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The monoclonal antibody M1-1A, specific for the hemagglutinin-neuraminidase (HN) protein of human
parainfluenza type 2 virus (HPIV2), blocks virus-induced cell-cell fusion without affecting the hemagglutinat-
ing and neuraminidase activities. F13 is a neutralization escape variant selected with M1-1A and contains
amino acid mutations N83Y and M186I in the HN protein, with no mutation in the fusion protein. Intriguingly,
F13 exhibits reduced ability to induce cell-cell fusion despite its multistep replication. To investigate the
potential role of HPIV2 HN protein in the regulation of cell-cell fusion, we introduced these mutations
individually or in combination to the HN protein in the context of recombinant HPIV2. Following infection at
a low multiplicity, Vero cells infected with the mutant virus H-83/186, which carried both the N83Y and M1861
mutations, remained as nonfused single cells at least for 24 h, whereas most of the cells infected with wild-type
virus mediated prominent cell-cell fusion within 24 h. On the other hand, the cells infected with the mutant
virus, carrying either the H-83 or H-186 mutation, mediated cell-cell fusion but less efficiently than those
infected with wild-type virus. Irrespective of the ability to cause cell-cell fusion, however, every virus could
infect all the cells in the culture within 48 h after the initial infection. These results indicated that both
the N83Y and M186I mutations in the HN protein are involved in the regulation of cell-cell fusion. Notably, the
limited cell-cell fusion by H-83/186 virus was greatly promoted by lysophosphatidic acid, a stimulator of the

Ras and Rho family GTPases.

Human parainfluenza type 2 virus (HPIV2) is one of the
major human respiratory pathogens and belongs to genus
Rubulavirus in the family Paramyxoviridae (14, 16). The mem-
bers of genus Rubulavirus, as well as those of genera Respiro-
virus and Avulavirus in the same family, have two envelope
glycoproteins: the hemagglutinin-neuraminidase (HN) and fu-
sion (F) proteins (16). The HN protein is responsible for bind-
ing to the viral receptor sialoconjugate (hemagglutinating
activity) and for enzymatic destruction of the receptor (neur-
aminidase activity), while the F protein mediates membrane
fusion such as cell-cell fusion or virus-cell fusion. Cleavage of
the F precursor (F,) by cellular proteases into subunits F, and
F, is a prerequisite for its fusion-inducing activity. Interest-
ingly, the F protein requires the fusion-promoting function of
its homologous HN protein (10), except for the W3A strain of
a rubulavirus parainfluenza virus 5 (PIV5) (29). The stalk
region of the HN protein is inferred to contain the site that
determines the F protein specificity for promoting fusion (7,
19, 37, 41), while the globular head region carries both the
receptor-binding and neuraminidase activities (22, 38).

Although it is not well known how the HN protein promotes
the F protein-mediated membrane fusion, it is believed that
the fusion is induced through a series of conformational

* Corresponding author. Mailing address: Department of Microbi-
ology, Mie University Graduate School of Medicine, 2-174 Edobashi,
Tsu, Mie 514-8507 Japan. Phone and fax: 81 59 231 5413. E-mail:
turudome@doc.medic.mie-u.ac.jp.

¥ Published ahead of print on 18 June 2008.

8283

changes of the F protein that is initiated by an interaction
between HN and F proteins (15, 24). Interestingly, relation-
ships among the three activities (receptor binding, neuramin-
idase, and fusion promotion) of the HN protein vary depend-
ing on the virus type. On the one hand, mutational analysis of
the HN protein of a respirovirus HPIV3 has indicated that high
neuraminidase activity reduces the extent of membrane fusion
by counteracting the receptor-binding function (31). On the
other hand, in the case of the HN protein of an avulavirus
Newcastle disease virus (NDV), neither neuraminidase nor
receptor-binding activity affects the extent of membrane fusion
(5) although receptor binding seems essential for fusion induc-
tion (18).

It is thought that the HN and F proteins of paramyxoviruses
mediate membrane fusion at neutral pH. Thus, the viruses can
fuse with the plasma membrane, and the virus-infected cells
mediate cell-cell fusion with the neighboring cells, sometimes
resulting in extensive syncytium formation that leads to cell
death. Intriguingly, the PIVS5 strain SER induces minimal cell-
cell fusion (39) even though virus-cell fusion for SER virus
occurs at nearly wild-type (WT) levels (6), indicating that there
is a difference between virus-cell fusion and cell-cell fusion.
However, reports dealing with the molecular mechanism of
SER virus-mediated cell-cell fusion are inconsistent with each
other (2, 36), and further studies are needed to know what
kinds of viral and cellular factors are required for SER virus to
induce cell-cell fusion.

We reported previously that the anti-HPIV2 HN monoclo-
nal antibody M1-1A could inhibit cell-cell fusion without af-
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fecting hemagglutinating and neuraminidase activities (42).
The epitope for M1-1A was mapped to the stalk region of the
HN protein, as revealed by analyzing the reactivity of M1-1A
to the neutralization escape variants (41, 49). Interestingly, we
found that one of the escape variants did not mediate detect-
able cell-cell fusion of infected HeLa cells up to 72 h after
infection, whereas the parent Toshiba strain induced promi-
nent cell-cell fusion within 48 h (49). This mutant, designated
F13, has amino acid mutations N83Y and M186I in the HN
protein, with no mutation in the F protein. Since F13 could
perform multistep replication (49), it was suggested that the
mutations in the HN protein could reduce cell-cell fusion with-
out significantly affecting virus-cell fusion. However, we could
not rule out the possibility that mutation(s) in other proteins of
F13 might also be involved in its reduced ability to induce
cell-cell fusion, although protein expression analyses indicated
that the cell-cell fusion-promoting activity of the F13 HN pro-
tein was significantly lower than that of WT HN protein (49).
In order to investigate the potential role of the HN protein in
the regulation of cell-cell fusion, we created three recombinant
viruses that harbor either or both of the mutations (N83Y and
M186I) in the HN protein. The mutant viruses were then
analyzed by using Vero cells instead of HeLa cells because the
former type of cells was found to be more susceptible to
HPIV2-induced cell-cell fusion (49). Furthermore, our prelim-
inary experiment indicated that Vero cells can be cultured for
at least 7 days without significant morphological changes and
thus are more suitable for observation of extremely slow cell-
cell fusion induced by F13. As a result, the revealed properties
of the mutant viruses have suggested a novel function of the
HN protein that may be involved in the regulation of cell-cell
fusion.

MATERIALS AND METHODS

Cells. Vero cell monolayers were maintained in Eagle’s minimum essential
medium (MEM) supplemented with 5% calf serum. BSR T7/5 cell monolayers
stably expressing T7 RNA polymerase (3) were maintained in MEM supple-
mented with 10% fetal calf serum and 1 mg/ml of G418 (geneticin; Gibco BRL).

Generation of recombinant HPIV2 with HN protein mutations. The recombi-
nant plasmid, pPIV2, that harbors full-length cDNA of the HPIV2 genome
(Toshiba strain; 15,654 nucleotides [nt]; GenBank accession number AB176531)
was described previously (26). In order to construct recombinant HPIV2 plas-
mids with mutations in the HN gene, restriction enzyme sites for BssHIIT and
Agel were introduced into the 3’ noncoding region (nt 6779) and the 5’ non-
coding region (nt 8669) of the HN gene in plasmid pPIV2, respectively. cDNA
fragments, corresponding to the nucleotides (nt 6779 to 8669) in pPIV2, were
then produced by PCR using the recombinant SRa plasmids that encode the HN
proteins with amino acid mutation(s) N83Y, M1861, or N83Y plus M186I (49) as
the templates. Simultaneously, the cDNA fragments were provided with BssHII
and Agel sites at their ends. After being cloned into the plasmid pDrive (Qia-
gen), each cDNA fragment was cut out by BssHII and Agel and used to replace
the HN protein-encoding region of pPIV2. Recombinant viruses were then
rescued by using BSR T7/5 cell monolayers as reported previously (26).

Viral growth kinetics. Confluent monolayers of Vero cells in 96-well culture
plates or those in 24-well culture plates were infected with each recombinant
virus at a multiplicity of infection (MOI) of 5 or 0.0001, respectively. The infected
cells were incubated in MEM containing 2% calf serum at 37°C at various times
postinfection, and the amount of infectious virus in the culture supernatant was
quantified by plaque-forming assay on Vero cells, as described previously (42).

Indirect immunofluorescent staining. Vero cell monolayers on glass coverslips
in six-well culture plates were infected with recombinant virus at an MOT of 0.05.
After being incubated in MEM at 37°C, the cells were fixed with 4% paraform-
aldehyde and permeabilized with 0.1% Triton X-100 in phosphate-buffered
saline (PBS). The viral nucleoproteins in the infected cells were then immuno-
stained with monoclonal antibody 306-1 (42) and fluorescein isothiocyanate-
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conjugated goat anti-mouse immunoglobulins (ICN Biomedicals), while the nu-
clei of cells were visualized with 4',6-diamidino-2-phenylindole (DAPI; Sigma).
The results were observed by using a fluorescence microscope (Olympus, Tokyo,
Japan), and the digital images were obtained.

Penetration assay. Penetration rate of the recombinant viruses was measured
as described previously (42) with some modifications. Briefly, Vero cell mono-
layers in 12-well culture plates were inoculated with approximately 75 PFU/well
of each virus and incubated at 37°C. Viruses that had not penetrated into the
cells were then inactivated by treating with 1 ml/well of citrate buffer (40 mM
citric acid [pH 3.0], 10 mM KClI, 135 mM NaCl) at 23°C for 1 min. After two
washes with PBS containing 0.1 mM CaCl, and 1 mM MgCl,, the cells were
overlaid with agarose-containing medium and incubated at 37°C for the exami-
nation of plaques.

Cell viability assay. A colorimetric assay for quantification of cell viability was
performed as described by Cid-Arregui et al. (4) with some modifications.
Briefly, Vero cell monolayers in 12-well culture plates were infected with recom-
binant virus at an MOI of 5 and incubated at 37°C. At various times after
infection, the culture medium in each well was replaced with 1 ml of a 0.5 mg/ml
solution of MTT [3(4,5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide;
Roche] in phenol red-free MEM and incubated at 37°C for 2 h. The culture
supernatant was then carefully removed, and the purple formazan crystals that
had been formed in the cells were dissolved in 200 pl/well isopropanol. Absor-
bance of the formazan solution in isopropanol was measured at 550 nm after
removal of the cell debris by centrifugation (10,000 X g for 5 min). Positive
control wells with mock-infected cells and negative control wells without cells
were run in parallel.

Hemagglutination and neuraminidase assays. For the hemagglutination assay,
virus suspension containing 107 PFU was centrifuged at 15,000 X g for 60 min.
The virions in the pellet were resuspended in 25 pl of PBS containing 0.1%
bovine serum albumin and 0.01% gelatin (PBS-GB, pH 7.0), and serial twofold
dilutions were made in U-type 96-well plates. After addition of 25 ul of 0.4%
suspension of guinea pig erythrocyte in PBS-GB to each well, the plates were
kept at 4°C or 37°C and the number of hemagglutination units (HAU) was
estimated. For the neuraminidase assay, each virus pellet (107 PFU) was resus-
pended in 20 pl of a 25 mg/ml solution of bovine fetuin in 0.4 M acetate buffer
(pH 4.0 to pH 7.0) and incubated at 37°C for 100 min. The released sialic acids
were then assayed by the thiobarbituric acid method of Warren as described by
Ito et al. (13), and the absorbance value at 550 nm was measured.

Receptor binding assay. Virus suspension (4 HAU, which was estimated by the
hemagglutination assay at 4°C) in 25 pl of PBS-GB (pH 7.0 or pH 5.5) was mixed
with an equal volume of 0.4% suspension of guinea pig erythrocytes in PBS-GB
(pH 7.0 or pH 5.5) and incubated at 37°C. Digital images of the plates were taken
by using an image scanner (Epson, Nagano, Japan).

Quantification of cell-cell fusion. For analysis of cell-cell fusion by H-83/186
virus, Vero cell monolayers in 96-well culture plates were infected with the virus
at an MOI of 0.5 or 5 and incubated at 37°C for 42 h in MEM containing 1% fetal
calf serum. After three washes with MEM, the cells were further incubated at
37°C for 8 h in MEM containing 4 mg/ml of fatty acid-free bovine serum albumin
(Sigma) in the presence or absence of 50 uM LPA (1-oleoyl-sn-glycero-3-phos-
phate; Sigma). In the experiment using both LPA and Y-27632 (Calbiochem),
treatment of H-83/186 virus-infected cells with 20 puM Y-27632 was started at
24 h postinfection and ended at 50 h postinfection.

For analysis of cell-cell fusion by WT virus, Vero cell monolayers in 96-well
culture plates were incubated in MEM with or without 20 pM Y-27632 at 37°C
for 24 h. The cells were then inoculated with the virus (MOI of 5) at 37°C for 1 h
and further incubated in MEM in the presence or absence of 20 uM Y-27632 at
37°C for 20 h. In the experiment using LPA, WT virus-infected Vero cells were
incubated in MEM containing 1% fetal calf serum for 12 h and further incubated
for 8 h in MEM containing 4 mg/ml of fatty acid-free bovine serum albumin in
the presence or absence of 50 uM LPA.

Finally, the cells were fixed with 4% paraformaldehyde and stained with
Giemsa’s solution. For each sample, the number of syncytia (with more than four
nuclei) was counted microscopically, and the average number of syncytia per well
was estimated by observing six wells. Otherwise, digital images of 15 randomly
chosen fields were obtained for each sample and subjected to morphometric
measurement of syncytia, and the average fusion index was estimated as de-
scribed previously (41).

Cell surface biotinylation and immunoprecipitation. Vero cell monolayers in
six-well culture plates were infected with H-83/186 or WT virus and treated with
LPA or Y-27632 as described above. Biotinylation of cell surface proteins was
then carried out as described previously (40) with some modifications. Briefly,
the cells were treated with 0.3 mg/ml sulfo-NHS-LC-biotin (sulfosuccinimidyl-6-
biotinamido-hexanoate; Pierce) solution in PBS containing 0.1 mM CaCl, and 1
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mM MgCl, at 23°C for 30 min and lysed with 500 pl/well of lysis buffer (25 mM
HEPES [pH 7.6], 1% Triton X-100, 3 mM B-glycerophosphate, 3 mM EDTA, 1
mM phenylmethylsulfonyl fluoride, 137 mM NaCl). For the coimmunoprecipi-
tation experiment, another lysis buffer containing lauryl maltoside (50 mM
HEPES [pH 7.3], 10 mM lauryl maltoside, 1 mM phenylmethylsulfonyl fluoride,
100 mM NaCl) was used as reported by Yao et al. (47).

The viral glycoproteins were immunoprecipitated from the cell lysate with
protein A-Sepharose Fast Flow (GE Healthcare Bio-Sciences AB, Sweden), to
which anti-HN (42S1) or anti-F (144-1A) monoclonal antibody (42) had been
bound in advance. After the Sepharose beads had been washed with lysis buffer
or with buffer containing lauryl maltoside (for coimmunoprecipitation), the pro-
teins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and electroblotted to Hybond-P polyvinylidene difluoride membranes (Am-
ersham Biosciences).

For detection of the biotinylated proteins on the membrane by enhanced
chemiluminescence, the membrane was treated with streptavidin-biotin-peroxi-
dase complex (Vector Laboratories) and Western blotting Luminol reagent
(Santa Cruz Biotechnology), followed by exposure to X-ray film (Konica, Tokyo,
Japan). Quantification of the signals on the developed film was performed with
the aid of the graphics software NIH Image, version 1.60.

Molecular modeling of the HN proteins. Molecular modeling of the WT HN
and H-186 HN proteins was performed on the automated comparative protein
modeling server SWISS-MODEL (http://swissmodel.expasy.org/SWISS-MODEL
.html) by using the PIV5 HN protein structure (Protein Data Bank code 1Z4Y) as
the template. The structures of the HN proteins were analyzed with the aid of the
Deep View Swiss-Pdb Viewer software program (GlaxoSmithKline R&D and the
Swiss Institute of Bioinformatics).

RESULTS

Properties of recombinant viruses in Vero cells after infec-
tion at low MOIs. We previously reported that the neutraliza-
tion escape variant F13, which has N83Y and M186I mutations
in the HN protein and no mutation in the F protein, exhibits a
markedly reduced ability to induce cell-cell fusion either in
HeLa cells or in Vero cells compared to its highly fusogenic
parent Toshiba strain (49). Since F13 did perform multistep
replication in these cells, we supposed that its ability to medi-
ate virus-cell fusion might not significantly be affected by the
mutations. To investigate the potential role of HPIV2 HN
protein in the regulation of cell-cell fusion, we generated three
recombinant viruses, H-83, H-186, and H-83/186, which harbor
the N83Y, M186l, and N83Y plus M1861 mutations, respec-
tively. First, in order to see the multistep growth properties of
the mutant viruses, Vero cell monolayers were infected with
each recombinant virus at a low MOI (0.0001), and the infec-
tious virus released into the culture supernatant was quantified
by a plaque-forming assay (Fig. 1A). The production of all the
three mutant viruses was as efficient as that of WT virus al-
though the virus production rates of H-83 and H-83/186 viruses
were slower than those of WT and H-186 viruses. Intriguingly,
the amount of H-83/186 virus in the culture supernatant was
increasing even at 168 h postinfection, while that of the other
viruses decreased within 120 h postinfection. Figure 1B shows
the morphology of representative plaques formed by the re-
combinant viruses: the plaques formed by either of the viruses
were generated after the appearance of extensive cell-cell fu-
sion and subsequent cell death (data not shown). Although WT
and H-186 viruses formed clear plaques within 120 h postin-
fection, the plaques formed by H-83/186 virus were hardly
visible at 120 h postinfection and were small and fuzzy even at
192 h postinfection. The plaques by H-83 virus exhibited an
intermediate phenotype between those of H-186 and H-83/186
viruses. On the other hand, most of the WT virus-infected cells
mediated prominent syncytia (cell-cell fusion) within 24 h
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postinfection, whereas the H-83/186 virus-infected cells re-
mained as nonfused single cells (Fig. 1C). H-83 and H-186
viruses displayed intermediate phenotypes between those of
WT and H-83/186 viruses in terms of the ability to induce
cell-cell fusion at 24 h postinfection. Therefore, the onset of
cell-cell fusion by H-186 virus was evidently retarded compared
to that of WT virus, whereas it mediated extensive cell-cell
fusion at a WT level after 120 h, as described above (Fig. 1B).
Notably, on the other hand, every recombinant virus could
infect almost all cells in the well within 48 h postinfection (Fig.
1C). These results indicate that both the N83Y and M1861
mutations in the HN protein are needed to effectively suppress
cell-cell fusion as demonstrated by the properties of H-83/186
virus, which can perform multistep replication while inducing
very slow cell-cell fusion. It should be pointed out that either of
the mutations is deleterious to the viral activity to induce
cell-cell fusion.

H-83/186 virus exhibits low cytopathicity. As described
above, at least during 24 h after infection, Vero cells that had
been infected with H-83/186 virus at a low MOI did not fuse
with the surrounding uninfected cells. Therefore, it seemed
very likely that the seemingly slow production rate of H-83/186
virus shown in Fig. 1A might reflect the slow rate of cell-to-cell
spread of the virus in the early phase of infection. Thus, to see
whether there is substantial difference in virus production rates
between the recombinant viruses, Vero cells were infected with
each recombinant virus at a high multiplicity (MOI of 5), and
infectious virus in the culture supernatant was quantified. As
shown in Fig. 2A, this experiment proved that the four recom-
binant viruses displayed nearly identical growth kinetics for
72 h after infection. Interestingly, however, the amount of WT
and H-186 viruses reached a peak level at 72 h postinfection,
while that of H-83 and H-83/186 viruses reached a peak level at
120 h postinfection. Notably, the amount of H-83/186 virus at
168 h postinfection was about 1 order of magnitude higher
than the amounts of other viruses. On the other hand, WT and
H-186 viruses induced extensive cell-cell fusion and exhibited
severe cytopathicity within 48 h postinfection, whereas H-83/
186 virus induced limited cell-cell fusion even at 72 h postin-
fection (data not shown). Intriguingly, H-83 virus induced
more cell-cell fusion at 24 h postinfection but less cell-cell
fusion (or cytopathicity) at 48 h or 72 h postinfection than
H-186 virus (data not shown). Therefore, in order to compare
kinetically the cytopathicity of the recombinant viruses,
Vero cells were infected at an MOI of 5, and viability was
measured (Fig. 2B). At 48 h postinfection, the viability of
cells infected with WT and H-186 viruses became less than
50% that of mock-infected control cells, whereas the viabil-
ity of H-83/186 virus-infected cells was nearly equal to that
of the control cells. Notably, even at 168 h postinfection, the
viability of H-83/186 virus-infected cells was more than 50%
that of control cells while the cells infected with WT or
H-186 viruses exhibited little viability. It should be pointed
out, however, that extensive cell-cell fusion was observed in
the H-83/186 virus-infected cells at 168 h postinfection (data
not shown). The viability of H-83 virus-infected cells was
intermediate between that of cells infected with H-186 virus
and H-83/186 virus at any time point (Fig. 2B), which is
consistent with the above finding that the progression of
cell-cell fusion induced by H-83 virus was slower than that
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FIG. 1. Properties of recombinant viruses in Vero cells after infection at low MOIs. (A) Growth kinetics. Vero cell monolayers in 24-well
culture plates were infected with each mutant or WT virus at an MOI of 0.0001 and incubated at 37°C. The amount of infectious virus in the culture
supernatant at the time points indicated was quantified by plaque-forming assay on Vero cells. Results are averages of triplicate samples; error bars
indicate standard deviations. Representative plaque morphology is presented in panel B. (C) Syncytium formation and spread of infection.
Confluent monolayers of Vero cells on glass coverslips in six-well culture plates were infected with each virus at an MOI of 0.05. After incubation
at 37°C for the times indicated, the cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The infected cells were
detected with antinucleoprotein monoclonal antibody and fluorescein isothiocyanate-conjugated secondary antibody while the nuclei of cells were

visualized with DAPI. Scale bar, 100 pm.

induced by H-186 virus (Fig. 1B). These results indicate that
the mutant viruses exhibit a marked difference in their abil-
ities to induce cell-cell fusion and to exhibit cytopathicity
whereas they replicate as efficiently as the WT virus. Nota-
bly, the mutant virus H-83/186 carrying both the N83Y and
M1861 mutations exhibited the lowest cytopathicity among
the recombinant viruses, which is consistent with its having
the lowest ability to induce cell-cell fusion.

Ability of the recombinant viruses to undergo penetration.
Although H-83/186 virus induced very slow cell-cell fusion, it
could perform multistep replication at nearly WT levels. Thus,
it seemed as if the ability of H-83/186 virus to mediate virus-
cell fusion was not significantly affected by the HN protein
mutations. Thus, in order to examine the fusing activity of the
recombinant viruses in terms of virus-cell fusion, we carried
out the penetration assay. It should be noted that the penetra-

tion assay may reflect not only the efficiency of virus-cell fusion
but also other factors such as viral attachment efficiency to
cells. First, Vero cell monolayers were inoculated with each
recombinant virus (approximately 75 PFU/well). Second, the
cells were treated with acidic buffer (pH 3.0) at 0.5, 1.5, 2.5,
and 5 h after inoculation to inactivate nonfused, and thus
unpenetrated, viruses. Finally, the cells were overlaid with aga-
rose-containing medium, and the number of plaques was
counted, which would represent the number of the virus par-
ticles that had completed penetration (or virus-cell fusion). As
shown in Fig. 3, the penetration rates of the mutant viruses
were apparently slower than that of WT virus, suggesting that
either the N83Y or M186I mutation affects the penetration
efficiency. Importantly, H-83/186 virus proved to infect cells with
a penetration rate similar to that of H-186 virus, which can induce
extensive cell-cell fusion at a WT level as described above.
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FIG. 2. Properties of recombinant viruses in Vero cells after
infection at a high MOI. Vero cell monolayers in 96-well culture
plates (A) or those in 12-well culture plates (B) were infected with
each virus at an MOI of 5 and incubated at 37°C. (A) Growth
kinetics. The amount of infectious virus in the culture supernatant
was quantified by plaque-forming assay. Results are averages of
triplicate samples; error bars indicate standard deviations. (B) Cell
viability. The viability of infected cells was measured by the MTT
method as described in Materials and Methods. Results are aver-
ages of triplicate samples; error bars indicate standard deviations.

The M186I mutation raises neuraminidase activity. In the
case of a rubulavirus mumps virus (20, 45) and a respirovirus
HPIV3 (11), it has been shown that a given virus with high
neuraminidase activity exhibits reduced ability to induce cell-
cell fusion, presumably through depletion of sialoconjugate
receptors on the cell surface. If this were also the case with
H-83/186 virus, then the neuraminidase activity of the virus
under physiological conditions (37°C and pH 7.0) would be
much higher than that of H-186 virus or WT virus. As shown in
Fig. 4A, every recombinant virus showed higher neuraminidase
activity at pH 5.5 than at pH 7.0, which is consistent with the
general property of the paramyxovirus neuraminidases which
have acidic pH optima (16). Notably, it was proved that the
neuraminidase activity of H-83 virus was lower while that of
H-186 virus or H-83/186 virus was higher than that of WT virus
independently of pH, indicating that the M186I mutation
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FIG. 3. Penetration rate of recombinant viruses. Vero cell mono-
layers in 24-well culture plates were inoculated with each virus (about
75 PFU/cell), and the number of plaques was counted as described in
Materials and Methods. Results are averages of triplicate samples;
error bars indicate standard deviations.

raises neuraminidase activity while the N83Y mutation lowers
it. When measured at pH 7.0, interestingly, the neuraminidase
activity of H-83/186 virus was the highest among the viruses,
suggesting that the reduced ability of the virus to induce cell-
cell fusion might be due to its “high” neuraminidase activity.
However, since H-83 virus exhibited the lowest neuraminidase
activity even though it induced cell-cell fusion less efficiently
than the WT virus, as described above, a clear correlation
between neuraminidase activity and cell-cell fusion could not
be corroborated.

The M1861 mutation reduces receptor-binding activity.
Since H-186 and H-83/186 viruses proved to possess signifi-
cantly high neuraminidase activity at pH 7.0 compared to WT
and H-83 viruses, we anticipated that at physiological pH and
temperature, receptor-binding activities of the former viruses
would be much lower than those of the latter viruses. To test
this hypothesis, the receptor-binding activities of the viruses
were measured at pH 7.0 under conditions in which the neur-
aminidase activity is active (37°C) or inactive (4°C). First, 107
PFU of each virus was suspended in PBS-GB (pH 7.0), and
serial twofold dilutions were made in U-type 96-well plates at
4°C. Second, guinea pig erythrocyte suspension was added to
each well at 4°C. Finally, the plates were incubated at 4°C or
37°C and the number of HAU was estimated. As shown in Fig.
4B, after incubation with erythrocytes at 4°C for 3 h, WT virus
showed the highest receptor-binding activity (2> HAU) while
H-83/186 virus showed the lowest (2° HAU). The H-83 and
H-186 viruses had the same HAU value (27), which was an
intermediate between the values of WT and H-83/186 viruses.
Thus, it seemed as if the HAU value of a given virus (measured
at 4°C) paralleled its ability to induce cell-cell fusion. However,
when viruses were incubated with erythrocytes at a physiolog-
ical temperature (37°C) for 3 h, the HAU values of H-186 and
H-83/186 dropped below the detection level, while WT and
HS83 viruses gave the same HAU as that measured at 4°C.
Notably, after incubation at 37°C for 12 h, H-83 virus still
retained the same HAU value whereas WT virus showed no
detectable hemagglutination. To see more precisely the recep-
tor-binding activities of the recombinant viruses at physiolog-
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FIG. 4. Interaction of recombinant viruses with receptor. (A) Neuraminidase activity. Neuraminidase (NA) activity of each virus (107 PFU) was
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agglutinating activity. Hemagglutinating activity of each virus (107 PFU) at pH 7.0 was measured by incubation at 4°C or 37°C as described in
Materials and Methods. The HAU values of duplicate samples which gave identical results are shown. (C) Receptor-binding activity at different
pH. Virus suspension (4 HAU) in 25 ul of PBS-GB (pH 7.0 or pH 5.5) was mixed with an equal volume of 0.4% suspension of guinea pig
erythrocytes in PBS-GB (pH 7.0 or pH 5.5) and incubated at 37°C for the times indicated.

ical temperature, each virus (4 HAU) was mixed with eryth-
rocytes, and the time course of the hemagglutination profile
was observed (Fig. 4C, left panel). Without virus, sedimenta-
tion of erythrocytes terminated within 30 min. When erythro-
cytes were mixed with H-186 or H-83/186 virus, sedimentation
of erythrocytes terminated within 2 h or 4 h, respectively.
When erythrocytes were mixed with WT virus, sedimentation
of erythrocytes progressed very slowly and did not terminate
even after 6 h. As expected, no sedimentation of erythrocytes
was observed when they were mixed with H-83 virus, indicating
that the binding of the virus to the receptor was remarkably
quick and stable compared to that of H-186 and H-83/186
viruses. Therefore, the M186I mutation lowered the recep-
tor-binding activity of the HN protein while the N83Y mu-
tation raised it, most likely by elevating or reducing the
neuraminidase activity, respectively. Taken together, under
physiological conditions, the receptor-binding activity of
H-83 virus was higher, while that of H-186 and H-83/186 was
lower, than that of the WT virus. Since the receptor-binding
activity of H-83/186 virus was slightly higher than that of
H-186 virus, presumably due to the N83Y mutation, the
reduced ability of H-83/186 virus to induce cell-cell fusion
did not seem to be attributable to its “relatively low” recep-
tor-binding activity. On the other hand, faster sedimentation
of erythrocytes was observed at pH 5.5 than at pH 7.0 for all
of the recombinant viruses; in the case of H-186 and H-83/
186 viruses, the sedimentation terminated within 30 min at

pH 5.5. Interestingly, when erythrocytes were mixed with
H-83 virus at pH 5.5, sedimentation of erythrocytes could be
observed within 2 h, indicating that even the low neuramin-
idase activity of H-83 virus might be enough to cleave the
sialoconjugates in the acidic interior of the trans-Golgi net-
work, which would enable the virus to be efficiently released
from the infected cells.

LPA promotes syncytium formation by H-83/186 virus. The
data presented so far indicated that neither high neuramini-
dase activity nor low receptor-binding activity of H-83/186 vi-
rus confers its reduced ability to induce cell-cell fusion. On the
other hand, it has been recently reported for respiratory syn-
cytial virus (RSV), a member of genus Preumovirus in the
family Paramyxoviridae (16), that RhoA signaling is required
for an infected cell to fuse with a target cell (8). RhoA is a
member of Rho family small GTPases, in which RhoA, Racl,
and Cdc42 have been studied in great detail (46). To see
whether activation of RhoA could also facilitate syncytium
formation of cells infected with H-83/186 virus, we treated the
H-83/186 virus-infected Vero cells with the lipid mediator
LPA, which activates multiple signal transduction pathways
including those initiated by small GTPases of Rho and Ras
families (23). As shown in Fig. 5SA and B, LPA greatly pro-
moted syncytium formation induced by H-83/186 virus without
affecting the expression levels of viral glycoproteins on the cell
surface, indicating that activation of the GTPases of Rho and
Ras families could compensate H-83/186 virus for the reduced
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FIG. 5. Effect of LPA on cells infected with H-83/186 virus. (A) Syncytium formation. Vero cell monolayers in 96-well plates were infected
with H-83/186 virus at an MOI of 0.5 or 5. After incubation at 37°C for 42 h, the cells were further incubated for 8 h in the presence or
absence of 50 wM LPA. After cells were stained with Giemsa’s solution, the average number of syncytia per well was estimated as described
in Materials and Methods. Error bars indicate standard deviations. Representative digital images are shown in the right panel (scale Bar,
50 pm). (B) Cell surface expression of viral glycoproteins. Vero cell monolayers in six-well culture plates were infected with H-83/186 virus
at an MOI of 5, incubated at 37°C for 42 h, and treated with or without LPA as described above. The cell surface-localized proteins were
then biotinylated, immunoprecipitated with anti-HN or anti-F monoclonal antibody, and subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, followed by transfer to a polyvinylidene difluoride membrane. The biotinylated proteins on the membrane were detected
by enhanced chemiluminescence. (C) Interaction between the HN and F proteins. Immunoprecipitation of the glycoproteins of H-83/186
virus was carried out as described in the legend for panel B, except that the lysis buffer containing lauryl maltoside was used (left panel).
As the control, Vero cell monolayers were infected with WT virus at an MOI of 5 and incubated at 37°C for 24 h, and the viral glycoproteins
were immunoprecipitated (right panel).

ability to induce cell-cell fusion. To investigate whether the
physical interaction between the HN and F proteins would be
affected by the mutations in the HN protein, we carried out a
coimmunoprecipitation experiment (Fig. 5C). Notably, it was
proved that the H-83/186 HN protein was coprecipitated with
the F protein similarly to the WT HN protein although the F
protein was only faintly coprecipitated with these HN proteins.
Furthermore, treatment with LPA did not affect the coprecipi-

tation efficiency of the H-83/186 HN protein. Thus, it was
indicated that the reduced ability of H-83/186 virus to induce
cell-cell fusion was not due to a defect in the physical interac-
tion between HN and F proteins on the infected cell surface.
These findings suggested, on the other hand, that WT virus
may somehow activate RhoA or other small GTPase(s) in the
infected cells and thereby facilitate cell-cell fusion. To ascer-
tain whether this assumption is correct, we treated WT virus-
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FIG. 6. Effect of Y-27632 on cells infected with WT virus. (A) Syncytium formation. Vero cell monolayers in 96-well plates were incubated with
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estimated as described in Materials and Methods. Error bars indicate standard deviations. Representative digital images are shown in the right
panel (scale bar, 50 wm). (B) Cell surface expression of viral glycoproteins. Vero cell monolayers in six-well culture plates were infected with WT
virus at an MOI of 5 and treated with or without Y-27632 as described above. After biotinylation, the viral glycoproteins on the cell surface were

immunoprecipitated and visualized as described in the legend of Fig. 5B.

infected Vero cells with the Rho kinase inhibitor Y-27632,
which specifically blocks RhoA signaling (12, 43), and found
that cell-cell fusion by WT virus was effectively inhibited by
Y-27632 (Fig. 6A). Intriguingly, the expression level of either
the HN or F protein on the surface of Y-27632-treated cells
was about 1.6-fold higher than that on the surface of untreated
control cells (Fig. 6B), indicating that the reduction of cell-cell
fusion by Y-27632 is not due to suppression of viral glycopro-
tein expression. Similarly, the promoting effect of LPA on
H-83/186 virus-mediated cell-cell fusion was effectively sup-
pressed by Y-27632 (Fig. 7A, left panel). However, since the
cell surface expression levels of HN and F proteins of H-83/186
virus decreased by about 50% when cells were treated with
LPA and Y-27632 compared to cells treated with LPA only
(Fig. 7B, left panel), involvement of RhoA signaling in the
LPA-promoted cell-cell fusion by H-83/186 virus could not be
certified. On the other hand, treatment of WT virus-infected
cells with LPA resulted in about a 1.7-fold increase in the
extent of cell-cell fusion without significantly affecting the sur-
face expression levels of the viral glycoproteins (Fig. 7A and B,
right panels).

Taken together, these results suggest that signaling via
RhoA may be required for the induction of cell-cell fusion by
HPIV2 and that WT HN protein may somehow trigger this
signal transduction pathway while the H-83/186 HN protein
may not efficiently do so.

It is worth noting that even the WT HN protein appeared
not to be fully active in triggering signal transduction since
LPA can promote WT virus-mediated cell-cell fusion to a
moderate degree.

The M1861 mutation can affect the conformation of the
receptor-binding site. As described above, both the mutations
N83Y and M186I in the HN protein proved to be involved in
the reduced ability of H-83/186 virus to induce cell-cell fusion.
It was also proved that the M186I mutation raises neuramin-
idase activity and lowers receptor-binding activity. By contrast,
the N83Y mutation lowers neuraminidase activity and raises
receptor-binding activity. Intriguingly, Met-186 is located in
the globular head region of the HN protein while Asn-83
resides in the stalk region, as suggested previously (49). Re-
cently, the three-dimensional (3D) structure of the globular
head region of PIVS HN protein was clarified and indicated
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the legend of Fig. 5B.

that a single site is involved in both the receptor-binding and
neuraminidase activities (48). Since HPIV2 and PIVS are
closely related members of genus Rubulavirus (16), we were
able to predict the 3D structure of WT HN protein by molec-
ular modeling on the web using the PIVS5 HN structure as the
template. As shown in Fig. 8A and D, it was suggested that
Met-186 is located at the dimer interface and very close to the
receptor-binding site. Therefore, in order to see whether the
M186I mutation would affect the structure of the receptor-
binding site, we predicted the 3D structure of the H-186 HN
protein, which has Ile-186 (Fig. 8B and E), and compared it
with that of WT HN protein, which has Met-186 (Fig. 8C
and F). Notably, we found that there is subtle but clear
difference between the two structures in the predicted po-
sitions of eight amino acids ([aa] 191 to 198) that are located
in the vicinity of Met-186 (or Ile-186). Importantly, Leu-191
is the counterpart of GIn-186 in the PIVS5 HN protein, which
is directly involved in binding to the sialyllactose, a neur-
aminidase substrate (48). Interestingly, it was suggested

that, due to the M1861 mutation, the side chain of Leu-191
might change its position toward the center of the receptor-
binding site by about 1.5 A. Therefore, the difference in
neuraminidase and receptor-binding activities between
H-186 and WT viruses could be explained by a possible
difference in conformation of the receptor-binding sites be-
tween their HN proteins.

DISCUSSION

In the present study, we have shown that the recombinant
virus H-83/186, which contains amino acid mutations N83Y
and M186I in the HN protein, induces considerably slower
cell-cell fusion than WT virus. We have also shown that H-83/
186 virus undergoes penetration as efficiently as does H-186
virus, which possesses the M1861 mutation only and induces
extensive cell-cell fusion at a WT level. Accordingly, H-83/186
virus can perform multistep replication while inducing minimal
cell-cell fusion, and thus the infected cells continue to produce
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F) of the HN monomers. Molecular modeling of WT HN (A and D) and H-186 HN (B and E) proteins was performed as described in
Materials and Methods. Shown in panels C and F are superimposed images of WT and H-186 HN proteins. Sixteen amino acids (Arg-168,
Ile-169, Leu-191, Tyr-246, Glu-252, Tyr-256, Tyr-311, Tyr-357, His-358, Glu-395, Arg-410, Ser-412, Ile-464, Arg-502, Tyr-530, and Glu-551)
are shown in cyan as a space-filling model, except for Leu-191 in the H-186 HN protein, which is shown in red. The PIV5 HN counterparts
of these 16 amino acids are involved in binding to sialyllactose, a neuraminidase substrate (48). Met-186 in the WT HN protein and Ile-186
in the H-186 HN protein are shown in yellow and blue, respectively. The carbon and oxygen backbones of the amino acids from Leu-191
to GIn-198 in the H-186 HN protein, whose positions differ from the WT HN counterparts, are shown in red. In panels A and D, the
backbones and side chains of the amino acids that would be buried in the dimer interface (48) are shown in purple. The backbones of the
remaining amino acids are shown in green. Arrowheads in D, E, and F indicate the positions of Leu-123, which is located at the boundary

between the stalk and globular head regions (48).

infectious virus longer than cells infected with H-186 or WT
virus.

Interestingly, Seth et al. (36) reported that the F protein of
SER virus, a pig isolate of PIVS, has low-pH-dependent mem-
brane-fusing activity, and thus entry of the virus occurs in the
endosome. Accordingly, cells infected with SER virus do not
display apparent cell-cell fusion, but treating the infected cells
with low pH results in induction of cell-cell fusion (36). How-
ever, Bissonnette et al. (2) could not confirm the requirement
for low-pH triggering of SER virus-mediated fusion. In con-
trast, it has been reported for Hendra virus, a member of genus
Henipavirus in the family Paramyxoviridae (16), that the entry
of the virus occurs via an endocytic pathway, in which the
uncleaved precursor F, on the virus is cleaved by the endoso-
mal enzyme cathepsin L and then mediates virus-cell fusion in
the endosome (21, 27). Thus, Hendra virus can infect cells and
perform multistep replication without inducing cell-cell fusion.
With regard to H-83/186 virus, cell-cell fusion of the infected
cells was not promoted by low-pH treatment (our unpublished
data). Moreover, extensive cell-cell fusion at physiological pH
could be observed in the H-83/186 virus-infected cells after a
long incubation period such as 8 days (Fig. 1B) (our unpub-
lished observations). It should also be noted that the cell sur-
face-localized F protein of H-83/186 virus was fully cleaved the
same as that of WT virus (Fig. 6B and 8B). On the basis of
these findings, the reduced ability of H-83/186 virus to induce
cell-cell fusion could not be explained by pH-dependent mem-
brane fusion or by a defect in the F protein cleavage.

We have found that the limited cell-cell fusion by H-83/186

virus can be significantly promoted by LPA. Importantly, LPA
can also promote WT virus-mediated cell-cell fusion to a mod-
erate degree. LPA is a bioactive phospholipid that activates
multiple signal transduction pathways including those initiated
by Rho and Ras family GTPases, thereby regulating cell pro-
liferation, migration, and morphogenesis (23, 28). Y-27632, in
contrast, is a highly selective inhibitor of Rho kinases that are
activated by RhoA, a member of Rho family GTPases, and
thus does not inhibit p21-mediated kinases (25, 43) that are
activated by other members of the Rho family, namely, Cdc42
and Racl (35). Our present finding that the cell-cell fusion
caused by WT virus can be effectively inhibited by Y-27632
strongly suggests that activation of RhoA-mediated signaling
pathways is involved in the induction of cell-cell fusion caused
by HPIV2. In all likelihood, therefore, LPA may promote
H-83/186 virus-mediated cell-cell fusion through activation of
RhoA-mediated signaling pathways, although the inhibitory
effect of Y-27632 on the LPA-promoted cell-cell fusion could
not definitely be certified since it also affected surface expres-
sion levels of the HN and F proteins. Presumably, blocking
Rho kinases by Y-27632 in the H-83/186 virus-infected cells
might have resulted in activation of other LPA-stimulated sig-
naling pathway(s), which might affect surface expression levels
of the viral glycoproteins as well as cell-cell fusion. It should be
pointed out in this context that LPA does promote H-83/186
virus-mediated cell-cell fusion without affecting either the sur-
face expression levels of the viral glycoproteins or the physical
interaction between HN and F proteins.

Notably, it was reported that activation of RhoA in Swiss/
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3T3 cells results in formation of vinculin-mediated focal adhe-
sions and assembly of actin stress fibers (33), and it has been
suggested that RhoA-mediated actin polymerization in HEp-2
cells is associated with the syncytium-inducing phenotype of
RSV (8). However, typical actin stress fibers were not observed
in Vero cells even after treatment with LPA or infection with
WT virus, while they were abundantly formed in HeLa cells or
LLC-MK?2 cells irrespective of LPA treatment or virus infec-
tion (our unpublished observations). Moreover, we could not
observe any definite effect of Y-27632 on the actin distribution
in Vero cells whereas the actin stress fibers in HeLa or LLC-
MK2 cells were severely disrupted by Y-27632 (our unpub-
lished observations). Thus, further investigations are needed to
clarify the mechanism by which the WT HN protein triggers
the putative RhoA-mediated signal transduction and to eluci-
date what kind(s) of cellular molecule functions in promoting
cell-cell fusion when the infected cells are activated by this
signal transduction.

It has been reported that RhoA and its downstream sig-
naling cascades are activated during RSV infection of
HEp-2 cells (9), and the Rho kinase inhibitor Y-27632 ef-
fectively reduces RSV-induced cell-cell fusion (8). Schow-
alter et al. (34) have shown, however, that the effects of Rho
family GTPases on cell-cell fusion mediated by paramyxo-
virus glycoproteins are dependent on both the viral glyco-
proteins and the cell type. For example, constitutively active
RhoA inhibits cell-cell fusion of BHK cells induced by Hen-
dra virus glycoproteins but does not affect that induced by
PIVS glycoproteins. For HPIV2, the expression of the WT
HN protein in the infected Vero cells seems to activate
signal transduction via RhoA, leading to promotion of cell-
cell fusion. Thus, the cell-cell fusion-promoting function of
HPIV2 HN protein may include not only the interaction
with the F protein but also a putative new role played in the
signal transduction which is apparently not required for
virus-cell fusion. Although it seems likely that receptor
binding of the HN protein triggers the activation of RhoA,
stable binding may not be required for the triggering since
H-186 virus can induce cell-cell fusion at a WT level despite
its extremely low receptor-binding activity.

Several amino acid mutations in the stalk region of the NDV
HN protein are known to affect the neuraminidase activity (17,
44), whose active site is located in the globular head region
(22). In addition, it has been reported that severe loss of
neuraminidase activity of the HPIV3 C28a variant is due to
synergistic effect of two mutations in the HN protein: P111S in
the stalk region and D216N in the globular head region (30,
32). Our present observation that the N83Y mutation lowers
neuraminidase activity also seems consistent with the involve-
ment of the stalk region in the neuraminidase function. In the
absence of information on the 3D structure of the stalk region,
however, it is not clear whether the stalk region can sterically
influence the neuraminidase active site in the globular head
region. Interestingly, the mutant virus H-83/186, which harbors
mutations in the stalk (N83Y) and globular head (M186I)
regions of the HN protein, exhibits the highest neuraminidase
activity at physiological pH among the viruses used in the
present study. Furthermore, the receptor-binding activity of
H-83/186 virus is very low, most likely due to its high neur-
aminidase activity. However, the low receptor-binding activity
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of the virus cannot explain its reduced ability to promote cell-
cell fusion. This is consistent with the result of mutational
analysis of the NDV HN protein, indicating that neither neur-
aminidase activity nor receptor-binding activity correlates with
the fusion-promoting activity of the HN protein (5) although
HN protein receptor binding is required for cell-cell fusion
(18). In the case of mumps virus (20, 45) and HPIV3 (11, 32),
by contrast, it has been shown that either high neuraminidase
activity or low receptor-binding activity of the HN protein
counteracts the fusion promoting function. Interestingly,
Ah-Tye et al. (1) have reported that HPIV3 does not induce
cell-cell fusion of CV1 cells after infection at a high multiplicity
(MOI of 5), presumably due to depletion of receptors on the
cell surface by neuraminidase, whereas HPIV1 and HPIV2
induce cell-cell fusion under the same conditions. Consistently,
our present study has shown that HPIV2 (WT and H-186
viruses) can induce extensive cell-cell fusion in Vero cells when
the cells are infected at an MOI of 5. Thus, there is an inter-
esting discrepancy in receptor requirement for cell-cell fusion
between HPIV2 and HPIV3. Whether the difference in bio-
logical properties and pathogenicity between these viruses re-
flects this discrepancy remains to be examined.

We have previously suggested that an amino acid domain
(aa 37 to 94) in the stalk region and another amino acid
domain (aa 148 to 209) in the globular head region work
cooperatively when HPIV2 HN protein promotes cell-cell fu-
sion through its interaction with the F protein (41). Moreover,
we found that the N83Y and M1861 mutations in the HN
protein of F13, which exhibits an aberrant fusion phenotype,
had taken place in these domains (41, 49). However, our
present study has indicated that these mutations do not affect
the HN-F interaction per se. Rather, they seem to hamper the
presumptive role of HN protein in triggering the RhoA-medi-
ated signal transduction pathways, leading to effective suppres-
sion of cell-cell fusion. We also found that the N83Y mutation
reduces cell-cell fusion to some extent and that the M186I
mutation brings a delay to the onset of cell-cell fusion. There-
fore, either of the mutations seems to have a deleterious, but
not particularly strong, effect on the HN protein’s activity in
promoting cell-cell fusion. It is likely that the elevated neur-
aminidase activity due to M 1861 mutation suppresses cell-cell
fusion by reducing the receptor-binding efficiency of the HN
protein, but this suppression, if it occurs at all, seems to be
temporary. With regard to the N83Y mutation, we assume that
it suppresses cell-cell fusion to some extent by moderately
inhibiting the putative signal-transducing activity of the HN
protein. If these assumptions are correct, then combination of
the N83Y and M186I mutations may result in more effective
inhibition of cell-cell fusion. Another possibility is that there
exists cooperation between the two mutations in terms of the
inhibition of the signal transduction. Since Met-186 is pre-
dicted to be located at the dimer interface of the HN protein,
the M186I mutation may affect the integrity of the dimer in-
terface, possibly resulting in a conformational change in the
stalk region. This putative conformational change may not
greatly influence the signal-transducing activity of the HN pro-
tein by itself but may effectively inhibit it when combined with
the N83Y mutation in the stalk region.

As discussed so far, we believe that HPIV2 HN protein has
a novel function that is involved in RhoA-mediated signal
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transduction, thereby regulating cell-cell fusion and cytopath-
icity. Although this notion may not be applicable to other
paramyxovirus HN proteins, this putative fourth function of
the HN protein would be an effective viral strategy to cope with
the host cells, leading to immediate spread of infection by
promoting cell-cell fusion or otherwise leading to prolonged
virus replication by suppressing cell-cell fusion.
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