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Nipah Virus Entry and Egress from Polarized Epithelial Cells
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Highly pathogenic Nipah virus (NiV) infections are transmitted via airway secretions and urine, commonly via the respiratory
route. Epithelial surfaces represent important replication sites in both primary and systemic infection phases. NiV entry and
spread from polarized epithelial cells therefore determine virus entry and dissemination within a new host and influence virus
shedding via mucosal surfaces in the respiratory and urinary tract. To date, there is no knowledge regarding the entry and exit
sites of NiV in polarized epithelial cells. In this report, we show for the first time that NiV can infect polarized kidney epithelial
cells (MDCK) from both cell surfaces, while virus release is primarily restricted to the apical plasma membrane. Substantial
amounts of basolateral infectivity were detected only after infection with high virus doses, at time points when the integrity of
the cell monolayer was largely disrupted as a result of cell-to-cell fusion. Confocal immunofluorescence analyses of envelope
protein distribution at early and late infection stages suggested that apical virus budding is determined by the polarized sorting
of the NiV matrix protein, M. Studies with stably M-expressing and with monensin-treated cells furthermore demonstrated that
M protein transport is independent from the glycoproteins, implying that the M protein possesses an intrinsic apical targeting

signal.

ipah virus (NiV) is a highly pathogenic member of the genus

Henipavirus within the family Paramyxoviridae, originating
from fruit bats (1). NiV was first discovered in Malaysia and Sin-
gapore in 1999 during an outbreak of severe respiratory disease in
pigs and fatal encephalitis in humans (2). Since 2001, smaller out-
breaks of NiV infections in India and Bangladesh have been reg-
ularly reported (3). Although human infections have been de-
scribed only in Southeast Asia so far, there is recent evidence for
the existence of Henipavirus-related viruses in African fruit bats
(4,5).

Like all paramyxoviruses, NiV is an enveloped virus with a
negative-stranded RNA genome (6). Cell infections start with
binding of the viral surface glycoprotein G to cellular ephrin-B2 or
ephrin-B3 receptors (7-10). After receptor binding, the fusion
protein, F, mediates pH-independent fusion of the viral envelope
with the host cell membrane to allow virus entry (for a review, see
reference 11). While the NiV surface glycoproteins G and F are
essential for virus entry processes and later on for cell-to-cell fu-
sion, the third NiV envelope-associated protein, the matrix pro-
tein, M, plays an essential role in virus assembly and budding.
Similar to many viral matrix proteins, NiV M is a cytoplasmic
protein which rapidly associates with cellular membranes. M or-
ganizes the assembly of cytoplasmic nucleocapsids and surface
glycoproteins at the plasma membrane and is thus needed for
efficient release of progeny virus. Conclusive evidence has been
provided that late-domain-like motifs and ubiquitin-regulated
nuclear-cytoplasmic trafficking are required for NiV M-mediated
budding processes (12-14).

The most common route of transmission of NiV is through the
oronasopharyngeal route. After initial replication in the airways,
NiV disseminates systemically. In the viremic phase of infection,
NiV targets endothelial cells in many organs. The pronounced
infection of microvascular endothelial cells in the central nervous
system (CNS), causing vasculitis, thrombosis, and necrosis, is fi-
nally the cause of the multifocal encephalitis generally observed in
humans and some animal species (for a review, see reference 15).
While CNS pathology was primarily responsible for clinical dis-
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ease in humans, pigs naturally infected during the first NiV out-
break in Malaysia showed mainly respiratory symptoms, with
widespread lesions in the lung epithelium (16). Studies of experi-
mentally infected pigs presented similar results, with the highest
virus contents in the upper and lower respiratory tract (15). Stud-
ies of NiV infection in a hamster model furthermore showed that
the respiratory epithelium is the initial area for NiV replication
before it comes to a more systemic spread of infection (17, 18). In
agreement with the reported NiV shedding in airway secretions
and urine, epithelial cells in the respiratory tract, the kidneys, and
the bladder were found to be infected in late stages of natural or
experimental NiV infections (reviewed in reference 19). These
immunobhistological data of in vivo infections clearly demonstrate
that NiV efficiently infects epithelial cells in mucosal surfaces.
Epithelial cells differ from most other cell types in their polar-
ized phenotype and their barrier function. The most important
feature is their apical and basolateral plasma membrane domains
that are strictly separated by tight junctions. Due to specialized
protein-sorting machineries in these cells, the two membrane do-
mains differ substantially in their compositions (20, 21). Protein
sorting, maintaining the polarity and the specialized functions of
epithelial cells, can also influence virus infections. While the po-
larized distribution of the viral receptor can restrict virus entry to
one surface domain, sorting of viral proteins can lead to a vectorial
virus release (22-26). Since the handling of NiV is restricted to
biosafety level 4 (BSL-4) laboratories, knowledge about the mo-
lecular mechanisms underlying the interactions of NiV with epi-
thelial cells based on studies with live virus is extremely limited.
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We have shown in a previous study that both NiV surface glyco-
proteins possess tyrosine-dependent sorting signals responsible
for the basolateral targeting of the proteins upon single expression
in polarized MDCK cells. However, the localization of G and F
proteins in infected polarized MDCK cells was found to be bipo-
lar, with most of the glycoproteins concentrating at the apical
membrane (27). As it is known for several viruses that the glyco-
protein distribution does not necessarily determine the site of vi-
rus budding (28-31), the impact of the NiV glycoprotein distri-
bution is not yet known. The aim of this study was thus to
elucidate the virus entry and exit pathways in polarized epithelial
cells and to clarify the role of vectorial sorting of the NiV envelope
proteins in virus spread and release from epithelial cells.

MATERIALS AND METHODS

Cell culture. Vero76 and MDCK cells were cultivated in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco) and Eagle’s minimal essential me-
dium (MEM; Gibco), respectively, with 10% fetal calf serum (FCS; Life
Technologies), 100 U of penicillin/ml, 0.1 mg of streptomycin/ml, and 4
mM L-glutamine (Gibco). For studies of polarized cells, MDCK cells were
seeded onto permeable Transwell filter membranes (ThinCerts tissue cul-
ture inserts; Greiner Bio-One) with a 1.0-pwm or 0.4-pm pore size and
cultured until full polarization was reached. To measure polarity, trans-
epithelial resistance (TER) was controlled daily by using an EVOM2 in-
strument (World Precision Instruments). Only cells with a TER above 180
Q cm? were used for our analyses.

Virus infections. All experiments with live NiV were performed under
BSL-4 conditions at the Institute of Virology, Philipps University of Mar-
burg. The NiV strain used in this study was a human isolate and was
propagated as described previously (32). For infection of polarized cells,
MDCK cells were cultivated on filter supports for 5 days, and cell polarity
was controlled daily by measuring the TER. Fully polarized cell cultures
were then incubated with NiV at either a low multiplicity of infection
(MOI) (0.01) or a high MOI (10) from either the apical or the basal side
for 1 h at 37°C. After virus adsorption, cells were washed five times and
incubated in cell culture medium at 37°C. To analyze virus growth and
polarity of virus release, samples from the apical and basal media were
taken at different time points, and titers were determined by the 50%
tissue culture infection dose (TCIDy,) method on Vero76 cells, using an
automated pipetting device (Freedom EVO; Tecan). To determine the
polarity of virus release in nonpolarized cells, confluent Vero76 cells
grown on filter supports were infected at an MOI of 0.01, and apical and
basal media were titrated by the TCID,, method. For immunofluores-
cence analysis, NiV-infected cells were inactivated for 48 h with 4% para-
formaldehyde (PFA; Sigma-Aldrich) in DMEM and further processed
under BSL-2 conditions.

Ephrin-B2/-B3 surface staining. Staining of ephrin-B2 on the cell
surface of polarized MDCK cells was performed as previously described
(33). MDCK cells grown for 5 days on filter supports were fixed with 4%
PFA for 10 min and then incubated with recombinant mouse EphB4/Fc, a
soluble ephrin-B2 (EB2) receptor fused to the Fc region of human IgG
(R&D Systems), at a concentration of 2 pg/ml at 4°C for 2 h. Bound
EphB4/Fc was stained with goat-derived rhodamine-conjugated anti-hu-
man IgG antibodies at 4°C for 2 h (dilution, 1:100; Jackson ImmunoRe-
search). To enhance the signal, donkey-derived Alexa Fluor 568 (AF 568)-
conjugated anti-goat IgG antibodies (Life Technologies) were used for 2 h
at 4°C (dilution, 1:250). E-cadherin was stained after permeabilization
with 0.1% Triton X-100 (Sigma-Aldrich) for 15 min. Cells were then
treated with monoclonal anti-E-cadherin antibodies (BD Biosciences) at a
dilution of 1:100 for 2 h at 4°C and with Alexa Fluor 488 (AF 488)-conju-
gated anti-mouse IgG antibodies from chicken for 2 h at 4°C (dilution,
1:100; Life Technologies). For costaining of the apical MDCK cell marker
protein gpl14 (canine CEACAM1; CD66) and E-cadherin, cells were
fixed with PFA, permeabilized with 0.2% Triton X-100, and incubated
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with anti-E-cadherin mouse antibodies and a rabbit antiserum against
gp114/CD66 (anti-CEACAM1 H-136; Santa Cruz Biotech) ata dilution of
1:20. Primary antibodies were detected with AF 488-conjugated anti-
mouse and AF 568-labeled anti-rabbit IgG antibodies. Samples were
mounted with Mowiol 4-88 (Calbiochem) and analyzed with a confocal
laser scanning microscope (SP 5 II; Leica).

Electron microscopy. For transmission electron microscopic analysis
of NiV-infected cells, filter-grown cells were infected at an MOI of 10. At
24 h postinfection (p.i.), cells were fixed with 4% PFA and 0.1% glutaral-
dehyde in 0.1 M PHEM buffer [60 mM piperazine-N,N'-bis(2-ethanesul-
fonic acid) (PIPES), 25 mM HEPES, 2 mM MgCl,, 10 mM EGTA (pH
6.9)] for 30 min at room temperature. Cells were then incubated over-
night with 4% PFA in 0.1 M PHEM buffer at 4°C. Samples were removed
from the BSL-4 laboratory in fresh 4% PFA in DMEM, postfixed for 60
min with 1% osmium tetroxide in 50 mM HEPES buffer (pH 7.5),
washed, and stained overnight at 4°C in a 2% aqueous uranyl acetate
solution. Cells were dehydrated in a graded series of ethanol, flat embed-
ded in a mixture of Epon and Araldite, and polymerized at 60°C for 24 h
(34). Ultrathin sections (60 to 90 nm) of the cell monolayers were cut
perpendicular to the plane of the monolayer with a Leica Ultracut UCT
microtome (Leica Microsystems, Germany). Sections were stained with
Reynolds’ lead citrate and analyzed by using a Zeiss 109 transmission
electron microscope at 80 kV.

Confocal immunofluorescence analysis. For immunostaining of the
NiV envelope-associated proteins on Transwell filters, infected cells were
inactivated for 48 h with 4% PFA. To detect the viral glycoproteins, cells
were incubated from the apical and basal sides with monoclonal rabbit
antibodies against NiV F (mab92) or against NiV G (mab26, kindly pro-
vided by Benhur Lee) at a dilution of 1:250 for 2 h at 4°C. M protein was
stained after permeabilization with methanol (Sigma-Aldrich) for 2 h at
4°C by M-specific monoclonal antibody F45G5 (dilution, 1:500) (35).
Primary antibodies were detected with AF 568-conjugated secondary an-
tibodies (dilution, 1:250). For costaining of the G and M proteins, fixed
cells were incubated with rabbit anti-G antibodies and AF 568-labeled
secondary antibodies, as described above. The cells were then permeabil-
ized, and the M protein was stained with the F45G5 mouse antibodies and
AF 488-conjugated secondary antibodies. Samples were mounted in
Mowiol 4-88 and were analyzed by using a Zeiss 510Meta confocal laser
scanning microscope. For quantification of the overall apical/basolateral
protein distribution, fluorescence intensities in apical (xy sections 1 to 45)
and basolateral (xy sections 46 to 100) horizontal sections were quantified
by using Image] (http://rsbweb.nih.gov/ij) and corrected for background.
Since M staining was done in permeabilized cells, basolateral sections also
contained cytoplasmic fluorescence signals. To analyze the colocalization
of G and M in apical and basolateral sections, the Image]J colocalization
threshold plugin was used.

Immunostaining of NiV-infected cells. To detect virus-positive cells
after infection from the apical or basolateral side, filter-grown infected
cells were fixed with PFA and incubated with the NiV-specific antiserum
gp4 (kindly provided by Heinz Feldmann) and AF 488-labeled secondary
antibodies. To monitor the increasing size of syncytia, the cells were inac-
tivated with PFA at different time points p.i., permeabilized with metha-
nol, and incubated with M-specific F45G5 antibodies and AF 568-conju-
gated secondary antibodies, as described above.

Permeability assay. The permeability of polarized MDCK cell mono-
layers was analyzed at 24, 48, and 72 h after infection by a horseradish
peroxidase (HRP) flowthrough assay. As described previously (36), the
culture medium in the apical filter chamber was exchanged with serum-
free MEM with HRP (Sigma) at a concentration of 5 pg/ml. After 1 h at
37°C, samples from the basal medium were taken, and 20 pl was mixed
with 150 pl substrate buffer (0.1 M KH,PO, and 0.05 M citric acid [pH 5]
with freshly added 0.012% H,O, and 400 pg/ml o-phenylenediamine).
HRP activity was determined colorimetrically by determining the absor-
bance at 450 nm using a microplate reader (Phomo). HRP activity was
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FIG 1 Surface distribution of ephrin receptors. Polarized MDCK cells grown on filter supports were fixed with 4% PFA and incubated with recombinant mouse
EphB4/Fc, a soluble ephrin-B2/-B3 ligand fused to the Fc region of human IgG. Bound EphB4/Fc was stained with rhodamine- and AF 568-conjugated secondary
antibodies (red). Adherens junctions were visualized after permeabilization by antibodies directed against E-cadherin and AF 488-conjugated secondary
antibodies (green). (A and B) Confocal images representing apical, center, and basal horizontal sections through the cell monolayer (A) and a vertical section (B)
are shown. (C) To control MDCK cell polarity, E-cadherin and the apical marker protein gp114 (canine CEACAM1) were detected after cell permeabilization by

specific primary and according secondary antibodies. Bars, 10 pm.

normalized to the HRP activity in the basal medium of an empty filter
without cells.

Plasmid constructs and stable and transient protein expression in
MDCK cells. cDNA fragments spanning the F, G, and M genes of the NiV
genome (GenBank accession number AF212302) were cloned into ex-
pression plasmids. The NiV F gene was subcloned from the pczCFG5-NiV
F vector (37) into the pCAGGS vector (38), using the restriction enzymes
EcoRI and BamHI for the insert and BglII and EcoRI for the vector
(pCAGGS NiV F). The BD In-Fusion PCR cloning system (Becton, Dick-
inson and Company) was used to clone the M gene into a pCG vector (39)
(pCG NiV M). The C-terminal flag epitope tag was introduced into the M
gene also by using the BD In-Fusion PCR cloning system (pCG NiV
Mjy,)- The open reading frame of the NiV G protein was codon optimized
and synthesized by Geneart AG (Germany). The codon-optimized NiV G
gene was cloned into the pPCAGGS vector, using the KpnI and SacI restric-
tion sites (pCAGGS NiV G).

Stable expression of flag epitope-tagged M protein in MDCK cells was
achieved by cotransfecting pCG NiV My, together with a plasmid con-
taining the neomycin resistance gene, using Lipofectamine 2000 transfec-
tion reagent (Life Technologies), as described previously (27). Trans-
fected cells were selected by adding 0.75 mg G418 (Gibco) per ml to the
medium. Stable cell lines containing 25 to 60% M-positive cells, as deter-
mined by indirect immunofluorescence analysis, were established.

Monensin treatment of transfected and infected MDCK cells.
MDCK cells grown for 24 h on coverslips were cotransfected with plas-
mids coding for NiV M and F or NiV M and G. Monensin (Sigma-Al-
drich) was added 2 h after transfection at a concentration of 20 wM. At 24
h posttransfection (p.t.), the cells were fixed with 4% PFA in DMEM,
permeabilized with methanol, and incubated for 1 h with monoclonal
antibodies from rabbits directed against the individual envelope proteins
(anti-M antibody F45G5 [35], anti-NiV F antibody mab92, and anti-NiV
G antibody mab26 [kindly provided by Benhur Lee]). Primary rabbit
antibodies (mab26 and mab92; dilution, 1:250) were detected with AF
488-conjugated secondary antibodies. Monoclonal mouse anti-M anti-
bodies (F45G5; dilution, 1:500) were detected with AF 568-coupled sec-
ondary antibodies. The samples were mounted in Mowiol 4-88.

For monensin treatment of infected cells, MDCK cells were seeded
onto coverslips and were infected the next day with NiV (MOI of 0.01).
Monensin was added to the cellsat 1 h p.i., at a concentration of 20 uM. At
24 h p.i., the cells were inactivated for 48 h with 4% PFA in DMEM and
permeabilized with methanol. Coimmunostaining was performed as de-
scribed above.
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RESULTS
Ephrin receptor expression and NiV entry are bipolar. Although
there is conclusive evidence from immunohistological studies that
NiV infects epithelial cells in the respiratory and urinary tract in
vivo (18, 40-42), the site of virus entry into polarized epithelial
cells has not been directly determined. Since entry receptor ex-
pression is an indispensable prerequisite for virus infections from
the apical and/or basolateral surface domain, we first analyzed the
distribution of the NiV entry receptors using polarized MDCK
cells, an epithelial kidney cell line readily supporting NiV infection
(27, 43). To determine the localization of ephrin-B2/-B3 on the
surface of polarized MDCK cells, the cells were cultured on per-
meable filter supports until full polarization was reached. After
fixation with paraformaldehyde (PFA), cells were incubated with
the soluble ephrin-B2/-B3 ligand EphB4 fused to human Fc
(EphB4/Fc) and fluorescently labeled secondary antibodies. Ad-
herens junctions in the polarized MDCK cell monolayer were vi-
sualized by using a monoclonal antibody directed against E-cad-
herin. As shown in Fig. 1A, ephrin staining was detected in apical,
central, and basal sections through the monolayer, while E-cad-
herin was visible only in the central section. In the vertical section, an
almost equal ephrin distribution around the polarized cells can be
seen (Fig. 1B), clearly demonstrating a bipolar localization of NiV
receptors in polarized MDCK cells. Although nonpolarized expres-
sion of the NiV receptor is necessary, it is not automatically sufficient
for bipolar infection. Virus entry might nonetheless be polarized be-
cause an essential second receptor is lacking or because the actin cor-
tex cannot be overcome at both plasma membrane domains (23,
44-46). To determine the polarity of NiV entry, polarized MDCK
cells were infected with NiV by adding virus to either the apical or
basal filter chamber. At 48 h p.i., the cells were inactivated with 4%
PFA, and NiV-positive cells were detected by immunostaining. As
shown in Fig. 2, NiV-induced foci were detected after infection from
both the apical and basal sides, demonstrating that NiV entry into
polarized epithelial cells is not restricted. As with the kidney cell line
MDCK, infection of primary human bronchial epithelial cells was
also found to be bipolar (data not shown).

Virus release from polarized epithelial cells is restricted
mostly to the apical plasma membrane. While virus entry is de-
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apical infection

FIG 2 Polarity of NiV entry. Polarized MDCK cells were infected with NiV (MOI
of 10) from either the apical (A) or basal (B) filter chamber. At 48 h p.i., the cells
were fixed with 4% PFA, and virus-positive cells were stained with a NiV-specific
antiserum and AF 488-labeled secondary antibodies. Bars, 100 pm.

termined mainly by the distribution of viral receptors, virus re-
lease is directed by the localization of the viral surface glycopro-
teins or the matrix protein (29, 31, 34, 47-50). To analyze budding
polarity in epithelial cells, polarized MDCK cells were infected
with high and low doses of NiV, and virus titers in the cell culture
media from the apical and basal filter chambers were determined.
As shown in Fig. 3A, infection at a low MOI (0.01) resulted in a
predominantly apical virus release, with virus titers in the apical
medium being 2 to 3 log steps higher than basal virus titers. Infec-
tion with a 1,000-fold-higher MOI resulted in a more rapid in-
crease in overall virus titers, as expected (Fig. 3B). Nonetheless,
virus release was predominantly apical within the first 48 h p.i.
Only late in infection (72 h p.i.) did the difference between virus
titers in apical and basal media decrease to 1.5 log steps (Fig. 3B).
Moreover, the side of virus entry also did not influence the bud-
ding polarity. When we infected polarized MDCK cells from ei-
ther the apical or the basal side, over 98% of the released infectious
virus particles were found in the apical filter chamber (Fig. 3C and
D). We also analyzed virus release from nonpolarized Vero cells and
subconfluent MDCK cells. Here, virus release was bipolar, with a
<1-log difference between the apical and basal virus titers (data not
shown). Selective apical NiV release was also confirmed by electron
microscopy. For this purpose, NiV-infected filter-grown MDCK
monolayers were embedded and sectioned for electron microscopic
analysis at 24 h p.i. Alignments of nucleocapsids and virus buds were
seen only at the apical plasmalemma (Fig. 3E).

NiV infection results in growing focus formation and an in-
crease in transepithelial permeability. Despite the clear apical
NiV release, virus titers in the basal medium of cells infected at a
high MOI increased up to 10°> TCIDs,/ml at 48 h p.i. and even to
107 TCID5,/ml at 72 h p.i. We hypothesized that this is due to an
increasing disruption of the cell monolayer as a result of ongoing
virus replication and cell-to-cell fusion. This idea is supported by
the finding that NiV-induced focus formation increased drasti-
cally over time (Fig. 4) (27) and raised the question of to what
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extent the transepithelial permeability of polarized cell monolay-
ers is affected by infection. To address this, we performed a horse-
radish peroxidase (HRP) flowthrough assay by adding HRP to the
apical medium of infected polarized MDCK cells at different times
after infection. In cells infected at a low MOI of 0.01, giving max-
imal basal virus titers below 10* TCIDs,/ml (Fig. 3A), we did not
see an increase in the transepithelial permeability (Fig. 5). In con-
trast, infection at a 1,000-fold-higher MOI, which produced rela-
tively high basal virus titers, resulted in a clear increase in trans-
epithelial permeability (Fig. 5). Although most of the infectivity
was still found in the apical medium (Fig. 3B), it must be assumed
that NiV-induced syncytium formation together with other virus-
induced cytopathic effects interfere with the correct distribution
of cellular membrane and junction proteins or affect signaling
pathways, finally disrupting the cell layer to such an extent that a
substantial amount of virus can overcome the epithelial barrier
and reach the basolateral side. In agreement with the view that
junctions are disrupted only at late time points p.i., electron mi-
croscopy images and immunostainings with the marker zonula
occludens protein 3 (ZO-3) showed that tight junctions between
NiV-positive syncytia and neighboring uninfected cells were in-
tact at 24 h p.i. (data not shown).

Distribution of envelope-associated proteins changes during
infection. The finding that larger amounts of basolateral virus
were found only late during high-dose infections, when the per-
meability of the cell monolayer was drastically increased, suggests
that NiV is not substantially released from basolateral mem-
branes. As we have shown that both NiV glycoproteins must be
expressed basolaterally to mediate spread of infection via cell-to-
cell fusion (27), vectorial apical virus release is unlikely deter-
mined by the expression pattern of the NiV surface glycoproteins
G and F. To evaluate the idea that apical budding is defined by the
third viral envelope protein, the M protein, we determined the
localization of the NiV envelope proteins in infected polarized
MDCK cells at early and late infection stages. Since syncytium
formation was already seen at the earliest time point that viral
proteins could be detected (14 h p.i.) (Fig. 4), single, nonfused
cells in early infection phases were not found. Early-infected cells
were detected only at the edges of syncytia at any time point of
infection. Cells in the center of a syncytium had already under-
gone fusion with neighboring cells and therefore represent cells
late in infection. To analyze protein distributions, infected cells
were inactivated with 4% PFA at 24 h p.i. and either stained from
both sides of the filter insert with NiV-specific antibodies detect-
ing the G and F glycoproteins (Fig. 6A and B) or permeabilized
and subsequently incubated with M-specific monoclonal anti-
bodies (Fig. 6C). To determine the colocalization of the glycopro-
teins and the M protein, costaining of the G and M proteins was
performed (Fig. 6D). Confocal vertical sections from the apical-
to-basal direction through the NiV-positive syncytia (Fig. 6, Gal-
lery) were taken and superimposed to give a composite stack of all
images (Fig. 6, Hyperstack). The blue pseudocolor in the hyper-
stack, representing the fluorescence in apical sections, is concen-
trated mostly in the middle of the syncytia. The red/white pseudo-
color illustrating the signals in the lateral and basal sections is
weaker and seen predominantly at the edges of the syncytia, sug-
gesting that protein amounts and distributions differ in distinct
parts of a syncytium. To evaluate this idea, vertical sections along
lines through cells at the edge (lines 1) and the center (lines 2) of
the syncytia were recorded. Figure 6 (right, panels 1) shows the
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FIG 3 NiV release from infected polarized MDCK cells. (A and B) MDCK cells were cultivated on permeable filter supports for 5 days and infected from the
apical side at an MOI of 0.01 (A) or an MOI of 10 (B). Cell-free virus in the apical and basal media was titrated by the TCID, method at 24,48, and 72 h p.i. (n =
3). (C and D) Polarized MDCK cells were infected from either the apical (C) or basal (D) side at an MOI of 10. Virus yields in the apical and basal media were
determined at 24 and 48 h p.i. The percentages of total infectivity in the apical and basal media (n = 3) are shown. Error bars indicate standard deviations. (E)
NiV-infected polarized MDCK cells were fixed and processed for transmission electron microscopy at 24 h p.i. The top left panel shows an overview of a
NiV-positive syncytium. Top right and bottom panels show higher magnifications of boxed areas showing an apical virus bud (1), nucleocapsids (RNPs) aligned
at the apical plasma membrane (2), and a viral inclusion (3). Arrows indicate cross-sectioned viral RNPs.
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8 h p.i.

14 h p.i.

24 h p.i.

FIG 4 Kinetics of NiV spread in polarized MDCK cells. MDCK cells were grown on permeable filter supports until they had reached full polarity. The cells were
then infected with NiV at an MOI of 10. At the indicated time points after infection, the cells were fixed with 4% PFA, permeabilized with methanol, and
incubated with a monoclonal antibody directed against the NiV M protein and AF 568-conjugated secondary antibodies. Images were recorded with a Leica SP

5 II confocal laser scanning microscope. Bar, 100 pm.

protein distribution in early stages of the infection. Here, cells
were not yet evidently fused, and the NiV glycoproteins F and G
were found almost exclusively at the basolateral side, while the M
protein was still localized predominantly in the cytoplasm (Fig. 6A
to C, panels 1). A colocalization of M and G was not observed (Fig.
6D, section 1). In the sections through the center of the syncytium,
virus-mediated cell-to-cell fusion had already disrupted the lateral
cell membranes. Here, much larger protein amounts were de-
tected, and G, F, and M accumulated almost exclusively at apical
membranes and showed a clear colocalization (late infection)
(Fig. 6A to D, panels 2). The changes in the protein distributions
suggest that the early infection phase is short and transient because
G/F-mediated fusion with neighboring cells is initiated rapidly.
Due to increasing fusion and virus-induced cytopathic effects, lat-
eral membranes are disrupted, and basolateral sorting is abol-
ished. As a consequence, G and F proteins synthesized in late in-
fection phases accumulate predominantly at apical cell surfaces,
where they meet the M protein. Consequently, the number of
early-infected cells is always limited, and most proteins are api-
cally expressed in cells in late infection stages. This view was sup-
ported when we quantified the total protein amounts by measur-
ing the signal intensities above background fluorescence levels in

0.9
0.8
0.7
0.6
0.5
0.4
I3
0.2

0.1
04— =

mock 24 48 72 24 48
Low dose NiV High dose NiV

1h

Rel. OD (450nm); t

72 h p.i.

FIG 5 Permeability of NiV-infected polarized MDCK cell monolayers.
MDCK cells were cultivated for 5 days on permeable filter supports and were
infected from the apical side atan MOI 0f 0.01 (low-dose NiV) or an MOI of 10
(high-dose NiV). Horseradish peroxidase (HRP) was added to the apical filter
chamber of uninfected (mock) or NiV-infected cells at 24, 48, and 72 h p.i.
After 1 h, HRP flowthrough from the apical to the basal medium was quanti-
fied by measuring the HRP activity in the basal medium. Values were normal-
ized to HRP activity in the basal medium of an empty filter without cells (equal
to 1). Error bars indicate standard deviations (1 = 3). Mock is shown as the
mean of the values obtained at 24, 48, and 72 h in five independent experi-
ments. OD, optical density.
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apical sections (sections 1 to 45 of the gallery) and basolateral
sections (sections 46 to 100). Eighty-eight percent of the total G,
86% of the total F, and 95% of the total M signals were detected in
apical sections. The colocalization of G and M in basolateral sec-
tions (Fig. 6D) was below 1%. The predominant apical expression
of all three NiV envelope-associated proteins is in full agreement
with the observed apical NiV release.

M is not cotransported with the NiV glycoproteins. The lack
of M accumulation at basolateral surfaces at which the NiV glyco-
proteins were readily detected (Fig. 6A to C), together with the
only partial colocalization of M and NiV glycoproteins at apical
surface membranes later in infection (Fig. 6D), suggested inde-
pendent apical M trafficking. To evaluate the hypothesis of a gly-
coprotein-independent surface transport of M, we analyzed the
distribution of the M protein in monensin-treated cells. Monen-
sin is an ionophore that blocks transport of transmembrane pro-
teins in the medial-Golgi compartment (51, 52). To determine ifa
transport block of one or both NiV glycoproteins affects M traf-
ficking, MDCK cells were cotransfected with plasmids encoding
NiV M and either the F or G protein or were infected with NiV.
One to two hours later, monensin was added for 24 h at a concen-
tration of 20 wM. The transfected or infected cells were then fixed,
permeabilized, and incubated with specific monoclonal antibod-
ies to costain the M protein and either the F protein (Fig. 7A) or
the G protein (Fig. 7B). In untreated cells, both NiV glycoproteins
and the M protein showed membrane accumulation and marked
colocalization (Fig. 7A and B). Upon treatment with monensin,
the colocalization was lost. Glycoprotein F was retained intracel-
lularly, while M protein localization was not influenced in both
M- and F-cotransfected cells and NiV-infected cells (Fig. 7A).
Similarly, the G protein was found to be accumulating in perinu-
clear intracellular compartments in monensin-treated cells, while
the M protein was still localized at the plasma membrane (Fig. 7B).
These results clearly indicate that intracellular retention of the
NiV glycoproteins had no influence on the M surface localization,
supporting the model that M transport occurs independently of
the viral glycoproteins.

Apical M targeting in stably expressing MDCK cells. To fi-
nally determine if not only M transport to the cell surface per se but
also selective targeting to apical surfaces in polarized epithelial
cells is an intrinsic property, we analyzed the M protein distribu-
tion in polarized cells in the absence of NiV infection. For this
purpose, we generated MDCK cell clones stably expressing the
NiV M gene. Constitutively M-expressing cells were seeded onto
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FIG 6 Distribution of the NiV envelope proteins in early-infected cells and in late stages of infection. MDCK cells grown on filter supports were infected with
NiV (MOI of 10) after they reached full polarity. At 24 h p.i., the cells were fixed with 4% PFA. (A and B) NiV glycoproteins were stained with specific antibodies
against the F protein (A) or the G protein (B). (C) M protein was detected after permeabilization with methanol by incubation with an anti-M monoclonal
antibody. All primary antibodies were visualized with AF 568-conjugated secondary antibodies. For costaining of the G and M proteins, fixed cells were incubated
with G-specific antibodies and AF 568-labeled anti-rabbit antibodies (red). The cells were then permeabilized, and the M protein was stained with M-specific and
AF 488-conjugated antibodies (green). (D) Merged images are shown. Left panels (Gallery) show confocal horizontal xy sections from top (top left) to bottom
(bottom right). Sections were superimposed by using a customized NIH Image] hyperstack function to give a pseudocolored composite stack of all sections
(Hyperstack). The color bar represents the pseudocolor code used for apical (blue) to basal (red/white) sections. White lines in the hyperstack indicate the regions
along which vertical sections of early-infected, nonfused cells at the edges of syncytia (lines 1) or fused cells late in infection in the center of foci (lines 2) were
recorded. Right panels (Side view) show vertical xz sections through early-infected cells (panels 1) and cells late in infection (panels 2). Images were recorded with
a Zeiss 510Meta confocal laser scanning microscope. Bars, 10 pm.

Transwell filters, and the M distribution at different time points
after seeding was analyzed by coimmunostaining of the M protein
and the junction marker E-cadherin. Until 4 days after seeding,
the cells were not yet polarized, as indicated by a low transepithe-
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lial resistance (TER) and the lack of distinct E-cadherin staining at
the cell junctions (data not shown). At 4 days postseeding, cells
had established a polarized monolayer giving a TER of >180 Q
cm? and displaying correct junctional E-cadherin staining. In such
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FIG 7 NiV envelope protein transport in the presence of monensin. Nonpolarized MDCK cells grown on coverslips were cotransfected with M and either the
NiV F or G gene or were infected with NiV (MOI of 0.01). At 2 h after transfection or at 1 h p.i., 20 wM monensin was added to the medium. Twenty-four hours
later, the cells were fixed and permeabilized with methanol. The envelope proteins were stained by using M-, F-, or G-specific antibodies. The glycoproteins were
then visualized with AF 488-labeled anti-rabbit IgG antibodies (green), and the M protein was detected with AF 568-conjugated anti-mouse IgG antibodies (red).
(A) Colocalization of M and F proteins in the absence of monensin (control w/o monensin) and in the presence of monensin (M/F cotransfection + monensin
and NiV infection + monensin). (B) Colocalization of M and G proteins in the absence of monensin (control w/o monensin) and in the presence of monensin
(M/G cotransfection + monensin and NiV infection + monensin). The insets represent expansions of the merged images. Bars, 10 pm.

polarized cell cultures, the M protein was expressed predomi-
nantly in patches at the apical cell membrane (Fig. 8). This indi-
cates targeted apical M accumulation that does not depend on
other NiV proteins or infection-induced processes.

DISCUSSION

In this study, we report for the first time that the entry of NiV into
epithelial cells is bipolar, while virus egress is mainly restricted to
the apical cell surface. The latter is the result of an almost exclusive
apical accumulation of the cytoplasmic M protein which does not
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depend on other viral proteins. While the M protein was located in
the cytoplasm or associated with apical plasma membranes, the
two NiV surface glycoproteins were found to be expressed baso-
laterally early in infection mediating cell-to-cell fusion, thereby
allowing a rapid spread of infection. As a consequence of the pro-
nounced cell-to-cell fusion and ongoing virus replication, the cell
polarity was lost at later time points of infection, and the NiV
glycoproteins were no longer sorted basolaterally. The resulting G
and F retargeting to the apical surface allows them to meet the M
protein, which finally leads to efficient apical virus budding. Since
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FIG 8 Distribution of NiV M protein upon stable expression. MDCK cells
stably expressing flag-tagged NiV M were seeded onto permeable filter sup-
ports. The cells were fixed, permeabilized, and stained at 4 days after seeding by
using a monoclonal antibody directed against the flag epitope and AF 568-
labeled secondary antibodies (red). The cellular adherence junction protein
E-cadherin was detected with specific antibodies and AF 488-conjugated sec-
ondary antibodies (green). Bar, 10 pm.

cell-to-cell fusion not only interferes with basolateral glycoprotein
sorting but also disrupts epithelial cell integrity and increases
transepithelial permeability, apically released virus particles can
later overcome the epithelial barrier.

Entry of NiV is bipolar. Many mammalian viruses initially
gain access to their hosts by crossing epithelial barriers in the re-
spiratory, digestive, or reproductive tract either with or without
infection of the epithelial cells themselves. Since epithelial tissues
act as barriers between body cavities and underlying tissues, vi-
ruses have to adapt to find ways across. To penetrate the epithelial
barrier, viruses such as HIV, Epstein-Barr virus, hepatitis C virus,
or measles virus use cells of the immune system with innate capac-
ities to cross epithelia (macrophages and dendritic cells) as “Tro-
jan horses” (53-56). Adenoviruses exploit cytokine secretion ac-
tivities of macrophages associated with the apical surface of the
epithelium to induce a redistribution of their basolateral receptors
to the apical surface, where they mediate virus entry (57). As a
further example, coxsackie B virus binds and clusters apical CD55
receptors, which do not mediate virus entry but activate signaling
and actin reorganization that leads to translocation of virus parti-
cles to tight junctions, where the viruses then engage their baso-
lateral coxsackie-adenovirus receptor (CAR) entry receptors (58).
We have shown here that NiV can use a less sophisticated way by
directly and rapidly infecting epithelial cells from either the apical
or basolateral side. Supporting our model of bidirectional NiV
entry, primary human bronchial epithelial cells could also be in-
fected from both sides (L. Sauerhering and S. Erbar, unpublished
data). Along with observations in vivo describing epithelial cell
infections in different infection phases (18, 59, 60), our finding of
bipolar entry of NiV into epithelial cells suggests the model that
infection from the apical (luminal) side of epithelia in upper air-
ways supports the establishment of an infection in a new host.
During the viremic phase, entry via basolateral plasma mem-
branes into respiratory (or urinary) epithelial cells most likely al-
lows efficient infection and virus shedding from mucosal surfaces.

NiV release occurs via apical surfaces. The site of virus release
is assumed to influence the spread of an infection. Apically re-
leased viruses cause mainly local infections restricted to mucosal
surfaces at the viral entry site, while basolateral or bipolar virus
shedding from epithelia facilitates systemic spread. Although NiV
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causes systemic infection, virus particles are released predomi-
nantly from apical surfaces, not only in MDCK cells (Fig. 3) but
also in primary human bronchial epithelial cells (Sauerhering and
Erbar, unpublished). Overcoming of the epithelial barrier is thus
not mediated by basolateral or bipolar virus release from epithelial
cells. Our data rather suggest that local NiV infection of the first
epithelial target cells, likely in the oronasal cavity and the upper
respiratory tract, disrupts the integrity of the polarized epithelial
cell layer, allowing the virus to pass the epithelial barrier and to
infect other cells present in the mucosa. Immune cells then likely
play a crucial role in further virus dissemination (59, 61). Similar
to what has been shown for measles virus, canine distemper virus,
or HIV (54, 62-65), hijacking of immune cells might be primarily
responsible for the initiation of systemic NiV infection. In the
viremic phase, NiV reaches mucosal surfaces of the lower respira-
tory and urinary tracts by the hematogenous route and infects
epithelial cells via basal membranes. Apical virus release subse-
quently supports efficient virus shedding by airway secretions and
urine.

M selectively accumulates at apical plasma membranes. Viral
matrix proteins are initially soluble cytoplasmic proteins. Their
intracellular transport mechanisms must therefore differ from the
well-characterized secretory trafficking pathways of transmem-
brane glycoproteins. A previous study revealed that NiV M crosses
the nucleus, where it becomes monoubiquitinated before it is ex-
ported to the cytoplasm and reaches the plasma membrane (14).
Surface transport was proposed to depend on ubiquitination and
two potential late (L) domain motifs in the M protein, although
the exact transport route is not yet known (12—14). Our finding
that M accumulated at apical membranes suggests that the NiV M
protein is targeted apically via a robust transport machinery that is
not affected by virus-mediated cytopathic effects. One might hy-
pothesize that M does not use a directed vesicle-based polarized
transport pathway, which is assumed to be largely disturbed in
syncytial cells, but rather traffics randomly through the cell. The
observed apical accumulation may then be due to binding to a
highly stable apical binding partner, which is not affected by NiV-
induced syncytium formation. This could be a component of the
apical cytocortex, such as a member of the ezrin-radixin-moesin
(ERM) family (66). It remains to be elucidated if NiV M-driven
apical budding needs actin dynamics or a direct or indirect inter-
action with the actin cytoskeleton, as was demonstrated previ-
ously for a number of enveloped viruses (46).

Polarized basolateral localization of the NiV glycoproteins is
lost in late infection stages. In some virus infections, surface dis-
tributions of glycoproteins and matrix proteins overlap only
partly in polarized epithelial cells (47, 67). Envelope proteins can
even be expressed at opposing membranes. Here, partial retarget-
ing of the glycoproteins by the matrix protein to the site of bud-
ding is believed to be required for virus release (25, 29, 30, 34, 68,
69). Resembling measles virus (29), NiV M, F, and G proteins
possess opposing targeting signals. While the M protein accumu-
lates at apical surfaces, the two glycoproteins possess tyrosine-
dependent transport signals that mediate basolateral targeting
upon single expression. The basolateral sorting is lost upon coex-
pression of G and F, suggesting that cell-to-cell fusion causes a loss
of cell polarization to such an extent that G and F are no longer
correctly targeted (27). In agreement with this model, basolateral
sorting of the glycoproteins was seen only in early stages of NiV
infection, when cells had not yet undergone fusion (Fig. 6A and B,
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FIG 9 Schematic model for NiV entry, spread, and release and envelope pro-
tein distribution in polarized epithelial cells. (A) NiV can enter the epithelium
from either the luminal (apical) or basolateral side. (B) Early in infection, viral
G and F proteins are localized basolaterally, while the M protein is still local-
ized in the cytoplasm. Basolaterally expressed viral glycoproteins lead to cell-
to-cell fusion, facilitating lateral spread of infection. (C) Later in infection, all
three envelope proteins (M, G, and F) concentrate at apical plasma mem-
branes, leading to apical virus release. (D) Virus replication and cell-to-cell
fusion finally disrupt epithelial cell integrity and allow subsequent spread of
apical virus through the partly disrupted epithelial barrier.

section 1). In syncytia, the basolateral distribution was lost. While
minor amounts of the G/F proteins were still found at basolateral
membranes of small syncytia (27), both glycoproteins almost ex-
clusively accumulated apically in large syncytia (Fig. 6A and B,
section 2). This indicates that the distribution of G and F changes
depending on the infection stage, from mainly basolateral (early
phase) to predominantly apical (late infection phases). Late in
infection, ongoing cell-to-cell fusion and virus replication cause
extensive cytopathic effects and likely disrupt all basolateral traf-
ficking pathways. The consecutive accumulation of the glycopro-
teins at apical surfaces might be triggered by an apical G/F retar-
geting promoted by the M protein, as proposed previously for
other viruses (25, 29, 30, 34, 68, 69). However, there is no evidence
so far that G, F, and M meet and interact intracellularly before
reaching the plasma membrane. Cotransport to apical mem-
branes is therefore highly unlikely. Apical accumulation of the
glycoproteins might rather be due to apical targeting signals in G
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and F, which are functional only if the dominant basolateral sig-
nals are not recognized (70). The existence of such apical signals is
assumed from the finding that G and F mutants with mutated
basolateral targeting signals are not expressed bipolarly but are
rather sorted to apical membranes (27). Further studies are
planned to elucidate the molecular requirements for the predom-
inantly apical G/F accumulation in the latest stages of NiV infec-
tion.

Model for NiV replication in epithelial cells. Based on the
presented data, we propose the following model for NiV entry,
spread, and exit from polarized cells. When NiV enters a new host
by the respiratory route, airway epithelia are targeted from the
luminal (apical) side. Later, during the viremic phase of infection,
when the virus reaches the mucosa of the respiratory or urinary
tract from the blood, NiV must enter epithelial cells from the
submucosal (basolateral) side. In agreement with this in vivo sit-
uation, NiV entry into polarized epithelial cells was found to be
bipolar (Fig. 9A). After successful infection of epithelial cells, NiV
F and G are initially expressed basolaterally, thereby allowing
rapid cell-to-cell fusion and spread of infection within the mono-
layer. In these early stages of infection, M is still localized in the
cytoplasm (Fig. 9B). Later, when syncytia are formed, the M pro-
tein and both glycoproteins accumulate at apical surfaces, result-
ing in an efficient apical release of infectious virus particles
(Fig. 9C). The productive virus replication together with the pro-
nounced G/F-mediated fusion processes finally cause a disruption
of the epithelial monolayer that later allows a transmigration of
apically released viral particles to the basal side (Fig. 9D).
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