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A canine distemper virus (CDV) strain, CYN07-dV, associated with a lethal outbreak in monkeys, used human signaling lym-
phocyte activation molecule as a receptor only poorly but readily adapted to use it following a P541S substitution in the hemag-
glutinin protein. Since CYN07-dV had an intrinsic ability to use human nectin-4, the adapted virus became able to use both hu-
man immune and epithelial cell receptors, as well as monkey and canine ones, suggesting that CDV can potentially infect
humans.

Signaling lymphocyte activation molecule (SLAM) is a com-
mon receptor used by morbilliviruses, such as measles virus

(MV), canine distemper virus (CDV), rinderpest virus, and peste
des petits ruminants virus, to enter and spread in their hosts (1–3).
However, each morbillivirus infects specific animal species (4).
They preferentially use the SLAM of their host animals, because
there are significant amino acid differences among human, ca-
nine, bovine, and goat SLAM (2, 5–7). In part, this receptor spec-
ificity generates a species barrier for morbilliviruses. On the other
hand, nectin-4, another morbillivirus receptor (8–10), is highly
conserved in its amino acid sequence among different mammals
and, thus, may play only a minor role in determining the host
specificity of morbilliviruses (11, 12). Recently, however, CDV
outbreaks have emerged in a variety of mammals, including non-
human primates, and showed high mortality rates (11, 13–15).
The repeated lethal CDV outbreaks in monkeys in recent years
clearly demonstrate that CDV is now a real threat for monkeys
(11). Our concern is the potential risk of CDV infection in hu-
mans (16), since SLAM and nectin-4 both show high homology in
their amino acid sequences between monkeys and humans (11).
Indeed, MV can spread and cause a measles-like illness in mon-
keys (17–22). Our recent study demonstrated that a CDV strain,
CYN07-dV, which was associated with a lethal CDV outbreak in
monkeys in Japan, utilizes macaque SLAM (macSLAM) and ma-
caque nectin-4 (macNectin4) as efficiently as canine SLAM
(dSLAM) and canine nectin-4 (dNectin4), respectively (11). In
the present study, the potential of CYN07-dV to utilize human
SLAM (hSLAM) and human nectin-4 (hNectin4) was analyzed.

Our previous study demonstrated that CYN07-dV utilized
hSLAM poorly, even though it utilized macSLAM efficiently (11).
However, we could not exclude the possibility that CDV already
adapted to macSLAM was isolated in dSLAM-expressing Vero.
DogSLAMtag cells (6), resulting in the selection of a CDV with low
affinity for hSLAM during CYN07-dV isolation. Therefore, we
tried to isolate CDV directly from the tissues of the moribund
monkey from which CYN07-dV was isolated (11) using Vero cells
expressing hSLAM (Vero/hSLAM) (23). However, no CDV was
directly isolated from the monkey specimens in Vero/hSLAM
cells, despite the fact that it was easily isolated in Vero.
DogSLAMtag cells, indicating that a quasispecies of CDV with
high affinity for hSLAM was not circulating in the monkey. There-

fore, CDV strains causing a severe disease in monkeys are unlikely
to use hSLAM efficiently.

Although no hSLAM-using virus was isolated directly from the
monkey tissues, a small number of syncytia were detected in Vero/
hSLAM cells at 3 days postinfection (p.i.) when the cells were
infected with the isolated CYN07-dV strain (11) at a multiplicity
of infection (MOI) of 0.3 (data not shown). At 5 days p.i., the
monolayers developed extensive syncytia (data not shown). This
experiment was repeated six times. In four of the six trials,
hSLAM-using viruses were isolated, showing that CYN07-dV
adapted relatively easily to grow in Vero/hSLAM cells. The failure
to isolate hSLAM-using CDV directly from the monkey tissues
was predicted to arise through insufficient amounts of infectious
viruses in the tissues. From the isolates in the six trials, a CDV
strain was obtained by a plaque-cloning procedure and passaged
twice in Vero/hSLAM cells to produce sufficient amounts of viral
stocks. This CDV strain was designated CYN07-hV. The replica-
tion kinetics of CYN07-hV were analyzed in Vero cells expressing
canine receptors (Vero.DogSLAMtag and Vero/dNectin4) (10),
macaque receptors (Vero/macSLAM and Vero/macNectin4) (11),
and human receptors (Vero/hSLAM and Vero/hNectin4) (12)
and in the parental Vero cells. Although CYN07-hV replicated
inefficiently in the parental Vero cells, its replication rates were
greatly enhanced in all other cell lines expressing the canine, ma-
caque, and human receptors, including Vero/hSLAM cells (Fig.
1). Thus, CYN07-hV showed significantly different growth kinet-
ics than CYN07-dV in Vero/hSLAM cells (11). The growth kinet-
ics of CYN07-hV in Vero/hSLAM cells were comparable to those
in Vero.DogSLAMtag and Vero/macSLAM cells, although the
peak titer in Vero/hSLAM cells was higher than those in the other
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cells (Fig. 1). The peak titer in Vero/hNectin4 cells reached a level
comparable to those in Vero/dNectin4 and Vero/macNectin4 cells
(Fig. 1). No syncytia were observed in the parental Vero cells and
Vero/hSLAM cells infected with CYN07-dV (Fig. 2), as reported pre-
viously (11). However, CYN07-hV induced syncytia in Vero/hSLAM
cells, as observed in Vero.DogSLAMtag and Vero/macSLAM cells
(Fig. 2).

It became clear that CYN07-hV had adapted to grow efficiently
in Vero/hSLAM cells. To reveal the genetic changes in CYN07-hV
compared with the parental CYN07-dV sequence, the entire ge-
nome nucleotide sequence of CYN07-hV was determined (DDBJ/
GenBank accession number AB687721) using previously reported
methods (11). There were only three nucleotide differences be-
tween the CYN07-dV and CYN07-hV genomes. The differences
were uracil-to-adenine, guanine-to-adenine, and cytosine-to-
uracil substitutions at nucleotide positions 1798, 8038, and 8699
(U1798A, G8038A, and C8699U), respectively. The latter two
changes were located in the hemagglutinin (H) gene. G8038A was
a synonymous change, while C8699U was predicted to cause a
proline-to-serine change at amino acid position 541 (P541S) in
the H protein. U1798A was located in the untranslated region of
the phosphoprotein (P) gene, corresponding to the 5= untrans-
lated region of P mRNA. The C8699U mutation responsible for
encoding the P541S change in the H protein of CYN07-hV was
likely to have been introduced during the passages of CYN07-dV
in Vero/hSLAM cells, since a deep sequencing analysis of
CYN07-dV using a Roche GS Junior did not detect any single-
nucleotide polymorphisms at that position and direct sequencing
of the PCR product of the H gene amplified from the monkey
tissues showed C at nucleotide position 8699 (data not shown).
Sequence alignments revealed that amino acid position 541 in the
CDV H protein corresponds to position 545 in the MV H protein
(see Fig. S1 in the supplemental material). Residue 545 of the MV
H protein is located at a position proximal to the receptor-binding
site (24–26). The proline residue at this position is highly con-
served among CDV strains. The MV H protein also possesses a

proline residue but not a serine residue (see Fig. S1). No CDV
strains with the P541S mutation have been reported to date.

To clarify whether the P541S mutation was responsible for the
adaptation to use hSLAM as a receptor, cell-to-cell fusion in var-
ious cells was analyzed after transfection of plasmids expressing
the F and H proteins, as previously reported (11). Albeit less effi-
ciently, apparent syncytia developed in Vero/hSLAM cells, as well
as in Vero.DogSLAMtag and Vero/macSLAM cells, when the
CYN07-hV H protein was expressed together with the F protein
(Fig. 3A). On the other hand, when the CYN07-dV H protein was
expressed instead of the CYN07-hV H protein, no syncytia were
observed in Vero/hSLAM cells (Fig. 3A). The sizes of syncytia were
similar in cultures with expression of the CYN07-dV or CYN07-hV H
protein in Vero.DogSLAMtag and Vero/macSLAM cells (Fig. 3A
and B). In Vero/dNectin4, Vero/macNectin4, and Vero/hNectin4
cells, expression of the CYN07-hV H protein together with the F
protein induced syncytium formation, although the syncytia in
nectin-4-expressing cells were smaller than those in SLAM-ex-
pressing cells (Fig. 3C and D). Again, the sizes of syncytia were
similar in cultures with expression of the CYN07-dV or

FIG 1 Replication kinetics of CYN07-hV in various cells. Vero.DogSLAMtag,
Vero/macSLAM, Vero/hSLAM, Vero/dNectin4, Vero/macNectin4, Vero/
hNectin4, and parental Vero cells were infected with CYN07-hV at an MOI
of 0.01, and the titers were determined at the indicated time points. Filled
circles, squares, triangles, and diamonds indicate the growth kinetics in
Vero.DogSLAMtag, Vero/macSLAM, Vero/hSLAM, and parental Vero cells,
respectively. Open circles, squares, and triangles indicate the growth kinetics in
Vero/dNectin4, Vero/macNectin4, and Vero/hNectin4 cells, respectively. The
data shown are the means of three independent assays, with the error bars
representing the standard deviations. d.p.i., days postinfection.

FIG 2 Syncytium induction in various cells upon infection with CYN07-hV
and CYN07-dV. Vero.DogSLAMtag, Vero/macSLAM, Vero/hSLAM, Vero/
dNectin4, Vero/macNectin4, Vero/hNectin4, and Vero cells were infected
with CYN07-hV and CYN07-dV at an MOI of 0.01, cultured, and observed
under a phase-contrast microscope. Syncytia induced in Vero.DogSLAMtag,
Vero/macSLAM, and Vero/hSLAM cells at 24 h p.i., in Vero/dNectin4, Vero/
macNectin4, Vero/hNectin4 cells at 36 h p.i., and in Vero cells at 36 h p.i. are
shown.
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CYN07-hV H protein in Vero/dNectin4, Vero/macNectin4, and
Vero/hNectin4 cells (Fig. 3C and D). These data demonstrated
that the P541S mutation conferred on the CYN07-hV H protein
the ability to use hSLAM as a receptor. For further clarification,
vesicular stomatitis viruses (VSVs) pseudotyped with the H and F
proteins of CYN07-hV and CYN07-dV (VSV�G*-F-hVH and
VSV�G*-F-dVH, respectively) and with the F protein alone
(VSV�G*-F) were generated as previously reported (11), and the
infectivities of these pseudotyped viruses were analyzed in Vero
cells expressing SLAM or nectin-4. VSV�G*-F showed very low
infectivity titers (background titers) in all cell types (Fig. 4).

VSV�G*-F-dVH also showed low infectivity titers (similar to the
background titers) in Vero and Vero/hSLAM cells (Fig. 4). How-
ever, VSV�G*-F-hVH showed high infectivity titers in Vero/
hSLAM cells, as observed in Vero.DogSLAMtag and Vero/
macSLAM cells (Fig. 4). VSV�G*-F-hVH and VSV�G*-F-dVH
showed similar infectivity titers in Vero/macNectin4 cells, Vero/
dNectin4 cells, and Vero/hNectin4 cells (Fig. 4). These data con-
firmed that the CYN07-hV H protein acquired the ability to use
hSLAM via the P541S mutation without losing its ability to use
SLAM and nectin-4 of other animals.

However, it remained unclear whether the P541S mutation

FIG 3 Cell-to-cell fusion induction in cells expressing the CDV CYN07-dV or CYN07-hV H and F proteins. Vero.DogSLAMtag, Vero/macSLAM, Vero/hSLAM,
Vero/dNectin4, Vero/macNectin4, and Vero/hNectin4 cells were transfected with a mixture of plasmids encoding enhanced green fluorescent protein (EGFP)
(pEGFP-C1) and CDV F (pGAGGS-CYN-F) and H (pCAGGS-CYN-hV-H or pCAGGS-CYN-dV-H) proteins, cultured, and observed using a fluorescence
microscope. (A, C) Fluorescence microscopic images of SLAM-expressing cells at 14, 24, and 36 h posttransfection (A) and those of nectin-4-expressing cells (C)
at 24, 36, and 72 h posttransfection are shown. (B, D) The percentages of fluorescence areas in the total microscopic field were measured by using imageJ software
(version 1.36b, NIH). White and black bars indicate data for experiments using pCAGGS-CYN-hV-H and pCAGGS-CYN-dV-H, respectively. Gray bars indicate
data without the H-encoding plasmid. The data shown are the means of three independent assays (36 h posttransfection for SLAM-expressing cells [B] and 72
h posttransfection for nectin-4-expressing cells [D]), with the error bars representing the standard deviations.
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was necessarily required for hSLAM adaptation. Therefore, we
analyzed the H protein amino acid sequences of four other
hSLAM-using CDV isolates obtained in the six trials described
above. One isolate possessed the same P541S change, while the
other three showed different amino acid changes in the H protein.
Specifically, two isolates exhibited a D540G change and the other
had an R519S change. Based on the crystal structure data of the
MV H protein (24), amino acid positions 540 and 519 of the CDV
H protein were also predicted to be located at positions proximal
to or at the SLAM-binding site (data not shown). These data sug-

gest that there are several possible amino acid changes that can
confer on the CDV H protein the ability to use hSLAM. To exam-
ine the specificity of the CYN07-dV strain, the P541S mutation
was introduced into the H protein of two CDV strains, Ac96I and
MSA5, isolated from dogs using Vero.DogSLAMtag cells (27).
Unlike the CYN07-dV strain, the P541S mutation did not confer
hSLAM-using ability on the H proteins of Ac96I and MSA5; how-
ever, the mutation instead compromised their abilities to support
cell-to-cell fusion, even in Vero.DogSLAMtag cells (Fig. 5). These
data indicate a unique potential of the CYN07-dV strain to adapt
to humans or that some other mutations in the H protein of Ac96I
and MSA5 strains are required to confer hSLAM-using ability.

Finally, we isolated a CDV strain, CYN07-macV, using Vero/mac-
SLAM cells from the tissues of the same moribund monkey from
which CYN07-dV was isolated (11), and analyzed its phenotype.
CYN07-macV had the same H protein amino acid sequence
as CYN07-dV and showed growth phenotypes similar to those of
CYN07-dV (Fig. 6). The CYN07-macV strain did not produce
syncytia in Vero/hSLAM cells but did so efficiently in
Vero.DogSLAMtag, Vero/macSLAM, Vero/dNectin4, Vero/
macNectin4, and Vero/hNectin4 cells (Fig. 6). These data sug-
gest that CYN07-dV could be a representative of the strain that
caused a lethal outbreak in monkeys.

CYN07-dV could not efficiently utilize hSLAM (11). There-
fore, it is unlikely that CDV strains like CYN07-dV can spread in
humans, since SLAM-using ability is critical for MV, and probably
also for CDV, to spread in vivo (28–30). Although a previous study
by Tatsuo et al. (2) showed that the wild-type CDV HA7 strain
uses hSLAM, the SLAM-using ability of the HA7 strain seemed to
have been acquired during passages in B95a cells, which express
marmoset SLAM (6). The same group later showed that the wild-
type CDV strain isolated using Vero.DogSLAMtag cells does not
use hSLAM (7). However, the present data clearly demonstrate
that CYN07-dV easily adapted to use hSLAM without losing its
intrinsic ability to use human nectin-4. Moreover, the P541S mu-
tation in the CYN07-hV H protein did not affect the affinities for
the SLAM and nectin-4 of macaque monkeys and dogs, indicating
that CDV strains like CYN07-hV are likely to infect monkeys and
dogs. Thus, the incompatibility of hSLAM is easily resolvable for

FIG 4 Infectivities of pseudotyped VSVs bearing the CDV H and F proteins.
Vero.DogSLAMtag, Vero/macSLAM, Vero/hSLAM, Vero/dNectin4, Vero/
macNectin4, Vero/hNectin4, and parental Vero cells were infected with EGFP-
expressing VSVs pseudotyped with the H and F proteins of CYN07-hV and
CYN07-dV (VSV�G*-F-hVH and VSV�G*-F-dVH, respectively) and with
the F protein alone (VSV�G*-F). The numbers of cells expressing EGFP were
counted at 24 h p.i., and the infectivity titers of each pseudotype in the cells
were calculated. The data shown are the means of three independent assays,
with the error bars representing the standard deviations.

FIG 5 Effects of the P541S substitution on the cell-to-cell fusion-supporting function of different CDV H proteins. Vero.DogSLAMtag, Vero/hSLAM, and
parental Vero cells were transfected with a mixture of plasmids encoding EGFP (pEGFP-C1), CDV F protein (pGAGGS-CYN-F), and different H proteins as
follows: H proteins of the CYN07-hV, MSA5, and Ac96I strains and those possessing the P541S mutation (the H protein of CYN07-dV possessing the P541S
mutation corresponds to the CYN07-hV H protein). The cells were then cultured and observed using a fluorescence microscope. Cell fusion induced at 36 h
posttransfection is shown.
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CDV strains like CYN07-dV to cross the species barrier to humans
when the virus is infected into humans following direct contact
with CDV-infected animals. In addition, our recent study sug-
gested that CDV has the potential to counteract the human inter-
feron system and replicate in human cells (12). Accordingly, CDV
should be seriously considered a potential threat for humans. We
propose that actions for the preparation of measures against CDV
infection in humans must be started.
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