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Male and female BALB/c mice differ dramatically in susceptibility to myocarditis subsequent to coxsack-
ievirus B3 (CVB3) infection. CVB3 infection of male mice results in substantial inflammatory cell infiltration
of the myocardium, and virus-immune lymphocytes from these animals give predominantly a Th, cell
phenotypic response, as determined by predominant immunoglobulin G2a isotypic antibody production and
elevated numbers of gamma interferon and interleukin-2 (IL-2)-producing CD4+ T lymphocytes. Females
infected with the same virus give predominantly a Th2 cell phenotypic response, as determined by preferential
immunoglobulin Gl antibody isotypic responses and increased precursor frequencies of IL-4- and IL-5-
producing CD4+ T cells. Treatment of females with testosterone or males with estradiol prior to infection alters
subsequent Th subset differentiation, suggesting that the sex-associated hormones have either a direct or
indirect effect on CD4+ lymphocyte responses in this model. Treatment of females with 0.1 mg of monoclonal
antibody to IL-4 reduces precursor frequencies of IL-4-producing CD4+ T cells and increases frequencies of
gamma interferon-producing cells. This treatment also enhances myocardial inflammation, indicating a
correlation between Thl-like cell responses and pathogenicity in CVB3 infection. The Th2-like cell may regulate
Th1 cell activation. Adoptive transfer of T lymphocytes from CVB3-infected female mice into male animals
suppresses the development of myocarditis in the recipients. Treatment of the female donors with monoclonal
antibodies to either CD3, CD4, or IL-4 molecules abrogates suppression.

Myocarditis in adolescent and adult patients predominates
in males. In a survey of 164 cases, approximately two-thirds of
the patients were men (50). The majority of females affected by
the disease developed cardiac symptoms during the third
trimester of pregnancy or in the postpartum period. Epidemi-
ologically, the murine disease induced with coxsackievirus B3
(CVB3) resembles the human disease with surprising accuracy
(10, 19, 24-26, 33). Animal studies indicate that female resis-
tance is complex but depends primarily on the protective
effects of estrogens, while susceptibility in males and pregnant
females results from elevated androgen (testosterone and
progesterone) levels (19, 25). The latter hormones enhance
CVB3 receptor expression on cardiocytes nearly threefold
(26). Thus, virus localizes and replicates more rapidly in the
hearts of androgen-treated than estrogen-treated animals.
Although this correlation between enhanced virus replication
in male and pregnant female mice and increased myocardial
injury implies that the virus is directly damaging to the heart
cells, this may not be the case. T-lymphocyte depletion of
either the male or pregnant female substantially reduces
myocarditis and cardiac necrosis even though the virus con-
centrations in the hearts of these animals remain elevated (21,
24, 25, 39). Thus, the immune system remains the pivotal factor
in cardiac pathology.

Differences in male and female immune responses have
been recognized for some time. Females generally mount
better humoral immunity than males, while males usually give
enhanced cellular immune responses compared with females
(6, 16, 30, 38, 43). This differential immune pattern may, in
part, explain the predominant incidence of autoimmune dis-
eases such as rheumatoid arthritis and systemic lupus erythem-
atosus in females, since these diseases are usually diagnosed
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and correlate with the appearance of autoantibodies (2, 40).
The pathogenicity may reflect differential activation of T-
lymphocyte subsets in vivo. T helper cells can be divided into
phenotypic subsets based on the requirements needed for their
stimulation, their biological activities, and the cytokines which
they produce (3, 42, 44, 47). Two major subsets are designated
Th1 and Th2 cells. Th, cells are major producers of gamma
interferon (IFN-y) and interleukin-2 (IL-2), function predom-
inantly in delayed hypersensitivity (inflammatory) reactions,
and promote immunoglobulin G2a (IgG2a) antibody isotype
responses (8, 13, 28). Th2 cells produce high levels of IL-4 and
IL-5 and promote IgGl, IgA, and IgE antibody isotype re-
sponses. Most likely, the Th, and Th2 lymphocyte subsets
differentiate from a common precursor (Tho) cell, and factors
present during the activation and differentiation of the precur-
sor population determine the phenotype of the Th cell re-
sponse (34, 36). These factors include the nature of the antigen
and antigen-presenting cell (APC), how the antigen is taken up
by the APC, and either the presence or absence of specific cells
or cytokines early in the response (13, 14).

In this report, we demonstrate that male mice infected with
CVB3 infections generate a predominant Th, CD4+ cell
response, while females give a predominant Th2 cell response.
Treatment of the males with estradiol or the females with
testosterone can modulate Th subset differentiation. The type
of Th cell activated during CVB3 infections may play a crucial
role in determining pathogenicity.

MATERIALS AND METHODS

Mice. Inbred BALB/c Cum mice were originally purchased
from Cumberland Farms, Clinton, Tenn. Breeding colonies of
these animals are maintained at the University of Vermont.
Adult mice 6 to 8 weeks of age were used in these experiments.
Generally, experimental groups consisted of a minimum of five
mice and experiments were repeated at least twice.
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Virus and immunization protocol. The original stock of
CVB3 was obtained from J. F. Woodruff and is maintained by
passage through HeLa cells. Mice were infected by an intra-
peritoneal (i.p.) injection of 0.5 ml of phosphate-buffered
saline (PBS) containing approximately 104 PFU of the virus.
Organ virus titer. Hearts were aseptically removed, homog-

enized with Dulbecco's modified essential medium (DMEM;
GIBCO, Grand Island, N.Y.) containing 100 U of penicillin
and 100pug of streptomycin ml-' and 2% fetal bovine serum
(FBS; GIBCO). The cellular debris was removed by centrifu-
gation at 300x g for 10 min, the supernatant was subjected to
sequential 10-fold dilutions in DMEM-2% FBS, and titers
were determined by the plaque-forming assay on HeLa cell
monolayers.
Lymphocyte preparation. Spleens or mesenteric lymph

nodes were aseptically removed and pressed through fine-mesh
screens to produce single-cell suspensions. The lymphocyte
populations were centrifuged on Histopaque (Sigma Chemical
Co., St. Louis, Mo.) to remove erythrocytes and enriched for T
cells by incubating the cells on nylon wool columns at 37°C for
30 min and retrieving the nonadherent population. The cells
were washed in DMEM-5% FBS, and viability was determined
by trypan blue exclusion. Enriched populations of CD4+ T
cells were obtained by treating the T lymphocytes with 10,ug of
anti-CD8 monoclonal antibody per ml and 20% rabbit com-
plement for 30 min at 37°C. Purity of the CD4+ T cells was
determined by flow cytometry.

Limiting dilution analysis. Limiting dilution analysis was
performed as described by Morris et al. (27). Briefly, CD4+
lymphocytes were suspended in RPMI 1640 medium contain-
ing 10% FBS, 1 mM nonessential amino acids, 1 mM sodium
pyruvate, penicillin, streptomycin, L-glutamine, and 2 x 10-5
M 2-mercaptoethanol. Between 0 and 1,000 CD4+ T cells were
dispensed into each well of 96-well tissue culture plates
together with 5x 105 irradiated (2,000 R) syngeneic adherent
splenocytes as APC and 10,ug of CVB3 per ml. The wells were
cultured for 14 days, washed three times, and restimulated with
0.2 ml of medium containing 5,ug of concanavalin A (GIBCO)
per ml. After 24 h of incubation at 37°C, the supernatants were
retrieved and assayed for cytokines by using the appropriate
enzyme-linked immunosorbent assay (ELISA). Groups con-
sisted of 44 wells for each concentration of CD4+ cells cultured
with antigen and 8 wells of cells cultured without antigen as
controls. Estimates of precursor frequency were obtained from
the maximum-likelihood method of Good et al. (15).

Cytokines and reagents. Recombinant murine IL-2 and IL-4
were obtained from Pharmingen, San Diego, Calif. Recombi-
nant murine IFN-y, IL-5, and monoclonal antibody to IL-5
were obtained from Genzyme Inc. (Cambridge, Mass.). Sheep
antibodies to mouse IgGl and IgG2a were purchased from
ICN Immunobiologics Inc. (Irvine, Calif.). Biotinylated rabbit
anti-sheep IgG was also obtained from ICN. The hybridoma
clones making antibody to CD3 (clone 500A2), CD4 (clone
GK 1.5), CD8 (clone 2.43), IL-2 (clone S4B6), IL-4 (clone
llBil), and IFN-y (clone R4-6A2) were purchased from the
American Type Culture Collection (Rockville, Md.) and were
grown as described previously (48). The antibody was purified
from tissue culture supernatants by adsorption to affinity
columns. Biotinylated monoclonal antibodies to IL-2 and IL-4
were purchased from Pharmingen. Antibody to IFN-y and IL-5
was biotinylated by the method of Kendall et al. (23).

Cytokine ELISAs. Monoclonal antibody to a specific cyto-
kine was diluted to 3 ,ug/ml in 0.1 M sodium carbonate buffer
(pH 9.6), and 50 ,l was incubated in wells of 96-well Immunon
II ELISA plates (Dynatech Laboratories, Chantilly, Va.) over-
night at 4°C. The wells were washed with PBS containing

0.05% Tween 20 (Sigma), and then 50 RI of the tissue culture
supernatant was added to the well and incubated for 90 min at
room temperature. The wells were washed with PBS-Tween,
and 50 pI of the biotinylated anticytokine antibody (3,ug/ml)
was added and incubated for 90 min as before. The wells were
again washed, and a 1:2,000 dilution of alkaline phosphatase-
conjugated ExtrAvidin (Sigma) was added for 90 min. The
wells were washed, and 50,ul of p-nitrophenyl phosphate
substrate (SigmaFAS[ pNPP) was added. The reaction was
stopped with 3 N NaOH, and the reaction was read at 405 nm
with a Bioteck ELISA reader (Winooski, Vt.).
Anti-CVB3 antibody isotype. Determination of antibody

isotype was performed by ELISA. Briefly, 10,ug of UV-
irradiated, sucrose-purified CVB3 per ml was adsorbed to
ELISA plates in sodium carbonate buffer. After removal of
unbound virus with PBS-Tween, 50,ul of twofold dilutions of
sera from either normal or CVB3-infected mice was added to
the wells as primary antibody. The unbound antibody was
removed, and a 1:100 dilution of sheep anti-IgGl or anti-
IgG2a antibody was added for 90 min. Following washing, 50
RI of biotinylated rabbit anti-sheep IgG was added to each
well. Determination of bound biotinylated antibody was per-
formed using alkaline phosphatase-conjugated ExtrAvidin and
pNPP as described above. The endpoint of the titer is the last
serum dilution giving an adsorption value 0.1 units above
control values (wells without either the mouse sera or sheep
antibodies).
Anti-CVB3 titers. Sera obtained from infected and normal

mice were subjected to twofold serial dilutions in PBS-Tween,
and 50 RIu was added to wells of ELISA plates coated with
CVB3 as described above. The plates were incubated for 30
min at 37°C, washed three times, and incubated with 50,u of
a 1:1,000 dilution of urease-conjugated goat anti-mouse IgG
(Sigma) for 30 min at 37°C. The secondary antibody was
removed by washing with PBS-Tween followed by washing with
distilled water. The wells were incubated with 100,u of urease
substrate (0.008 g of bromcresol purple, 0.1 g of urea, and
0.074 g of EDTA in 100 ml of distilled water [pH 4.8]) for 2 h
at 37°C, and the optical density was read at 599 nm.
Flow cytometry. Lymphocytes were resuspended to 106 cells

per ml in PBS containing 1% bovine serum albumin and 0.01%
sodium azide and then stained with a 1:100 dilution of phyco-
erythrin-conjugated anti-CD4 antibody (Coulter Co., Hialeah,
Fla.). After incubation at 0 to 4°C for 30 min, the cells were
washed three times with PBS and evaluated on an Ortho
Diagnostics System 50-H cytometer for percentage of positive
cells.

Hormones. Dihydrotestosterone and P-estradiol (Sigma)
were initially dissolved in 100% ethanol and then diluted to
their final concentrations in PBS. Animals were injected with 1
mg of hormone subcutaneously 7 days before virus injection.

Histology. Hearts were fixed in 10% buffered formalin,
sectioned, and stained with hematoxylin and eosin. Sections
were blindly evaluated by one of us on a scale of 0 to 4, in
which 0 represents no inflammation, 1 represents 1 to 10
lesions per section, 2 represents 11 to 20 lesions per section, 3
represents 21 to 40 lesions per section, and 4 represents
widespread and confluent lesions.

Statistical analysis. Data obtained from individual animals
such as histology and organ virus titers were analyzed by the
Wilcoxon ranked-score test. Mortality was measured by x2
analysis using two-by-two tables. All other data was evaluated
by the Student t test.
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RESULTS

Comparison ofTh cell responses in CVB3-infected male and
female mice. Male and female BALB/c mice were injected i.p.
with 104 PFU of CVB3 and killed 7 days later. Cumulative
mortality was substantially higher over the 7-day observation
period in males compared with females (60% mortality for
males, compared with 25% mortality for females; P < 0.01).
Males also showed greater myocardial inflammation (myocar-
ditis score of 2.7 ± 0.7 for males and 0.5 ± 0.1 for females;
significant at P < 0.01) and cardiac virus titers (maximum of
approximately 106 PFU per heart for males, compared with
approximately 104 PFU per heart for females; significant at P
< 0.05). Sera obtained from the animals were assayed for IgG
anti-CVB3 antibody by ELISA (Fig. 1). Females gave better
humoral immune responses than males. The isotypes of the
anti-CVB3 IgG responses differed between the sexes (Table 1).
Males showed a predominant IgG2a isotype, while females had
primarily IgGl rather than IgG2a antibodies. These results
suggest a differential activation of Th, and Th2 phenotypic cell
responses in these animals. To evaluate this possibility, precur-
sor frequency analysis was performed by the method of Good
et al. (15). Spleen cells, which were demonstrated by flow
cytometry to contain greater than 94% CD4+ T cells, were
obtained from male and female mice 7 days after infection.
Between 0 and 1,000 CD4+ T cells were incubated in tissue
culture wells for 14 days with 10 ,ug of virus per ml. The cells
were washed and restimulated with concanavalin A for 1 day.
Supernatants were retrieved and assayed by capture ELISAs
for IFN-y, IL-2, IL-4, and IL-5. Specificity of each cytokine
ELISA was established by using recombinant IL-2, IFN--y,
IL-4, and IL-5. Limiting dilution analysis of cytokine-produc-
ing cells for an individual female and male animal is given in
Fig. 2. The calculated percent precursor frequencies of cyto-
kine-producing lymphocytes are given adjacent to the respec-
tive lines. This study indicated that 7 days after CVB3 infec-
tion, the male had more IFN--y- and IL-2-producing CD4+
cells than females, while the female had substantially greater
numbers of IL-4- and IL-5-producing lymphocytes. Table 2
shows the mean precursor frequencies of cytokine-producing
CD4+ cells from three individual mice per group. While
individual variability was noted in the groups individually, each
male consistently showed greater numbers of IFN-'y- and
IL-2-producing T cells than IL-4- and IL-5-producing cells,
while in each female, more IL-4- and IL-5-producing cells than
IFN--y- and IL-2-producing cells were detected.
The next question was whether the sex-associated hormones

TABLE 1. Isotype of anti-CVB3 IgG antibodies in male and
female micea

Antibody titer"
Mice

IgGI IgG2a

Male 27 ± 5C.d 149 + 56c
Female 427 ± 85d 19 + 7

a BALB/c mice were infected with 104 PFU of CVB3. Sera were obtained 7
days later and assayed for antibody to CVB3 by ELISA. Isotype of the antiviral
antibody was determined by incubation with either sheep anti-mouse IgGi or
sheep anti-mouse IgG2a antisera and biotinylated rabbit anti-sheep IgG anti-
body.
bThe titer is reported as the inverse of the last serum dilution giving 0.1

adsorption units above control values. Results are reported as mean ± standard
error of the mean of sera from three individual mice per group.

c Significantly different from that for sera from female mice at P c 0.05.
d IgGl isotype titer is significantly different from IgG2a isotype titer at P c

0.05.
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FG .IgG antibody responses in males and females. Serum was
obtained from male and female mice on days (D) 0, 3, 5, and 7 after i.p.
injection of 104 PFU of CVB3. Serum was serially diluted and assayed
for binding to immobilized virus on ELISA plate flat-bottom wells,
using urease-conjugated anti-mouse IgG (heavy-chain-specific) anti-
body and urease substrate.

affect relative Th, and Th2 phenotypic cell responses in vivo.
Male and female mice were given 1 mg of either testosterone
or estradiol subcutaneously 7 days prior to infection. Seven
days after infection, the animals were killed and the spleen
cells were retrieved. Purified preparations of CD4+ T cells
were evaluated by precursor frequency analysis for cytokine-
producing lymphocytes (Table 2). As stated above, IL-2-,
IFN-y-, IL-4-, and IL-5-producing cells were evaluated in
individual animals by limiting dilution analysis. CVB3-infected
males showed significantly greater numbers of IL-2- and
IFN--y-producing cells than cells producing IL-4 or IL-5.
Treating the males with added testosterone still resulted in a
predominant Th1-like cell response. However, in males given
estradiol prior to infection, the ratio of IL-2/IFN-y- to IL-4-
producing cells is more nearly equal. Interestingly, more IL-5-
than IL-4-producing cells were observed in this group. Why
different numbers of CD4+ T cells producing IL-4 and IL-5
were observed is not known. Untreated and estradiol-treated
females gave better Th2-like than Thl-like responses. How-
ever, the frequencies of IL-4- and IL-5-producing cells were
decreased subsequent to testosterone treatment. These results
demonstrate that the sex-associated hormones affect pheno-
typic Th, and Th2 cell expression during CVB3 infection in
vivo.

Potential role of Th2 cells in myocarditis resistance. Previ-
ous studies demonstrated the presence of a suppressor T
lymphocyte in CVB3-infected female mice which actively
abrogated the pathogenic immune responses causing myocar-
dial injury in this disease (22). On the basis of experiments
described above and the known ability of Th2 cells to inhibit
Th1 cell responses, we hypothesized that the suppressor cell
might belong to the Th2 lymphocyte subset. In the first
experiment, female BALB/c mice were injected i.p. with CVB3
and divided into three groups. One group received no further
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FIG. 2. Purified CD4+ T cells were obtained from male and female BALB/c mice 7 days after infection with CVB3. Various concentrations of
CD4+ T cells were cocultured with APC and virus for 14 days, washed, and restimulated with 5 ,ug of concanavalin A for 1 day. Supernatants were

assayed for IL-2 (V), IFN-y (0), IL-4 (-), and IL-5 (V). Precursor frequencies are given by each line and were determined for each lymphocyte
population, using Poisson statistics.

treatment, while each mouse in the remaining groups was

given a daily injection of 0.1 mg of either anti-IL-4 or anti-
IFN-,y beginning 2 days after infection. All animals were killed
7 days after infection, and the hearts were evaluated for
cardiac inflammation and virus titers. Animals receiving virus
only had a mean of 4.5 + 0.45 log,( PFU per heart. This
compared with 4.8 + 1.1 log1o PFU per heart for anti-IL-4-
treated mice (not significantly different at P < 0.05) and 6.3 +

1.5 log,( PFU per heart for anti-IFN-y-treated animals (sig-
nificantly different from the value for virus-only group at P <

0.05). Histologically, animals treated with anti-IL-4 developed
significantly more myocarditis than the other groups (Fig. 3).
Anti-IL-4 treatment reduced relative Th2 phenotypic cell
responses and increased relative Th1 phenotypic cell re-

sponses, as determined by precursor frequency analysis (Table
3). Thus, there is a correlation between either reduced Th, cell

activation or enhanced Th, cell activation and enhanced
myocarditis. In the next experiment, female mice were infected
with CVB3 and divided into groups. One group received no

further treatment (immune females). Each mouse in the other
groups of immunized females was given 2 mg of either
anti-CD4 (anti-L3T4), anti-CD8 (anti-Lyt 2.2), or anti-CD3
antibody 2 days prior to infection. Two additional groups were

given daily injections of anti-IL-4 or anti-IFN-y as before.
Lymphocytes enriched for T lymphocytes were obtained 7 days
later. Male mice were infected with CVB3 and 3 days later
were injected intravenously with 5 x 10" lymphocytes from
either normal or immune females treated in the ways described
above. The males were killed 7 days after infection, and their
hearts were evaluated for myocarditis (Fig. 4). T cells from
immune female mice abrogated myocarditis when adoptively
transferred into male animals. Depletion of all T cells (anti-

TABLE 2. Precursor frequencies of Th, and Th2-like cells alter with hormonal treatment

Precursor frequency (%)"
Mice Hormone

IL-2 IFN--y IL-4 IL-S

Male None 0.097" 0.091"' 0.013 0.013
(0.05-0.185) (0.05-0.155) (0.01-0.015) (0.01-0.015)

Testosterone 0.1126 0.070" 0.028' 0.020
(0.035-0.17) (0.035-0.11) (0.02-0.04) (0.015-0.025)

Estradiol 0.018'- 0.022' 0.028' 0.065'
(0.015-0.025) (0.02-0.025) (0.02-0.04) (0.06-0.07)

Female None 0.058" 0.060 0.162 0.143
(0.04-0.085) (0.015-0.155) (0.085-0.20) (0.12-0.16)

Testosterone 0.103 0.068 0.055' 0.047'
(0.065-0.150) (0.055-0.09) (0.035-0.07) (0.025-0.070)

Estradiol 0.0I2>2C 0.027" 0.077 0.088
(0.005-0.02) (0.015-0.055) (0.04-0.14) (0.02-0.15)

"Male and female BALB/c mice were treated with 1 mg of testosterone or estradiol and then infected with 104 PFU of CVB3. Seven days later, spleen CD4' cells
were isolated and assayed by limiting dilution analysis for precursor frequencies of various cytokine-producing cells. Results are means for three individual animals per
group. Ranges are given in parentheses.

h Precursor frequencies of IL-2/IFN--y-producing cells were significantly different from frequencies of IL-4/IL-5-producing cells in individual animals at P ' ().05.
C Results for hormone-treated animals were significantly different from those for untreated animals at P - 0.05.
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FIG. 3. Monoclonal antibody treatment of female mice. Female
BALB/c mice were injected i.p. with 104 PFU of CVB3. Beginning 2
days later, each animal in groups of five mice each received 0.1 mg of
either anti-IL-4 or anti-IFN--y per day. All animals were killed 7 days
after infection.

CD3 treatment) or CD4+ T cells in the females eliminated
suppression. Lymphocytes from females given either anti-CD8
or anti-IFN--y antibodies retained the ability to inhibit myocar-
ditis in male recipients. No significant differences were ob-
served in virus titers in the hearts of the male recipients (data
not shown). Thus, the suppression in CVB3-infected females is
most likely either mediated by or dependent on a CD4+ T cell
which is sensitive to anti-IL-4 treatment. To determine
whether the suppressor cell is actually a CD4+ T cell, T cells
from CVB3-infected females were treated with either anti-
CD3, anti-CD4, and anti-CD8 antibody and complement or

complement alone and then injected into infected male recip-
ients (Table 4). Depletion of either all T cells (anti-CD3) or

CD4+ cells abrogated suppression, while depletion of CD8+ T
cells did not.

DISCUSSION

Differential activation of Th1 and Th2 cell subsets plays a
crucial role in the resistance or susceptibility of animals to a

variety of infectious diseases. In murine models of cutaneous
leishmaniasis, resistant or healer phenotype mice generate a

predominant Th, cell response, while the nonhealer mouse
strains which develop progressive disease give predominant
Th2 cell responses (27). In this case, the IFN--y produced by the
Th, cells activates macrophages which eliminate the infectious
organisms and limit the disease (17). Similarly, susceptibility in
Plasmodium chabaudi (41), Candida albicans (36), and Trichu-
ris (intestinal nematode) (7) infections have been associated

TABLE 3. Precursor frequencies of IFN--y- and IL-4-producing
cells in females treated with anti-IL-4 or anti-IFN-y antibody

Antibody% Cumulative Precursor frequency
Antibody % Cumulative (So; mean + SEM)'a
treatment

mortality (no.
dead/total) IFN--y IL-4

None 17 (1/6) 0.060 0.025 0.162 0.038
Anti-IL-4 50 (3/6)b 0.135 + 0.0756 0.09 + 0.056
Anti-IFN--y 0 (0/6) 0.028 0.025 0.20 0.085

a Female BALB/c mice were injected i.p. with 104 PFU of CVB3. Beginning 2
days later, each animal in groups of six mice each received 0.1 mg of monoclonal
antibody to either IL-4 or IFN--y per day. All animals were killed 7 days after
infection. Spleen CD4+ T cells from three individual animals per group were

evaluated for precursor frequencies of IFN--y- and IL-4-producing cells by
ELISA.

b Significantly different from results for untreated females at P c 0.05.
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4

FIG. 4. Adoptive transfer of suppression with immune female T
lymphocytes. Female BALB/c mice were injected with 104 PFU of
CVB3. Some animals additionally were given either 2 mg of anti-CD4,
anti-CD8, and anti-CD3 antibody 2 days prior to infection or 0.1 mg of
anti-IL-4 and anti-IFN--y daily beginning 2 days after infection; 5 x 106
lymphocytes from normal and infected female mice killed 7 days after
infection subsequently were injected intravenously into male mice
given CVB3 3 days earlier. The surviving recipient male animals were
killed on day 7 after infection, and hearts were evaluated blindly for
myocarditis on a scale of a 0 to 4, in which 0 represents no inflamma-
tion, 1 represents 1 to 10 lesions per section, 2 represents 11 to 20
lesions per section, 3 represents 21 to 40 lesions per section, and 4
represents widespread and confluent inflammation.

with acute Th2 cell responses and/or the lymphokines released
by this Th cell population. Pathogenicity in Theiler's virus
encephalomyelitis is most likely due to preferential activation
of Th1 cells (32). Mice can be protected from the pathogenic
effects of Theiler's virus infection by administering UV light-
treated virus conjugated to syngeneic splenocytes, a method
successfully used to tolerize individuals to specific antigens. In
the Theiler's virus model, tolerance is associated with a
decrease in IgG2a antibody responses and an increase in IgGl
antibody responses, implying a change in Th subset activation
between the pathogenic and tolerized states.

Since differential Th subset activation can determine patho-
genicity in infections, an important question is why certain
individuals preferentially activate one type of Th cell pheno-
type rather than another. In many of the infectious disease
models described above, the presence of IFN-,y in the acute
phase of the infection favors Th, cell responses (4, 9, 35, 39).
In studies by Scharton and Scott, natural killer (NK) cells were

TABLE 4. Depletion of CD4+ T cells in CVB3-immune
lymphocyte population abrogates suppression

Transferral to male Treatment Myocarditisscore'

None 2.1 ± 0.4
From:
Normal female None 1.8 + 0.5
CVB3-immune female Complement 0.4 ± 0.2b

Anti-CD3+ complement 1.9 + 0.3
Anti-CD4+ complement 1.8 + 0.3
Anti-CD8+ complement 0.6 + 0.36

Female BALB/c mice were infected with 104 PFU of CVB3 i.p. and killed 7
days later. Mesenteric lymph node cells were isolated and treated either with 100
,ug of antibody per ml and 20% rabbit complement for 45 min at 37°C or with
complement alone. Male BALB/c mice were infected i.p. with 104 PFU of CVB3
and 3 days later were given 5 x 106 lymphocytes from normal or immune female
donors (intravenously). The males were killed 7 days after infection, and the
hearts were evaluated for myocarditis on a scale of 0 to 4. Results represent
means + standard errors for of four or more animals per group.

b Significantly less than for infected males not given lymphocytes at P s 0.05.
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identified as the source of IFN--y which drove Thl subset
responses in leishmaniasis (39). This corroborates findings of
other investigators who also implicate NK cells as a major
factor in differential Th cell activation (4, 9, 35). However, in C.
albicans-infected mice, non-NK cells are required for Th, cell
differentiation (37). Selective depletion of NK cells failed to
alter Th subset responses. In this case, non-NK cells such as T
cells expressing the y8 T-cell receptor may be the source of
the IFN-y needed for preferential Th1 cell stimulation (52).

Generally, other investigators studying the role of Th subsets
in pathogenicity of infection have used different inbred strains
of animals in which the predilection toward Th, or Th2 cell
responses is relatively stable. In this report, we show that the
physiological state of the individual at the time of infection can
also affect differential Th cell activation. In this case, the
sex-associated hormones are either directly or indirectly re-
sponsible for influencing Th, or Th2 cell activation in a single
inbred strain of mice. Araneo et al. (1) demonstrated that
exposure of T lymphocytes to dihydrotestosterone in vitro
caused a substantial reduction in IL-4 and IFN-y production
without affecting release of IL-2. Testosterone had no effect in
this system. The data from this study are somewhat difficult to
interpret but might suggest that some sex-associated hormones
can have a direct effect on the types of lymphokines produced
by a cell. Alternatively, we have previously demonstrated that
the sex-associated hormones influence the expression of either
the CVB3 receptor or accessory binding molecules which affect
virus attachment to the cell surface (26). This means that
CVB3 localizes more quickly in the hearts of androgen-treated
than estrogen-treated animals. Also, cardiac virus titers are
significantly elevated in males and testosterone-treated fe-
males compared with untreated females. These elevated virus
concentrations might support a more vigorous NK cell re-
sponse in the presence of androgens, and these NK cells may
be the deciding factor favoring preferential Th, cell responses.
The potential problem with this explanation is that studies by
this laboratory (20) and others (49) indicate that splenic NK or
NK-like cell responses are either equivalent between CVB3-
infected males and females or higher in the females. There-
fore, either factors other than NK cells are influencing differ-
ential Th cell responses in CVB3 infections or the observation
on peripheral NK cell responses in males and females is
misleading. Perhaps the important events determining Th
subset responses occur in the heart and not in the peripheral
lymphoid organs.
One of the interesting observations in the present model is

the presence of an immunoregulatory T cell in females which
actively inhibits myocarditis. Lymphokines have both stimula-
tory and suppressive properties. IL-10 suppresses the growth of
Th, cells by inhibiting production of IL-2 and also synergizes
with IL-4 to inhibit macrophage function (11, 12, 29, 31). This
inhibition of macrophage function could include interference
with the ability of macrophage to act as APC for the Th, cell
population. IFN-y selectively blocks growth of Th2 cells and
inhibits antibody production by B lymphocytes (5, 18). Thus,
Th2 cells can act as suppressors of Th, cell-dependent immune
responses, while the Th, cells can return the favor for Th2
cell-dependent immunity. Lymphocytes from CVB3-infected
females are enriched for Th2 cells and are highly inhibitory to
myocarditis in males. When the proportion of Th2 cells in the
female is reduced by treatment of the animals with anti-IL-4
antibodies, the suppression is eliminated. The results obtained
in this experiment are compatible with the Th2 cells in the
female inhibiting Thl cell activation in recipient males.
Whether this is the correct explanation is not known. Future
experiments will attempt to clone the Th2 cells in CVB3-

infected females. Adoptive transfer of the cloned Th2 cells may
provide more definitive proof of the immunoregulatory T cell
in the female.

ACKNOWLEDGMENTS

This study was supported by American Heart Association grant-in-
aid 90-0999.
We gratefully acknowledge the expert secretarial assistance of

Laurie Sabens and Marilyn Chates, who helped organize and prepare
the manuscript.

REFERENCES

1. Araneo, B. A., T. Dowell, M. Dregel, and R. A. Daynes. 1991.
Dihydrotestosterone exerts a depressive influence on the produc-
tion of interleukin-4 (IL-4), IL-5 and y-interferon, but not IL-2 by
activated murine T cells. Blood 78:688-699.

2. Bhalla, A. K. 1989. Hormones and the immune response. Ann.
Rheum. Dis. 48:1-6.

3. Bloom, B. R., P. Salgame, and N. Diamond. 1992. Revisiting and
revising suppressor T cells. Immunol. Today 13:131-136.

4. Bogen, S. A., I. Fogelman, and A. K. Abbas. 1993. Analysis of IL-2,
IL-4 and IFN-y producing cells in situ during immune responses to
protein antigens. J. Immunol. 150:4197-4205.

5. Dalton, D. K., S. Pitts-Meek, S. Keshav, I. S. Figari, A. Bradley,
and T. A. Steward. 1993. Multiple defects of immune cell function
in mice with disrupted interferon-a genes. Science 259:1739-1742.

6. Daynes, R. A., and B. A. Araneo. 1989. Contrasting effects of
glucocorticoids on the capacity of T cells to produce the growth
factors interleukin 2 and interleukin 4. Eur. J. Immunol. 19:2319-
2325.

7. Else, K. J., L. Hultner, and R. K. Grencis. 1992. Modulation of
cytokine production and response phenotypes in murine trichuri-
asis. Parasite Immunol. 14:441-449.

8. Esser, C., and A. Radbruch. 1990. Immunoglobulin class switch-
ing: molecular and cellular analysis. Annu. Rev. Immunol. 8:717-
735.

9. Falcone, V., P. Marelli, I. Zolfino, and M. Campa. 1993. BCG-
activated NK cells regulate the antibody response to SRBC and
restore immune reactivity to PPD in BCG-infected mice. Immu-
nol. Lett. 36:295-299.

10. Fenoglio, J. J., Jr., P. C. Ursell, C. F. Kellogg, M. Phil, and R. E.
Drusin. 1983. Diagnosis and classification of myocarditis by en-
domyocardial biopsy. N. Engl. J. Med. 308:12-18.

11. Fiorentino, D. F., M. A. Bond, and T. R. Mosmann. 1989. Two
types of mouse helper T cells IV Th, clones secrete a factor that
inhibits cytokine production by Th, clones. J. Exp. Med. 170:2081-
2095.

12. Fiorentino, D. F., A. Zlotnick, T. Mosmann, M. Howard, and A.
O'Garra. 1991. IL-10 inhibits cytokine production by activated
macrophages. J. Immunol. 147:3815-3822.

13. Fitch, F. W., M. D. McKisic, D. W. Lancki, and T. F. Gajewski.
1993. Differential regulation of murine T lymphocyte subsets.
Annu. Rev. Immunol. 11:29-48.

14. Gajewski, T. F., S. R. Schell, G. Nau, and F. W. Fitch. 1989.
Regulation of T cell activation: differences among T cell subsets.
Immunol. Rev. 111:79-110.

15. Good, M. F., A. W. Boyd, and G. J. V. Nossal. 1983. Analysis of true
anti-hapten cytotoxic clones in limit dilution microcultures after
correction for "anti-self' activity: precursor frequencies, Ly-2 and
Thy-i phenotype, specificity and statistical methods. J. Immunol.
130:2046-2055.

16. Grossman, C. J. 1984. Regulation of the immune system by sex
steroids. Endocrine Rev. 5:435-451.

17. Heinzel, F. P., M. D. Sadick, B. J. Holaday, R. L. Coffman, and
R. M. Locksley. 1989. Reciprocal expression of interferon y or
interleukin-4 during the resolution or progression of murine
leishmaniasis. J. Exp. Med. 169:59-72.

18. Huang, S., W. Hendriks, A. Althage, S. Hemmi, H. Bluethmann, R.
Kamijo, J. Vilcek, R. M. Zinkernagel, and M. Aguet. 1993.
Immune response in mice that lack the interferon-ot receptor.

VOL. 68, 1994



5132 HUBER AND PFAEFFLE

Science 259:1742-1749.
19. Huber, S. A., L. P. Job, and K. R. Ault. 1982. Influence of sex

hormones on coxsackie B3 virus infection in Balb/c mice. Cell
Immunol. 67:173-189.

20. Huber, S. A., L. P. Job, and J. F. Woodruff. 1981. Sex-related
differences in the pattern of coxsackievirus B-3-induced spleen cell
cytotoxicity against virus-infected myofibers. Infect. Immun. 32:
68-73.

21. Huber, S. A., and P. A. Lodge. 1984. Coxsackievirus myocarditis in
mice: evidence for an autoimmune disease. Am. J. Pathol. 116:21-
29.

22. Job, L. P., D. C. Lyden, and S. A. Huber. 1986. Demonstration of
suppressor cells in coxsackievirus group B type 3 infected female
Balb/c mice which present myocarditis. Cell Immunol. 98:104-113.

23. Kendall, C., I. Ionescu-Matiu, G. R. Dreesman. 1983. Utilization
of the biotin/avidin system to amplify the sensitivity of the
enzyme-linked immunosorbent assay (ELISA). J. Immunol. Meth-
ods 56:329-335.

24. Lerner, A. M., F. Wilson, and M. P. Reyes. 1975. Enteroviruses and
the heart (with special emphasis on the probable role of coxsack-
ievirus group B types 1-5). II. Observations in humans. Mod.
Concepts Cardiovasc. Dis. 44:11-15.

25. Leslie, K., R. Blay, C. Haisch, A. Lodge, A. Weller, and S. Huber.
1989. Clinical and experimental aspects of viral myocarditis. Clin.
Microbiol. Rev. 2:191-203.

26. Lyden, D. C., J. Olszewski, M. Feran, L. P. Job, and S. A. Huber.
1987. Coxsackievirus B3-induced myocarditis. Effects of sex ste-
roids on viremia and infectivity of cardiocytes. Am. J. Pathol.
126:432-438.

27. Morris, L., A. B. Troutt, E. Handman, and A. Kelso. 1992.
Changes in the precursor frequencies of IL-4 and IFN--y secreting
CD4+ cells correlate with resolution of lesions in murine cutane-
ous leishmaniasis. J. Immunol. 149:2715-2721.

28. Mossman, T. R., and R. L. Coffman. 1989. Th, and Th2 cells:
different patterns of lymphokine secretion lead to different func-
tional properties. Annu. Rev. Immunol. 7:145.

29. Oswald, I. P., R. T. Gazzinelli, A. Sher, and S. L. James. 1992.
IL-10 synergizes with IL-4 and transforming growth factor-B to
inhibit macrophage cytotoxic activity. J. Immunol. 148:3578-3582.

30. Paavonen, T. 1987. Hormonal regulation of lymphocyte functions.
Med. Biol. 65:229-236.

31. Pearce, E. J., P. Caspar, J. M. Grzych, F. A. Lewis, and A. Sher.
1991. Downregulation of Th, cytokine production accompanies
the induction of Th2 responses by a parasitic helminth Schistosoma
mansoni. J. Exp. Med. 173:159-166.

32. Peterson, J. D., W. J. Karpus, R. J. Clatch, and S. D. Miller. 1993.
Split tolerance of Th, and Th2 cells in tolerance to Theiler's
murine encephalomyelitis virus. Eur. J. Immunol. 23:46-55.

33. Reyes, M. P., and A. M. Lerner. 1985. Coxsackievirus myocarditis
with special reference to acute and chronic effects. Prog. Cardio-
vasc. Dis. 27:373-394.

34. Rocken, M., J. H. Saurat, and C. Hauser. 1992. A common
precursor for CD4+ T cells producing IL-2 and IL-4. J. Immunol.
148:1031-1036.

35. Romagnani, S. 1992. Induction of Th1 and Th2 responses: a key role
for the "natural" immune response. Immunol. Today 13:379-381.

36. Romani, L., A. Mencacci, E. Cenci, R. Spaccapelo, P. Mosci, P.

Puccetti, and F. Bistoni. 1993. CD4+ subset expression in murine
candidiasis. J. Immunol. 150:925-931.

37. Romani, L., A. Mencacci, E. Cenci, R. Spaccapelo, E. Schiaffella,
L. Tonnetti, P. Puccetti, and F. Bistoni. 1993. Natural killer cells
do not play a dominant role in CD4+ subset differentiation in
Candida albicans-infected mice. Infect. Immun. 61:3769-3774.

38. Sarvetnick, N., and H. S. Fox. 1990. Interferon-gamma and the
sexual dimorphism of autoimmunity. Mol. Biol. Med. 7:323-330.

39. Scharton, T. M., and P. Scott. 1993. Natural killer cells are a
source of interferon gamma that drives differentiation of CD4+ T
cell subsets and induces early resistance to Leishmania major in
mice. J. Exp. Med. 178:567-577.

40. Steinberg, A. D., D. P. Huston, J. D. Taurog, J. S. Cowdery, and
E. S. Ravechec. 1981. The cellular genetic basis of murine lupus.
Immunol. Rev. 55:121-158.

41. Stevenson, M. M., and M. F. Tam. 1993. Differential induction of
helper T cell subsets during blood-stage Plasmodium chabaudi AS
infection in resistant and susceptible mice. Clin. Exp. Immunol.
92:77-83.

42. Street, N. E., and T. R. Mosmann. 1991. Functional diversity of T
lymphocytes due to secretion of different cytokine patterns.
FASEB J. 5:171-177.

43. Styrt, B., and B. Sugarman. 1991. Estrogens and infection. Rev.
Infect. Dis. 13:1139-1151.

44. Thomas, J. M., F. M. Carver, P. Cunningham, L. Olsen, and F. T.
Thomas. 1991. Vero cells induce long-term kidney allograft toler-
ance in primates without chronic immunosuppression. Transplant.
Proc. 23:11-13.

45. Torbett, B. E., J. A. Laxer, and A. L. Glasebrook. 1990. Frequen-
cies of T cells secreting IL-2 and/or IL-3 among unprimed CD4+
populations. Evidence that clones secreting IL-2 and IL-4 give rise
to clones which secrete only IL-4. Immunol. Lett. 23:227-233.

46. Varkila, K., R. Chatelain, L. M. Leal, and R. L. Coffman. 1993.
Reconstitution of C.B.-17 SCID mice with Balb/c T cells initiates
a T helper type 1 response and renders them capable of healing
Leishmania major infection. Eur. J. Immunol. 23:262-268.

47. Weaver, C. T., C. M. Hawrylowicz, and E. R. Unanue. 1988. T
helper subsets require the expression of distinct costimulatory
signals by antigen presenting cells. Proc. Natl. Acad. Sci. USA
85:8181-8185.

48. Weller, A. H., K. Simpson, M. Herzum, N. Van Houten, and S. A.
Huber. 1989. Coxsackievirus B3 induced myocarditis: virus recep-
tor antibodies modulate myocarditis. J. Immunol. 143:1843-1850.

49. Wong, C. Y., J. J. Woodruff, and J. F. Woodruff. 1977. Generation
of cytolytic T lymphocytes during coxsackievirus B-3 infection. III.
Role of sex. J. Immunol. 119:591-597.

50. Woodruff, J. 1980. Viral myocarditis-a review. Am. J. Pathol.
101:425-466.

51. Woodruff, J. F., and J. J. Woodruff. 1974. Involvement of T
lymphocytes in the pathogenesis of coxsackievirus B3 heart dis-
ease. J. Immunol. 113:1726-1734.

52. Yamamoto, M., K. Fujihashi, K. W. Beagley, J. R. McGhee, and H.
Kiyono. 1993. Cytokine synthesis by intestinal intraepithelial lym-
phocytes. Both gamma/delta T cell receptor-positive and alpha/
beta T cell receptor-positive T cells in the Gl phase of cell cycle
produce IFN-y and IL-5. J. Immunol. 150:106-114.

J. VIROL.


