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Measles Virus Mutants Possessing the Fusion Protein with Enhanced
Fusion Activity Spread Effectively in Neuronal Cells, but Not in Other
Cells, without Causing Strong Cytopathology
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ABSTRACT

Subacute sclerosing panencephalitis (SSPE) is caused by persistent measles virus (MV) infection in the central nervous system
(CNS). Since human neurons, its main target cells, do not express known MV receptors (signaling lymphocyte activation mole-
cule [SLAM] and nectin 4), it remains to be understood how MV infects and spreads in them. We have recently reported that fu-
sion-enhancing substitutions in the extracellular domain of the MV fusion (F) protein (T461I and S1031/N462S/N465S), which
are found in multiple SSPE virus isolates, promote MV spread in human neuroblastoma cell lines and brains of suckling ham-
sters. In this study, we show that hyperfusogenic viruses with these substitutions also spread efficiently in human primary neu-
ron cultures without inducing syncytia. These substitutions were found to destabilize the prefusion conformation of the F pro-
tein trimer, thereby enhancing fusion activity. However, these hyperfusogenic viruses exhibited stronger cytopathology and
produced lower titers at later time points in SLAM- or nectin 4-expressing cells compared to the wild-type MV. Although these
viruses spread efficiently in the brains of SLAM knock-in mice, they did not in the spleens. Taken together, the results suggest
that enhanced fusion activity is beneficial for MV to spread in neuronal cells where no cytopathology occurs, but detrimental to
other types of cells due to strong cytopathology. Acquisition of enhanced fusion activity through substitutions in the extracellu-
lar domain of the F protein may be crucial for MV’s extensive spread in the CNS and development of SSPE.

IMPORTANCE

Subacute sclerosing panencephalitis (SSPE) is a fatal disease caused by persistent measles virus (MV) infection in the central ner-
vous system (CNS). Its cause is not well understood, and no effective therapy is currently available. Recently, we have reported
that enhanced fusion activity of MV through the mutations in its fusion protein is a major determinant of efficient virus spread
in human neuronal cells and brains of suckling hamsters. In this study, we show that those mutations render the conformation
of the fusion protein less stable, thereby making it hyperfusogenic. Our results also show that enhanced fusion activity is benefi-
cial for MV to spread in the CNS but detrimental to other types of cells in peripheral tissues, which are strongly damaged by the
virus. Our findings provide important insight into the mechanism for the development of SSPE after MV infection.

easles is a highly contagious disease characterized by high

fever, cough, and maculopapular rash (1). The causative
agent, measles virus (MV), is thought to first infect alveolar mac-
rophages and dendritic cells of the respiratory tract, which trans-
port the virus to local lymph nodes, where it replicates efficiently
(2, 3). This allows MV to spread to other lymphoid organs
throughout the body via the bloodstream, followed by infection of
respiratory epithelia at later stages. Progeny viral particles are then
shed from the epithelial cells through coughing and sneezing and
transmitted to new hosts (4-8).

The lymphotropism and immunosuppressive nature of MV
are explained by its use of signaling lymphocyte activation mole-
cule (SLAM; also called CD150) expressed on immune cells as a
cellular receptor (9—12). On the other hand, another receptor nec-
tin 4 accounts for infection of epithelial cells (6, 7). In addition to
these authentic receptors, vaccine and laboratory-adapted strains
of MV can use CD46, a complement regulatory molecule, as an
alternative receptor (13-15), through specific amino acid changes
in its receptor-binding protein hemagglutinin (H) (16, 17). Fur-
thermore, MV sometimes persists in the central nervous system
(CNS) and causes a fatal degenerative disease, subacute sclerosing
panencephalitis (SSPE), several years after acute measles (1, 18—
20).In SSPE, MV appears to infect neuronal cells independently of
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SLAM and nectin 4, since neither SLAM nor nectin 4 is expressed
at significant levels in the human CNS (21-23). Thus, how MV
infects neuronal cells and causes the disease has not been well
defined.

MV is an enveloped virus with a nonsegmented, negative-
strand RNA genome and belongs to the genus Morbillivirus of the
family Paramyxoviridae. The MV genome has six genes that en-
code the nucleocapsid, phospho- (P), matrix (M), fusion (F), H,
and large proteins (1). The P gene encodes two additional proteins
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V and C. There are two envelope glycoproteins, the H and F pro-
teins, which are responsible for receptor-binding and membrane
fusion, respectively (1). The F protein forms homotrimer, and
each monomer contains a hydrophobic fusion peptide (FP), two
heptad repeat (HR) domains (HR-A and HR-B), a transmem-
brane domain, and a cytosolic tail. During virus entry into cells,
binding of the H protein to a cellular receptor likely triggers a
series of conformational changes of the F protein trimer. It was
proposed that the MV F protein trimer in the prefusion confor-
mation comprises large globular head domains supported by a
short three-helical bundle (3-HB) stalk, based on the homology
modeling with an X-ray crystal structure of the parainfluenza vi-
rus type 5 (PIV5) F trimer (24, 25). Upon triggering, the packed
HR-A segment may refold to an extended structure after the 3-HB
F stalk dissociates, leading to the exposure of the FP domain to the
target cell membrane. As the two HRs (HR-A and HR-B) within a
monomer interact with each other, the six-helix band (6-HB)
structure is formed, leading to virus-to-cell fusion (24, 26). By the
same mechanism, syncytium formation (cell-to-cell fusion) is in-
duced in MV-infected cells expressing the H and F proteins (18).
In fact, multinucleated giant cells are found pathologically in hu-
man cases with measles and in experimentally infected rhesus
monkeys (18).

Amino acid sequences of the F protein are highly conserved
among MV clinical isolates and vaccine strains (27, 28). However,
we found that most SSPE strains possess amino acid substitutions
in the extracellular domain of the F protein (29). Our study re-
vealed that the substitutions found in multiple SSPE strains, T4611
and S1031/N462S/N465S, confer enhanced fusion activity on the F
protein. Furthermore, recombinant viruses with these fusion-en-
hancing mutations induced syncytium formation even in SLAM-
and nectin 4-negative cells, including human neuroblastoma cell
lines and Vero cells, and exhibited neurovirulence in suckling
hamsters, unlike the parental wild-type MV (29).

In the present study, we examined the growth and spread of these
hyperfusogenic recombinant MVs in neuronal and non-neuronal
cells, using human cell lines and primary neuron cultures, as well as
SLAM knock-in mice (30) inoculated intracerebrally or intraperito-
neally. Our results revealed that the fusion-enhancing mutations
in the F protein confer on MV growth advantage in neuronal cells
but not in other types of cells. To understand why the growth of
these viruses is reduced in non-neuronal cells, their cytopathoge-
nicity was also examined.

MATERIALS AND METHODS

Cells. Vero/hSLAM (10) cells were maintained in Dulbecco minimum
essential medium (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS). NCI-H358 cells were maintained in RPMI 1640 me-
dium (Wako Pure Chemical Industry, Osaka, Japan) supplemented with
10% FBS.

Plasmids. The plasmids pCA7-ICH and pCA7-ICF that encode the H
and F proteins of the pathogenic IC-B strain of MV, respectively, were estab-
lished previously (17), using the eukaryotic expression vector pCA7 (31), a
derivative of pPCAGGS (32). The expression plasmids which express mutant F
protein, pCA7-ICF(T4611) and pCA7-ICF(S1031/N462S/N465S), were de-
scribed previously (29). The full-length genome plasmids pHHRz(+)
MV323-Luci and pHHRz(+)MV323-F(T4611)-Luci were, respectively, gen-
erated from pHHRz(+)MV323-EGFP and pHHRz(+)MV323-F(T4611)-
EGEFP (29, 33), which encode the antigenomic full-length cDNA of the IC-B
strain with the wild-type or mutant F protein (T4611), together with the en-
hanced green fluorescent protein (EGFP). The Renilla luciferase gene was

March 2015 Volume 89 Number 5

Journal of Virology

Fusion Activity Determines Measles Virus Spread

amplified from pRL-TK by the PCR using the primer pair 5'-AGGCGCG
CCATGACTTCGAAAGTTTATGATCCAG-3" and 5'-ATGACGTCTTA
TTGTTCATTTTTGAGAACTCGC-3'. After digestion with Ascl and
AatlI followed by ligation, the EGFP gene of pHHRz(+)MV323-EGFP or
pHHRz(+)MV323-F(T4611)-EGFP was replaced with the amplified PCR
product, producing pHHRz(+)MV323-Luci or pHHRz(+)MV323-
F(T4611)-Luci, respectively.

Viruses. The recombinant viruses IC323-F(T4611)-EGFP and 1C323-
F(S1031/N462S/N465S)-EGFP had been generated based on the wild-type
MYV expressing EGFP, IC323-EGFP, as reported previously (29, 33, 34).
The recombinant MV expressing the Renilla luciferase, IC323-Luci or
1C323-F(T4611)-Luci, was generated with plasmid pHHRz(+)MV323-
Luci or pHHRz(+)MV323-F(T4611)-Luci, respectively, using reverse ge-
netics as reported previously (33). The generated MV's were propagated in
Vero/hSLAM cells. Titers of each recombinant virus were determined as
PFU in Vero/hSLAM cells.

Infection of human primary neurons with recombinant viruses.
Human primary neurons prepared from human brains were obtained
from Sciencell Research Laboratories (ScienCell, San Diego, CA) and seeded
on the 24-well cluster plates pretreated with 0.2% gelatin (ScienCell). Primary
neurons were maintained in neuronal medium (ScienCell) supplemented
with neuronal growth supplement (ScienCell) according to the manufactur-
er’s instructions. The majority of the cells were determined to be positive for
the neurofilament, microtubule-associated protein 2, and B-tubulin III by
immunofluorescence staining. Primary neurons were infected with recombi-
nant MVs at an multiplicity of infection (MOI) of 0.1.

LDH release assay. A lactate dehydrogenase (LDH) release assay was
performed using CytoTox 96 nonradioactive cytotoxicity assay kit (Promega)
in accordance with the manufacturer’s instructions. Fifty microliters of the
culture supernatant from virus-infected Vero/hSLAM cells was used for the
assay. The data were expressed as percentages of the maximum LDH release,
and the maximum LDH release was determined with the culture supernatant
from mock-infected cells after freezing and thawing.

Plasmid-mediated fusion assay in Vero/hSLAM cells. Vero/hSLAM
cells cultured in 12-well cluster plate were transfected with pCA7-ICH
(0.2 g) plus pCA7 encoding wild-type or each mutant F protein (1.5 pg),
using Polyethylenimine-Max (Polysciences, Inc., Warrington, PA). One
or two days after transfection, the cells were observed under a light mi-
croscope after Giemsa staining.

Infection of the mouse model with recombinant viruses. The type I
IEN receptor subunit 1 (IFNAR) ™/~ SLAM knock-in mice were estab-
lished previously (30). All mice used for the experiment were 6 to 10 weeks
of age and kept under specific-pathogen-free conditions. For intracerebral
infection, four mice were anesthetized using a combination anesthetic
(0.3 mg/kg of medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of
butorphanol), and 10* PFU of 1C323-F(T4611)-EGFP, 1C323-F(S1031/
N462S/N465S)-EGFP, or IC323-EGFP was inoculated into the right or
left hemisphere of their brains. At 6 days postinfection (p.1i.), all mice were
euthanized under anesthesia, and EGFP autofluorescence of the collected
brains was observed under a fluorescent stereomicroscope. For intraper-
itoneal infection, eight mice were anesthetized with sevoflurane and in-
fected with 1.5 X 10° PFU of the recombinant MVs [IC323-Luci or IC323-
F(T4611)-Luci]. At 7 days p.i., Renilla luciferase activities in spleens of
infected mice were measured using the Renilla luciferase assay system
(Promega). All animal experiments were reviewed by the Institutional
Committee of Ethics on Animal Experiments and carried out accord-
ing to the Guidelines for Animal Experiments of the Faculty of Medi-
cine, Kyushu University, Japan.

RESULTS

Spread of hyperfusogenic viruses in human primary neuron
cultures. The EGFP-expressing recombinant MVs with the T4611
or S103I/N462S/N465S substitution in the F protein [IC323-
F(T4611)-EGFP and IC323-F(S1031/N462S/N465S)-EGFP] had
been established previously, which were based on the wild-type
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FIG 1 Spread of the recombinant viruses in human primary neuron culture. Human primary neurons were infected with the parental recombinant MV
expressing EGFP (IC323-EGFP) or its mutants expressing the mutant F protein containing the indicated substitutions at an MOI of 0.1. Primary neurons tended
to grow in clusters, and these clusters were connected by extended axon-like structures. Panels show representative images obtained with a phase-contrast and
a fluorescence microscope 1 day (upper) or 4 days (lower) after infection. White arrowheads show singly infected cells. Scale bar, 200 pm.

IC-B strain (29, 34). Since these recombinant viruses with en-
hanced fusion activity were found to spread efficiently in human
neuroblastoma cell lines lacking SLAM and nectin 4 and in the
brains of suckling hamsters, unlike the parental virus IC323-EGFP
(29), we next examined whether they also spread in human pri-
mary neuron cultures. Primary neurons were infected at an MOI
of 0.1 with these hyperfusogenic recombinant viruses or IC323-
EGFP, and EGFP fluorescence in infected cells was observed daily
for a month. At 24 h p.i., small numbers of singly infected cells
were observed after infection with any of the three viruses (Fig. 1).
Whereas 1C323-EGFP never spread beyond originally infected
cells, both hyperfusogenic viruses spread directly to surrounding
cells or to remote cells via extended axon-like structures up to 4
days p.i. (Fig. 1). Although cell-to-cell spread was evident, no ap-
parent syncytium formation was observed in primary neurons
infected with these hyperfusogenic viruses. Infected EGFP-posi-
tive cells survived for a month without apparent further spread of
EGFP after 4 days p.i., while solitary EGFP-positive cells infected
with IC323-EGFP also remained alive and continued to express
EGFP for a month (data not shown).

Stability of the prefusion F protein trimer. Why do these vi-
ruses that exhibit enhanced fusion activity in SLAM- or nectin
4-expressing cells, cause fusion in cells lacking either receptor
molecule (29) and spread in human primary neuron cultures? In
our previous study, we excluded the increase in the surface expres-
sion of the F protein as the cause of enhanced fusion activity (29).
Then, we reasoned that the mutant F proteins are more easily
triggered by the H protein upon receptor-binding, compared to
the wild-type F protein. To examine the conformational stability
of the MV prefusion F trimer, a plasmid-mediated fusion assay
was performed in Vero/hSLAM cells at different temperatures
(Fig. 2). At 37°C the F proteins with the T4611 or S1031/N462S/
N465S substitution, in combination with the wild-type H protein,
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induced larger syncytia than the wild-type F protein, a finding
consistent with our previous study (29). Notably, the wild-type F
protein did not induce syncytium formation at 25°C, presumably
because the full conformational changes of the F protein require

Cell

H, wtF

37°C

25°C

FIG 2 Syncytium formation assay at different temperatures. Vero/hSLAM
cells were transfected with expression plasmids encoding the wild-type (wt) or
mutant F protein with T461I or triple substitutions (S1031/N462S/N465S),
together with that encoding the wt H protein. The cells were incubated at 37°C
or 25°C. At 24 h (37°C) or 48 h (25°C) posttransfection, the cells were stained
with a Giemsa solution and observed under a light microscope. Scale bar, 200
pm. To show the syncytia better, the central rectangle area enclosed in the
upper panel is shown below in the lower panel after 3-fold enlargement. —, No
syncytium formation; +, syncytium formation.
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FIG 3 Growth and cytotoxicity of the hyperfusogenic viruses in cultured cell lines. (A) Growth kinetics of recombinant viruses in Vero/hSLAM cells. Vero/
hSLAM cells were infected with IC323-EGFP, 1C323-F(T4611)-EGFP, or IC323-F(S1031/N462S/N465S)-EGFP) at an MOI of 0.01. At various time points
postinfection, viruses were harvested from cells and supernatants, and their PFU counts were determined. The averages and standard deviations (SD) of the titers
of three experiments are shown. (B) Cytotoxicity assay for Vero/hSLAM cells infected with the recombinant viruses. Cells were infected with IC323-EGFP,
1C323-F(T4611)-EGFP, or IC323-F(S1031/N462S/N465S)-EGFP, and the cytotoxicity was measured at various time points postinfection by measuring the LDH
release into the culture medium. The data are expressed as a percentage of maximum LDH release. The averages and SD of three experiments are shown. (C)
Growth kinetics of recombinant viruses in NCI-H358 cells examined as in panel A.

higher temperatures to overcome the activation energy barrier
(35). In contrast, the mutant F proteins formed distinct syncytia
even at 25°C. The results suggest that the substitutions T4611 and
S103I/N462S/N465S destabilize the prefusion F trimer, thereby
allowing its triggering at the lower temperature and promoting its
fusion activity.

We also performed the fusion assay in Vero cells expressing
neither SLAM nor nectin 4. The F proteins with the T4611 or
S1031/N462S/N465S substitution, but not the wild-type F protein,
induced cell-cell fusion at 37°C, in conjunction with the wild-type
H protein (29). The wild-type F protein did not induce syncytium
formation even at 50°C, nor did the mutant F proteins exhibit
higher fusion activity at 50°C than at 37°C (data not shown).

Growth and cytopathogenicity of hyperfusogenic viruses in
non-neuronal cells. Although these hyperfusogenic viruses ap-
pear to have a growth advantage over the wild-type MV, amino
acid sequences of the F protein are highly conserved among clin-
ical isolates, and viruses with fusion-enhancing mutations have
been only isolated from SSPE patients. To understand this para-
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dox, we examined the growth curves of these mutant viruses and
wild-type MV in Vero/hSLAM cells infected at an MOI of 0.01.
IC323-F(T4611)-EGFP and IC323-F(S1031/N462S/N465S)-EGFP
produced severalfold higher titers at 24 h p.i. and comparable
titers at 48 h p.i. compared to IC323-EGFP (Fig. 3A). However,
titers of these hyperfusogenic viruses rapidly declined after 48 h
p.i., whereas IC323-EGFP continued to grow and maintained high
titers up to 96 h p.i. Since virus-induced membrane fusion can
cause cell death (36), we next evaluated the cytopathogenicity of
these hyperfusogenic viruses by quantifying LDH release in cul-
ture supernatants from virus-infected Vero/hSLAM cells. Both
hyperfusogenic viruses exhibited stronger cytotoxicity at 72 h p.i.
than IC323-EGFP (Fig. 3B). Moreover, 1C323-F(S1031/N462S/
N465S)-EGFP induced strong cytotoxicity even at 48 h p.i. when
the wild-type MV hardly caused cell death. These results suggest
that hyperfusogenic viruses induce stronger cytopathology and
exhibit eventual growth disadvantage in cultured cells. IC323-
F(S1031/N462S/N465S)-EGFP appears to display higher cytotox-
icity than IC323-F(T4611)-EGFP. In fact, we found that a fusion
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inhibitory peptide could inhibit the cell-cell fusion induced by the
latter virus, but not by the former (data not shown). Thus, the two
mutant F proteins appear to have somewhat different properties.
We also examined viral growth in nectin 4-expressing NCI-H358
cells. The hyperfusogenic viruses grew comparably to 1C3232-
EGFP until 24 h p.i., but titers of these viruses were lower there-
after compared to IC3232-EGFP (Fig. 3C).

Spread of hyperfusogenic viruses in SLAM knock-in mice.
We previously demonstrated that IC323-F(T4611)-EGFP and
IC323-F(S1031/N462S/N465S)-EGFP spread widely in the brains
of suckling hamsters and killed them ~1 week after intracerebral
inoculation, while hamsters inoculated with the wild-type MV did
not show any symptom and survived (29). To examine growth
and spread of MV under a more physiological condition where
receptor-expressing cells are present, we used SLAM knock-in
mice crossed with mice lacking the type I IFN receptor, which
reproduce lymphotropism and immunosuppression in human
MYV infection (30, 37). Three groups of four IFNAR '~ SLAM
knock-in mice were, respectively, inoculated intracerebrally with
10* PFU/mice of IC323-EGFP, IC323-F(T4611)-EGFP, or IC323-
F(S1031/N462S/N465S)-EGFP. At 6 days p.i., all mice were eutha-
nized for microscopic observation, although they had not exhib-
ited any symptoms. Although no EGFP was detected in the brains
of mice inoculated with IC323-EGFP, hyperfusogenic viruses
were found to spread in the brains of all infected mice [IC323-
F(S1031/N462S/N465S)-EGFP did more efficiently than 1C323-
F(T4611)-EGFP] (Fig. 4A). To quantitate growth of MV in pe-
ripheral tissues, the Renilla luciferase-expressing recombinant
MVs with the wild-type or mutant F protein were generated by
using reverse genetics [IC323-Luci and IC323-F(T4611)-Luci, re-
spectively]. An aliquot containing 1.5 X 10° PFU of IC323-Luci or
IC323-F(T4611)-Luci was injected into the peritoneal cavity of
each IFNAR ™/~ SLAM knock-in mouse (8 mice for each virus). At
7 days p.i., the spleens were collected, homogenized, and subjected
to the quantification for their Renilla luciferase activities. In our
previous studies with IENAR ~/~ SLAM knock-in mouse (30, 38),
MV was found to grow well in the spleens where many SLAM-
positive cells are present. The luciferase activities in the spleens
of mice infected with 1C323-F(T4611)-Luci were nearly at the
detection limit and significantly lower than those with IC323-
Luci (Fig. 4B).

DISCUSSION

We have demonstrated that substitutions T4611 and S1031/
N462S5/N465S in the extracellular domain of the F protein found
in multiple SSPE strains conferred enhanced fusion activity on the
viruses (29) and that these substitutions promoted MV spread in
human neuroblastoma cell lines and brains of suckling hamsters
(29), as well as in human primary neuron cultures (the present
study). However, the growth of these hyperfusogenic viruses rap-
idly declined at later time points in SLAM-positive Vero/hSLAM,
and A549/hSLAM cells and in nectin 4-positive NCI-H358 cells,
unlike that of the wild-type virus (the present study and data not
shown). Furthermore, virus load was significantly lower in the
spleens of IFNAR ™~ SLAM knock-in mice inoculated intraperi-
toneally with a hyperfusogenic virus than that with the parental
virus, although the former virus, but not the latter, spread in the
brains after intracerebral inoculation. All of these findings suggest
that hyperfusogenic viruses spread efficiently in neuronal cells,
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FIG 4 Spread of hyperfusogenic viruses in the brains and spleens of SLAM
knock-in mice. (A) Spread of EGFP-expressing viruses in the brains of infected
IFNAR ™/~ SLAM knock-in mice. Four mice were infected with 10* PFU of IC323-
EGEFP, IC323-F(T4611)-EGEFP, or IC323-F(S1031/N462S/N465S)-EGFP (Triple),
intracerebrally. At 6 days p.i., the brains of euthanized mice were observed under a
fluorescent stereomicroscope. Light and EGFP images of the brains were photo-
graphed, and top and sagittal views are shown. (B) Eight IFNAR™/~ SLAM
knock-in mice were inoculated intraperitoneally with 1.5 X 10> PFU of 1C323-
Luci or IC323-F(T4611)-Luci. At 7 days p.i., the spleens were removed and ana-
lyzed for their Renilla luciferase activities. Each circular symbol indicates the
sample from a single mouse; bars indicate the mean values, and asterisks indi-
cate statistically significant difference (P < 0.05). RLU, relative light unit.

but their growth is reduced in SLAM- or nectin 4-expressing cell
lines, as well as in SLAM-positive peripheral tissues in vivo.

The enhanced cytopathology, as revealed by higher levels of
LDH release, likely explains the observed lower titers of hyperfu-
sogenic viruses in cultured cells at later time points, as well as in
the spleens of IFNAR ™/~ SLAM knock-in mice inoculated intra-
peritoneally. It was reported that another hyperfusogenic MV mu-
tant also induced strong cytopathology in infected cells, resulting
in inefficient growth (39). Furthermore, hyperfusogenic mutants
of other paramyxoviruses were found to exhibit enhanced cyto-
pathogenicity (40, 41) and show decreased growth (41). These
hyperfusogenic mutants of paramyxoviruses and other fusogenic
viral proteins were suggested to be useful for cancer therapy due to
their strong cytopathogenicity (36, 39—41).

Demyelination and infection of neurons are characteristic fea-

March 2015 Volume 89 Number 5


http://jvi.asm.org

Fusion Activity Determines Measles Virus Spread

SLAM/nectin 4-dependent infection of immune/epithelial cells

Acute measles /

\ Persistencein the CNS

‘ Mutationsin the F gene |

v

v

‘ Destabilization of the prefusion F trimer ‘

\

v

Outside the brain

‘ Enhanced fusion activity ‘

In the brain

e

‘ Enhanced cytopathology ‘

N
pd

SLAM- and nectin 4-
independent entry

Little cytopathology
due to neuron anatomy

Extinction of mutant viruses

N

Efficienttransmission
between neurons

SSPE

FIG 5 Model for the role of mutations in the extracellular domain of the F protein in MV growth and spread in the CNS and peripheral organs.

tures in the brains of patients with SSPE (42, 43). Although small
numbers of astrocytes, endothelial cells, and oligodendrocytes
have been found to be infected, neurons are thought to be the
main target for MV in the CNS (42-45). However, neuronal cells
do not express MV receptors SLAM and nectin 4. Indeed, MV
entry into neuronal cells is inefficient, since the wild-type MV
infected human neuronal cell lines and primary cultured neurons
only rarely even at high MOIs (29; the present study). On the other
hand, hyperfusogenic viruses spread efficiently in neuronal cells,
although they exhibited reduced levels of growth in SLAM- or
nectin 4-positive cells largely because of their strong cytopathoge-
nicity. These results indicate that enhanced fusion activity allows
MV to spread efficiently in neuronal cells independently of SLAM
and nectin 4. Importantly, syncytia were not visible in primary
neurons infected with hyperfusogenic viruses, a finding consistent
with clinical observations that syncytia are not present in the
brains of SSPE patients (43). Furthermore, syncytium formation
was not apparent in the brains of suckling hamsters after intrace-
rebral inoculation with these hyperfusogenic viruses, even though
the viruses spread to the whole cerebrum (29). The cell-cell con-
tacts between neurons may be limited to small areas such as syn-
apses and mostly hindered by other supporting cells and myelin-
ated nerve fibers in the brain. This spatial arrangement may be a
reason why syncytia are not induced in MV-infected brains or
primary cultured neurons even if the virus spread extensively.
Primary neurons used in the present study tended to grow in
clusters, and these clusters were loosely connected to each other by
extended axon-like structures. It is likely that MV efficiently
spread to other cells mainly within the same clusters through the
cell-cell fusion (without apparent syncytium formation) for a few
days but failed to spread thereafter due to a paucity of nearby
contacting cells. Furthermore, the absence of apparent syncytia
may explain the survival of virus-infected primary neurons for a
month.
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Avila et al. have recently reported that substitutions in a central
pocket domain of the globular head of the F protein of canine
distemper virus, a morbillivirus closely related to MV, decreased
the stability of its prefusion state and enhanced its fusion activity
(46). These researchers found, however, that the substitution of a
corresponding residue in the MV F protein adversely affected its
fusion activity. We confirmed that the plasmid-mediated expres-
sion of the MV H protein and the wild-type F protein did not
induce syncytia at 25°C, unlike that at 37°C. In contrast, the F
protein with the T4611 or S1031/N462S/N465S substitution, when
expressed with the H protein, caused syncytium formation even at
25°C. We found that the MV F proteins containing the single
amino acid substitution (M94V, S262R, 1L354M, and N462K) that
exhibit enhanced fusion activity (29) also induced syncytia at 25°C
(data not shown). The results indicate that these fusion-enhanc-
ing substitutions in the extracellular domain of the F protein de-
crease the conformational stability of the prefusion F protein
trimer. The decreased stability likely allows the F protein to be
more easily triggered by the H protein upon its receptor-binding.
Thus, whereas the wild-type F protein is only triggered by authen-
tic receptors (SLAM and nectin 4) at 37°C, the F proteins with the
T4611 or S1031/N462S/N465S substitution may also be triggered
by unknown molecules other than SLAM and nectin 4. Further-
more, these F mutants can be triggered by the authentic receptors
at lower temperatures.

The mutations in the M gene are thought to play a central role
in SSPE pathogenesis (43, 47-52). These mutations lead to the lack
of virus particle formation, and may allow the virus to escape from
host immune responses, resulting in establishment of persistent
infection in the CNS (47, 53). In addition, these characteristic
mutations in the M protein had been thought to be important for
MYV spread in the CNS (53-55). However, we previously demon-
strated that the mutations in the M protein or in the cytoplasmic
domain of the F protein per se were not sufficient for MV spread in
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neuronal cells lacking SLAM and nectin 4 (29). On the other hand,
substitutions in the extracellular domain of the F protein, T4611
and S1031/N462S/N465S, promoted MV spread in neuronal cells.
There are 15 complete F gene sequences from SSPE strains avail-
able in the NCBI database (33, 47, 49, 56-60). All of these se-
quences contain the alteration in the cytoplasmic domain of the F
protein (48-50). Notably, five of them also contain the substitu-
tion T4611 (47, 49, 58), while two of them contain the substitution
S103I/N462S/N465S (56, 60). Furthermore, other two strains
contain the substitution M94V (49, 57), which is known to en-
hance fusion activity (61). However, the substitution M94V by
itself was not sufficient for killing suckling hamsters probably be-
cause of its moderately enhanced fusion activity (29). Thus, many
of the SSPE strains indeed have fusion-enhancing mutations in
the extracellular domain of the F protein, in addition to the alter-
ation in its cytoplasmic domain. From our findings, we propose
that MV comes to exhibit neuropathogenicity and cause SSPE by
acquiring fusion-enhancing mutations in the extracellular do-
main of the F protein (Fig. 5).
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