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Sendai virus fresh isolates were shown to be antigenically different from the prototype Fushimi strain that
had long been passaged in embryonated chicken eggs. Phylogenetic analysis of the hemagglutinin-neuramin-
idase genes also revealed the difference between these two virus groups. Both trypsin-resistant and
elastase-sensitive mutations were additionally introduced to an LLC-MK,-cell-adapted and attenuated mutant
derived from one of the fresh isolates. This protease activation mutant (MVCES1) showed the same
antigenicity as the fresh isolates, and as a result of a single cycle of growth in lungs, it could confer better
protection on mice against challenge infection with the currently prevailing Sendai virus than TR-5, which is
a trypsin-resistant mutant derived from the Fushimi strain. The eligibility of MVCESI as an attenuated live

vaccine of Sendai virus is discussed.

Sendai virus, a member of the genus Paramyxovirus, has two
glycoproteins, the hemagglutinin-neuraminidase (HANA) and
fusion (F) proteins (12, 27). HANA protein is involved in
cell-binding and neuraminidase activities, while F protein is
involved in penetration of the virus by envelope fusion (10, 34,
44). F protein is synthesized as an inactive precursor and
subsequently activated by proteolytic cleavage into F, and F,
subunits by trypsin-like proteases present in host cells (8-11,
28, 35). The activating proteases cleave F protein at residue
116 and expose a hydrophobic amino acid sequence necessary
to the envelope fusion at the N-terminal end of the F, subunit
(4, 13, 16). Accordingly, the activation of F protein is indis-
pensable for Sendai virus to express its infectivity, and the
presence of the activating proteases in host cells or organs is a
prime factor that permits multicycle replication of the virus
(10, 28, 29, 34, 36, 37, 39, 40). Kido et al. (20, 32) isolated a
serine protease from bronchiolar epithelial Clara cells in rat
lungs which was shown to be an activating enzyme of Sendai
virus. On the other hand, we have demonstrated previously
that the sensitivity of F protein to such proteases is another
factor that determines Sendai virus replication in mouse lungs
and hence the virulence for mice: a trypsin-resistant (TR)
mutant that had a single amino acid substitution at the
cleavage site was resistant to activation by the activating
protease in mouse lungs and, therefore, was avirulent because
of the lack of ability to replicate in mouse lungs in a multistep
manner (15, 28, 41).

Sendai virus is a common causative agent of respiratory tract
infection in rodents such as mice and rats (2, 5, 14, 24, 31).
Epidemic as well as endemic infection with the virus in animal
laboratories often results in inestimable losses and causes
unexpected deviations in the results of experiments using those
animals. Therefore, control of Sendai virus infection is an
urgent matter. In previous reports, we showed that TR mutants
TR-2 and TR-5 conferred protection on mice against challenge
infection with wild-type Sendai virus (41, 42), and we proposed
a possible use of a TR mutant as an attenuated live vaccine
(25). Recently, we have isolated several strains of Sendai virus

* Corresponding author. Mailing address: Department of Microbi-
ology, Kobe University School of Medicine, 7-5-1 Kusunoki-cho,
Chuo-ku, Kobe 650, Japan. Phone: 81-78-341-7451, ext. 3300. Fax:
81-78-351-6347.

3369

from enzootic infections of mice in different animal laborato-
ries. Those isolates appear to be antigenically different from
the prototype Sendai virus strains that have long been passaged
in eggs. Although it is possible that cross-reactive cytotoxic T
cells contribute to some extent to protection against Sendai
virus infection, it would be better if the antigenicity of the
HANA protein of the vaccine were closer to those of the
currently prevailing virus strains. The purpose of this study was
to establish a more potent and safer vaccine against the
currently prevailing Sendai virus than vaccines with TR mu-
tants. Although the fresh isolates of Sendai virus were highly
virulent, their mouse pathogenicity became decreased after the
isolates were passaged several times in LLC-MK, cells. We
found that onc of the plaque-purified mutants among such
isolates was highly attenuated and never killed mice. Although
the mechanism of attenuation of the mutant had not yet been
studied thoroughly, our preliminary studies suggested that a
mutation(s) in a gene(s) other than the F gene was responsible
for the attenuation. We then introduced an additional muta-
tion into the F gene of the attenuated mutant described above
so that F protein could not be activated by the activating
protease in mouse lungs. The possibility that such a double
mutant reverts to generation of virulent progeny would be very
low compared with that for a single mutant such as TR-5. In
this paper, we describe the eligibility of such a double mutant
for a safe and potent live vaccine against the currently prevail-
ing Sendai virus.

The Ohita-M strain (Oh-M) of Sendai virus was isolated
from mice during an epidemic in an animal laboratory by
inoculating the lung homogenate of an infected mouse intra-
nasally into 3-week-old male BALB/c mice (Clea Japan Inc.).
The Tokyo-M and Kyoto-M strains were also isolated from
different areas of Japan. Oh-M1 is one of the plaque-purified
clones of Oh-M grown in LLC-MK, cells in the presence of |
pg of trypsin per ml. After several passages of Oh-MI in
LLC-MK, cells, mutants that form clearer plaques began to
appear and increased in number as the passages went on. One
such mutant was cloned and designated Oh-MVC11 and was
stably maintained in LLC-MK, cell cultures. One 50% lethal
dose (LDs,) of Oh-MI1 corresponded to 4.0 x 10' cell-
infecting units (CIU) per mouse, while that of Oh-MVCl11
corresponded to over 8.0 X 10° CIU per mouse. Although
Oh-MVCI11 did not show lethality to mice even at the highest
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FIG. 1. In vitro protease sensitivities of Oh-MVCI11 (A) and
MVCES]1 (B). Inactive Oh-MVC11 and MVCESI grown in LLC-MK,
cells were incubated with various concentrations of trypsin (O) or
elastase (@) at 37°C for 10 min. The infectivity was determined by the
immunofluorescent-cell counting method (20).

titer tested, a slight decrease in the body weights of the test
mice was observed (data not shown). A protease activation
mutation was then introduced into Oh-MVC11 by the follow-
ing method. A 0.5-ml sample of Oh-MVCI1 in a plastic dish
(15 mm in diameter) was UV irradiated at a distance of 60 cm
(10 ergs/mm?/s) for 25 s; irradiation was followed by inocula-
tion into LLC-MK, cells and five successive passages in the
presence of 0.1 ng of elastase per ml. The elastase-sensitive
mutants thus obtained were plaque purified, and one of the
clones, MVCESI, was used for further study.

The protease sensitivity of the virus was assayed by the
method described previously (41), with a slight modification.
Inactive virus grown in LLC-MK, cells in the absence of any
protease was treated with various concentrations of trypsin or
elastase at 37°C for 10 min in a phosphate-buffered saline. The
activated virus was assayed for infectivity by the immunofluo-
rescent-cell counting method (19). Figure 1 shows the sensi-
tivities of Oh-MVC11 and MVCES]1 to elastase and trypsin.
Oh-MVC11 was activated by trypsin to the maximum level at a
concentration of 0.1 pg/ml, whereas it was less efficiently
activated by elastase even at a concentration of 10 pg/ml. In
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contrast, MVCES1 was activated by elastase, with maximum
recovery at a concentration of 0.2 pg/ml, but was not activated
at all by trypsin. The Western blot (immunoblot) analysis
revealed cleavage of the F protein of MVCESI by elastase
(data not shown).

To provide genetic bases for the TR of MVCES], the F
genes of both Oh-MVC11 and MVCESI1 were sequenced. The
nucleotide sequence of Oh-MVC11 was somewhat different
from those of the laboratory-adapted, prototype strains of
Sendai virus, such as the Fushimi, Z, and Harris strains: the
homology of the nucleotide sequences between Oh-MVC11
and the prototype strains was about 86%, and a considerable
number of possible amino acid substitutions were identified
(Table 1). When the sequences of Oh-MVC11 and MVCESI1
were compared, two nucleotide changes, G—T and T—C,
were observed at positions 400 and 403 of the F gene,
respectively, resulting in the amino acid substitutions of Ile for
Arg at residue 116 and Ser for Phe at residue 117. The amino
acid substitution of Ile for Arg at residue 116, the cleavage site
of the F protein, was also demonstrated with the TR mutants
derived from the Fushimi strain (17).

Our preliminary results obtained with an enzyme-linked
immunosorbent assay revealed that the antigenicity of the
HANA protein of the egg-passaged prototype Fushimi strain
of Sendai virus was different from that of fresh isolates such as
Oh-M, Tokyo-M, and Kyoto-M. Since HANA protein is a
principal target of the humoral immune response and cytotoxic
T lymphocytes (1, 6, 7, 22, 23, 41), it is reasonable to assume
that a vaccine strain would exert excellent protective effects
against the currently prevailing Sendai virus if its HANA
protein were antigenically closer to that of the fresh isolates.
Therefore, we performed antigenic analysis by hemagglutina-
tion inhibition (HI) and neutralization (NT) assays using a
mouse antiserum prepared against Oh-M1. HI antibody was
measured by the standard microtitration method using chicken
erythrocytes. For NT, serial twofold dilutions of the serum
were incubated with an equal volume of Sendai virus for 1 h at
37°C, and the remaining infectivity was assayed by the immu-
nofluorescent-cell counting method. The NT activity was ex-
pressed by the reciprocals of the serum dilutions that caused
50% reduction of the infectivity. As shown in Table 2, HI and
NT titers of the antiserum were almost the same against
Oh-M1, Oh-MVCI11, and MVCESI as well as against the
Tokyo-M and Kyoto-M strains, showing that MVCES] still
possessed the original antigenicity of the Sendai virus fresh
isolates. On the contrary, HI and NT titers against the proto-
type Fushimi strain and its derivative, TR-5, were lower than
those against Oh-M1 and its derivatives. The nucleotide se-
quences of the HANA genes of the fresh isolates were
determined as described previously (33), and phylogenetic
analysis was performed by using the unweighed pairwise
grouping method (21) to compare the sequences of the fresh
isolates and the laboratory-adapted, prototype strains, such as
the Fushimi, Harris, and Z strains (3, 26, 30). All of the fresh
isolates obtained from mice in different areas of Japan were
nearly identical with each other but clearly different from the
laboratory-adapted strains (Fig. 2). On the basis of the pre-
dicted amino acid sequences of HANA protein, phylogenetic
analysis supported the observation stated above. The observed
differences between the fresh isolates and the laboratory-
adapted strains may be due to genetic alterations that have
accumulated during repeated passages in chicken eggs, as
demonstrated previously (18). The actual sequences responsi-
ble for the antigenic difference described above have yet to be
determined.

To see the vaccine effect of MVCESI1 in comparison with
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TABLE 3. Protection of mice vaccinated with MVCESI] or TR-5
from challenge infection of the fresh isolates of Sendai virus

No. of mice surviving/no. of mice challenged with:
Inoculum dose of

vaccine strain Oh-M Tokyo-M Kyoto-M
(CIU/mouse)
MVCES1 TR-5 MVCES! TR-5 MVCESlI TR-5
2.5 x 10° 6/6 4/6 6/6 3/6 6/6 4/6
2.5 x 10% 3/5 0/5 4/6 0/6 5/6 1/6
25 x 10° 1/5 0/5 2/6 0/6 2/6 0/6
2.5 X 10? 1/5 0/5 1/6 0/6 1/6 0/6
2.5 X 10! 0/5 0/5 0/6 0/6 0/6 0/6

of the mice inoculated with the same dose of TR-5 died of
pneumonia. These results demonstrate that MVCESI is supe-
rior to TR-5 in terms of the ability to elicit protective immunity
against the currently prevailing Sendai virus.

In previous studies, we have demonstrated that the TR
mutants, TR-2 and TR-5, derived from the prototype Fushimi
strain conferred protection on mice against challenge infection
with the virulent Sendai virus (41, 42), and we have proposed
the applicability of the protease activation mutant as an
attenuated vaccine for various strains of mice (25). Although
the TR mutants elicited better protective immunity than a
conventional ether-inactivated vaccine (25), this study has
clearly demonstrated the antigenic differences between the
Fushimi strain as well as other laboratory-adapted strains of
Sendai virus and the currently prevailing Sendai viruses. From
a practical point of view, the antigenicity of a vaccine strain
should match that of the currently prevailing virus strains in
the field. MVCESI protected mice from challenge infection
with the currently prevailing Sendai virus strains, such as
Oh-M1, Tokyo-M, and Kyoto-M, more effectively than TR-5,
which had been derived from the prototype Fushimi strain
(Table 3). We observed that MVCESI elicited higher titers of
NT antibodies against the fresh isolates than did TR-5 (data
not shown). It is likely that the observed better protection by
MVCEST against challenge infection is attributable partly, if
not solely, to a higher neutralizing activity in the serum. The
role of cell-mediated immunity induced by MVCES1, however,
remains to be investigated.

In our previous study, the TR mutants TR-2 and TR-5 were
obtained by passaging the Fushimi strain in the presence of
chymotrypsin, and the mechanism for the selection of the
mutants was already elucidated: a single point mutation at
residue 116 from Arg to Ile was responsible for both TR and
increased sensitivity to chymotrypsin (16). In this study, elas-
tase was used instead of chymotrypsin to obtain a TR mutant
derived from Oh-MVC11, since chymotrypsin was not effective
for that purpose probably because of the difference in the
overall three-dimensional structure of the F proteins of Oh-
MVCI11 and the Fushimi strain (Table 1). The elastase sensi-
tivity of all of the elastase-sensitive mutants reported so far has
been explained by the substitution of Ile for Arg at the
cleavage site of the F protein. This substitution simultaneously
endows the mutants with TR (13, 17, 43). The same mutation
was shown to have occurred in the F protein of MVCESI, and
the substituted Ile at residue 116 was supposed to be the target
amino acid for cleavage by elastase. The significance of the
additional mutation (from Phe to Ser) at residue 117 next to
the cleavage site remains to be clarified.

A possible disadvantage for TR mutants as a live vaccine is
that they are single-point mutants and the emergence of a
pathogenic revertant(s) could occur, although such a revertant
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has never been recovered from the mice vaccinated with the
TR mutants. On the other hand, Oh-MVCI11, the parental
virus of MVCES]I, is already highly attenuated because of a
mutation(s) in a gene(s) other than the F gene. Introduction of
an additional mutation into the cleavage site of the F protein
of Oh-MVCI11 resulted in the generation of the more attenu-
ated virus MVCESI, whose replication in mouse lungs was
limited to a single cycle, as was the case with the TR mutants.
Such multiple mutations provide MVCESI1 with a warrant of
safety in terms of possible emergence of a virulent revertant(s).
Thus, MVCESI is a good candidate for a Sendai virus vaccine
on the basis of its antigenic similarity to the currently prevail-
ing virus and its inability to generate a virulent revertant(s).

Nucleotide sequence accession numbers. The nucleotide
sequences reported in this paper will appear in DDBJ, EMBL,
and GenBank nucleotide sequence data bases with the follow-
ing accession numbers: D17334, D17335, and D26475 to
D26479.
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