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Mouse hepatitis virus (MHYV) is the prototype of group II coronaviruses and one of the most extensively
studied coronaviruses. Here, we describe a reverse genetic system for MHYV (strain A59) based upon the cloning
of a full-length genomic ¢cDNA in vaccinia virus. We show that the recombinant virus generated from cloned
cDNA replicates to the same titers as the parental virus in cell culture (~10° PFU/ml), has the same plaque
morphology, and produces the same amounts and proportions of genomic and subgenomic mRNAs in virus-
infected cells. In a mouse model of neurological infection, the recombinant and parental viruses are equally
virulent, they replicate to the same titers in brain and liver, and they induce similar patterns of acute hepatitis,
acute meningoencephalitis, and chronic demyelination. We also describe improvements in the use of the
coronavirus reverse genetic system based on vaccinia virus cloning vectors. These modifications facilitate (i)
the mutagenesis of cloned cDNA by using vaccinia virus-mediated homologous recombination and (ii) the
rescue of recombinant coronaviruses by using a stable nucleocapsid protein-expressing cell line for the
electroporation of infectious full-length genomes. Thus, our system represents a versatile and universal tool to
study all aspects of MHV molecular biology and pathogenesis. We expect this system to provide valuable
insights into the replication of group II coronaviruses that may lead to the development of novel strategies

against coronavirus infections, including the related severe acute respiratory syndrome coronavirus.

Coronaviruses (CoVs) are positive-strand enveloped RNA
viruses that are associated mainly with respiratory and enteric
infections (19). They have long been recognized as important
pathogens of livestock and companion animals, and more re-
cently, a coronavirus has been identified as the causative agent
of severe acute respiratory syndrome (SARS), a form of atyp-
ical pneumonia in humans with a case/fatality ratio of ~10%
(7, 8, 16, 27). Clearly, there is an urgent need to learn more
about the natural history and pathogenesis of coronaviruses, as
well as the molecular and cellular biology of coronavirus in-
fections. In this respect, the prototype of the group II corona-
viruses, murine hepatitis virus (MHV), seems to offer a num-
ber of advantages. It is commonly found in laboratory mice
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throughout the world and causes a wide spectrum of disease
manifestations ranging from subclinical infections to high mor-
tality, depending on the age, genotype, or immune status of the
mice and the virus strain (1). The A59 strain of MHV (MHV-
A59) was isolated in 1961 from a colony of BALB/c mice that
was being used to serially propagate leukemia (22). There are
a number of different animal disease models based upon MHV
infection, including models of virus-associated demyelination
and viral hepatitis (12, 18). These models provide important
insights into the pathogenesis of virus infections. In addition,
there is a wealth of genetic and immunological information
relating to inbred mouse strains and there are an increasing
number of transgenic mouse strains in which the expression of
functional host cell genes is abolished or defective, particularly
those encoding proteins related to the immunological response
to virus infection. Therefore, MHYV is an ideal tool to study
both the innate and adaptive immune responses to viruses. In
cell culture, MHV-AS59 replicates to high titers, and there is a
large collection of temperature-sensitive mutants that are de-
fective in the synthesis of viral RNA (30). These features
should facilitate the analysis of coronavirus RNA synthesis and
the elucidation of functions associated with coronavirus repli-
case proteins. Finally, as the phylogenetic analysis of the SARS
CoV genome has revealed a relationship to group II corona-
viruses (32), the analysis of MHV infection may also help to
elucidate some of the features of SARS coronavirus biology.
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The MHYV genome is a large (31.4-kb) positive-strand RNA
with a 5’ cap structure and a poly(A) tail. In the virion, the
genome is associated with the nucleocapsid protein in a struc-
ture that lies within an envelope containing the membrane
(M), envelope (E), and spike (S) proteins. Depending on the
MHYV strain, there may be an additional hemagglutinin ester-
ase (HE) protein in the virion envelope (19). The packaging of
MHYV genomic RNA has been analyzed in detail and seems to
be dependent on the interaction of the M protein and a pack-
aging signal on the viral RNA (25). The cell tropism of MHV
is determined mainly by the spike protein, which binds to the
cellular receptor, CEACAMI1 (37). After entry to the cell, the
genomic RNA is used as mRNA for the translation of the
replicase gene, which is located at the 5’ end of the viral RNA
and encompasses about two-thirds of the genome. The result-
ing translation products, polyproteins la and lab, are proteo-
lytically processed by virus-encoded proteases (two papain-like
proteinases and the 3C-like proteinase) to generate products
that form the viral replication and transcription complex (40).
Viral RNA synthesis includes the replication of the genomic
RNA and the transcription of a so-called nested set of sub-
genomic mRNAs. Seven subgenomic mRNAs have been iden-
tified in MHV-infected cells, and they encode the structural
proteins S, M, E, and N (and sometimes HE), two proteins of
unknown function (encoded by mRNAs 4 and 5), and a puta-
tive cyclic phosphodiesterase (encoded by mRNA2) (31, 32).

An important tool in the analysis of any virus is the ability to
alter the viral genome in a prescribed manner. This reverse
genetic approach can be used to study the roles of specific gene
products in viral replication or pathogenesis and, in the longer
term, genetically attenuated viruses that are potential vaccine
candidates can be produced. In 1992, Masters and colleagues
developed a reverse genetic system for MHV based upon a
procedure known as targeted recombination (15, 23). This
approach has been very successful but, for technical reasons,
has not yet been extended to include mutagenesis of the rep-
licase gene (4). More recently, Yount and colleagues have
developed a system based on in vitro-ligated MHV cDNA
fragments (6, 39). However, although the systematic assembly
of seven cDNAs by in vitro ligation is feasible, the amount of
in vitro-transcribed recombinant MHV genome obtained by
this method is small. Thus, the system precludes applications
where large amounts of in vitro-transcribed coronavirus ge-
nome or vector RNAs are required. Moreover, as reported
previously, we have observed instability in bacterially cloned
coronavirus cDNAs (34).

Here, we report an alternative reverse genetic system for
MHYV based upon the use of vaccinia virus as a eukaryotic
cloning system. This system has proven to be useful for the
stable cloning and propagation of full-length cDNAs of group
I (human coronavirus [HCoV] 229E) and group III (avian
infectious bronchitis coronavirus) coronaviruses (2, 34). Fur-
thermore, this system enables the production of large amounts
of in vitro transcripts using recombinant vaccinia virus ge-
nomes as a template DNA. Importantly, our reverse genetic
system for MHV is based upon a strain of MHV-AS59 that
grows to high titers in cell culture and produces encephalitis
and hepatitis in the natural host. We show here that, using the
vaccinia virus-based system, we obtain recombinant viruses

J. VIROL.

that are phenotypically identical to the parental MHV-A59
laboratory strain used to construct the genomic cDNA.

MATERIALS AND METHODS

Viruses and cells. L2 and 17 clone 1 (17CI-1) mouse fibroblast cells (33) and
HeLa-DI980R cells (14) were cultured at 37°C in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS), penicillin (100
U/ml), and streptomycin (100 pg/ml). Monkey kidney (CV-1) cells and baby
hamster kidney (BHK-21) cells were obtained from the European Collection of
Cell Cultures and cultured in minimal essential medium supplemented with
HEPES (25 mM), 5% FBS, and antibiotics. The Albany strain of MHV-A59 (33)
was plaque purified and propagated in 17CI-1 cells with titers of 107 to 10°
PFU/ml. Plaque assays were done using 17Cl-1 cells as described previously (29).
Vaccinia virus (WR strain), vaccinia virus recombinants, and fowlpox virus were
propagated, titrated, and purified as described previously (34).

Cloning of full-length MHV-A59 ¢DNA. A plaque-purified, low-passage stock
of MHV-AS59 was produced, and the genomic RNA was isolated. This RNA was
then used to construct a set of 12 plasmid clones containing MHV-derived
c¢DNAs encompassing nucleotides 1 to 22744. Subsequent ligation of the stable
cDNA clones resulted in the generation of two plasmid clones, designated pS’Sac
and pSap2ex, that were used for the insertion of the full-length MHV cDNA into
the vaccinia virus genome. The plasmid p5'Sac contains an Eagl site and a
bacteriophage T7 RNA polymerase promoter upstream of the cloned MHV
c¢DNA corresponding to the MHV-A59 nucleotides 1 to 4937. The plasmid
pSap2ex contains a cDNA insert corresponding to the MHV-A59 nucleotides
14408 to 22744, including a modification at nucleotides 22738 to 22744 to gen-
erate an artificial RsrII restriction site. The plasmid pMH49 (kindly provided by
Paul Masters, Wadsworth Center, Albany, N.Y.) (17) was used as a basis to
construct a plasmid, designated pMHe-link, that contains a cDNA insert corre-
sponding to the MHV-A59 nucleotides 22744 to 31335 and a synthetic poly(A)
sequence. pMHe-link contains two modifications compared to pMH49. First, an
Eagl recognition sequence corresponding to the MHV-A59 nucleotides 29012-
CGGCCG-29017 was changed to 29012-CCGCCG-29017 (the changed nucleo-
tide is underlined), and second, an Eagl site was inserted downstream of the
synthetic poly(A) sequence. A cDNA fragment corresponding to the MHV-A59
nucleotides 4932 to 14418 was amplified by reverse transcription (RT)-PCR from
poly(A)-containing RNA from MHV-A59-infected 17CI-1 cells using RT-PCR
as described previously (36).

To clone a full-length cDNA of MHV-A59 into the vaccinia virus genome,
four cDNA fragments were prepared (Fig. 1). Fragment 1 resulted from cleavage
of p5’Sac with Eagl and Xmal, treatment with alkaline phosphatase, and agarose
gel purification of the 5.0-kbp fragment. Fragment 2 was prepared by RT-PCR
as described above, cleaved with Xmal and Sapl, and purified to remove smaller
DNA fragments. Fragment 3 resulted from cleavage of pSap2ex with SapI and
Rsrll and agarose gel purification of the 8.3-kbp fragment. Fragment 4 resulted
from cleavage of pMHe-link with RsrII and Eagl, treatment with alkaline phos-
phatase, and agarose gel purification of the 8.6-kbp fragment. A mixture of 5 ng
of DNA containing equimolar amounts of fragments 1 to 4 was ligated in vitro,
and the resulting ligation products (containing full-length MHV cDNA frag-
ments) were then ligated to NotI-cleaved vNotI/tk vaccinia virus DNA (24) in the
presence of Notl enzyme. The ligation products were transfected without further
purification into fowlpox virus-infected CV-1 cells, and recombinant vaccinia
viruses were isolated as described previously (34).

Repair of the MHV-A59 full-length ¢cDNA in the vaccinia virus genome. To
repair RT-PCR-introduced nucleotide changes in the full-length MHV-A59
¢DNA contained in vaccinia virus clone vYMHV-E6, four rounds of vaccinia
virus-mediated homologous recombination were done using the Escherichia coli
guanine phosphoribosyltransferase (gpt) gene as a marker for positive or negative
selection (13) (Fig. 2). The plasmid pMHVexl is based on the plasmid pGPT-1
(containing the gpt gene) (13) and two cDNA inserts corresponding to the
MHV-A59 nucleotides 4779 to 5444 and 14430 to 15035 cloned upstream and
downstream of the gpt gene, respectively. The plasmid pMHV-G1 is based on the
plasmid pMini184-pl (a low-copy-number plasmid, kindly provided by Giinther
Keil, Federal Research Centre for Virus Diseases of Animals, Insel Riems,
Germany) and contains a cDNA insert corresponding to the MHV-A59 nucle-
otides 4779 to 7614. The plasmid pMHV-G4 is based on the plasmid pMini184-pl
and contains a cDNA insert corresponding to the MHV-AS59 nucleotides 13055
to 15035. pMHVexII is based on the plasmid pGPT-1 and a cDNA insert
corresponding to the MHV-A59 nucleotides 7027 to 10236 cloned upstream of
the gpt gene. RT-PCR G3 was prepared from poly(A)-containing RNA from
MHV-A59-infected 17CI-1 cells using the oligonucleotide Pr44 (5'-AGAGTTG
AACAATCATTGCGGTCA-3") as a primer for the RT reaction and oligonu-
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FIG. 1. Assembly of full-length MHV-A59 cDNA by in vitro ligation. (A) The structural relationship of the MHV-A59 genome, MHV-A59-
derived cDNA fragments, and full-length cDNA is shown. Four cDNA fragments (F1 to F4), derived from p5’'Sac (F1), RT-PCR from MHV-A59
RNA (F2), pSap2ex (F3), and pMHe-link (F4), are assembled by in vitro ligation using appropriate restriction sites as indicated. Also shown is
the position of the bacteriophage T7 RNA polymerase promoter (prom.) sequence in fragment F1. The full-length MHV-A59 cDNA is inserted
into the vaccinia virus vNotl/tk genome by ligation of full-length MHV-A59 cDNA containing Eagl-cleaved DNA ends with NotI-cleaved vNotlI/tk
genomic DNA (VV). The positions of nucleotide changes introduced by RT-PCR fragment F2 are indicated (*). (B) Pulsed-field gel electro-
phoresis analysis of the ligation reaction mixture containing fragments F1 to F4. Reaction products corresponding to the full-length MHV-AS59
cDNA fragment, intermediate reaction products, and inserted cDNA fragments are indicated.

cleotides MXho12000up (5'-ACGTGCTCGAGTTGTGTTGCTTAATTGCCT
CCAGCAC-3") and Pr43 (5'-CTGGCACAGGGTACAAGACGGGCA-3') as
primers for the PCR. The resulting 1.6-kbp cDNA fragment corresponded to the
MHV-A59 nucleotides 12010 to 13648. RT-PCR G2 was prepared from poly(A)-
containing RNA from MHV-A59-infected 17Cl-1 cells using the oligonucleotide
Pr4l (5'-ATACACAATCTTACCCGTGCCAGT-3") as a primer for the RT
reaction and oligonucleotides Pr91 (5'-TGTGGTTGTTCTCTTACTGCCGCA-

3") and Pr40 (5'-TTGCATTCAAAGGTACACAACCCTT-3") as primers for
the PCR. The resulting 2.7-kbp cDNA fragment corresponded to the MHV-A59
nucleotides 9890 to 12607.

CV-1 cells (5 X 10°) were infected with recombinant vaccinia viruses at 10
PFU/cell, followed by transfection of 5 ug of DNA 1 h postinfection using
Lipofectin transfection reagent (Invitrogen). Two days later, the cells were har-
vested and recombinant vaccinia viruses were isolated by three rounds of plaque
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FIG. 2. Repair of cloned full-length MHV-A59 cDNA. The positions of nucleotide changes within the cloned MHV-A59 cDNA of recombinant
vaccinia virus (VV) vMHV-E6 are shown (*). The sequence corresponding to MHV-A59 nucleotides 4779 to 15035 containing these changes has
been replaced by the MHV-A59 consensus sequence using four rounds of vaccinia virus-mediated homologous recombination with gpt-positive or
-negative selection conditions as indicated. Also shown are plasmid DNAs, RT-PCR products, and in vitro ligation products that were used for
homologous recombination. The numbers depicted on DNA fragments correspond to the positions of the MHV-AS59 genome sequence in

kilobases.
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purification with gpt-positive or gpt-negative selection using CV-1 and HelLa-
DO980R cells, respectively. The strategy shown in Fig. 2 demonstrates that re-
combinant vaccinia virus vVMHVexI was isolated after homologous recombina-
tion of VMHV-E6 with plasmid pMHVexI using gpt-positive selection.
Recombinant vaccinia virus vVMWT27 was isolated after homologous recombi-
nation with a ligation product comprised of BssHII-cleaved plasmid pMHV-G1
and BssHII-cleaved plasmid pMHV-G4 using gpt-negative selection. Recombi-
nant vaccinia virus VMHVexII was isolated after recombination of YMWT27 with
a ligation product comprised of Xho-cleaved plasmid pMHVexII and Xho-
cleaved RT-PCR G3 using gpt-positive selection. Finally, recombinant vaccinia
virus VMHV-inf-1 was isolated after recombination of vMWT27 with RT-PCR
G2 using gpt-negative selection.

Sequencing and Southern blot analysis. All plasmid DNAs containing MHV-
derived cDNAs were verified by sequence analysis. Recombinant vaccinia clones
vMHVexl, vMWT27, and vMHVexII were analyzed by Southern blotting, and
the regions involved in vaccinia virus-mediated homologous recombination were
verified by sequence analysis. Recombinant vaccinia viruses VMHV-E6 and
vMHV-inf-1 were verified by Southern blotting and by sequence analysis of the
entire MHV-derived cDNA insert.

Rescue of recombinant MHV-inf-1. A regulatable cell line expressing the
MHV-A59 nucleocapsid protein was constructed for the rescue of recombinant
MHV-inf-1. BHK-21 cells were transfected with 5 pg of plasmid pcEF..on/
NEO (28), and a stable cell line, designated BHK-Tet/On, that expresses the
Tet-activator protein rtTA was selected using G418 (400 to 800 pg/ml). BHK-
Tet/On cells were transfected with 2.5 pg of plasmid pTRE-MN and 2.5 pg of
plasmid pTK-Hyg (Clontech), and a stable cell line, BHK-MHV-N, expressing
the MHV-A59 nucleocapsid protein in the presence of doxycycline was selected
with hygromycin B (300 pg/ml). To construct the plasmid pTRE-MN, the MHV-
A59 nucleocapsid gene was amplified from poly(A)-containing RNA from
MHV-A59-infected 17CI-1 cells by PCR using the oligonucleotide primers Sac-
MN-ATG (5'-ACGTAGAGCTCACCATGTCTTTTGTTCCTGGGCAAGAA
AATGC-3") and Bam-MN-Stop (5'-ACGTGGATCCTTACACATTAGAGTC
ATCTTCTAACC-3"). The PCR product was cleaved with SacIT and BamHI and
ligated into the Sacll- and BamHI-cleaved plasmid pTRE (Clontech).

DNA from purified vaccinia virus YMHV-inf-1, or total DNA from 10° vac-
cinia virus YMHV-inf-1-infected BHK-21 cells, was used as a template for the
bacteriophage T7 RNA polymerase in the presence of m7G(5")ppp(5')G cap
analog, as described previously (34). MHV-inf-1 in vitro transcripts (10 pg) were
electroporated into BHK-MHV-N cells or, together with 5 pg of in vitro-tran-
scribed RNA encoding the MHV N protein, into BHK-21 cells as described
previously (35). The cells were then seeded out with a fourfold excess of 17CI-1
cells. After 16 h, the cell culture supernatant containing recombinant MHV-inf-1
was collected for further analysis.

Analysis of MHV RNA synthesis in cell culture. 17CI-1 cells were infected with
MHYV at 50 to 100 PFU/cell at 37°C. Following infection, the cells were labeled
with [*H]uridine by incubation in Dulbecco’s modified Eagle’s medium supple-
mented with 6% FBS and containing 50 nCi of [*H]uridine/ml and 20 pg of
dactinomycin/ml. The cells were solubilized with 5% lithium dodecyl sulfate and
200 pg of proteinase K/ml, and a sample of 5 X 10* cells was analyzed by
electrophoresis on a nondenaturing 1% agarose gel (29).

Mice and virulence assays. All animal experiments used 4-week-old virus-free
C57BL/6 mice (National Cancer Institute, Bethesda, Md.). The mice were anes-
thetized by inhalation of methoxyflurane. A total volume of 25 pl, containing the
virus diluted in phosphate-buffered saline (PBS) with 0.75% bovine serum albu-
min, was injected intracranially (i.c.) into the left cerebral hemisphere of each
mouse. Virulence assays were performed by i.c. inoculation of groups of 10 mice
with serial 10-fold dilutions of viruses, as previously described (3). The mice were
examined for signs of disease or death on a daily basis for up to 30 days
postinfection. All animal experiments adhered to National Institutes of Health
guidelines for laboratory animal facilities and care.

Histological analysis. Mice were infected i.c. with 1,000 PFU, and two mice
per time point were sacrificed at various times (days 1, 3, 5, and 7) postinfection.
After intracardiac perfusion with sterile PBS, brains and livers were removed and
samples of brain and liver were frozen at —80°C to be analyzed later for viral
titers by plaque assays. Half of the brain and a portion of the liver were used for
histological analysis (perfused with 10% buffered formalin, paraffin embedded,
and stained with hematoxylin and eosin [HE]). For assessment of demyelination,
mice were infected with 1,000 PFU of either MHV-A59 or MHV-inf-1/cell. Ten
mice infected with MHV-AS59 and nine mice infected with MHV-inf-1 were
sacrificed 30 days postinfection and underwent intracardiac perfusion with PBS,
followed by 10% buffered formalin. The spinal cords were removed, formalin
fixed, and paraffin embedded. Four to six transverse sections of cervical, thoracic,
and lumbar levels of the cord were stained with Luxol fast blue, and the number
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of quadrants of cord containing demyelination were counted as a fraction of the
total number of cord quadrants evaluated in each individual mouse (21)

Nucleotide sequence accession number. The GenBank accession number of
the sequence reported in this paper is AY700211.

RESULTS

Cloning of full-length MHV-A59 ¢cDNA. Vaccinia virus has
proven to be a suitable vector system for the stable propagation
of full-length cDNAs from HCoV-229E and avian infectious
bronchitis coronavirus, with genome sizes of 27.3 and 27.6 kb,
respectively. Since the genome of MHV-AS59 is considerably
larger (31.3 kb), we first asked whether cDNA of this size could
be stably propagated in vaccinia virus vectors. Thus, we assem-
bled a full-length MHV-A59 cDNA by in vitro ligation of four
DNA fragments, one of which was generated by RT-PCR (Fig.
1). The 9.5-kbp RT-PCR-derived fragment corresponds to a
region within the MHV-AS59 genome that was difficult to main-
tain as a plasmid in bacterial hosts, and it was expected that the
RT-PCR fragment would give rise to multiple PCR-derived
nucleotide changes in the cloned cDNA. As illustrated in Fig.
1B, a product comprised of all four DNA fragments and cor-
responding to the MHV-A59 genome was easily detectable
after pulsed-field agarose gel electrophoresis of the ligation
reaction mixture. This fragment was then inserted, again by in
vitro ligation, into the vaccinia virus genome, and the products
of the reaction were transfected into fowlpox virus-infected
CV-1 cells. Although fowlpox virus infection of mammalian
cells is abortive, it served here as a helper virus to initiate a
productive infection of the noninfectious transfected vaccinia
virus DNA. We were able to rescue four recombinant vaccinia
virus clones, and Southern blot analysis revealed that all of the
clones contained a full-length MHV-A59 ¢cDNA insert (data
not shown). The rescued vaccinia virus clones grew to the same
titer as the parental vaccinia virus, vNotl/tk, indicating that
stable propagation of full-length MHV-AS59 ¢cDNA in vaccinia
virus is possible. The identity of one clone, designated vMHV-
E6, was confirmed by sequence analysis of the entire MHV-
derived cDNA. As expected, we encountered multiple nucle-
otide changes within the RT-PCR-derived region of the cloned
MHV-AS9 ¢cDNA, whereas the sequences of plasmid-derived
regions did not contain any changes.

Repair of cloned full-length MHV-A59 ¢DNA. In order to
obtain a vaccinia virus clone containing a cDNA insert with the
MHV-AS9 consensus sequence, we used vaccinia virus-medi-
ated homologous recombination to repair the RT-PCR-de-
rived nucleotide changes. Four rounds of homologous recom-
bination were done using the E. coli gpt as a marker for positive
or negative selection, as appropriate. As illustrated in Fig. 2,
we used plasmid DNA, in vitro ligation products, and short
RT-PCR-derived fragments for homologous recombination
with vaccinia virus. First, the vaccinia virus clone vMHVexI
was generated from vaccinia virus clone vMHV-E6 by replac-
ing the region corresponding to the MHV-AS59 nucleotides
5445 to 14429 by the gpt gene. This involved the recombination
of vYMHV-E6 with plasmid pMHVexI and gpt-positive selec-
tion. Second, the vaccinia virus clone vVMWT-27 was generated
when the gpt gene was replaced by the MHV-A59-derived
sequences 5445 to 7614 and 13055 to 14429. This involved the
recombination of vMHVexI with an in vitro ligation product
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FIG. 3. Analysis of MHV replication in tissue culture. Plaque morphology (A), growth curves (B), and analysis of intracellular [*H]uridine-
labeled RNA of parental MHV-A59 and recombinant MHV-inf-1 (C) are shown. p.i., postinfection.

derived from plasmids pMHV-G1 and pMHV-G4 and gpt-
negative selection. Third, the vaccinia virus clone vMHVexII
was generated after recombination of vVMWT-27 with a ligation
product derived from plasmid pMHVexIl (containing the
MHV-A59-derived nucleotides 7027 to 10236 and the gpt
gene) and RT-PCR G3 (containing the MHV-A59-derived
nucleotides 12010 to 13648) using gpt-positive selection. Fi-
nally, using gpt-negative selection, the RT-PCR product G2
(containing MHV-A59 nucleotides 9890 to 12607) was used for
recombination with vaccinia virus vVMHVexII to complete the
full-length MHV-A59 c¢cDNA. The identity of the resulting
vaccinia virus clone, vMHV-inf-1, was confirmed by Southern
blotting and sequence analysis of the entire MHV-A59-derived
c¢DNA insert. The nucleotide sequence of the cloned full-
length MHV-A59 ¢cDNA was found to correspond to the au-
thentic MHV-AS59 consensus sequence, with the exception of
one change that had been specifically introduced by site-di-
rected mutagenesis for cloning purposes (modification of the
Eagl site in plasmid pMHe-link) and three silent nucleotide
changes (MHV-A59 nucleotide 7476, G to A; nucleotide 9246,
C to U; nucleotide 12140, G to A) that had been detected in
the cloned cDNAs of the plasmids pMHV-G1 (nucleotide
7476) and pMHVexII (nucleotide 9246) and the recombinant
vaccinia virus vMHVexII (nucleotide 12140). This result con-
firms that vaccinia virus genomes can be used to stably main-
tain and propagate full-length MHV ¢cDNA and, furthermore,
that vaccinia virus-mediated recombination represents a pow-

erful method to modify full-length coronavirus cDNAs. We
observed in each recombination step that >90% of recombi-
nant clones contained the expected cDNA, and sequencing
analysis revealed that vaccinia virus-mediated recombination
was also precise at the nucleotide level.

Rescue of recombinant MHV-inf-1. After reverse genetic
systems for coronaviruses became available, it was shown that
the rescue of recombinant coronaviruses is greatly facilitated
under conditions that allow N protein expression (2, 39). Ac-
cordingly, we found that it was possible to rescue recombinant
MHYV from cloned cDNA by a number of different methods
involving N protein expression. First, full-length MHV-inf-1
RNA was produced by the in vitro transcription of Eagl-
cleaved vMHV-inf-1 DNA from purified virions. In addition, a
synthetic mRNA encoding the MHV nucleocapsid protein was
generated by in vitro transcription of MHV-A59 N protein
cDNA (V. Thiel, unpublished data). Then, both RNAs were
electroporated into BHK-21 cells and the transfected cells
were cocultivated with murine 17CI-1 cells. After 16 h, virus-
induced syncytia were detectable in areas predominantly occu-
pied by 17CI-1 cells. The supernatant was transferred to fresh
17CI-1 cells, and extensive cytopathic effect became apparent
after 10 to 16 h. Recombinant MHV-AS59 was readily isolated
from the culture supernatant. Second, we produced in vitro
transcripts of MHV-inf-1 RNA using a template derived from
total DNA isolated from vMHV-inf-1-infected BHK-21 cells.
Electroporation of this RNA into BHK-21 cells, together with
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FIG. 4. Virus replication in mice. Shown are viral titers in the
brains and livers of 4-week-old C57BL/6 mice infected with either
parental MHV-A59 or recombinant MHV-inf-1. Viral titers were ex-

amined by plaque assays on L2 cells. Each time point represents the
average titer of the organs of two mice. p.i., postinfection.

nucleocapsid protein-encoding RNA, and subsequent coculti-
vation with 17CI-1 cells also gave rise to recombinant MHV.
Finally, we found that recombinant MHV could be rescued by
electroporation of full-length MHV-inf-1 RNA into a stable
BHK-21-derived cell line expressing the MHV-A59 nucleocap-
sid protein (BHK-MHV-N) cocultivated with 17CI-1 cells. We
think it is important to note that the use of a stable cell line
expressing the MHV nucleocapsid protein not only facilitates
the rescue procedure but also allows the phenotypic analysis of
recombinant MHYV in transfected cells (Thiel, unpublished).

Replication of recombinant MHV-inf-1 in cell culture. In
order to confirm that the rescued recombinant MHV, MHV-
inf-1, has the same in vitro replication phenotype as the pa-
rental virus, we compared the plaque morphology, single-cycle
replication kinetics, and patterns of intracellular viral RNA
synthesis. As shown in Fig. 3, the recombinant virus is indis-
tinguishable from the parental virus. It replicates to the same
titers in cell culture and has the same plaque morphology. In
cells infected with either virus, the same amounts and propor-
tions of genomic and subgenomic mRNAs are synthesized with
the same kinetics.

Virulence of recombinant MHV-inf-1 in mice. The virulence
of MHV-inf-1 was compared to that of MHV-AS59. Groups of
10 4-week-old C57BL/6 mice were infected i.c. with serial 10-
fold dilutions of the viruses. The experiments with the critical
doses of 500 and 5,000 PFU were performed twice with two
separate groups of mice. In the MHV-inf-1-infected mice, the
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mortality rate of mice infected with 500 PFU was 0 in 10 mice
in each experiment, whereas 5,000 PFU produced mortality
rates of 6 in 10 and 7 in 10, respectively, and the dose of 50,000
PFU produced mortality of 10 in 10. In mice infected with
MHV-A59, the dose of 500 PFU produced 0 in 10 mortality in
each experiment, while 5,000 PFU produced mortality of 4 in
10 and 5 in 10, respectively, and 50,000 PFU killed 5 of 5 mice.
Thus, the lethal dose that killed 50% of the mice (LDs,) with
MHV-A59 was 5,000 PFU per mouse. In comparison, MHV-
inf-1 was slightly more virulent, and the LD, of MHV-inf-1
was ~2,000 PFU per mouse. The differences between the mor-
tality rates of the two viruses are not statistically significant.

Replication of MHV-inf-1 in mouse tissues. Following i.c.
infection of 4-week-old C57BL/6 mice with 1,000 PFU of either
MHV-inf-1 or MHV-AS59, the replication of the virus in brains
and livers was assessed by plaque assays (Fig. 4). Viral titers of
both MHV-inf-1 and MHV-AS59 peaked at day 5 and declined
thereafter. The viral titers of both infections were similar, with
slightly higher titers evident in MHV-inf-1-infected mouse
brains.

Histopathology of mouse brain and liver. Light microscopy
of HE-stained sections of liver during acute infection showed
foci of necrosis and inflammatory cells representing acute hep-
atitis (Fig. 5D). MHV-A59-infected mice and MHV-inf-1-in-
fected mice showed similar pathologies. Both groups of mice
were infected with a dose of 1,000 PFU per animal. During
acute infection with MHV-AS59, brain tissues showed acute
meningoencephalitis, including mononuclear inflammatory
cellular infiltration in perivascular spaces and slight parenchy-
mal infiltration. In addition, there was microglial and glial
proliferation and neuronophagia (Fig. 5A to C). The affected
regions of the brain were as previously described (20, 21).
Sections of the brains of mice infected with MHV-inf-1 exhib-
ited the same pathology at the same distribution and intensity.
The combined pathological score (on the basis of mild, mod-
erate, and severe disease [9]) of all animals infected with
MHV-AS59 was not statistically different from that of animals
infected with MHV-inf-1 in both liver and brain histology.

Chronic demyelination. The hallmark of MHV-AS59 infec-
tion is the ability to produce chronic demyelination similar to
the human disease multiple sclerosis. Infection of 4-week-old
C57BL/6 mice with MHV-inf-1 caused an amount of demyeli-
nation at 30 days postinfection (Fig. 5E) similar to that in mice
infected with the same dose (1,000 PFU) of MHV-AS59. De-
myelination was found in all mice (n = 9) in 65 out of 180
quadrants of spinal cord sections (36%). MHV-A59 infection
with 1,000 PFU of virus produced demyelination in 100% of
the mice (10 of 10) in 77 of 196 quadrants of spinal cord
sections examined (39%). The differences between the rates of
demyelination in the two viruses are not statistically significant.

DISCUSSION

In this study, we describe a genetic system based on a cloned
full-length DNA copy of the MHV-A59 genome. We show that
this cDNA can be stably propagated using a vaccinia virus
vector and that it is amenable to mutagenesis via vaccinia
virus-mediated homologous recombination. The parental
MHV-AS59 strain that we chose for the construction of the
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FIG. 5. Histopathology of mouse brain, spinal cord, and liver following infection with recombinant MHV-inf-1. Brain sections (A to C) at 7 days
postinfection show acute encephalitis with microglial nodules (A), perivascular mononuclear cellular infiltration in brain parenchyma (B) and
meninges, and microglial proliferation (C). (D) Liver sections at 5 days postinfection show numerous foci of necrosis and inflammation throughout
the liver parenchyma. (E) Sections of spinal cord at 30 days postinfection show multiple demyelinating lesions (arrow) in the white matter. Panels
A to C are HE stained at X400 magnification; plate D is an HE stain at X200 magnification; panel E is a Luxol fast blue stain for myelin at X50

magnification.

full-length cDNA produces high titers of virus in tissue culture
and is fully pathogenic in mice. The recombinant MHV de-
rived from the cDNA copy of this virus has the same pheno-
type as the parental virus in vitro and in vivo. Therefore, the
reverse genetic system we describe here represents a versatile
and universal tool to study all aspects of MHV molecular
biology and pathogenesis. Also, the system we describe will
provide a starting point for the generation of multigene RNA
vectors based on MHV. The concept of coronavirus multigene
vectors has been developed for HCoV-229E with the specific
goal of transducing human antigen-presenting cells in order to
mediate heterologous gene expression and induce both T-cell
and antibody responses to multiple antigens (35). Recently, it
has been shown that MHV-AS59 can infect murine dendritic
cells (38), indicating that MHV-based vectors with character-
istics similar to their HCoV-229E counterparts can be pro-
duced. This finding should encourage the establishment of a
murine model for the evaluation of coronavirus multigene
vaccines in preclinical trials.

In addition, we describe in this paper some technical im-
provements that will facilitate the mutagenesis and rescue of
recombinant coronaviruses in the vaccinia virus vector system.
For example, we show that the use of vaccinia virus-mediated
homologous recombination is not dependent on cloned plas-
mids as donor DNA. We demonstrate that fragments derived
from RT-PCR products, or even in vitro-ligated DNA frag-

ments, can be used for homologous recombination. This is of
particular interest in relation to the mutagenesis of regions
within the coronavirus genome that are difficult to clone and
maintain in plasmid DNAs. Second, we describe alternative
procedures for the rescue of recombinant coronaviruses from
c¢DNAs cloned in vaccinia virus vectors. For example, we have
shown that it is no longer required to grow large stocks of
purified vaccinia viruses in order to prepare DNA templates
for the in vitro transcription of a full-length MHV genome.
Our results show that as few as 10° vaccinia virus-infected cells
grown in a six-well dish suffice for the preparation of total
DNA suitable for the generation of infectious full-length MHV
RNA. Finally, we have shown that a BHK-21-derived cell line
expressing the MHV nucleocapsid protein (BHK-MHV-N) fa-
cilitates the efficient rescue of recombinant MHV. This obvi-
ates the need to coelectroporate genomic RNA and synthetic
mRNA encoding the nucleocapsid protein in order to rescue
recombinant virus and, more importantly, allows the analysis
of coronavirus MHV RNA synthesis in transfected cells.
MHYV represents by far the best-studied coronavirus. Much
of our knowledge of the molecular biology and pathogenesis of
coronavirus infections has been elucidated using MHV, and in
particular, reverse genetic approaches based on targeted re-
combination have contributed greatly to our present under-
standing of coronavirus biology (4, 5, 10, 26). The development
of a vaccinia virus vector-based reverse genetic system for
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MHYV will add further impetus to this research. However, the
relevance of MHV as a model of coronavirus infection has also
been significantly enhanced as a result of the identification of
SARS CoV as the causative agent of SARS (27). Specifically,
phylogenetic analysis has revealed a relationship of SARS CoV
to group II coronaviruses (which includes MHV) (32), and
given the striking homology of many coronavirus genes, par-
ticularly within the same phylogenetic group, the MHYV system
should provide the opportunity to study many aspects of SARS
CoV replication without the need to work under the most
stringent containment conditions. For example, it has been
shown already that the SARS CoV 3’ nontranslated region,
which includes predicted cis-acting RNA elements required for
genome replication, can function in chimeric MHV-SARS
CoV genomes (11). This result supports a functional relation-
ship of SARS CoV to other group II coronaviruses and indi-
cates that SARS CoV cis-acting RNA elements can interact
with MHYV replicative enzymes. Consequently, the analysis of
MHYV replication will ultimately lead to new insights into the
replication of SARS CoV, and this will include the analysis of
candidate inhibitors that target replicative functions. Thus, the
efficacy of putative SARS CoV replicase inhibitors can be
assessed in well-established MHV animal models, and the evo-
lution of resistance to such inhibitors can be studied in MHV
models of infection. In this context, reverse genetic systems for
MHYV can play an essential role in the development of strate-
gies to prevent and control coronavirus infections, including
SARS.
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