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High-frequency RNA recombination has been proposed as an important mechanism for generating viral
deletion variants of murine coronavirus. Indeed, a number of variants with deletions in the spike glycoprotein
have been isolated from persistently infected animals. However, the significance of generating and potentially
accumulating deletion variants in the persisting viral RNA population is unclear. To study this issue, we
evaluated the evolution of spike variants by examining the population of spike RNA sequences detected in the
brains and spinal cords of mice inoculated with coronavirus and sacrificed at 4, 42, or 100 days postinoculation.
We focused on the S1 hypervariable region since previous investigators had shown that this region is subject
to recombination and deletion. RNA isolated from the brains or spinal cords of infected mice was rescued by
reverse transcription-PCR, and the amplified products were cloned and used in differential colony hybridiza-
tions to identify individual isolates with deletions. We found that 11 of 20 persistently infected mice harbored
spike deletion variants (SDVs), indicating that deletions are common but not required for persistent infection.
To determine if a specific type of SDV accumulated during persistence, we sequenced 106 of the deletion
isolates. We identified 23 distinct patterns of SDVs, including 5 double-deletion variants. Furthermore, we
found that each mouse harbored distinct variants in its central nervous system (CNS), suggesting that SDVs
are generated during viral replication in the CNS. Interestingly, mice with the most severe and persisting
neurological disease harbored the most prevalent and diverse quasispecies of SDVs. Overall, these findings
illustrate the complexity of the population of persisting viral RNAs which may contribute to chronic disease.

The murine coronavirus mouse hepatitis virus JHM (MHV-
JHM) causes acute and chronic neurological disease upon
infection of the central nervous system (CNS) of susceptible
rodents and has been intensively studied as an experimental
model of human demyelinating diseases such as multiple scle-
rosis (10, 16, 34). The type of disease induced by MHV-JHM
depends on the strain of virus, the age and type of animal, the
amount of virus and route of inoculation, the host immune
status, and other experimental variables. Infection of mice with
attenuated strains of MHV-JHM often causes robust subacute
and chronic demyelination (11, 17, 18, 31, 40, 49, 54, 55). For
example, recent studies with MHV-JHM 2.2-V-1 have shown
that mice have prolonged paralysis and that persisting viral
RNA can be rescued from the CNS of these animals by reverse
transcription (RT)-PCR for up to 787 days postinoculation
(p..) (21) whereas infectious virus is typically cleared by 15 to
20 days p.i. Because of possible parallels of this experimental
model with chronic CNS diseases of humans and animals, we
sought to study the nature of the viral RNA that persists during
chronic MHV-JHM 2.2-V-1 infection and to examine its role
in pathogenesis.

MHV-JHM is an enveloped virus with a 32-kb single-
stranded RNA genome of positive polarity (24, 48). The MHV
virion is composed of four structural proteins: spike (S), mem-
brane (M), small membrane (sM), and nucleocapsid (N). In
addition, some strains of MHV express the hemagglutinin-
esterase (HE) glycoprotein. The spike glycoprotein (180 kDa)
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is proteolytically processed to two 90-kDa subunits, termed S1
and S2 (50). The spike glycoprotein is critical for receptor
binding and fusion with susceptible cells and is the target of
neutralizing antibodies (8). Studies with monoclonal antibod-
ies (MAbs) directed against the spike found that viruses which
escape neutralization were neuroattenuated, suggesting that
the spike plays a major role in MHYV pathogenesis (11, 17, 55).
Furthermore, these MAD escape variants were shown to have
deletions in the “hypervariable” region of S1 (nucleotides [nt]
1200 to 1800), implicating this region as a major determinant
for MHV neurovirulence (2, 43, 52, 53).

Many investigators have shown that during persistence of
MHYV in vivo, variants with deletions in the S gene are pro-
duced (see Fig. 1). Often, such variants have shown interesting
pathogenic properties such as reduced neurovirulence or in-
creased tropism for white matter. Also, genetic studies have
shown that the deletions in the S gene tend to cluster in a
hypervariable region near the same region deleted in MAb
escape mutants. The nature and significance of deletions in the
S gene remain unclear. One limitation of previous studies is
that they have focused exclusively on variants which produce
infectious virus. It is possible that these variants represent a
selected subpopulation of persisting genomes. Furthermore,
such variants have generally been isolated subacutely, at the
time that infectious virus is waning. Therefore, we sought to
characterize the population of viral RNA which persists at
later time points, when disease is chronic and infectious virus
typically cannot be recovered.

To address these issues, we developed a system to analyze
the population of persisting MHV RNA species and to identify
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FIG. 1. (A) Schematic representation of the 4,139-nt MHV-JHM spike gene sequence and previously identified variants containing deletions in the 3’ region of S1.
Nucleotide designations represent the first and last positions of the deleted region (i.e., 1627 to 1629 indicates that nt 1627, 1628 and 1629 are deleted). For ambiguous
cases, the deletion was defined as the 5'-most deletion possible. (B) Location of the PCR primer pair used to amplify S1 cDNA from the brains and spinal cords of
mice inoculated with MHV-JHM and of the full-length and core probes (837 and 63 bp, respectively) used in differential colony hybridization to identify individual

transformants containing S1 deletions.

and characterize the MHV spike deletion variants (SDVs) in
the population. We rescued the S1 region of the spike RNA,
known to be hypervariable, from the brains and spinal cords of
experimental mice by RT-PCR. This technique allowed us to
examine the population of persisting coronavirus RNA species
without bias or requirement that they generate infectious viri-
ons. We systematically studied the prevalence and nature of
deletions in the S1 region by cloning, differential hybridization,
and sequencing individual isolates. We show that SDVs are
common but are not required for persistent infection. When
SDVs were present during persistent infection, each mouse
harbored distinct variants in their CNS, suggesting that SDVs
are generated de novo and not from amplification of preexist-
ing variants in the input pool. With regard to biological signif-
icance, we found that SDVs were most prevalent in the spinal
cord RNA of mice with the most severe and prolonged neu-

rological impairment, suggesting an important role for SDVs
as a consequence or cause of disease during MHV persistence
in the CNS.

MATERIALS AND METHODS

Virus. MHV-JHM 2.2-V-1, a neuroattenuated variant of JHM-DL, was prop-
agated in DBT cells and assayed as previously described (17). MHV-JHM 2.2-
V-1 causes predominantly subacute and chronic demyelination in mice (17). The
entire spike gene of 2.2-V-1 has been sequenced and differs from the parental
strain JHM-DL spike gene sequence at one nucleotide (nt 3340) in the S2 region
of the spike gene, which results in an amino acid change from leucine to phe-
nylalanine (53).

Mice. Six-week-old male C57BL/6J mice (Jackson Laboratories, Bar Harbor,
Maine) were used in these experiments. Upon arrival, selected mice were tested
and found to be seronegative for murine coronavirus by enzyme-linked immu-
nosorbent assay (19). The mice were inoculated intracerebrally with 10° PFU of
MHV-JHM 2.2-V-1 (17) and periodically monitored for signs of paralytic disease
on a scale of 0 (normal) to 4 (paraplegia) (20). The mice were sacrificed by CO,
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inhalation on days 4, 42 and 100 p.i. The brains and spinal cords were removed
aseptically, immediately frozen on dry ice, and stored at —70°C.

RNA extraction. Brains and spinal cords were thawed, and each half brain and
spinal cord was manually disrupted in a Tenbrock homogenizer containing 4 ml
(brain) or 2 ml (cord) of RNA STAT (Tel-test Inc., Friendswood, Tex.) and
incubated for 5 min at room temperature. RNA was subsequently extracted by
addition of 0.2 ml of chloroform/ml of RNA STAT. The phases were separated
by centrifugation at 13,800 X g for 15 min at 4°C. The aqueous phase was
removed, and the RNA was precipitated in the presence of 0.5 ml of isopropanol
at room temperature for 10 min. The RNA was pelleted by centrifugation for 10
min at 13,800 X g and 4°C, and the pellet was washed with 1 ml of 75% ethanol
and then air dried for 5 to 6 min. Brain RNA pellets were resuspended in 25 pl
of diethylpyrocarbonate-treated water, and spinal cord RNA pellets were resus-
pended in 20 ul of diethylpyrocarbonate-treated water. The RNA quantity was
determined by optical density measurements at 260 nm. The integrity of the total
RNA was assessed by RT-PCR for ,-microglobulin mRNA. Input virus RNA
was isolated by mixing 5 X 10° PFU of MHV-JHM 2.2-V-1 with half of an
uninfected mouse brain and immediately subjecting the mixture to RNA extrac-
tion as described above.

RT-PCR of brain and spinal cord RNAs. Brain or spinal cord RNA (2 pg per
sample) was denatured with 20 mM methyl mercury hydroxide for 5 min at room
temperature, and B-mercaptoethanol was added at a final concentration of 0.14
M. For cDNA synthesis, the RNA was incubated at 42°C for 60 min in a reaction
mixture containing 50 mM Tris-HCI (pH 8.3), 50 mM KCI, 10 mM MgCl,, 10
mM dithiothreitol, 0.5 mM spermidine, 1.25 mM of each deoxynucleoside
triphosphate, 40 U of RNasin, 1 pg of random hexamer oligonucleotide primers,
and 12.5 U of avian myeloblastosis virus reverse transcriptase (Promega, Mad-
ison, Wis.). (The RT reaction mixture was preincubated for 30 min on ice prior
to cDNA synthesis.) The cDNA synthesis reaction was overlaid with a wax plug
(PCR Gems; Perkin-Elmer Cetus, Branchburg, N.J.) and then heat inactivated at
95°C for 3 min and quickly cooled on ice.

The synthesized cDNA was amplified by PCR, using a method adapted from
that of Saiki et al. (44) and Chang et al. (7) to minimize errors introduced by Tag
polymerase. Briefly, 20 ul of RT mixture was mixed with 80 wl of a master mix
buffer containing 7.5 mM Tris-HCI (pH 9.0), 0.075% Triton X-100, 0.25 pM
synthetic oligonucleotide primers S1-1 and S1-2 (1), and 2.5 U of Tag polymerase
(Promega). The PCR mixture was laid over the wax plug and subjected to 40
cycles of amplification, with each cycle consisting of 94°C for 1 min, 60°C for 1
min, and 72°C for 1 min. At the end of this period, an additional extension step
at 72°C for 7 min was performed. RT-PCR products were purified by the Wizard
PCR Preps DNA purification system (Promega), and 1/10 of the reaction prod-
ucts were analyzed by electrophoresis on a 1.5% agarose gel for 1 h at 100 V in
1X TBE (Tris-borate-EDTA) and visualized by ethidium bromide staining.

Cloning RT-PCR products. Purified RT-PCR products were ligated into the
cloning vector pPGEM-T (Promega). RT-PCR products which were not initially
detected by analysis of 1/10 of the reaction products by ethidium bromide
staining of a 1.5% agarose gel were concentrated by precipitation with 1 pl of
glycogen-1/10 volume of 5 M ammonium acetate-2.5 volumes of 100% ethanol
prior to ligation. The ligation reaction mixture included 30 to 50 ng of the
RT-PCR products, 1 U of T4 DNA ligase (Gibco-BRL), 50 ng of pGEM-T, 50
mM Tris-HCI (pH 7.6), 10 mM MgCl,, 1 mM ATP, and 1 mM dithiothreitol, and
the reaction was carried out at 14°C overnight. The ligation reactions were used
to transform high-efficiency competent Escherichia coli DHS5a cells (Bethesda
Research Laboratories). Blue/white selection was used to identify insert-contain-
ing colonies, which were picked and stabbed in duplicate in a grid format for
colony lifts. Differential colony hybridization was used to identify individual
transformants containing deleted forms of the spike gene sequence.

Generation and labeling of probes. An 832-bp wild-type S1 region was PCR
amplified with primers S1-1 and S1-2 (1) and subsequently cloned into pPGEM-T.
An 837-bp full-length probe was generated by EcoRI and BamHI restriction
digestion of the S1 wild-type-containing miniprep DNA. The resulting 837-bp
fragment was purified by electrophoresis on a 1% agarose gel and eluted from
the excised gel slice by centrifugation through glass wool. The gel-purified DNA
was concentrated and quantitated on a 1% agarose gel, and 10 ng of it was then
labeled.

The 63-bp core probe was generated by PCR amplification of wild-type S1
plasmid DNA with primers S1-5 (5'-CCATTTCGCCTCGGCAC-3") (nt 1548 to
1546) and S1-6 (5'-TTGGGTTTACAAGTGCACTC-3") (nt 1591 to 1610) under
the PCR conditions described above. The 63-bp product was isolated by elec-
trophoresis on a 5% nondenaturing polyacrylamide gel. The DNA was eluted
from the excised gel slice in 300 wl of gel extraction buffer (1X TE, 0.4 M NaCl,
0.1% sodium dodecyl sulfate [SDS], 5 mM MgCl,) by gentle mixing on a rotator
for 1 h. The gel-purified DNA was concentrated by ethanol precipitation and
quantitated on a 5% polyacrylamide gel. Approximately 10 ng of DNA was
ligated in the presence of 1 U of T4 DNA ligase overnight at 14°C to join the
63-bp DNA into concatamers and subsequently labeled.

A 10-ng portion of either 837- or 63-bp concatameric DNA was boiled in a
total volume of 38 pl for 5 min and quickly cooled on ice to generate single-
stranded DNA. Denatured DNA fragments were random-primer labeled in a
total volume of 50 wl by the addition of 10 ul of 5X labeling buffer, which consists
of 20 pl of solution A (1.2 M Tris-HCI [pH 8.0], 0.12 M MgCl,, 0.25 M B-mer-
captoethanol, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dTTP), 50 pl of solution B
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(2 M HEPES), and 30 pl of solution C [20 optical density units of random
hexamers per ml in 3 mM Tris-HCI (pH 8.0) and 0.2 mM EDTA]; 1 pg of bovine
serum albumin; 10 to 50 wCi of [a-*?P]dCTP (3,000 Ci/mmol [Amersham, Ar-
lington Heights, Ill.]); and 5 U of Klenow DNA polymerase (Promega Corp.,
Madison, Wis.) for 1 to 2 h at room temperature. The probes were purified away
from unincorporated nucleotides by elution from a G-50 Sepharose tuberculin
syringe column in 200 pl of TE (Tris-EDTA [pH 8.0]). The probes were dena-
tured in the presence of 1 mg of salmon sperm DNA by boiling for 4 min and
quickly cooling on ice, and the hybridization solution was added. The probes
were used at a final concentration of greater than 10° cpm/ml.

Differential colony hybridization. Approximately 100 colonies per transforma-
tion were picked onto a grid format with control colonies of vector alone and
vector plus full-length S1 insert. Colony lifts were performed as described by
Sambrook et al. (45) with 0.2-wm nitrocellulose filters (Schleicher & Schuell,
Keene, N.H.). The filters were dried for 30 min at room temperature and then
baked for 2 h in a vacuum oven at 80°C. They were soaked in 2X SSC (1X SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) for 2 min prior to prehybridization
for at least 2 h at 65°C in buffer consisting of 1% SDS, 0.5 M NaCl, 10% dextran
sulfate, and 100 pg of denatured salmon sperm DNA per ml. The filters were
then incubated overnight at 65°C with either the full-length 837-bp probe or the
core 63-bp probe (10 ng, 10° cpm/ml) (see Fig. 1). After hybridization, the blots
were washed for 5 min at room temperature in buffer containing 2X SSC and
subsequently washed in 2X SSC-0.1% SDS at 65°C for 20 min. The blots were
exposed to X-ray film at —80°C for 2 to 12 h. Colonies which hybridized to the
full-length 837-bp probe but not the core probe were selected for sequence
analysis.

Sequencing. Plasmid DNA was isolated from selected transformants by using
the Wizard Minipreps DNA purification system (Promega) and sequenced by the
Sanger dideoxy chain termination method (46) with Sequenase Enzyme 2.0
(Sequenase DNA sequencing kit, version 2.0; U.S. Biochemicals) and S1 region
primers (S1-2 and S1-3) (1), which flank the previously identified deletions. Thus,
the majority of the clones were sequenced from nt 1450 to 1795. In cases where
S1 deletions were large and extended beyond these regions, reverse and —40
primers as well as primer S1-1 (1) were used to sequence across the deletion. The
reaction products were analyzed on 5% Hydrolink (J. T. Baker) gels containing
7 M urea in TBE.

RESULTS

Detection of MHV S1 RNA deletion variants. As a first step
toward understanding the role of SDVs in the pathogenesis of
persistent MHV infection, we established a system to detect
and characterize SDVs from a population of persisting viral
RNAs. This system involves amplifying an 848-bp fragment
encompassing the MHV S1 hypervariable region from total
RNA isolated from the brains or spinal cords of infected mice
sacrificed at 4, 42, or 100 days p.i.; cloning the amplified prod-
ucts; and identifying deletion variants by differential colony
hybridization with a probe to the entire S1 domain (837 bp)
and a core probe (63 bp) which represents a domain which is
consistently deleted in documented MHV variants (Fig. 1).
This system allowed us to detect and characterize individual
SDVs from a population of persisting viral RNAs.

We first examined the prevalence of SDVs during the acute
stage of infection and within the input virus population. To
determine if SDVs are detected in the acute stage of infection,
we isolated RNA from the brains and spinal cords of mice at 4
days p.i. and subjected it to RT-PCR amplification, cloning,
and differential hybridization (as described above). As shown
in Fig. 2, the S1 domain is detected by RT-PCR analysis in
both the brains and spinal cords of all 10 MHV-infected mice.
Using differential colony hybridization to evaluate approxi-
mately 70 cloned isolates per mouse CNS site, we determined
that 4 of the 10 acutely infected mice harbored low frequencies
(1 to 3%) of SDVs (Tables 1 and 2). To determine if SDVs
were present in the input virus inoculum, MHV genomic RNA
was isolated and subjected to RT-PCR amplification of the S1
domain, as described in Materials and Methods. The S1 PCR
products were cloned, and 849 clonal isolates were examined
by differential hybridization as described above. We identified
one deletion isolate, indicating that an SDV is detectable,
albeit at a low frequency (1 of 849), within the input virus
population (Tables 1 and 2). These results indicate that the
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FIG. 2. Persistence and evolution of MHV-JHM 2.2-V-1 RNA in the brains and spinal cords of C57/BL6 mice. Brain and spinal cord RNA was isolated from 10
mice each on days 4, 42, and 100 p.i. and subjected to RT-PCR amplification with spike-specific primers (S1-1 and S1-2). Numbers 1 through 10 represent individual
mice whose brains and spinal cords were analyzed. Individual samples were later designated by the day of sacrifice and mouse number (example 42-1), and “B” or “C”
was added to indicate the origin of the RNA (brain or spinal cord) of that mouse. PCR products were analyzed by electrophoresis on a 1.5% agarose gel and visualized

by ethidium bromide staining.

majority of the S1 RNAs are in fact full length both in the input
virus and during the acute phase of infection. Indeed, our
method of amplification and cloning may enhance our ability
to detect deletion variants, since smaller PCR products may be
amplified and cloned at a slightly higher efficiency than the
full-length sequence. Overall, these results indicate that SDVs
are detectable at a low level both in the input virus and in some
mice in the acute stage of infection, before the development of
a specific immune response to which escape mutants may be
selected.

To determine if SDVs are detected during persistent infec-
tion, RNA isolated from the brains and spinal cords of mice
sacrificed on days 42 and 100 p.i. was subjected to the same
analysis. At 42 days p.i., a 848-bp S1 product was detected in
both the brains and spinal cords of all 10 mice. However,
additional, smaller PCR products were detected in at least five
mice (Fig. 2). Cloning of the PCR products followed by differ-
ential colony hybridization showed that 7 of the 10 mice har-
bored SDVs (Tables 1 and 2). The SDVs represented 4 to 44%
of the total S1 products from these mice. Interestingly, 3 of the
10 mice had undetectable levels of SDVs but were clearly
persistently infected with MHV. Overall, these results indicate
that SDVs are common but are not required for MHV persis-
tence.

Similar results were seen in the mice sacrificed at 100 days
p-i. RT-PCR amplification of MHV S1 RNA isolated from
brains shows that all 10 mice were persistently infected with
MHYV (Fig. 2). In addition to the wild-type product of 848 bp,
we identified putative deletion variant PCR products in 4 of
the 10 mice. Differential hybridization of isolated clones again

verified that SDVs were detected in 4 of 10 persistently in-
fected mice (Tables 1 and 2). In contrast to the day 100 brain
RNA samples, MHV S1 sequences were visualized from only 2
of 10 spinal cord RNA samples, suggesting that MHV RNA
was absent or present at only very low levels in the spinal cord
in the majority of mice. The integrity of all the spinal cord
RNA samples was verified by amplification with primers spe-
cific to B,-microglobulin (data not shown). Interestingly, of the
two mice in which S1 RNA is detected in the spinal cord, one
harbored exclusively wild-type S1 (mouse 100-5) and the other
harbored exclusively SDVs (mouse 100-1) (Table 1). These
results are consistent with our earlier observation that SDVs,
while not required for persistent infection, may predominate in
some mice during the chronic phase of disease.

Correlation of SDVs with neurological impairment. To de-
termine if there was an association between clinical signs of
demyelination and the presence of SDVs, we evaluated all
mice for clinical signs of neurological disease throughout acute
and persistent stages of infection. Mice were graded on a scale
of 0 to 4 (0 indicating no abnormality, 1 indicating minimal gait
abnormality, 2 indicating moderate paraparesis, 3 indicating
severe paraparesis, and 4 indicating parapalegia). The majority
of infected mice exhibited transient hind-limb paralysis (grade
3 or 4) by day 14 p.i., as expected (Table 1) and subsequently
recovered. However, 5 of the 20 persistently infected mice
exhibited severe and chronic neurological impairment (clinical
score 4 on both days 14 and 24 [Tables 1 and 2]). These mice
also harbored the highest frequencies of SDVs in their spinal
cords (Fig. 3). In contrast, SDVs were less prevalent in mice
with less severe signs of neurological disease (scores 1 to 3 on
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TABLE 1. Detection of viral quasispecies during persistent MHV-JHM infection
Clinical score” on p.i. day: Brain Spinal cord
Mouse and day p.i.
sacrificed? 4 14 24 4 100 No. of clones deleted/ % SDV No. of clones deleted/ % SDV
no. of clones analyzed clones no. of clones analyzed clones
Day 4
4-1 0 2/71 3 2/71 3
4-2 0 0/71 0 0/73 0
4-3 0 0/76 0 0/73 0
4-4 0 0/80 0 1/78 1
4-6 0 0/82 0 0/82 0
4-8 0 0/82 0 0/70 0
4-9 0 2/76 3 0/79 0
4-10 0 0/78 0 0/78 0
4-7 1 0/85 0 0/72 0
4-5 1 1/76 1 0/83 0
Day 42
42-9 3 2 1 0/73 0 0/114 0
42-8 4 2 1 0/94 0 3/74 4
42-7 3 3 2 0/70 0 3/79 4
42-4 ND 3 2 0/74 0 0/96 0
42-3 ND 3 2 0/77 0 0/75 0
42-6 4 3 2 9/89 10 0/75 0
42-10 4 3 3 6/118 5 0/72 0
42-1¢ ND 4 2 0/71 0 5/79 11
42-5¢ 4 4 2 0/92 0 9/77 12
42-2¢ ND 4 4 23/52 44 17/91 19
Day 100
100-9¢ 0 1 1 0/83 0 — —
100-8 4 3 0 0/86 0 — —
100-6 3 2 1 0/166 0 — —
100-7 3 1 2 13/166 8 0/2 0
100-4 3 3 1 0/85 0 — —
100-2 3 3 2 80/82 98 — —
100-10 4 3 2 0/75 0 — —
100-5 3 3 2 0/94 0 0/77 0
100-3¢ 4 4 3 9/83 11 — —
100-1¢ 4 4 3 15/66 23 19/19 100

¢ Individual samples were designated by day of sacrifice and mouse number (for example, 42-1 indicates mouse number 1 sacrificed on day 42).
® Clinical scores: 0, normal mouse; 1, minimal gait abnormality; 2, moderate paraparesis; 3, severe paraparesis; 4, parapalegia; ND, not determined.

¢ Mice with severe and prolonged neurological disease.

4 Detection of viral RNA in the brain indicates that this mouse was infected; however, no significant clinical signs of MHV pathogenesis were observed.

¢ —, viral RNA was not detected by RT-PCR.

day 24). Indeed, we found a statistically significant difference
(P = 0.0025; Mann-Whitney U test) in the percentage of SDVs
in the spinal cords of mice with clinical scores of 4 versus mice
with clinical scores of 1 to 3 (Fig. 3). In addition, we found an
overall modest but positive correlation between the clinical
scores (1 to 4) of mice and the percentage of SDVs in the
spinal cord and brain (Fig. 3 [Pearson correlation coefficient;
P = 0.045 for spinal cord, P = 0.051 for brain]). These results

TABLE 2. Summary of analysis of SDVs identified from the brains
and spinal cords of mice

No. deleted/total no. of  No. of mice with

Time p.i. clones analyzed deleted forms % SDV clones”
Input virus 1/849 £ 0.1
Day 4 8/1,536 4/10 1-3
Day 42 75/1,642 7/10 4-44
Day 100 136/1,084 4/10 8-100

“ Range of percent SDVs in the CNS of mice with at least one deletion.
® RNA was isolated from an uninfected mouse brain that was mixed with 5 X
10° PFU of MHV-JHM 2.2-V-1.

suggest that the prevalence of SDVs during persistent infection
is associated with more severe clinical manifestations of demy-
elination.

Characterization of MHV SDVs. To characterize the popu-
lation of MHYV deletion isolates, we sequenced 106 individual
SDV clones. Of these, 58 may represent unique species distin-
guishable by deletions and flanking point mutations (Table 3).
Twenty-three distinct patterns of SDVs were identified and are
displayed according to increasing size of the deletion (Fig. 4).
We also categorized the SDVs according to the time p.i. during
which they were identified and the site from which they were
isolated (e.g., 42B indicates brain RNA obtained on day
42 p.i).

Several important points can be derived from this data. First,
SDVs appear to arise during viral replication in the CNS. This
is supported by the fact that we detected 13 isolates with
deletions smaller than the single SDV identified in the input
virus. These results indicate that the input SDV we detected
was probably not the “founder” virus for all subsequent SDVs
in the CNS. In addition, we found that the majority of SDVs
were unique to an individual mouse (Fig. 4). These results
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FIG. 3. Correlation of the frequency of detectable SDVs with neurological
impairment. Mice sacrificed on days 42 and 100 were examined for clinical signs
of hind-limb paralysis. All mice were examined at the same time point (day 24),
after subacute disease commonly resolves, to identify mice that were developing
prolonged or unusually severe paralysis. Clinical score: 0, normal mouse; 1,
minimal gait abnormality; 2, moderate paraparesis; 3, severe paraparesis; 4,
parapalegia. Differential colony hybridization was used to detect deletion vari-
ants from the brains (open circles) and spinal cord (solid squares) of mice.

suggest that the generation and evolution of SDVs is a random
event within each mouse. Furthermore, within some individual
mice, we detected SDVs in the brain which were distinct from
those in the spinal cord (e.g., mice 42-2 and 100-1 [Table 3]).
This de novo generation of MHV SDVs is consistent with the
stochastic process of generating viral deletion variants, bottle-
necks, and the expansion of quasispecies that has been de-
scribed for other viral systems (12, 13, 23, 39).

Second, SDVs probably continue to arise throughout persis-
tent infection. We detected a wide range of SDVs at each time
p.i. For example, on day 42 p.i., SDVs ranging from 84 to 479
bp were detected. On day 100, we detected nine different SDVs
ranging from 84 to 179 bp. We also detected multiple SDVs
from a single site (Table 3). About half of the SDVs (52%)
were in frame (Fig. 4) and thus have the potential to encode a
functional S1 region of the spike glycoprotein. However, 11 of
23 SDVs detected during persistent infection were out of
frame, suggesting either that these “defective” SDVs are rep-
licated and maintained during persistent infection or that such
defective RNAs are generated throughout persistent infection.
Ongoing evolution of the MHV SDVs is further supported by
the detection of double-deletion variants. Indeed, SDV 9 (de-
letion 1524 to 1625) may serve as the parent for the double-
deletion variants 10 (deletions 1524 to 1625 and 1648 to 1654)
and 20 (deletions 1524 to 1625 and 1425 to 1506). Both single
and double SDVs were detected in the spinal cord RNA of
mouse 42-2 and mouse 100-1 (Table 3). Overall, these results
are consistent with continued replication and evolution of
SDVs throughout persistent infection.

To determine if a particular sequence is frequently involved
in recombination events, we graphed the nucleotide position of
the endpoints of the SDVs identified from the 30 mice and
plotted the frequency of each in independent deletion events
(Fig. 5). Independent deletion events were defined by two
criteria: (i) they are identified within an individual mouse or
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mouse CNS site, and (ii) they possess independent crossover
sites. Because of the possible bias of PCR amplification and
introduction of point mutations, the plotted frequency does
not reflect the abundance of clones with the same deletion
endpoints within an individual mouse, regardless of point mu-
tations. We found that the SDVs generated in the mice sacri-
ficed on days 4, 42 and 100 all cluster in a hypervariable region
of S1 around nt 1500 to 1650. The nonrandom clustering of
SDVs may occur as a consequence of the RNA secondary
structure in the S1 domain.

We also noted that positions 1524 and 1625 are the most
frequent sites involved in recombination events and that, over
time, the distribution of the deletion events expands over the
hypervariable region. This finding is in contrast to the cluster-
ing and eventual loss of recombinants that were generated
during coinfection of MHV-A59 and MHV-JHM and passage
in DBT cells (2a). This indicates that the selective pressures in
the CNS are quite distinct from that of in vitro DBT culture
conditions and may favor the “fitness” of different SDVs (12,
14, 23).

Detection of MHV S1 quasispecies in mice with prolonged
neurological impairment. As described above, we noted that
SDVs were most prevalent in mice which exhibited the most
severe and prolonged clinical signs of demyelination through-
out persistent infection (mice 42-1, 42-5, 42-2, 100-1, and 100-
3). These severely impaired mice harbored multiple SDVs with
flanking point mutations (Table 3). Two of the five mice also
harbored double SDVs. These mice were striking because of
the prevalence of in-frame SDVs detected in the spinal cord
RNA (ranging from 11 to 100% of the S1 isolates). These
results are consistent with the earlier observations of Morris et
al. (40) suggesting that infectious deletion variants with altered
tropism or demyelinating potential may be responsible for the
more severe pathogenesis observed in some mice.

DISCUSSION

In this study, we examined the population of coronavirus
spike deletion variants (SDVs) in the CNS of persistently in-
fected mice. The approach we used was to rescue viral RNA
from the CNS by RT-PCR, clone the amplified products, and
detect SDVs by differential hybridization. Our initial studies
were directed to the S1 hypervariable region, since previous
investigators have shown that this region is subject to recom-
bination and deletion (Fig. 1). We found that the majority of
persistently infected mice harbored a mixture or quasispecies
of full-length and deleted forms of the MHV S1 region. We
detected both in-frame and out-of-frame SDVs and a number
of double-deletion variants, suggesting that SDVs may be gen-
erated and continue to evolve throughout persistent infection.

In the acute phase of infection (day 4), we detected SDVs in
4 of 10 mice. At this stage, SDVs represented no more than 3%
of the viral RNA population. Thus, low percentages of SDVs,
undetectable by agarose gel electrophoresis, could be detected
by differential colony hybridization. These SDVs were proba-
bly generated during viral replication in the CNS since they are
distinct from the SDV we identified in the input virus. The
detection of SDVs on day 4 suggests that deletions are gener-
ated at a low frequency even before specific humoral and
cellular immune responses can select viral SDVs from the viral
population; i.e., SDVs generated acutely may be favored by
pressure from the innate immune response or by intrinsic re-
quirements of replication in CNS cells. In the chronic phase of
infection (days 42 and 100), we detected SDVs in 11 of 20
mice. These results indicate that SDVs are common but are
not required for persistent infection. In mice in which SDVs
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TABLE 3. Characterization of mutations and deletions detected in the S1 region of the spike during persistent MHV-JHM infection

Mouse” Clone(s) Deletion Opefn reading Point mutation Codon change Amino acid
rame change
Input 1 1473-1625 +
4-1(B) 1,2 1524-1625 + 1634 G—=A CGC—CAC R—H
1654 A—G ATT—-GTT -V
4-1(C) 1,2 1524-1625 + 1634 G—A CGC—CAC R—H
1654 A—G ATT—-GTT -V
4-4(C) 1 1499-1672 +
4-5(B) 1 1526-1625 -
4-9(B) 1,2 1524-1625 + 1634 G—A CGC—CAC R—H
1654 A—G ATT—-GTT -V
42-1(C)b 1 1524-1616 + 1636 T—C TGT—CGT C—R
1674 T—C CAT—CAC H—H
1746 T—C AAT—AAC N—-N
2,3 1524-1616 +
4 1530-1616 +
5 1411-1646 -
42-2(B)b 1 1524-1625 + 1744 A—>T AAT—TAT N—-Y
2 1524-1625 + 1718 A—G GAT—GGT D—G
3-10 1524-1625 +
42-2( C)b 1 1524-1625 + 1829 T—C ATT—ACT 1-T
2-8 1524-1625 +
9¢ 1524-1625 - 1752 T-C CTT—CCT L—P
1648-1654
10¢ 1425-1506 -
1524-1625
42-5(C)b 1 1533-1616 + 1691 T—A GTT—GAT V—-N
1763 G—C TGG—-TCG W-—S
2 1533-1616 + 1521 T—C CAT—CAC H—H
3 1533-1616 + 1654 A—G ATT—-GTT -V
4 1533-1616 + 1634 G—=A CGC—CAC R—H
1501 T—G TGC—GGC C—-G
5 1533-1616 + 1485 A—G AAA—AAG K—K
6-8 1533-1616 +
9 1499-1813 + 1891 G—=T GTT-TTT V—F
1422 G—=C GTG—-GTC V-V
42-6(B)” 1-4 1473-1625 +
5-6 1524-1616 +
7-8 1524-1625 + 1654 A—G ATT-GTT -V
9 1524-1625 + 1654 A—G ATT—-GTT -V
1634 G—=A CGC—CAC R—H
42-7(C)b 1¢ 1520-1627 -
1513-1514
1526-1616 - 1456 A—G ATA—GTA -V
1528-1625 - 1797 C—T CCA—-TCA P—>S
42-8(C) 1 1305-1783 -
2 1305-1783 - 1825 G—A TGG—TAG W—Term
3 1305-1783 - 1864 T—C ATT—ACT 1-T
42-10(B) 1-4 1532-1618 +
5 1532-1618 + 1682 G—=A GGT—GAT G—D
6 1532-1618 + 1749 T—C GAT—GAC D—D
100-1(B) 1 1497-1645 - 1445 C—>T GCA—GTA A=V
2 1497-1645 - 1677 T-G TGA—->GGA Term—G
1702 A—G TAA—-TGA Term—Term
3 1497-1645 - 1799 A—G CCA—CCG P—P

Continued on following page
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TABLE 3—Continued
Mouse” Clone(s) Deletion Opetl; arriz:.:ding Point mutation Codon change Argég?lga;id
4 1497-1645 - 1816 T—=C ATT—ACT 1-T
5 1497-1645 - 1861 C—A ACA—ATA T-—I
6-10 1497-1645 -
100-1 (C)b 1 1473-1625 + 1677 T=C TGT-TGC C—=C
2-5 1473-1625 +
6° 1473-1625 + 1730 G—A GGC—-GAC G—N
1737-1763
7-9¢ 1473-1625 +
1735-1761
10 1533-1616 + 1478 A—G CAG—CGG Q—R
1718 A—G GAT—-GGT D—G
100-2(B) 1 1499-1654 + 1494 T—C TCT—TCC S—S
2 1499-1654 + 1695 A—T TTA—TTT L—F
3 1499-1654 + 1720 C—>T TCC—-TTC S—F
4 1499-1654 - 1763 G—A TGG—TAG W—Term
5-9 1499-1654 +
100-3(B)b 1 1495-1673 - 1690 G—C TGT—-TCT C-=S
2-4 1495-1673 -
5-10 1532-1620 -
100-7(B) 1,2 1524-1646 + 1490 T—A ATG—AAG M—-K
3 1524-1646 + 1728 G—=A AAG—AAA K—K
4-10 1524-1646 +

¢ Individual samples were designated by day of sacrifice, mouse number, site of RNA isolation [brain (B), cord (C)], and clone number, for example, 42-1(C)4

indicates mouse 1 sacrificed at day 42 p.i., spinal cord sample, clone 4.
> Mice with more than one type of deletion.
¢ Clone contains a double deletion.

were detected, we found an expansion in the diversity of the
SDVs (compared with the acute phase), in terms of both the
percentage of the population (4 to 100% of the amplified
RNA) and the complexity of the SDVs, as seen in double
SDVs. These results are consistent with continued evolution of
the viral RNA during persistent infection.

To assess the biological importance of SDVs in the patho-
genesis of demyelinating disease, we monitored the mice for
clinical signs of neurological disease. Following MHV infec-
tion, most mice experienced transient hind-limb paralysis on
day 14 p.i. The majority of mice recover, exhibiting less severe
clinical signs of neurological impairment. Interestingly, we
found the most diverse collection of SDVs in the mice with the
most severe clinical disease and most impaired recovery (as
defined by clinical score of 4 on both days 14 and 24). However,
the reason for this severe disease is currently unclear. The
presence of SDVs may reflect an initial high level of viral
replication in the CNS and therefore more opportunity to
generate SDVs, but the SDVs themselves may not be patho-
genic. Alternatively, SDVs may be propagated by selective
advantage, such as altered tropism, or reduced fusogenicity
and cytopathic effects. A subset of SDVs may be responsible
for the chronic demyelination that we and other investigators
have reported (40, 54).

Our study suggests that critical determinants of pathogenesis
in an individual mouse may be the particular expansion and
selection of viral RNA quasispecies which occur within that
mouse, especially during the early stages of infection (13, 14,
23). Such stochastic processes may contribute to the diversity
of disease outcomes observed when inbred mice are challenged
with aliquots of the same viral pool. In fact, several prior
studies have suggested that subtle variations in input MHV

may have a crucial influence on disease course. For example,
Wege et al. (54) showed that inoculation of uncloned MHV-
JHM induced a spectrum of acute and subacute diseases
whereas inoculation of plaque-purified MHV-JHM (large or
small plaque) predominantly caused a fatal, acute disease.
Also, Morris et al. (40) reported that inoculation of the spike
deletion isolate AT11f into rats caused a range of pathogenesis
as monitored by the pattern of neurological lesions. Taken
together, these studies and our present results suggest that
minor differences in input virus or virus replicating shortly
after inoculation of an individual animal may be progressively
amplified and result in major differences in the ultimate dis-
ease outcome. Our demonstration that SDVs are infrequent in
in vitro viral stocks but often are the predominant viral RNA
species in mice with severe and chronic disease is consistent
with this hypothesis and suggests that SDVs, once generated in
vivo, may be subject to strong positive selection. Future studies
will address these issues in more detail by inoculating mice
with defined mixtures of viruses with distinct S genotypes and
then analyzing subsequent disease course and progeny S ge-
notypes.

We note that these SDVs deleted a recently identified T-cell
epitope (nt 1528 to 1554) (3, 6, 43a) which overlaps with the
core probe (nt 1548 to 1610) used to detect SDVs by differ-
ential colony hybridization (Fig. 4). Interestingly, the SDVs
exist as a mixed population with wild-type S1 sequences, sug-
gesting that loss of the T-cell epitope is not required for per-
sistent infection. The persisting mixed population or quasispe-
cies may induce “antigenic oscillations” (4, 9, 29, 30, 41) in
which subdominant epitopes are recognized by T cells. Anti-
genic oscillation has been proposed as a mechanism contrib-
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FIG. 4. Schematic representation of deletions identified in the S1 region of the spike gene (SDVs). The S1 RT-PCR products of 30 mice were analyzed by
differential colony hybridization to identify individual clones with deletions. A total of 23 independent SDV patterns were identified by sequencing isolated clones and
are designated 1 to 23 by increasing size of deletion. SDVs were designated according to the time p.i. when they were identified. I, input virus; 4B, day 4 brain; 4C,
day 4 spinal cord; 42B, day 42 brain; 42C, day 42 spinal cord; 100B, day 100 brain; 100C, day 100 spinal cord. SDVs were identified in only one mouse during the
indicated time p.i. unless otherwise indicated. CP, core probe; %, double-deletion variants. T-cell epitopes are as identified by Castro and Perlman (6).

uting to the inability of the immune system to effectively clear
viral infections (42).

The mechanism proposed to be responsible for generating
MHYV SDVs is copy choice RNA recombination (27, 32, 38).
Experimental evidence for copy choice RNA recombination
suggests that the recombination of RNA viruses occurs most
frequently during negative-strand synthesis (5, 26, 28, 35). Ac-
cording to this model, SDVs may be generated when a nascent
RNA dissociates from the positive-strand template and rebinds
to alternative sites on the template RNA. The rejoining of the

nascent RNA may occur at regions of homology at the site of
dissociation (homologous recombination), at alternative re-
gions of homology (aberrant-homologous recombination), or
at distinct, nonhomologous sites (nonhomologous recombina-
tion). Aberrant-homologous recombination has been proposed
as a mechanism for generating deleted RNA genomes for a
number of RNA viruses including MHV (2) and flock house
virus (35). Aberrant-homologous recombination appears to re-
quire only short stretches of homologous sequence (3 to 7 nt).
In our study, we found that seven SDVs (SDV 6, 9, 11, 13, 15,
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FIG. 5. Frequency distribution of crossover sites of SDVs identified from 30 mice sacrificed on day 4 (A), day 42 (B), and day 100 (C) p.i. The nucleotide positions
(x axis) of the endpoints of the left (open bars) and right (solid bars) sequence are indicated. The frequency (y axis) of endpoints in independent deletion events is shown.
Independent deletion events are those arising in an individual mouse in either the brain or spinal cord. Designation of left and right crossover sites is based on copy
choice RNA recombination, which may occur during either positive- or negative-strand RNA synthesis.

16, and 22) have short (3- to 4-nt) regions of homology be-
tween the putative donor and junction sites. Significantly, the
majority of the MHV SDVs did not possess regions of homol-
ogy at the putative crossover sites and therefore were most
probably generated by nonhomologous recombination.

It is currently unclear why the S1 hypervariable region is so
frequently involved in generating the SDVs. As previously pro-
posed by Banner et al. (2), one possibility is that during RNA
synthesis, an RNA secondary structure in the S1 domain causes
the RNA polymerase to pause and thereby promotes the dis-
sociation of the nascent RNA from the template. The replica-
tion complex would then be available to rejoin the template by
homologous or nonhomologous RNA recombination. Alterna-
tively, copy choice recombination may be occurring randomly
throughout the MHV RNA, and only RNA species that are
selected during persistent infection are propagated (2a). In-
deed, both high-frequency recombination sites and selective
pressures may well contribute to the ultimate population of
MHYV RNAs detected during persistent infection. Future stud-
ies will be directed at investigating the role of the RNA sec-
ondary structure and selective pressures in the generation of
MHYV SDVs and quasispecies expansion during persistent in-
fection.
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