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ABSTRACT Measles virus (MeV), the causative agent of measles, is an enveloped RNA vi-
rus of the family Paramyxoviridae, which remains an important cause of childhood mor-
bidity and mortality. MeV has two envelope glycoproteins, the hemagglutinin (H) and
fusion (F) proteins. During viral entry or virus-mediated fusion between infected cells and
neighboring susceptible cells, the head domain of the H protein initially binds to its recep-
tors, signaling lymphocytic activation molecule family member 1 (SLAM) and nectin-4, and
then the stalk region of the H protein transmits the fusion-triggering signal to the F pro-
tein. MeV may persist in the human brain and cause a fatal neurodegenerative disease,
subacute sclerosing panencephalitis (SSPE). Recently, we showed, using in vitro cell culture,
that cell adhesion molecule (CADM) 1 and CADM2 are host factors that trigger hyperfuso-
genic mutant F proteins, causing cell-to-cell fusion and the transfer of the MeV genome
between neurons. Unlike conventional receptors, CADM1 and CADM2 interact in cis (on
the same membrane) with the H protein and then trigger membrane fusion. Here, we
show that alanine substitutions in part of the stalk region (positions 171-175) abolish the
ability of the H protein to mediate membrane fusion triggered by CADM1 and CADM2,
but not by SLAM. The recombinant hyperfusogenic MeV carrying this mutant H protein
loses its ability to spread in primary mouse neurons as well as its neurovirulence in exper-
imentally infected suckling hamsters. These results indicate that CADM1 and CADM2 are
key molecules for MeV propagation in the brain and its neurovirulence in vivo.

IMPORTANCE Measles is an acute febrile illness with skin rash. Despite the availabil-
ity of highly effective vaccines, measles is still an important cause of childhood mor-
bidity and mortality in many countries. The World Health Organization estimates that
more than 120,000 people died from measles worldwide in 2021. Measles virus
(MeV), the causative agent of measles, can also cause a fatal progressive neurological
disorder, subacute sclerosing panencephalitis (SSPE), several years after acute infec-
tion. There is currently no effective treatment for this disease. In this study, using
recombinant MeVs with altered receptor usage patterns, we show that cell adhesion
molecule (CADM) 1 and CADM2 are host factors critical for MeV spread in neurons
and its neurovirulence. These findings further our understanding of the molecular
mechanism of MeV neuropathogenicity.
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Measles is a highly contagious disease characterized by high fever, respiratory
symptoms, conjunctivitis, and maculopapular rash (1). Despite the availability of

effective live-attenuated vaccines, measles remains an important cause of childhood
morbidity and mortality worldwide, particularly in developing countries (2). Measles vi-
rus (MeV), the causative agent of measles, is an enveloped RNA virus belonging to the
genus Morbillivirus in the family Paramyxoviridae. MeV has two envelope glycoproteins,
the hemagglutinin (H), and the fusion (F) proteins. These proteins cooperatively medi-
ate membrane fusion required for viral entry and direct cell-to-cell spread (1). The sig-
naling lymphocytic activation molecule family member 1 (SLAM; also known as
SLAMF1 and CD150) on immune cells and nectin-4 on epithelial cells act as receptors
for MeV (3–6).

MeV persists, albeit rarely, in the central nervous system (CNS), causing a progressive
neurological disorder, subacute sclerosing panencephalitis (SSPE), several years after acute
infection (7, 8). Although wild-type (WT) MeV isolates from acute measles patients are not
neurotropic because of the lack of SLAM and nectin-4 in neurons (9, 10), neurons are mainly
affected cells in the brains of SSPE patients, where MeV is thought to spread presumably by
transsynaptic cell-to-cell transmission (11–13). Recently, many studies have shown that
hyperfusogenic mutations found in the MeV F proteins derived from SSPE patients (e.g.,
T461I) enable MeV spread in primary neurons in vitro and in the brains of experimentally
infected mice and hamsters, leading to death (14–23). These mutations destabilize the
prefusion form of the F protein, rendering it hyperfusogenic (17). In addition, structurally
unstable F proteins are triggered even by the weak interaction between the so-called “re-
ceptor-blind” H proteins having substitutions within the receptor binding sites and the cor-
responding receptors (24). Recently, we have reported that cell adhesion molecule 1
(CADM1, also known as IGSF4A, Necl-2, and SynCAM1) and CADM2 (also known as IGSF4D,
Necl-3, and SynCAM2) are “cis-acting receptors” (host molecules that weakly interact with
the H protein on the same membrane [in cis] and trigger membrane fusion caused by the
hyperfusogenic mutant F proteins) in neurons, although they do not function as the entry
receptor (22, 25). Interestingly, CADM1 and CADM2 can interact with the H protein even
when it lacks the head domain which binds to ordinary receptors SLAM and nectin-4, trig-
gering membrane fusion (25).

In this study, we identified the segment of the H protein stalk essential for mediating
membrane fusion triggered by CADM1 and CADM2. Using recombinant MeVs possessing
mutant H proteins with altered receptor usage patterns, we demonstrated that CADM1
and CADM2 are indeed critical for MeV spread in neurons and its neurovirulence.

RESULTS
The H protein lacking the head domain and a part of the stalk region loses the

ability to support CADM1/2-dependent membrane fusion. We have previously
shown that the cis-acting receptors CADM1 and CADM2, but not the trans-acting
receptors SLAM and nectin-4, can interact with the H protein lacking its head domain,
presumably through its stalk region, and trigger hyperfusogenic F protein-mediated
membrane fusion (25). To investigate which part in the H stalk is involved in the inter-
action with CADM1 and CADM2, we examined the full-length WT H protein (H[WT]),
the tetramerized H protein lacking its head domain [designated as DH(180)] and a fur-
ther truncated H protein (DH[158]) for their functions (Fig. 1A). DH(158) was reported
previously as the truncated H stalk containing the H-F interaction domain (26).

The pCA7 expression plasmids respectively encoding H(WT), DH(180), and DH(158)
proteins modified by the influenza virus hemagglutinin (HA) tag were generated (Fig.
1A). DH(180) and DH(158) proteins were designed such that they have a tetrameriza-
tion domain at their C-terminus (26, 27). The cell surface expression levels of these H
proteins were evaluated by the cell surface biotinylation (Fig. 1B). The results showed
that all of the H(WT), DH(180), and DH(158) proteins were expressed on the cell surface
24 h after transfection into 293FT cells.

The fusion assay was then performed to evaluate the levels of cell-to-cell membrane
fusion mediated by these H proteins, as previously reported (22). Briefly, expression
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FIG 1 The truncated headless H protein DH(158) does not mediate CADM1/2-dependent membrane fusion. (A) Schematic diagrams
of the HA-tagged full-length H protein (H[WT]), H protein lacking its head domain (residues 1 to 180) (DH[180]), and H protein
lacking its head and a part of the stalk region (resides 1 to 158) (DH[158]). A tetramerization domain (TD) was fused to the C-
terminus of the DH(180) and DH(158). CP, cytoplasmic domain; TM, transmembrane domain. (B) The cell surface biotinylation assay
with H(WT), DH(180), and DH(158). The pCA7 expression plasmids respectively encoding E-cadherin (a cell surface control) and one of
HA-tagged H [H(WT), DH(180), or DH(158)] or none (NC, plasmid alone as a negative control) were transfected into 293FT cells. That
encoding Flag-tagged EGFP (an intracellular protein control) was also transfected. Precipitate of biotinylated cell surface proteins and
cell lysates were detected by Western blotting using anti-Flag (upper and middle) or anti-HA Ab (lower). (C) The fusion assay with
H protein mutants. The pCA7 plasmids respectively encoding one of the H constructs (H[WT], DH[180], and DH[158]), the F(T461I)
protein, EGFP, and one of the host proteins (CADM1, CADM2, SLAM, and nectin-4) or none were transfected into 293FT cells. Cells
were observed under a fluorescence microscope 48 h after transfection. Scale bar = 200 mm. (D) The DSP assay with various H
constructs. The pCA7 plasmids respectively encoding one of the H protein constructs (H[WT], DH[180], and DH[158]), the F(T461I)
protein, and one of the host proteins (CADM1, CADM2, SLAM, and nectin-4) or none were transfected into cocultured 293FT/DSP1
and 293FT/DSP2 cells. Renilla luciferase activity was measured 48 h after transfection (n = 3, means 6SD).
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plasmids respectively encoding one of the H proteins [H(WT), DH(180), and DH(158)],
the hyperfusogenic F(T461I) protein, the enhanced green fluorescent protein (EGFP),
and one of the host proteins (CADM1, CADM2, SLAM, and nectin-4), were transfected
into 293FT cells, and the cells were observed under a fluorescence microscope 48 h af-
ter transfection (Fig. 1C). When the H(WT) protein was expressed, all the host mole-
cules induced syncytium formation (CADM1 and CADM2 induced larger syncytia than
SLAM and nectin-4, probably because the cells that received the plasmids encoding
cis-acting receptors, but not trans-acting receptors, could fuze even with neighboring
untransfected cells). On the other hand, the DH(180) protein supported syncytium for-
mation induced by CADM1 and CADM2, but not by SLAM and nectin-4, confirming our
previous study (25). Notably, when the DH(158) protein was expressed, all the host
molecules including CADM1 and CADM2 did not induce syncytium formation.

The levels of membrane fusion supported by these H proteins were also quantified
by the dual split protein (DSP) assay (24, 28–30). In this assay, a pair of chimeric reporter
proteins, DSP1 and DSP2, each comprised of the split Renilla luciferase and split green
fluorescent protein (GFP), are stably expressed in 293FT cells, respectively (293FT/DSP1
and 293FT/DSP2 cells). When cell-to-cell fusion is induced between 293FT/DSP1 and
293FT/DSP2 cells, Renilla luciferase and GFP activities are restored by the association of
DSP1 and DSP2. The 293FT/DSP1 and 293FT/DSP2 cells were cocultured, and then trans-
fected with plasmids respectively encoding one of the H proteins [H(WT), DH(180) and
DH(158)], the F(T461I) protein, and one of the host proteins (CADM1, CADM2, SLAM, and
nectin-4). The results with the DSP assay completely paralleled those with the fusion
assay (Fig. 1D). Thus, the deleted part (resides at positions 159 to 180) of the stalk region
appears to contain the residue(s) essential for the fusion-triggering function of the H pro-
tein in conjunction with CADM1 and CADM2.

Alanine scanning reveals a segment in the H stalk essential for membrane
fusion induced by CADM1 and CADM2. We then attempted to identify the residues
in the H stalk region that mediate membrane fusion induced by CADM1 and CADM2.
The pCA7 expression plasmids encoding H mutants with alanine substitutions at resi-
dues 161 to 165, 166 to 170, 171 to 175, and 176 to 180 [designated H(A161-165), H
(A166-170), H(A171-175), and H(A176-180), respectively] were generated (Fig. 2A). Flow
cytometry analysis confirmed that these mutant proteins were expressed comparably
to the H(WT) protein on the cell surface 24 h after transfection of these expression plas-
mids into 293FT cells (Fig. 2B).

We then performed the fusion assay with the mutant H proteins (Fig. 2C). All the mu-
tant H proteins supported SLAM-induced syncytium formation, indicating that these muta-
tions did not greatly disrupt the overall structure of the H protein. CADM1, CADM2, and
nectin-4 also induced membrane fusion supported by the H(WT), H(A161-165), H(A166-
170), and H(A176-180) proteins, but not by the H(A171-175) protein. These findings were
confirmed by the DSP assay. CADM1, CADM2, and nectin-4, but not SLAM, were unable to
induce membrane fusion with the H(171-175) protein (Fig. 2D). The results indicate that
the resides at positions 171 to 175 of the H protein stalk region are important for support-
ing cell-to-cell fusion dependent on CADM1, CADM2, and nectin-4.

CADM1 and CADM2 play an essential role in the MeV spread in neuronal cells.
To investigate whether CADM1- and CADM2-induced membrane fusion is critically
involved in MeV spread in neurons and its neurovirulence, we generated the recombinant
MeVs possessing the H(WT) or H(A171-175) protein in addition to the hyperfusogenic F
(T461I) protein and a fluorescent protein Venus [designated hyperfusogenic(hf)-MeV-H
(WT) and hf-MeV-H(A171-175), respectively] by the reverse genetics system as previously
reported (31) (Fig. 3A). Since hf-MeV-H(A171-175) is expected to fail to induce CADM1/2-
dependent cell-to-cell fusion as well as nectin-4-dependent cell-to-cell fusion, we also pre-
pared the recombinant MeV possessing the H(Y543S) protein, which interacts with nectin-
4 only with a low affinity [designated hf-MeV-H(Y543S)] (32) (Fig. 3A). Although human
neurons do not express nectin-4 (10), neurons of dogs and mice do (10, 33, 34). Therefore,
hf-MeV-H(Y543S) is necessary as a control to evaluate the role of nectin-4 in MeV spread
in neurons and its neurovirulence. These recombinant MeVs propagated efficiently in Vero
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FIG 2 Alanine scanning mutagenesis of the H stalk region. (A) Schematic diagrams of the alanine scanning mutants of
the H protein. Residues 161 to 165, 166 to 170, 171 to 175, and 176 to 180 were changed to alanines [designated H
(A161-165), H(A166-170), H(A171-175), and H(A176-180), respectively]. The area of alanine substitution is indicated by
the blue rectangle. CP, cytoplasmic domain; TM, transmembrane domain. (B) The cell surface expression of mutant H
proteins. The pCA7 encoding the H(WT) protein, one of the mutant H proteins [H(A161-165), H(A166-170), H(A171-165),

(Continued on next page)
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cells stably expressing human SLAM (Vero/hSLAM), ascertaining that all the viruses retain
the ability to use SLAM as a receptor. We then examined nectin-4 usage of these viruses
for their entry into cells. The numbers of Venus-expressing cells were counted 48 h after
infection of 293FT cells transiently expressing human, mouse, or hamster nectin-4 (desig-
nated h-, m- and ham-nectin-4, respectively) with the same titers of the viruses. The results
showed that hf-MeV-H(WT) and hf-MeV-H(A171-175) could use all types of nectin-4 as
entry receptors, while hf-MeV-H(Y543S) could not (Fig. 3B). We then evaluated the ability
of these recombinant MeVs to induce syncytium formation in cell lines expressing differ-
ent MeV receptors. Syncytium formation was observed in Vero/hSLAM cells, nectin-4-posi-
tive II-18 cells, and CADM1-positive IMR32 cells infected with hf-MeV-H(WT) (Fig. 3C). In
contrast, hf-MeV-H(Y543S) infection induced syncytium formation efficiently in Vero/
hSLAM and IMR32 cells, but not in II-18 cells (Fig. 3C). When the cells were infected with
hf-MeV-H(A171-175), syncytium formation occurred only in Vero/hSLAM cells, not in II-18
and IMR32 cells (Fig. 3C). These results indicate that whereas the Y543S substitution affects
the H protein’s ability to support nectin-4-dependent entry and syncytium formation, ala-
nine substitutions at positions 171 to 175 suppress CADM1/2-dependent and nectin-4-de-
pendent syncytium formation, but not nectin-4-dependent cell entry.

We also examined whether these viruses spread in mouse primary neurons isolated
from the cerebral cortex of fetal C57BL/6 mice (E17). hf-MeV-H(WT) and hf-MeV-H(Y543S)
spread efficiently in neurons, but hf-MeV-H(A171-175) did not (Fig. 3D). The ability of these
viruses to spread in mouse primary neurons was quantitatively expressed as follows. After
MeV infection, the “single” type (singly infected cells) and the “spread” type (clusters of
multiple infected cells) of infected spots were observed on neurons. When neurons were
infected with hf-MeV-H(WT) or hf-MeV-H(Y543S), the percentage of the spread type in
infected spots was more than 90%. In contrast, when they were infected with hf-MeV-H
(A171-175), the percentage of the spread type in infected spots was less than 10% (Fig.
3E). Taken together, these results clearly indicate that CADM1 and CADM2, but not nectin-
4, are involved in MeV spread in mouse primary neurons.

hf-MeV-H(A171-175) lacks neurovirulence. To evaluate the neurovirulence of these
recombinant MeVs, we used a hamster model as previously reported (16). Nine 10-day-old
suckling hamsters each were intracerebrally inoculated with hf-MeV-H(WT), hf-MeV-H
(A171-175), and hf-MeV-MeV-H(Y543S). All hamsters inoculated with hf-MeV-H(WT) or hf-
MeV-H(Y543S) died 5 to 7 days after inoculation (Fig. 4A). In contrast, no hamsters inocu-
lated with hf-MeV-H(A171-175) showed any symptoms for 2 weeks after inoculation (Fig.
4A). In another experiment, the virus-infected brains were collected 1, 3, and 5 days after
inoculation and examined under a fluorescence stereomicroscope (Fig. 4B). While hamsters
inoculated with hf-MeV-H(WT) or hf-MeV-H(Y543S) showed strong Venus expression
throughout their brains at 5 days after inoculation, Venus was not detected in the brains of
hamsters inoculated with hf-MeV-H(A171-175). These data indicate that CADM1 and
CADM2, but not SLAM and nectin-4, are important for MeV spread in neurons and its neu-
rovirulence in vivo.

DISCUSSION

The MeV H protein is a type II glycoprotein consisting of an N-terminal cytoplasmic tail,
a transmembrane region, a membrane-proximal stalk region, and a C-terminal head

FIG 2 Legend (Continued)
and H(A176-180)], or none (NC) was transfected into 293FT cells. Surface expression of the H protein was analyzed by
flow cytometry. Percentages of the positive populations in compartment B are shown. SSC, Side-scattered light. (C) The
fusion assay with the WT and mutant H proteins. The pCA7 plasmids encoding one of the H proteins [H(WT), H(A161-
165), H(A166-170), H(A171-175), and H(A176-180)], the F(T461I) protein, EGFP, and one of the host proteins (CADM1,
CADM2, SLAM, and nectin-4) were transfected into 293FT cells. Cells were observed under a fluorescence microscope
30 h after transfection. Scale bar = 200 mm. (D) The DSP assay with the WT and mutant H proteins. The pCA7 plasmids
respectively encoding one of the H proteins [H(WT), H(A161-165), H (A166-170), H(A171-175), and H(A176-180)], the F
(T461I) protein, and one of the host proteins (CADM1, CADM2, SLAM, and nectin-4) were transfected into cocultured
293FT/DSP1 and 293FT/DSP2 cells. Renilla luciferase activity was measured 48 h after transfection. Luciferase activity of
the sample expressing the H(WT) protein and the corresponding host molecule was set to 1.0 (n = 3, means 6SD).
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FIG 3 The Recombinant MeV with the F(T461I) and H(A171-175) proteins does not spread in neurons. (A) Schematic diagrams of
recombinant MeVs possessing F (T461I) and one of the H proteins [H(WT), H(A171-175), and H(Y543S)] [designated as hf-MeV-H (WT),
hf-MeV-H (A171-75), and hf-MeV-H (Y543S), respectively]. (B) Virus entry assay. The 293FT cells were transfected with pCA7 encoding
one of the human, mouse, and hamster nectin-4, or vector plasmid alone (NC), and subsequently infected with respective recombinant
MeVs. The number of infected cells was counted 48 h after infection (when syncytium was rarely formed) under a fluorescence microscope,
and entry efficiency was expressed as infectious unit (IU)/mL. (C) Syncytium formation in Vero/hSLAM, II-18 (a nectin-4-postiive human lung
cancer cell line), and IMR32 (a CADM1-positive human neuroblastoma cell line) cells infected with the recombinant MeVs at an MOI of 0.1.
At 72 h after infection, the cells were observed under a fluorescence microscope. Scale bar = 200 mm. (D) Mouse primary neurons were
infected with the recombinant MeVs at an MOI of 0.1. At 72 h after infection, the cells were observed under a fluorescence microscope. (E)
The percentages of the “single” and “spread” types of infected spots when mouse primary neurons were infected with the recombinant
MeVs. Scale bar = 200 mm.
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domain. The head domain binds to MeV entry receptors, SLAM and nectin-4, and the crys-
tal structures of the H head domain in complex with these receptors are already available
(35, 36). On the other hand, the function of the H stalk (residues 59 to 180) has remained
unclear, and its crystal structure has not been determined. Recent studies have shown that
different sites on the H stalk have different roles in supporting membrane fusion. The cen-
tral segments of the H stalk (residues 84 to 117) are important for triggering the conforma-
tional change of the F protein (37), and the residues 111 to 118 are also involved in the
physical association of the H protein with the F protein (38). In addition, Navaratnarajah
et al. reported that the deletion of residues 167 to 183 in the H protein abolishes its func-
tion in supporting membrane fusion (39). The authors suggested that this segment prob-
ably acts as a leash to provide the flexible head movement necessary to induce the fusion-
triggering conformational change of the H protein (39). However, the detailed functions of
these and other parts of the stalk region are largely unknown. We recently reported that
CADM1 and CADM2, cis-acting receptors that enable neuropathogenic MeV spread in neu-
rons (22), interact with the H protein lacking the head domain, presumably through the
stalk region (25).

In this study, we show that the residues 171 to 175 of the H protein play an impor-
tant role in membrane fusion caused by hyperfusogenic F proteins. Unexpectedly, the
mutant H protein with alanine substitutions at positions 171 to 175 failed to support
membrane fusion induced not only by CADM1 and CADM2, but also by nectin-4 (Fig.
2). At present, we have not been able to further define the critical residue(s) within this
segment. What is the function of these five residues? First, they may be directly
involved in the interaction with CADM1, CADM2 and nectin-4. Nectin-4 is known to
interact with the head domain of the H protein, but it may additionally interact with
the stalk region. The substitutions of these five residues could also indirectly affect the
interaction of the H protein with CADM1, CADM2, and nectin-4 by altering its confor-
mation. Second, they may be involved in the transfer of the fusion-triggering signal to

FIG 4 hf-MeV-H(A171-175) lacks neurovirulence. (A) Mortality of hamsters after intracerebral inoculation with
the recombinant MeVs. Nine 10-day-old hamsters were infected with 1,500 PFU of hf-MeV-H(WT), hf-MeV-H
(A171-175), or hf-MeV-H(Y543S). The hamsters were monitored for 14 days. (B) Spread of the recombinant
MeVs in the brains of infected hamsters. The brains of euthanized hamsters at 1, 3, and 5 days after infection
were observed under a fluorescence stereomicroscope.
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the F protein. In this case, the property of the fusion-triggering signal must be depend-
ent on the receptors since the H(A171-175) protein can still support SLAM-dependent
membrane fusion. Importantly, hf-MeV-H(A171-175) does not efficiently induce nectin-
4-dependent syncytium formation but retains the ability to use nectin-4 as an entry re-
ceptor. The results suggest that nectin-4-dependent virus-to-cell fusion (entry) and
cell-to-cell fusion (syncytium formation) may be regulated differently, as found in other
studies (40–43). To fully understand how the H stalk region is involved in the mem-
brane fusion process, we need further functional, biochemical, and structural studies.

Although our previous study suggested using knockdown experiments that CADM1
and CADM2 are necessary to cause MeV transmission in neurons (22), it is unknown
whether these molecules are also essential for MeV neurovirulence in vivo. We show here
that hf-MeV-H(A171-175) neither spreads in neurons, nor does it exhibit neurovirulence in
experimentally infected suckling hamsters. In contrast, hf-MeV-H(WT) and nectin-4 blind hf-
MeV-H(Y543S) spread in neurons and exhibit neurovirulence (Fig. 3 and 4). Thus, the ability
to cause CADM1- and CADM2-dependent syncytium formation parallels the neurotropism
and neurovirulence in vivo of these recombinant MeVs (Table 1). The results indicate that
CADM1 and CAMD2, which interact with the H stalk region, are essential for MeV neurovir-
ulence. These findings further our understanding of the molecular mechanism of MeV neu-
ropathogenicity and present the interaction between the H stalk region and CADM1/2 as a
potential target for antiviral therapy against SSPE.

MATERIALS ANDMETHODS
Cells. The 293FT cells, Vero cells stably expressing human SLAM (Vero/hSLAM cells) (44), II-18 cells,

and IMR-32 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) (FUJIFILM Wako Pure
Chemical Corporation) supplemented with 10% fetal bovine serum (FBS). The 293FT cell line is a deriva-
tive of 293T and was obtained from Invitrogen. The 293FT cells stably expressing DSP1 and DSP2 (28–
30), kindly provided by Z. Matsuda, the University of Tokyo, were maintained in DMEM supplemented
with 10% FBS and 1 mg/mL puromycin (InvivoGen). Mouse primary neurons were isolated from the cor-
tex of the C57BL/6 mouse at embryonic day 17 and cultured according to the protocol described previ-
ously (22).

Plasmids. The eukaryotic expression vector pCA7 (45) is a derivative of pCAGGS (46). The pCA7 plas-
mids respectively encoding H(WT) (the IC-B strain), DH(180) [residues 1 to 180 of the H protein with a
tetramerization domain (GRMKQIEDKLEEILSKLYHIENELARIKKLLGER) derived from a derivative of the leu-
cine-zipper domain of the yeast GCN4 transcriptional activator (26, 27) at the C-terminus], F(T461I), SLAM
(accession no. NM_003037.5), nectin-4 (NM_030916.3), human CADM1 (NM_001098517.2), mouse CADM1
(NM_001025600.1), hamster CADM1 (XM_005069479.4), human CADM2 (NM_001167675.2), mouse
CADM2 (NM_178721.4), hamster CADM2 (XM_005082055.4), E-cadherin (NM_004360.5), and EGFP were
described previously (16, 22, 24, 47). The synthesized DNAs encoding mouse SLAM (NM_013730.4), ham-
ster SLAM (XM_005078217.3), mouse nectin-4 (NM_027893.3), and hamster nectin-4 (XM_021223926.2),
were purchased from Eurofins Genomics K.K. DNA fragments respectively encoding DH(158), H(A161-165),
H(A166-170), H(A171-175), and H(A176-180) were inserted into pCA7 predigested with EcoRI and NotI. For
cell surface expression analysis, the Flag tag (DYKDDDDK) sequences were fused to the C termini of the E-
cadherin and EGFP, and the HA-tag (YPYDVPDYA) sequences were fused to the C termini of the H(WT),
DH(180), and DH(158), respectively.

Virus preparation. Recombinant MeVs were recovered as described previously (31). The viruses were
propagated in Vero/hSLAM cells. Cells were then harvested and lysed by three freeze-thaw cycles. Lysates
were centrifuged at 2,500 � g for 10 min at 4°C. Supernatants were collected and stored at 280°C. The titer
of each recombinant virus (plaque forming unit [PFU] per mL) was determined in Vero/hSLAM cells as
described previously (44). Titers of these recombinant viruses were all comparable (2.5-5.0� 105 PFU/mL).

Fusion assay. The 293FT cells cultured in 24-well plates were transfected with different combina-
tions of pCA7 plasmids respectively encoding one of the H proteins [H(WT), DH(180), DH(158), H(A161-
165), H(A166-170), H(A171-175), and H(A176-180)] (0.1 mg), the F(T461I) protein (0.1 mg), and EGFP
(0.1 mg) with pCA7 encoding one of host molecules (CADM1, CADM2, SLAMF1, and nectin-4) or a vector

TABLE 1 Properties of the recombinant MeVs used in this study

Virus

Syncytium formation (cell-to-cell
fusion) dependent on

Spread in
neurons

Neurovirulence
in hamstersSLAM Nectin-4 CADM1/2

hf-MeV-H(WT) Yes Yes Yes Yes Yes
hf-MeV-H(A171-175) Yes Noa No No No
hf-MeV-H(Y543S) Yes No Yes Yes Yes
aNo indicates that nectin-4-dependent syncytium formation, but not entry, is suppressed.
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plasmid alone (0.3 mg) using Lipofectamine LTX (Thermo Fisher Scientific). The cells were observed 30 to
48 h after transfection by fluorescence microscopy.

DSP assay. DSP1 and DSP2 are split proteins of the Renilla luciferase and GFP which become functional
when reassociated with each other after 293FT/DSP1 and 293FT/DSP2 cells are fused. The protocol of the
DSP assay was previously described (24). Briefly, pCA7 expression plasmids respectively encoding one of the
H proteins [H(WT), DH(180), DH(158), H(A161-165), H(A166-170), H(A171-175), and H(A176-180)] (0.1 mg) and
the F(T461I) proteins (0.1 mg) with pCA7 encoding one of the host molecules (CADM1, CADM2, SLAM, and
nectin-4) or pCA7 alone (0.3 mg), were transfected into cocultured 293FT/DSP1 and 293FT/DSP2 cells in 24-
well plates using Lipofectamine LTX (Thermo Fisher Scientific). The Renilla luciferase activity was analyzed 24
h after transfection using the Renilla luciferase assay system (Promega).

Virus entry assay. The 293FT cells cultured in 12-well plates were transfected with pCA7 plasmids
encoding human, mouse, or hamster nectin-4 (1 mg) using Lipofectamine LTX (2 mL). The cells were sub-
sequently infected with the hf-MeV-H(WT), the hf-MeV-H(A171-175), or the hf-MeV-H(Y543S) 24 h after
transfection. At 48 h after infection, infectious units of the recombinant viruses were determined by the
number of Venus-expressing cells under a fluorescence microscope.

Infection of the hamster model with recombinant viruses. Following procedures previously
described in (16), 10-day-old Syrian golden hamsters (SLC-Japan, Shizuoka, Japan) were anesthetized with sevo-
flurane. Then, 25mL of diluted viruses were inoculated into the left hemisphere of the brains of hamsters. After
the inoculation, clinical symptoms were observed every day and moribund hamsters were euthanized.

Two hamsters inoculated with the hf-MeV-H(WT), the hf-MeV-H(A171-175), or the hf-MeV-H(Y543S)
were euthanized at the point of 1 day, 3 days, or 5 days after inoculation, and their brains were then col-
lected. The MeV-infected brains were observed under a fluorescence stereomicroscope. All animal
experiments were reviewed by the Institutional Committee of Ethics on Animal Experiments and carried
out according to the Guidelines for Animal Experiments of the Faculty of Medicine, Kyushu University,
Fukuoka, Japan.

Cell surface biotinylation assay. Following procedures previously described in (25), subconfluent
monolayers of 293FT cells cultured on 12-well plates were transfected with 0.5 mg of pCA7 encoding the
HA-tagged H [H(WT), DH(180), and DH(158)], the Flagged EGFP (an intracellular protein control), or a
pCA7 vector alone (a negative control) with 0.5 mg of pCA7 encoding the Flag-tagged E-cadherin (a cell
surface protein control) using Lipofectamine LTX. At 24 h after transfection, cells were washed with
phosphate-buffered saline (PBS), and then incubated with 200 mL of the biotin reagent solution (2 mM
EZ-Link Sulfo-NHS-Biotin [Thermo Scientific] in PBS) for 30 min (min) at 4°C. After washing three times
with PBS containing 100 mM glycine for quenching, the cells were lysed in 200 mL of the immunopreci-
pitation (IP) lysis buffer (Thermo Fisher Scientific) containing the protease inhibitor cocktail (Sigma). The
lysates were cleared by centrifugation for 30 min at 17,360 � g and 4°C. Then, 50mL of each supernatant
was mixed with an equal volume of the 2� sodium dodecyl sulfate (SDS) loading buffer [125 mM Tris-
HCl (pH 6.8), 10% 2-mercaptoethanol, 4% SDS, 0.1% bromophenol blue, and 20% glycerol], boiled for
5 min, and stocked at 220°C as the cell lysate samples. The rest of the supernatant was incubated with
avidin-agarose beads (A-9207, Sigma) for 3 h at 4°C. The samples were centrifuged and washed three
times with the IP lysis buffer. Pellets were mixed with 30 mL of the 2� SDS loading buffer, boiled for
5 min, and stocked at220°C as the biotinylated cell surface protein samples.

Western blotting. Following procedures previously described in (25), proteins in samples were sep-
arated by SDS-polyacrylamide gel electrophoresis, and then blotted onto polyvinylidene difluoride
membranes (Hybond-P, Amersham Biosciences). The membranes were incubated with primary Abs (abs)
for 1 h. Rabbit polyclonal abs against HA-tag (GTX115044, GeneTex), His-tag (PM 032, MBL), and mouse
monoclonal abs against E-cadherin (Clone SHE78-7, TaKaRa Bio), Flag-tag (F1804, Sigma-Aldrich), and
b-actin (clone BA3R, BioVision) were used, respectively. The membranes were washed with Tris-buffered
saline containing 0.05% Tween 20 (TBS-T) and incubated with horseradish peroxidase-conjugated goat
anti-mouse (Bio-Rad) or anti-rabbit IgG ab (Zymed) for 1 h at room temperature. After washing with TBS-
T, the membranes were treated with the ECL Plus reagent (Amersham Biosciences), and chemilumines-
cent signals were detected and imaged using a VersaDoc 5000 imager (Bio-Rad).

Flow cytometry. Following procedures previously described in (24), pCA7 expression plasmids respec-
tively encoding one of the H proteins [H(WT), H(A161-165), H (A166-170), H(A171-175), and H(A176-180)]
(1.0 mg) or pCA7 alone (1.0 mg), were transfected into 293FT cells in 6-well plates using Lipofectamine LTX
(Thermo Fisher Scientific). The cells were incubated with human polyclonal antibody against MeV 48 h after
transfection, followed by Alexa Fluor 488-conjugated anti-human IgG (Molecular Probes, Inc.), as described
(24). The cells were then analyzed on a FACSCalibur HD flow cytometer using BD CellQuest Pro, version 5.2.1,
software. Target cell populations were first distinguished from cell debris by forward scatter (FSC) and side
scatter (SSC) gating, followed by detection of the MeV H-positive populations.
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