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Mouse hepatitis virus strain A59 (MHV-AS59) produces meningoencephalitis and severe hepatitis during
acute infection. Infection of primary cells derived from the central nervous system (CNS) and liver was
examined to analyze the interaction of virus with individual cell types derived from the two principal sites of
viral replication in vivo. In glial cell cultures derived from C57BL/6 mice, MHV-A59 produces a productive but
nonlytic infection, with no evidence of cell-to-cell fusion. In contrast, in continuously cultured cells, this virus
produces a lytic infection with extensive formation of syncytia. The observation of few and delayed syncytia
following MHV-AS9 infection of hepatocytes more closely resembles infection of glial cells than that of
continuously cultured cell lines. For MHV-A59, lack of syncytium formation correlates with lack of cleavage of
the fusion glycoprotein, or spike (S) protein. The absence of cell-to-cell fusion following infection of both
primary cell types prompted us to examine the cleavage of the spike protein. Cleavage of S protein was below
the level of detection by Western blot analysis in MHV-A59-infected hepatocytes and glial cells. Furthermore,
no cleavage of this protein was detected in liver homogenates from C57BL/6 mice infected with MHV-AS9.
Thus, cleavage of the spike protein does not seem to be essential for entry and spread of the virus in vivo, as

well as for replication in vitro.

Mouse hepatitis virus strain A59 (MHV-A59) is a murine
coronavirus which is both hepatotropic and neurotropic. In the
central nervous system (CNS), this virus produces an acute
meningoencephalitis, as well as chronic demyelinating disease
in animals which survive acute infection (13, 14). To gain a
better understanding of the tissue tropism of MHV-AS59, we
examined replication and fusogenicity of MHV-AS59 in primary
cell cultures. It is reasonable to presume that infection of
primary cell cultures may more accurately reflect viral replica-
tion in vivo than infection of continuously cultured cells.

MHV-AS59 produces a lytic infection, with extensive forma-
tion of syncytia, in continuously cultured cell lines. However,
this virus produces a productive, nonlytic infection in primary
glial cell cultures, with no evidence of a virus-mediated cyto-
pathic effect (CPE) (15). Since the CNS and the liver represent
the two primary sites of infection with MHV-AS59, we were
interested in determining what type of infection (lytic or non-
lytic) would be established by this virus in primary hepatocytes.

Primary hepatocyte cultures were established by the tech-
nique of Seglin (21). Hepatocytes were isolated from 4- to
5-week-old C57BL/6 mice by in situ perfusion of the liver with
collagenase. After removal of the liver, cells were dissociated
and filtered on nylon mesh (100-pm pore diameter). Centrif-
ugation of the cell suspension through Percoll resulted in the
separation of single and viable hepatocytes (parenchymal cells)
from dead, aggregated hepatocytes, debris, and nonparenchy-
mal cells (mostly Kupffer and endothelial cells [12]). The viable
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hepatocytes were plated on collagen-coated dishes and grown
in Hepatocyte-SFM medium (Gibco BRL). The purity of
hepatocytes was assessed by the distinctive large size and mor-
phology of the cells, and the cells appeared to be nearly 100%
hepatocytes by this criterion.

Confluent monolayers of hepatocytes were infected with vi-
rus at a multiplicity of infection (MOI) of 5 PFU/cell. After 1 h
of adsorption at 37°C, the cells were washed three times and
incubated in medium. At various times postinfection, the su-
pernatants were removed, and the cells were lysed by three
cycles of freezing and thawing. Viral titers in both supernatant
and cellular fractions were determined by plaque assay on L2
cells as described previously (9).

The titers of virus present in the supernatant and cellular
fractions of primary cultures of hepatocytes infected with
MHV-A59 are shown in Fig. 1. The data shown here are
pooled from four independent experiments; each time point
represents viral titers from an individual dish of hepatocytes.
MHV-AS59 was capable of limited replication in hepatocytes,
but remained primarily cell associated. This differs from the
pattern of replication seen in L2 cells or glial cells, where
MHV-AS9 replicates to a much greater extent and virus is
released into the culture supernatant (7, 15).

Because the levels of infectious virus measured after infec-
tion of hepatocyte cultures were low (Fig. 1), we carried out
immunofluorescent staining of infected cultures with an anti-
viral nucleocapsid protein monoclonal antibody (1.16.1; from
J. Leibowitz) to determine the percentage of infected cells. At
24 h postinfection, we observed positive staining in a minority
of the cells (approximately 5 to 10%) (data not shown). This
suggests that the low level of infectious virus detected in he-
patocyte cultures is due to virus replicating in a minority of the
cells rather than virus replicating inefficiently in all of the cells.
This was similar to what we have reported previously for
MHV-A59-infected glial cells (15).
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FIG. 1. Replication of MHV-AS59 in primary hepatocyte cultures. Confluent
monolayers of hepatocytes derived from C57BL/6 mice were infected with
MHV-AS59 at an MOI of 5 PFU/cell. Culture supernatants were removed, and
cellular fractions were obtained by three consecutive rounds of freezing and
thawing at various times postinfection. The viral titers of the cellular and super-
natant fractions are shown. Each point represents the viral titer from a single
35-mm-diameter dish of MHV-A59-infected hepatocytes, while the lines are
drawn between the means for each time point. Titers were determined by plaque
assay on L2 cells.

In continuously cultured cell lines, such as L2 or 17C1-1
cells, MHV-AS59 produces syncytia within approximately 8 h
postinoculation (at an MOI of 5), with extensive formation of
syncytia observed by 12 h postinfection. In contrast, syncytia
were not observed in MHV-A59-infected glial cell cultures,
and only minimal syncytium formation was present in hepato-
cyte cultures and only at 48 h postinfection, after the peak of
viral replication. The lack of syncytia observed in primary cells
may be due to differences in the composition of the plasma
membrane of these cells compared to continuously cultured
cells or differences in synthesis or processing of the viral spike
(S) protein, which is required for induction of cell fusion. Our
observation that the processing and activity of S protein may
differ for continuously cultured cells compared to primary cells
is consistent with the report of Frana et al. (3a), who showed
that the extent of syncytium formation varied even among
continuously cultured cell lines.

MHYV pathogenicity and tissue tropism are determined, at
least in part, by the S protein. The S protein is an envelope
glycoprotein responsible for viral attachment and virus-in-
duced cell-to-cell fusion. For MHYV, several studies have shown
that viruses with mutations in the S protein are attenuated in
vivo as well as in vitro, suggesting that this viral protein is an
important mediator of pathogenicity (3-5). However, the im-
portance of cell fusion in viral pathogenicity is unknown, since
a defective fusion phenotype does not necessarily correlate
with attenuation (9).

It has been reported that cleavage of the MHV S protein
into its S1 and S2 subunits results in more efficient induction of
syncytia than that induced by uncleaved S protein (1, 6, 23, 24).
The relationship between cleavage of S protein and cell-to-cell
fusion and the lack of syncytium formation observed in MHV-
AS59-infected hepatocyte or glial cell cultures suggested that
the S protein may not be cleaved by these primary cells.

We postulated that lack of virus-induced CPE correlates
with lack of cleavage of the S protein. To test this hypothesis,
we examined the extent of cleavage of S protein by various cell
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FIG. 2. Western blot analysis of lysates of infected fibroblasts. Proteins in
lysates from MHV-A59-infected L2 cells (lane 1) and MHV-3-infected L2 cells
(lane 2) were separated by electrophoresis in sodium dodecyl sulfate-8% poly-
acrylamide gel electrophoresis gel, transferred to nitrocellulose, and visualized
by chemiluminescence (Amersham) with a polyclonal goat anti-S protein anti-
body (obtained from K. Holmes) as the primary antibody to detect cleaved and
uncleaved forms of S protein. The migration of the molecular mass markers is
indicated.

types, including a continuously cultured cell line (L2 cells) and
primary cultures (glial cells and hepatocytes). Cleavage of S
protein was assessed by Western blot analysis of virions present
in culture supernatants or lysates of infected cells. S proteins
were visualized by an enhanced chemiluminescence detection
system with a polyclonal goat anti-S protein antibody probe
(obtained from K. Holmes). For comparison, the cleavage
properties of the S protein of MHV-3, a second hepatotropic
strain of MHYV, were examined.

As shown in Fig. 2, the S proteins of MHV-A59 and MHV-3
were cleaved upon replication in continuously cultured L2
cells. In contrast, the MHV-AS59 S protein showed no cleavage
following viral replication in both hepatocyte and glial cell
cultures (Fig. 3 and 4). Interestingly, the MHV-3 S protein was
cleaved by primary hepatocytes, but not by glial cells.

The data in Fig. 1 suggest that hepatocytes are not a major
site of replication for MHV-AS59; thus, it is likely that MHV-
A59-induced hepatitis correlates with infection of nonparen-
chymal cells. Consistent with this are studies comparing
MHV-3 and a nonhepatotropic strain of MHV (MHV-4),
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FIG. 3. Comparison of the cleavage of S protein in fibroblasts and in glial
cells. Culture supernatants of MHV-A59- and C12-infected L2 cells (lanes 1 and
2, respectively) and MHV-A59- and MHV-3-infected glial cells (lanes 3 and 4,
respectively) were analyzed by sodium dodecyl sulfate-8% polyacrylamide gel
electrophoresis and Western blotting as described in the legend to Fig. 2. C12 is
a variant of MHV-A59 with an uncleaved S protein (6) and is included here as
a negative control for cleavage. The migration of the molecular mass markers is
indicated.
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FIG. 4. Western blot analysis of S protein present in hepatocytes and liver
lysates. Culture supernatants of MHV-A59- and Cl12-infected L2 cells (lanes 1
and 2, respectively), cell lysates of uninfected, MHV-A59-infected, and MHV-
3-infected hepatocytes (lanes 3, 4, and 5, respectively), and liver homogenates of
uninfected, MHV-AS59-infected, and MHV-3-infected mice (lanes 6, 7, and 8,
respectively) were analyzed by sodium dodecyl sulfate-8% polyacrylamide gel
electrophoresis and Western blotting as described in the legend to Fig. 2. Lanes
1 and 2 were included as positive and negative controls for cleavage, respectively.
The migration of the molecular mass markers is indicated.

which demonstrated that replication in Kupffer cells and/or
hepatic endothelial cells, but not hepatocytes, correlated with
hepatotropism (11, 17, 18). It is possible, therefore, that cleav-
age of the S protein does occur in the liver in vivo as a result
of infection of nonparenchymal cells. To address this question,
we examined the migration of the S protein present in liver
homogenates from infected animals. The results with liver ho-
mogenates were similar to those from primary hepatocyte cul-
tures; as seen in Fig. 4, only the MHV-3 S protein was cleaved
in liver homogenates from infected mice. Thus, the MHV-3 S
protein is more readily cleaved by cellular proteases in livers of
C57BL/6 mice than that of MHV-AS59.

To maximize our ability to detect cleaved spike protein, we
would have preferred to examine the state of cleavage of spike
protein from virions secreted from hepatocytes rather than
from cellular lysates as in Fig. 4. However, because of the low
levels of virus replication (Fig. 1), this was not possible. Nev-
ertheless, we feel that if cleaved MHV-A59 spike protein were
present in virions from hepatocyte lysates or liver homoge-
nates, we would have observed it in hepatocyte lysates, because
we easily observed cleaved MHV-3 spike protein from similar
samples (Fig. 4). Although we cannot completely rule out the
possibility that the lack of cleavage observed in lysates from
MHV-A59-infected hepatocytes is a consequence of examina-
tion of cellular proteins rather than secreted virus, we also
observed no evidence of cleaved spike protein in the virion-
associated spike protein from MHV-AS59-infected glial cells
(Fig. 2).

For many coronaviruses, the ability to induce cell-to-cell
fusion correlates with cleavage of the spike protein; however,
there are coronaviruses (feline infectious peritonitis virus and
bovine coronavirus) that fuse cells without cleavage of S pro-
tein (2). Furthermore, the relationship between cleavage and
fusion differs among various MHYV strains. Syncytium forma-
tion and cleavage of the S protein both occur when continu-
ously cultured cell lines are infected with either MHV-AS9 or
MHYV-3. For MHV-AS59, while cleavage is not necessary for
fusion of continuously cultured cell lines, the kinetics of fusion
of infected cells are greatly enchanced by cleavage of S protein
(1, 6, 23, 24). In contrast, the S protein of the MHV-2 strain,
which is not cleaved, does not induce cell fusion, even with
reduced kinetics, in continuously cultured cell lines. When
MHYV-2-infected cells are treated with trypsin, however, some
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fusion of cells is observed (unpublished observations). Thus,
cleavage seems to be necessary for the induction of fusion by
MHYV-2. The data for MHV-3 suggest that cleavage of S pro-
tein is not sufficient to allow fusion in some cell types, such as
hepatocytes. Syncytium formation was not observed following
MHYV-3 infection of either primary cell type, despite the ob-
servation that cleavage of the S protein was observed in virions
derived from infected hepatocytes and in liver homogenates
from infected animals.

If cleavage of MHV S protein occurs, the spike protein is
cleaved into an amino-terminal S1 subunit and a carboxy-
terminal S2 subunit following a series of basic residues having
a b-b-x-b-b motif, where b represents a basic amino acid (22).
This cleavage motif is consistent with the substrate require-
ment for furin-like proteases, cellular proteases which have
been shown to cleave other viral fusion glycoproteins (8, 19)
and which similarly may be responsible for cleaving coronaviral
spike proteins. The cleavage signal for MHV-A59 is RRAHR
(16). We sequenced the entire S gene of MHV-3 and deter-
mined the cleavage signal to be RRARR (data not shown),
identical to that of the JHM strain of MHV (20). The obser-
vation that the S protein of MHV-3, but not that of MHV-AS59,
is cleaved by hepatocytes suggests that RRARR is perhaps a
better substrate than RRAHR for the cellular proteases
present in the livers of C57BL/6 mice. Furthermore, cleavage
of the spike protein of MHV-3 appears to be more complete
than that of A59, even in fibroblast cell lines (Fig. 2). Thus, the
spike protein of MHV-3 appears to be generally more suscep-
tible to cleavage by cellular furin-like enzymes. This is consis-
tent with the observation that mutagenesis of the MHV-A59
spike cleavage site to RRARR results in more complete cleav-
age (1). The lack of cleavage of the MHV-3 S protein by glial
cells suggests that the cellular proteases which cleave S protein
in the liver may differ from those in the CNS.

Our data suggest that cell-to-cell fusion is not an important
aspect of MHV-AS59 pathogenesis in vivo. The lack of syncytia
observed in MHV-AS59-infected hepatocyte or glial cell cul-
tures correlated with the lack of cleavage of the S protein. The
lack of cleavage of MHV-A59 S protein in virions present in
liver homogenates of infected C57BL/6 mice suggests that in
the livers of MHV-A59-infected animals, cell-to-cell fusion
may not occur to any great extent. This observation implies
that efficient cell fusion may not be required for viral virulence
in vivo. Consistent with this, persistent MHV-AS9 infection of
glial cells selects for viruses that have a mutation in the
RRAHR signal for cleavage of S protein (6). Such mutants
express an uncleaved S protein and induce cell fusion ineffi-
ciently, yet still cause acute encephalitis and, in some cases,
acute hepatitis (9, 10). We are currently addressing the role of
cell-to-cell fusion in pathogenesis by examining the virulence
of recombinant viruses containing a mutation in S protein
which renders them poorly fusogenic.
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