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We obtained 157 cloned cell lines persistently infected with Sendai virus; these cell lines were generated
independently of each other. Infectious viruses could be isolated from 123 of these cloned cell lines by
inoculation of culture fluids or infected cells into embryonated eggs. The majority of the viruses carried by cells
persistently infected with viruses showed high cytotoxicity and did not have the ability to establish persistent
infection. The association of carried virus with cells became stronger and virus isolation correspondingly
became more difficult as cells persistently infected with virus were subcultured. Viruses derived from virus-
infected cells eventually acquired the ability to establish persistent infection, although the ways in which the
viruses acquired this ability varied. The viruses also acquired temperature sensitivity as persistently infected
cells were subcultured. First, the hemagglutinin-neuraminidase and M proteins acquired temperature sensi-
tivity, and then the polymerase(s) did so. The M proteins were localized in the nuclei of cells infected with
cloned viruses that had the ability to establish persistent infection. Cells infected with viruses capable of
establishing persistent infection showed no or slight staining by terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling. Specific amino acid substitutions accumulated in the M protein and the
L protein as virus-infected cells were subcultured. This study shows that there is an unstable dynamic phase
at an early stage of the establishment of persistent Sendai virus infection (steady state), and then viruses
capable of establishing persistent infection are selected.

Sendai virus (SeV) infection and replication lead to a strong
cytopathic effect, with the subsequent death of host cells.
Membrane fusion and apoptosis have been reported to be
mechanisms of SeV-induced cytotoxicity. SeV infection trig-
gers an apoptotic program in target cells, leading to the death
of host cells without impairment of the viral life cycle. On the
other hand, paramyxoviruses, particularly simian virus 5 (SV5)
and SeV, can cause a persistent, productive infection in pri-
mary cell cultures that does not kill cells or shut off cellular
RNA or protein synthesis (1). Some paramyxoviruses, such as
SeV, bovine parainfluenza type 3 virus, SV5, Hendra virus, and
Nipah virus, persistently infect natural hosts, which generally
show no or low-level pathogenic signs.

When cells such as HeLa and baby hamster kidney (BHK)
cells are infected with SeV at a relatively high multiplicity of
infection (MOI), almost all of the cells die, but a few survive.
The surviving cells, subcultured for a long time, develop into
cells persistently infected with SeV (steady-state infection) (9).
A carrier culture of HVJ (SeV)-infected BHK cells (BHK-
HVJ cells) was originally obtained by prolonged cultivation of
BHK cells which had survived HVJ (Nagoya strain) infection
(9), and BHK-HVJ cells have been subcultured for a long
period since then. In a recent study (10), Nishio et al. reported
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the characterization of 1929 cells persistently infected with
SeV and the pi strain of SeV (SeVpi) isolated from BHK-HVJ
cells. It has been commonly accepted that the temperature-
sensitive phenotype and low cytopathogenesis of cells persis-
tently infected with SeV are caused by the M and/or hemag-
glutinin-neuraminidase (HN) proteins (6, 8, 16, 17). However,
recombinant SeVs having SeVpi M protein and/or SeVpi HN
protein do not show temperature sensitivity and are incapable
of establishing persistent infection (5). None of the virus-spe-
cific polypeptides are detected when cells are incubated at
38°C. In addition, the virus proteins in cells infected with
SeVpi are not pulse-labeled at 38°C, indicating that the tem-
perature-sensitive step is at an early stage of infection. These
properties may reflect persistent infection maintained for more
than 10 years. Therefore, analyses of the early stage of the
process of establishment of persistent infection are required
for understanding the molecular mechanism by which persis-
tent SeV infection is established.

In this study, L.929 or BHK cells were infected with SeV
(Nagoya or Z strain) and incubated for 4 days, when almost all
of the cells died. Subsequently, cell cloning was carried out by
using a limiting-dilution method. We isolated 154 cloned cells
infected persistently with SeV and analyzed the properties of
the cloned cells and viruses isolated from the cloned cells. This
study showed that there is an unstable dynamic phase at an
early stage of the process of establishment of persistent SeV
infection (steady state), and then viruses capable of establish-
ing persistent infection are selected.
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FIG. 1. Experimental design.

MATERIALS AND METHODS

Viruses and cells. The SeVs used in this study were the Nagoya (wild) and Z
strains. The cells used in the present study were mouse 1.929 cells and BHK cells,
which were grown at 35°C in Eagle’s minimum essential medium (MEM) forti-
fied with 5% fetal calf serum.

Antibody. Anti-SeV polyclonal antiserum was described previously (3). Mono-
clonal antibodies (MAbs) to nucleoprotein (NP) and HN proteins of human
parainfluenza type 1 virus, which were cross-reactive with SeV, were previously
reported (7). MAbs to M and F proteins and to L protein were kindly donated
by C. Orvell and D. Kolakofsky, respectively. Anti-V protein and anti-C protein
polyclonal rabbit sera were donated by A. Kato.

Virus titration. Monolayer cultures in 96-well plates were infected with 0.1 ml
of 10-fold serial dilutions of SeV-containing fluid and incubated for 3 days.
Subsequently, virus-infected cell monolayers were washed with Eagle’s MEM,
100 wl of a 0.4% suspension of guinea pig erythrocytes in Eagle’s MEM was
added, and the mixture was left at room temperature for 30 min. After unad-
sorbed erythrocytes were removed by washing of the mixture with phosphate-
buffered saline (PBS), the hemadsorbed cells were examined microscopically.

Establishment of persistent virus infection. Monolayers of L.929 or BHK cells
were infected two or three times with the SeV wild strain at an MOI of about 100.
Almost all of the cells infected with SeV showed severe cytopathic effects
(CPEs); the remaining virus-infected cells were subcultured, and the virus-in-
fected cells resulted in persistent infection (steady state).

Hemadsorption tests. Tests for the adsorption of erythrocytes to cell surfaces
were performed. The culture medium was removed, and the monolayer was
washed with PBS. A 0.4% suspension of guinea pig erythrocytes in PBS was
added, and the culture was kept at room temperature for 30 min. Unadsorbed
erythrocytes were removed by washing of the culture with PBS, and the extent of
erythrocyte adsorption was observed microscopically.

Immunofluorescence staining. The cells were fixed with 3% formaldehyde in
PBS for 15 min at room temperature and rinsed twice with PBS. Then, they were
permeabilized with PBS-Tween 20 (0.05%) for 30 min and washed twice with
PBS. Next, they were incubated for 60 min with primary antibody and washed
three times with PBS. Following this step, they were incubated for 60 min with
fluorescein isothiocyanate-labeled secondary antibody and washed with PBS.
Immunofluorescence-stained cells were analyzed by use of a fluorescence micro-
scope.

TUNEL staining. For the detection of DNA fragmentation, a terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
assay was performed with fluorescein-12-dUTP-labeled DNA (in situ cell death
detection kit, fluorescein; Roche) according to the manufacturer’s protocol.

Virus isolation from cells persistently infected with virus. Cells persistently
infected with virus were cultured at 35°C for 3 days, and then the medium and/or

cells were intra-allantoically inoculated into 10-day-old embryonated eggs. The
eggs were incubated at 32°C for 3 days, and then the allantoic fluids were
harvested and tested for the presence of hemagglutinin.

Virus cloning. 1929 cells in six-well plates were infected with 0.1 ml of 10-fold
serial dilutions of virus. After incubation at 32°C for 3 days, virus-infected cells
were washed twice with PBS, 2.0 ml of a 0.4% suspension of guinea pig eryth-
rocytes in PBS was added to the cells, and the mixture was left at room temper-
ature for 30 min. After unadsorbed erythrocytes were removed by intensive
washing of the mixture with PBS, the hemadsorbing cells were isolated by use of
a fine absorbent cotton swab fixed to a stick under microscopic observation.
Subsequently, the cell suspensions were intra-allantoically inoculated into 10-
day-old embryonated eggs. The eggs were incubated at 32°C for 3 days, and then
the allantoic fluids were harvested.

Ability of virus to establish persistent infection. L929 cells were infected at an
MOI of about 10. Virus-infected cells were subcultured at least three times, and
at every subculture, they were morphologically observed by use of a microscope.
Some of the most common effects of viral infection are morphological changes,
such as cell rounding and detachment from the substrate, cell lysis, and syncytium
formation. However, SeV induces little syncytium formation of cultured cells
without trypsin-like protease. Thus, when we observed the persistently infected
cells by use of a microscope, the presence of cell rounding and cell lysis was
checked mainly at every subculture. Hemadsorption tests were carried out with
final subcultured cells. If final subcultures showed no or few CPEs and almost all
of the cells were hemadsorption positive, then the virus was judged capable of
establishing persistent infection.

Isotopic labeling of virus-infected cells. Approximately 10° 1.929 cells were
infected with various SeVs at an MOI of about 10. At 16 h after infection, the
cells were washed once with and further incubated in fresh methionine- and
cysteine-depleted Dulbecco’s MEM for 2 h. The cells were labeled with 500 w.Ci
of Pro-mix L-*S in vitro cell labeling mix (Amersham Pharmacia Biotech Japan,
Tokyo, Japan) per ml in methionine- and cysteine-depleted MEM for 1 h. The
cells were washed with PBS and lysed with 1 ml of radioimmunoprecipitation
assay (RIPA) buffer (1% Triton X-100, 137 mM NaCl, 3 mM B-glycerophos-
phate, 3 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 25 mM HEPES [pH
7.6]).

RIPA and SDS-PAGE. RIPA and sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) were performed as described elsewhere (14).

RESULTS

Establishment of persistent SeV infection and cell cloning.
The experimental design is shown in Fig. 1. 1.929 or BHK cells
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FIG. 2. Detection of NP, M, and HN proteins in cloned cells persistently infected with SeV and subcultured at various times. Four uncloned
cell lines and 157 cloned cell lines persistently infected with SeV of p.n. 1 were immunostained with anti-NP, -M protein, or -HN MAbs.
Furthermore, 8 cloned cell lines selected from the 157 cloned cell lines were further subcultured. Every 10th subculture, the cells were transferred
to 32 or 38°C, incubated for 48 h, and then fixed. For some samples, anti-P, -F, -L, -V, or -C protein antibodies were also used. Representative
data are shown. BHK/NA (d-3) cells at p.n. 30 and p.n. 60 were stained with Giemsa staining solution. L and H, lower and higher magnifications,
respectively.
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TABLE 1. Summary of cloned cell lines persistently
infected with SeV

Isolation of infective viruses” from:

No. of
Series Subseries cell Culture medium Cells
lines
Total + - + -
BHK/NA a 68 63 55 8 3 5
b 4 3 3
c 1 0 0
d 3 3 3
e 10 8 8
Subtotal 86 77 69 8 3 5
L/NA a 2 2 2
b 1 1 1
¢ 19 19 5 14 4 10
d 13 13 2 11 4 7
e 6 6 1 5 2 3
Subtotal 41 41 11 30 10 20
L/z a 12 12 12 0
¢ 9 9 9 0
d 5 5 4 1 1 0
e 4 4 4 0
Subtotal 30 30 29 1 1 0
Total 157 148 109 39 14 25

“ Cells persistently infected with virus were cultured at 35°C for 2 to 3 days,
and then the medium and/or cells were intra-allantoically inoculated into 10-
day-old embryonated eggs. The eggs were incubated at 32°C for 3 days, and the
allantoic fluids were harvested and tested for the presence of hemagglutinin. +,
infective viruses were isolated; —, infective viruses were not isolated.

were infected two times with SeV (Nagoya or Z strain) at an
MOI of approximately 100 and incubated with Eagle’s MEM
supplemented with 5% fetal calf serum for 4 days, when almost
all of the cells died. Subsequently, the remaining infected cells
were washed three times with Eagle’s MEM to remove dead
cells, and then cell cloning was carried out by a limiting-dilu-
tion method with 96-well plates. Cell clonality was confirmed
by microscopic observation. After about 3 weeks, the cloned
cells were subcultured in duplicate, and 2 days after subcultur-
ing, hemadsorption and immunofluorescence analysis with an-
ti-SeV NP antibody were carried out for detecting cells persis-
tently infected with virus. The cloned virus-infected cells were
further subcultured, and the resulting cell cultures were des-
ignated passage number (p.n.) 1 cells. Because we could not
exclude the possibility that virus-infected cells multiplied be-
fore limiting dilution, we do not claim that all of the cloned
virus-infected cell lines were independently isolated and thus
were different. The p.n. 1 cells were immunostained with anti-
NP, -M protein, or -HN MADs, and viral antigens were found
in almost all of the persistently infected cells. In addition, when
uncloned cells infected with SeV and surviving after 2 to 3
weeks became monolayers, the cells were reinfected with SeV.
When this procedure was carried out two or three times, al-
most all of the remaining cells were found to have viral anti-
gens. These cells were designated uncloned persistently infected

J. VIROL.

cells. In most of these carrier cell samples, multinucleated
giant cells were found, although the frequency of appearance
varied (data not shown). The number of multinucleated giant
cells slowly decreased as the cells were subcultured (Fig. 2A).
Intriguingly, the M protein was localized in the nuclei of the
majority of persistently infected cells (Fig. 2B and C).

The culture fluids of p.n. 1 cells were inoculated into 10-day-
old embryonated eggs for the isolation of infectious viruses.
We obtained 157 cloned virus-infected cell lines, and infectious
viruses were isolated from 109 out of 148 cloned cell lines by
inoculation of culture fluids into embryonated eggs (Table 1).
Furthermore, for the 39 cloned cell lines from which infectious
virus could not be isolated, the infected cells were inoculated
into embryonated eggs. Infectious viruses were isolated from
14 cell lines but could not be isolated from the remaining 25
cell lines (Table 1). Interestingly, only 5 out of 123 viruses (p.n.
1 viruses) isolated from p.n. 1 cells had the capability of estab-
lishing cells persistently infected with virus (data not shown),
indicating that the majority of the viruses carried by cells per-

TABLE 2. Chronological analyses of virus isolation

Series p.n. Isolation of infective viruses® from:
BHK/NA (d-3) 1 Medium +
5 Medium +
10 Medium +
15 Medium +
20 Medium —

25 Medium —; cell +

30 Medium +

35 Medium —; medium +
40 Medium —; medium +

45 Medium +
50 Medium +
55 Medium +
60 Medium +
65 Medium +
L/Z (c-2) 1 Medium +
5 Medium +
10 Medium +
15 Medium +
20 Medium +
25 Medium +
30 Medium +
35 Medium —; medium —; cell —; medium/egg
+; medium/egg +; cell/egg +
40 Medium —; medium —; medium/egg —;

medium/egg —; medium/egg/egg +

45 Medium —; medium +; cell +; cell +

50 Medium —; cell —; medium/egg +; cell/egg
—; cell/egg/egg +

55 Medium —; medium —; medium +; cell —;
cell —; cell —; cell +; medium/egg —; cell/
egg —; medium/egg +; cell/egg +; cell/egg/
egg +; medium/egg/egg/egg +; cell/egg/egg/
egg +

60 Medium —; cell —; medium/egg +; cell/egg +

65 Medium —; cell —; medium/egg —; cell/egg
—; medium/egg/egg +; cell/egg/egg +

¢ Cells persistently infected with virus were cultured at 35°C for 2 to 3 days,
and then the medium or cells were intra-allantoically inoculated into 10-day-old
embryonated eggs. The eggs were incubated at 32°C for 3 days, and the allantoic
fluids were harvested and tested for the presence of hemagglutinin. When in-
fective virus was not isolated, the allantoic fluids were reinoculated into 10-day-
old embryonated eggs. +, infective viruses were isolated; —, infective viruses
were not isolated.
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FIG. 3. Chronological analyses of the ability of uncloned viruses to establish persistent infection (PI). The ability of uncloned viruses isolated
from three series of persistent infection to establish persistent infection was analyzed every fifth passage. Virus-infected cells were subcultured at
least three times, and at every subculture, cells were morphologically observed with a microscope. Hemadsorption tests were carried out with final
subcultured cells. If a final subculture showed no or few CPEs and almost all of the cells exhibited hemadsorption, then the virus was judged to
be capable of establishing persistent infection. Symbols: (+), viruses capable of establishing persistent infection; (—/+), mixture of viruses capable
and viruses incapable of establishing persistent infection; (—), viruses incapable of establishing persistent infection.

sistently infected with virus showed high levels of cytotoxicity
and did not have the ability to establish persistent infection.
Chronological analyses of virus isolation. Four uncloned
cell lines and eight cloned cell lines selected for further anal-
yses were further subcultured. At every fifth subculture, virus
isolation was carried out. Representative results are shown in
Table 2. There were two ways in which virus could be isolated
from persistently infected cells. (i) Infectious viruses could be
isolated by inoculation of culture fluids into embryonated eggs
until subcultures 60 to 65. (ii) Infectious viruses could be iso-
lated at early subcultures by inoculation of culture fluids into

embryonated eggs, after which virus isolation from culture
fluids gradually became more difficult, and inoculation of in-
fected cells into embryonated eggs was necessary for the iso-
lation of infectious viruses. Eventually, virus isolation from
culture fluids or cells became very difficult, suggesting that
virus particle formation was suppressed. Four cell lines—BHK
cells persistently infected with Nagoya strain SeV [BHK/NA
(d-3)], uncloned 1929 cells persistently infected with Nagoya
strain SeV [uncloned L/NA (C)], L929 cells persistently in-
fected with Nagoya strain SeV [L/NA (a-1)], and uncloned
1929 cells persistently infected with Z strain SeV [uncloned
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TABLE 3. Ability of cloned viruses from BHK/NA (b-18) cells to establish persistent infections

Clone (temp
sensitivity)”

CPE:s for the indicated subculture at the following temp (°C)":

32

38

3

1 Uncloned virus
1-6 (—0.5)
1-12 (2.25)
1-14 (2.0)
1-15 (3.0)

5 Uncloned virus
5-2 (0.25)
5-3 (0.25)
5-5 (0.25)
5-12 (0.0)

++++
++++
++++

++++
++++
++++

++++

++++

+++
++

+++
+++

20 Uncloned virus - - -
20-8 (2.25) — - —
20-14 (2.75) — — —
20-4a (3.0) - - -
20-5a (>3.0) - - -
20-7a (1.5) — - —
20-8a (2.25) — — —
20-10a (1.5) — - —
20-13a (1.5) — — —

I+ 1+ 1

30 Uncloned virus - - R
30-1a (>2.0) - - -
30-3a (2.75) — — —
30-4a (2.5) — - —
30-10a (1.5) — — R
30-11a (1.75) — - —
30-17a (0.5) ++
30-23a (>2.0) - - -

I+ 1 &

40 Uncloned virus — - R
40-1 (2.25) — R R

40-4 (3.0) — - —

40-5 (0.25) - - R

40-6 (1.5) - R R

R

I+ 1”7

=~

65 Uncloned virus — -
65-3a (1.75) — -
65-7a (3.25) - - -
65-17a (>4.5) — — — —
65-18a (2.75) - - -
65-20a (2.0) — - - -
65-22a (2.25) - - -
65-26a (2.25) — - - -

++++
++++
++++

++++ + +

++++ - -

+++ ++++

++++
++++
+ ++++
+ ++++
++++

“ Bold type indicates viruses incapable of establishing persistent infection. Temperature sensitivity was calculated as log virus titer at 32°C divided by log virus titer

at 38°C.

b Virus-infected cells were subcultured five times, and at every subculture, cells were morphologically observed with a microscope. Hemadsorption tests were carried
out with final subcultured cells. If final subcultures showed no or few CPEs, then the virus was judged to be capable of establishing persistent infection. CPE scores
ranged from — to ++++, where — indicates that no CPE was observed, + indicates that only a few lytic cells were observed, ++ indicates that <25% of the cells
showed lysis, +++ indicates that <75% of the cells showed lysis, and ++ + + indicates that >75% of the cells showed lysis. R indicates that a small number of cells

showed rounding.

L/Z]—belonged to the former type. The other eight cell
lines—uncloned BHK/NA, BHK/NA (a-1), BHK/NA (a-66),
BHK/NA (b-18), uncloned L/NA (B), L/NA (a-2), L/Z (a-1),
and L/Z (c-2)—belonged to the latter type. This grouping was
unrelated to the persistent infection system (L929 or BHK
cells; Nagoya or Z strain SeV). Intriguingly, infectious viruses
could not be isolated from cells belonging to type 1 at times
during the process of subculturing by inoculation of culture
fluids into embryonated eggs. These findings showed that the
association of carried virus with cells became stronger and that

virus isolation became more difficult as cells persistently in-
fected with virus were subcultured.

Chronological analyses of the ability of uncloned viruses to
establish persistent infection. As described above, only 5 out
of 123 p.n. 1 viruses had the capability of establishing persistent
infection. Consequently, acquisition of the ability to establish
persistent infection through subcultivation of virus-infected
cells was investigated. As shown in Fig. 3, three modes of
acquiring the ability to establish persistent infection were
found. (i) Viruses acquired the ability to establish persistent



VoL. 78, 2004 PERSISTENT SeV INFECTION 11945
TABLE 4. Ability of cloned viruses from BHK/NA (a-1) cells to establish persistent infections
CPE:s for the indicated subculture at the following temp (°C)":
Clone (temp
p-n. sensitivity)” 32 38
1 2 3 4 5 1 2 3 4 5
15 Uncloned virus + ++++ 44+
15-2 (0.75) + +4+4++ +++ 44+
15-4 (0.0) R ++++ + e+
15-7 (1.0) - ++ +++ +4+++ ++ +4++
15-8 (0.75) ++ ++++ ++ A+
15-9 (0.0) + +4+4++ +++ b4 44
15-10 (0.0) - - - ++ o+t + + - + +
15-11 (10) ++ ++++ + 4+ 4+ 4+ +
25 Uncloned virus - - - - - - - - - -
25-2 (1.5) - R R +++ A R o+
25-3 (1.0) - R R ++ ++++ R ++++
25-7a (1.0) +++ ++++ — A+
25-8a (1.75) - — - R - - - - - -

“ See Table 3, footnote a.
> See Table 3, footnote b.

infection at a relatively early phase. (ii) The way in which the
viruses acquired the ability is not straightforward, especially for
BHK/NA (d-3) cells. (iii) Viruses acquired the ability to estab-
lish persistent infection at a relatively late phase. Eventually,
viruses derived from virus-infected cells other than L/NA (a-2)
cells acquired the ability. Viruses isolated from L/NA (a-2)
cells did not acquire the ability until subculture 50; the cyto-
toxicity of the viruses gradually became weak (data not shown).

Further study of the ability of cloned viruses to establish
persistent infection. We tried to isolate cloned viruses from
BHK/NA (b-18) and BHK/NA (a-1) cells. We isolated 55
cloned viruses and analyzed their capability for establishing
persistent infection and temperature sensitivity. First, 44
cloned viruses isolated from BHK/NA (b-18) cells were inves-
tigated (Table 3 and data not shown). Uncloned viruses and six
cloned viruses isolated from BHK/NA (b-18) p.n. 1 and 5 cells,
respectively, were highly cytotoxic, while two cloned viruses
(clone 1-14 [cl.1-14] and cl.1-15) isolated from BHK/NA (b-18)
p.n. 1 cells were incapable of establishing persistent infection
and showed relatively low cytotoxicity. One uncloned virus and
six out of seven cloned viruses derived from BHK/NA (b-18)
p.n. 30 cells showed lower cytotoxicity, but one cloned virus
(cl.30-17a) was incapable of establishing persistent infection at
both 32 and 38°C. Similarly, one uncloned virus and three out
of four cloned viruses derived from BHK/NA (b-18) p.n. 40
cells acquired the capability of establishing cells persistently
infected with virus, but one cloned virus (cl.40-5) was incapable
of establishing persistent infection at 32°C. On the other hand,
3 uncloned viruses and all 17 cloned viruses derived from
BHK/NA (b-18) p.n. 40 and 65 cells, respectively, were capable
of establishing persistent infection (Table 3 and data not
shown).

One uncloned virus isolated from BHK/NA (a-1) p.n. 15
cells was incapable of establishing persistent infection, while
uncloned viruses from BHK/NA (a-1) p.n. 20 and 25 cells were
capable of establishing persistent infection (Table 4 and Fig.
3). Therefore, we isolated seven and four cloned viruses from
BHK/NA (a-1) p.n. 15 and 25 cells, respectively. Six cloned
viruses derived from p.n. 15 cells were highly toxic for cells, but

one cloned virus (cl.15-10) was capable of establishing persis-
tent infection at 38°C (Table 4). On the other hand, one cloned
virus (cl.25-8a) isolated from p.n. 25 cells was capable of es-
tablishing persistent infection at 32 and 38°C, while the other
three viruses were cytotoxic, although the extent of cell damage
varied widely (Table 4).

Immunofluorescence analyses of cells persistently infected
with SeV. Every 10th subculture, persistently infected cells
were incubated at 32 or 38°C for 2 days. These cells were
immunostained with anti-NP, -M protein, or -HN protein
MAbs (Fig. 2D and E). For some samples, anti-P, -F, -L, -V, or
-C protein antibodies were also used. The M protein localized
in nuclei, and HN was scarcely detected at 38°C in relatively
early subcultures (Fig. 2B, C, D, and E).

Immunofluorescence analyses of cells primarily infected
with uncloned viruses isolated from persistently infected cells.
L929 cells were infected with uncloned viruses isolated from
BHK/NA (b-18) cells which had been subcultured at various
times at an MOI of about 10 and incubated at 32 or 38°C for
20 h. These cells were immunostained with anti-NP, -M pro-
tein, or -HN MAbs. As shown in Fig. 4A, cells infected with
p.n. 1 or 5 viruses showed damage at both temperatures or at
32°C, respectively, while cells infected with p.n. 5 viruses
showed few CPEs at 38°C. Furthermore, p.n. 20, 40, or 60
viruses showed no or little cytotoxicity at both temperatures.
The NP and HN proteins were clearly expressed in cells in-
fected with p.n. 1 or 5 virus at 38°C. However, these proteins
were faintly detected in cells infected with p.n. 20 viruses at
38°C. The NP protein was faintly detected but the HN protein
was scarcely detected in cells infected with p.n. 40 viruses at
38°C. Intriguingly, the NP and HN proteins could not be de-
tected in cells infected with p.n. 60 viruses at 38°C, indicating
that the temperature-sensitive step of the virus is at an early
stage of its replication. The HN protein was localized at the
perinuclear region in cells infected with p.n. 20, 40, or 60
viruses at 32°C. The M protein was found in the cytoplasm of
pn. 1 or 5 virus-infected cells, while it was predominantly
detected in the nuclei of p.n. 20 or 60 virus-infected cells (Fig.
4A).
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FIG. 5. Temperature sensitivity of viruses derived from cells persistently infected with SeV. (A) Infective titers of uncloned viruses isolated in
three series of persistent infection from cells subcultured at various times were measured at 32 or 38°C. Temperature sensitivity was calculated as
the log virus titer at 32°C divided by the log virus titer at 38°C. Symbols: [, BHK/NA (a-1) cells; ®, BHK/NA (b-18) cells; ©, BHK/NA (d-3) cells.
(B and C) Pulse-chase experiments with 1.929 cells infected with SeV wild strain (SeVw) or SeVPi. 1929 cells were infected with SeVw or with
p-n. 5 or 60 virus isolated from BHK/NA (b-18) cells (B) or with cl.5-12 or cl.40-11 isolated from BHK/NA (b-18) cells (C) at an MOI of about
10. After incubation at 32 or 38°C for 18 h, the cells were pulse-labeled at 32 or 38°C, respectively, for 1 h with L-*>S. After pulse-labeling for 1 h,
the virus-infected cells were chased in chase medium (MEM supplemented with 5 mM methionine and 5 mM cysteine) at 32 or 38°C for 4 h. The
cell lysates were immunoprecipitated with anti-SeV rabbit polyclonal antibody, and the immunoprecipitates were analyzed by SDS-PAGE. Fo/NP,
uncleaved F(Fo) protein and NP, which migrate to almost the same positions.

Immunofluorescence analyses of cells primarily infected
with cloned viruses isolated from persistently infected cells. In
the next experiment, L929 cells were infected with cloned
viruses isolated from BHK/NA (b-18) cells at an MOI of about
10 and incubated at 32 or 38°C for 20 h. In cells infected with
cl.20-8, the HN protein was scarcely found, while the NP pro-
tein was clearly detected at 38°C, although at a low expression
level (Fig. 4B). Furthermore, the HN and NP proteins were
scarcely found at 38°C but were clearly detected at 32°C in cells
infected with cl.40-11, cl.65-1, or cl.65-5. These findings sug-
gested that cl.40-11, cl.65-1, and cl.65-5 are temperature sen-
sitive and that the temperature-sensitive step is at an early
stage of infection. Intriguingly, the HN protein was localized at
the perinuclear region in cells infected with cl.20-8, cl.40-11,
cl.65-1, or cl.65-5. The M protein was also localized in the

nuclei of cells infected with cloned viruses having the ability to
establish persistent infection (Fig. 4B).

Temperature sensitivity of viruses derived from cells persis-
tently infected with SeV. In this experiment, infective titers of
uncloned viruses isolated from three series of persistent infec-
tion, that is, BHK/NA (a-1), (b-18), and (d-3) cells, were mea-
sured at 32 or 38°C. The temperature sensitivity of these vi-
ruses tended to rise as persistently infected cells were
subcultured (Fig. 5A). Subsequently, the infectivity of cloned
viruses was titrated at both temperatures, and the results are
shown in Table 3. All of the cloned viruses derived from
BHK/NA (b-18) p.n. 5 cells showed high cytotoxicity, and their
temperature sensitivity was less than 0.25. On the other hand,
all of the cloned viruses derived from BHK/NA (b-18) p.n. 20
cells were capable of establishing persistent infection, and their

FIG. 4. (A) Detection of NP, M, and HN proteins in L1929 cells primarily infected with uncloned SeV. Cells were infected with uncloned SeV
isolated from BHK/NA (b-18) cells, which were subcultured at various times, at an MOI of about 10. Cells were transferred to 32 or 38°C and were
fixed at 24 h postinfection. These cells were immunostained with anti-NP, -M protein, or -HN antibodies. (B) Detection of NP, M, and HN proteins
in 1929 cells primarily infected with cloned SeV. Cells were infected with cloned SeV isolated from BHK/NA (b-18) cells, which were subcultured
at various times, at an MOI of about 10. Cells were transferred to 32 or 38°C and were fixed at 24 h postinfection. These cells were immunostained
with anti-NP, -M protein, or -HN antibodies. cl.5-5 and cl.5-12, cl.20-8, cl.40-11, and cl.65-1 and cl.65-5 were isolated from p.n. 5, p.n. 20, p.n. 40,
and p.n. 65 BHK/NA (b-18) cells, respectively.
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FIG. 6. TUNEL staining of cells infected with cloned viruses derived from cells persistently infected with SeV. L.929 cells were infected with
various cloned viruses at an MOI of about 10, and after 20 h of incubation at 35°C, the cells were stained with TUNEL solution according to the

manufacturer’s protocol.

temperature sensitivity was more than 1.5. Furthermore, cl.30-
17a and cl.40-5 showed cytotoxicity, and their temperature
sensitivities were 0.5 and 0.25, respectively. All of the cloned
viruses derived from BHK/NA (b-18) p.n. 30, 40, or 65 cells,
other than cl.30-17a and cl.40-5, were capable of establishing
persistent infection, and their temperature sensitivity was more
than 1.5. These findings suggested that temperature sensitivity
is generally related to a lower level of pathogenesis, although
the relationship is not necessarily simple.

To investigate the stability of the virus-specific polypeptides
in L1929 cells primarily infected with uncloned or cloned SeV
isolated from BHK/NA (b-18) carrier cells, pulse-label and
pulse-chase studies were performed. 1929 cells were primarily
infected with various viruses at an MOI of about 10; after
incubation at 32 or 38°C for 18 h, the cells were pulse-labeled
at 32 or 38°C, respectively, for 1 h with [**S]methionine-

* Nuclear localization

[**S]cysteine. The virus-specific polypeptides were pulse-la-
beled well in 1.929 cells infected with p.n. 5 Nagoya strain SeV
and cl.5-12 and incubated at 38°C in comparison with 32°C
(Fig. 5B and C). On the other hand, the virus-specific polypep-
tides were pulse-labeled less well in 1.929 cells infected with
p.n. 60 SeV and incubated at 38°C in comparison with 32°C
(Fig. 5B). Intriguingly, almost no virus-specific polypeptide was
synthesized in cl.40-11 virus-infected 1929 cells at 38°C (Fig.
5C), indicating that cl.40-11 is temperature sensitive and that
the temperature-sensitive step is at an early stage of infection.
Subsequently, after pulse-labeling for 1 h at 32°C, the virus-
infected cells were chased at 32 or 38°C for 4 h; the HN protein
of cl.40-11 was suggested to be unstable at 38°C.

TUNEL staining of cells infected with cloned viruses derived
from cells persistently infected with SeV. The molecular mech-
anism(s) underlying cell death in SeV-infected cells remains

- interaction with glycoproteins

* lower cytotoxicity

116 183
SeVpi v
M protein (
BHK/NA (a-1) ‘
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FIG. 7. Diagram mapping specific amino acid substitutions detected in M proteins of uncloned and cloned viruses isolated from persistently

infected BHK/NA (a-1), BHK/NA (d-3), and BHK/NA (b-18) cells.
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unsolved. One of the mechanisms that has been considered is
apoptosis (4). Thus, whether or not apoptosis is induced in
SeV-infected cells was investigated by using TUNEL staining.
L1929 cells were infected with various cloned viruses at an MOI
of about 10, and after 20 h of incubation at 35°C, the cells were
stained with TUNEL solution. As shown in Fig. 6A, cl.1-6,
cl.1-12, cl.5-2, and cl.5-4, which were obtained from infected
BHK/NA (b-18) cells and which were highly toxic for cells,
induced strong positive TUNEL staining, while cl.20-4a, cl.20-
7a, cl.65-3a, and cl.65-4a, which were capable of establishing
persistent infection, induced little TUNEL staining. In addi-
tion, cl.25-7a from infected BHK/NA (a-1) cells induced both
cell lysis and positive TUNEL staining, while cl.25-8a, which
was capable of establishing persistent infection, did not induce
positive TUNEL staining (Fig. 6B).

Genetic analyses of viruses derived from cells persistently
infected with SeV. In a previous study (10), two amino acid
substitutions were found in the M protein of SeVpi and were
related to a lower level of cytopathogenesis. Consequently, the
amino acid sequences deduced from the nucleotide sequences
of the M protein genes of viruses isolated from persistently
infected cells were determined. Nucleotide sequencing of M
protein genes from p.n. 1, 20, 40, or 65 uncloned viruses de-
rived from BHK/NA (b-18) cells was carried out. The nucleo-
tide sequences of each of eight full-length clones were deter-
mined. Intriguingly, a specific clone carrying substitutions
G429A and A1007G was selected as persistently infected cells
were subcultured (Table 5). Subsequently, the nucleotide se-
quences of cloned viruses were determined. Identical substitu-
tions were found in the M protein genes of cl.40-4, cl.40-6,
cl.65-1, and cl.65-4. Substitution A1007G resulted in amino
acid substitution N336S (Table 5). Subsequently, p.n. 1 and 65
viruses isolated from BHK/NA (a-1) or BHK/NA (d-3) cells
were analyzed (Tables 6 to 7). Specific amino acid substitutions
D73Y and 1111V or L74F and T181I accumulated in viruses
derived from BHK/NA (a-1)- or BHK/NA (d-3) cells, respec-
tively. In addition, substitution D99Y was found in four out of
seven clones of viruses isolated from BHK/NA (d-3) p.n. 65
cells (Table 7). These amino acid substitutions are plotted in
Fig. 7. These substitutions were located close to amino acids
116 and 183, locations at which amino acid substitutions are
found in BHK-HVJ cells that have been maintained for more
than 10 years.

Subsequently, the amino acid sequences of the intracytoplas-
mic domains of the HN and F proteins of viruses isolated from
persistently infected cells were determined. Specific amino
acid substitutions were not found in the cytosolic domains of
the glycoproteins (data not shown).

We also carried out partial sequencing of the L protein genes
of SeV derived from persistent infection. Many nucleotide sub-
stitutions were found in the L protein genes (data not shown).
Interestingly, substitution A1303T, resulting in amino acid substi-
tution M435L, was found in all three clones of viruses isolated
from BHK/NA (d-3) p.n. 65 cells, although the locations of most
of the other substitutions varied (data not shown).

DISCUSSION

In this study, we established 157 cloned cell lines persistently
infected with SeV. The 157 cell lines were generated indepen-
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TABLE 6. Nucleotide and amino acid substitutions detected in the M protein gene of viruses isolated from BHK/NA (a-1) cells

No. of positive clones/no. of clones analyzed with the following nucleotide (amino acid) substitution:

Virus T13C A33G T164C G217T A331G A613G G706A A811G AY42G C1042T T1043C
(Y5H) (S) (L55P) (D73Y) (1111V) (T205A) (G236R) (S271G) (S) (S) (L348P)
pn. 1 1/8 1/8 1/8
p-n. 65 1/8 1/8 8/8 8/8 1/8 1/8 1/8 1/8

dently of each other. These cell lines were derived from a
single cell infected with SeV, indicating that the virus-infected
cells can divide and multiply. Persistent viral infection of cul-
tured cells may be classified into two types, that is, carrier-state
infection and steady-state infection (15). Intriguingly, it was
clarified in this study that the virus carrier cells leading finally
to a stable persistent infection contained two types of virus-
infected cells at an initial stage, although the majority of the
cells were in the steady state and a few cells were in the carrier
state.

Only 5 out of 123 viruses isolated from p.n. 1 cells had the
capability of establishing persistent infection, indicating that
the majority of the viruses carried by cells persistently infected
with virus were highly toxic for the cells and did not have the
ability to establish persistent infection. However, viruses de-
rived from virus-infected cells further subcultured eventually
acquired the capability of establishing persistent infection, al-
though the times varied and the way in which the capability was
acquired was not straightforward. Of note is that uncloned
viruses derived from persistent infection, especially at a rela-
tively early phase, were composed of mixed populations, that
is, viruses capable or incapable of establishing persistent infec-
tion. From these findings, we concluded that only a few cells
infected with an initial pathogenic virus(es) showed few CPEs,
and then they could divide and multiply by some mechanism.
What is the factor(s) influencing the initial stability between
cells and pathogenic viruses? When L1929 cells were pretreated
with interferon or defective interfering particles, cells persis-
tently infected with virus were easily established (11-13). HT
cells, BHK-HV]J cells cured of SeV infection through the ac-
tion of immunological mechanisms during growth in hamsters,
were resistant to the cytotoxic effect of the SeV wild strain (2).
These findings suggest that cells infected persistently with SeV
are naturally resistant to SeV, leading to persistent infection,
although the possibility cannot be excluded that their resis-
tance to virus infection is acquired during subculturing for a
long time. Thus, interferon, defective interfering particles, and
cells resistant to virus infection are candidates for factors in-
fluencing the initial stability between cells and viruses.

The medium of BHK-HVJ cells had no infectivity for chick

TABLE 7. Nucleotide and amino acid substitutions detected in the
M protein gene of viruses isolated from BHK/NA (d-3) cells

No. of positive clones/no. of clones analyzed with the following nucleotide
(amino acid) substitution:
Virus

A6G C165T G222T G295T C542T T629C T814C Al024G G1027A
(S)  (S) (L74F) (D99Y) (TI81I) (I210T) (F272L) (1342V) (G343R)

pn.1 1/8 1/8 3/8 1/8
p.n. 65 8/8 4/8 8/8 1/8 1/8 1/8

embryos, and infectious viruses were isolated by inoculating
BHK-HV]J cells into embryonated eggs (5, 9). In many cases,
infectious viruses were easily isolated by inoculation of the
culture medium into embryonated eggs at an early stage of
persistent infection. However, in general, virus isolation be-
came gradually more difficult, and viruses were tightly associ-
ated with cells. The molecular mechanism(s) underlying cell
death in SeV-infected cells remains unsolved. One of the
mechanisms that has been considered is apoptosis. Cloned
viruses isolated from BHK/NA (b-18) and BHK/NA (a-1) were
highly cytotoxic and showed strong positive TUNEL staining,
while cells infected with cloned viruses capable of establishing
persistent infection showed weak TUNEL staining, suggesting
that a loss or a reduction of apoptosis-inducing ability leads to
the acquisition of the ability of the virus to establish persistent
infection. Further experiments will be required for clarification
of the molecular mechanism of SeV-mediated cell death.

A temperature-sensitive phenomenon of virus replication
was observed in cells persistently infected with SeV (9, 11). In
cells infected with an early cloned virus, such as cl.20-8, the HN
antigens were scarcely found but the NP antigens were clearly
detected at 38°C, indicating that the expression of the HN
proteins of these viruses is temperature sensitive. On the other
hand, the HN and NP antigens were scarcely found at 38°C but
were clearly detected at 32°C in cells infected with a late cloned
virus, such as cl.40-11. Furthermore, none of the virus-specific
polypeptides was pulse-labeled in late cloned virus-infected
L929 cells incubated at 38°C. These findings show that the
temperature-sensitive step of the late cloned viruses is at an
early stage of infection. It could be concluded that temperature
sensitivity progresses as persistently infected cells are subcul-
tured; that is, first the HN and M proteins acquire temperature
sensitivity and then the polymerase shows temperature sensi-
tivity.

In a previous study (10), it was found that following a tem-
perature shift either up or down, the M protein was translo-
cated to the nucleus and then localized to the perinuclear
region of BHK cells infected with SeVpi. The M protein was
also localized in the nuclei of the majority of the persistent
cells used in this study. In addition, the M protein was found in
the cytoplasm of cells primarily infected with p.n. 1 and 5
viruses, while it was predominantly detected in the nuclei of
cells infected with p.n. 40 and 60 viruses. Furthermore, the M
protein was also localized in the nuclei of cells infected with
cloned viruses having the ability to establish persistent infec-
tion. These findings show that there is a connection of some
sort between the nuclear localization of the M protein and
virus persistence.

Two amino acid substitutions were found in the M protein of
SeVpi, which was isolated from BHK-HV]J cells cultured for a
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long period (10). Therefore, characterization of the viral ge-
nome during the establishment of persistent infection was car-
ried out. Intriguingly, specific clones carrying substitutions
G429A and A1007G were selected as BHK/NA (b-18) cells
were subcultured. Furthermore, the same substitutions were
found in the M protein genes of late cloned viruses. However,
these substitutions were not found in early cloned viruses.
Substitution A1007G resulted in amino acid substitution
N336S; therefore, substitution N336S was selected as persis-
tently infected cells were subcultured. In addition, specific
amino acid substitutions D73Y and 1111V or L74F, D99Y, and
T181I accumulated in viruses derived from BHK/NA (a-1) or
BHK/NA (d-3) cells, respectively. Interestingly, these substitu-
tions were located close to amino acids 116 and 183, locations
at which amino acid substitutions are found in BHK-HVJ cells
that have been maintained for more than 10 years. Thus, dur-
ing subculturing of persistently infected cells, a specific modi-
fication of M protein function was selected, but a specific
amino acid substitution(s) was not selected. Furthermore, sub-
stitution A1303T, resulting in amino acid substitution M435L,
was found in all three L protein gene clones from BHK/NA
(d-3) p.n. 65 cells, although the locations of the majority of the
other substitutions varied. Amino acid 435 is located between
conserved domains I and II, and the role of this interdomain
region has not been analyzed. This region is highly variable and
has been hypothesized to have a specialized function in indi-
vidual viruses. For analyzing the function of variant M pro-
teins, experiments involving the transient expression of these
proteins are in progress. So far, the nuclear localization of
variant M proteins has not been found (unpublished data). The
reverse genetics system for SeV will be used to analyze the
biological significance of the amino acid substitutions found in
the M and L proteins of SeV isolated from persistent infection.

In summary, we established a large number of cloned cell
lines persistently infected with SeV. This study shows that
there is an unstable dynamic phase at an early stage of the
establishment of SeV persistent infection (steady state), and
then viruses which are tightly cell associated, temperature sen-
sitive, and capable of establishing persistent infection are se-
lected. Furthermore, virus clones carrying specific nucleotide
substitutions are selected as persistently infected cells are sub-
cultured. Although the locations of nucleotide substitutions
differ in the various cloned cell lines, the amino acid substitu-
tions in the M protein are located close to amino acids 116 and
183.
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