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ABSTRACT Measles virus (MeV) is an enveloped RNA virus bearing two envelope
glycoproteins, the hemagglutinin (H) and fusion (F) proteins. Upon receptor binding,
the H protein triggers conformational changes of the F protein, causing membrane
fusion and subsequent virus entry. MeV may persist in the brain, infecting neurons
and causing fatal subacute sclerosing panencephalitis (SSPE). Since neurons do not
express either of the MeV receptors, signaling lymphocytic activation molecule
(SLAM; also called CD150) and nectin-4, how MeV propagates in neurons is un-
known. Recent studies have shown that specific substitutions in the F protein found
in MeV isolates from SSPE patients are critical for MeV neuropathogenicity by ren-
dering the protein unstable and hyperfusogenic. Recombinant MeVs possessing the
F proteins with such substitutions can spread in primary human neurons and in the
brains of mice and hamsters and induce cell-cell fusion in cells lacking SLAM and
nectin-4. Here, we show that receptor-blind mutant H proteins that have decreased
binding affinities to receptors can support membrane fusion mediated by hyperfuso-
genic mutant F proteins, but not the wild-type F protein, in cells expressing the cor-
responding receptors. The results suggest that weak interactions of the H protein
with certain molecules (putative neuron receptors) trigger hyperfusogenic F proteins
in SSPE patients. Notably, where cell-cell contacts are ensured, the weak cis interac-
tion of the H protein with SLAM on the same cell surface also could trigger hyperfu-
sogenic F proteins. Some enveloped viruses may exploit such cis interactions with
receptors to infect target cells, especially in cell-to-cell transmission.

IMPORTANCE Measles virus (MeV) may persist in the brain, causing incurable sub-
acute sclerosing panencephalitis (SSPE). Because neurons, the main target in SSPE,
do not express receptors for wild-type (WT) MeV, how MeV propagates in the brain
is a key question for the disease. Recent studies have demonstrated that specific
substitutions in the MeV fusion (F) protein are critical for neuropathogenicity. Here,
we show that weak cis and trans interactions of the MeV attachment protein with
receptors that are not sufficient to trigger the WT MeV F protein can trigger the mu-
tant F proteins from neuropathogenic MeV isolates. Our study not only provides an
important clue to understand MeV neuropathogenicity but also reveals a novel viral
strategy to expand cell tropism.

KEYWORDS measles virus, neuropathogenicity, subacute sclerosing panencephalitis,
virus receptor, weak interaction

Measles is still an important cause of death worldwide, especially among young
children in developing countries (1). Measles virus (MeV), the causative agent of

the disease, is an enveloped RNA virus in the family Paramyxoviridae and has two
envelope glycoproteins, the hemagglutinin (H) and fusion (F) proteins. MeV enters the
cell through membrane fusion at the cell surface. The binding of the H protein to a

Citation Shirogane Y, Hashiguchi T, Yanagi Y.
2020. Weak cis and trans interactions of the
hemagglutinin with receptors trigger fusion
proteins of neuropathogenic measles virus
isolates. J Virol 94:e01727-19. https://doi.org/10
.1128/JVI.01727-19.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Yusuke Yanagi,
yyanagi@virology.med.kyushu-u.ac.jp.

Received 7 October 2019
Accepted 10 October 2019

Accepted manuscript posted online 16
October 2019
Published

VIRUS-CELL INTERACTIONS

crossm

January 2020 Volume 94 Issue 2 e01727-19 jvi.asm.org 1Journal of Virology

6 January 2020

 on A
pril 27, 2020 at N

IH
 Library

http://jvi.asm
.org/

D
ow

nloaded from
 

https://orcid.org/0000-0001-7578-7571
https://orcid.org/0000-0001-7815-1667
https://doi.org/10.1128/JVI.01727-19
https://doi.org/10.1128/JVI.01727-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:yyanagi@virology.med.kyushu-u.ac.jp
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01727-19&domain=pdf&date_stamp=2019-10-16
https://jvi.asm.org
http://jvi.asm.org/


cellular receptor triggers the conformational changes of the F protein from the prefu-
sion to the postfusion form, thereby causing the fusion of the virus envelope with the
cell membrane and allowing the delivery of the virus genome into the cell (2–6). The
H and F proteins are also expressed on the surface of MeV-infected cells, inducing
syncytia via cell-cell fusion of infected and neighboring uninfected cells. The signaling
lymphocytic activation molecule (SLAM; also called SLAMF1 or CD150) on immune cells
and nectin-4 on epithelial cells are known to act as receptors for MeV (7–9).

MeV persists, albeit rarely, in the central nervous system, causing fatal subacute
sclerosing panencephalitis (SSPE) several years after acute infection (6). In SSPE pa-
tients, MeV mainly propagates in neurons, which express neither SLAM nor nectin-4 (10,
11), but the neuron receptor for MeV has not been identified. Notably, wild-type (WT)
MeV isolates from acute measles patients are unable to spread in primary human
neurons in vitro and do not induce membrane fusion in SLAM- and nectin-4-negative
cells (12–14). Although a recent study suggested that trans-endocytosis elicited by
nectins accounts for the first phase of MeV neural invasion (15), how MeV propagates
in the brain is still unclear. Through adaptation to persistence in the brain, MeV isolates
from SSPE patients accumulate numerous mutations in their genomes, including the
gene encoding the matrix protein involved in virus particle formation (16–18). Since the
mutations preclude the production of free MeV particles, it is thought that cell-to-cell
transmission accounts for MeV propagation in neurons (6, 19, 20).

Recent studies have demonstrated that specific substitutions in the ectodomain of
the F protein are critical for neuropathogenicity of MeV, conferring on the virus the
ability to spread in primary human neurons in vitro as well as in the brains of
experimentally infected mice and hamsters (6, 12–14, 21–26). These substitutions were
shown to destabilize the prefusion form of the F protein, rendering it hyperfusogenic.
Importantly, the F proteins containing such substitutions can induce membrane fusion
in SLAM- and nectin-4-negative cells when expressed together with the WT H protein.
The reason why the structurally unstable hyperfusogenic F proteins induce membrane
fusion and mediate viral spread in human neurons lacking the known receptors is
unknown. Since decreased stability lowers the energy level of the activation barrier
required to induce the conformational changes of the F protein, we proposed that even
weak interactions of the H protein with particular molecules (other than SLAM and
nectin-4) that cannot trigger the WT F protein for the conformational changes are
sufficient to trigger structurally unstable mutant F proteins (21). Thus, the H protein
may interact only weakly with the putative MeV neuron receptor(s).

To test this idea, here we employed a reverse strategy where so-called receptor-
blind MeV H proteins were examined in combination with SLAM and nectin-4. These
mutant H proteins have substitutions within the receptor binding sites and fail to use
respective receptors, although they retain certain levels of binding affinities to the
receptors (2, 27–30). We found that weak interactions between the SLAM-blind H
protein and SLAM or between the nectin 4-blind H protein and nectin-4 could support
membrane fusion mediated by hyperfusogenic mutant F proteins but not the WT F
protein, verifying our hypothesis. Unexpectedly, we also found that the cis interaction
of the SLAM-blind H protein with SLAM on the same cells could trigger hyperfusogenic
F proteins. This finding defies the general notion that the viral attachment protein
interacts in trans with its receptor. The cis interaction may play a role in cell-to-cell
transmission of enveloped viruses, where close cell-cell contacts (e.g., neurological
synapses and polarized epithelia) exist and trans interactions are not essential.

RESULTS
Specific substitutions in the ectodomain of the F protein compensate for the

binding defect of receptor-blind H proteins. R533A and Y543S substitutions in the
receptor-binding sites render the MeV H protein deficient for binding to SLAM and
nectin-4, respectively (2, 27–30). Surface plasmon resonance (SPR) analysis confirmed
that these substitutions strongly reduce the binding of the MeV H protein to the
corresponding receptors (data not shown). Fusion support activities of these mutant H
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proteins were then evaluated by the fusion assay. 293FT cells were transfected with
plasmids expressing one of the MeV H proteins [WT-H, H(R533A), or H(Y543S)], the
WT-F protein, one of the receptors (SLAM or nectin-4), and enhanced green
fluorescent protein (EGFP) (Fig. 1A). H(R533A) and H(Y543S) did not support syn-
cytium formation dependent on SLAM and nectin-4, respectively (Fig. 2A). The T461I
substitution in the ectodomain of the F protein is found in multiple MeV isolates
from SSPE patients and enables MeV to spread in primary human neurons and
brains of mice and hamsters and to induce membrane fusion in cells lacking SLAM
and nectin-4 (12, 13, 24). When F(T461I) was used in place of WT-F for the fusion
assay, the combination of H(R533A) and SLAM or H(Y543S) and nectin-4 caused
syncytium formation as efficiently as that of WT-H and SLAM or WT-H and nectin-4,
respectively (Fig. 2B).

We also examined two other F proteins containing substitutions in the ectodomain,
F(S103I/N462S/N465S) (designated F-triple) and F(M94V), as well as the F protein
missing the cytoplasmic tail (F-Δ30). F-triple and F(M94V) have been shown to possess
the same properties as F(T461I) (12, 13). In contrast, F-Δ30 could neither induce syncytia
in cells lacking SLAM and nectin-4 nor exhibit strong neuropathogenicity, although its
fusion-enhancing effect was evident in SLAM-positive cells (12, 13, 24). F-triple and
F(M94V), but not F-Δ30, induced apparent syncytia in 293FT cells when expressed
together with H(R533A) and SLAM (Fig. 2C) or with H(Y543S) and nectin-4 (Fig. 2D).

Thus, the F proteins possessing specific substitutions in the ectodomain could
compensate for the binding defect of receptor-blind H(R533A) and H(Y543S), indicating
that even weak interactions of the H protein with receptors could trigger these
hyperfusogenic F proteins.

Receptor activity of SLAM for SLAM-blind H(R533A) differs depending on the
conditions of the fusion assay. To quantitate levels of membrane fusion supported
by low-affinity interactions between the receptor-blind H proteins and their corre-
sponding receptors, we employed the dual split protein (DSP) assay system (31–33).
In this system, a pair of chimeric reporter proteins, DSP1 and DSP2, each comprised
of the split Renilla luciferase and split GFP, are used (Fig. 1B). When cell-cell fusion
is induced between 293FT cells stably expressing DSP1 and DSP2 (293FT/DSP1 and

FIG 1 Schematic diagrams of assays used in this study. (A) The fusion assay was performed by expressing
all components (MeV H, MeV F, EGFP, and a receptor) together in 293FT cells. Cells were observed under
fluorescence microscopy 30 h after transfection. (B) The principle of the DSP assay system. DSP1 and
DSP2 are a pair of chimeric reporter proteins, each composed of split Renilla luciferase and split GFP.
293FT/DSP1 and 293FT/DSP2 cells are 293FT cells stably expressing DSP1 and DSP2, respectively. When
293FT/DSP1 and 293FT/DSP2 cells are fused, Renilla luciferase and GFP activities are restored by the
association of DSP1 and DSP2. (C) The quantitative fusion assay (the DSP assay) was performed by
expressing all components (MeV H, MeV F, and a receptor) in cocultured 293FT/DSP1 and 293FT/DSP2
cells. Renilla luciferase activity was measured 24 h after transfection. (D) The quantitative fusion assay to
evaluate trans- and cis-acting receptor activities. 293FT/DSP2 cells transfected with plasmids expressing
MeV H and MeV F proteins and with or without the plasmid expressing a receptor (in cis) were mixed with
293FT/DSP1 cells transfected with the control plasmid or that expressing a receptor (in trans). Renilla
luciferase activity was measured 24 h after the cells were mixed.
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293FT/DSP2 cells), Renilla luciferase and GFP activities are restored by the associ-
ation of DSP1 and DSP2.

293FT/DSP1 and 293FT/DSP2 cells were cocultured and transfected with plasmids
expressing MeV H, MeV F, and SLAM or nectin-4 (Fig. 1C), and Renilla luciferase activity
was measured 24 h after transfection. Cell-cell fusion was detected upon expression of
SLAM or nectin-4, but the other members of the nectin family (nectin-1, nectin-2, and
nectin-3) did not induce membrane fusion with this assay using WT H and F(T461I)
(data not shown). Thus, induction of cell-cell fusion under this experimental condition
requires a specific receptor, either SLAM or nectin-4. When WT-H and WT-F were
expressed with SLAM or nectin-4 in the assay, luciferase activities were significantly
increased compared with that of the receptor-negative control (Fig. 3A). In contrast,
H(R533A) and H(Y543S), in combination with WT F, were unable to induce luciferase
activities with SLAM and nectin-4, respectively. However, when F(T461I) was transfected
in place of WT-F, H(R533A) and H(Y543S) exhibited significant luciferase activities with
SLAM and nectin-4, respectively. The levels of fusion induced by the combination of
H(R533A) and F(T461I) with SLAM and that of H(Y543S) and F(T461I) with nectin-4 were
comparable to those induced by the combination of WT-H and WT-F with the corre-
sponding receptors. Thus, the results with the quantitative DSP assay are consistent
with the observations with the fusion assay under fluorescence microscopy (Fig. 2A and
B and 3A).

Although transfecting cells with plasmids expressing MeV envelope proteins and
receptors together is a convenient method to evaluate cell-cell fusion (the first proto-
col) (Fig. 1A and C), it may not reflect real situations where the MeV envelope proteins
and host receptors are usually expressed on separate membranes. Therefore, the

FIG 2 Cell-cell fusion supported by receptor-blind H proteins in combination with WT and mutant F
proteins. (A and B) 293FT cells were transfected with different combinations of plasmids expressing MeV
H [WT-H, H(R533A), or H(Y543S)], MeV F [WT-F (A) or F(T461I) (B)], a receptor (SLAM, nectin-4, or control
vector), and EGFP. Arrows indicate small-sized syncytia. (C and D) 293FT cells were transfected with
plasmids expressing MeV H [H(R533A) (C) or H(Y543S) (D)], MeV F [WT-F, F(T461I), F-triple (S103I/N462S/
N465S), F(M94V), or F-Δ30], a receptor (SLAM [C] or nectin-4 [D]), and EGFP. Cells were observed under
fluorescence microscopy 30 h after transfection. Scale bar, 200 �m.
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protocol was modified to evaluate trans-acting receptor activities of SLAM and nectin-4
for the receptor-blind H proteins (the second protocol) (Fig. 1D). 293FT/DSP1 cells were
transfected with the plasmid expressing SLAM or nectin-4, while 293FT/DSP2 cells were
transfected with plasmids expressing H and F(T461I) proteins. The transfected 293FT/
DSP1 cells were mixed with the transfected 293FT/DSP2 cells 3 to 4 h later, and Renilla
luciferase activity was measured 24 h after the cells were mixed. In this protocol, the
combination of H(R533A) and SLAM in trans was unable to induce luciferase activity
even with F(T461I), while luciferase activity was detected with the combination of
H(Y543S) and nectin-4 (Fig. 3B). The result with the combination of H(R533A) and SLAM
in trans was unexpected. Figure 3C schematically shows the difference between the
two protocols. In the first protocol, both 293FT/DSP1 and 293FT/DSP2 cells express all
of H, F, and SLAM. In the second protocol, 293FT/DSP2 cells express MeV envelope
proteins, while 293FT/DSP1 cells express only SLAM. The decreased binding affinity of

FIG 3 Receptor activities of SLAM and nectin-4 tested under two different conditions. (A) MeV H [WT-H, H(R533A), or H(Y543S)),
MeV F (WT-F or F(T461I)], and a receptor (SLAM, nectin-4, or control [vector plasmid]) were expressed together in cocultured
293FT/DSP1 and 293FT/DSP2 cells as shown in Fig. 1C (n � 3, means � standard deviations [SD]). (B) 293FT/DSP1 cells were
transfected with a plasmid expressing SLAM, nectin-4, or the control. The cells were mixed with 293FT/DSP2 cells transfected
with plasmids expressing MeV H [WT-H, H(R533A), or H(Y543S)] and F(T461I) proteins as shown in Fig. 1D (n � 3, means � SD).
(C) Schematic diagrams showing results obtained with different protocols. The diagram on the left corresponds to Fig. 1C and
panel A of this figure, and the one on the right corresponds to Fig. 1D and panel B of this figure.
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H(R533A) to SLAM might not be sufficient to trigger membrane fusion between the
cells; thus, bidirectional low-affinity interactions between H(R533A) on 293FT/DSP1 cells
and SLAM on 293FT/DSP2 cells as well as between H(R533A) on 293FT/DSP2 cells and
SLAM on 293FT/DSP1 cells might be required to support cell-cell fusion with F(T461I).
Alternatively, SLAM might interact in cis with H(R533A) to trigger F(T461I).

SLAM exhibits cis-acting receptor activity for SLAM-blind H(R533A) in the
copresence of E-cadherin. To determine how the receptor-blind H proteins interact
with receptors to trigger F(T461I), SLAM and nectin-4 were expressed in trans, in cis, or
both in trans and in cis with regard to H and F proteins in the DSP assay (Fig. 4A, a to
c). H(R533A) could support membrane fusion only when SLAM was expressed both in
trans and in cis (Fig. 4B), whereas H(Y543S) could do so when nectin-4 was expressed
in trans (Fig. 4C). Since fusion occurred between 293FT/DSP2 cells expressing H(R533A),
F(T461I), and SLAM and 293FT/DSP1 cells expressing SLAM (Fig. 4A, c, and B), the
possibility that bidirectional H(R533A)/SLAM interactions are necessary for the induc-
tion of fusion could be excluded (293FT/DSP1 cells did not express H and F proteins).
Thus, we are left with the possibility that SLAM interacts in cis with H(R533A). The
importance of homophilic SLAM/SLAM binding in immune responses has been well
established (34–36). We hypothesized that in addition to the cis interaction between
H(R533A) and SLAM on 293FT/DSP2 cells, the homophilic binding of SLAM on 293FT/
DSP1 and SLAM on 293FT/DSP2 cells is necessary for cell-cell fusion, because the
binding affinity of H(R533A) to SLAM is not sufficient to bring the two membranes to
be fused into close apposition. This interpretation would nicely explain the findings
that H(R533A) supports fusion when SLAM is expressed on both 293FT/DSP1 and
293FT/DSP2 cells but not when it is expressed on either type of cells.

To substantiate this hypothesis, E-cadherin was exogenously expressed on cells
(Fig. 4A, d to f, and D). E-cadherin is a calcium-dependent cell adhesion molecule,
and it preferentially interacts with itself to form the adherens junction (37). When
293FT cells were transfected with plasmids expressing WT H, F(T461I), and
E-cadherin, some syncytia were formed, but they were much fewer in number and
smaller in size than those formed by the expression of H(R533A), F(T461I), and SLAM
or by the expression of H(Y543S), F(T461I), and nectin-4 (Fig. 4D). Expression of
E-cadherin on both 293FT/DSP1 and 293FT/DSP2 cells without receptors also
induced membrane fusion to some extent in the DSP assay (Fig. 4B, d, and C, d).
However, the additional expression of SLAM in cis, but not in trans, with respect to
MeV envelope proteins (on 293FT/DSP2 cells) increased the level of membrane
fusion (Fig. 4B, e and f). The level of membrane fusion induced by the expression
of SLAM in cis in the presence of E-cadherin was comparable to that by the
expression of SLAM both in trans and in cis (Fig. 4B, c and f).

Taken together, the results indicate that the induction of membrane fusion medi-
ated by H(R533A) and F(T461I) has two requirements: first, the cis interaction between
H(R533A) and SLAM, and second, cell-cell contact mediated by homophilic SLAM-SLAM
or homophilic E-cadherin–E-cadherin binding. Although a certain level of fusion may be
induced by the mere close proximity of two membranes, as previously suggested in
another experimental system of MeV-mediated membrane fusion (38), the full level of
fusion appears to demand the interaction between the H protein and its receptor that
triggers the F protein. In contrast, expression of E-cadherin did not affect the level of
fusion induced by the trans interaction between H(Y543S) and nectin-4 (Fig. 4C).
Furthermore, the level of fusion induced by the cis interaction between them was
negligible, as it was comparable to that induced in the presence of E-cadherin alone
(without nectin-4). Thus, H(Y543S) triggers F(T461I) by interacting in trans with nectin-4.

The cis interaction of WT H with SLAM cannot trigger the F protein. We then
examined whether the cis interaction also occurs between WT H and SLAM. As
expected, expression of SLAM or nectin-4 in cis with respect to WT H could not trigger
F(T461I) to cause membrane fusion in the DSP assay (Fig. 5A), because sufficient cell-cell
contact did not exist between 293FT/DSP1 and 293FT/DSP2 cells. The additional
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expression of E-cadherin in both 293FT/DSP1 and 293FT/DSP2 cells did not increase the
level of fusion supported by WT H and SLAM (Fig. 5B). Rather, it was even lower than
that obtained when E-cadherin was expressed without SLAM. To understand why the
expression of E-cadherin did not help the combination of WT H and SLAM to support
membrane fusion, WT H and H(R533A) were transiently expressed with SLAM in 293FT
cells, and cell surface expression levels of the H proteins were examined by flow
cytometry (Fig. 5C). Both the percentage and the mean fluorescent intensity of WT
H-positive cells were decreased by coexpression of SLAM, while those of H(R533A)-
positive cells were not affected (Fig. 5C). The results suggest that the high-affinity cis

FIG 4 cis- and trans-acting receptor activities of SLAM and Nectin-4. (A) Schematic diagrams of the
experimental conditions used in panels B and C. (a to c) SLAM and nectin-4 (designated R) were
expressed in 293FT/DSP1 cells (in trans), 293FT/DSP2 cells (in cis), or both (in cis and in trans). (d to f)
E-cadherin (Ecad) was also coexpressed in both 293FT/DSP1 and 293FT/DSP2 cells. (B) The results of the
quantitative fusion assay with the combination of H(R533A) and SLAM (n � 3, means � SD). (C) The
results with the combination of H(Y543S) and nectin-4 (n � 3, means � SD). Results were analyzed by
the unpaired two-tailed Student t test. *, P � 0.0026; **, P � 0.0006; ns, P � 0.18. (D) A limited level of
syncytium formation induced by E-cadherin. Expression of E-cadherin, together with WT-H and F(T461I),
in 293FT cells induced syncytia, but they were fewer in number and smaller than those induced by a
combination of H(R533A) and SLAM or H(Y543S) and nectin-4. Scale bar, 200 �m.
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interaction between WT H and SLAM cannot trigger the F protein for membrane fusion
because of downregulation of the H protein from the cell surface, whereas the
low-affinity cis interaction between H(R533A) and SLAM hardly downregulates the H
protein, causing membrane fusion.

DISCUSSION

In this study, we demonstrated that hyperfusogenic F proteins, but not the WT F
protein, are triggered by the low-affinity interaction of SLAM-blind H(R533A) with SLAM
or that of nectin-4-blind H(Y543S) with nectin-4. These receptor-blind H proteins
possess much lower binding affinity to the respective receptors than the WT H protein
(29, 30). Thus, the results confirmed our hypothesis that weak interactions of the H
protein with particular molecules that cannot trigger the WT F protein may be sufficient
to trigger structurally unstable hyperfusogenic F proteins. It remains to be determined
whether the putative MeV neuron receptor exhibits much lower affinity to the H
protein than SLAM and nectin-4, but the attempts to identify the receptor should take
this possibility into account.

The hypothesis about the low-affinity receptor was based on the following obser-
vations and reasoning. Neurons, main target cells of MeV in SSPE, do not express the

FIG 5 Fusion-inhibitory effect of SLAM expressed in cis with WT H. (A) 293FT/DSP1 cells were transfected with the
plasmid expressing SLAM, nectin-4, or none. The cells were mixed with 293FT/DSP2 cells transfected with plasmids
expressing WT-H, F(T461I), and a receptor (SLAM, nectin-4, or none). Luciferase activity was measured 24 h after the
cells were mixed (n � 3, means � SD). (B) The quantitative fusion assay (in cis) was performed by expressing MeV
H [WT-H or H(R533A)] and F(T461I), together with or without SLAM, in 293FT/DSP2 cells (n � 3, means � SD). In
addition, E-cadherin was expressed in both 293FT/DSP1 and 293FT/DSP2 cells. Results were analyzed by the
unpaired two-tailed Student t test. ***, P � 0.0000053. (C) 293FT cells were transfected with the plasmids
expressing MeV H protein [WT-H or H(R533A)] and a receptor (SLAM or control). Surface expression of the MeV H
proteins was analyzed by flow cytometry. Percentages and mean fluorescent intensities (MFI) of the H protein-
positive population in compartment B are shown.
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known MeV receptors, SLAM and nectin-4. On the other hand, MeV neuropathogenicity
is critically mediated by hyperfusogenic F proteins containing substitutions in the
ectodomain, which are almost invariably found in MeV isolates from SSPE patients
(12–14, 21, 22, 24, 25). Since these hyperfusogenic F proteins still require the H protein
to induce membrane fusion and anti-H protein monoclonal antibodies inhibit mem-
brane fusion mediated by hyperfusogenic F proteins, there must be a specific neuron
receptor(s) interacting with the H protein (14). Furthermore, these hyperfusogenic F
proteins are structurally unstable and more readily triggered for the conformational
changes (13, 21–23, 25).

Unexpectedly, the present study also revealed that SLAM can exhibit cis-acting
receptor activity for the SLAM-blind H protein where cell-cell contact is maintained by
E-cadherin or SLAM itself (Fig. 6A). Since MeV enters the cell through membrane fusion
at the cell surface, MeV receptors have to fulfill two functions by interacting with the
H protein: bringing two membranes to be fused into close apposition and triggering
the conformational changes of the F protein. These two requirements also apply to
receptors of other enveloped viruses that similarly enter the cell. However, where the
proximity of the two membranes is structurally assured, the first requirement may not
be necessary. Our study indeed showed this, but the receptor SLAM was found to act
in cis, not in trans, on the SLAM-blind H protein to trigger hyperfusogenic F(T461I). In
contrast, nectin-4 was able to interact in trans with the nectin-4-blind H protein to
trigger F(T461I) without assistance by E-cadherin (Fig. 6B), just as it does with the WT
H protein to trigger the WT and hyperfusogenic F proteins. The reason why the
expression of E-cadherin alone (without receptors) slightly induces membrane fusion is
currently unclear. Bringing two membranes into close apposition might allow receptor-

FIG 6 Schematic diagrams of membrane fusion supported by low-affinity interactions between the MeV H proteins and receptors. (A) The
conditions under which the combination of H(R533A) and SLAM could and could not support cell-cell fusion. Three requirements have
to be met for successful membrane fusion. First, the F protein is structurally unstable and hyperfusogenic. Second, cell-cell contact is
ensured by adhesion molecules, such as E-cadherin or SLAM itself. Third, SLAM is expressed in cis with H(R533A). (B) The combination of
H(Y543S) and nectin-4 can induce cell-cell fusion when the F protein is hyperfusogenic and nectin-4 is expressed in trans, not in cis, with
H(Y543S).
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independent fusion or engagement of an unidentified cis-acting receptor endoge-
nously expressed in 293FT cells.

It is currently unknown why the cis, but not trans, interaction of the SLAM-blind H
protein with SLAM triggers F(T461I) and the trans, but not cis, interaction of the nectin-4
blind H protein with nectin-4 does so. Some undefined structural difference between
the H-SLAM and H–nectin-4 interactions may affect the process of bringing two
membranes into close apposition and triggering hyperfusogenic F proteins, accounting
for the different findings with the two receptors. Furthermore, the cis interaction of the
WT H protein with SLAM could not trigger F(T461I), probably because the high-affinity
interaction between the WT H protein and SLAM downregulated the molecules from
the cell surface, where they have to act on the F protein. Thus, the cis-acting receptor
activity is observed only for SLAM in conjunction with the SLAM-blind H protein and
hyperfusogenic F proteins. Nevertheless, such cis interactions with receptors could be
exploited by viruses where cell-cell contact is assured.

MeV isolates from SSPE patients usually do not produce virus particles because of
mutations but retain the ability to spread in a cell-to-cell manner through membrane
fusion (6). It is thought that MeV nucleocapsids (ribonucleoprotein complexes) spread
in neurons trans-synaptically via membrane fusion between the pre- and postsynaptic
membranes (19, 20). The average size of the synaptic cleft is about 20 nm, and the
contact between pre- and postsynaptic membranes is maintained by various synaptic
adhesion molecules (39, 40). Thus, neurological synapses may obviate the requirement
for cell-cell contact during MeV-induced membrane fusion and be ideal for not only the
trans but also the cis interaction of the MeV H protein with receptors to trigger the F
protein. Accordingly, the putative MeV neuron receptor may be present on the same
synaptic membrane as and/or on a different synaptic membrane from the one on which
the H protein is expressed. Identification of a putative neuron receptor, which is a
future challenge, is required to provide direct evidence for the contribution of weak cis
and trans interactions of the H protein with the receptor to MeV neurotropism.

In addition to neurological synapses, virus cell-to-cell transmission has been shown
to occur at virological synapses by human immunodeficiency virus 1 (41–44) and at
polarized epithelia by respiratory viruses (45, 46). The cis interaction with receptors may
play a role in cell-to-cell transmission at these sites.

To expand cell tropism and host ranges, viruses may adapt to utilize new receptors.
Usually, their receptor-binding attachment proteins may undergo changes through
mutations so that they acquire the ability to bind new receptor molecules. An illustra-
tive example is that substitutions in the H protein such as H(N481Y) allow MeV vaccine
strains to utilize ubiquitously expressed CD46 as a receptor (47, 48). However, it is not
the changes in the receptor-binding H protein but those in the F protein that confer on
MeV isolates from SSPE patients the ability to utilize other host molecules than SLAM
and nectin-4 as a receptor. This is a novel strategy of virus evolution by which a virus
adapts to the environment lacking cells with authentic receptors.

MATERIALS AND METHODS
Cells. 293FT cells (R70007; Invitrogen) were maintained in Dulbecco’s modified Eagle medium

(DMEM) (FUJIFILM Wako Pure Chemical Corporation, Japan) supplemented with 10% fetal bovine serum
(FBS). 293FT cells stably expressing DSP1 and DSP2 (31–33), kindly provided by Z. Matsuda, the University
of Tokyo, were maintained in DMEM supplemented with 10% FBS and 1 �g/ml puromycin (InvivoGen,
San Diego, CA).

Plasmids. The eukaryotic expression vector pCA7 (49) is a derivative of pCAGGS (50). The pCA7
plasmids expressing the MeV H protein (the IC-B strain), MeV F protein (the IC-B strain), and human SLAM
were described previously (7, 12, 13, 27). The cDNA for the nectin-4 gene was inserted into the EcoRI and
NotI sites in the pCA7 plasmid.

Fusion assay. 293FT cells cultured in 24-well plates were transfected with different combinations of
pCA7 plasmids expressing the MeV H protein [WT-H, H(R533A) or H(Y543S)], MeV F protein [WT-F,
F(T461I), F-triple, F(M94V) or F-Δ30], EGFP, and MeV receptor (SLAM, nectin-4, or control [vector plasmid
only]) using Lipofectamine LTX (Thermo Fisher Scientific). The induction of cell-cell fusion was evaluated
30 h after transfection by fluorescence microscopy (Fig. 1A). For quantification of cell-cell fusion,
293FT/DSP1 and 293FT/DSP2 cells were cocultured in 24-well plates and then transfected with pCA7
plasmids expressing the MeV H protein [WT-H, H(R533A) or H(Y543S)], MeV F protein [WT-F or F(T461I)],
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and MeV receptor (SLAM, nectin-4, or control). The Renilla luciferase activity in the transfected cells was
analyzed 24 h after transfection using a Renilla luciferase assay system (Promega, Madison, WI) (Fig. 1C).
To evaluate the cis- and trans-acting abilities of MeV receptors, 293FT/DSP1 cells and 293FT/DSP2 cells
were cultured in 24-well plates and 6-well plates, respectively. 293FT/DSP1 cells were transfected with
the pCA7 plasmid expressing the MeV receptor (SLAM, nectin-4, or control) (for trans evaluation).
293FT/DSP2 cells were transfected with the pCA7 plasmids expressing the MeV H protein [WT-H,
H(R533A), or H(Y543S)], MeV F protein [F(T461I)], and a MeV receptor (SLAM, nectin-4, or control) (for cis
evaluation). For some experiments, both 293FT/DSP1 and 293FT/DSP2 cells were also transfected with
the plasmid expressing E-cadherin. The transfected 293FT/DSP2 cells were detached and overlaid onto
the transfected 293FT/DSP1 cells 3 to 4 h after transfection. The Renilla luciferase activity in the cells was
analyzed 24 h after mixing the cells, using a Renilla luciferase assay system (Promega, Madison, WI).
Chemiluminescence was measured using a Mithras LB940 plate reader (Berthold Technologies, Pfor-
zheim, Germany) (Fig. 1D). All measurements were taken from distinct samples.

Flow cytometry analysis. 293FT cells were transfected with the plasmid expressing the MeV H
protein and with that expressing SLAM or the control. The cells were incubated with human polyclonal
antibody against MeV (51) 48 h after transfection, followed by Alexa Fluor 488-conjugated anti-human
IgG (Molecular Probes, Inc.). 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 (Fig. 5C).

ACKNOWLEDGMENTS
We thank Z. Matsuda, the University of Tokyo, for kindly providing the DSP assay

system and N. Kurisaki, H. Harada, and S. Watanabe for helpful discussion and support.
We also appreciate technical assistance from The Research Support Center, Research
Center for Human Disease Modeling, Kyushu University Graduate School of Medical
Sciences.

This work was supported by JSPS KAKENHI grant number JP19K21259 (to Y.S.),
Qdai-jump Research Program Wakaba Challenge grant FA79903505 (to Y.S.), and AMED
J-PRIDE grant number JP19fm0208022h (to T.H.).

REFERENCES
1. Coughlin M, Beck A, Bankamp B, Rota P, Coughlin MM, Beck AS,

Bankamp B, Rota PA. 2017. Perspective on global measles epidemiology
and control and the role of novel vaccination strategies. Viruses 9:11.
https://doi.org/10.3390/v9010011.

2. Hashiguchi T, Ose T, Kubota M, Maita N, Kamishikiryo J, Maenaka K,
Yanagi Y. 2011. Structure of the measles virus hemagglutinin bound to
its cellular receptor SLAM. Nat Struct Mol Biol 18:135–141. https://doi
.org/10.1038/nsmb.1969.

3. Plemper RK, Brindley MA, Iorio RM. 2011. Structural and mechanistic
studies of measles virus illuminate paramyxovirus entry. PLoS Pathog
7:e1002058. https://doi.org/10.1371/journal.ppat.1002058.

4. Yanagi Y, Takeda M, Ohno S, Hashiguchi T. 2009. Measles virus receptors.
Curr Top Microbiol Immunol 329:13–30. https://doi.org/10.1007/978-3
-540-70523-9_2.

5. Lamb RA, Parks GD. 2013. Paramyxoviridae, p 957–995. In Knipe DM,
Howley PM, Cohen JI, Griffin DE, Lamb RA, Martin MA, Racaniello VR,
Roizman B (ed), Fields virology, 6th ed. Lippincott Williams & Wilkins,
Philadelphia, PA.

6. Griffin DE. 2013. Measles virus, p 1042–1069. In Knipe DM, Howley PM,
Cohen JI, Griffin DE, Lamb RA, Martin MA, Racaniello VR, Roizman B (ed),
Fields virology, 6th ed. Lippincott Williams & Wilkins, Philadelphia, PA.

7. Tatsuo H, Ono N, Tanaka K, Yanagi Y. 2000. SLAM (CDw150) is a cellular
receptor for measles virus. Nature 406:893– 897. https://doi.org/10.1038/
35022579.

8. Mühlebach MD, Mateo M, Sinn PL, Prüfer S, Uhlig KM, Leonard VHJ,
Navaratnarajah CK, Frenzke M, Wong XX, Sawatsky B, Ramachandran S,
McCray PB, Cichutek K, von Messling V, Lopez M, Cattaneo R. 2011.
Adherens junction protein nectin-4 is the epithelial receptor for measles
virus. Nature 480:530 –533. https://doi.org/10.1038/nature10639.

9. Noyce RS, Bondre DG, Ha MN, Lin L-T, Sisson G, Tsao M-S, Richardson CD.
2011. Tumor cell marker PVRL4 (Nectin 4) is an epithelial cell receptor for
measles virus. PLoS Pathog 7:e1002240. https://doi.org/10.1371/journal
.ppat.1002240.

10. McQuaid S, Cosby SL. 2002. An immunohistochemical study of the
distribution of the measles virus receptors, CD46 and SLAM, in normal

human tissues and subacute sclerosing panencephalitis. Lab Investig
82:403– 409. https://doi.org/10.1038/labinvest.3780434.

11. Reymond N, Fabre S, Lecocq E, Adelaïde J, Dubreuil P, Lopez M. 2001.
Nectin4/PRR4, a new afadin-associated member of the nectin family that
trans-interacts with Nectin1/PRR1 through V domain interaction. J Biol
Chem 276:43205– 43215. https://doi.org/10.1074/jbc.M103810200.

12. Watanabe S, Shirogane Y, Suzuki SO, Ikegame S, Koga R, Yanagi Y. 2013.
Mutant fusion proteins with enhanced fusion activity promote measles
virus spread in human neuronal cells and brains of suckling hamsters. J
Virol 87:2648 –2659. https://doi.org/10.1128/JVI.02632-12.

13. Watanabe S, Ohno S, Shirogane Y, Suzuki SO, Koga R, Yanagi Y. 2015.
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. J Virol 89:2710 –2717. https://doi
.org/10.1128/JVI.03346-14.

14. Sato Y, Watanabe S, Fukuda Y, Hashiguchi T, Yanagi Y, Ohno S. 2018.
Cell-to-cell measles virus spread between human neurons is dependent
on hemagglutinin and hyperfusogenic fusion protein. J Virol 92:e02166
-17. https://doi.org/10.1128/JVI.02166-17.

15. Generous AR, Harrison OJ, Troyanovsky RB, Mateo M, Navaratnarajah CK,
Donohue RC, Pfaller CK, Alekhina O, Sergeeva AP, Indra I, Thornburg T,
Kochetkova I, Billadeau DD, Taylor MP, Troyanovsky SM, Honig B, Sha-
piro L, Cattaneo R. 2019. Trans-endocytosis elicited by nectins transfers
cytoplasmic cargo, including infectious material, between cells. J Cell Sci
132:jcs235507. https://doi.org/10.1242/jcs.235507.

16. Cattaneo R, Schmid A, Eschle D, Baczko K, ter Meulen V, Billeter MA.
1988. Biased hypermutation and other genetic changes in defective
measles viruses in human brain infections. Cell 55:255–265. https://doi
.org/10.1016/0092-8674(88)90048-7.

17. Baczko K, Lampe J, Liebert UG, Brinckmann U, ter Meulen V, Pardowitz
I, Budka H, Cosby SL, Isserte S, Rima BK. 1993. Clonal expansion of
hypermutated measles virus in a SSPE brain. Virology 197:188 –195.
https://doi.org/10.1006/viro.1993.1579.

18. Schmid A, Spielhofer P, Cattaneo R, Baczko K, ter Meulen V, Billeter MA.
1992. Subacute sclerosing panencephalitis is typically characterized by
alterations in the fusion protein cytoplasmic domain of the persisting

Triggering of Hyperfusogenic MeV F Protein Journal of Virology

January 2020 Volume 94 Issue 2 e01727-19 jvi.asm.org 11

 on A
pril 27, 2020 at N

IH
 Library

http://jvi.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.3390/v9010011
https://doi.org/10.1038/nsmb.1969
https://doi.org/10.1038/nsmb.1969
https://doi.org/10.1371/journal.ppat.1002058
https://doi.org/10.1007/978-3-540-70523-9_2
https://doi.org/10.1007/978-3-540-70523-9_2
https://doi.org/10.1038/35022579
https://doi.org/10.1038/35022579
https://doi.org/10.1038/nature10639
https://doi.org/10.1371/journal.ppat.1002240
https://doi.org/10.1371/journal.ppat.1002240
https://doi.org/10.1038/labinvest.3780434
https://doi.org/10.1074/jbc.M103810200
https://doi.org/10.1128/JVI.02632-12
https://doi.org/10.1128/JVI.03346-14
https://doi.org/10.1128/JVI.03346-14
https://doi.org/10.1128/JVI.02166-17
https://doi.org/10.1242/jcs.235507
https://doi.org/10.1016/0092-8674(88)90048-7
https://doi.org/10.1016/0092-8674(88)90048-7
https://doi.org/10.1006/viro.1993.1579
https://jvi.asm.org
http://jvi.asm.org/


measles virus. Virology 188:910–915. https://doi.org/10.1016/0042-6822
(92)90552-z.

19. Iwasaki Y, Koprowski H. 1974. Cell to cell transmission of virus in the
central nervous system. I. Subacute sclerosing panencephalitis. Lab
Investig 31:187–196.

20. Paula-Barbosa MM, Cruz C. 1981. Nerve cell fusion in a case of subacute
sclerosing panencephalitis. Ann Neurol 9:400 – 403. https://doi.org/10
.1002/ana.410090414.

21. Watanabe S, Shirogane Y, Sato Y, Hashiguchi T, Yanagi Y. 2019. New
insights into measles virus brain infections. Trends Microbiol 27:
164 –175. https://doi.org/10.1016/j.tim.2018.08.010.

22. Angius F, Smuts H, Rybkina K, Stelitano D, Eley B, Wilmshurst J, Ferren
M, Lalande A, Mathieu C, Moscona A, Horvat B, Hashiguchi T, Porotto
M, Hardie D. 2018. Analysis of a subacute sclerosing panencephalitis
genotype B3 virus from the 2009 –2010 South African measles epi-
demic shows that hyperfusogenic F proteins contribute to measles
virus infection in the brain. J Virol 93:e01700-18. https://doi.org/10
.1128/JVI.01700-18.

23. Hashiguchi T, Fukuda Y, Matsuoka R, Kuroda D, Kubota M, Shirogane Y,
Watanabe S, Tsumoto K, Kohda D, Plemper RK, Yanagi Y. 2018. Struc-
tures of the prefusion form of measles virus fusion protein in complex
with inhibitors. Proc Natl Acad Sci U S A 115:2496 –2501. https://doi.org/
10.1073/pnas.1718957115.

24. Ayata M, Takeuchi K, Takeda M, Ohgimoto S, Kato S, Sharma LB, Tanaka
M, Kuwamura M, Ishida H, Ogura H. 2010. The F gene of the Osaka-2
strain of measles virus derived from a case of subacute sclerosing
panencephalitis is a major determinant of neurovirulence. J Virol 84:
11189 –11199. https://doi.org/10.1128/JVI.01075-10.

25. Jurgens EM, Mathieu C, Palermo LM, Hardie D, Horvat B, Moscona A,
Porotto M. 2015. Measles fusion machinery is dysregulated in neuro-
pathogenic variants. mBio 6:e02528-14. https://doi.org/10.1128/mBio
.02528-14.

26. Shirogane Y, Watanabe S, Yanagi Y. 2012. Cooperation between differ-
ent RNA virus genomes produces a new phenotype. Nat Commun
3:1235. https://doi.org/10.1038/ncomms2252.

27. Tahara M, Takeda M, Shirogane Y, Hashiguchi T, Ohno S, Yanagi Y. 2008.
Measles virus infects both polarized epithelial and immune cells by
using distinctive receptor-binding sites on its hemagglutinin. J Virol
82:4630 – 4637. https://doi.org/10.1128/JVI.02691-07.

28. Vongpunsawad S, Oezgun N, Braun W, Cattaneo R. 2004. Selectively
receptor-blind measles viruses: identification of residues necessary for
SLAM- or CD46-induced fusion and their localization on a new hemag-
glutinin structural model. J Virol 78:302–313. https://doi.org/10.1128/jvi
.78.1.302-313.2004.

29. Leonard VHJ, Sinn PL, Hodge G, Miest T, Devaux P, Oezguen N, Braun W,
McCray PB, McChesney MB, Cattaneo R. 2008. Measles virus blind to its
epithelial cell receptor remains virulent in rhesus monkeys but cannot
cross the airway epithelium and is not shed. J Clin Investig 118:
2448 –2458.

30. Mateo M, Navaratnarajah CK, Syed S, Cattaneo R. 2013. The measles virus
hemagglutinin �-propeller head �4-�5 hydrophobic groove governs
functional interactions with nectin-4 and CD46 but not those with the
signaling lymphocytic activation molecule. J Virol 87:9208 –9216. https://
doi.org/10.1128/JVI.01210-13.

31. Kondo N, Miyauchi K, Meng F, Iwamoto A, Matsuda Z. 2010. Conforma-
tional changes of the HIV-1 envelope protein during membrane fusion
are inhibited by the replacement of its membrane-spanning domain. J
Biol Chem 285:14681–14688. https://doi.org/10.1074/jbc.M109.067090.

32. Ishikawa H, Meng F, Kondo N, Iwamoto A, Matsuda Z. 2012. Generation
of a dual-functional split-reporter protein for monitoring membrane
fusion using self-associating split GFP. Protein Eng Des Sel 25:813– 820.
https://doi.org/10.1093/protein/gzs051.

33. Wang H, Li X, Nakane S, Liu S, Ishikawa H, Iwamoto A, Matsuda Z. 2014.
Co-expression of foreign proteins tethered to HIV-1 envelope glycopro-
tein on the cell surface by introducing an intervening second

membrane-spanning domain. PLoS One 9:e96790. https://doi.org/10
.1371/journal.pone.0096790.

34. Veillette A. 2006. Immune regulation by SLAM family receptors and
SAP-related adaptors. Nat Rev Immunol 6:56 – 66. https://doi.org/10
.1038/nri1761.

35. Engel P, Eck MJ, Terhorst C. 2003. The SAP and SLAM families in immune
responses and X-linked lymphoproliferative disease. Nat Rev Immunol
3:813– 821. https://doi.org/10.1038/nri1202.

36. Mavaddat N, Mason DW, Atkinson PD, Evans EJ, Gilbert RJ, Stuart DI,
Fennelly JA, Barclay AN, Davis SJ, Brown MH. 2000. Signaling lympho-
cytic activation molecule (CDw150) is homophilic but self-associates
with very low affinity. J Biol Chem 275:28100 –28109. https://doi.org/10
.1074/jbc.M004117200.

37. Gumbiner BM. 2005. Regulation of cadherin-mediated adhesion in mor-
phogenesis. Nat Rev Mol Cell Biol 6:622– 634. https://doi.org/10.1038/
nrm1699.

38. Rasbach A, Abel T, Munch RC, Boller K, Schneider-Schaulies J, Buchholz
CJ. 2013. The receptor attachment function of measles virus hemagglu-
tinin can be replaced with an autonomous protein that binds Her2/neu
while maintaining its fusion-helper function. J Virol 87:6246 – 6256.
https://doi.org/10.1128/JVI.03298-12.

39. Yamagata M, Sanes JR, Weiner JA. 2003. Synaptic adhesion molecules. Curr
Opin Cell Biol 15:621– 632. https://doi.org/10.1016/s0955-0674(03)
00107-8.

40. Vaughn JE. 1989. Review: fine structure of synaptogenesis in the verte-
brate central nervous system. Synapse 3:255–285. https://doi.org/10
.1002/syn.890030312.

41. Jolly C, Kashefi K, Hollinshead M, Sattentau QJ. 2004. HIV-1 cell to cell
transfer across an Env-induced, actin-dependent synapse. J Exp Med
199:283–293. https://doi.org/10.1084/jem.20030648.

42. McDonald D, Wu L, Bohks SM, KewalRamani VN, Unutmaz D, Hope TJ.
2003. Recruitment of HIV and its receptors to dendritic cell-T cell junc-
tions. Science 300:1295–1297. https://doi.org/10.1126/science.1084238.

43. Piguet V, Sattentau Q. 2004. Dangerous liaisons at the virological syn-
apse. J Clin Investig 114:605– 610. https://doi.org/10.1172/JCI22812.

44. Agosto LM, Uchil PD, Mothes W. 2015. HIV cell-to-cell transmission:
effects on pathogenesis and antiretroviral therapy. Trends Microbiol
23:289 –295. https://doi.org/10.1016/j.tim.2015.02.003.

45. Cifuentes-Muñoz N, Dutch RE, Cattaneo R. 2018. Direct cell-to-cell trans-
mission of respiratory viruses: the fast lanes. PLoS Pathog 14:e1007015.
https://doi.org/10.1371/journal.ppat.1007015.

46. Sattentau Q. 2008. Avoiding the void: cell-to-cell spread of human viruses.
Nat Rev Microbiol 6:815–826. https://doi.org/10.1038/nrmicro1972.

47. Tahara M, Takeda M, Seki F, Hashiguchi T, Yanagi Y. 2007. Multiple amino
acid substitutions in hemagglutinin are necessary for wild-type measles
virus to acquire the ability to use receptor CD46 efficiently. J Virol
81:2564 –2572. https://doi.org/10.1128/JVI.02449-06.

48. Lecouturier V, Fayolle J, Caballero M, Carabaña J, Celma ML, Fernandez-
Muñoz R, Wild TF, Buckland R. 1996. Identification of two amino acids in
the hemagglutinin glycoprotein of measles virus (MV) that govern he-
madsorption, HeLa cell fusion, and CD46 downregulation: phenotypic
markers that differentiate vaccine and wild-type MV strains. J Virol
70:4200 – 4204.

49. Takeda M, Ohno S, Seki F, Nakatsu Y, Tahara M, Yanagi Y. 2005. Long
untranslated regions of the measles virus M and F genes control virus
replication and cytopathogenicity. J Virol 79:14346 –14354. https://doi
.org/10.1128/JVI.79.22.14346-14354.2005.

50. Niwa H, Yamamura K, Miyazaki J. 1991. Efficient selection for high-
expression transfectants with a novel eukaryotic vector. Gene 108:
193–199. https://doi.org/10.1016/0378-1119(91)90434-d.

51. Yanagi Y, Cubitt BA, Oldstone M. 1992. Measles virus inhibits mitogen-
induced T cell proliferation but does not directly perturb the T cell
activation process inside the cell. Virology 187:280 –289. https://doi.org/
10.1016/0042-6822(92)90316-H.

Shirogane et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01727-19 jvi.asm.org 12

 on A
pril 27, 2020 at N

IH
 Library

http://jvi.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1016/0042-6822(92)90552-z
https://doi.org/10.1016/0042-6822(92)90552-z
https://doi.org/10.1002/ana.410090414
https://doi.org/10.1002/ana.410090414
https://doi.org/10.1016/j.tim.2018.08.010
https://doi.org/10.1128/JVI.01700-18
https://doi.org/10.1128/JVI.01700-18
https://doi.org/10.1073/pnas.1718957115
https://doi.org/10.1073/pnas.1718957115
https://doi.org/10.1128/JVI.01075-10
https://doi.org/10.1128/mBio.02528-14
https://doi.org/10.1128/mBio.02528-14
https://doi.org/10.1038/ncomms2252
https://doi.org/10.1128/JVI.02691-07
https://doi.org/10.1128/jvi.78.1.302-313.2004
https://doi.org/10.1128/jvi.78.1.302-313.2004
https://doi.org/10.1128/JVI.01210-13
https://doi.org/10.1128/JVI.01210-13
https://doi.org/10.1074/jbc.M109.067090
https://doi.org/10.1093/protein/gzs051
https://doi.org/10.1371/journal.pone.0096790
https://doi.org/10.1371/journal.pone.0096790
https://doi.org/10.1038/nri1761
https://doi.org/10.1038/nri1761
https://doi.org/10.1038/nri1202
https://doi.org/10.1074/jbc.M004117200
https://doi.org/10.1074/jbc.M004117200
https://doi.org/10.1038/nrm1699
https://doi.org/10.1038/nrm1699
https://doi.org/10.1128/JVI.03298-12
https://doi.org/10.1016/s0955-0674(03)00107-8
https://doi.org/10.1016/s0955-0674(03)00107-8
https://doi.org/10.1002/syn.890030312
https://doi.org/10.1002/syn.890030312
https://doi.org/10.1084/jem.20030648
https://doi.org/10.1126/science.1084238
https://doi.org/10.1172/JCI22812
https://doi.org/10.1016/j.tim.2015.02.003
https://doi.org/10.1371/journal.ppat.1007015
https://doi.org/10.1038/nrmicro1972
https://doi.org/10.1128/JVI.02449-06
https://doi.org/10.1128/JVI.79.22.14346-14354.2005
https://doi.org/10.1128/JVI.79.22.14346-14354.2005
https://doi.org/10.1016/0378-1119(91)90434-d
https://doi.org/10.1016/0042-6822(92)90316-H
https://doi.org/10.1016/0042-6822(92)90316-H
https://jvi.asm.org
http://jvi.asm.org/

	RESULTS
	Specific substitutions in the ectodomain of the F protein compensate for the binding defect of receptor-blind H proteins. 
	Receptor activity of SLAM for SLAM-blind H(R533A) differs depending on the conditions of the fusion assay. 
	SLAM exhibits cis-acting receptor activity for SLAM-blind H(R533A) in the copresence of E-cadherin. 
	The cis interaction of WT H with SLAM cannot trigger the F protein. 

	DISCUSSION
	MATERIALS AND METHODS
	Cells. 
	Plasmids. 
	Fusion assay. 
	Flow cytometry analysis. 

	ACKNOWLEDGMENTS
	REFERENCES

