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Morbilliviruses comprise measles virus, canine distemper virus, rinderpest virus, and several other viruses
that cause devastating human and animal diseases accompanied by severe immunosuppression and lympho-
penia. Recently, we have shown that human signaling lymphocyte activation molecule (SLAM) is a cellular
receptor for measles virus. In this study, we examined whether canine distemper and rinderpest viruses also
use canine and bovine SLAMs, respectively, as cellular receptors. The Onderstepoort vaccine strain and two
B95a (marmoset B cell line)-isolated strains of canine distemper virus caused extensive cytopathic effects in
normally resistant CHO (Chinese hamster ovary) cells after expression of canine SLAM. The Ako vaccine
strain of rinderpest virus produced strong cytopathic effects in bovine SLAM-expressing CHO cells. The data
on entry with vesicular stomatitis virus pseudotypes bearing measles, canine distemper, or rinderpest virus
envelope proteins were consistent with development of cytopathic effects in SLAM-expressing CHO cell clones
after infection with the respective viruses, confirming that SLAM acts at the virus entry step (as a cellular
receptor). Furthermore, most measles, canine distemper, and rinderpest virus strains examined could any use
of the human, canine, and bovine SLAMs to infect cells. Our findings suggest that the use of SLAM as a cellular
receptor may be a property common to most, if not all, morbilliviruses and explain the lymphotropism and

immunosuppressive nature of morbilliviruses.

Morbilliviruses are highly contagious pathogens that cause
some of the most devastating viral diseases of humans and
animals worldwide (15, 28). They include measles virus (MV),
canine distemper virus (CDV), rinderpest virus (RPV), and
peste des petits ruminants virus. Although live attenuated vac-
cines have effectively reduced their incidences, morbillivirus
infections still present a major threat to the health of humans
and animals. There are, for example, roughly 30 million cases
of measles and 1 million deaths associated with measles per
year worldwide (11). Furthermore, emerging infectious dis-
eases of marine mammals have been found to be caused by
new morbilliviruses, such as phocine (seal), dolphin, and por-
poise distemper viruses (13, 21, 26, 32, 48).

Morbilliviruses are enveloped, nonsegmented negative-
strand RNA viruses and constitute a genus within the family
Paramyxoviridae. They cause fever, coryza, conjunctivitis, gastro-
enteritis, and pneumonia in their respective host species. The
major sites of viral propagation are lymphoid tissues, and acute
diseases are usually accompanied by profound lymphopenia
and immunosuppression, leading to secondary and opportunis-
tic infections (1, 15, 24, 28). While CDV and phocine distem-
per virus often invade the central nervous systems of their hosts
(46), encephalitis is not common in MV and RPV infections.

The host range of CDV includes all species of the families
Canidae (e.g., dog), Procyonidae (e.g., raccoon), and Mustelidae
(e.g., ferret). The recent outbreaks of distemper in seals in
Lake Baikal (47), in lions in the Serengeti National Park (36),
and in leopards and other large cats in zoos (3) have under-
scored the ability of CDV to invade new host species. Virus
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isolation is usually done by cocultivation of lymphocytes from
suspect dogs with mitogen-stimulated dog lymphocytes (2).
Field isolates of CDV also replicate in dog or ferret macro-
phages (9, 27) as well as in primary dog brain cell cultures (52).
Cell lines such as Vero (African green monkey kidney) cells do
not allow the propagation of field isolates, whereas cell culture-
adapted CDV strains such as the Onderstepoort vaccine strain
are able to replicate in many cell lines (1). It is known that
virulence for the natural host may be lost when CDV is adapt-
ed to cell culture (17).

Rinderpest, one of the oldest recorded plagues of livestock,
is still the cause of great economic loss in Africa, the Middle
East, and parts of Asia. The host range of RPV includes do-
mestic cattle, water buffalo, sheep, goats, and pigs (28). In
cattle, target cells for RPV are epithelial cells, activated lym-
phocytes, and macrophages (34, 37, 49). Virus isolation is car-
ried out routinely in primary bovine kidney cell cultures or a
Theileria parva-transformed bovine lymphocyte cell line (38).

Cellular receptors are one of the major determinants of the
host range and tissue tropism of a virus. Recently we have
reported that human signaling lymphocyte activation molecule
(SLAM; also known as CD150), a membrane glycoprotein
expressed on some lymphocytes and dendritic cells (12, 40), is
a cellular receptor for MV (45). Since the tissue distribution
of human SLAM can explain the pathology of measles, we
proposed that selective infection and destruction of SLAM-
positive cells may be a principal mechanism of the immuno-
suppressive nature of morbilliviruses in general (45). Further-
more, the marmoset B cell line B95a, which is commonly used
to isolate MV from clinical specimens (22) and expresses a
high level of SLAM on the cell surface (45), has been shown to
be very sensitive to CDV and RPV (20, 23).

In this study, we examined whether SLAM can act as a
cellular receptor for CDV and RPV. Our results confirmed our
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proposition that the use of SLAM as a cellular receptor is a
trait common to MV, CDV, and RPV. Furthermore, we found
that these three morbilliviruses can use SLAMs of nonhost
species as receptors.

MATERIALS AND METHODS

Viruses. The Onderstepoort vaccine strain of CDV was propagated on Vero
cells. The HA7 and 851 strains of CDV were isolated using B95a cells from dogs
with distemper, and they have been passaged five to seven times on B95a cells.
These CDV strains were kindly provided by the staff of Division of Veterinary
Microbiology, Kyoto Biken Laboratories, Uji, Japan. The Edmonston and KA
strains of MV were propagated on Vero and B95a cells, respectively (43). The
Onderstepoort and Edmonston strains were titrated on Vero cells, and the B95a-
isolated CDV strains and KA strain were titrated on B95a cells. The Ako strain of
lapinized-avianized RPV (14) was kindly provided by Hidetoshi Ikeda, National
Institute of Animal Health, Tsukuba, Japan, and was grown and titrated on Vero
cells.

Molecular cloning of canine and bovine SLAM c¢DNAs. Total RNA was ex-
tracted from canine peripheral blood mononuclear cells (PBMCs) at 2 h after
stimulation with 2.5 pg of phytohemagglutinin per ml and used for reverse
transcription with oligo(dT) primers. The conditions used for PBMC stimulation
were based on induction kinetics of human SLAM mRNA and protein (5, 12). To
amplify the cDNA encoding canine SLAM, we performed PCR using various
combinations of the primers for human and marmoset SLAMs. Using a sense
primer for the open reading frame (ORF) of B95a SLAM (5'-GAGGGGTGG
TATTTTATGACC-3") and an antisense primer for the 3’ untranslated region of
human SLAM (5'-AAGAAACATCACCAGGGAGTTG-3"), we successfully
amplified a DNA fragment. Direct sequencing revealed that it had strong ho-
mology to human and B95a SLAM c¢DNAs (12, 45). Using the 5" RACE system,
version 2.0 (Life Technologies), we obtained the sequence of the 5’ untranslated
region for it. After obtaining all this information, we performed PCR using
cDNA of phytohemagglutinin-stimulated canine PBMCs, the primers 5'-AATG
AATTCCCTGTCTCCCTGGCCGAT-3" and 5'-TCTTGCGGCCGCCTTCAG
AAAGTCCCTTCACTG-3' (restriction sites are underlined), and KOD-Plus
polymerase (Toyobo Biochemicals), which has a high proofreading activity. The
amplified DNA was sequenced in both strands and found to contain an ORF
which had strong homology to human SLAM (77% identity at the nucleotide lev-
el in the ORF). This canine SLAM cDNA was subcloned into the eukaryotic
expression vector pCAGGS (31), and the resulting construct was named pCAG
DogSLAM. The signal sequence of canine SLAM was predicted using SignalP
software, version 2.0 (30). The canine SLAM cDNA whose 5’ untranslated
region and signal sequence were deleted was subcloned behind the sequence
encoding the immunoglobulin (Ig) k leader sequence and 17 amino acid residues
containing the influenza virus hemagglutinin (HA) epitope (NH,-YPYDVPDY
AGAQPARSP-COOH; the HA epitope is underlined) of the expression vector
pDisplay (Invitrogen). The fragment containing the Ig leader sequence, HA tag,
and canine SLAM was further subcloned into pPCAGGS (pCAGDogSLAMtag),
which was expected to direct the expression of canine SLAM with the HA tag on
eukaryotic cells.

Bovine SLAM cDNA was cloned similarly using total RNA extracted from
bovine PBMCs at 3 h after stimulation with 25 ng of phorbol 12-myristate
13-acetate and 1 pg of ionomycin per ml (5, 12). A DNA fragment was success-
fully amplified by PCR using a sense primer for the ORF of canine SLAM
(5'-TGGAAAACCTGACCCTGAGGAT-3") and an antisense primer for the 3’
untranslated region of human SLAM described above. It had strong homology
to human, marmoset, and canine SLAM cDNAs (12, 45). After obtaining the
5" untranslated region sequence for it, we performed PCR using cDNA of stim-
ulated bovine PBMCs, the primers 5'-AATGAATTCCTTATCCTCACTGG
CTGATG-3" and 5'-TCTTGCGGCCGCCTTCGGAAAGTCCTTTCAC-3’
(restriction sites are underlined), and KOD-Plus polymerase. The clone ob-
tained contained an ORF which had strong homology to human SLAM
(78% identity at the nucleotide level in the ORF). This bovine SLAM cDNA
clone was modified so as to direct the expression of bovine SLAM with the
HA tag on eukaryotic cells as described above, and the plasmid was named
pCAGCowSLAMtag.

Expression plasmids. cDNA encoding marmoset SLAM was cloned into
pCAGGS, and the construct was named pCAGB95aSLAM (marmoset SLAM
c¢DNA was obtained from B95a cells) (45). The plasmids expressing the H pro-
tein (pCXN2H) and F protein (pCXN2F) of the MV Edmonston strain and the
H protein of the MV KA strain (pCXN2KAH) have been described (43).
pCVSVG expressing the vesicular stomatitis virus (VSV) G protein was kindly
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provided by M. A. Whitt. cDNA clones encoding the CDV envelope proteins
were obtained by reverse transcriptase PCR of total RNA extracted from Vero
cells infected with the Onderstepoort strain or B95a cells infected with the HA7
strain. Primers used were 5'-TTGGTACCAACTTAGGGCTCAGGTAGTCC-
3" and 5'-TTTAGCATGCTGGAGATGGTTTAATTCAATCG-3' for the H
genes, and 5'-CAGGTACCAGCAAGCCAACAGGTCAACCA-3" and 5'-TTT
AGCATGCAATCACGTAATCATGGTCAGTC-3' for the F gene (restriction
sites are underlined). cDNAs encoding the H protein and F protein of the On-
derstepoort strain and the H protein of the HA7 strain were subcloned into
pCAGGS, and the resulting constructs were named pCAGOPH, pCAGOPF,
and pCAGHAT7H, respectively. pvRVH (51) and pBac-F (7) contain the H and
F genes of the Kabete O strain of RPV, respectively, and were kindly provided
by T. Yilma. The H and F genes recovered from pvRVH and pBac-F were sub-
cloned into pCAGGS, and the constructs were named pPCAGKOH and pCAGKOF,
respectively.

Cells. CHO (Chinese hamster ovary) cell clones were generated by transfect-
ing CHO cells with pCXN2 (31) plus pPCAGB95aSLAM, pCAGDogSLAMtag,
pCAGCowSLAMtag, or pCAGGS. CHO.SLAM is the CHO cell clone stably
expressing human SLAM (45). CHO cell clones were grown in RPMI 1640 me-
dium supplemented with 7% heat-inactivated fetal bovine serum, 0.15% sodium
bicarbonate, and 0.5 mg of G418 per ml. Vero and B95a cells were grown as
described elsewhere (44).

Virus infections of cells. Cells were plated in 24-well plates and infected with
MV, CDV, or RPV strains. At 1 h after infection, the cells were washed and
replenished with fresh medium. The cells were observed under a microscope at
24 h after infection with MV or CDV strains or at 12 h after infection with the
Ako strain of RPV. RPV infection was performed at the special facility of
National Institute of Animal Health, Tsukuba, Japan. When the effects of anti-
body on viral infections were examined, cells were plated in 96-well flat-bottom
plates and cultured overnight. Then, the culture medium was replaced with one
containing 10 pg of IPO-3 (Kamiya Biomedical) per ml, 10 pg of mouse control
monoclonal antibody (MAD) per ml, or no antibody. After 1 h of incubation, the
cells were infected with a virus and incubated for 1 h. After washing, the cells
were replenished with the fresh medium containing the same antibody as before.
The cells were observed at 24 h after infection.

Immunofluorescence staining. Cells were stained with IPO-3, anti-influenza
virus HA epitope MAb 12CA5 (Boehringer Mannheim), or mouse control anti-
body, and then stained with fluorescein isothiocyanate (FITC)-labeled goat anti-
mouse IgG. The stained cells were analyzed on a FACScan machine (Becton
Dickinson).

VSV pseudotypes. The preparation and titration of VSV pseudotypes were
done essentially as described previously (44) with some modifications. We used
CHO cells instead of 293T cells to prepare the pseudotype viruses used for Fig.
6A, because 293T cells transfected with pCAGOPH plus pCAGOPF developed
extensive cell fusion, which could not be inhibited by the fusion block peptide
(Z-D-Phe-Phe-Gly) (35, 44). For this reason, titers of VSV pseudotypes bearing
MYV envelope proteins and VSV G protein were lower than those in our previous
reports (44, 45) or in Fig. 6B. CHO cells were transfected with pCVSVG,
pCAGOPH plus pCAGOPF, pCAGHA7H plus pCAGOPF, pCXN2H plus
pCXN2F, pCXN2KAH plus pCXN2F, or pCAGGS by using Lipofectamine Plus
(Life Technologies). At 32 h after transfection, the cells were infected with
VSVAG*-G (42) (a gift of M. A. Whitt) at a multiplicity of infection (MOI) of
1 (titrated on CHO cells) for 1 h at 37°C. The cells were washed with medium
without fetal bovine serum seven times and then replenished with fresh medium.
After 16 h of incubation at 37°C in a CO, incubator, culture fluid and scraped cell
debris were collected, treated by one cycle of freezing-thawing, and sonicated.
The suspensions containing pseudotype viruses were clarified by low-speed cen-
trifugation and stored at —80°C. They were designated VSVAG*-G, VSVAG*-
OPHF, VSVAG*-HATHF, VSVAG*-EdHF, VSVAG*-KAHF, and VSVAG*,
respectively. To prepare the pseudotype viruses used for Fig. 6B (VSVAG*-G
and VSVAG*-KOHF), we transfected 293T cells with pCVSVG or pPCAGKOH
plus pCAGKOF. When VSVAG*-KOHF was prepared, culture medium was
supplemented with the fusion block peptide from 3 h after lipofection to imme-
diately before infection with VSVAG*-G, in order to prevent 293T cells from
fusing to each other upon transfection.

For titrations, 10* cells of each CHO cell clone in 100 wul of fresh culture
medium were sedimented in the well of 96-well flat-bottom plates. After over-
night incubation, 50 pl of serially diluted virus stock was added to each well,
followed by incubation at 37°C in a CO, incubator. At 24 h after infection,
infectious units of pseudotype virus stocks were determined by counting the
number of green fluorescence protein (GFP)-expressing cells under a fluores-
cence microscope.
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FIG. 1. Cell tropism of CDV strains. CHO, Vero, and B95a cells were infected with the HA7 strain or Onderstepoort strain of CDV at an MOI
of 0.1. Cells were observed at 24 h after infection.

Nucleotide seq e accessi ber. The GenBank accession numbers for

canine and bovine SLAM cDNA sequences are AF325357 and AF329970, re-
spectively.

RESULTS

Cell tropism of CDV strains. The Onderstepoort vaccine
strain of CDV was derived from the virus, which had been
isolated from a natural case of distemper and serially passaged
in ferrets. The ferret-passaged virus was then adapted to chick-
en embryos, after which it was called the Onderstepoort strain
(16). This strain has been grown on Vero cells. B95a-isolated
CDV strains HA7 and 851 have been passaged on B95a cells
only five to seven times after isolation from dogs with distem-
per.

We inoculated CHO, Vero, and B95a cells with the Onder-
stepoort and HA7 strains at an MOI of 0.1 and observed them
at 24 h postinfection (Fig. 1). No cytopathic effects (CPEs)
were found in CHO cells infected with either strain. The HA7
strain caused CPEs in B95a cells but not in Vero cells, whereas
the Onderstepoort strain caused CPEs in Vero cells but not in
B95a cells. Syncytium formation is a CPE characteristic of all
morbilliviruses. Longer incubation (up to 96 h) did not affect
the presence or absence of CPEs in the cells, although the
observed CPEs became stronger. Another B95a-isolated CDV
strain, 851, showed the same results as the HA7 strain (data
not shown). Thus, the chicken embryo-adapted vaccine strain
and B95a-isolated strains of CDV had distinct abilities to cause
CPE:s in different cell lines.

B95a-isolated CDV strains cause CPEs in CHO cells ex-
pressing marmoset SLAM. Wild-type strains of MV isolated in
B95a cells are able to use marmoset SLAM as a cellular re-
ceptor (45). We thought that B95a-isolated CDV strains might
also use marmoset SLAM to infect B95a cells. To test this idea,
we generated the CHO cell clone stably expressing marmoset
SLAM of B95a cells (CHO.B95aSLAM) as well as a control
CHO cell clone (CHO.Neo). The cell surface expression of
marmoset SLAM was confirmed by flow cytometry (Fig. 2A).
At 24 h after infection, the B95a-isolated HA7 strain caused
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apparent CPEs in CHO.B95aSLAM cells but not in CHO.Neo
cells (Fig. 3). Development of CPEs in CHO.B95aSLAM cells
was completely blocked by treating the cells with anti-human
SLAM MAD IPO-3 (Fig. 3). IPO-3 has been shown to block
development of CPEs in susceptible cells (including B95a cells)
infected with wild-type MV strains (45). The isotype control
did not affect CPEs (data not shown). IPO-3 also completely
blocked CPEs in B95a cells infected with the HA7 strain (Fig.
3). Another B95a-isolated strain, 851, showed exactly the same
results as the HA7 strain, while the Onderstepoort vaccine
strain caused CPEs on neither CHO.Neo nor CHO.B95aSLAM
cells (data not shown). These results suggest that marmoset
SLAM also acts as a cellular receptor for B95a-isolated CDV
strains and that marmoset SLAM is probably the only CDV
receptor on B95a cells.

Molecular cloning of canine and bovine SLAM cDNAs. We
reasoned that B95a-isolated CDV strains use the dog homo-
logue of SLAM as a cellular receptor and that these CDV
strains have been successfully isolated in B95a cells because
they can use homologous marmoset SLAM to infect B95a cells.
To test this idea, we isolated a putative canine SLAM cDNA
clone from canine PBMCs based on the sequences of human
and marmoset SLAM cDNAs. This clone was predicted to
encode a membrane protein having strong homology to human
SLAM (12) (65% identity at the amino acid level) (Fig. 4).
Four cysteine residues in the extracellular C2 domain and
three tyrosine-based signaling motifs in the cytoplasmic tail
were also conserved between the molecules. From these results,
we concluded that this cDNA clone encodes canine SLAM. Using
a similar approach, we also isolated a bovine SLAM c¢DNA clone
from bovine PBMCs, and its predicted amino acid sequence is
shown in Fig. 4. At the amino acid level, bovine SLAM has 65
and 69% identity to human and dog homologues, respectively.

Expression of SLAM allows CDV and RPV strains to cause
CPEs in CHO cells. Anti-human SLAM MAb IPO-3 did not
react to canine and bovine SLAMs when cells were transiently
transfected with cDNA clones encoding them (data not shown).
To detect the cell surface expression of these molecules, we
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FIG. 2. CHO cell clones stably expressing SLAMs of various species. (A) CHO.Neo, CHO.B95aSLAM, and CHO.SLAM cells were stained
with IPO-3 (solid profile) or mouse control IgG antibody (open profile), followed by staining with FITC-labeled goat anti-mouse IgG. (B)
CHO.Neo, CHO.DogSLAMtag, and CHO.CowSLAMtag cells were stained with anti-influenza virus HA epitope MAb 12CAS5 (solid profile) or
mouse control IgG antibody (open profile), followed by staining with FITC-labeled goat anti-mouse IgG.

constructed plasmids expressing the membrane-bound form of
canine and bovine SLAM fused to the influenza virus HA tag at
the N terminus (pCAGDogSLAMtag and pCAGCowSLAM
tag). We transfected CHO cells with either plasmid plus pCXN2
containing the neo gene and selected stable clones in the pres-
ence of G418, followed by immunofluorescence staining with
anti-HA epitope MADb (Fig. 2B). We used the clone expressing

CHO.B95aSLA

the highest level of canine SLAM (CHO.DogSLAMtag) and
one expressing the highest level of bovine SLAM (CHO.Cow
SLAMtag) in the following experiments.

We inoculated CHO.DogSLAMLtag cells with CDV strains.
Within 24 h after infection, both the HA7 and Onderstepoort
strains produced extensive CPEs in CHO.DogSLAMtag cells
but not in CHO.Neo cells (Fig. 5). We also observed that CHO

CHO.B95aSLAM

FIG. 3. CDV infection of marmoset SLAM-expressing CHO and B95a cells. CHO.Neo, CHO.B95aSLAM, and B95a cells were either un-
treated or treated with IPO-3 and then infected with the HA7 strain of CDV at an MOI of 0.5 (0.1 for B95a cells). Cells were observed at 24 h

after infection.
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FIG. 4. Predicted amino acid sequences of canine, bovine, and human SLAMs. Amino acid sequences of canine, bovine, and human SLAMs
are aligned. Residues having similarity are shaded (dark shading, identical residues; light shading, conservative changes). The predicted signal
peptides of respective SLAMs and transmembrane domain of human SLAM are underlined. Potential N-linked glycosylation sites are circled.

Cysteine residues predicted to make disulfide bonds in the Ig C2 domain
Spaces (indicated by dashes) were introduced for optimal comparison.

cells transiently transfected with pCAGDogSLAM (expressing
the authentic canine SLAM without the HA tag) developed
CPEs after infection with either strain (data not shown). We
then examined whether these CDV strains can cause CPEs in
CHO cells expressing human SLAM. The CHO cell clone sta-
bly expressing human SLAM (CHO.SLAM) (Fig. 2A) has
been described (45). The HA7 strain, but not the Onderste-
poort strain, caused CPEs in CHO.SLAM cells (Fig. 5), which
were significantly weaker than CPEs in CHO.DogSLAMtag
cells. The 851 strain showed the same results on all CHO cell
clones as the HA7 strain (data not shown).

We next examined whether expression of bovine SLAM
allows RPV to cause CPEs in CHO cells. The lapinized vaccine
strain of RPV had been produced by virus passage in rabbits
(29). This strain was then adapted to chicken embryos to ob-
tain the Ako vaccine strain of RPV (14). We further passaged
it four times on Vero cells to obtain the virus stock used for this
experiment. We inoculated CHO.CowSLAMtag cells with the
Ako vaccine strain. At 12 h after infection, they developed
extensive syncytia and the majority of cells were detached from
the plates (Fig. 5). On the other hand, CHO.Neo and Vero
cells did not show any sign of CPEs at 12 h after infection (Fig.
5 and data not shown). CHO.SLAM cells developed weaker
but apparent CPEs (Fig. 5). After longer incubation (more
than 15 h), infected CHO.Neo and Vero cells started to de-
velop syncytia, but CPEs in CHO.CowSLAMtag and CHO.
SLAM cells were still much stronger.

Since B95a-isolated CDV strains and the RPV vaccine strain

are indicated by asterisks. Tyrosine-based signaling motifs are boxed.

caused CPEs in CHO.SLAM cells, we further examined the
abilities of MV, CDV, and RPV strains to cause CPEs in
CHO cells expressing SLAMs of nonhost species. We inoculat-
ed CHO.Neo, CHO.SLAM, CHO.DogSLAMtag, and CHO.
CowSLAMLtag cells with the Edmonston strain and B95a-iso-
lated KA strain of MV, the Onderstepoort strain and B95a-
isolated HA7 and 851 strains of CDV, and the Ako vaccine
strain of RPV. Developments of CPEs in the CHO cell clones
are summarized in Table 1. All viruses except the Onderste-
poort strain caused CPEs in CHO.SLAM, CHO.DogSLAM
tag, and CHO.CowSLAMLtag cells, although CPEs caused by a
virus were strongest in CHO cells expressing SLAM of its host
species. The Onderstepoort strain produced CPEs in CHO.
DogSLAMtag and CHO.CowSLAMTtag cells but not in CHO.
SLAM cells. Development of CPEs in CHO, Vero, and B95a
cells inoculated with these morbillivirus strains is also shown in
Table 1.

SLAM acts at the virus entry step as revealed by VSV pseu-
dotypes. The results thus far described do not necessarily ex-
clude the possibility that SLAM acts only at the postentry step
of the virus life cycle to allow efficient virus replication and/or
cell fusion. To confirm that SLAM operates at the virus entry
step (as a receptor), we used the VSV pseudotype system (42,
44, 45). VSVAG* is the recombinant VSV in which the coding
region of the G envelope protein is replaced by the modified
GFP gene, and thus, it is not infectious unless the envelope
proteins are provided in frans (42). The infectivity of a virus
using envelope proteins supplied in trans can be determined by
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tag cells were infected with the HA7 or Onderstepoort strain of CDV or Ako strain of RPV at an MOI of 0.1. Cells were observed at 24 h after

infection with CDV strains or at 12 h after infection with the RPV strain.

counting the number of GFP-expressing cells. We first pre-
pared six types of pseudotypes: VSVAG*-G, bearing the VSV
G protein; VSVAG*-OPHF, bearing the hemagglutinin (H)
and fusion (F) proteins of the Onderstepoort strain; VSVAG*-
HA7HF, bearing the H protein of the CDV HA7 strain and
the F protein of the Onderstepoort strain; VSVAG*-EdHF,
bearing the H and F proteins of the MV Edmonston strain;
VSVAG*-KAHEF, bearing the H protein of the MV KA strain
and the F protein of the Edmonston strain; and VSVAG*,
bearing no envelope protein. The H protein of a morbillivirus
mediates receptor binding and confers cell tropism, whereas
the F protein has membrane fusion activity (15, 41).

Figure 6A shows the infectivities of these pseudotype viruses
on CHO cells expressing canine, human, or bovine SLAM.
VSVAG*-G, which can infect all mammalian cells (42), and
VSVAG* were used as positive and negative controls, respec-
tively. Infectivity titers of VSV pseudotypes bearing CDV en-
velope proteins (VSVAG*-OPHF and VSVAG*-HA7HF)
were more than 100 times higher on CHO.DogSLAMtag cells
than on CHO.Neo cells. They were also higher on CHO.
SLAM and CHO.CowSLAMtag cells than on CHO.Neo cells,
although infectivity titer of VSVAG*-OPHF on CHO.SLAM
cells was not significantly different from that of VSVAG*.
VSVAG*-EdHF showed higher titers on all CHO cell clones
expressing SLAMs than on CHO.Neo cells, and VSVAG*-
KAHF exhibited higher titers on CHO.SLAM and CHO.Cow
SLAMLtag cells than on CHO.Neo cells. Although the infectiv-

ity titer of VSVAG*-KAHF was not significantly higher on
CHO.DogSLAMtag cells than on CHO.Neo cells, it was in-
deed higher (10** infectious units per ml) on CHO cells ex-
pected to express the authentic canine SLAM without the HA
tag (CHO.DogSLAM).

TABLE 1. Development of CPEs in various cell lines infected
with different strains of morbilliviruses”

Development of CPEs in”

CDV strains RPV
strain
Edmonston KA Onderstepoort HA7 851  Ako

Cells MV strains

CHO - - - - — ND
Vero ++ — + — _ _ec
B95a ++ 0+t - + + ND
CHO.Neo - - - _ -
CHO.SLAM ++ ++ - +4+ 4+
CHO.DogSLAMtag ++ + ++ ++ ++ ++
CHO.CowSLAMtag ++ ++ ++ + 4+ +++

“ Cell lines were infected with each morbillivirus strain at an MOI of 0.1, and
development of CPEs was assessed under a microscope at 24 h after infection
with MV and CDV strains and at 12 h after infection with RPV. The suscepti-
bilities of CHO, Vero, and B95a cells to MV strains have been described else-
where (43). Longer incubation did not affect the presence or absence of CPEs in
cells except those infected with the Ako strain.

? — no syncytia found; +, syncytia found in some of the fields; ++, syncytia
found in most fields; + + +, the majority of cells detached from the plate because
of extensive cell fusion; ND, not done.

¢ Cells developed CPEs after more than 15 h of incubation.
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FIG. 6. Infectivities of pseudotype viruses on CHO cells expressing
canine, bovine, or human SLAM. The indicated CHO cell clones were
infected with VSVAG*-G, VSVAG*-OPHF, VSVAG*-HATHF,
VSVAG*-EdHF, VSVAG*-KAHF, or VSVAG* (A) or with VSVAG*-G
or VSVAG*-KOHF (B), and infectious titers were measured by count-
ing the number of GFP-expressing cells.

The VSV pseudotype bearing RPV envelope proteins
(VSVAG*-KOHF) was prepared using the H and F genes of
the cell culture-adapted strain derived from the Kabete O
strain of RPV (18, 50). The infectivity titer of VSVAG™*-
KOHF was more than 10 times higher on CHO.CowSLAM
tag cells than on CHO.Neo cells (Fig. 6B). VSVAG*-KOHF
also showed 5 to 10 times higher titers on CHO.DogSLAM
tag and CHO.SLAM cells than on CHO.Neo cells. Its back-
ground infectivity titer on CHO.Neo cells was high, unlike
titers of VSV pseudotypes bearing MV or CDV envelope
proteins on CHO.Neo cells (Fig. 6A). During the adaptation
to cell culture, the Kabete O strain may have come to use,
besides SLAM, a ubiquitously expressed molecule(s) (thus
present on CHO cells) as a cellular receptor. This interpre-
tation was supported by the finding that all CHO, Vero,
293T (human kidney), and L (mouse fibroblast) cells devel-
oped syncytia after transfection with the H and F genes of
the Kabete O strain (data not shown).

All these results with VSV pseudotypes bearing MV, CDV,
or RPV envelope proteins are consistent with development of
CPEs in CHO cell clones after infection with MV, CDV, and
RPV. Thus, these morbilliviruses could use SLAMSs of all three
species to infect cells as virus or VSV pseudotype, although
human, canine, and bovine SLAMs appeared to act most effi-
ciently as receptors for MV, CDV, and RPV, respectively.

DISCUSSION

In this study, we showed that CDV and RPV use SLAMs of
their host species as cellular receptors, like another morbilli-
virus, MV. The Onderstepoort vaccine strain and two B95a-
isolated strains of CDV caused extensive CPEs in normally re-
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sistant CHO cells after expression of canine SLAM. The Ako
vaccine strain of RPV produced strong CPEs in bovine SLAM-
expressing CHO cells, although after longer incubation, it also
caused weaker CPEs in all cell lines examined. Furthermore,
most morbillivirus strains were found to cause CPEs in cells
expressing human, canine, and bovine SLAMs. Only the Onder-
stepoort vaccine strain of CDV could not induce CPEs in cells
expressing human SLAM. The data obtained with the VSV pseu-
dotypes bearing MV, CDV, or RPV envelope proteins were
consistent with developments of CPEs in SLAM-expressing
CHO cell clones after infection with respective viruses, con-
firming that SLAM acts at the virus entry step (as a receptor).

Since the Onderstepoort strain that has been passaged on
chicken embryos and Vero cells possesses the ability to use
canine SLAM as a receptor, the precursor of this strain must
have been using it as a receptor in the dog from which this
strain was derived. Similarly, the original RPV from which the
Ako vaccine strain was derived after many passages in rabbits,
chicken embryos, and Vero cells must have been using bovine
SLAM as a receptor in cattle. It seems that the Onderstepoort
and Ako strains had adapted to chicken embryos and Vero
cells using an alternate receptor(s) during passages on these
cells. On the other hand, B95a-isolated CDYV strains could not
grow in Vero cells. It is likely that the H proteins of the
precursor viruses of these B95a-isolated strains were able to
bind to marmoset SLAM on B95a cells with little, if any,
change in the sequences, whereas the H protein of the Onder-
stepoort strain had lost the ability to interact with marmoset
and human SLAMs through its adaptation to use the alternate
receptor(s) on chicken embryos and Vero cells. This explains
why the Onderstepoort strain failed to infect B95a cells as well
as CHO cells expressing human or marmoset SLAM. The Ako
and Kabete O strains of RPV also seem to have adapted to use
a molecule(s) expressed on many types of cells. However, the
presence of SLAMs on the cell surface significantly enhanced
infectivities of these RPV strains. The lapinized strain (L
strain) of RPV, the precursor to the Ako strain, remains vir-
ulent for rabbits, but the adaptation of the L strain to Vero
cells in vitro results in a diminution of virulence (19). It has
been reported that B95a was the only host cell system available
for the propagation of the L strain and the propagation of the
virus in B95a cells preserved its pathogenicity for rabbits (23).

SLAM is constitutively expressed on immature thymocytes,
CD45ROMe" memory T cells and a proportion of B cells, and
it is rapidly induced on T and B cells following activation, in
humans (5, 12, 40) and mice (10). It is also expressed on den-
dritic cells (33). Although we have not been able to systemat-
ically examine the distribution of SLAMs in dogs and cattle, it
may be selectively expressed in lymphoid tissues. In fact, we
isolated cDNAs for canine and bovine SLAMs from mitogen-
stimulated PBMCs of respective animals. Thus, our finding
would explain the lymphotropism of CDV and RPV as well as
lymphopenia and immunosuppression caused by infection with
these viruses. It remains, however, to be determined whether
SLAM is also involved in infections of nonlymphoid organs
such as the brain, lungs, and gastrointestinal tract. A previous
study has reported that an unidentified molecule encoded on
human chromosome 19 is involved in cell fusion induced by the
Onderstepoort strain (41). Since the human SLAM gene is lo-
cated on chromosome 1 (4), SLAM cannot be the molecule
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implicated. CD9, another molecule implicated in infection with
Vero cell-adapted CDV strains, has been shown to act at post-
entry steps such as cell-cell fusion and virus release but not as
a cellular receptor (39).

On the basis of phylogenetic analysis of morbilliviruses, it is
thought that when cattle were domesticated, they passed a
morbillivirus, a progenitor of modern RPV, to humans, which
eventually evolved into MV. Similarly, carnivores could have
contracted a morbillivirus infection from their ruminant prey,
which then evolved into CDV (6). MV and RPV are closely
related, and CDV and phocine distemper virus are the most
distantly related to MV and RPV among morbilliviruses (15,
28). Furthermore, among all viral proteins, the H protein is the
least conserved among CDV, RPV, and MV (37% identity
between CDV and MV) (8). Thus, the finding that these three
morbilliviruses use SLAMs as cellular receptors suggests that
the usage of SLAM as a receptor has been maintained from
the ancestral virus, accounting for an essential part of the
pathogenesis of morbillivirus infections. We predict that prob-
ably most, if not all, members of morbilliviruses use SLAMs of
their respective host species as cellular receptors.

Recently, B95a is commonly used to isolate morbilliviruses
from clinical specimens (20, 22, 23). A high level of SLAM
expression on B95a cells (45) appears to be a reason for its
usefulness. However, mitogen-stimulated canine PBMCs or
SLAM-positive canine cell lines, if available, may be more ap-
propriate for CDV isolation, because they will express canine
rather than marmoset SLAM. B95a has been shown to be very
sensitive to both virulent field virus and vaccine strains of RPV
(23, 25). A T. parva-transformed bovine lymphocyte cell line
has also been used for RPV isolation (38). It would be inter-
esting to determine whether bovine SLAM is expressed on this
cell line. Recently, new morbilliviruses have been found in var-
ious mammals (13, 21, 26, 32, 48). It may be useful to attempt
the isolation of these viruses using the cells expressing SLAMs
of their host species, such as mitogen-stimulated PBMCs.

We found that MV, CDV, and RPV strains could use
SLAMs of their nonhost species as receptors, albeit at reduced
efficiencies. Despite sequence differences, the structure re-
quired for the interaction with morbillivirus H proteins may be
well conserved among SLAMs of many different species. This
should be taken into account in planning MV eradication be-
cause other morbilliviruses may infect humans lacking suffi-
cient anti-MV immunity. Morbilliviruses have been grouped
together by their sequence relatedness and lack of neuramin-
idase activity. Now the use of SLAM as a cellular receptor may
be included in their characteristic properties.
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