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Infection with the murine coronavirus strain JHM decreases cell surface expression of major histocompat-
ibility complex class I antigens. Northern blots showed that JHM virus infection rapidly reduced the level of
actin mRNA, whereas the levels of major histocompatibility complex class I and tubulin mRNAs were reduced
only slightly. By contrast, the mRNA levels of interleukin 1ij, colony-stimulating factor 1 receptor, and tumor
necrosis factor alpha increased following infection.

JHM virus (JHMV), a neurotropic strain of murine corona-

virus consists of three glycoproteins designated the spike (S),
membrane (M), and hemagglutinin-esterase (HE) proteins
and a nucleocapsid (N) protein (16). Although wild-type
JHMV induces fatal encephalomyelitis and primary demyeli-
nation in mice, a small percentage of survivors show paralytic
disease with chronic demyelination (15). This system provides
a valuable animal model of demyelinating diseases in the
central nervous system (CNS) such as multiple sclerosis. In
addition, isolation of monoclonal antibody (MAb) neutraliza-
tion-resistant viral variants, which induce demyelinating dis-
ease without fatal encephalitis, have extended the usefulness of
this model (5, 8, 40). A number of laboratories, including our

own, have been pursuing the immunopathology of this model
(15). These studies suggest that virus clearance from the CNS
is mediated by CD8+ cytotoxic T lymphocytes (CTL) (31, 32,
35, 41, 42). However, CD4+ T cells are also required, perhaps
as helper T cells for the induction of virus-specific CTL or as

effector cells themselves (15, 35). The CD8+ T-cell population
might be involved not only in the clearance of virus but also in
the development of demyelination following JHMV infection
(9, 39, 42). CD8+ CTL recognize viral antigen in the context of
major histocompatibility complex (MHC) class I molecules.
Accumulating evidence suggests that octapeptides or nonapep-
tides with allele-specific motifs bind in the groove of the MHC
class I molecules within the endoplasmic reticulum (26, 38).
These complexes are transported to the cell surface for pre-
sentation to CD8+ CTL with appropriate T-cell receptors (37).
Since the CD8+ CTL-mediated immune response is essential
in JHMV infection, the expression of MHC class I antigens
during JHMV infection is an important consideration in
pathogenesis.
Murine coronavirus infection inhibits cellular macromolec-

ular synthesis in L-2 cells (13), DBT cells (36), and J774.1 cells
(data not shown). By contrast, the expression of MHC class I
antigen on astrocytes, oligodendroglia (17, 34), and brain
endothelial cells (14) increases after murine coronavirus infec-
tion. Therefore, the effect of JHMV infection on cell surface
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expression of MHC class I molecules on J774.1 cells, a target
cell line used for analysis of JHMV-specific CTL (31, 32, 43),
was examined by radioimmunoassay. J774.1 cells grown in
96-well plates were infected with the DL variant of JHMV at a

multiplicity of infection of 4 and incubated at 37°C for 10 h.
Cells were washed with chilled phosphate-buffered saline
(PBS) and incubated with 50 pLl of MAb (1 ,ug/ml) per well at
4°C for 4 h. Cells were then washed five times with chilled PBS
and incubated with 50 [lI of 125I-labeled protein A (approxi-
mately 105 cpm) at 4°C overnight. Unbound radioactivity was

removed with five washes of chilled PBS, and the bound
fraction was quantitated with a gamma counter. Table 1 shows
decreased expression of MHC class I and increased expression

of the JHMV S glycoprotein 10 h postinfection (p.i.). No
expression of I-Ad was detected. In vivo treatment with anti-N
MAb protects mice from lethal coronavirus infection, perhaps
by antibody-dependent cellular cytotoxicity response (18, 23,
24). Consistent with the binding of anti-N antibody to the
surface of infected DBT cells (24), a determinant defined by
MAb J.3.3 (7) was detected on JHMV-infected J774.1 cells,
while binding of another anti-N MAb (J.3.5) was not detected
(Table 1). We have recently mapped the binding domains for
a panel of anti-N MAbs, including J.3.3 and J.3.5 (30). J.3.3
binds to the acidic carboxy terminus of the N protein, while
J.3.5 binds to a more basic internal domain (amino acids 249 to
277) (30). The detailed mechanism of J.3.3 binding is not clear;
however, the rapid cleavage of the carboxy-terminal portion of
the N protein during infection (unpublished data) and the
expression of this epitope on the surface of infected cells
provide a possible explanation for the protection of mice from
coronavirus infection mediated by anti-N MAb (18, 23, 24).
To examine the down regulation of MHC class I during the

6- to 10-h incubation used for CTL assays (31, 32, 43), the
kinetics of down regulation of MHC class I was compared with
the increased expression of the JHMV S glycoprotein on the
cell surface. There was no detectable loss of MHC expression
for the first 6 h p.i. (Fig. 1). However, expression of all three
H-2d MHC class I molecules was decreased by 8 h p.i. In
contrast to decreased MHC class I expression, the expression
of the JHMV S protein on the cell surface of infected J774.1
cells was clearly detectable at 8 h p.i. and increased with time
following JHMV infection. These data contrast with results
showing up regulation of MHC class I expression on primary
astrocytes, oligodendroglia, and brain endothelial cells (14, 17,
34). Differences among cell types might account for this

6815

Vol. 68, No. 10



6816 NOTES

TABLE 1. Cell surface expression of MHC class I, class II and
viral proteins on JHMV-infected J774.1 cells

'25I-protein A bound
MAba Specificity (mean cpm ± SD)'

Uninfected JHMV-infectedc

SF-1.1.10 Kd 27,394 ± 1,040 13,412 ± 512
34-5-8S Dd 23,011 ± 203 10,335 - 208
28-14-8S Ld 20,724 ± 534 10,706 + 355
MK-D6 Ad 295 ± 15 168 ± 32
J.2.5 JHMV S 819 ± 180 5,175 ± 821
J.3.5 JHMV N 403 ± 345 335 ± 24
J.3.3 JHMV N 677 ± 21 31,660 - 1,151

a Antibodies were purified from serum-free culture supernatants by protein A
column chromatography. The following hybridomas were obtained from Amer-
ican Type Culture Collection: SF1-1.1.10 (specific for Kd; IgG2a), 34-5-8S
(specific for a2 domain of Dd; IgG2a), 28-14-8S (specific for a3 domain of Ld;
IgG2a), and AF6-88.5.3 (specific for Kb; IgG2a). MAb J.2.5 (specific for JHMV
S protein; IgG2a), J.3.3 (specific forJHMV N protein; IgG2a), and J.3.5 (specific
for JHMV N protein; IgG2b) were produced in our laboratory (7).

b Each value is the mean ± standard deviation of the values from three wells.
10 h p.i.

discrepancy, suggesting that regulation of MHC class I expres-
sion may be cell type dependent. In addition, different strains
of MHV have different abilities to down regulate MHC class I
(4). Differential regulation ofMHC class I by MHV strains and
among different cell types may partially explain the absence of
detectable CTL responses in some haplotypes (21).

Control of viral and cellular gene expression, either at the
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transcriptional or posttranscriptional levels, is an important
consequence of viral infection. Most viruses modify host cell
macromolecular machinery for viral replication, and shutoff is
a common property of lytic infections, although the underlying
mechanisms vary among viruses (27). RNA was prepared from
J774.1 cells at various times p.i., and MHC class I and actin
mRNA levels were compared with the stability of MHC class I
mRNA following JHMV infection. J774.1 cells were infected
with JHMV at a multiplicity of infection of 2 for 1 h at 37°C.
At various times p.i., the cells were lysed by the addition of 2.5
ml of guanidine thiocyanate homogenization buffer and the
DNA was sheared. RNA was isolated by centrifugation over
2.5 ml of 5.7 M CsCl for 18 h at 100,000 x g, resuspended in
sterile distilled water, and quantitated by UV absorbance.
RNA samples were stored in 70% ethanol at -70°C until
analysis. For Northern analysis, RNA samples (30 p.g) were
suspended in sample buffer consisting of 50% formamide, 2.2
M formaldehyde, lx MOPS buffer (0.02 M morpholinopro-
panesulfonic acid, 5 mM sodium acetate, 1 mM EDTA; pH
7.0), and 0.005% bromophenol blue and separated by electro-
phoresis in 1.5% agarose gels containing MOPS buffer and
formaldehyde (0.66 M) at 15 V for 18 to 24 h. RNA was
transferred to Hybond-N+ membranes (Amersham) with 1ox
SSC (1 x SSC is 150 mM NaCl and 15 mM sodium citrate) and
fixed with 0.05 M NaOH for 5 min, and then the membranes
were washed for 1 min with 2x SSC.

Northern blots were analyzed with the following DNA
probes. A 0.4-kb cDNA encoding a conserved sequence of the
murine MHC class I gene was excised from pH-211a (29) with
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FIG. 1. Expression of MHC class I molecules and JHMV S protein on J774.1 cells during JHMV infection. J774.1 cells were infected with

JHMV and incubated at 37°C for the times indicated. Cells were incubated with MAbs specific for Kd (A), Dd (B), Ld (C) and JHMV S protein
(D) and further incubated with '25I-labeled protein A as described in footnote a of Table 1. Results represent mean counts per minute of
125I-labeled protein A bound + standard deviation of three values.
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FIG. 2. MHC class I, actin and viral mRNAs in J774.1 cells following JHMV infection. J774.1 cells were infected with JHMV and incubated
at 37°C, and RNA was extracted at the times (in hours) indicated. MHC class I (A), actin (B), and JHMV (C) RNA levels were analyzed by
Northern blot hybridization. The positions of 28S and 18S rRNA are indicated at the left, and the numbers of JHMV-specific mRNAs are indicated
at the right (C). Autoradiographs were scanned by densitometry, and relative levels of actin (0) and MHC class I (O) RNA are presented (D).

restriction enzymes HhaI and Sacl. A 0.85-kb cDNA encoding
a conserved sequence of the murine MHC class II gene was
excised by digestion with EcoRI from pABk (6). A 1.4-kb
cDNA encoding the murine interleukin 1B (IL-1,B) sequence
was excised by digestion of pMuIL-l,B with EcoRI, kindly
supplied by P. Gray, Genentech (11). A 0.6-kb insert encoding
the IL-6 sequence was excised by digestion of pIL-6, with
HindlIl and EcoRI kindly supplied by K. Uyemura, University
of California at Los Angeles (44). A 1.1-kb insert encoding the
tumor necrosis factor alpha (TNF-a) sequence was excised by
digestion of pGEM-3-Cach, with EcoRI and PstI, kindly sup-
plied by L. Schook, University of Illinois (22). Colony-stimu-
lating factor 1 (CSF-1) receptor mRNA was quantitated by
using the 1.0-kb insert encoding the v-fins oncogene derived by
digestion of pSM7C (ATCC 41016) with XhoI. A 1.4-kb cDNA
encoding the human y actin gene was excised from plasmid
ActBlu by digestion with PstI (2). A 0.5-kb insert encoding the
murine tubulin gene was excised by digestion of plasmid Mal
with EcoRI and Hindlll kindly supplied by N. Cowan, New
York University (19). A cDNA encoding the JHMV N gene
was excised by digestion with HindIll and EcoRI from pT7-4
(2), kindly supplied by M. Lai. The cDNA fragments were
isolated by electrophoresis in low-melting-point agarose
(FMC, Rockland, Maine), labeled with [a-3 P]dCTP (300
Ci/mmol) using a random-primed DNA labeling kit (Boehr-
inger Mannheim, Indianapolis, Ind.), followed by desalting
with a Sephadex G-50 Quick Spin column (Boehringer Mann-
heim). Membranes were prehybridized for 15 to 45 min in
Hybrisol 1 (Oncor, Gaithersburg, Md.) at 42°C. Denatured
probe was added (approximately 2 x 106 cpm/ml) and incu-
bated for 18 to 72 h at 42°C. Membranes were washed four
times in 2x SSC containing 0.1% sodium dodecyl sulfate at
room temperature and then washed twice in 2x SSC at 65°C.
Membranes were air dried and exposed to XAR-5 film
(Kodak).
MHC class I mRNA levels gradually decreased after JHMV

infection (Fig. 2A). In contrast, actin mRNA levels rapidly
decreased after infection (Fig. 2B), as previously observed
following MHV-A59 infection of L2 cells (13). These changes
in host cell mRNA levels occurred when viral mRNA synthesis
increased (Fig. 2C). Comparison of the relative mRNA levels
of actin and MHC class I following infection (Fig. 2D) clearly
show that the amount of actin mRNA decreases more rapidly
than the levels of MHC class I mRNA following JHMV
infection.

Since degradation of cellular mRNA is involved in the

shutoff phenomenon in other virus infections (27), the effect of
JHMV infection on mRNA levels in the absence of transcrip-
tion was examined by using actinomycin D treatment. The
mRNA levels were examined by preparing RNA from JHMV-
infected cells, uninfected actinomycin D-treated cells, and
JHMV-infected cells treated with actinomycin D. The levels of
MHC class I and actin mRNA in JHMV-infected cells were
clearly reduced more rapidly than in actinomycin D-treated
uninfected cells (Fig. 3). The MHC class I and actin mRNA
levels in JHMV-infected actinomycin D-treated cells at 4, 6,
and 8 h p.i. were similar to those in untreated JHMV-infected
cells. These results indicate that JHMV infection results in
degradation of these cellular mRNAs, although the effect
varies among mRNA species (see Fig. 4). It is not clear
whether this degradation is due to a direct effect of a viral
component or a virus-induced effect mediated via interruption
of a host component regulating mRNA levels. Although the
effect of actinomycin D on the levels of JHMV mRNA was
examined, there was no obvious changes in either the levels or
kinetics (data not shown), consistent with the growth of virus in
enucleated and/or actinomycin D-treated cells (16).
The decrease in MHC class I mRNA relative to actin mRNA

suggested that not all mRNAs were degraded with the same
kinetics following JHMV infection. We took advantage of the
monocyte-macrophage nature of J774.1 cells to examine the
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FIG. 3. Stability of MHC class I and actin RNA in uninfected and
JHMV-infected J774.1 cells. J774.1 cells either untreated or treated
with 2 ,ug of actinomycin D (AMD) per ml were infected with JHMV
and incubated at 37°C for the times (in hours) indicated. MHC class I
and actin mRNA levels were analyzed by Northern blot hybridization.
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FIG. 4. Relative host cell mRNA levels in J774.1 cells following
JHMV infection. J774.1 cells were infected with JHMV and incubated
at 37°C for the times indicated. RNA was isolated and analyzed by
Northern blot hybridization. RNA levels of tubulin (U), CSF-1 recep-
tor (A), TNF-a (*), IL-13 (v), and 28S rRNA (0) relative to those
found in uninfected cells are presented.

stability of a number of other mRNAs, including factors
involved in immune regulation. Figure 4 shows the level of 28S
rRNA was relatively unchanged for the first 10 h p.i. and
decreased by 50% at the last time point examined (12 h p.i.).
Tubulin mRNA was degraded with kinetics similar to actin
mRNA (Fig. 2) but to a lesser extent. No mRNAs specific for
MHC class II or IL-6 were detected in either uninfected or

infected J774.1 cells (data not shown). The inability to detect
MHC class II mRNA is consistent with the radioimmunoassay
data (Table 1). By contrast, the levels of mRNAs encoding the
CSF-1 receptor, TNF-a, and IL-13 increased rapidly following
JHMV infection and were sensitive to actinomycin D (data not
shown). This rapid transcriptional activation appears to be a
direct result of virus replication, since infection with an iden-
tical UV-inactivated pool of virus did not activate transcription
(data not shown). Interestingly, the level of CSF-1 receptor
mRNA increased early following infection but appeared to be
susceptible to the same degradation mechanism affecting actin
and tubulin mRNAs by 4 h p.i. By contrast, both TNF-a and
IL-13 mRNA appeared to be resistant to JHMV-induced
degradation. A striking feature is that these two cytokine
mRNAs have normal half-lives of 30 min or less. This insta-
bility is due to the presence of AUUUA motifs in their
3'-untranslated regions which promote mRNA instability and
turnover. A 32-kDa protein (AUBF) binds to this region and is
believed to stabilize the mRNA from degradation by protec-
tion of this sequence motif. AUBF activation is believed to
require a posttranslational mechanism and not de novo syn-
thesis (20). Recently it was reported that the destabilization of
AUUUA-containing mRNAs is a cotranslational event (1);
thus, JHM-induced inhibition of host protein synthesis may
stabilize AUUUA-containing mRNAs by preventing associa-
tion with ribosomes and subsequent translation. Alternatively
an increase in AUBF activity or a decline in the AUUUA-
specific nuclease activity during JHMV infection could be
responsible for the increased steady-state levels of these
mRNAs. In addition to RNA degradation, JHMV also uses a
mechanism for preferential translation of viral proteins (36),
i.e., mRNAs containing JHMV leader RNA sequences are
more efficiently translated than mRNA which do not contain
the sequence. Taken together, coronavirus-induced shutoff of

host cell synthesis appears to involve a number of different
mechanisms including differential effects on host mRNA sta-
bility and preferential translation of viral mRNA.
Although this study was carried out in vitro, it is tempting to

suggest that JHMV infection also induces similar modifications
of gene expression in vivo. MHV infection increases MHC
class I expression (10, 25) and cytokine mRNA in vivo (25;
unpublished data). Furthermore, a variety of cell types are
susceptible to infection, including infiltrating monocytes as
well as CNS resident cells. These cells may be differentially
affected by JHMV infection; therefore, the events that occur in
vivo may represent a combination of both direct effects of
JHMV infection and cytokine-mediated effects on uninfected
cells. From this point of view, it is very interesting that JHMV
infection increased TNF-a and IL-13 mRNA levels in infected
cells. Both of these cytokines have been implicated in CNS
disease (3) and TNF-ot has been implicated in a variety of
demyelinating diseases (3, 12, 28, 33). However, since corona-
virus-infected cells preferentially translate viral mRNA (36),
increased mRNA levels may not correlate with increased
cytokine secretion; therefore, cytokine synthesis following
JHMV infection must be measured to clarify their role in
development of JHMV-induced demyelination.
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