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By using a model of coxsackievirus B4-induced disease, the question of whether tissue damage is due to the
virus or to immune-mediated mechanisms was addressed. Both viral replication and T-cell function were
implicated in contributing to the severity of disease. Three stages (I to III) of disease, which correspond to
periods of high viral titers, low viral titers, and no infectious virus, have been identified. Stage I disease is
considered to be primarily the result of viral replication. Immunopathological mechanisms appear to contrib-
ute to the severity of stage II and III disease. To investigate the role of T cells in contributing to the severity
of disease, viral infection in CD8 knockout (ko) mice and CD4 ko mice was analyzed. CD8 T-cell responses
appear to be beneficial during early, viral disease but detrimental in later disease when viral titers are
diminishing. CD4 ko mice, unlike the parental strain, survived infection. Viral replication was lower in the CD4
ko mice. Was survival due to decreased viral replication or to the lack of T-helper-cell function? To investigate
further the role of T helper cells in contributing to tissue damage, viral infection in two additional ko strains
(interleukin-4 [IL-4] ko and gamma interferon ko strains) was examined. A clear correlation between viral
replication and the outcome of infection was not observed. The absence of IL-4, which may influence T-helper-
cell subset development, was advantageous during early viral disease but deleterious in later disease. The
results suggest that T-cell-mediated immunity is both beneficial and detrimental during coxsackievirus B4
infection.

The group B coxsackieviruses, comprising six serotypes (B1
to B6), have been implicated in a variety of diseases such as
pancreatitis, type I insulin-dependent diabetes mellitus, myo-
carditis, and myositis (16, 24, 25, 30). The broad spectrum of
diseases associated with the group B viruses reflects the exis-
tence of strains, with various degrees of virulence, within a
serotype. Although there is a great deal of information on the
biochemical, biophysical, and genetic characteristics of the pi-
cornaviruses, the mechanisms by which these RNA viruses
cause disease are poorly understood. An ongoing question that
remains to be resolved is whether tissue damage is due solely
to the virus, to immunopathological mechanisms, or to a com-
bination of both. Evidence supporting an immunopathological
mechanism during coxsackievirus B3 (CVB3) infection impli-
cates different effector cells such as CD8 T cells (10), CD4 T
cells (1, 10), autoantibody-producing B cells (19, 31), and nat-
ural killer cells (9). In addition, the type of T-helper-cell re-
sponse is critical in determining pathogenicity in a myocarditis
model (11).

To study the intricate virus-host relationship, we have de-
veloped a mouse model of CVB4-induced disease. Using two
serologically indistinguishable variants of the B4 serotype,
CB4-P and CB4-V, we have shown that the development of
mild versus severe disease is dependent on the infecting viral
strain (3). The molecular determinants of virulence of CB4-V
have been identified. A threonine residue at position 129 of
VP1 is a major determinant of virulence (2). An arginine

residue at position 16 of VP4 also influences virulence but to a
lesser extent than Thr-129 of VP1 (26).

Regardless of the host’s genetic background, the CB4-P vari-
ant induces a transient inflammation of the pancreas (pancre-
atitis) which is followed by repair of the damaged tissues.
However, the CB4-V variant induces a severe pancreatitis that
can progress to chronic disease, which results in extensive and
irreversible destruction of the pancreas. CB4-V infection is
also lethal in some strains of mice. The outcome of infection,
in B10 strains, is determined by a locus within the major his-
tocompatibility complex (MHC) (23). During CB4-V infection,
pancreatic tissue damage is probably due to a combination of
mechanisms, including viral cytolysis, autodigestion by pancre-
atic enzymes, and immunopathology.

In this study, we examined the role of the immune system in
contributing to disease during infection with the virulent vari-
ant, CB4-V. The approach involved analyzing viral infection in
immunologically deficient, knockout (ko) strains of mice. We
showed the following: (i) CD8 T-cell responses can be benefi-
cial during early, viral disease but detrimental during later
disease; (ii) CD4 T cells contribute to the severity of disease
during viral infection; (iii) the absence of interleukin-4 (IL-4)
is advantageous during early viral disease but deleterious in
later disease; and (iv) the outcome of viral infection can be
altered by depletion of specific cellular subsets and by neutral-
ization of specific cytokines.

MATERIALS AND METHODS

Cells and viruses. The passage history of the CB4-V variant has been de-
scribed previously (23). After plaque purification, large-scale stocks of virus were
grown in LLC-MK2(D) cells. Viral infectivity was assessed by plaque assay.

Mouse strains. Several strains of mice were used in this study. The two B10
H-2 congenic strains, B10.T(6R) and B10.S(12R), are maintained in our animal
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facility. The BALB/cByJ mice are bred in the Wadsworth Center’s Animal Core
Facility. The ko and transgenic lines are maintained by William Lee at the
Wadsworth Center. The CD4 ko (12), IL-4 ko (22), and gamma interferon
(IFN-g) ko (6) strains are on a BALB/c genetic background, while the CD8 ko
(7) strain is on a C57BL/6 genetic background. C57BL/6 mice, purchased from
the Jackson Laboratory, served as controls. A T-cell receptor transgenic line,
D011.10, is also on a BALB/c genetic background (18). Most of the CD4 T cells
of the D011.10 strain express a T-cell receptor that recognizes a peptide derived
from ovalbumin in the context of an MHC class II (I-Ad) molecule. Two addi-
tional mouse strains, BALB/cByJ-Hfh11nu (nude) and BALB/cByJSmn-Prkdcscid

(severe combined immunodeficient [SCID]), were purchased from the Jackson
Laboratory. Both the nude and the SCID mice are on a BALB/c genetic back-
ground. The nude and SCID mice were housed in sterile, filter-top cages and
given autoclaved food and water.

Infection of mice. Four- to six-week-old mice were injected intraperitoneally
with 104 PFU of virus diluted in phosphate-buffered saline (PBS). Control mice
were injected with PBS. All injected mice were monitored daily. If mice became
moribund (displayed weight loss, shivering, huddling, and general inactivity),
they were euthanized immediately. Mice were sacrificed at various times postin-
fection (p.i.), and organs were harvested. Tissue homogenates were prepared as
previously described (23) and assayed for infectivity by plaque assay. Pancreatic
tissues, fixed in phosphate-buffered formalin, were processed for routine histol-
ogy, followed by staining with hematoxylin and eosin. All animal procedures were
approved by the Institutional Animal Care and Use Committee of the Wads-
worth Center.

Immunomodulation in vivo. Monoclonal antibodies were used to deplete
specific cellular subsets and to neutralize specific cytokines in vivo. Depletion of
CD8 T cells was accomplished by using a monoclonal antibody (2.43 anti-Lyt2.2)
against the CD8 marker (29). BALB/cByJ mice were injected intraperitoneally
with 1 mg of purified antibody on each of two consecutive days prior to viral
infection. To ensure that CD8 T cells were depleted, spleen cells from untreated
or antibody-treated mice were stained with the anti-CD8 monoclonal antibody
and analyzed by flow cytometry. The CD8 T-cell population was reduced by over
90% in vivo. Neutralization of IFN-g was accomplished by using a similar pro-
tocol. Prior to infection, BALB/cByJ mice were injected intraperitoneally with 1
mg of purified antibody (anti-IFN-g monoclonal antibody XMG1.2) (4) on each
of two consecutive days.

RESULTS

Gender and genetic background influence the outcome of
viral infection. Previous studies focused on CB4-V infection in
B10 H-2 congenic strains of male mice (23, 27). We showed
that the outcome of infection with CB4-V in B10 strains of
male mice is influenced by the MHC. In this report, we exam-
ine the role of gender and genetic background on the outcome
of viral infection. To test if the host’s genetic background
influenced the outcome of infection with CB4-V, we infected
three strains of mice (Table 1). Infected mice were monitored
daily. If mice became moribund (displayed weight loss, shiver-
ing, huddling, and general inactivity), they were euthanized
immediately. Male and female B10 mice responded similarly to
CB4-V infection. The B10.S(12R) mice survived infection with
CB4-V, while the B10.T(6R) mice succumbed to infection
within 10 to 14 days. Unlike the case for the B10 strains, a
gender difference was observed for BALB/cByJ mice. In addi-
tion, infected BALB/cByJ mice died earlier than B10.T(6R)
mice. In female mice, mortality peaked at 10 days after infec-

tion, with an overall rate of 67% (Fig. 1). In male BALB/cByJ
mice, mortality peaked at 6 to 8 days after infection, with a rate
of 100% (Fig. 2).

Outcome of viral infection in immunodeficient mice. The
fact that gender influenced the outcome of infection in BALB/
cByJ mice suggests that hormonal and immune responses can
influence disease progression. The following experiments fo-
cused on the role of the immune system in the development of
disease. To examine the role of T cells in contributing to the
severity of viral disease and, hence, to the outcome of infec-
tion, several strains of immunodeficient mice were infected
with CB4-V (Table 2). All of the immunodeficient strains are
on a BALB/c genetic background. BALB/cByJ mice served as
controls. SCID mice (which lack T and B cells) and nude mice
(which lack T cells) succumbed to viral infection within 3 to 5

FIG. 1. Outcome of CB4-V infection in immunologically deficient female
mice. Mice were infected intraperitoneally with 104 PFU of CB4-V. If mice
became moribund, they were euthanized immediately. The percent mortality was
determined from the number of mice that became moribund. The times of death
allowed the definition of three stages (I, II, and III) of disease.

FIG. 2. Outcome of CB4-V infection in immunologically deficient male mice.
Mice were infected intraperitoneally with 104 PFU of CB4-V. If mice became
moribund, they were euthanized immediately. The percent mortality was deter-
mined from the number of mice that became moribund. The times of death
allowed the definition of two stages (I and II) of disease.

TABLE 1. Outcome of CB4-V infection in different strains of mice

Mouse strain Gender No. of mice
infected

%
Mortalitya

Time of death
(days p.i.)

BALB/cByJ Male 29 100 4–10
Female 57 67 4–13

B10.S(12R) Male 20 0
Female 20 0

B10.T(6R) Male 20 100 10–14
Female 20 100 10–14

a Percent mortality was determined from the number of mice that became
moribund. Moribund mice were euthanized.
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days. However, infection of mice lacking CD4 T cells resulted
in a survival rate of 100%. To test whether attenuated disease
was due to the absence of CD4 T cells or to lack of specific
CD4 T cells, we infected a transgenic strain, D011.10, that has
CD4 T cells but of a restricted repertoire. Most of the CD4 T
cells in the D011.10 strain express a T-cell receptor that rec-
ognizes a peptide derived from ovalbumin in the context of an
MHC class II (I-Ad) molecule (18). A survival rate of 100%
was observed in CB4-V-infected D011.10 mice. Gender did not
influence the outcome of infection in SCID, nude, CD4 ko, and
D011.10 mice.

Since CD4 T cells contributed to pathology in this model
system, additional experiments focused on CB4-V infection in
two additional strains of ko mice (IL-4 ko and IFN-g ko mice).
As was observed in BALB/cByJ mice, gender influenced the
outcome of infection in IL-4 ko and IFN-g ko mice. In these
strains, male mice succumbed earlier and had a higher mor-
tality rate than female mice. In the analysis of viral infection in
female mice, mortality was observed at three distinct time
periods (Fig. 1). The times of death allowed us to identify three
stages of disease: stage I (3 to 9 days p.i.), stage II (10 to 21
days p.i.), and stage III (after 21 days p.i.). Nude and SCID
mice succumbed to viral infection during stage I, while peak
mortality for BALB/cByJ and IFN-g ko mice occurred during
stage II. Mortality in infected IL-4 ko mice was confined to
stage III. In infected female mice, a lack of IFN-g resulted in
a decrease in mortality during stage I and II disease, while a
lack of IL-4 caused a 21% mortality rate in stage III disease
(Table 3).

In the analysis of the outcome of viral infection in male mice,
mortality was observed at two distinct times (Fig. 2). Nude,
SCID, BALB/cByJ, and IFN-g ko mice succumbed to viral
infection during the first week, while IL-4 ko mice became
moribund during the second week. There was essentially no
difference in the outcomes of infection of male BALB/cByJ
mice and the IFN-g ko mice. Both strains succumbed during
stage I disease. However, a lack of IL-4 resulted in survival of
stage I disease, with a 47% mortality rate during stage II
disease.

To examine the role of CD8 T cells in contributing to the
severity of disease, viral infection in CD8 ko mice was analyzed
(Table 3). The CD8 ko strain was on a C57BL/6 genetic back-
ground. CB4-V-infected C57BL/6 mice survived stage I disease

but developed a mortality rate of 61% during stage II disease.
In CB4-V-infected CD8 ko mice, a mortality rate of 69% was
observed during stage I disease, and the remaining mice sur-
vived stage II disease.

Immunomodulation in vivo. To test the validity of the ko
mouse models, monoclonal antibodies were used to neutralize
specific cytokines and to deplete specific cellular subsets in
vivo. Initial experiments focused on the neutralization of
IFN-g. The outcome of infection in mice pretreated with the
anti-IFN-g antibody was similar to that observed in the IFN-g
ko mice (Table 3). Since CD8 T cells affected the outcome of
CB4-V infection in C57BL/6 mice, we tested whether CD8 T
cells also influenced disease severity during infection of BALB/
cByJ mice. Depletion of CD8 T cells, in vivo, was accomplished
by using a monoclonal antibody against CD8. This protocol
results in a 90% reduction of the CD8 T-cell population in the
spleen (data not shown). Depletion of CD8 T cells resulted in
a twofold reduction in mortality in infected male BALB/cByJ
mice during stage I disease (Table 3).

Viral replication in BALB/cByJ mice. Previous studies
showed that while CB4-V replicates in several organs, viral
titers are highest in the pancreas (23). Histological analysis
revealed that CB4-V infection results in extensive damage to
the exocrine pancreas, while the endocrine tissues appear to be
unaffected at the light microscopic level (27). The assumption
is that CB4-V-induced mortality is due to dysfunction of the
exocrine pancreas. The function of the exocrine pancreas is to
synthesize and secrete digestive enzymes which aid in the di-
gestion and absorption of food in the small intestine. There-
fore, CB4-V-infected mice may be unable to digest and absorb
food. To test if exocrine pancreatic insufficiency contributed to
morbidity and mortality in CB4-V-infected mice, female
BALB/cByJ mice were given supplements of pancreatic en-
zymes (pancreatin, 1 mg/ml) in their water. During the 18-day
follow-up, the mice did not succumb to viral infection. During
the same period, the mortality rate in untreated, infected mice
was 67%. These results suggest that exocrine pancreatic insuf-
ficiency contributed to morbidity and mortality during CB4-V
infection.

Since male BALB/cByJ mice succumbed to CB4-V infection
earlier and with a higher mortality rate than female mice, we
investigated whether this difference was attributable to altered
viral replication. A kinetic study of viral replication in the

TABLE 2. Outcome of CB4-V infection in immunologically
deficient mice

Gender Mouse strain No.
infected

%
Mortalitya

Time of death
(days p.i.)

Male BALB/cByJ 29 100 4–10
SCID 7 100 4–5
Nude 7 100 3–4
CD4 ko 11 0
IL-4 ko 34 47 14–21
IFN-g ko 18 100 5–7
D011.10 8 0

Female BALB/cByJ 57 67 4–13
SCID 7 100 4–5
Nude 7 100 3–4
CD4 ko 16 0
IL-4 ko 20 21 33–40
IFN-g ko 24 21 8–14
D011.10 8 0

a Percent mortality was determined from the number of mice that became
moribund. Moribund mice were euthanized.

TABLE 3. CB4-V infection results in a multistage disease

Mouse
strain Gender Treatment

% Mortalitya in stage:

I
(3–9 days)

II
(10–21 days)

III
(22–40 days)

BALB/cByJ Male None 100
CD4 ko Male None 0 0 0
IL-4 ko Male None 0 47 0
IFN-g ko Male None 100
BALB/cByJ Male Anti-IFN-g 100
BALB/cByJ Male Anti-CD8 50 0 0
C57BL/6 Male None 0 61 0
CD8 ko Male None 69 0 0

BALB/cByJ Female None 24 42 0
CD4 ko Female None 0 0 0
IL-4 ko Female None 0 0 21
IFN-g ko Female None 4 17 0
BALB/cByJ Female Anti-IFN-g 0 0 0

a Percent mortality was determined from the number of mice that became
moribund. Moribund mice were euthanized.

3082 RAMSINGH ET AL. J. VIROL.



pancreatic tissues of male and female BALB/cByJ mice was
undertaken (Fig. 3). During the first 2 days of infection, viral
replication in male mice was 10-fold higher than that in female
mice. However, from day 4 to 7 after infection, viral replication

was similar in male and female mice. Due to the extensive
mortality in infected male mice, viral titers were not deter-
mined beyond 7 days after infection. In female mice, infectious
virus was cleared by 21 days after infection.

To determine if the increased viral replication, early in in-
fection, correlated with more extensive tissue injury, a histo-
logical assessment of pancreatic tissues was undertaken (Fig.
4). At the light microscopic level, tissue injury appeared to be
similar in male and female mice. Mice developed severe pan-
creatitis with extensive destruction of the exocrine tissue. The
islets of Langerhans appeared to be intact. At 2 to 7 days after
infection, extensive acinar cell necrosis with interlobular
edema was observed. A generalized inflammation was evident.
The inflammatory infiltrate consisted primarily of mononu-
clear cells.

Viral replication in immunodeficient mice. Since the out-
come of viral infection was altered in some strains of immu-
nodeficient mice, we investigated whether this was due to a
difference in viral replication. A kinetic study of viral replica-
tion in the pancreatic tissues of CD4 ko, IL-4 ko, and IFN-g ko
mice was undertaken (Fig. 5). Unlike the case for BALB/cByJ
mice, gender did not influence viral replication in the ko
strains.

Early in infection, viral replication in the CD4 ko and the
IL-4 ko female mice was similar to that observed in the control
mice. After 3 to 4 days of infection, viral replication in the CD4
ko and the IL-4 ko female mice was lower and viral clearance

FIG. 3. Viral replication in pancreatic tissues of CB4-V-infected BALB/cByJ
mice. Groups of three to five (male and female) mice were infected intraperi-
toneally with 104 PFU of CB4-V. Pancreatic tissues were harvested at different
times p.i. Homogenates of individual samples were assayed for viral infectivity by
plaque assay. Mean values (and standard deviations) are shown.

FIG. 4. Histopathology of pancreatic tissues from CB4-V-infected BALB/cByJ mice. Mice were infected intraperitoneally with 104 PFU of CB4-V or mock infected
with PBS. Pancreatic tissues were harvested at various times p.i., processed for histology, and stained with hematoxylin and eosin. (A) Mock-infected female; (B)
mock-infected male. Panels A and B show normal pancreas. (C) CB4-V-infected female at day 7 p.i.; (D) CB4-V-infected male at day 7 p.i. Panels C and D show
complete destruction of acini, with necrosis, and inflammatory cell infiltrate. Abbreviations: IL, islet of Langerhans; A, acini with zymogen granules; NA, necrotic acini;
In, inflammatory cells. Magnification, 3306.
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was faster than in the control mice (Fig. 5A and B). At 1 day
after infection, viral titers were lower in the IFN-g ko female
mice than in the control mice. From 2 to 7 days after infection,
viral replication in the IFN-g ko female mice was similar to
that seen in BALB/cByJ mice (Fig. 5C). Infectious virus was
cleared more quickly in the IFN-g ko female mice than in the
control mice.

As was observed for female mice, viral replication in the
CD4 ko and the IL-4 ko male mice was lower than that seen in
BALB/cByJ mice (Fig. 5D and E). The kinetics of viral repli-
cation in the IFN-g ko male mice paralleled that observed in
the female mice. Initially (1 to 2 days p.i.), viral titers were
lower than those in control mice. From 4 to 7 days after
infection, viral replication in the IFN-g ko male mice was
similar to that seen in BALB/cByJ mice (Fig. 5F). Since IFN-g
ko and BALB/cByJ male mice succumbed to viral infection
very early, viral titers were not determined beyond 7 days p.i.

A clear correlation between viral replication and the out-
come of infection in the ko strains was not observed. For
example, lower viral replication in the IFN-g ko mice did not
alter the time of death of male and female mice or the overall
mortality of male mice (Fig. 5; Table 3). However, lower viral
replication in the IL-4 ko mice was associated with a delay in
the time of death and a decrease in mortality of both male and
female mice.

DISCUSSION

The group B coxsackieviruses are associated with several
human diseases that have an autoimmune component, e.g.,
type I insulin-dependent diabetes mellitus (25), idiopathic
chronic pancreatitis (20, 21, 32), myocarditis (28), and idio-
pathic dilated cardiomyopathy (28). The question of whether
tissue damage, in various animal models, is due solely to the

virus, to immunopathological mechanisms, or to a combination
of both needs to be resolved. Several studies have focused on
CVB3-induced myocarditis. Whether myocardial damage is
due to the effects of the virus or the immune system is contro-
versial. Data supporting the idea of virus-induced tissue dam-
age are derived from studies of CVB3-infected SCID mice
(which lack B and T cells), which develop virus-induced lysis of
myocytes (5). In addition, histological observations support a
role for viral replication in mediating cardiac tissue injury (15).
Data supporting the idea that the immune system contributes
to tissue damage come from studies of CVB3 infection in
immunologically deficient mice (1, 8, 10) and in mice that had
been depleted of specific cell populations (13) and from adop-
tive transfer experiments (11).

In our model of CVB4-induced pancreatitis, we have iden-
tified three stages of disease based on the time of death of
infected mice. Stage I (or early) disease, spanning 3 to 9 days
after infection, was characterized by high titers of virus in
pancreatic tissues. Stage I disease is considered to be primarily
the result of viral replication. Stage II (or intermediate) dis-
ease, spanning 10 to 21 days p.i., was characterized by low viral
titers in pancreatic tissues. Stage III (or late) disease was char-
acterized by the absence of infectious virus and represents a
time period of 22 to 40 days after infection. Immunopatholog-
ical mechanisms appeared to contribute to the severity of stage
II and III disease.

In the analysis of viral infection in B10 strains and BALB/
cByJ mice, gender influenced the outcome of infection in the
BALB/cByJ but not the B10 strains. Male BALB/cByJ mice
succumbed to viral infection during early disease, while female
mice had mortality rates of 24 and 42% during stage I and
stage II disease, respectively. The question arose as to whether
the difference in the outcome of infection was due to altered
viral replication in male and female mice. During the first 2

FIG. 5. Comparison of viral replication in the pancreatic tissues of BALB/cByJ mice and various immunologically deficient strains of mice. Groups of three to five
mice were infected intraperitoneally with 104 PFU of CB4-V. Pancreatic tissues were harvested at different times p.i. Homogenates of individual samples were assayed
for viral infectivity by plaque assay. Mean values (and standard deviations) are shown. (A) BALB/cByJ and CD4 ko female mice; (B) BALB/cByJ and IL-4 ko female
mice; (C) BALB/cByJ and IFN-g ko female mice; (D) BALB/cByJ and CD4 ko male mice; (E) BALB/cByJ and IL-4 ko male mice; (F) BALB/cByJ and IFN-g ko male
mice.
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days of infection, viral replication was greater in male mice
than in female mice. From 4 to 7 days after infection, viral
replication was similar in male and female BALB/cByJ mice.
The initial increase in viral replication may have been due to a
gender difference in the level of viral receptors, since for CVB3
testosterone has been shown to enhance the expression of the
receptor (14). If pancreatic tissue damage was due solely to
virus replication, then one would expect that tissue damage in
male mice would be greater than that observed in female mice.
Histological analysis revealed that pancreatic tissue damage
was similar in male and female mice, suggesting that, in addi-
tion to virus replication, other mechanisms must contribute to
tissue injury.

To begin to investigate the role of the immune response in
contributing to tissue damage, viral infection of immunodefi-
cient mice was analyzed. Initial studies focused on the use of
SCID mice, which lack both T- and B-cell function, and nude
mice, which lack T-cell function. CB4-V infection of nude and
SCID mice resulted in 100% mortality very early in infection.
These data suggest that functional adaptive immune responses
are required for survival of early viral disease.

To dissect the roles of specific immunological compartments
during infection, attention has been focused on the use of
transgenic ko mice. By analyzing viral infection in various ko
strains, one can begin to identify specific responses that are
protective or deleterious at different stages of disease. The
limitation of this approach is the issue of compensatory im-
mune dysregulation in the ko strains. The problem can be
partially controlled by comparing the ko strain to the parental
strain in which the specific cellular subset had been depleted or
the specific cytokine had been neutralized by in vivo adminis-
tration of the appropriate monoclonal antibody. We were able
to verify the results for some of our ko strains by this approach.

Our studies focused on the role of T cells in contributing to
the severity of CB4-V-induced disease. We examined viral
infection in CD4 ko mice. CD4 ko mice essentially lack T
helper cells (12). Viral infection of the CD4 ko mice resulted
in 100% survival, suggesting that CD4 T cells contribute to
disease severity in this model system. To test whether the
attenuated disease was due to the absence of CD4 T cells or to
a lack of specific CD4 T cells, we infected a transgenic strain,
D011.10, that has CD4 T cells but of a restricted repertoire. A
survival rate of 100% was observed for CB4-V-infected
D011.10 mice. While these data suggest that attenuation in this
model system is due to a lack of specific CD4 T cells, we also
observed that viral replication was lower in the CD4 ko strain
than in the BALB/cByJ control mice. In addition, virus was
cleared faster in the CD4 ko mice than in the BALB/cByJ
mice. Was survival due to a difference in the ability of CB4-V
to replicate in the ko strain or due to the lack of specific T
helper cells? This question was pursued by analyzing infection
in two additional strains (IL-4 ko and IFN-g ko) of mice.

T helper cells can be divided into subsets, Th1 and Th2,
based on the cytokines that they produce and their biological
activities (17). IFN-g is critical in the development of Th1 cells,
while IL-4 is critical in the development of Th2 cells. In the ko
mice, the assumption is that T-cell development is skewed in
favor of a Th1 response in the IL-4 ko mice and in favor of a
Th2 response in the IFN-g ko mice. A clear correlation be-
tween viral replication and the outcome of infection was not
observed. In the IL-4 ko mice, viral replication was generally
lower and infectious virus was cleared faster than in the BALB/
cByJ mice, suggesting that a polarized T-helper-cell response
may help to contain viral replication. The IL-4 ko mice sur-
vived stage I of infection and developed some mortality during
stage II (males) and stage III (females) of disease. While a

polarized T-helper-cell response may be beneficial for contain-
ing viral infection, the same response appeared to be detri-
mental during later disease. For IFN-g ko male mice, the
outcome of infection was similar to that observed in the BALB/
cByJ mice (100% mortality in stage I) even though viral rep-
lication in the ko mice was initially lower than that observed in
the BALB/cByJ mice. The data suggest that male BALB/cByJ
mice do not mount an adequate immune response early in
infection and succumb to viral disease. The situation is more
complex for female mice, since the outcome of infection in the
IFN-g ko mice differed from that in the control mice. Some
mortality was observed in the IFN-g ko female mice during
stages I and II, while no mortality was observed in stage III.
These data suggest that a Th2 response may be protective
during stage III disease. In female mice, IFN-g contributes, in
part, to disease severity during stages I and II, but the signif-
icance of this result is unclear.

As was observed with the BALB/cByJ mice, the outcome of
viral infection in the IL-4 ko and the IFN-g ko mice was
influenced by gender. Male mice succumbed earlier and had
higher mortality rates than female mice. If viral replication
were solely responsible for the severity of disease, then one
would expect that replication would be higher in the ko male
mice. The kinetics of viral replication in the ko male mice was
similar to that observed in the female mice, suggesting that
viral replication is not solely responsible for the severity of
disease in this model system.

Viral infection in CD8 ko mice was also analyzed. CD8 ko
mice essentially lack cytotoxic T cells (7). CD8 T cells contrib-
uted, in part, to mortality at different stages of disease in
BALB/cByJ and C57BL/6 mice. A lack of CD8 T cells was
deleterious during stage I disease in C57BL/6 mice. This find-
ing is consistent with the idea that stage I disease is due to viral
replication and that CD8 T cells are required to clear virus-
infected cells.

In summary, the severity of CVB4-induced disease depends
on several factors, including viral replication and T-cell func-
tion. While T-cell-mediated immunity appears to be beneficial
in early, viral disease, the same responses seem to be detri-
mental in later disease when viral titers are diminishing. On-
going studies are focused on whether the deleterious T-cell
responses are the result of exaggerated (uncontrolled?) im-
mune responses or the result of autoimmunity.
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