatment with the antibody at 2 h p.i. resulted in
infection of 5% of the monolayer at 48 h p.i. (data not shown).

Intercellular connections contain filamentous actin. TNTs
are a method of cell-to-cell communication that enables passage
of cellular cargo from the cytoplasm of one cell to another (29).
These long, thin structures contain filamentous actin (F-actin)
and enlist a myosin motor to drive the movement of organelles or
other cargo into neighboring cells. The intercellular connections
observed during influenza virus infection had a structure similar
to that of TNTs and were sensitive to actin-depolymerizing agents
but not microtubule-depolymerizing agents (Fig. 3B). Thus, we
wanted to determine whether or not filamentous actin (F-actin)
was present within the intercellular connections.

To test if the connections seen during IAV infection contained
F-actin, MDCK cells infected with IAV were fixed and surface
stained for HA and then permeabilized and stained with Alexa
Fluor 594-conjugated phalloidin to visualize F-actin. Confocal
microscopy showed HA (green) on the surface of the intercellular
connections and F-actin (red) within the boundaries of the mem-
brane (Fig. 9A).

Examination of mock-infected cells indicated that intercellular
connections occurred infrequently compared to the number ob-
served in infected cells (approximately 1.5% of mock cells have
intercellular connections compared to 5% for PIV5 and 12% for
IAV [Fig. 3C]), suggesting that viral infection increases the fre-
quency of such cellular connections. Although IAV-infected cells
exhibit cytopathic effects (CPE) that reduce cell density compared
to mock-infected cells, we have examined mock-infected cells at
various levels of confluence and do not see a change in the fre-
quency of intercellular connections (data not shown). PIV5 causes
virtually no CPE. Thus, the increase in intercellular connection
frequency could be the result of a stress response induced by viral
infection. As shown in Fig. 4B, nocodazole treatment enhanced
the number of intercellular connections in IAV-infected cells
compared to DMSO-treated cell monolayers. Therefore, we hy-
pothesized that microtubules are depolymerized during IAV in-
fection.

To test this hypothesis, infected and mock-infected A549 cells
were immunostained for tubulin. Examination by confocal mi-
croscopy revealed that mock-infected cells contained a visible mi-
crotubular network whereas IAV-infected cells contained what

appeared to be tubulin monomers or very short microtubules
mostly in the center of the cell (Fig. 9B, upper row). Uninfected
cells treated with nocodazole had a ruffled plasma membrane
compared to DMSO-treated cells and contained intercellular con-
nections containing F-actin (Fig. 9B, lower row).

GFP-tagged NS1 of IAV moves within intercellular connec-
tions and enters into a connected cell. While the immunofluo-
rescent data shown in Fig. 1 to 3 and 5 to 7 coupled with the
cell-cell spread data in Fig. 4 and 8 provide evidence for the use of
intercellular connections to transport viral cores to neighboring
cells, we wanted to show the transport of viral protein through the

FIG 9 (A) Intercellular connections contain filamentous actin. MDCK cells
were infected with IAV at an MOI of 1 and fixed at 12 h p.i. in 10% formalin.
Surface HA (green) was immunostained, and then the cells were permeabilized
in 0.1% Tween–PBS and stained with phalloidin conjugated to Alexa Fluor 594
to visualize F-actin (red). Images were photographed on a confocal micro-
scope. Scale bar, 20 �m. (B) IAV infection of cells affects microtubule forma-
tion, and depolymerization of microtubules in mock-infected cells does not
inhibit formation of intercellular connections. Upper row, MDCK cells were
mock infected or infected with IAV (MOI � 3) and fixed at 17 h p.i. Cell
surfaces were immunostained with antibody to HA (green) and then perme-
abilized and immunostained with antibody to tubulin (red). Lower row,
mock-infected MDCK cells were treated with DMSO or nocodazole (noc) and
fixed 17 h later. Cells were stained with Alexa Fluor 488-conjugated WGA
(green) to visualize cell surfaces and then permeabilized and stained with Alexa
Fluor 594-conjugated phalloidin to visualize F-actin (red). Images were pho-
tographed on a confocal microscope. Scale bar, 20 �m.
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intercellular connection in live infected cells. To do this live-cell
experiment, we used a previously constructed IAV with GFP-
tagged NS1 (35). NS1 is a multifunctional protein involved in
RNA transport, splicing, and translation and represses the host
immune system by preventing activation of the NF-�B pathway
(41). While this recombinant virus is slightly attenuated, it is still
lethal to mice, and given that it is constructed in a PR8 back-
ground, it offers another example of an IAV strain that can induce
the formation of intercellular connections.

To make the live-cell movie, MDCK cells were seeded onto a
42-mm coverslip and infected with the GFP-NS1 recombinant
virus at an MOI of 1. At 35 h p.i., the coverslip was mounted onto
an open cultivation system and supported on a heated stage
(37°C) of a confocal microscope. The live-cell movie shows 30
min of active infection with a frame taken every 30 s and can be
seen in Movie S1 in the supplemental material. Selected frames
from this movie are shown in Fig. 10.

Over the course of 30 min, GFP-NS1 can be seen moving
within the intercellular connection and into the cell body of a
neighboring cell. The cell membrane is clearly visible on either
side of the protein as depicted by phase-contrast microscopy (Fig.
10; see Movie S1 in the supplemental material). Black arrows show
the location of GFP-NS1 as it progresses away from the lower cell
and into the upper cell. Insets magnify the region of interest (Fig.
10). We noted that when particles traveled within the intercellular
connections, motion was saltatory but overall had unidirectional
movement (see Movie S1 in the supplemental material). This is
consistent with active (motor-dependent) movement such as that
seen with myosin motors.

DISCUSSION

Assembly, budding, attachment, and uncoating are all critical
steps in the primary pathway for cell-to-cell spread of influenza A
virus (IAV). While this is an efficient way to travel between human
hosts, it also requires a great deal of cellular resources along with
inherent risks from exposure to the extracellular environment.
During assembly, all the structural viral proteins accumulate to-
gether at lipid rafts as localized foci on the plasma membrane and
the vRNP is incorporated into these budding virions.

The RNA genomes of IAV and parainfluenza virus 5 (PIV5) are
encased in nucleoprotein (NP) and bound by the viral polymerase
subunits, which together make up the viral ribonucleoprotein
(vRNP) complex (42, 43). The eight unique IAV vRNP segments

or the single vRNP of PIV5 constitutes the minimum core com-
ponents required to elicit a productive infection. All the remain-
ing viral machinery (viral transmembrane and matrix proteins) is
needed only for host cell escape (budding and scission) and entry
into naive cells from the extracellular environment (attachment
and fusion). Utilizing intercellular connections such as those de-
scribed in this paper as a means to directly access the cytoplasm of
a new host cell allows the virus to bypass some of the otherwise
critical steps during egress as well as entry. The model presented in
Fig. 11 summarizes this secondary route of infection.

In the current study, we show that loss of microtubules, either
during infection by IAV or by treatment with nocodazole, in-
creased the number of intercellular connections as well as in-
tercellular IAV spread (Fig. 3B and C and 4B). This was an
unexpected finding, as previously it had been reported that
microtubules (together with Rab11) are necessary for transport of
vRNP to the plasma membrane as evidenced in a study using
fluorescence in situ hybridization (FISH) experiments (3). In that
study, in IAV-infected MDCK cells treated with nocodazole or
paclitaxel, the NP and vRNP failed to reach the apical surface.
However, treatment of MDCK cells with nocodazole caused only a
modest decrease in IAV virion production (3). Similar results
demonstrating the limited effect of nocodazole treatment on IAV
virion production in MDCK cells are shown in Fig. 4A and have
also been reported previously (44). Given the lack of requirement
for microtubules and sensitivity to paclitaxel, the formation of
these connections may be enhanced as a downstream signaling
response to a loss of microtubules during IAV infection. Interest-
ingly, nocodazole was slightly inhibitory for PIV5 intercellular
spread (Fig. 8), which suggests different requirements in the cel-
lular environment for the PIV5 replication cycle. This may pro-
vide an explanation as to why IAV-infected monolayers have more
intercellular connections than PIV5-infected cells.

We also used live-cell microscopy to show that a GFP-tagged
IAV protein (NS1) can move through the intercellular connec-
tions and into a neighboring cell (Fig. 10; see also Movie S1 in the
supplemental material). The movement of GFP-NS1 within inter-
cellular connections was saltatory and consistent with movement
of cargo by a motor protein. Given that tunneling nanotubules
(TNTs) move only vesicular cargo (29), we hypothesize that the
GFP-NS1 moving through the interior of the intercellular connec-
tion is associated with vesicles possibly during NS1-mediated anti-

FIG 10 Live-cell images show that GFP-tagged NS1 can be transported from one cell to another through an intercellular connection. MDCK cells were infected
with IAV (MOI � 1) that expresses GFP-tagged NS1. Frames from a live-cell movie (see Movie S1 in the supplemental material) show GFP-tagged viral protein
(NS1, arrows) moving through an intercellular connection and into the cytoplasm of a neighboring cell. Insets show a zoomed image of the area of interest for
enhanced visualization of GFP-tagged protein and membrane border. Images were photographed on a confocal microscope. Scale bar, 20 �m.
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innate immunity and/or antiapoptotic events occurring in the cy-
toplasm. Additionally, our data show that these intercellular
connections require actin dynamics (Fig. 3) and contain F-actin
(Fig. 9A), which suggests the possibility of a myosin motor driving
the transport of viral cores through the intercellular connections.

Myosin Va is an actin motor protein known for transporting
membranous cargo (45), and this motor was found to be present
within TNTs (29). Additionally, myosin Va has been shown to
transport herpes simplex type I virions within trans-Golgi vesicles
to the plasma membrane (46) and has been shown to bind RNA
and RNA-binding proteins (47). However, the enlistment of other
actin motors, such as myosin X, which is known to move toward

the tips of pseudopodia, cannot be excluded. Future experiments
will address the mechanism by which intercellular transport of the
core infectious viral machinery (vRNPs) through these cellular
connections occurs.

Finally, Rab11 has been shown to play important roles for
vRNP trafficking (48). Rab11-containing vesicles can interact
with actin through effectors such as FIP2 and myosin Vb (48). As
it was noted that TNTs traffic membranous organelles through
their interior (29), we speculate that Rab11-vRNP interactions
taking place on vesicular membranes may be required for vRNP
transport to connected cells. Future experiments will address
these possibilities.

FIG 11 Model for IAV spread via intercellular connections. (A) An IAV-infected cell neighboring an uninfected cell in the beginning stages of establishing an
intercellular connection. Filamentous actin (purple) extends through the interior of the membrane-bound extension. (B) The cellular extension connects and
fuses to the plasma membrane of the uninfected cell, allowing import of vRNP and establishment of infection. (C) Drugs inhibiting actin dynamics, F-actin, and
a microtubule stabilizer (cytochalasin D [cyto D], IPA-3, and paclitaxel [Taxol], respectively) inhibit the formation of intercellular connections and therefore
inhibit this form of cell-to-cell spread.
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