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The SJL mouse strain is resistant to infection by some strains of the murine coronavirus mouse hepatitis virus
(MHV), such as JHM and A59. The block to virus infection has been variously attributed to defects in virus
receptors or virus spread. Since the cellular receptors for MHV, mmCGM1 and mmCGM2, have recently been
identified as members of the carcinoembryonic antigen family, we reexamined the possible defectiveness of the
MHV receptors in SJL mouse strain. Cloning and sequencing of the cDNAs of both mmCGMs RNAs from SJL
mice revealed that they were identical in size to those of the susceptible C57BL/6 (B6) mouse. There was some
sequence divergence in the N terminus of the mmCGM molecules between the two mouse strains, resulting in
a different number of potential glycosylation sites. This was confirmed by in vitro translation of the mmCGM
RNAs, which showed that the glycosylated mmCGM2 of SJL was smaller than that of B6 mice. However,
transfection of either mmCGM1 or mmCGM2 from SJL mice into MHV-resistant Cos 7 cells rendered the cells
susceptible to MIHV infection. The ability of the SJL mmCGM molecules to serve as MHV receptors was
comparable to that of those from B6. These molecules are expressed in SJL mouse brain and liver in a similar
ratio and in amounts equivalent to those in the B6 mouse. Furthermore, we demonstrated that an SJL-derived
cell line was susceptible to A59 but resistant to JHM infection. We concluded that the MHV receptor molecules
in the SJL mouse are functional and that the resistance of SJL mice to infection by some MHV strains most
likely results from some other factor(s) required for virus entry or some other step(s) in virus replication.

Mouse hepatitis virus (MHV) is a murine coronavirus
which causes a wide range of diseases in the mouse and rat,
including enteritis, hepatitis, respiratory infection, and en-
cephalomyelitis in the central nervous system (26). The
tissue tropism and pathogenicity of the virus vary with the
mouse strain and also with the virus strain and isolate (26).
For instance, the JHM strain of MHV is highly neurotropic,
whereas MHV-3 causes hepatitis in susceptible mice but also
causes ventricular infection followed by chronic vasculitis in
the central nervous system of semisusceptible mice (24), and
the A59 strain is relatively nonpathogenic (19).

It has been reported that the resistance of mice to MHV
infection is controlled by a single recessive gene (11, 12, 21),
but other reports suggested that there are multiple gene
determinants (1, 22). The susceptibility or resistance of
animals to MHV infection also depends on the strain and age
of the host animals (2) and on the virus strain, dose, and
route of inoculation (3, 22). The SJL mouse is known to be
resistant to infection by some strains of MHV, e.g., A59,
JHM, and MHV-S (2, 3), but is susceptible to MHV-3 (29).
Several pertinent observations have been made about the
resistance of SJL mice to infection by some MHV strains. (i)
Primary macrophage cultures were resistant to JHM infec-
tion in vitro (14). The resistance was not 100%, but only a
small population of cells were infected, and subsequent virus
spread was completely inhibited (14). (ii) Primary glial cells
and neuronal cells derived from SJL mice were resistant to
JHM and A59 infection (11, 29) but not to MHV-3, although
the efficiency of virus attachment was similar for all three
strains (29). (iii) In vivo, the SJL mouse was resistant to a
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low intranasal dose of JHM; the viral antigen was restricted
to the site of inoculation and did not spread to the central
nervous system (3, 4). However, high-dose inoculation led to
the development of encephalitis (13). These studies suggest
that the JHM strain of MHV may infect a few cells in SJL
mice but cannot spread efficiently and is cleared quickly.
Other reports showed that the resistance of SJL mice to
JHM infection was age dependent; newborn mice of strain
SJL were highly susceptible to JHM infection and easily
developed fatal central nervous system infection (23).
The mechanism of the resistance of SJL mice to MHV

infection is not clear. SJL macrophages are intrinsically
resistant to MHV infection in vitro (14, 23). In addition, SJL
mice may also produce some factors that modulate infection
by certain MHV strains (21, 23). Recently, it was shown that
A59 virus failed to bind to the receptor molecule from the
SJL mouse liver in an in vitro virus-binding assay, the virus
overlay protein blot assay (5, 28), suggesting that the SJL
mouse virus receptor is nonfunctional. It was further re-
ported that the MHV receptor carried a deletion in SJL
mice, since these receptor molecules appeared to migrate
faster than those of BALB/c mice on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels (28).
On the contrary, the resistance of primary glial cells derived
from SJL mice was shown to involve not virus binding but
rather virus dissemination (29), and it was suggested that the
resistance lies in a defective proteolytic activity in SJL mice
which is required for A59 and JHM infection but not for
MHV-3 (29). It is not clear why these results were so
discrepant.
The cellular receptor for MHV infection has been identi-

fied as a member of the murine homolog of the carcinoem-
bryonic antigen (CEA) family, mouse CEA gene family
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member 1 (mmCGM1) (6, 27). We have recently shown that
another mouse CEA, mmCGM2 (25), which is probably
generated by alternative splicing of the same CEA gene, can
also be utilized as an MHV receptor (31). mmCGM1 con-
tains an additional 564-nucleotide sequence in the middle of
the open reading frame (ORF) compared with mmCGM2.
Interestingly, mmCGM2 but very little mmCGM1 is ex-

pressed in the mouse brain, suggesting that mmCGM2 is the
major MHV receptor used in the mouse brain (31).
To provide a better understanding of the molecular basis

of SJL resistance to infection by certain MHV strains, we
examined whether the SJL mouse expresses a functional
receptor for MHV infection. In this report, we show that the
SJL mouse has fully functional receptors, which, upon
transfection, permitted MHV to infect a resistant cell line,
Cos 7. However, an SJL-derived cell line, PSJLSV, was
partially resistant to MHV A59 and fully resistant to MHV
JHM infection, suggesting that additional factors are re-

quired for MHV infection. Possible factors involved in the
susceptibility and resistance to MHV infection will be dis-
cussed.

MATERIALS AND METHODS

Viruses, cells, and animals. MHV strains A59 and JHM(2)
were used throughout this study. JHM(2) is a clonal isolate
of the original JHM strain (16) and expresses a large amount
of the hemagglutinin-esterase protein (20, 32). The virus
plaque assay was done in DBT cells, a murine astrocytoma
cell line (10). Cos 7 cells (9) were used for transfection and
subsequent infection assays; these cells were resistant to
both A59 and JHM infection but were able to support viral
replication when transfected with viral genomic RNA (un-
published observation). A simian virus 40 (SV40)-trans-
formed SJL cell line derived from the pancreas of an adult
SJL mouse, PSJLSV, was kindly provided by Barbara B.
Knowles, Wistar Institute, Philadelphia, Pa.
SJL and C57BL/6 (B6) mice, 6 weeks old, were obtained

from Jackson Laboratories, Bar Harbor, Maine.
RNA extraction from tissues and cell lines. Total cellular

RNA was extracted from SJL mouse liver and brain with 4
M guanidine isothiocyanate by a published procedure (15).
Briefly, the mouse tissues were homogenized in a guanidine
isothiocyanate solution, and total cellular RNA was ex-
tracted with phenol and chloroform and precipitated with
isopropanol. Cytoplasmic RNA was extracted from culture
cell lines by proteinase K digestion after removal of nuclei
by Nonidet P-40 treatment as described previously (17).
Polyadenylated [poly(A)+] RNA was selected by passing
total RNA through an oligo(dT) column by the procedure
recommended by the manufacturer (Collaborative Research
Inc., Bedford, Mass.).
RT-PCR and cDNA cloning. Reverse transcription (RT) of

poly(A)+ RNA from mouse liver and brain was done with
avian myeloblastosis virus reverse transcriptase (Boehringer
Mannheim) and primer 437 (5'-AGTTGTCAGAAGGAGC
CAGATC-3'), which is complementary to the 3' end of the
coding region of both mmCGM1 and mmCGM2. To detect
the mmCGM1 and mmCGM2 transcripts among total RNA,
cDNA was amplified by polymerase chain reaction (PCR)
with a second primer, 430 (5'-GTTCTTCTACTllGTTC
ACAATCTGCCCCTGGCGCTTGGAGCTTT-3'),
which is homologous to nucleotides 151 to 195 from the first
AUG of the ORF. To obtain a cDNA clone containing a
full-length ORF, primer 543 (5'-AGCAGAGACATGGAG
CTGGCCTCAGCACATCTCCACAAAG-3'), which is ho-

mologous to the extreme 5' end of both the mmCGM1 and
mmCGM2 ORFs, including the first AUG, was used as the
second primer. PCR was performed with Taq DNA polymer-
ase (Boehringer Mannheim) for 30 cycles at 94°C for 30 s,
54°C for 1.5 min, and 72°C for 3 min. The PCR products were
separated by electrophoresis in 1.2% low-melting-point aga-
rose (SeaPlaque; FMC Bioproducts). The full-length PCR
products were extracted from the gel, blunt ended, and
cloned into the SmaI site of vector pTZ18U (U.S. Biochem-
icals), which contains the T7 promoter at one side.
DNA sequencing. The cDNA clones were sequenced by

the dideoxyribonucleotide chain termination method as rec-
ommended by the manufacturer (Sequenase kit; U.S. Bio-
chemicals), with universal, reverse, or specific primers cor-
responding to various regions of the mmCGM1 and
mmCGM2 ORFs. At least two clones of every region were
sequenced.

In vitro transcription and translation and SDS-PAGE anal-
ysis. After sequencing, cDNA clones of the correct orienta-
tion were linearized with XbaI and transcribed in vitro into
cap-containing RNA by using T7 polymerase (Promega) as
described previously (30). The RNA was used for in vitro
translation in a rabbit reticulocyte lysate (Promega). The
translation product was analyzed by SDS-PAGE in 12.5%
polyacrylamide gels as described previously (30).

Southern blot analysis of RT-PCR products. One micro-
gram of poly(A)+ RNA from SJL mouse liver or brain was
used for RT-PCR with primers complementary and homolo-
gous to the 3' and 5' ends of the mmCGM coding regions,
respectively, as described above. The PCR products were
analyzed by electrophoresis in 1.2% agarose gels. Gels were
treated briefly with 0.25 M HCl, alkaline denatured, and
transferred to a Highbond C Extra membrane (Amersham).
The membrane was prehybridized at 42°C for 4 h in a buffer
containing 35% formamide, 0.6 M NaCl, 0.06 M sodium
citrate, 100 mM sodium phosphate, 50 mM Tris-HCl (pH
7.1), 8x Denhardt's reagent without bovine serum albumin,
0.1% SDS, 0.5 mg of tRNA per ml, and 1.0 mg of salmon
sperm DNA per ml and hybridized overnight in the same
solution containing 32P-labeled mmCGM2 cDNA probe pre-
pared by random priming (random priming kit; Boehringer
Mannheim) and 17% dextran sulfate. After hybridization,
the membrane was washed with a solution containing 2x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
and 0.1% SDS four times for 5 min each at room temperature
and then with a solution containing 0.1x SSC and 0.1% SDS
for 2 h at 55°C.

Transfection and infection assay. mmCGM1 and mmCGM2
cDNAs were cloned into the mammalian expression vector
pECE (7), which contains an SV40 T-antigen promoter. Cos
7 cells at 60 to 80% confluence in 24-well plates were
transfected with DNA (0.7 ,ug per well) by lipofection
method with either Lipofectin (BRL) or DOTAP (Boehringer
Mannheim) as recommended by the manufacturers. Forty
hours later, cells were infected with JHM or A59 virus at a
multiplicity of infection of approximately 20 to 50. Cells
transfected with vector pECE and cells that had not been
given any treatment were also infected. After 1 h of virus
adsorption, the cells were washed twice with Dulbecco's
modified Eagle's medium (DMEM), and 1 ml of DMEM
containing 1% fetal calf serum was added to each plate. At 24
h postinfection, supernatant and cells were collected for the
virus plaque assay. Cells were disrupted by trypsinization
and freeze-thawing three times. Cell debris was removed by
brief centrifugation, and the supernatant was used in the
plaque assay for titering cell-associated virus. The transfec-
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FIG. 1. Detection of mmCGM1 and mmCGM2 PCR products
from SJL and B6 mouse livers. Primers 430 and 437 were used for
RT-PCR. Size markers are HindIII-digested lambda DNA and
HaeIII-digested 4X174 DNA (Promega). DNA was stained with
ethidium bromide. Band 1, mmCGM1; band 2, mmCGM2; band 3,
PCR artifact.

tion-infection experiments were repeated at least three
times. Standard virus plaque assays were performed in
duplicate in DBT cells. The precise procedure has been
described elsewhere (31).

Nucleotide sequence accession numbers. The GenBank ac-

cession numbers for C57BL/6 mmCGM2 and SJL mmCGM1
are M96934 and M96935, respectively.

RESULTS

Characterization of mmCGM1 and mmCGM2 from SJL
mice. To compare the expression patterns of transcripts of
the MHV receptors mmCGM1 and mmCGM2 in the suscep-

tible mouse strain B6 and the resistant strain SJL, poly(A)+
liver RNA was used for RT-PCR, initially to obtain partial
cDNA clones of mmCGM1 and mmCGM2, with primers
specific for the 3' end and for nucleotides 151 to 195
downstream from the 5' end of the mmCGM ORF, respec-

tively. Under this condition, two major products (bands 1
and 2), which correspond to mmCGM1 and mmCGM2 (see
below), respectively, were obtained (Fig. 1). The patterns of
PCR products were identical between B6 and SJL, and their
sizes were indistinguishable. A few additional PCR prod-
ucts, most notably band 3, were also detected. Sequence
analysis of band 3 showed that it was a nonspecific product
caused by mispriming during PCR (31; data not shown).
Other minor PCR products have not been characterized.
Previous studies have shown that under the conditions used,
the relative amounts of RT-PCR products closely parallel the
amounts of RNA (31). This result thus indicates that the SJL
mouse expresses amounts of mmCGM1 and mmCGM2
RNAs comparable to those in the B6 mouse, and these
molecules are identical in size between these two strains of
mice. These results together suggest that the mmCGM gene

of the SJL mouse does not have a deletion.
Sequence comparison of mmCGM1 and mmCGM2 between

SJL and B6 mice. To further characterize mmCGM1 and
mmCGM2 of SJL mice, full-length cDNA clones of
mmCGM1 and mmCGM2 were obtained by RT-PCR with

two primers specific for the extreme 3' and 5' ends of the
ORFs, respectively, which are common to both mmCGM1
and mmCGM2 (6, 25, 31). Two major products of 1.3 and
0.8 kb, which correspond to full-length mmCGM1 and
mmCGM2, respectively, were cloned into vector pTZ18U,
which contains the T7 polymerase promoter.
The cDNA clones of both SJL and B6 mmCGMs were

sequenced, and the sequences were compared with the
published sequence for mmCGM1 from the BALB/c mouse
(6). The sequence of B6 mmCGM1 is nearly identical to
that of BALB/c mmCGM1 (6), whereas SJL mmCGM1
shows a high degree of sequence divergence from that of B6
at both the nucleotide and amino acid levels (Fig. 2). In the
N-terminal portion, which is common to mmCGM1 and
mmCGM2, there are 30 amino acid differences between SJL
and B6. In the middle domain, which is present only in
mmCGM1, and the C-terminal region, which is the same in
mmCGM1 and mmCGM2, sequences are conserved among
all three mouse strains, except for 2 amino acids in the
middle and 3 amino acids in the C-terminal region. Further-
more, the number of potential N-linked glycosylation sites is
different between B6 and SJL mice (Fig. 2, indicated by
underlines). There are 16 potential glycosylation sites in
BALB/c and B6 mmCGM1: 3 sites in the N-terminal, 11 in
the middle, and 2 in the C-terminal region. In the SJL mouse,
two of the glycosylation sites in the N-terminal region were
lost because of mutations (indicated by cross marks); how-
ever, a new glycosylation site (shown by an asterisk) was
generated. Glycosylation sites are summarized in Fig. 3.
Thus, there are only two potential glycosylation sites in the
N-terminal region of SJL mmCGM1 and mmCGM2. These
analyses indicate that there is no structural deletion in the
mmCGM gene of the SJL mouse, in contrast to the previous
suggestion (28).
Comparison of in vitro translation products of mmCGM1

and mmCGM2 from SJL and B6 mice. To characterize the
gene products of the mmCGM genes in the SJL mouse, in
vitro-transcribed RNAs from both B6 and SJL full-length
mmCGM1 and mmCGM2 ORF clones were used for in vitro
translation in a rabbit reticulocyte lysate in the presence or
absence of canine pancreatic microsomal membrane. The
primary product of B6 mmCGM2 was approximately 30 kDa
in size (Fig. 4, lane 3, asterisk), which was processed to a
protein of approximately 43 kDa in the presence of microso-
mal membrane (Fig. 4, lane 4, arrow). SJL mmCGM2 also
yielded a primary translation product of 30 kDa (Fig. 4, lane
5); this product appeared to migrate slightly faster than the
B6 counterpart. Since they have an identical number of
amino acids (Fig. 2), the reason for the slight discrepancy in
their electrophoretic behaviors is not clear; most likely it
was caused by charge differences in their amino acid se-
quences. Two minor products of approximately 43 kDa were
also detected, the origin of which is not clear. Similar
products have occasionally been observed with B6
mmCGM2 (31). In the presence of microsomal membrane,
the translation product of SJL mmCGM2 was processed into
a protein of approximately 40 kDa (Fig. 4, lane 6, arrow),
which was smaller than that of B6 mmCGM2 (Fig. 4, lane 4).
This result indicates that SJL mmCGM2 is smaller than B6
mmCGM2 despite the identical sizes of their ORFs. This size
difference (3 kDa) could be accounted for by the difference
of one glycosylation site between these two molecules, since
the number of glycosylation sites in SJL mmCGM2 is four,
in contrast to five for that of B6 (Fig. 3). On the other hand,
the size difference in mmCGM1 between B6 and SJL mice
was not apparent; B6 mmCGM1 (lanes 7 and 8) and SJL
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M E L A S A H L H K G Q V P W G G L L L T A S
1 5'-AGGCAGGCAGCAGAGACATGGAGCTGGCCTCAGCACATCTCCACAAAGGGCAGGTTCCCTGGGGAGGACTACTGCTCACAGCCTCA 86
B6
SJL- .....................

(V)

L L A S W S P A T T A E V T I E A V P P Q V A E D N N V L
87 CTTTTAGCCTCCTGGAGCCCTGCCACCACTGCTGAAGTCACCATTGAGGCTGTGCCGCCCCAGGTTGCTGAAGACAACAATGTTCTT 173
B6 .......................................................................................

SJL.. C.T.
(P)

x
L L V H N L P L A L G A F A W Y K G N T T A I D K E I A R

174 CTACTTGTTCACAATCTGCCCCTGGCGCTTGGAGCCTTTGCCTGGTACAAGGGAAACACTACGGCTATAGACAAAGAAATTGCACGA 260
B6 .......................................................................................

SJL .. T.C. .GT.T...C.A ..GCT...T.AT
(P)(V)(S)(T)(N)(A) (V)(H)

* x
F V P N S N M N FT. G Q A Y S G R E I I Y S N G S L L F Q

261 TTTGTACCAAATAGTAATATGAATTTCACGGGGCAAGCATACAGCGGCAGAGAGATAATATACAGCAATGGATCCCTGCTCTTCCAA 347
B6 .......................................................................................
SJL ......A.GGC.C....A.C.ACA. .... CT...C.. CTG .C.. A.

(T(G)(T) (K(T(T (P) (H) (T(V (I

M I T M K D M G V Y T L D M T D E N Y R R T Q A T V R F H
348 ATGATCACCATGAAGGATATGGGAGTCTACACACTAGATATGACAGATGAAAACTATCGTCGTACTCAGGCGACTGTGCGATTTCAT 434
B6 .......................................................................................
SJL .G.G. G. C. A... A. T. G. A.

(R)(V) (V) (T) (I)(E) (F) (E) (Q)

V HEP I L L K P N I T S N N S N P V E G D D S V S L T C D
435 GTACACCCCATATTATTAAAGCCCAACATCACAAGCAACAACTCCAATCCCGTGGAGGGTGACGACTCCGTATCATTAACCTGTGAC 521
B6 .......................................................................................
SJL.C..

(L)

S Y T D P D N I N Y L W S R N G E S L S E G D R L K L S E
522 TCTTACACTGACCCTGATAATATAAACTACCTGTGGAGCAGAAATGGTGAAAGCCTTTCAGAAGGTGACAGGCTGAAGCTGTCTGAG 608
B6 .......................................................................................

SJL .......................................................................................

G N R T L T L L N V T R N D T G P Y V C E T R N P V S V N
609 GGCAACAGGACTCTCACTTTACTCAATGTCACGAGGAATGACACAGGACCCTATGTGTGTGAAACCCGGAATCCAGTGAGTGTCAAC 695
B6 .......................................................................................
SJL. C.

R S D P F S L N I I Y G P D T P I I S P S D I Y L H P G S
696 CGAAGTGACCCATTCAGCCTGAACATTATCTATGGTCCGGACACCCCGATTATATCCCCCTCAGATATTTATTTGCATCCAGGGTCA 782
B6 .......................................................................................
SJL .......................................................................................

N LN L S C H A A S N P P A Q Y F W L I N E K P H A S S Q
783 AACCTCAACCTCTCCTGCCATGCAGCCTCTAACCCACCTGCACAGTACTTTTGGCTTATCAATGAGAAGCCCCATGCATCCTCCCAA 869
B6 .......................................................................................
SJL .......................................................................................

E L F I P N I T. T N N S G T Y T C F V N N S V T G L S R T
870 GAGCTCTTTATCCCCAACATCACTACTAATAATAGCGGAACCTATACCTGCTTCGTCAATAACTCTGTCACTGGCCTCAGTAGGACC 956
B6 .......................................................................................
SJL ............................................ C.

(L)
FIG. 2. Sequences of mmCGM1 and mmCGM2 in B6 and SJL mice. Sequences are compared with the published BALB/c sequence (5)

(top line). Dots indicate identical nucleotides. Potential N-linked glycosylation sites are underlined. Splicing sites are indicated by arrowheads
(mmCGM2 does not contain the middle region between the two arrowheads). Amino acid changes are indicated underneath in parentheses.
Glycosylation sites lost due to amino acid changes are indicated by x, and generation of a new site is indicated by an asterisk. Dashed lines
show the primers used for PCR.

mmCGM1 (lanes 9 and 10) yielded products of similar sizes Functional analysis ofmmCGM1 and mmCGM2 of the SJL
both in the absence (45 kDa; Fig. 4, lanes 7 and 9, asterisks) mouse. We reported previously that both mmCGM1 and
and in the presence (approximately 95 kDa; Fig. 4, lanes 8 mmCGM2 of the B6 mouse were functional as MHV recep-
and 10, arrows) of membrane, probably because of the tors when they were expressed in Cos 7 cells, which are
limitation of resolution in the high-molecular-weight range. otherwise resistant to MHV infection (31). Because of the
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T V K N I T V L E P V T Q P F LvQ V T N T I V K E L D S V
957 ACAGTCAAGAACATTACAGTCCTTGAGCCAGTGACTCAGCCCTTCCTCCAAGTCACCAACACCACAGTCAAAGAACTAGACTCTGTG 1043
B6 .......................................................................................
SJL ..................................................................................... C

(S)

T L T C L S N D I G A N I Q W L F N S Q S L Q L T E R M T
1044 ACCCTGACCTGCTTGTCGAATGACATTGGAGCCAACATCCAGTGGCTCTTCAATAGCCAGAGTCTTCAGCTCACAGAGAGAATGACA 1130
B6 .......................................................................................
SJL .......................................................................................

L S Q N N S I L R I D P I K R E D A G E Y Q C E I S N P V
1131 CTCTCCCAGAACAACAGCATCCTCAGAATAGACCCTATTAAGAGGGAAGATGCCGGCGAGTATCAGTGTGAAATCTCGAATCCAGTC 1217
B6 .......................................................................................

SJL .......................................................................................

S V R R S N S I K L D I I F D P T Q G G L S D G A I A G I
1218 AGCGTCAGGAGGAGCAACTCAATCAAGCTGGACATAATATTTGACCCAACACAAGGAGGCCTCTCAGATGGCGCCATTGCTGGCATC 1304
B6 CG.
SJL .A.CG.

(K) (R)

V I G V V A G V A L I A G L A Y F L Y S R K S G G S G S F
1305 GTGATTGGAGTTGTGGCTGGGGTGGCTCTAATAGCAGGGCTGGCATATTTCCTCTATTCCAGGAAGTCTGGCGGATCTGGCTCCTTC
B6 .. . .. . . .. . .. . . .. . .. . . .. . .. . . .. . .. . . .. . .. . . .- -----

SJL --------------

z
1392 TGACAACTCTCCTAACAA-3'
_____F .d

FIG. 2-Continued.

1391

differences in amino acid sequence and glycosylation sites of
the mmCGM proteins between SJL and B6 mice and the
finding that SJL receptors failed to bind MHV in an in vitro
virus-binding assay, the virus overlay protein blot assay (5,
28), we wondered whether the SJL mmCGM molecules
could serve as functional receptors for MHV. We examined
this possibility by transfecting SJL mmCGM1 and mmCGM2
into Cos 7 cells and testing their susceptibility to both A59
and JHM virus infection. The results are summarized in
Table 1.

Surprisingly, both SJL mmCGM1 and mmCGM2 could
serve as functional receptors for MHV. In JHM infection,
cells transfected with either SJL-derived mmCGM1 or
mmCGM2 yielded virus titers in the range of 200 to 3,000
PFU/ml in both the supernatant and the cell lysate. These
virus yields were roughly at the same level as those of B6
mmCGM1- and mmCGM2-transfected cells. In contrast, in
the vector-transfected and untreated cells, either no virus
was detected or the virus titer was lower than 10 PFU/ml,
which was probably derived from the virus inoculum remain-
ing attached to the cells. With A59 infection, in both B6 and

C57BL/6
mmCGM1

mmCGM2 [

mmCGM2 [

mmCGM1 F

Y yYY W WYY Y WYY Y Y

Y y

yY w )wY Y WYY Y

FIG. 3. Diagram of mmCGM1 and mmCGM2. Potential glyco-

sylation sites are indicated by Y; the novel glycosylation site present
only in SJL molecules is indicated by an asterisk.

SJL mmCGM1-transfected cells, the virus titer was in the
range of 103 PFU/ml, which was 2 log1o higher than the
background. The A59 virus titers from both B6 and SJL
mmCGM2-transfected cells were approximately 10-fold
lower than those of mmCGM1-transfected cells; neverthe-
less, they were significantly higher than the background. The
JHM virus yields from the mmCGM1- and mmCGM2-trans-

1 2 3 4 5 6 7 8 9 10

200-

98-

68-

43 -

29

FIG. 4. In vitro translation products of full-length ORFs of
mmCGM1 and mmCGM2 of SJL and B6 mice. Cap-containing RNA
was transcribed with T7 RNA polymerase, used for in vitro trans-
lation with [35S]methionine in the absence (primary products, indi-
cated by asterisks) and presence (processed products, indicated by
arrows) of canine pancreatic microsomal membranes, and analyzed
by SDS-PAGE on 12.5% polyacrylamide gels. Odd-numbered lanes,
without membranes; even-numbered lanes, with membranes.
Lanes: 1 and 2, no RNA; 3 and 4, B6 mmCGM2; 5 and 6, SJL
mmCGM2; 7 and 8, B6 mmCGM1; 9 and 10, SJL mmCGM1. Sizes
are shown in kilodaltons.

... ..
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TABLE 1. Receptor functions of mmCGM molecules from SJL
and B6 mice in Cos 7 cellsa

Virus titer (PFU/ml)

Transfectant JHM A59

S C S C

mmCGM1
B6 1.1 x 103 2.0 x 103 4.4 x 103 7.0 x 103
SJL 2.1 x 102 9.0 x 102 2.0 x 103 3.7 x 103

mmCGM2
B6 3.1 x 102 1.4 x 103 3.1 x 102 7.5 x 102
SJL 3.8 x 102 3.2 x 103 2.1 x 102 1.9 x 102

Vector (pECE) 0 0 2.0 x 101 0
None 0 7.5 x 100 3.3 x 101 1.5 x 101

a Cos 7 cells were transfected with various DNAs and infected with either
JHM or A59 at 40 h posttransfection. Viruses were harvested from the
supernatant (S) or cell lysates (C) 24 h after infection. The virus was plaque
assayed on DBT cells.

fected cells were equivalent. These results indicate that both
mmCGM1 and mmCGM2 from SJL mice are functional
receptors for both the A59 and JHM strains of MHV. This
finding is in contrast to the conclusion deduced from the in
vitro virus-binding analysis (5, 28). mmCGM1 was probably
a better receptor than mmCGM2 for A59. By contrast,
mmCGM1 and mmCGM2 served as equally effective recep-
tors for JHM.

Susceptibility of an SJL-derived cell line to MEIV infection.
Since the MHV receptors in the SJL mouse are functional,
we tested the cell line PSJLSV, which was derived from an
adult SJL mouse and transformed with SV40 T antigen (14a),
with regard to its ability to support MHV infection. The
results showed that A59 replicated in this cell line, suggest-
ing that the resistance of the SJL mouse strain to MHV
infection is not absolute. However, with the same amount
(multiplicity of infection of 10) of input A59 virus, PSJLSV
cells yielded only 6 x 103 PFU/ml, versus 7.5 x 106 PFU/ml
in the BALB/c-derived astrocytoma cell line (DBT cells). In
contrast, JHM did not replicate in PSJLSV cells (0 PFU/ml),
whereas it replicated to almost the same extent as A59 in
DBT cells (5.5 x 10' PFU/ml). Since the mmCGM molecules
from the SJL mouse functioned as receptors for JHM in the
Cos 7 cells, these results suggest that the resistance of SJL
mice or the PSJLSV cell line to JHM infection is due to a
defect in some factor(s) other than the virus receptor and
that the requirement for establishing viral infection differs in
different strains of MHV.

Expression of MHV receptors in the SJL mouse and cul-
tured cells. To further examine the status of receptor expres-
sion in the SJL mouse, we used mmCGM-specific primers to
obtain PCR products from poly(A)+ RNA from SJL mouse
liver and brain. These PCR products were subjected to
Southern blot analysis with an mmCGM-specific probe (Fig.
5A). The SJL mouse liver expressed both mmCGM1 and
mmCGM2 in roughly equal amounts. In contrast, the SJL
mouse brain expressed mainly mmCGM2 and the overall
amounts ofmmCGM in the brain were slightly lower than in
the liver. A trace amount of mmCGM1 was also detected in
brain samples after prolonged exposure (data not shown). A
PCR product which was slightly smaller than mmCGM1 was
also detected with the mmCGM probe in Southern blot (Fig.
5A). As indicated above (Fig. 1), the nature of this product
remains elusive, since we have so far been unable to clone
this product. Nevertheless, this tissue-specific expression
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FIG. 5. PCR-Southern analysis ofmmCGM products of liver and
brain from an SJL mouse. (A) Poly(A)+ RNA from the liver and
brain of an SJL mouse was used for RT-PCR to amplify mmCGM1
and mmCGM2 transcripts. The PCR products were detected by
Southern blot with an mmCGM-specific probe. The product indi-
cated by an asterisk was not studied further. (B) One microgram of
poly(A)+ RNA from the livers of an SJL and a B6 mouse was used
for RT-PCR, and mmCGM1 and mmCGM2 products were detected
as described for panel A. The mmCGM1 and mmCGM2 products
are indicated by arrows.

pattern in SJL mice is similar to that in B6 mice (31).
Furthermore, the amounts of both mmCGM1 and mmCGM2
PCR products were roughly equivalent between B6 and SJL
mice (Fig. SB). Although the quantitation of PCR products is
not necessarily linear in relation to the amount of RNA,
preliminary data and the previous study (31) showed a
correlation between Northern (RNA blot) analysis and PCR-
Southern analysis. Thus, we conclude that the receptor
molecules in SJL mice are properly expressed. Furthermore,
transfection of B6 mmCGM1 and mmCGM2 into PSJLSV
cells did not render the cells susceptible to JHM infection
(data not shown). These data suggest that the presence of
MHV receptors does not necessarily correlate with the level
of MHV replication in these cells. Thus, a second factor
likely regulates MHV infection.

DISCUSSION

Two CEA gene family members, mmCGM1 and
mmCGM2, have been shown to serve as MHV receptors (6,
31). The A59- and JHM-resistant SJL mouse expresses both
proteins at the same levels as the susceptible mouse strain
BALB/c (28); however, these proteins appeared to be
smaller in SJL than in BALB/c mice (28). Furthermore, the
SJL receptor molecules failed to bind to a monoclonal
antibody (MAb), CC1, which recognizes the corresponding
BALB/c receptor molecules and blocks A59 infection in
BALB/c mice (6, 28). In addition, A59 did not bind to the
mmCGM molecules from the liver or intestinal brush border
membrane of the SJL mouse in an in vitro virus-binding
assay (5). Thus, it was suggested that the resistance of SJL
mice to MHV infection is due to defective virus receptors (5,
28). Other reports, however, showed that the resistance of
SJL mice to JHM infection is due to some other factor, e.g.,
a defect in virus spread (29). Moreover, newborn SJL mice
are highly susceptible to JHM infection (23); thus, it seems
unlikely that there is a structural deletion in the MHV
receptor in SJL mice.

In this study, we cloned the mmCGM1 and mmCGM2
molecules from adult SJL mice and showed that they were
functional MHV receptors. Sequence analysis of these
clones revealed that there are multiple amino acid differ-
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ences, especially in the N-terminal domain, between the
MHV receptors of the susceptible BALB/c and B6 and
resistant SJL mouse strains, and the number of the potential
N-linked glycosylation sites is different (Fig. 2 and 3). In
vitro translation studies further indicated that the differences
in the extent of glycosylation between the B6 and SJL
receptors led to the difference in the sizes of their receptor
proteins. These differences likely also accounted for the
failure of MAb CC1 to recognize SJL receptors (5) and the
failure of MHV to bind to the receptors in vitro (5, 28).
Surprisingly, despite the sequence divergence, the trans-
fected SJL receptors were functional and allowed both A59
and JHM infection of the otherwise resistant monkey kidney
cell line Cos 7 cells (Table 1). Thus, the SJL receptor
molecules have lost the MAb CC1-binding activity in vitro
but not the in vivo virus-binding capability. MAb CC1
probably recognizes a site that is close to but not the same as
the virus-binding site, and the interference ofMAb CC1 with
virus binding (6, 28) was most likely caused by steric
hindrance. Since the N-terminal portion of the mmCGM
molecules is the most divergent part, MAb CC1 most likely
recognizes this region. Our data also suggest that the virus
overlay protein blot assay results (5) do not correspond to
virus binding in vivo and do not necessarily reflect the
presence or absence of a functional virus receptor in vivo. It
has recently been shown that in vitro virus binding requires
proper glycosylation of the receptor molecules (18). The
alteration of glycosylation in SJL mmCGM molecules may
have prevented virus binding in vitro (5, 28); however, these
alterations apparently did not affect their receptor functions,
again suggesting that virus binding has different require-
ments in vitro and in vivo.
The results obtained in this study did not contradict the

previous studies on macrophage infection (14), glial cell
infection (29), animal infection by intranasal inoculation (3,
4), and some other studies in animals (1, 2, 13) which showed
that replication and the establishment of disease by JHM
were deficient in SJL mice and SJL-derived cells, although a
small population of cells can be infected at the beginning.
Those studies and our study suggest that the resistance of
SJL mice to MHV infection does not reside in a defect in the
receptor molecule itself but rather in the deficiency of some
other factor(s), which either cooperates with the receptor or
is required for subsequent steps of virus infection.
Although our data showed that SJL mice express fully

functional MHV receptors and an SJL-derived cell line is
susceptible to at least A59 infection, the resistance of SJL
mice to A59 or JHM infection could still be due to possible
processing defects of the MHV receptor. It is possible that
the receptor molecules are inappropriately modified in SJL
mice. Since we have shown that mmCGM1 and mmCGM2
serve as functional MHV receptors in Cos 7 cells, the genetic
defects of SJL mice that prevent MHV infection could lie in
the mechanism for modification of the receptor or in a
second factor associated with the receptor. The second
factor could be a high-affinity molecule or protease or some
other enzyme, which changes the conformation of the viral
spike protein or other structural proteins to stabilize or
trigger the internalization of the virus-receptor complex or
virus uncoating. It can be assumed that BALB/c and B6 mice
and Cos 7 cells have this factor but SJL mice do not express
it, although SJL cells in culture can express this factor. The
second factor also could act at any step after virus internal-
ization and uncoating; in this case, virus binds to the
receptor but one of the subsequent steps is inhibited. That
additional factors are required to establish viral infection is

supported by our recent finding that certain B6-derived cell
lines are resistant to JHM infection and even the transfection
of an otherwise fully functional receptor into these cells did
not render them susceptible (unpublished observation).
The preliminary studies suggested that this factor acted at

a very early stage of infection. In this regard, it is interesting
that a rat cell line has been shown to be defective in the
internalization of JHM virus (8). Our finding is in contrast to
the previous observation that JHM infection in SJL-derived
glial cells is blocked at the virus dissemination step (29).
However, in the published data (29), JHM replication within
the first replication cycle in SJL-derived cells was also
inhibited, suggesting that viral replication was restricted
early in infection. It is conceivable that different cultured
cells may have different defects that block viral infection.
The nature of the defective second factor in the SJL-derived
cell line and others is currently being studied. It is tempting
to suggest that the multiple genes involved in determining
the genetic resistance of SJL mice and other mouse strains to
MHV infection may control this second factor.

It is interesting that, although the SJL receptors were used
equally effectively by A59 and JHM when the receptors were
transfected into Cos cells, JHM does not grow in the
SJL-derived cell line PSJLSV, whereas A59 does. Thus, the
putative second factor should be able to discriminate A59
from JHM infection. Furthermore, since the receptor mole-
cules are expressed even in the MHV-resistant cells, the
second factor must be delicately regulated. Such high dis-
crimination and sensitive regulation make this factor an ideal
candidate for the regulation of viral tropism and pathogenic-
ity. The identity of this second factor in different strains of
mice is currently being investigated.
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