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We describe here a genetic approach to the analysis of host cell functions 
involved in determining permissiveness to mouse hepatitis virus (MHV). Using the 
chemical mutagen, ethyl methane sulfonate (EMS), mouse fibroblast cell mutants 
were generated which were selected for resistance to cell-killing by MHV. These 
mutants were then screened for their susceptibility to MHV infection, ability to 
replicate MHV and relative sensitivity to MHV-induced cell fusion. In contrast to wild 
type L-2 cells which were acutely and terminally infected by MHV, all five mutants 
examined replicated MHV in a persistent manner. These mutants showed a reduced 
susceptibility to MHV infection and an increased resistance to MHV-induced cell 
fusion. Fusion resistance was specific to that mediated by the MHV E2 protein; 
mutant as well as wild type L-2 cells were equally sensitive to fusion by polyethylene 
glycol. The combined effect of reduced infectability and increased fusion resistance 
was to limit MHV infection to only a small percentage of the total cells in culture, 
thereby permitting survival of both virus and cells. The observed high rate of 
generation of the cell mutants suggests that the conversion of a fully MHV
susceptible cell to a semi-resistant one (capable of supporting a persistent infection) 
is a fairly common event, possibly involving a single mutation. 

INTRODUCTION 

Cell mutants which are resistant to virus infection have proven to be useful in 
the elucidation of host cell functions required for virus replication. Although most 
exploited in prokaryotic systems (1), the analysis of virus-resistant cell mutants has 
also yielded interesting results in eukarotic cell-virus interactions (2-5). 

Genetic resistance to mouse hepatitiS virus (MHV)-induced disease can be 
demonstrated, at least in part, at the level of the virus-cell interaction. Various cell 
types including macrophages, hepatocytes and fibroblasts show relative 
permissiveness to MHV infection which correlates with susceptibility of the murine 
host to MHV-induced disease (6-9). Results from these and other studies indicate 
that cellular resistance to MHV may occur at the initial stage of virus binding (1 D, 11) 
or at post-adsorption stages (12, 13). 

In an effort to define host cell functions which might discriminate between 
acute, subacute and abortive infections of MHV, we have isolated and characterized 
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a number of L-2 fibroblast-derived cell mutants which were selected for their ability to 
survive a normally cytocidal MHV infection. 

MATERIALS AND METHODS 

Cells and Viruses. Monolayers of L-2 (14), LM-K (15) and mutant L-2 
(described below) cells were cultured in minimal essential medium (MEM) 
supplemented with 5% fetal calf serum (FCS). The A59 strain of MHV (16) was 
obtained from the American Type Culture Collection. The vMS strain of vaccinia is a 
recombinant virus containing the E2 gene of MHV(A59) (Vennema et aI., manuscript 
in preparation). Cells were inoculated with virus by adsorbing for 30 min at room 
temperature and subsequently incubated at 37° in MEM containing 5% FCS. Plaque 
assays were performed using standard techniques (eg. 17) employing L-2 cells for 
MHV and vero cells for vMS. Cytopathic effect was documented by phase contrast 
photomicrography of Giemsa-stained cultures. 

Generation of MHV-semi-resistant L-2 cell mutants. Confluent monolayers of 
L-2 cells in three 75 cm2 flasks (5 x 101 cells/flask) were incubated for 18 h at 37° in 
minimal essential medium (MEM) supplemented with 5% fetal calf serum (FCS) and 
containing ethyl methanesulfonate (EMS; 300 ,ug/ml). Cell monolayers were washed 
with citrate saline and incubated in medium (EMS-free) for 48 h. The cells were then 
trypsinized and incubated for a further five days. Cultures were inoculated with MHV 
at an approximate multiplicity of infection (moi) of 0.1 and incubated for 36 h. After 
this time, most of the monolayer was destroyed, although a few isolated cells 
remained attached to the plastic substrate. The medium was replaced and these 
cells allowed to grow for 10 days after which time they had formed individual 
colonies. An average of 8-10 colonies was observed per 5 x 107 of MHV-challenged 
cells. When unmutagenized L-2 cells were subjected to a similar regimen of MHV
challenge and subsequent regrowth, a smaller number (1-2 colonies) was observed. 
Thus the rate of generation of spontaneous MHV- resistant cell mutants is 
apparently increased by EMS treatment. Cultures were trypsinized and cloned by 
limit dilution in 96-well plates. Five independent clones were grown up and analyzed 
as described below. 

Immunofluorescence. Immunofluorescence was used to determine cellular 
susceptibility to MHV or vMS infection. Cell cultures (2 x 106 cells) were inoculated 
with MHV or vMS (8 x 106 pfu, as titered on L-2 cells) for 30 min at room temperature, 
washed three timrs with medium containing 5% FCS, and incubated at 37°. In order 
to prevent cell fusion and secondary spread of infection, cultures were treated at 3h 
PI with fusion-inhibiting anti-E2 MAb (18). At 6h (MHV infection) or 9h (vMS infection) 
cultures were fixed with 5% acetic aCid/95% ethanol for 3 min, washed, blocked with 
30% goat serum, incubated overnight with polyclonal anti-MHV antiserum, washed 
and treated 1 h with goat anti-mouse FITC. After washing and mounting, cells were 
examined by immunofluorescent microscopy. 

Contact fusion assay (19, 20). Sparsely seeded coverslip cultures (3 x 105 

cells) of L-2, LM-K or L-2 mutant cells were either mock-infected or infected with 
either MHV or vMS. At either 4 (MHV) or 8 (vMS) h PI, cultures were overlaid with a 
ten-fold excess of uninfected L-2 or L-2 mutant cells and incubated at 37° for 4 h. 
Cultures were stained with Giemsa and examined by phase contrast microscopy. 

RESULTS 

Generation of L-2 cell mutants selected for survival against MHV infection 

As described in Materials and Methods, a number of mutant L-2 cell clones 
was obtained which survived a normally cytocidal infection by MHV. Following 
limiting dilution none of the five mutant L-2 cell clones tested were found to be 
producing virus indicating that they had escaped infection by MHV. 
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Several cell lines in which MHV infection is persistent show a restricted 
susceptibility to infection, as shown by infectious centre assay (13, 19,21). One 
possible explanation, therefore, for the ability of L-2 cell mutants to survive MHV 
infection is a partial resistance to the establishment of the infectious process. In 
order to examine this possibility, cultures of wild type L-2, LM-K and mutant L-2 cells 
were inoculated with the same stock of pretitered MHV, and subsequently 
monitored for infection by immunofluorescence. The results, shown in Table I, 
demonstrate a diverse ability, among the five mutant cell lines, to permit MHV 
infection. When exposed to the same MHV inoculum, mutant L-2 cells showed 
reduced numbers of infected cells as indicated by immunofluorescence. Because of 
the risk of secondary infection arising from cell-cell fusion, cells were incubated in 
the presence of fusion-inhibiting. MAb (18). By this method we could assure that 
only cells infected by the initial inoculum would be scored as positive. The results 
thus suggest a relative resistance of the L-2 cell mutants (as compared to wild type 
L-2 cells) to become infected by MHV and consequently escape its cell-killing 
effects. This fact is likely of critical importance to the success of generating the 
mutant L-2 cells by the selection procedure employed. By comparison, infection of 
the mutant L-2 cells with vMS showed no such severe restriction of infection (Table 
1) . 

Table 1 

Susceptibility of mutant L-2 cells to infection by MHV and vMS* 

Cell % immunofluorescent positive 

L-2 

LM-K 

M2 

M10 

M12 

M22 

M26 

MHV 

100 

0.5 ± 0.4 

11 ± 4 

10 ± 5 

3±1 

11 ± 5 

3+1 

*Monolayer cultures were inoculated with MHV or vMS, 
incubated and stained for immunofluorescence using 
polyclonal anti-MHV antiserum. Results for MHV-infected 
cells are the means ± standard deviations for three 
experiments. 

vMS 

100 

100 

78 

65 

83 

88 

73 

Immunofluorescence analysis of MHV-infected L-2 cell mutant cultures 
maintained for 14 days at 37° showed fluctuating numbers of MHV-infected cells 
which generally ranged from 0.5 - 5% of the total cells in each culture (data not 
shown). 

Mutani. L-2 cells replicate MHV in a persistent fashion 

In order to study the longer-term behaviour of MHV infection in the mutant 
cells, cultures were inoculated with virus and maintained for a period of two weeks. 
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Figure 1 

Persistent MHV infection of L-2 cell mutants. Confluent cultures (ca. 107 

cells) of LM-K and L-2 (wild type and mutant) cells were inoculated with 
MHV and incubated at 37°. Media were changed daily and titrated for 
infectious virus by plaque assay. On day 7, surviving cultures were 
subpassaged by trypsinization (arrow). Symbols: L-2,O; M2,e; M10,D ; 
M12,_; M22,.6. ; M26,A ; LM-K,O. 



All mutant cells tested showed a remarkably similar pattern of virus 
production, characterized by continued, fluctuating levels of MHV, over the 
experimental period of 14 days. Although the monolayers showed evidence of 
syncytial development, this was much reduced compared to the wild type L-2 cells 
which survived and produced virus for only two days (Fig. 1). For comparison, MHV 
production in LM-K cells, previously shown to support a persistent infection of MHV 
(19), was also monitored in parallel over the 14-day period and was found to follow a 
pattern similar to that observed with the mutant L-2 cells (Fig. 1). 

Mutant L-2 cells express fusion-active E2 at the cell surface 

Although, as suggested above, the L-2 cell mutants show resistance to MHV
mediated fusion, they are themselves not deficient in expressing fusogenic E2 
protein at their cell surfaces. This was demonstrated by a contact fusion procedure 
in which sparsely seeded cultures of vMS-infected L-2, LM-K or L-2 cell mutant cells 
were overlaid with an excess of uninfected L-2 cells at 8h PI and incubated for 4h at 
37°. As shown in Fig. 2, all cells which were infected with vMS induced fusion with 
the uninfected L-2 cell neighbours indicating that the former were expressing fusion
active E2 at their outer surfaces. 

Figure 2 

L-2 cell mutants express fusion-active E2 protein at the cell surface. 
Sparsely seeded L-2 (A, B) or L-2 mutant (M2, C; M10, 0; M12, E; 
M22, For M26, G) were mock-infected (A) or infected with vMS (B-G). 
At 8h PI cultures were overlaid with a ten-fold excess number of 
uninfected L-2 cells and examined for contact fusion. 
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Mutant L-2 cells show resistance to MHV-induced fusion 

Since it was noted that the progression of MHV-induced cell fusion appeared 
more slowly in the mutant cell lines as compared to wild type L-2 cells, it seemed 
likely that the cell mutants might be relatively more fusion-resistant and therefore 
able to restrict virus spread and accompanying cytopathology throughout the 
cultures. To test this idea directly a contact fusion assay was performed (19) in 
which sparsely seeded MHV-infected wild type L-2 cells were overlaid with a ten-fold 
excess number of cells (either mutant or wild type) and the resultant cell-cell fusion 
monitored after 4 h at 37°. As shown in Fig. 3 syncytial development was markedly 
reduced in the mutant cell lines, confirming the idea that they are relatively resistant 
to MHV-induced fusion. 
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L-2 MUTANTS 

Figure 3 

L-2 cell mutants are resistant to MHV-mediated cell fusion. Contact 
fusion was monitored between sparsely seeded MHV-infected L-2 cells 
and a ten-fold excess of uninfected L-2, LM-K, or L-2 mutant cells. 



Although it is clear that the mutant L-2 cells are resistant to E2- mediated 
fusion, they do not show generalized resistance to fusogenic agents. This was 
tested by determining numbers of multinucleate cells formed by treatment of wild 
type L-2 and mutant L-2 (M2, M10, M12, M22 and M26) with polyethylene glycol 
(PEG); no difference was observed among the cells tested (data not shown). Taken 
together, the results are compatible with the hypothesis that the mutant L-2 cells are 
defective in a cell surface E2- specific recognition factor (possibly a receptor) which 
is required for efficient membrane fusion to occur. 

DISCUSSION 

The present results confirm an earlier hypothesis that host cell differences in 
susceptibility to MHV infection correlate with differences in susceptibility to MHV
mediated cell fusion (19,20). All five mutants tested in the present study showed a 
similar phenotype of reduced infectability and reduced susceptibility to MHV E2-
mediated fusion. The relatively high mutational frequency observed during the 
generation of these mutants suggests that the two factors (infectability and fusion 
susceptibility) are co-mutable. This conclusion may find rationalization in the likely 
involvement of membrane fusion in two steps of the virus replication cycle, i.e. 
internalizationjuncoating and late cell-cell fusion. The mutagenesis studies thus 
point toward the alteration of a single cellular component which is required for 
efficient virus infection as well as for membrane fusion. A possible candidate may be 
a cell surface protein required for the facilitation of fusogenic activity of the E2 
protein. 

Indications that host resistance to MHV-mediated fusion plays an important 
role in permissiveness to MHV infection come also from other studies. Host 
restriction of MHV-JHM replication in peritoneal macrophages is coupled with 
reduced virus dissemination by a cell fusion-dependent mechanism (22). Genetic 
control of resistance to MHV-induced cell fusion has also been reported in 
hepatocytes (8) and in cells of the central nervous system (23). 

It is apparent from the present study that a cell population's tolerance to long 
term MHV infection can arise by mechanisms other than those which drastically 
restrict virus replication. Resistance to MHV-induced fusion represents not only a 
protective mechanism against a severe cytopathic effect but also against an 
important mode of MHV dissemination. It is likely that these factors permit the 
development of a persistently infected state by limiting the numbers of infected cells 
and permitting a dynamically changing proportion of the total cell population to 
escape infection. 
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