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CS57BL/6 mice infected with mouse hepatitis virus strain JHM (MHV-JHM) develop a chronic demyelinating
encephalomyelitis several weeks after inoculation. Previously, we showed that mutations in the immunodom-
inant CD8 T-cell epitope (S-510-518) could be detected in nearly all samples of RNA and virus isolated from
these mice. These mutations abrogated recognition by T cells harvested from the central nervous systems of
infected mice in direct ex vivo cytotoxicity assays. These results suggested that cytotoxic T-lymphocyte (CTL)
escape mutants contributed to virus amplification and the development of clinical disease in mice infected with
wild-type virus. In the present study, the importance of these mutations was further evaluated by infecting
naive mice with MHV-JHM variants isolated from infected mice and in which epitope S-510-518 was mutated.
Compared to mice infected with wild-type virus, variant virus-infected animals showed higher mortality and
morbidity manifested by decreased weight gain and neurological signs. Although a delay in the kinetics of virus
clearance has been demonstrated in previous studies of CTL escape mutants, this is the first illustration of
significant changes in clinical disease resulting from infection with viruses able to evade the CD8 T-cell

immune response.

Cytotoxic T-lymphocyte (CTL) escape mutants have been
identified in several viral infections and appear to be most
important when the CTL response is strong and functionally
monospecific (10, 19, 25). Such mutants have been detected in
human patients infected with human immunodeficiency virus
type 1 (HIV-1), hepatitis B virus, hepatitis C virus, and Ep-
stein-Barr virus (3, 4, 10, 12, 18, 19, 25, 36, 38, 45, 47). CTL
escape mutants have also been identified in animal models of
viral infections. CTL escape mutants were first identified in
mice transgenic for a T-cell receptor for lymphocytic chorio-
meningitis virus that were infected with this virus (37). In later
studies, wild-type mice were infected with virus mutated in one
or more of the immunodominant CTL epitopes (23, 29). In-
fection with mutated virus did not result in increased morbidity
or mortality, although the kinetics of virus clearance was de-
layed. These studies in humans and experimental animals sug-
gest but do not prove that CTL escape mutants result in dis-
ease progression or significantly change the outcome of the
infection in question.

In previous reports, we showed that viral CTL escape mu-
tants were selected in C57BL/6 (B6) mice infected with wild-
type mouse hepatitis virus strain JHM (MHV-JHM) (34, 35).
In the model used in those experiments, suckling B6 mice were
infected intranasally with MHV-JHM at 10 days of age. To
prevent the fatal acute encephalitis, pups were nursed by dams
previously immunized against the virus. Mice infected with
wild-type MHV-JHM remained asymptomatic during the early
stages of the disease process, but 40 to 90% developed a
chronic demyelinating disease with clinical signs of hind limb
paralysis several weeks after inoculation (33). Virus was readily
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isolated from symptomatic mice but not from those that re-
mained asymptomatic (33). Previously, we and others showed
that two CD8 T-cell epitopes within the surface (S) glycopro-
tein of the virus were recognized by CTLs in B6 mice (2, 7).
The more immunodominant of the two, encompassing amino
acids 510 to 518 of the S glycoprotein (S-510-518 [CSLWNG
PHL]), was mutated in nearly all samples of virus isolated from
symptomatic mice (34). Epitope S-510-518 is encoded by a
region of the S gene prone to deletion and single-base muta-
tion (1, 7, 31, 40), and this may enhance the likelihood of
development of CTL escape mutants. Mutations in residues 2
to 7 of the epitope have been detected, although only a single
nucleotide change was usually present in the RNA isolated
from an individual animal (34, 35). These mutations abrogated
recognition by CTLs isolated from the central nervous systems
(CNS) of MHV-infected mice and assayed in direct ex vivo
cytotoxicity assays (34). Mutations were not detected in the
RNA encoding the less dominant CTL epitope encompassing
residues 598 to 605 of the S glycoprotein (S-598-605 [RCQIF
ANI]) or in the RNA flanking either of these epitopes. Muta-
tions arose at early times after infection and were only rarely
detected in mice that did not develop clinical disease (34, 35).
From these results, we concluded that the development of CTL
escape mutants was necessary but not sufficient for the expres-
sion of clinical disease in B6 mice.

Although antiviral CDS8 T cells are critical for clearance of
MHYV (11, 15, 46) and variant virus was most likely selected by
escape from the immune response, it was not possible to de-
termine definitively from those experiments whether CTL es-
cape variants contributed to virus persistence or arose as a
consequence of persistence. If CTL escape mutants are a ma-
jor factor in virus persistence, infection of naive mice with
MHV-JHM mutated in epitope S-510-518 (variant virus) un-
der the same experimental conditions as described above could
change the balance between the pathogen and host and
thereby provides an excellent model for determining whether
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infection with CTL escape mutants can cause more rapid dis-
ease progression and a worse outcome.

MATERIALS AND METHODS

Animals. MHV-seronegative 5- or 6-week-old B6 and BALB/c mice were
purchased from Jackson Laboratories (Bar Harbor, Maine) and Harlan Sprague
Dawley (Indianapolis, Ind.). Mice were inoculated intranasally with 4 X 10* PFU
of wild-type or variant virus. Animals were monitored daily for clinical disease,
and weights were determined every 4 to 6 days until sacrifice.

Cells. BALB/c 17CI-1 cells were grown in Dulbecco modified Eagle medium
supplemented with 5% fetal calf serum, 5% tryptose phosphate, and antibiotics.
EL-4 (H-2°) and MC57 (H-2") cells were grown in RPMI medium supplemented
with 10% fetal calf serum and antibiotics.

Viruses. MHV-JHM, used in all studies, was grown and titers were determined
as previously described (33). MHV-JHM with mutations in epitope S-510-518
was harvested from chronically infected brains and spinal cords. Virus was
plaque purified twice, and larger amounts were prepared by growth in 17CI-1
cells. The presence of the desired mutations in S-510-518 was confirmed by
sequencing as previously described (34). No mutations were detected in epitope
S-598-605 or in the 200 nucleotides surrounding either epitope (34). Virus titers
from infected brains and spinal cords were determined as previously described
(33).

Recombinant vaccinia virus (VV) expressing the nucleocapsid (N) (VV-N),
transmembrane (M) (VV-M), and S (VV-S) glycoproteins were constructed as
described previously (28). A recombinant VV expressing the small membrane
protein (E) (VV-E) was provided by J. Leibowitz, Texas A&M University. The
N, M, and S genes were cloned behind the T7 promoter and required coinfection
with vITF7.3 (kindly provided by B. Moss, National Institutes of Health) to
provide T7 RNA polymerase. The E gene was under the control of an early-late
VV promoter.

Isolation of mononuclear cells from the CNS. Cells were isolated from the
CNS of B6 mice as previously described (6). In brief, mice were perfused with
phosphate-buffered saline, and brains 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, the cell pellet was washed twice, and the cells were counted.

Direct ex vivo cytoxicity assays with CNS-derived lymphocytes. Mononuclear
cells were harvested from the brains of B6 mice acutely infected with variant
virus and analyzed in direct ex vivo cytotoxicity assays with EL-4 cells coated with
the indicated peptides at a final concentration of 1 wM as previously described
(7). The effector-to-target cell ratio was 50:1. Spontaneous release was <14%.

Histology and immunohistochemistry. Mice were perfused with phosphate-
buffered saline, and the brains and spinal cords were fixed in formalin prior to
being embedded in paraffin. For histological examination, sections were cut,
processed, and stained with luxol fast blue in order to detect areas of demyeli-
nation. For detection of viral antigen, sections were prepared, processed, and
reacted with mouse monoclonal anti-MHV-JHM antibody (anti-N antibody
5B188.2, kindly provided by M. Buchmeier, Scripps Research Institute) as pre-
viously described (42). After incubation with primary antibodies, samples were
incubated with biotinylated goat antimouse antibody (Jackson Immunoresearch
Labs, West Grove, Pa.). Sections were then treated with avidin-conjugated horse-
radish peroxidase (Jackson Immunoresearch Labs), with 3,3’-diaminobenizidine
as the final substrate. No staining was observed if CNS tissue from uninfected
animals was processed with antibody to MHV-JHM or if irrelevant antibody was
used as the primary antibody in the analysis of MHV-infected tissue.

Analysis of RNA by blot hybridization. RNA was isolated from infected brains
and spinal cords by the guanidinium isothiocyanate-cesium chloride method and
analyzed by slot blot hybridization as previously described (32). Serial dilutions
of each sample were analyzed, and radioactivity was counted by using a radio-
analytic imaging detector (AMBIS [San Diego, Calif.] 4000). An average counts
per minute per microgram was calculated for each RNA sample.

IFN-y ELISPOT assays. Gamma interferon (IFN-y) enzyme-linked immuno-
spot (ELISPOT) assays were performed as described previously (48). Briefly,
Immulon MaxiSorp plates (Nunc, Kamstrup, Denmark) were coated with 2 pg of
anti-IFN-y antibody (rat monoclonal R4-6A2; Pharmingen, San Diego, Calif.)
per ml in 0.05 M carbonate buffer, pH 8.2. For antigen presentation, MC57 cells
were either infected with VV-E or vIF7.3 or dually infected with vIF7.3 and
VV-S, VV-N, or VV-M. MC57 cells express major histocompatibility complex
(MHC) class I but not class II antigen and are useful stimulators for determining
antigen-specific IFN-vy secretion by CD8 T cells. Previously, we showed by com-
plement lysis prior to CTL assay that CD8 and not CD4 T cells responded to
antigen presented by these cells (6). In each case, virus was used at a multiplicity
of infection of 3. Mononuclear cells harvested from wild-type MHV-JHM- or
variant MHV-JHM-infected mouse brains (2,500 to 50,000 cells/well) were mixed
with irradiated, VV-infected MC57 cells and incubated for 36 h. ELISPOTs were
developed by addition of polyclonal rabbit anti-mouse IFN-vy (kindly provided by
J. Cowdery, University of Towa). Following a 16-h incubation, samples were
developed by sequential addition of alkaline phosphatase-conjugated donkey
anti-rabbit immunoglobulin G (Jackson Immunoresearch Labs) and substrate
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FIG. 1. Recognition of epitope S-598-605 (RCQIFANI) but not wild-type
(CSLWNGPHL) or variant (CSLWSGPHL, CSLWNRPHL, and ECEWNG
PHL) S-510-518 epitopes in mice infected with variant virus. Lymphocytes har-
vested from the brains of mice with acute encephalitis were used in direct ex vivo
cytotoxicity assays. Only peptide S-598-605 sensitized EL-4 cells for lysis above
the background level (uncoated EL-4 cells [NONE]). Each peptide was analyzed
in 3 to 14 independent experiments. The mean percent specific lysis for all
experiments is shown. Bars show standard errors.

(5-bromo-4-chloro-3-indoyl phosphate [Sigma, St. Louis, Mo.]) dissolved in 3%
agarose in a phosphate-accepting 2-amino-2-methyl-1-propanol buffer prepared
as previously described (41). ELISPOT-forming cells were directly counted un-
der X10 magnification with a dissecting microscope. Samples were analyzed
by linear regression, and results were expressed as numbers of ELISPOTSs per
100,000 cells.

Statistical analysis. Statistical significance was determined as described in the
figure legends. Analysis was performed with the help of the Biostatistics Core
Facility at the University of Towa.

RESULTS

Infection with variant virus results in increased mortality
and decreased growth. Virus mutated in epitope S-510-518 was
isolated from four individual mice and prepared as described
in Materials and Methods. The four isolates chosen for further
study were mutated either in residues previously identified as
the major or auxiliary anchors for binding to the MHC H-2D"
molecule (CSLWSGPHL and CSRWNGPHL) or in a residue
predicted to affect binding to the T-cell receptor (CSLWNR
PHL) (17) or contained a three-nucleotide deletion (ECEFWN
GPHL). These mutations did not affect the ability of the virus
to cause acute encephalitis in naive 6-week-old B6 mice (ref-
erence 32 and data not shown). Variant epitope S-510-518 was
recognized only at high concentrations in CTL assays with
lymphocytes derived from the CNS of mice with encephalitis
caused by wild-type MHV-JHM (34). Acute infection with
variant virus did not induce a CD8 T-cell response against
either wild-type or variant epitope S-510-518 in direct ex vivo
cytotoxicity assays with CNS-derived lymphocytes. As ex-
pected, epitope S-598-605, which is not mutated in variant
virus, was still recognized in these assays (Fig. 1).

Next, the effect of these mutations on the ability of virus to
persist was determined by infecting suckling mice nursed by
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dams immunized against MHV-JHM. Half of each litter was
inoculated with wild-type virus and the other half was inocu-
lated with variant virus to control for variability in the amount
of protective antibody transmitted to the suckling mice. In
preliminary experiments, we observed that mice infected with
variant virus were often dead or moribund by 20 to 25 days
postinoculation (p.i.). At this time, mice infected with wild-
type virus are usually asymptomatic, although a few start to
develop signs of hind limb paralysis. Therefore, to simplify the
experimental design, all surviving mice, whether symptomatic
or not, were sacrificed at 21 days p.i., and brains and spinal
cords were analyzed for the presence of infectious virus or viral
RNA and protein. In other models of MHV-induced disease,
infectious virus is cleared by this time after inoculation (15, 16,
20, 21, 34).

By 21 days p.i., significantly more mice infected with variant
virus (38%) than mice infected with wild-type virus (9%) had
died (Fig. 2A; Table 1). In addition, more of the variant virus-
infected mice that survived to 21 days were symptomatic, with
clinical signs of jitteriness, hind limb paresis, abnormal gait,
and poor weight gain (Table 1). Pooled data for all of the mice
infected with variant virus as well as data for mice infected with
each variant virus are shown in Table 1. The weight gain for
naive mice infected with wild-type or variant virus at 10 days of
life is shown in Fig. 2B. Differences in growth became most
apparent at 16 to 18 days p.i. By day 20, surviving mice infected
with variant virus weighted 15% less than mice infected with
wild-type virus (11.1 versus 13.0 g). As described above, this is
the approximate time frame for virus clearance in other models
of MHV-induced neurological disease, and differences would
be evident at this time point if virus was cleared less efficiently
in variant virus-infected mice.

These differences in outcome occurred only in mice contain-
ing the MHC H-2D" allele. When the same experimental ap-
proach was used with BALB/c mice (H-27), no difference in
mortality or growth between mice infected with wild-type and
variant viruses was observed (Fig. 2). Low levels of infectious
virus could be isolated from the spinal cords of the same
fraction of mice infected with either type of virus (4 of 8 mice
infected with wild-type virus [geometric mean titer * standard
error = 2.73 £ 0.21] and 5 of 11 mice infected with variant
virus [geometric mean titer * standard error = 3.22 = 0.17]).

Mice infected with variant virus develop a demyelinating
encephalomyelitis. The hallmark of MHV-JHM-induced neu-
rological disease is demyelination with concomitant inflamma-
tory infiltration. To determine if similar pathological findings
could be demonstrated in the CNS of mice infected with vari-
ant virus, brains and spinal cords were harvested and examined
after staining for myelin with luxol fast blue. Large areas of
demyelination were detected in the spinal cords of these ani-
mals, with extensive inflammatory infiltrates present in the
vicinity of these lesions (Fig. 3A). Viral antigen was present in
the white matter in areas with early signs of demyelination
(Fig. 3B) and adjacent to regions of demyelination. Viral an-
tigen was detected predominantly in the white matter, but a
few MHV-positive cells were also identified in the gray matter
of the spinal cord. These findings are indistinguishable from
what is observed in mice with demyelination induced by wild-
type virus and show that persistence of variant virus results in
the same disease as occurs in mice infected with wild-type virus
but in a higher percentage of animals and at earlier times p.i.

Virus is cleared more slowly in mice infected with variant
virus. The most likely explanation for these results is that
variant MHV-JHM, which no longer encodes the immuno-
dominant CTL epitope, is not cleared as efficiently as is wild-
type virus. To determine if the increased mortality and mor-
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FIG. 2. Infection with variant virus results in increased mortality and mor-
bidity. Suckling B6 mice were infected with wild-type MHV-JHM (45 mice) or
variant virus (55 mice [17, 23, and 15 mice with virus encoding epitopes
CSLWSGPHL, CSLWNRPHL, and ECEWNGPHL, respectively]). Also, suck-
ling BALB/c mice were infected with wild-type virus (8 mice) or variant virus (11
mice [3 and 8 mice with virus encoding epitopes CSLWNRPHL and ECEFWNG
PHL, respectively]). Mice were nursed by dams previously immunized against
MHV-JHM as described previously (33). All surviving mice were harvested at 21
days p.i. (A) Mice were monitored daily for mortality. The difference in survival
between the two groups of B6 mice as analyzed by an accelerated-failure-time
regression model with Weibull residual was statistically significant (P = 0.0069).
(B) The same groups of mice were weighed every 4 to 6 days. Mean weights +
standard errors are shown. The pattern of weight gain diverged significantly (P =
0.0001) between the two groups of B6 mice as determined by a mixed-model
analysis of variance.

bidity described above correlated with a decrease in MHV
clearance, virus titers in brains and spinal cords were measured
at 21 days p.i. As shown in Table 2, virus was detected in the
brains and the spinal cords of 48 and 74%, respectively, of mice
infected with variant virus but in only 19 and 30%, respectively,
of brains and spinal cords harvested from wild-type-infected
mice. When only mice in which infectious virus could be de-
tected were further analyzed, there were no significant differ-
ences in the titers of virus in the brain or spinal cord between
mice infected with wild-type and variant viruses (Table 2).
MHV-JHM shows a specific tropism for the CNS, but other
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TABLE 1. Summary of mortality and morbidity after infection with
wild-type and variant MHV-JHM*

. No. of No. (%)
Virus .
mice Dead Symptomatic®  Asymptomatic®

Wild type 45 4(9) 4(9) 37 (82)
Variants

CSLWSGPHL 17 4(24) 10 (58) 3(18)

CSLWRPHL 23 10(43) 4(19) 9(38)

ECFWNGPHL 15 7 (47) 7 (47) 1(6)

Total® 55 21(38)  21(38) 13 (24)

“ A significant difference in outcome was observed between mice infected with
wild-type virus and individual variants (for each, P < 0.001) and between mice
infected with wild-type virus and the pooled group of variant viruses (P < 0.0001)
when analyzed by Fisher’s exact test (two tailed).

® All surviving mice were harvested at 21 days p.i.

¢ Data for all mice infected with variant virus were pooled.

closely related strains of MHV, such as MHV-AS59, also infect
the liver. To determine if the loss of epitope S-510-518
changed viral tropism, livers, lungs, kidneys, and hearts were
assayed for infectious virus. No virus could be detected in any

FIG. 3. Infection with variant MHV-JHM results in a demyelinating enceph-
alomyelitis. The brain and spinal cord from a mouse infected with virus encoding
variant epitope CSLWSGPHL were harvested at 21 days p.i. The sample was
fixed in formalin and embedded in paraffin. (A) Five-micrometer sections were
cut, processed, and stained with luxol fast blue in order to detect areas of
demyelination. (B) Sections (5 to 10 um) were prepared and analyzed for viral
antigen by using antibody to the N protein as described in Materials and Meth-
ods. Sections were lightly stained with hematoxylin after processing. Viral anti-
gen (asterisks) is detected in the white matter adjacent to an area of demyeli-
nation. Bar, 100 pm (A) and 50 wm (B).
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TABLE 2. Virus titers in mice surviving to 21 days p.i.”

No. (%) with virus Virus titer” in:

Virus(es) I\rlr?i.cgf detected in:
Brain Spinal cord Brain Spinal cord
Wild type 37 7 (19) 11 (30) 3.89 £0.32 3.61 =£0.38

Variants 31 15(48)  23(74) 4.04=0.16 3.89 *0.25

“ When wild-type virus- and variant virus-infected samples were compared, a
significant difference was observed in the percentages of mice with virus detect-
able in the brain (P < 0.05) and spinal cord (P < 0.001) when analyzed by
Fisher’s exact test (two tailed). No statistical difference in the level of titer (log
transformed) was detected, however, when only those animals with virus de-
tected were analyzed by ¢ tests.

b Virus titers are expressed as geometric mean titers (log;, PFU/gram =
standard error. Only samples positive for virus are included in these calculations.

of these organs from three moribund variant virus-infected
mice harvested at 21 days p.i.

Although the presence of infectious virus is the best measure
of virus persistence, high-level expression of viral RNA and
protein in the absence of infectious virus could also result in
clinical and pathological disease. This occurs in human pa-
tients with subacute sclerosing panencephalitis caused by a
persistent measles virus infection (13). To determine if high
levels of viral RNA could be detected in MHV-infected mice in
the absence of infectious virus, viral RNA in the spinal cord
was quantitated by slot blot analysis and compared to the virus
titer in 29 animals. As shown in Fig. 4, mice with higher titers
of infectious virus in general had higher levels of viral RNA,
indicating that the presence of virus correlated with the viral
burden in these animals. Some mice with detectable infectious
virus had low levels of viral RNA, but in no animals were high
levels of viral RNA detected in the absence of infectious virus.
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FIG. 4. Levels of infectious virus and viral RNA in the spinal cords of in-
fected mice are correlated. Levels of infectious virus and viral RNA were mea-
sured as described in Materials and Methods. Fifteen mice infected with wild-
type MHV-JHM, six mice infected with the epitope CSLWSGPHL variant, and
eight mice infected with the epitope ECFWNGPHL variant were used in these
analyses. The limit of detection, 160 PFU/g of tissue, is indicated by the hori-
zontal line. Infectious virus could not be detected in 14 mice (shown as a single
square below the line of detection). Each sample of RNA was analyzed in two
independent experiments, and the average of the two is shown. RNA levels were
quantitated by using a radioanalytic imaging system. The RNA level in the
sample marked with an asterisk was 4.49 X 10* cpm/pg.
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FIG. 5. IFN-y secretion in response to VV-expressed MHV proteins by lymphocytes isolated from brains of mice with MHV-induced acute encephalitis. Four mice
infected with wild-type MHV-JHM (A) and six mice infected with variant virus (four with the epitope CSRWNGPHL variant and two with the epitope CSLWSGPHL
variant) (B) were used in these studies. The number of IFN-y-secreting cells was determined by an ELISPOT assay as described in Materials and Methods. VV-infected
MC57 cells expressing T7 RNA polymerase alone (T7) were used as a negative control for VV-infected MC57 cells expressing viral S, M, N, or E proteins. The data
shown are the mean number of IFN-y-secreting spots per 100,000 cells and standard error for each sample.

This correlation was true for mice infected with either wild-
type or variant virus. These results show that the detection of
infectious virus was a valid measure of virus persistence in
these MHV-infected mice.

No additional CTL epitopes are recognized in mice infected
with variant virus. In humans infected with HIV-1, additional
CTL epitopes are recognized after selection of mutations at a
dominant CTL epitope occurs (25). Similarly, CTLs from mice
infected with lymphocytic choriomenigitis virus in which all
three CTL epitopes are mutated recognize a novel CTL
epitope (23). To determine if additional CTL epitopes were
recognized in mice infected with variant MHV-JHM, CNS-
derived lymphocytes from mice with acute encephalitis were
analyzed in direct ex vivo assays with target cells infected with
recombinant VV expressing the four MHYV structural proteins
(S, N, M, or E). Samples were analyzed both for cytotoxicity
and for IFN-y secretory activity by using an ELISPOT assay.
With both assays, only the S glycoprotein was recognized in
mice infected with variant virus. The data for the IFN-y
ELISPOT assay are shown in Fig. 5. To determine further if
additional epitopes were recognized by cells harvested from
these mice, a panel of S-specific peptides matching the con-
sensus motif for binding to the H-2D" and H-2K® molecules
(7) was analyzed in IFN-y ELISPOT assays. In these assays,
only S-598-605 stimulated cells to secrete IFN-y (data not
shown). These data suggest that no novel CTL epitopes are
recognized in mice infected with variant virus.

Mutations in epitope S-598-605 are not selected in mice
persistently infected with variant virus. Mutations in epitope
S-510-518 but not epitope S-598-605 are selected in mice per-
sistently infected with wild-type MHV-JHM. Since only S-598-
605 is recognized by CTLs in mice acutely infected with variant
virus and this epitope is also located in the hypervariable re-
gion of the S protein (7, 13, 31), it was possible that mutations
in this epitope could be selected in persistently infected mice.
To determine if such mutations were selected, infectious virus
was isolated from six mice infected with variant virus (two each

with CSLWSGPHL, CSLWNRPHL, and ECFWNGPHL),
and the region encompassing this epitope was sequenced as
described previously (34). Only wild-type sequence was de-
tected, showing that further escape from CTL surveillance did
not occur in these mice. As expected, sequence analysis of the
RNA encompassing epitope S-510-518 revealed the presence
of neither additional mutations nor reversion to wild-type se-
quence.

Above, we showed that low levels of infectious virus could be
isolated at 21 days p.i. from BALB/c mice infected with wild-
type or variant virus. In these mice, mutated epitope S-510-518
should confer no selective advantage, and reversion to the
wild-type sequence would be predicted to occur. However,
sequence analysis of virus isolated from five BALB/c mice
infected with variant virus revealed the presence of only mu-
tated epitope S-510-518, suggesting that, in fact, virus contain-
ing wild-type epitope S-510-518 did not have a significant se-
lective advantage.

DISCUSSION

The unique finding in the present study is a clear demon-
stration of increased mortality and morbidity attributable to
the loss of CTL recognition. MHV-JHM is a virulent strain of
virus that causes a fatal acute encephalitis in the absence of
experimental intervention (e.g., infection with attenuated virus
or passive infusion of antiviral antibodies or T cells [16, 21]).
The demyelinating disease observed in survivors is, in large
part, immune mediated (15, 44). Thus, the outcome of a given
infection is determined by the balance between the viral infec-
tion and the host immune response. Infection with MHV-JHM
mutated in epitope S-510-518, which is able to avoid the dom-
inant CTL response in B6 mice, decreases the kinetics of virus
clearance and thereby changes the balance between the virus
and the host and, consequently, the outcome of the infection.
These results are consistent with our previous studies showing
that the outgrowth of CTL escape mutants correlated with
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virus amplification and the development of clinical disease
after infection with wild-type virus (34).

Of note is that the mechanism of MHV-induced demyelina-
tion has not been completely determined. Both CD4 and CD8
T cells are believed to be effector cells in this process (15, 16),
and if MHV-induced demyelination is similar to that caused by
Theiler’s encephalomyelitis virus, CD4 T cells are most impor-
tant (26, 43). Also, CD8 T cells recognizing epitope S-598-605
were detected in variant virus-infected mice (Fig. 1). Thus, it is
not surprising that demyelination occurs to the same extent in
mice infected with wild-type virus and with virus lacking the
immunodominant CD8 T-cell epitope.

Although the presence of CTL escape mutants has been
clearly demonstrated in previous studies, it has been difficult to
demonstrate their biological significance. First, CTL escape
mutants have been demonstrated most commonly in viral in-
fections of humans (19, 25). In most viral infections of humans,
the CTL response is polyclonal and not focused on a single
epitope. A monospecific CTL response is relatively uncommon
in a genetically diverse population, and by extension, the fre-
quency of CTL mutants developing in a large population is
relatively low. However, such mutations have been reported. In
New Guinea, a large fraction of the population express the
HLA-A11 allele, and Epstein-Barr virus isolated from this
population is mutated in an amino acid critical for recognition
by virus-specific CTLs (9). Second, there is often a shift to
subdominant CTL epitopes after the CTL response to a dom-
inant epitope is evaded (epitope spreading) (22, 27). This was
recently demonstrated by Borrow et al. in a study of a patient
acutely infected with HIV-1 in which CTL escape mutants
arose very early after infection (5). The virus load did not
increase acutely, presumably because the response to new CTL
epitopes was able to contain the infection. The shift to sub-
dominant epitopes may result, however, in less effective control
of the infection (30), and in the patient reported by Borrow et
al. (5), the response to subdominant CTL epitopes was subse-
quently unable to prevent disease progression. Similarly, the
response to epitope S-598-605 is unable to control the infection
in mice persistently infected with MHV-JHM (34). Of note is
that we have been unable thus far to detect a CTL response to
any additional epitopes in mice infected with variant virus (Fig.
5).

While mortality and morbidity are increased after infection
with MHV mutated in epitope S-510-518, virus is still cleared
in a minority of animals, and these mice remain asymptomatic.
In marked contrast, when mice in which MHC class I function
is disrupted genetically [32-microglobulin (—/—) mice] are in-
fected with MHYV in the model described above, no suckling
mice survive the acute encephalitis. This is true even when
large amounts of neutralizing antibody are delivered passively
to each suckling mouse (unpublished observations). In addi-
tion, B2-microglobulin (—/—) mice are very susceptible to in-
fection with attenuated strains of MHV-JHM and with the
closely related strain MHV-AS59 (11, 15). Thus, the antiviral
CD8 T-cell response is critical for virus clearance.

In variant virus-infected mice that clear the infection, clear-
ance may be mediated by CD8 T cells recognizing the less
immunodominant CTL epitope, epitope S-598-605 (Fig. 1).
Epitope S-598-605 is also likely to be the target for antiviral
CTLs in mice infected with MHV-AS59, since epitope S-510-
518 is deleted in this virus (7, 24, 31). Although the precursor
frequency for CD8 T cells recognizing S-598-605 in mice im-
munized with wild-type virus is similar to that for CD8 T cells
recognizing epitope S-510-518 (8), peptide S-598-605 is 50- to
200-fold less potent at sensitizing targets for lysis (7). This
relative lack of potency may explain why MHV mutated in
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epitope S-510-518 is able to persist in most mice in the pres-
ence of a CTL response to epitope S-598-605. This lack of
potency may also explain why virus mutated in epitope S-598-
605 does not develop. CTL escape mutants develop peferen-
tially when the T-cell response is strong (10, 39), and the
response to the epitope may be too weak to select for viral
mutants. In support of this, ex vivo proliferation of CTLs
responsive to epitope S-598-605 can be detected only when
stimulators are coated with peptide S-598-605 and not when
antigen is presented endogenously (8), suggesting that the li-
gand density for these CTLs on most cells is too low for
recognition.

Alternatively, clearance of variant virus may be mediated by
components of the immune system other than CD8 T cells. For
example, anti-MHV cytotoxic CD4 T cells have been demon-
strated in B6 mice infected with MHV-A59 (14). Although
antiviral cytotoxic CD4 T cells have not been demonstrated in
mice infected with MHV-JHM, these cells could well contrib-
ute to clearance in animals infected with variant virus.
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