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Most animal species that can be infected with the severe acute respiratory syndrome-associated coronavirus
(SARS-CoV) do not reproducibly develop clinical disease, hindering studies of pathogenesis. To develop an
alternative system for the study of SARS-CoV, we introduced individual SARS-CoV genes (open reading frames
[ORFs]) into the genome of an attenuated murine coronavirus. One protein, the product of SARS-CoV ORF6,
converted a sublethal infection to a uniformly lethal encephalitis and enhanced virus growth in tissue culture
cells, indicating that SARS-CoV proteins function in the context of a heterologous coronavirus infection.
Furthermore, these results suggest that the attenuated murine coronavirus lacks a virulence gene residing in
SARS-CoV. Recombinant murine coronaviruses cause a reproducible and well-characterized clinical disease,
offer virtually no risk to laboratory personnel, and should be useful for elucidating the role of SARS-CoV
nonstructural proteins in viral replication and pathogenesis.

Severe acute respiratory syndrome (SARS) was first identi-
fied in 2003 as a clinical entity with high morbidity and mor-
tality, and soon thereafter, it was shown to result from infec-
tion with a novel coronavirus (SARS-CoV) (23). SARS-CoV
causes the most severe illness of any human coronavirus iden-
tified thus far. However, several other coronaviruses, including
transmissible gastroenteritis virus, infectious bronchitis virus,
and feline infectious peritonitis virus, cause substantial mor-
bidity and mortality in infected animals. In the most intensively
studied coronavirus infection, rodents infected with neuro-
tropic strains of mouse hepatitis virus (MHV) develop acute
encephalitis and acute and chronic demyelinating diseases
(30). MHV-induced demyelination is largely immune medi-
ated. Immunodeficient mice (mice with severe combined im-
munodeficiency or deficient in recombination activation gene 1
activity) do not develop demyelination after infection with
MHYV. However, demyelination is detected a few days after
transfer of anti-MHV T cells or antibodies (13, 16, 37) The
immune response is also likely to contribute to clinical disease
in humans with SARS, since disease worsened in some patients
concomitant with virus clearance (24). SARS-CoV, like other
coronaviruses, infects macrophages, which may also cause im-
mune dysfunction (39). While these results suggest a role for
the host response in SARS pathogenesis, study of the disease
process has been limited by the absence of a reliable animal
model. Mice, hamsters, ferrets, cats, and monkeys are suscep-
tible to infection, but there is a lack of agreement between
laboratories about the degree to which these animals exhibit
clinical signs and pathological changes in infected organs (re-
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viewed in reference 23). Few reagents are available to study the
immune response except in mice, and immunocompetent mice
do not develop clinical disease (32). Furthermore, work with
live SARS-CoV requires a biosafety level 3 laboratory.

As an alternative to directly infecting animals with SARS-
CoV, we engineered a set of recombinant MHVs that ex-
pressed individual SARS-CoV proteins. We reasoned that
SARS-CoV proteins, particularly the nonstructural ones,
would function in the context of MHV because MHV and
SARS-CoV are both group 2 coronaviruses (10). Furthermore,
several epidemiological and genetic studies have suggested
that SARS-CoV crossed the species barrier from palm civet
cats and other exotic animals to infect humans (24). These
animals may not be the natural host for SARS-CoV; another
animal, such as a rodent, might actually be the primary host. In
either case, once SARS-CoV was able to infect across species
lines, SARS-CoV proteins, including the nonstructural ones,
would presumably function in the new host. The ability of
SARS-CoV to infect several species of experimental animals
also supports this notion. Recombinant MHV offers several
advantages. First, MHV has been studied in multiple labora-
tories for many years, without any evidence of risk to labora-
tory personnel. Second, many laboratory strains, including the
one used in our studies, pose no risk to uninfected mice since
they do not spread to uninfected animals housed in the same
cage (unpublished observations). Third, the innate and adap-
tive immune responses to MHV have been extensively inves-
tigated (11), and reagents are available to study the T- and
B-cell responses to infection with recombinant MHV.

Our initial analyses were directed at investigating the role of
SARS-CoV nonstructural proteins in murine disease. Like
other coronaviruses, the SARS-CoV genome contains several
novel open reading frames (ORFs) at the 3’ end of the ge-
nome. These ORFs are predicted to encode proteins that do
not share homology with any other viral or cellular proteins.
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FIG. 1. Expression of SARS-CoV nonstructural ORFs in rJ2.2-infected cells. (A) Genome of SARS-CoV, with ORFs and structural proteins
(gray). (B) SARS-CoV nonstructural proteins were introduced into rJ2.2 by targeted recombination (shown for 1J2.2.6) as described in Materials
Methods. As controls, a termination codon was introduced at residue 27 in 1J.2.2.6'""" and rJ2.2.6%°. The initiator methionine was also mutated
in rJ2.2.6%°, Each construct was C terminus tagged with the influenza virus HA epitope. (C) The products of ORF3a, -6, and -7b were detected
by Western blot analysis using anti-HA antibody. Lanes: 1, 1J2.2; 2, rJ2.2.6; 3, 1J2.2.3a; 4, 1J2.2.3b; 5, 1J2.2.7a; 6, rJ2.2.7b; 7, rJ2.2.8. (D) All of the
inserted proteins were detected by IFA using anti-HA antibody. The products of ORF3b, -7a, and -8 are shown. Note that protein 3b was localized
to the nucleus. No staining was detected in cells infected with rJ2.2 (WT).

Each coronavirus expresses a unique set of these nonstructural
proteins. A general feature of coronavirus nonstructural pro-
teins is that they are not required for growth in tissue culture
cells (18). However, it is likely that they have a role in virus
growth in infected animals. Identifying the functions of these
viral proteins is challenging because, in some cases, their de-
letion has not affected the ability of viruses to cause acute
disease (22). Here, we demonstrate that SARS-CoV nonstruc-
tural genes can be expressed in the context of the MHV ge-
nome and we also describe the initial characterization of a
recombinant MHV expressing one of these proteins.

MATERIALS AND METHODS

Animals. Specific pathogen-free 5- to 6-week-old C57BL/6 (B6) mice (Na-
tional Cancer Institute, Bethesda, MD) were inoculated intracranially (i.c.) with
1,000 PFU of virus in 40 ul of Dulbecco’s modified Eagle’s medium. Mice were
examined and weighed daily. Mice were assessed for clinical disease using a
previously described scale (5) as follows: 0, asymptomatic; 1, limp tail or slightly
hunched; 2, wobbly gait or hunched or mild encephalitis; 3, hindlimb paresis or
moderate encephalitis; 4, quadriparesis/paralysis or severe encephalitis; 5, mor-
ibund. In all experiments, mice were euthanized 21 days postinfection (p.i.).
Virus was harvested from the infected central nervous systems (CNS), and titers
were determined by plaque assay on HeLa cells expressing the cellular receptor
for mouse hepatitis virus (HeLa-MHVR). All animal studies were approved by
the University of Iowa Animal Care and Use Committee.

Viruses and cells. Virus was grown in 17CI-1 cells, and titers were determined
on HeLa-MHVR cells. Murine 17CI-1 and 1929 cells and human HeLa-MHVR
cells were infected with recombinant MHV. In all experiments in which virus
titers were measured, cells and supernatants were combined prior to titer deter-
minations.

Recombinant viruses. Targeted recombination (17, 22) was used to generate
recombinant virus expressing individual SARS-CoV nonstructural proteins (Fig.

1A and B). Briefly, PCR products corresponding to nucleotides 25268 to 26092
(ORF3a), 25689 to 26153 (ORF3b), 27074 to 27265 (ORF6), 27273 to 27641
(ORFT7a), 27638 to 27772 (ORF7b), and 27779 to 27898 (ORFS8) were generated
by reverse transcription-PCR (RT-PCR) using RNA harvested from cells in-
fected with the Urbani strain of SARS-CoV (GenBank accession number
AY278741; kindly provided by Tom Ksiazek, Centers for Disease Control and
Prevention, Atlanta, GA). The ORFS product was further modified by addition
of the 29-nucleotide sequence present in some SARS-CoV strains but absent
from the Urbani strain (3). The reverse primers also encoded an influenza
hemagglutinin (HA) epitope to monitor expression. PCR products were inserted
into gene 4 of a plasmid containing genes 2 to 9 of the neuroattenuated J2.2-v-1
variant of MHV (8, 16) (Fig. 1). Strain J2.2-v-1 differs from neurovirulent strain
JHM.SD by a single mutation in the S protein (L1114F), as indicated in Fig. 1
(15, 35). Donor RNAs were transcribed using T7 polymerase and transfected
into feline cells (AK-D) previously infected with fMHV-JHM (a recombinant
MHYV strain encoding the feline surface [S] glycoprotein [22]). fMHV-JHM does
not infect murine cells, but recombinant virus expressing the MHV S protein
does, allowing for efficient selection of recombinant virus on 17Cl-1 murine cells.
As controls for studies of the recombinant virus encoding ORF6 (1J2.2.6), a
second set of viruses was engineered in which a termination codon was intro-
duced at amino acid 27 using overlapping extension PCR (pJ2.2.6""™). As
another control, viruses were also developed in which the ORF6'™"¢ initiator
methionine was mutated to lysine (J2.2.6%°). The presence of the introduced
SARS-CoV RNA was confirmed by sequence analysis prior to use in further
studies. To control for any unwanted mutations that might have occurred during
the process of targeted recombination, at least two independent isolates of each
recombinant virus were analyzed in these studies. Identical results were obtained
with both isolates, and data from both isolates were combined in the studies
described below. In addition, S genes of recombinant virus isolates rJ2.2,
1].2.2.6.1, and rJ2.2.6¥° were sequenced and found to be identical to the plasmid
sequence, thereby ruling out spurious mutations in S that might influence viru-
lence.

Western blot analysis. 17Cl-1 cells infected with recombinant MHV expressing
SARS-CoV proteins (multiplicity of infection [MOI] = 1) were harvested at 16 h
p.i. HA-tagged SARS-CoV proteins were detected by immunoblot analysis, using
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a biotinylated rat anti-HA antibody (monoclonal antibody [MAb] 3F10; Roche
Molecular Biochemicals, Mannheim, Germany) and streptavidin-horseradish
peroxidase (Jackson Immunoresearch, West Grove, PA). Protein was detected
using an ECLplus detection kit (Amersham Biosciences, Piscataway, NJ).

Immunofluorescence assays. 17Cl-1 cells infected with recombinant MHV
were fixed at 8 to 9 h p.i. with methanol. SARS-CoV proteins were detected using
anti-HA murine antibody (MAb HA.11; Covance, Berkeley, CA), biotinylated
goat anti-mouse Ab (Jackson Immunoresearch), and streptavidin-Cy3 (Jackson
Immunoresearch). To localize the ORF6 protein, 1929 cells were infected with
rJ2.2.6 and fixed at 12 to 16 h p.i. Samples were doubly stained for the ORF6
protein (MAb 3F10, biotin conjugated; Roche) and an endoplasmic reticulum
protein (BiP; MAb 10C3; Stressgen Bioreagents, Victoria, CA) or MHV struc-
tural proteins (transmembrane [M] MAD 5B11.5, surface [S] MAb 4B11.6, and
nucleocapsid [N] MAb 5B188.2) (all provided by M. Buchmeier, The Scripps
Research Institute, La Jolla, CA). Cells were then incubated with fluorescein
isothiocyanate-conjugated donkey anti-mouse Ab (Jackson Immunoresearch)
and a TSA-Cy3 amplification kit (Perkin-Elmer, Boston, MA).

Real-time RT-PCR. Total RNA was isolated from brains using Tri reagent
(Molecular Research Center, Inc., Cincinnati, OH) following the manufacturer’s
instructions. cDNA was synthesized as previously described (26). Two microliters
of cDNA was added to a 23-ul PCR cocktail containing 2X SYBR Green Master
Mix (ABI, Foster City, CA) and 0.2 uM of each sense and antisense primer (IDT
DNA, Coralville, IA). Amplification was performed in an ABI Prism7700 ther-
mocycler. Specificity of the amplification was confirmed using melting curve
analysis. Data were collected and recorded by ABI Prism 7700 software and
expressed as a function of the threshold cycle (Ct), the cycle at which the
fluorescence intensity in a given reaction tube rises above background (calcu-
lated as 10 times the mean standard deviation of fluorescence in all wells over the
baseline cycles). Specific primer sets used for MHV-JHM and the murine house-
keeping gene were as follows (5’ to 3"); JHM nucleocapsid sense, GACACAA
CCGACGTTCCTTT; JHM nucleocapsid antisense, TAGCAGGTGCAGACC
TTCCT; hypoxanthine phosphoribosyltransferase (HPRT) sense, CCTCATGG
ACTGATTATGGAC; HPRT antisense, CAGATTCAACTTGCGCTCATC.
Quantitative JHM nucleocapsid (N) abundance was calculated as follows: for
each cDNA sample assayed, Ct values for reactions amplifying JHM nucleocap-
sid and HPRT were determined. JHM N Ct values for each sample were cor-
rected by subtracting the Ct for HPRT (ACt). The ratio of JHM N RNA to
HPRT RNA was calculated by the formula 27, The validity of this approach
was confirmed by using serial 10-fold dilutions of cDNA. The amplification
efficiencies for JHM nucleocapsid antisense and murine HPRT amplimers were
found to be identical.

Metabolic radiolabeling and immunoprecipitation assays. Eighty percent con-
fluent 1929 or HeLa-MHVR cells were infected with recombinant MHV (MOI
= 1). At the indicated times, the cells were washed, placed into methionine-free
medium, and labeled for 30 min with 50 n.Ci of Trans>>S-label (ICN Biomedicals,
Inc., Aurora, Ohio). Cell lysates were prepared as previously described (20).
MHYV proteins were immunoprecipitated with rabbit anti-MHV antibody and
antigen-antibody complexes collected onto protein A-Sepharose beads (Amer-
sham Pharmacia Biotech AB, Uppsala, Sweden). Samples were analyzed by
polyacrylamide gel electrophoresis.

To assess whether ORF6 was virion associated, supernatants from infected
cells were centrifuged at 2,000 X g at 5°C to remove debris and then at 20,000 X
g for 10 min at 5°C. Clarified medium was overlaid onto linear 3-ml 10-to-30%
(wt/wt) sucrose gradients in HNB (25 mM sodium HEPES [pH 7.4], 100 mM
NaCl, 0.1% bovine serum albumin). Centrifugation was performed at 5°C in an
SW60 rotor for 1 h at 55,000 rpm. The gradient was decanted, and pellets
containing intact virions were dissolved in 0.1 ml of sodium dodecyl sulfate lysis
buffer (62 mM Tris HCI [pH 6.8], 2% sodium dodecyl sulfate, 5% 2-mercapto-
ethanol, 2.5% Ficoll, 0.01% bromphenol blue) prior to gel electrophoresis and
subsequent immunoblotting for the HA-tagged ORF6 protein.

Northern blot analysis. RNA was prepared from 1929 cultures infected with
recombinant MHV at 16 h p.i. and from mock-infected cultures and analyzed as
previously described (22).

Flow cytometry. Leukocytes were harvested from the infected CNS (25) and
analyzed for neutrophils, macrophages, and MHV-specific CD4 T cells and CD8
T cells. Briefly, mice were perfused with phosphate-buffered saline and brains
and spinal cords were removed. Tissue was ground between frosted glass slides
and triturated by vigorous pipetting in 5 ml of RPMI medium with 10% fetal calf
serum. Following thorough dispersion of the tissue, Percoll (Pharmacia, Uppsala,
Sweden) was added to a final concentration of 30%. The lysate was spun at 1,300
X g for 30 min at 4°C. The Percoll and lipid layers were aspirated, and the cell
pellet was washed and counted. Antibodies used for phenotyping cells were
biotinylated rat anti-mouse F4/80 (cI BM-8; Caltag Laboratories, Burlingame,
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CA), peridinin chlorophyll protein-conjugated rat anti-mouse CD45 (BD Bio-
sciences, San Diego, CA), and fluorescein isothiocyanate-labeled rat anti-mouse
Ly6G (MAb 1A8; BD Biosciences). In all cases, isotype-matched control anti-
bodies were used. MHV-specific CD4 and CD8 T cells were identified using an
intracellular gamma interferon (IFN-y) detection assay as described previously
(36). Samples were analyzed on a FACScan flow cytometer (BD Biosciences,
Mountain View, CA).

IFN-o/B bioassay. Levels of IFN-a/B were assayed using a bioassay based on
inhibition of vesicular stomatitis virus (VSV) growth in 1929 cells. 1929 cells
were infected with recombinant MHV at an MOI of 0.1. Supernatants were
harvested, and MHV was UV inactivated. 1.929 cells infected with 1,000 PFU of
VSV were treated at 30 min p.i. with dilutions of supernatants or recombinant
murine IFN-B (PBL Biomedical Laboratories, Piscataway, NJ). Titers of VSV
were determined on Vero cells. IFN-o/f levels were calculated based on the
standard curves generated with recombinant IFN. To verify production of IFN by
1929 cells, samples were treated with 25 pg poly(I-C) (Invivogen, San Diego,
CA) and supernatants were assayed.

Sensitivity to IFN-B. The relative sensitivities of rJ2.2.6 and 1J2.2.6%° to
IFN-B were measured by treating infected 1929 cells with serial dilutions of
IFN-B. IFN-B was added 30 min p.i.; in some experiments, cells were also
pretreated with the same concentration of IFN-B for 24 h. MHV titers were
determined on HeLa-MHVR cells. As a control, VSV-infected 1.929 cells were
treated in parallel with IFN-B and virus titer was determined on Vero cells.

Retrovirus constructions. ORF6-HA was cloned into pBMN-IRES-GFP and
transfected into Phoenix-Eco cells (provided by G. Nolan, Stanford University)
using calcium-phosphate precipitation (Nolan Laboratory website protocols).
Retroviral particles were harvested and transduced into 1.929 cells using Poly-
brene. After two passages, green fluorescent protein-positive (GFP™) cells were
sorted by flow cytometry. The presence of the ORF6-HA protein was confirmed
by indirect immunofluorescence assay (IFA) using anti-HA antibody.

Statistics. A two-tailed unpaired Student’s ¢ test was used to analyze differ-
ences in mean values between groups. All results are expressed as means *
standard errors of the means (SEM). P values of <0.05 were considered statis-
tically significant.

RESULTS

Development and analysis of recombinant MHV expressing
SARS-CoV nonstructural proteins. We chose the well-charac-
terized attenuated rJ2.2 variant of MHV as the substrate for
developing recombinant virus. Previously, we showed that in-
sertion of exogenous genes into ORF4 of MHV did not affect
its abilities to grow in tissue culture cells or cause acute neu-
rological disease in mice (22). Consequently, we inserted
SARS-CoV-specific ORFs 3a, 3b, 6, 7a, 7b, and 8 into this site.
In each case, an HA epitope tag was inserted at the 3’ end of
the sequence to facilitate detection. ORF6-HA, ORF3a-HA,
and ORF7b-HA (but not ORF-3b, ORF-7a, and ORF-8) were
detected by immunoblot assay (Fig. 1C). All six proteins were
detected by IFA in the cytoplasm of infected cells except for
ORF3b-HA, which was localized to the nucleus (Fig. 1D).
Next, we inoculated B6 mice with 1,000 PFU of each recom-
binant virus as well as rJ2.2 and monitored clinical outcomes.
Preliminary analyses showed that infection with 1J2.2.6 (MHV
expressing ORF6-HA) resulted in greater morbidity and mor-
tality than did infection with any of the other recombinant
viruses or with rJ2.2. Based on these results, we analyzed in-
fection with rJ2.2.6 in more detail. Of note, the ORF6 protein
is completely conserved in all SARS-CoV isolates and shares
no homology with any known viral or cellular proteins. The
sequence of the ORF6 protein suggests that it is membrane
associated.

ORF6 protein expression converts a sublethal to a lethal
infection. As a control for experiments with rJ2.2.6, we engi-
neered a second set of recombinant viruses in which a termi-
nation codon was introduced at amino acid 27 (rJ2.2.6""*°) as
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FIG. 2. Mortality, morbidity, and virus titers in mice infected with 1J2.2.6, rJ2.2.6™", or rJ2.2.6°. Mice were infected with rJ2.2 (triangles),
1J2.2.6 (open circles), or rJ2.2.6"™" or rJ2.2.6%° (squares) and monitored for mortality (A), clinical disease (B), and weight loss (C). Groups of
6 1J2.2-, 38 1J2.2.6-, and 30 1J2.2.6™"- or rJ2.2.6%“-infected mice were used in these studies. (D) CNS virus titers were also determined. A total
of 212 mice were used for this purpose. Significant increases in virus titers were detected in the CNS of rJ2.2.6-infected mice compared to mice
infected with 1J2.2.6™" X0 (day 1.5, P = 0.38; day 3, P = 0.23; day 6, P < 0.01; day 7, P = 0.056; day 9, P < 0.001). Significant increases in virus
titers were detected in the CNS of 1J2.2.6-infected mice compared to mice infected with rJ2.2 (day 7, P < 0.05; day 9, P < 0.005). Data for days
0 to 9 p.i. are shown in panels B, C, and D for the rJ2.2.6-infected mice because only 23% of mice survived past this time. The data for rJ2.2.6""-
and 1J2.2.6%-infected mice were combined, since mice infected with these viruses developed the same clinical disease. (E) RNA was harvested
from the brains of mice infected with rJ2.2.6 (open bars; n = 3) or 1J2.2.6%° (closed bars; n = 3) at each time point. The amount of N gene-specific
RNA was quantified by real-time RT-PCR as described in Materials and Methods.

well as a third set which contained the terminator codon and
a mutated initiator codon (methionine to lysine)
(rJ2.2.6%°). For all experiments, two independent isolates
of each recombinant virus were analyzed to control for any
mutations introduced during the recombination process. We
infected B6 mice with 1,000 PFU of each recombinant virus
by i.c. inoculation and monitored animals for weight loss,
clinical signs, and death. We combined the results obtained
with the 1J2.2.6""¢ and 1J2.2.6%° (labeled rJ2.2.6¥C*trune
in the figure) because they were indistinguishable. Mice
infected with rJ2.2.6 developed clinical disease and lost weight

at earlier times p.. than did those infected with rJ2.2 or
1J2.2.6¥C "¢ (Fig, 2B and C). Further, over 75% of 1J2.2.6-
infected mice died by day 9 p.i.; in contrast, 70% or 83% of mice
infected with 1J2.2.6¥9*'™"¢ or 1J2.2 survived until sacrifice at
day 21 (Fig. 2A). Increased mortality in rJ2.2.6-infected mice
correlated with higher virus titers (Fig. 2D), although significant
differences in titers were only observed at >6 days p.i. compared
to mice infected with 1J2.2.65°*"c These results were con-
firmed when virus-specific RNA levels in the brain were deter-
mined by Northern blot analysis (data not shown) or real-time
PCR (Fig. 2E).
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TABLE 1. Frequencies and numbers of macrophages and
neutrophils in the CNS

Virus and Starting no. Macrophages Neutrophils

group (n)" (10°) % No. (10%) % No. (10%)
rJ2.2.6

Day 1.5 (6) 75*+13 472x49 78x27 97x15 14%03

Day 3 (6) 75+10 33.6=33 14+30 326=53> 12=30°

Day 6 (4) 12+20 127+08 7.6*22 48=1.0" 25=04"
112.2,6lrunc&KO

Day 1.5 (6) 4506 426*26 47x10 128x27 16=*=06

Day 3 (10) 5808 327x28 67*x23 147*x25 27*09

Day 6 (6) 1310 21229 16*x30 25+x03 18%=02

“ Number of individual mice analyzed.

® Increased neutrophils (frequency and number) were present in the 1J2.2.6-
infected CNS at day 3 (P < 0.005) and day 6 p.i. (P < 0.05 for the frequency; P
= 0.13 for the number). Values are means = SEM.

Infection with rJ2.2.6 resulted in increased neutrophil infil-
tration. These results demonstrated that ORF6-HA protein, in
the context of 1J2.2, resulted in greatly enhanced clinical dis-
ease and death compared to control viruses. We postulated
that the ORF6 protein might enhance MHV growth or, alter-
natively, might inhibit the innate or adaptive antiviral immune
response. Initially, we studied the effect of ORF6-HA on the
murine inflammatory cellular response to MHV in individual
mice by histological examination and by using flow cytometry.
We did not detect substantial differences in the extent of in-
flammatory cell infiltration when sections from infected mice
were examined after staining with hematoxylin and eosin. Cells
were harvested from the infected CNS at 1.5, 3, and 6 days p.i.
and neutrophils (CD45" F4/80~ Ly6G™*) and macrophages
(CD45" F4/80") were enumerated as described in Materials
and Methods. We detected statistically significant increases in
frequency (days 3 and 6 p.i.) and in number (day 3 p.i.) of
neutrophils in the brains of mice infected with 1J2.2.6 com-
pared to those of mice infected with 1J2.2.6¥°+2¢ (Table 1).

The anti-MHV T-cell responses in B6 mice are directed in
large part at two CD8 T-cell epitopes (spanning residues 510 to
518 [epitope S510] and 598 to 605 of the S protein) and a single
immunodominant CD4 T-cell epitope (encompassing residues
134 to 147 of the M protein [epitope M134]) (1, 2, 38). When
CD4 and CD8 T-cell responses were analyzed, fewer numbers of
epitope-specific cells were detected in the CNS of mice infected
with rJ2.2.6 than in those infected with rJ2.2.6X° """ but these
differences were not statistically significant (Table 2). Collectively,
these results show that the presence of the ORF6 protein in-
creased neutrophil infiltration into the CNS to a significant extent
but did not significantly affect the T-cell response.

Infection with rJ2.2.6 resulted in increased virus growth in
tissue culture cells. To investigate a role for the ORF6 protein
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in either enhancing virus growth or in inhibiting the innate
immune response, we infected 17CI-1, 1929, and HeLa-
MHVR cells with 1J2.2.6, rJ2.2.6%°, or rJ2.2. 17-Cl-1 and
HeLa-MHVR cells are very susceptible to infection with
MHYV, whereas 1929 cells are much less susceptible. In all
cases, infection with rJ2.2.6 resulted in more rapid develop-
ment of cytopathic changes than did infection with any of the
control viruses. However, the differences in L.929 were most
striking, in part because the kinetics of MHYV infection in this
cell line were slower than was observed with the other two cell
lines. Infection of 1.929 cells with rJ2.2.6 resulted in the earlier
appearance of syncytia, with concomitant increased virus titers
detected up to 48 h p.i. (Fig. 3A) compared to cells infected
with rJ2.2.6%°. Viral RNA and protein levels were also in-
creased in 1.929 cells infected with 1J2.2.6 compared to those
infected with 1J2.2.6%° (Fig. 3B and C). The same results were
obtained with two different isolates of rJ2.2.6 and 1J2.2.6%°
(Fig. 3C).

L1929 cells have intact IFN-a/f production and signaling
pathways. Since SARS-CoV inhibits IFN-B expression (29)
and SARS-CoV replication is only inhibited modestly by IFN-
of/B treatment (4, 12, 27, 31), we next assessed whether inhi-
bition of either IFN-o/B induction or signaling by ORF6-HA
could contribute to the increased lethality observed in rJ2.2.6-
infected mice. First, IFN-a/f levels in the supernatants of cells
infected with 1J2.2.6 or rJ2.2.6%° were measured using a bio-
assay, as described in Materials and Methods. Consistent with
a previous report (9), neither recombinant MHYV induced IFN-
a/B (<1 U/ml), while treatment with poly(I-C) resulted in
significant induction of IFN-o/B (143.6 = 9 U/ml). Second,
cells were treated with various concentrations of IFN-B prior
to and after infection with rJ2.2.6 or rJ2.2.6%°. Both viruses
showed similar patterns of inhibition by IFN-B, although titers
of rJ2.2.6 were consistently higher than those of rJ2.2.6%° at
every concentration of IFN-$ that was analyzed (Fig. 3D).

These results do not show that the primary effect of
ORF6-HA is to inhibit IFN production or signaling. In several
other infections, viral proteins inhibit host cell protein synthe-
sis by inactivating specific translation initiation factors. In turn,
viruses have developed mechanisms, such as the use of an
internal ribosome entry site, to enhance translation of viral
proteins in the absence of the inactivated factors. To deter-
mine whether ORF6-HA inhibited host cell protein synthesis,
we infected HeLa-MHVR cells with rJ2.2.6 or 1J2.2.6%° and
determined the effect on protein synthesis using [**S]methi-
onine-cysteine pulse-labeling and polyacrylamide gel electro-
phoresis. The presence of the ORF6 protein did not affect the
amount of residual host protein synthesis present at 4, 8, or
12 h p.i. (data not shown).

Collectively, these results are consistent with the notion that

TABLE 2. Number of MHV epitope-specific CD4 and CD8 T cells in the CNS (day 7 p.i.)

Epitope S510 (CD8)

Epitope M134 (CD4)

Virus (n)* % CD8 % CD4
% No. (10%) % No. (10%)
rJ2.2.6 (8) 32.7£32° 10.8 = 1.3 3.8 0.6 15.0 = 1.7 53%09 0.7x0.1
1J2.2.6'7ne4KO (6) 264 =32 15725 48 £1.6 15.4 = 3.7 6.7+13 1.2 0.6

“ Number of individual mice analyzed.
® Values are means = SEM.
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FIG. 3. Virus titers and interferon responses in rJ2.2.6- and 1J2.2.6%-infected 1929 cells. (A) L929 cells were infected with rJ2.2.6 or rJ2.2.65°
at an MOI of 1. Cells were harvested in triplicate at the indicated times, and virus titers were measured on HeLa-MHVR cells. Open circles, 1J2.2.6;
squares, 1J2.2.6%°. Titers and SEM are shown. (B) 1929 cells infected with rJ2.2.6 (lanes 2, 4, and 6) or 1J2.2.6%° (lanes 3, 5, and 7) were
pulse-labeled with Tran*>S-label for 30 min at 17 h (lanes 2 and 3), 22 h (lanes 4 and 5), and 29 h (lanes 6 and 7) and processed as described in
Materials and Methods. Lane 1 shows mock-infected cells. The N and S proteins are indicated. Fifty micrograms of protein was loaded per lane.
(C) RNA was harvested at 16 h p.i. from 1929 cells infected with 1J2.2.6 (lanes 1 and 2; two isolates), rJ2.2.6%° (lanes 3 and 4; two isolates), or
rJ2.2 (lane 5) or mock-infected cells (lane 6) and analyzed as described in Materials and Methods. Ten micrograms of RNA was loaded per lane.
Viral RNAs 1 (genomic) and 2 to 7 (subgenomic) are indicated on the right. (D) At 24 h prior to infection with rJ2.2 (dashed line), 1J2.2.6 (open
circles), or 1J2.2.6%° (squares), cells in triplicate were treated with the indicated concentrations of IFN-B. After infection (MOI = 0.1), cells were
then incubated for 20 h in the presence of the same concentration of IFN. Samples were then harvested and virus titers were determined on

HeLa-MHVR cells.

OREFG6, in the context of infection with MHYV, directly enhances
virus growth in infected cells. We determined that the ORF6
product was not preferentially incorporated into virions (Fig.
4), making it unlikely to act by augmenting the specific infec-
tivity of secreted particles. Since coronavirus replication and
assembly occur on cellular membranes and the primary struc-
ture of ORF6 suggests that it is membrane associated, we next
determined whether ORF6-HA colocalized with any of the
major MHYV structural proteins or with a marker for the en-
doplasmic reticulum (BiP) (Fig. 5). The MHV M protein is
localized to the Golgi in infected cells and serves as a marker
for this structure (18). ORF6-HA was broadly distributed
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FIG. 4. Distribution of S and ORF6-HA proteins in infected cell
cultures. 17CI-1 cells infected with rJ2.2.6 (MOI = 0.05) were deter-
gent solubilized at 24 h p.i. (A) The indicated number of cell equiva-
lents were subjected to electrophoresis and immunoblotting using
MAD 10G (kindly provided by F. Taguchi, National Institute of Neu-
roscience, Tokyo, Japan) and anti-HA MAb HA.11 (Covance, Inc.) to
detect S and ORF6-HA, respectively. (B) Virions were concentrated
from clarified media by pelleting through sucrose cushions as de-
scribed in Materials and Methods, and proteins were similarly pro-
cessed to reveal the proteins. S proteins were distributed in a ~40:1
cell/virion ratio, while ORF6-HA proteins were distributed in a >300:1
cell/virion ratio.

throughout the cytoplasm. L1929 cells transduced with a retro-
virus expressing ORF6-HA showed a similar pattern, suggest-
ing that the ORF6 protein does not require any other viral
proteins for intracellular localization. The merged composite
figures showed strongest colocalization with the M protein, but
there was significant overlap with the S, N, and BiP proteins as
well. This labeling suggests that ORF6-HA is associated with
membranes throughout the cell, although the majority is
present in the endoplasmic reticulum and Golgi compart-
ments.

We performed additional studies to confirm ORF6-HA as-
sociation with membranes. Bioinformatic analyses suggested
that ORF6 amino acid residues 7 to 37 were predominantly
hydrophobic. As several charged residues (E13, R20, R23, and
D30) intersperse this otherwise-hydrophobic stretch, residues
7 to 37 may not form a bona-fide transmembrane span, but
they may be sufficient to position ORF6 at membrane inter-
faces. To determine whether ORF6-HA exhibits a hydropho-
bic character, we partitioned infected cell proteins into hydro-
phobic and hydrophilic phases using a method involving TX-
114 detergent. Our results (Fig. 6) revealed that ORF6-HA
partitioned exclusively in the hydrophobic detergent phase. By
contrast, over 90% of MHV N proteins segregated into the
hydrophilic aqueous phase, while triple membrane-spanning M
proteins were retained with ORF6-HA in the hydrophobic
environment.

DISCUSSION

Our results show that SARS-CoV nonstructural proteins can
function in the context of a heterologous murine coronavirus
infection. The strain of MHYV used in these experiments infects
only the CNS and does not cause respiratory disease. Thus,
these recombinant viruses are most useful for studying SARS-
CoV-specific nonstructural proteins generally involved in
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N protein S protein ER

FIG. 5. Localization of ORF6-HA with MHYV structural proteins and BiP. 1929 cells were infected with rJ2.2.6 for 12 to 16 h. After fixation,
cells were stained for HA and the MHV M, N, and S proteins or the endoplasmic reticulum (ER) protein BiP. L929 cells transduced with a
retrovirus expressing ORF6-HA are also shown. The last four panels are merged to show colocalization of ORF6-HA with the indicated protein.

pathogenesis and not functions of these proteins that are spe-
cific for the respiratory tract. Of note, although patients who
survive infection with SARS-CoV often develop psychiatric
sequelae, SARS does not commonly infect the CNS (24).

We have also demonstrated, for the first time for any coro-
navirus, that one of the nonstructural proteins has a role in
enhancing virus virulence in an animal host. The ability of the
SARS-CoV protein to function in a nonhuman cell is not
surprising. SARS-CoV most likely spread from infected exotic
animal species, such as palm civet cats, to humans (24). Once
SARS-CoV acquired the ability to infect human cells, consis-
tent changes during the 2003 epidemic were detected only in
the S, ORF3a, and nsp3 proteins (28). Notably, the ORF6
protein did not mutate after passage in humans.

While our results clearly show that ORF6-HA increased the
lethality of infection in mice and enhanced virus growth in
tissue culture cells, they did not demonstrate any inhibitory
effect on the innate or adaptive cellular immune response or
any change in virus susceptibility to IFN-B treatment. In addi-
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FIG. 6. Partitioning of MHV N, M, and ORF6-HA proteins into
hydrophobic and hydrophilic environments. 17CI-1 cells infected with
rJ.2.2.6 were collected at 16 h p.i., and proteins were partitioned into
hydrophobic (Triton X-114 detergent) and hydrophilic (aqueous)
phases, using M-PER reagents (Pierce Company, Rockford, IL). Pro-
teins from the indicated cell equivalents were then subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to
polyvinylidene difluoride membranes, and probed simultaneously with
anti-N MAb 5A5.2 and Covance anti-HA MAD 1.1 (top panel). The
blot was then stripped and reprobed with anti-M MAb 4B6.2 (bottom
panel).

tion, we could not demonstrate an effect on the induction of
IFN-responsive genes, such as ICAM-1 and 2’-5" oligoadeny-
late synthetase (unpublished data). Both MHV and SARS-
CoV inhibit IFN induction (references 9 and 29 and our re-
sults), making it impossible to determine any effect that the
ORF6 protein might have in this process. Although the ORF6
protein increased virus titers 10-fold in tissue culture cells, the
effects on titers in infected mice were much less profound, with
statistically significant differences detected only at later times
p.i. (Fig. 2D). However, these differences may have caused an
increase in the number of infiltrating neutrophils (Table 1)
which, in turn, may have contributed to more severe disease.

Alternatively, the ORF6 protein may preferentially affect
growth in a specific cell type, such as macrophages or dendritic
cells, with consequent immune dysregulation. MHV is known
to replicate in both cell types (30, 34) (data not shown). Mac-
rophages and, most likely, dendritic cells are also infected in
cats carrying another coronavirus, feline infectious peritonitis
virus. Infection of these cells contributes to the progressive,
relapsing disease associated with immunosuppression, elevated
levels of proinflammatory cytokines and chemokines, and sig-
nificant morbidity and mortality observed in infected cats (6).
We did not detect substantial differences in levels of CCL2,
CCL3, CCL4, CCL5, CCL7, CXCL10, tumor necrosis factor
alpha, or interleukin-1@ in the CNS of rJ2.2.6- and 1J2.2.6%°-
infected mice by RNase protection assays (data not shown),
but this type of assay would not detect localized, but important,
differences in chemokine or cytokine levels. In mice infected
with influenza virus, fairly subtle differences in virus titers at
early times p.i. create significant effects on dendritic cells and
in the subsequent T-cell response, thus distinguishing lethal
from nonlethal infections (19).

At present, we favor the notion that the ORF6 protein
directly increases the efficiency of virus replication, assembly,
or spread, since both viral RNA and protein levels are in-
creased in rJ2.2.6-infected cells compared to those infected
with 1J2.2.6%° (Fig. 3). The ORF6 protein is detected through-
out the cell and is membrane associated (Fig. 6), although it is
present in highest concentrations in the perinuclear area, lo-
cated in the same regions as the N and M proteins. The M
protein is present in sites of virus assembly, while the N protein
is localized almost entirely to sites of virus replication (7, 18).
Thus, the ORF6 protein may have a direct role in enhancing
virus replication or assembly. In SARS-CoV-infected cells, the
ORF3a protein localizes to the perinuclear region and inter-
acts with the E, M, and S proteins, while the ORF7a product
is detected in the endoplasmic reticulum-Golgi region (21, 33).
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The ORF3a protein is also detected in infectious virions (14,
40). Determining the relationship of ORF3a, -6, and -7a in
SARS-CoV replication, assembly, and spread will clearly be
important. Future efforts will also be directed at confirming the
importance of the ORF6 protein in the context of intact SARS-
CoV, particularly in virus-induced respiratory disease.
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