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Summary. Mouse hepatitis virus (MHV) , a murine coronavirus, has 
been shown to utilize carcinoembryonic antigen (CEA) as the receptor. 
We have demonstrated that MHV can utilize a different isoform of 
CEA, which is an alternatively spliced gene product that is expressed in 
different tissues, as a receptor. Furthermore, the CEA molecules from a 
resistant mouse strain (SJL) have different sequences and yet serve as 
functional viral receptors. Thus, MHV can use more than a single type 
of CEA molecule as the receptor. We have also shown that some mouse 
cell lines express functional CEA molecules and yet are resistant to 
infections by certain MHV strains. Biochemical studies of the infected 
cells indicate that MHV infections in these cell lines are blocked at the 
steps of virus entry. We conclude that MHV entry requires additional 
cellular factors other than CEA, the viral receptor. The significance of 
viral receptors and the additional cellular factors in regulating viral 
tropism is discussed. 

Introduction 

Viral infection of any cell type requires an initial interaction of virus with 
a specific cell surface molecule (viral receptor). This interaction usually 
leads to the entry of virus into cells by a mechanism which is not yet well 
understood. Different viruses utilize different cellular surface molecules 
as receptors. Depending on the distribution of these molecules in dif
ferent cell types, different viruses infect different tissues. Thus, viral 
receptors play a crucial role in determining target cell specificity of 
virus. Viral receptors have been identified for several viruses, such as 
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rhinoviruses [10], polioviruses [IS], and human immunodeficiency virus 
(HIV) [14]. Many of these viral receptors have an immunoglobulin-like 
structure, with extracellular domains serving as virus-binding sites. 
However, virus binding, in many cases, is not sufficient for virus entry. 
For instance, HIV cannot infect several cell types that express CD4 
molecules, the viral receptor [3, 14]. On the other hand, viruses occa
sionally infect cell types that do not express the prototype receptors. For 
example, HIV infects not only T cells, but also B cells, which do not 
express CD4 molecules [4, 7]. Thus, virus entry may require more than 
the presence of a specific receptor and also may have the flexibility of 
utilizing more than a single type of receptor. In this report, we present 
evidence that mouse hepatitis virus (MHV) , a murine coronavirus, can 
utilize at least two different receptor molecules, which are differentially 
expressed in different tissues, and that MHV infection requires a second 
factor, which is more sensitively regulated and more discriminating than 
are the receptor molecules. MHV thus provides an excellent system for 
studying the mechanism of virus entry. 

MHV infects the liver, intestine, brain or lymphoid tissue of mice, 
depending on the virus strain; for example, the JHM strain is neurotropic, 
causing either encephalitis or demyelinating diseases, while the AS9 
strain is relatively nonpathogenic [16]. The genetic background and age 
of mice also affect the susceptibility or resistance of mice to infection by 
different strains of MHV: for instance, BALB/C or CS7BL mice are 
susceptible, while adultSJL mice are resistant to MHV-AS9 or MHV
JHM and yet susceptible to MHV-3 infections [1]. MHV virions contain 
three or four structural proteins, among which the spike (S) protein 
mediates the interaction of MHV with the viral receptors on the surface 
of target cells [S]. Mutations of the S protein, such as in the case of 
neutralization-resistant variant viruses, often result in alterations of viral 
target cell specificity and pathogenicity [6]. Conceivably, viral receptors 
or associated cell surface molecules on different cell types are different, 
and variant forms of the S protein have different abilities to interact 
with different cell surface molecules, resulting in changes of target cell 
specificity. In this scenario, viral receptors in different cell types may 
show cell-specific variations. This possibility has so far not been demon
strated. 

MHV can utilize two different receptors 

The receptor for MHV has been identified as a member of the murine 
carcinoembryonic antigen (CEA) family, mmCGMI [8, 19]. It is present 
in mouse liver and brush border membrane of gastrointestinal tract, 
which are targets of some MHV strains. However, it has not been 
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Fig. 1. Detection of MHV receptor-related molecules in different tissues and different 
mouse strains. RT-PCR was performed using two mmCGM1-specific primers: a Brain 

and liver RNAs from C57BLl6 mice . b Liver RNAs from SJL and C57BLl6 mice 

detected in the brain, the target organ of neurotropic MHV strains, in
cluding MHV-JHM. Thus, it was not clear how MHV infects the central 
nervous system (CNS). We considered the possibility that brain tissue 
might contain a CEA-related molecule which is different from mmCGMI 
but which can be used by MHV as an alternative receptor. To this end, 
we performed a reverse transcription-polymerase chain reaction (RT
PCR) amplification of CEA RNA from the mouse brain and liver tissue 
of C57BL/6 mice using two primers specific for mmCGMI RNA. Figure 
la shows that the liver RNA yielded two PCR products. Sequence 
analysis of these two products showed that the larger one represents 
mmCGMl , the identified MHV receptor. The small one was an un
expected product, apparently an alternatively spliced product of the 
mmCGMI gene with a deletion in the middle of the RNA (data not 
shown). The sequence and structure of this molecule are related to those 
of the reported mmCGM2 [18]. In contrast, the brain RNA yielded only 
the PCR product corresponding to mmCGM2. There were several other 
PCR products, which were misprimed PCR artifacts (Fig. la). 

We then tested the possible viral receptor functions of these CEA
related molecules by cloning them into a mammalian expression vector, 
pECE, which has an SV40 T antigen promoter [9], and transfecting them 
into COS cells, which were originally resistant to MHV. Both the large 
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Table 1. Receptor functions of mmCGM molecules from 
SJL and C57BLl6 (B6) mice in COS cellsa 

Virus titer (PFU Iml) 

Transfectant JHM A59 

mmCGMl 
B6 1.1 x 103 4.4 X 103 

SJL 2.1 x 102 2.0 X 103 

mmCGM2 
B6 3.1 x 102 3.1 X 102 

SJL 3.8 x 102 2.1 X 102 

Vector (pECE) 0 2.0 x 101 

None 0 3.3 x 101 

a COS cells were transfected with various plasmids and 
infected with either JHM or A59 at 40 h posttransfection. 
Viruses were harvested from the supernatant 24 h after 
infection. The virus was plaque assayed on DBT cells 

and small CEA molecules rendered COS cells susceptible to both MHV
A59 and MHV-JHM infection to roughly the same extent (Table 1). This 
result showed that both molecules can serve as MHV receptors. Because 
the small product (mmCGM2) is the major CEA-like molecule in the 
brain, it is likely the primary viral receptor used by MHV. In contrast, 
MHV probably can utilize either of the CEA molecules as the receptor 
in the liver. This result indicates that MHV can utilize at least two 
different receptor molecules, each of which is differentially expressed in 
different tissues. 

The viral receptors in an MHV -resistant mouse strain are functional 

We next examined whether the viral receptor plays a role in the genetic 
susceptibility or resistance of different mouse strains to MHV infections. 
Adult SJL mice have been known to be resistant to A59 and JHM 
infection (1) and the MHV receptor protein from this mouse strain has 
been reported to have a deletion and fail to bind MHV in an in vitro 
virus overlay binding assay [2, 20]. However, newborn SJL mice are sus
ceptible to all MHVs, and MHV-3 can infect even adult SJL mice [1]; 
these findings are inconsistent with the possible structural defects of the 
receptors. We therefore re-examined this issue by studying the structure 
and receptor function of the CEA-like molecules from SJL mice. RT
PCR amplification of CEA RNAs was accomplished using two primers 
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specific for the 5'- and 3'-ends, respectively, of mmCGMl. As shown in 
Fig. lb, livers of SJL mice yielded two PCR products, each of which was 
identical in size to those from C57BL/6 mice. Sequence analysis of 
these two PCR products showed that both of the CEA-like molecules 
from SJL mice have the same length as that of the CEA molecules 
of C57BL/6 mice. However, there is approximately 10% sequence 
divergence, which is clustered mainly in the N-terminal one-third of 
the molecule, between the two mouse strains. Two of the potential N
glycosylation sites in C57BL/6 CEA molecules were mutated, but the 
SJL molecules gained another potential glycosylation site. As a result, 
the SJL CEA-like molecules lost a glycosylation site. This fact explains 
the apparently smaller size of the MHV-receptors in SJL mice, as re
ported previously [20]. To determine whether the SJL CEA molecules 
retain the MHV receptor functions, full-length mmCGMl and mmCGM2 
molecules in pECE plasmid were transfected into COS cells, and the 
cells were assayed for their susceptibility to infection with A59 and 
JHM viruses. Table 1 shows that COS cells transfected with SJL CEA 
molecules were infect able with both viruses and yielded roughly the 
same titers of viruses as those transfected with the corresponding C57BL/6 
CEA molecules. These results indicate that MHV receptors in SJL mice 
are functional. Thus, we conclude that genetic resistance of SJL mice is 
not due to defectiveness of viral receptors, but rather due to another 
cellular factor required for viral infection. 

Some murine cell lines are selectively resistant to certain MHV strains 
despite the presence of functional viral receptors 

The results obtained with SJL receptors suggest that the establishment of 
MHV infection in mice requires more than expression of a functional 
viral receptor on target cells. To determine the possible additional 
cellular factors required for viral infection, we studied several murine 
cell lines derived from both susceptible and resistant mouse strains. We 
first examined the susceptibility of these cell lines to MHV infection. 
These cells were infected with A59 or JHM viruses, and the virus yields 
at various time points after infection were examined. Figure 2 shows that 
DBT cells, a murine astrocytoma cell line from BALB/C mice [11], 
yielded nearly the same titers of A59 and JHM. In contrast, MC7 and 
BXS cells from C57BL/6 mice [13] surprisingly were resistant to JHM 
infection, but allowed A59 virus infection, although the virus yield 
was slightly lower than that from DBT cells. Several other cell lines, 
including SSS, CSV and BClO, derived from either resistant SJL mice or 
susceptible BALB/C or C57BL/6 mice also showed a similar pattern 
of differential susceptibility to A59 and resistance to JHM strains, in 
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Fig. 2. Viral growth kinetics in different mouse cell lines. Virus infection was per
formed at a multiplicity of infection of 5. Virus yields were assayed at various time 

points post-infection; • A59, 0 JHM 

contrast to the patterns of viral resistance or susceptibility in parental 
mice (data not shown). Thus, there is no universal correlation between 
virus susceptibility in mice and in tissue culture. Most surprising were the 
significant differences observed between the susceptibility of cell lines to 
A59 and to JHM infection. Therefore, certain cellular factors essential 
for MHV infections may be regulated differently in animals and in tissue 
culture and can discriminate between different MHV strains. Because 
the MHV receptors have been shown to be functional for both A59 and 
JHM, these results suggest that a second cellular factor, more delicately 
regulated and more discriminating than the viral receptor, likely controls 
MHV infection. 

The resistant cell lines are not defective in viral receptors 

Several additional studies were done to determine the molecular basis of 
differential resistance of these cell lines to JHM infection. We first 
examined the expression of MHV receptors in these cells. Using 
mmCGMl-specific primers, RT-PCR amplification of the CEA-like 
RNAs revealed that all of the cell lines examined have a detectable level 
of mmCGM2-like molecules (Fig. 3). Although their levels of expression 
in these cell lines were not as high as that in mouse liver, they were 
comparable to that in the highly susceptible DBT cell line (data not 
shown). The mmCGMl molecule was barely detectable in most of 
the cell lines examined. Thus, similar to the mouse brain, mmCGM2 
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Fig. 3. Detection of MHV receptors in different mouse cell lines. RT-PCR was done as 
in Fig. 1, using RNA extracted from different mouse cell lines. Liver RNA was from 
C57BL!6 mice; the remainder represent RNAs from different murine cell lines tested 

molecule is the major CEA molecule and probably the primary MHV 
receptor in these cell lines. We also have isolated mmCGM molecules 
from one of these cell lines by RT-PCR amplification and transfected 
them into COS cells. These molecules served as functional MHV re
ceptors as efficiently as those from parental mice (data not shown). We 
conclude that the MHV receptor is expressed in these resistant cell lines 
and is functional. Therefore, these cells are likely defective in a second 
factor required for viral infection. This possibility was investigated by 
transfecting C57BL/6-derived mmCGMl and mmCGM2 cDNA into 
these cell lines and determining whether resistance to JHM infections 
could be overcome by increased expression of viral receptors. The 
results showed that the resistance phenotype of these cells remained the 
same despite the expression of additional receptor molecules (data not 
shown). We conclude that the expression of receptor molecules in these 
cell lines is not sufficient to confer susceptibility to JHM virus infection. 

Viral replication is blocked at an early step of JHM infection in resistant 
cell lines 

To determine the steps of viral replication that are blocked in these 
resistant cell lines, viral macromolecular synthesis in various cell lines 
infected with JHM virus was examined by Northern blot analysis of viral 
RNA and polyacrylamide gel electrophoresis of 35S-methionine-Iabeled 
viral proteins. Figure 4 shows that JHM viral RNA and proteins were 
detectable only in susceptible DBT cells. Thus, blockade of viral re
plication in resistant cell lines most likely occurs before initiation of viral 
RNA synthesis. Next, we transfected purified viral genomic RNA into 
these cell lines and examined virus yields from them. The results showed 
that both A59 and JHM viral genomic RNA led to the production of 
infectious virus particles from all cell lines transfected, although virus 
titers were, in general, lower for JHM than for A59 (data not shown). 
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Fig. 4. Viral macromolecular synthesis in the different mouse cell lines infected with 
JHM virus. a Dot blot analysis of viral RNA from JHM-infected cells (isolated at 12 
and 24h post-infection). The probe used was 32P-Iabeled RNA complementary to 
JHM mRNA 7. b Metabolic labeling with 35S-methionine of JHM virus-infected cells. 
Viral proteins were precipitated with an antibody specific for JHM virus and separated 
by polyacrylamide gel electrophoresis. Viral proteins (S, HE, N, and M) are indicated 

These results indicate that these cell lines are capable of supporting viral 
RNA synthesis and subsequent steps of viral replication and maturation, 
although we cannot rule out an additional possibility that JHM RNA 
replicates less efficiently. Therefore, blockade of viral replication in 
these cell lines likely occurs at an early step of viral replication, most 
probably at the level of virus entry. 
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Implications for virus entry mechanisms 

The studies presented here revealed several interesting findings about 
virus entry. First, viruses can utilize multiple cell surface molecules as 
receptors; different tissues may express different viral receptors, so that 
receptor expression is a potential mechanism for regulation of viral tissue 
tropism. Conceivably, different receptor molecules can be utilized by 
different viruses at different efficiencies, thus accounting for the tissue 
tropism of different viral strains. In addition to mmCGMl and mmCGM2 
molecules, our recent preliminary studies have identified yet another 
species of CEA-like molecules, one which is expressed exclusively in the 
mouse brain. If this molecule is utilized only by neurotropic MHVs as 
the receptor, it may explain the target cell specificity of neurotropic 
MHV strains. 

Second, the molecular basis of the viral resistance of certain mouse 
strains, such as the SJL mouse, does not reside in the structure or 
expression of the viral receptor. Although the receptor protein of SJL 
mice appears to be smaller than those from susceptible mice, and its in 
vitro virus-binding activity is deficient [20], these molecules serve as 
perfectly functional MHV receptors. Therefore, the genetic resistance of 
these mice is likely due to defects in some other cellular factors required 
for virus entry or to production of interfering factors. Because it has 
previously been shown that the primary macrophages obtained from SJL 
mice are also resistant to JHM infection in vitro [12, 17], the defect most 
likely resides in an intrinsic cellular factor required for viral infection. 

Third, the resistance or susceptibility of some murine cell lines is 
different from those of the parental mouse strains, although the structure 
and expression of the viral receptors are comparable. Thus, a cellular 
factor other than the viral receptor is differentially expressed in animals 
and in tissue culture and is required for virus entry. Most interestingly, 
this additional factor can discriminate JHM from A59 infection, in 
contrast to CEA molecules, which are functional for both viruses. Thus, 
the expression of this second factor is more delicately regulated and its 
function is more discriminating than the primary receptor itself. This 
second factor likely works at the virus entry step. Although the nature of 
this factor is not yet known, preliminary data suggest that it functions 
through interaction with the viral spike protein, similar to the mecha
nism of action of viral receptors. Therefore, this second factor likely also 
interacts directly or indirectly with viral receptors. This factor, thus, 
provides a new tool for understanding the process of viral infection and 
the regulation of viral tissue tropism. 
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