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INTRODUCTION 

Mouse hepatitis virus (MHV) attaches to susceptible cells through the interaction of 
MHV spike glycoprotein (S) with cellular receptors of the murine carcinoembryonic antigen 
(CEA) gene familyl,2. Cells that lack murine CEA, including cells that are not of murine 
origin, are resistant to infection3; binding to MHV receptors appears to be a necessary step 
in the infection of cells by virions. The presence of murine CEA, however, is not required 
for cell-cell spread ofMHV infection4• Cells that lack a functional MHV receptor can become 
productively infected through incorporation into MHV-induced syncytia. Syncytium forma
tion is a consequence of spike-mediated cell-cell fusion. In this report, we investigated the 
role of spike-mediated fusion in receptor-independent, cell-associated spread of MHV 
infection. 

RESUL TS AND DISCUSSION 

Previously, we demonstrated receptor-independent, cell-associated spread of MHV 
infection using an infectious center assal. When a limited number ofMHV-infected DBT 
cells were seeded onto a monolayer of receptor-negative BHK cells, infection spread from 
the overlaid cells to adjacent cells in the BHK cell monolayer, resulting in the formation of 
large syncytia. MHV-induced fusion is a function of the spike glycoprotein. Cell surface 
expression of recombinant spike glycoprotein in the absence of other MHV proteins leads 
to fusion of receptor-negative cells4,5, demonstrating that receptor-binding is not required 
for spike-mediated cell-cells fusion. To further support the contention that cell-associated 
spread of MHV does not require the presence of a functional MHV receptor, and to examine 
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Figure 1. Inhibition ofMHV-4 mfectlOn of DB I cells with antl-MHVR and antl-S monoclonal antibodies For 
the ee I assay, DBI cell mono layers were mcubated with the mdlcated dilutIOns of antl-MHVR monoclonal 
antibody eel for 1 hour before and 2 hours after mfectlOn with MHV-4. For the 5A13.5 assay, MHV-4 was 
mcubated with the mdlcated dilutIOn of anti-spike monoclonal antibody 5Al3 15 for 1 hour at 4°e before 
mfectlOn of DB I cell monolayers, then 1 hour at 37°e Supernatants were then removed are replaced with an 
agarose overlay Plaques were enumerated after 2 days mcubatlOn 

the role of the spike glycoprotein in cell-associated spread of MHV infection, infectious 
center assays were performed in the presence of anti-receptor and anti-spike antibodies. 

Infection of susceptible cells by MHV can be prevented by either the receptor-block
ing antibody ee I or anti-spike neutralizing antibodies. The plaque reduction assay presented 
in Figure I demonstrates dose-dependent inhibition of MHV-4 infection of DBT (murine 
astrocytoma) cells by anti-MHVR antibody Cell and anti-spike antibody SA13.S 6• Figure 
2 shows an infectious center assay performed in the presence of antibody ee I (I :SO dilution). 
In Figure 2A, isolated, MHV-4 infected cells were detected in the culture in which infected 
DBT cells were seeded onto coverslips alone (no monolayer). A duplicate aliquot of infected 
DBT cells were overlaid onto a BHK cell monolayer (Figure 2B); despite the continued 
presence of antibody ee I in the culture, large syncytia developed. Therefore, anti-receptor 
antibody ee I failed to prevent cell-associated spread of MHV to receptor-negative BHK 
cells. Antibody eel also did not prevent cell-associated spread ofMHV to DBT cells (data 
not shown). Together, these results provide further evidence that cell-associated spread of 
MHV occurs through an MHVR-independent mechanism. 

Unlike the anti-MHVR antibody, addition of anti-spike antibody SAI3.S to the 
infectious center assay did prevent the cell-associated spread of MHV to the BHK cell 
monolayer (Figure 2C); infection remained limited to single cells. The ability of an anti-spike 
monoclonal antibody to prevent syncytia formation associated with receptor-independent 
cell-cell spread of MHV demonstrates that the spike glycoprotein mediates cell-cell spread 
of MHV and that this fusion activity is independent from receptor-binding activity. Several 
other well characterized anti-spike monoclonal antibodies were also tested for their ability 
to prevent cell-associated spread of MHV infection in the infectious center assay (Table 1). 
Only monoclonal antibodies SA 13.S and SB 19.2 prevented receptor-independent, cell-asso
ciated spread of MHV infection. Interestingly, these two antibodies also confer protection 
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Figure 2. Infectious center assay 
demonstrating receptor-indepen
dent, cell-associated spread of 
MHV-4 infection. DBT cells were 
infected with MHV-4 (MOl S.O) in 
suspension for I hr., then washed 
extensively to remove unbound vi
rus. Aliquots of MHV-4 infected 
cells were seeded onto a blank 
coverslip (A), or coverslips covered 
with a BHK cell monolayer (B and 
C). All cultures had been pretreated 
for I hr. with anti-receptor antibody 
CC I (1 :SO dilution) and a 1:1 00 di
lution of antibody CC I was present 
throughout the course of the experi
ment. In (C), anti-S monoclonal an
tibody SAl3.S (I: 100 dilution) was 
also present throughout the course 
of the experiment. Following a 16 
hour incubation at 37°C in serum
free OptiMem media (GIBCO), 
MHV antigen was detected by indi
rect immunofluorescence. Cells 
were fixed with 10% formalin, per
meabilized with 2% NP40, blocked 
in S% NGS, then incubated with a 
cocktail of monoclonal antibodies 
4B6.2, SAS.2, and SBI9.2, recog
nizing nucleocapsid, matrix, and 
spike proteins, respectively. Mono
clonal antibodies were detected with 
TRITC-conjugated, sheep anti
mouse antibody (Accurate). 
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against lethal intracerebral challenge in viv07. Together, these observations suggest that 
cell-associated spread of MHV may play an important role in dissemination of infection in 
vivo, and consequently, may augment viral pathogenesis. 

The ability of anti-spike monoclonal antibodies to prevent cell-associated spread of 
infection in infectious center assays correlated with the ability to inhibit the fusion of 
receptor-negative BHK cells induced by recombinant spike glycoprotein in the vT7.3 
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Table 1. Inhibition of receptor-independent spread (RIS) and recombinant spike-mediated 
fusion (vv-S fusion) by anti-S and anti-MHVR monoclonal antibodies 

mAb Neutralization in vivo Protection RIS Inhibition vv-S fusion Inhibition 

5B19.2 + + + + 
5AI3.5 + + + + 
4BI1.6 + 
5B93.3 

5B21.5 

5B207.7 nd 

5B2l6.8 nd 

CCI + +/-

vaccinia virus expression system (Table I). To assess the role of fusion in receptor-inde
pendent, cell-associated spread ofMHV, we examined whether the acid pH-dependent MHV 
variant OBLV60 was capable of receptor-independent spread. OBLV60 is a variant of 
MHV-4 that was isolated following a prolonged persistent infection of the murine olfactory 
bulb cell line, OBL2la8. The OBLV60 spike glycoprotein has amino acid alterations in the 
heptad repeat region of S2 and a concomitant inability to mediate fusion at neutral pH. 
Consequently, the OBLV60 spike glycoprotein is unable to mediate cell-cell membrane 
fusion, and infection of susceptible cells with strain OBLV60 does not lead to syncytia 
formation. Figure 3 shows an infectious center assay in which OBLV60-infected DBT cells 
were seeded with and without an underlying BHK cell monolayer. OBLV60 infection 
remained isolated to the single cells of the overlay and failed to spread to neighboring BHK 
cells. Therefore, neutral pH fusion capability of the spike glycoprotein is required for 
receptor-independent, cell-associated spread of MHV infection. 

The inability of strain OBLV60 to induce plasma membrane fusion and the acid pH 
requirement for OBLV60 spike-mediated fusion suggested that OBLV60 may be restricted 
to an endocytic route of entry into susceptible cells. The entry of acid pH-dependent viruses 
into cells can be inhibited by lysosomotropic agents that prevent the acidification of 
endosomal vesicles. We tested the lysosomotropic base chloroquine and the carboxylic 
ionophore monensin for inhibitory effects on OBLV60 and JHM infection of DBT cells. 
Both OBLV60 and lHM were at least partly inhibited by these lysosomotropic agents; 
however, the reduction in the amount of infectious virus recovered from culture supernatants 
after overnight incubation with chloroquine or monensin was 3.2 and 4.4 loglo greater for 
OBLV60 than for lHM. In the presence ofmonensin, no OBLV60 was detected in the culture 
supernatant, which amounts to a greater than 7 loglo reduction compared with untreated 
cultures. 

The effect of monensin on OBLV60 internalization was visualized by electron 
microscopy (Figure 4). Following a 15 minute incubation at 37°C in the presence of 
monensin, OBLV60 virions were found to have accumulated in large vesicles. This obser
vation is consistent with a acid pH-dependent endosomal route for the entry ofOBLV60, in 

Table 2. Inhibition ofMHV by lysosomotropic compounds 

Untreated Chloroquine (50IlM) Monensin (IOIlM) 

JHM 4.27 X 105 

OBLV60 1.41 x 107 

1.35 X 104 

2.57 X 102 

8.13 X 102 
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Figure 3. InfectIOus center assay 
demonstratmg that OBLV60 mfec
tlOn does not spread through a recep
tor-mdependent, cell-associated 
mechamsm InfectIOUS center assay 
was performed as descnbed for Fig
ure 2, except that DBT cells were 
Infected With OBLV60 VIrUS 
OBLV60-mfected DBT cells were 
seeded onto a blank coverslIp (A) or 
a BHK cell monolayer (B) 
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WhiCh, III the presence of monensm, the pH of endosomal veSicles remams above the 
threshold for OBLV60 spike-mediated fUSIOn between the Viral membrane and the veSicle 
membrane The mhlbltIon of OBLV60 by monensm IS reversible, and the presence of 
mtracellular mfectlOus ViruS m the monensm-treated cells was demonstrated With an mfec
tlOUS center assay followmg treatment With protemase K to remove extracellular bound ViruS 

Figure 4. Electron micrograph de
monstratmg several OBLV60 ViruS 
particles wlthm a large veSicle of a 
monensm-treated DBT cell Follow
mg absorptIOn of OBLV60 to mo
nensm-treated DBT cells for 1 hour 
at 4°C, the culture was shifted to 
37°C for 15 mmutes to allow mter
nalIzatlOn of bound ViruS, then fixed 
Immediately With cold para formal
dehyde/glutaraldehyde and proces
sed for electron microscopy 
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Table 3. Infectious center assay ofprotemase K-treated DBT cells 
mfected m the presence of Iysosomotroplc agents 

Untreated Chloroqume (50j..lM) Monensm (lOj..lM) 

MHV-4 13 x 103 

OBLV60 14 x 104 

1 1 x 103 

75 X 103 

1 9 X 103 

1 3 X 104 
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(Table 3) MHV-4 or OBLV60 was absorbed to treated or untreated DBT cells at 4°C for I 
hour Cultures were mcubated at 37°C for 15 mmutes, then treated with 0 5mg/ml protemase 
K for 45 mm at 4°C m PBS to remove extracellular bound ViruS The protemase K reactIOn 
was stopped by addmg an equal volume of 2 mM PMSFI6% BSA m PBS The cells were 
then extensively washed, senally diluted and seeded onto DBT cell mono layers Cultures 
were overlaid with agarose and plaques were enumerated after a 2 day mcubatlOn In a control 
expenment to ensure that the protemase K treatment effectively removed extracellular ViruS, 
the 15 mmute mcubatlOn at 37°C was omitted from the procedure and no mfectlOus centers 
were detected The data presented m Table 3 show that temporary treatment with chloroqume 
or monensm did not signIficantly affect the number of cells that were mfected With MHV-4 
orOBLV60 

SUMMARY 

Receptor-specificity IS a key determamt of viral tropism In thiS report, however, we 
have demonstrated that cell-associated spread of MHV can bypass the reqUirement for 
bmdmg to prImary receptors and thereby spread to cells that are reslsant to MHV mfectJon 
Anti-receptor antibody CCI, which blocks mfectlOn by MHV vmons, failed to prevent 
ceil-associated spread of MHV to receptor-negative BHK cells or receptor-posItive DBT 
cells Cell-aSSOCiated MHV may be utllizmg an alternative, low-affinIty receptor that IS 
madequate for functIOnal mteractlOn With MHV vmons Theoretically, dlssemmatlOn of 
MHV mfectlOn through a receptor-mdependent, cell-aSSOCiated mechanIsm m VIVO provides 
the potential for broader host and tissue range, and for spread of mfectlOn despite the presence 
neutralizmg antibodieS Receptor-mdependent, cell-aSSOCiated spread of MHV reqUires 
neutral pH fUSIOn capability The low pH-dependent MHV varIant OBLV60, which utilizes 
an endocytIc route of entry, does not spread through a receptor-mdependent mechanIsm 
Additionally, antlVlral antibodies that block MHV spike-mediated fUSIOn mhlblted cell-as
sOCiated spread of mfectlOn 
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