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Fas/Fas ligand (FasL) interactions regulate disease outcome in coxsackievirus B3 (CVB3)-induced myocar-
ditis. MRL�/� mice infected with CVB3 develop severe myocarditis, a dominant CD4� Th1 (gamma interferon
[IFN-��]) response to the virus, and a predominance of �� T cells in the myocardial infiltrates. MRL lpr/lpr
and MRL gld/gld mice, which lack normal expression of Fas and express a mutated FasL, respectively, have
minimal myocarditis and show a dominant CD4� Th2 (interleukin-4 [IL-4�]) phenotype to CVB3. Spleen cells
from virus-infected wild-type, lpr, and gld animals proliferate equally to virus in vitro. Adoptive transfer of ��
T cells from hearts of CVB3-infected MRL�/� mice (FasL�) into infected MRL gld/gld recipients (FasL�/Fas�)
restores both disease susceptibility and Th1 cell phenotype. However, transfer of these cells into MRL lpr/lpr
recipients (FasL�/Fas�) did not promote myocarditis and the viral response remained Th2 biased. This
paralleled the expression of very high surface levels of FasL by myocardial �� T cells, as well as their
propensity to selectively lyse Th2 virus-specific CD4� T cells. These results demonstrate that Fas/FasL
interactions conferred by �� � cells on lymphocyte subpopulations may regulate the cytokine response to CVB3
infection and pathogenicity.

Coxsackieviruses are closely associated with myocarditis and
dilated cardiomyopathy in humans. Serum levels of soluble Fas
(CD95) and Fas ligand (FasL) predict disease course in pa-
tients with acute myocarditis, with the highest levels of these
factors occurring in patients with a fatal outcome (11). Fas-
dependent apoptosis of cardiac myocytes is observed in some
cases of clinical and experimental myocarditis (10, 18, 54). In
other instances, apoptosis may be restricted to the myocardial
inflammatory cell infiltrate and occurs primarily in CD4� T
cells (7, 18, 27, 59). In the case of direct Fas-dependent apo-
ptosis of cardiac myocytes, the mechanism by which Fas con-
tributes to pathogenesis in myocarditis is self-evident. It is less
clear whether Fas-dependent apoptosis affects pathogenicity
when only the infiltrating inflammatory cells die.

We have previously reported that coxsackievirus B3
(CVB3)-induced myocarditis in BALB/c mice depends upon
generation of CD4� Th1 (gamma interferon [IFN-��]) cell
responses and that CD4� Th2 cell responses protect against
CVB3-induced disease (24). T cells expressing the �� T-cell
receptor (TCR) regulate the CD4� Th phenotype in vivo.
Although cytokines produced by �� T cells may partially con-
tribute to their modulation of the CD4� cell response (20),
direct cell-cell contact between the ��� and CD4� cells is
additionally important in vitro (19). In this study, we provide
evidence in vivo that �� T-cell modulation of the CD4� cyto-
kine phenotype requires Fas-FasL interaction to promote a
pathogenic Th1 response.

MATERIALS AND METHODS

Mice. BALB/c, MRL�/�, MRL lpr/lpr (lpr), and MRL gld/gld (gld) mice were
originally purchased from Jackson Laboratories (Bar Harbor, Maine). Breeding
colonies were maintained at the University of Vermont. Male mice 5 to 8 weeks
of age were used in all experiments.

Infection. Animals received injections of 105 PFU of CVB3 (variant H3-49)
intraperitoneally in 0.5 ml of phosphate-buffered saline (PBS) (24). Animals
were euthanatized 7 days after infection by intraperitoneal injection of 120 mg of
sodium pentobarbital/kg of body weight in 0.5 ml of PBS.

Histology. Hearts were removed and divided in half, and the apex portion of
the heart was fixed in 10% buffered formalin. Tissue was paraffin embedded,
sectioned, stained with hematoxylin and eosin, and evaluated for inflammation
by image analysis using the procedure reported by Knowlton et al. (29). Briefly,
heart sections were viewed in transmitted light mode with an Olympus BX50
compound light microscope, and true-color digital images were captured with a
Sony DXC-960MD/LLP video camera connected to a video frame grabber on a
SUN SPARCstation5. Image processing and analysis were done using IMIX
software (Princeton Gamma Tech Inc., Princeton, N.J.).

Virus titer. The remaining cardiac tissue not used for histology was homoge-
nized in RPMI 1640 medium containing 5% fetal bovine serum (FBS), centri-
fuged at 300 � g to remove cellular debris, serially titrated using 10-fold dilu-
tions, and added to HeLa cell monolayers in the plaque-forming assay described
previously (29).

Isolation of lymphocytes. To purify myocardial �� T cells, hearts were perfused
with sterile PBS, minced finely, and digested three times with 0.4% collagenase
II. Cells were washed, and lymphocytes were isolated by centrifugation on His-
topaque (Sigma, St. Louis, Mo.). Cells were incubated at 4°C for 30 min on a
rocker platform in 60-mm-diameter plastic plates previously coated with 10 �g of
monoclonal anti-�� TCR antibody (Pharmingen, San Diego, Calif.)/ml. Nonad-
herent cells were removed by vigorous washing of the plates. Adherent (���)
cells were retrieved by scraping the plate with a sterile rubber policeman, fol-
lowed by washing the cells three times with medium. The proportion of ��� cells
was determined by flow cytometry. For adoptive transfer, cells were washed twice
with PBS, counted by trypan blue exclusion, and adjusted to 5 � 103 ��� cells/0.2
ml of PBS. Recipient mice were injected intravenously through the tail vein with
0.2 ml of the cell suspension 4 to 6 h after virus infection.

CD4� T lymphocytes were isolated from spleens that were pressed through
fine nylon mesh screens, centrifuged on Histopaque, and incubated on washed
nylon wool. The nonadherent population was retrieved by washing the nylon
wool, incubating with a 1:100 dilution of FcBlock (anti-Fc�III/II antibody),
anti-I-Ak antibody, and anti-CD8� antibody (all from Pharmingen) for 30 min at
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4°C, washing once, and then incubating with 1 ml each of magnetic particles
conjugated with goat-anti-mouse immunoglobulin G (IgG) and goat anti-rat IgG
(Polysciences, Inc., Warrington, Pa.) for 30 min on a rocker platform at 4°C. The
magnetic particles and adherent cells were removed using two passes over a
BioMag magnetic support. Remaining cells were counted by trypan blue exclu-
sion and evaluated for purity by using flow cytometry. Approximately 105 cells
were incubated with a 1:100 dilution of FcBlock and a 1:100 dilution of fluores-
cein isothiocyanate (FITC)–rat anti-CD4 antibody (Pharmingen) for 20 min on
ice in PBS–1% bovine serum albumin (BSA), washed once in PBS-BSA, and
then resuspended in 2% paraformaldehyde. Isotype controls consisted of lym-
phocytes incubated with FcBlock and a 1:100 dilution of FITC-rat IgG (Phar-
mingen). Cells were evaluated using a Coulter Epics Elite flow cytometer.

Precursor frequency analysis. Limiting dilution analysis was performed as
described by Morris et al. (36). Briefly, CD4� lymphocytes were suspended in
RPMI 1640 medium containing 10% FBS, 1 mM nonessential amino acids, 1 mM
sodium pyruvate, penicillin, streptomycin, L-glutamine, and 2 � 10�5 M 2-mer-
captoethanol. Between 0 and 1,000 purified CD4� T cells were dispensed into
each well of 96-well tissue culture plates together with 5 � 105 irradiated (2,000
R) syngeneic splenocytes as antigen-presenting cells and 10 �g of sucrose-
purified CVB3/ml. The wells were cultured for 14 days, washed three times, and
restimulated with 0.2 ml of medium containing 1 �g of concanavalin A (Life
Technologies)/ml. After 24 h of incubation at 37°C, the supernatants were re-
trieved and assayed by enzyme-linked immunosorbent assay for IFN-� or inter-
leukin-4 (IL-4) by using cytokine-specific kits from Pharmingen Inc. (23). Groups
consisted of 44 wells for each concentration of CD4� cells cultured with antigen
and 8 wells cultured without antigen. Estimates of precursor frequency were
obtained from the maximum-likelihood method described by Good et al. (13).

Lymphocyte proliferation. For lymphocyte proliferation assays, 106 mesenteric
lymph node cells were cultured in 0.2 ml of RPMI 1640 medium as described
above to which either 0 or 10 �g of sucrose-purified CVB3/ml was added. After
5 days of culture at 37°C in a humidified 5% CO2 incubator, 1 �Ci of [3H]thy-
midine (ICN Inc., Costa Mesa, Calif.) was added overnight and the cells were
harvested onto glass fiber strips. Radioactivity was determined using a Packard
Liquid Scintillation counter. Groups consisted of four replicate cultures.

CD4� T-cell clones. CD4� T-cell clones were produced as described previ-
ously (26). Briefly, purified CD4� T cells were isolated from BALB/c mice
infected 7 days earlier with 105 PFU of H3 virus and cultured on irradiated (3,000
R) syngeneic splenocytes preincubated for 4 h with 1 �g of sucrose-purified H3
virus/ml in RPMI 1640 medium containing 10% FBS, L-glutamine, 20 U of
recombinant IL-2/ml, and either 10 ng of recombinant IL-12/ml and 10 �g of
monoclonal anti-IL-4 antibody/ml or 10 ng of recombinant IL-4/ml and 10 �g of
anti-IFN-� antibody/ml (cytokines and antibodies from Pharmingen). Viable
cells were recovered at 10 days by centrifugation on Histopaque (Sigma) and
restimulated at 0.3 cells/well on fresh virus-loaded, irradiated antigen-presenting
cells. After two limiting dilutions, clones were maintained by restimulation at
10-day intervals.

Intracellular cytokine staining. CD4� T-cell clones were washed, and 105 cells
were incubated for 4 h at 37°C in RPMI 1640 medium with 10% FBS, 50 ng of
phorbol myristate acetate/ml, 500 ng of ionomycin/ml, and 10 �g of brefeldin A
(Sigma)/ml. Cells were washed and incubated in PBS–1% BSA containing 10 �g
of brefeldin A/ml and a 1:100 dilution of both Cy-Chrome rat anti-mouse CD4
(clone GK1.5; Pharmingen) and FcBlock (clone 2.4G2; Pharmingen) for 20 min
at 4°C. The cells were washed in PBS-BSA-brefeldin A, fixed for 10 min in 2%
paraformaldehyde, and then incubated for 20 min in PBS–BSA–0.05% saponin
containing a 1:100 dilution of FcBlock, FITC–rat anti-IFN-� antibody (clone
XMG 1.2; Pharmingen), and PE–rat anti-IL-4 (clone BVD4-1D11; Pharmingen).
The cells were washed once in PBS-BSA-saponin and once with PBS-BSA and
then resuspended in 2% paraformaldehyde and analyzed using a Coulter Epics
Elite instrument with a single excitation wavelength (488 nm) and band filters for
PE (575 nm), FITC (525 nm), and Cy-Chrome (670 nm). Each cell population
was characterized for cell size (forward scatter) and complexity (side scatter) and
then gated on the Cy-Chrome-positive (CD4�) cell population, which comprised
greater than 90% of the cells. Results represent the FITC� or PE� cells in the
Cy-Chrome� cell population. Isotype controls were run for each fluorochrome
by using Cy-Chrome, FITC, and PE rat IgG1 (clone R3-34; Pharmingen) and
represented �2% of the cell populations.

Cytotoxicity assay. CD4� T-cell clones were washed and labeled with 100 �Ci
of 51Cr (Na2

51CrO4; ICN) for 2 h at 37°C. The cells were washed and plated into
96-well tissue culture plates at 103 cells/well. ��� cells were isolated from the
hearts of donor mice 7 days after infection with H3 virus and were assayed at
effector/target cell ratios of 5:1, 10:1, or 30:1 with the labeled CD4� T-cell clones
for 6 h at 37°C. In some wells, recombinant mouse Fas-Fc chimeric protein
(R&D Systems, Minneapolis, Minn.) was added at a final concentration of 0.5

�g/ml. Half of the supernatant from each well was removed and counted using
a Packard gamma counter (Packard, Downers Grove, Ill.). Maximum releasable
radioactivity was determined by lysing targets with 6 N HCl. Percent lysis was
calculated as follows: [(cpm of wells with ��� cells) � (cpm of medium control
wells)]/[(cpm of HCl wells) � (cpm of medium control wells)] � 100%, where
cpm is counts per minute.

Staining for surface FasL expression. 0.5 � 106 lymphocytes from spleen or
hearts were stained for cell surface expression of FasL using the Enzymatic
Amplification Staining Kit (EAS Kit; Flow-Amp Systems, Ltd., Cleveland, Ohio).
Cells were washed twice with staining buffer (PBS, pH 7.4; 1% BSA; 1% FBS)
and then incubated at 4°C for 20 min with a 6.0-pg/ml concentration of either
isotype control hamster IgG-biotin or hamster anti-murine FasL-biotin (Phar-
mingen). After two washes with staining buffer, all samples were incubated with
a 1:50 dilution of streptavidin-horseradish peroxidase secondary reagent (EAS
kit) at 4°C for 20 min. Cells were subsequently washed twice with staining buffer
then once with PBS, pH 7.4. Cells were reacted with a 1:20 dilution of amplifier
solution (EAS Kit) at room temperature for 20 min followed by two washes with
staining buffer. Cells were then stained with directly conjugated anti-��-FITC
antibody (Pharmingen) simultaneously with streptavidin-PE (Caltag Laborato-
ries) and incubated at 4°C for 20 min. Following two washes with staining buffer,
cells were fixed in methanol-free 1% formaldehyde/PBS and stored at 4°C until
analyzed by flow cytometry.

Statistics. Statistical analysis was done by Wilcoxon Ranked Score analysis for
histology, virus titers, and CD4� T-cell phenotype. Student’s t test was used for
the proliferation assay.

RESULTS

Myocarditis and viral Th1 responses are diminished in mice
bearing mutations of Fas (lpr) and FasL (gld). To assess the
contribution by Fas in the cytokine response to CVB3 infec-
tion, MRL�/�, MRL lpr, and MRL gld mice were infected with
virus and euthanatized 7 days later. Hearts were evaluated for
inflammation histologically, the infiltrating lymphocytes were
phenotyped, and virus concentrations were determined. In par-
allel with these studies, splenic CD4� T cells were evaluated by
precursor frequency analysis for virus-specific cells that pro-
duce either IFN-� or IL-4, hallmarks, respectively, of either
Th1 or Th2 responses. An example of the myocardial histology
is shown in Fig. 1 and summarized for all mice in Fig. 2A.
MRL�/� animals developed significant myocardial injury with
infiltrating lymphocytes, whereas both lpr and gld mice were
resistant to cardiac damage. Cardiac virus titers (Fig. 2B) and
antiviral antibody titers (data not shown) in all three animal
groups were equivalent. CVB3-specific T-cell proliferative re-
sponses to sucrose-purified virus did not significantly differ
between MRL lpr and MRL�/� mice (10,753 	 1,011 cpm for
MRL�/� lymphocytes stimulated with 10 �g of virus/ml com-
pared to 9,499 	 753 cpm for MRL lpr lymphocytes). These
data confirms that MRL lpr mice respond normally to virus
infection in vivo. Finally, precursor frequency analysis of
CVB3-immune CD4� T cells for either IFN-� (Fig. 2C) or
IL-4 (Fig. 2D) indicates a strong CD4�IFN-�� (Th1) response
in MRL�/� mice but predominant CD4� IL-4� (Th2) re-
sponse in both MRL lpr and gld animals. This was highly
reproducible in three experiments.

Adoptively transferred �� T cells provoke Th1 response to
CVB3 infection in gld mice. CVB3-infected wild-type MRL
mice accumulated large numbers of infiltrating �� T cells in the
heart (Fig. 3) (18). The majority of myocardial �� cells lacked
expression of CD4 and CD8 but strongly expressed FasL as
late as 7 days after infection. The high levels of surface FasL
was confined to the �� subset and was not observed on �
 T
cells from either the hearts or spleens of the same mice (Fig.
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3). We have shown previously that adoptive transfer of �� T
cells provokes a Th1 virus-specific response and myocarditis in
mice that would ordinarily manifest a Th2 response and little
myocarditis by a nonpathogenic CVB3 variant (24). This shift
in myocarditis susceptibility and Th1 cell phenotype in recipi-
ent mice is accompanied by apoptosis in the CD4� T-cell
subpopulation. Given the lack of myocarditis in infected lpr or
gld mice, combined with the observed high levels of FasL
expression by myocardial �� T cells, we examined the potential
contribution of Fas to regulation of the Th1/Th2 balance by ��
T cells in vivo.

MRL lpr or MRL gld mice were infected intraperitoneally
with virus and on the same day given �� T cells intravenously
that had been isolated from the hearts of CVB3-infected
MRL�/� donors. Adoptive transfer of as few as 5 � 103 �� T
cells into gld recipients restored myocarditis intensity to levels
observed in wild-type animals, despite a significant (P � 0.05)
reduction in cardiac virus titers (Fig. 4B). The increased patho-
genicity in gld mice conferred by the �� T cells was paralleled
by a shift in virus-reactive CD4� T cells to a Th1-like pheno-
type (Fig. 4C). By contrast, transfer of �� T cells into lpr

recipients only slightly reduced cardiac virus titers and had no
effect on either myocardial inflammation (Fig. 4A) or the dom-
inant Th2 phenotype (Fig. 4D). Adoptive transfer of �� T cells
isolated from the spleens of uninfected MRL�/� mice had no
effect on myocarditis, virus titers, or cytokine production (data
not shown). Similarly, adoptive transfer of immune �� T cells
to uninfected wild-type mice did not provoke myocarditis (data
not shown). Thus, the �� T cells did not directly induce sub-
stantial myocardial inflammation.

�� T cells are selectively lytic toward Th2 CVB3-specific
CD4� T-cell clones. Given the Th1 predominance in CVB-
infected MRL�/� mice and the ability of myocardial �� T cells
to promote a Th1 response at least in part via FasL, we exam-
ined whether lysis of CD4� cells by ��� cells might be selec-
tive, based on the cytokine profile of the target CD4� cell.
Initially, viral-specific CD4� Th1 and Th2 clones were estab-
lished from the infiltrating lymphocytes of hearts from CVB3-
infected BALB/c mice by limiting dilution as described previ-
ously (26). CD4� cell clones were stained for CD4 on their cell
surface, intracellularly stained for IFN-� and IL-4, and then
analyzed by flow cytometry (Fig. 5, flow diagrams are gated on

FIG. 1. Myocarditis resistance in mice lacking Fas or FasL. Shown are representative hematoxylin-and-eosin-stained micrographs of myocar-
dium from MRL�/�, MRL lpr, and MRL gld mice that were infected 7 days previously with CVB3. A second experiment is shown in the bottom
panels of MRL lpr and MRL gld mice after CVB3 infection and simultaneous transfer of 5 � 103 syngeneic �� T cells from spleens of
CVB3-infected MRL�/� mice. Arrowheads indicate mononuclear infiltrates in myocardium. Magnification, �70.
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the CD4� cell population and show intracellular cytokine ex-
pression). Five Th2 clones and four Th1 clones were 51Cr
labeled and incubated at effector/target cell ratios of 5:1, 10:1,
or 30:1 with enriched �� T cells isolated from the hearts of
CVB3-infected BALB/c mice. Figure 6 shows that the �� T
cells were more cytolytic toward all Th2 clones than Th1 CD4�

clones with maximal cytotoxicity occurring at the 30:1 effector/
target cell ratio. To confirm that killing of the CD4� T cells is
Fas dependent, CD4� Th2 and Th1 clones were cultured at a

30:1 effector/target cell ratio with the �� T cells in the presence
of 0.5 �g of recombinant chimeric Fas-Fc protein/ml (Fig. 7).
Fas-Fc inhibited killing of all five of the Th2 cell clones but had
no effect on the minimal cytolytic activity against the Th1 cell

FIG. 2. Mice bearing mutations in Fas or FasL fail to develop
myocarditis despite viral titers similar to those of wild-type mice.
MRL�/�, MRL lpr, and MRL gld mice were infected with CVB3, and
hearts were analyzed 7 days later for myocarditis as percent myocar-
dium with infiltrates (A) and virus titer as log PFU (B). CD4� spleno-
cytes from the CVB3-infected mice were incubated at limiting dilution
with irradiated syngeneic splenocytes and CVB3. After 14 days, posi-
tive wells were restimulated for 24 h and supernatants were assayed by
enzyme-linked immunosorbent assay for IFN-� (C) and IL-4 (D).
Estimates of precursor frequency were determined by the maximum-
likelihood method (13).

FIG. 3. Myocardial �� T cells express high levels of surface FasL.
Cardiac infiltrating mononuclear cells were isolated from hearts and
spleens of CVB3-infected MRL�/� mice 7 days after infection and
stained for expression of surface �� TCR and FasL. Results were
consistent in two separate experiments.

FIG. 4. Adoptive transfer of �� T cells restores myocarditis to
CVB3-infected FasL-deficient gld mice, but not to Fas-deficient lpr
mice. �� T cells were purified from the spleens of CVB-infected
MRL�/� mice and 5 � 103 cells adoptively transferred to lpr or gld
mice at the time of infection with CVB3. Shown are the myocarditis
scores (A) and virus titers (B) from mice infected 7 days earlier. CD4�

splenocytes were analyzed for frequency of CVB3-specific T cells pro-
ducing IFN-� (C) or IL-4 (D).

FIG. 5. Flow analysis of cytokine production by CD4� cell clones.
CD4� cell clones were stimulated with phorbol myristate acetate,
ionomycin, and brefeldin A for 4 h, stained with Cy-Chrome anti-CD4
antibody, fixed with paraformaldehyde, permeabilized with 0.5% sa-
ponin, and stained intracellularly with FITC–anti-IFN-� antibody and
PE–anti-IL-4 antibody. Flow was gated on the CD4� cell population,
which comprised �90% of the population, and evaluated simulta-
neously for IFN-� and IL-4 expression. Representative Th1 (H6) and
Th2 (H39) clones are shown.
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clones. Consistent with these finings, we have also observed
Fas-dependent lysis selectively of CD4� Th2 cells by human ��
T-cell clones from the synovial fluid of Lyme arthritis patients
(R. C. Budd, unpublished observations).

DISCUSSION

These studies demonstrate that myocardium-infiltrating ��
T cells are capable of modulating cytokine profiles of CD4�

cells in vivo toward a Th1 phenotype in a manner that is at least
partly Fas dependent. This likely involves the expression of Fas
by CD4� cells coupled with high and sustained levels of FasL
expression by �� T cells that are abundant at sites of myocar-
dial inflammation.

Considerable information exists regarding the initial gener-
ation and transcriptional regulation of Th1 and Th2 cells in
vitro (38, 43, 44, 52, 61). It is less certain how cytokine biases
are maintained during the complex cellular interactions of an
in vivo immune response to an infection. Whereas certain types

of infection, such as many viruses and bacteria, can promote a
Th1 response characterized by IFN-� (32, 50), other infections
such as helminths often evoke a Th2 predominance, typified by
IL-4 (6). Cytokine skewing is often observed also in autoim-
mune syndromes. In many instances, this manifests as a Th1
predominance, as in diabetes, inflammatory arthritis, and mul-
tiple sclerosis (15, 46, 48, 60), whereas other disorders, such as
systemic lupus erythematosus, may bear a Th2 phenotype (12).

At sites of inflammation in either infectious or autoimmune
diseases, the cytokine profile of the infiltrating T lymphocytes
is influenced by various regulatory cells. These include the type
of antigen-presenting cell as well as the particular costimula-
tory molecules they express (17, 30, 31, 42). Areas of chronic
inflammation also often contain a significant proportion of ��
T cells, even though they comprise only 2 to 5% of peripheral
blood T cells (1, 2, 14, 47). The reasons for their accumulation
and the nature of their function are both poorly understood.
Generally most studies of infectious diseases have reported
slightly more rapid clearance of infection in the presence
rather than absence of ��� T cells (16, 28, 35, 45, 56). �� T
cells are rapidly recruited after vaccinia virus infection and are
important in suppressing virus replication (49). In the present
study, a decreased viral titer was indeed observed in CVB3-
infected gld mice upon adoptive transfer of ��� T cells. This
was observed to a much lower degree in lpr mice. Recently, we
have shown that V�4� T cells, the ��� �-cell subpopulation
primarily associated with promoting CVB3-induced myocardi-
tis in BALB/c mice (20), selectively kill infected myocytes by
Fas-dependent mechanisms (unpublished data). Presumably,
rapid killing of infected cells should interrupt the virus repli-
cation cycle, resulting in lowered progeny virus production. In
this case, lpr mice would not show reduced virus titers in the
heart since, in the absence of Fas, this form of viral clearance
would not occur.

Some models of autoimmunity have reported improvement
with depletion of �� T cells, whereas others were provoked (37,
39, 40). This may reflect in part how each particular autoim-
mune syndrome is affected by biases toward Th1 versus Th2
cytokine environments. In other situations, different outcomes
in the same autoimmune model have been observed depending
upon whether the ��� cells were removed in vivo by genetic

FIG. 6. Cardiac �� T cells are cytolytic preferentially toward Th2
targets. ��� T cells isolated from the hearts of CVB3-infected BALB/c
mice were placed directly on 51Cr-labeled CVB3-specific CD4� Th1
(dashed lines) or Th2 (solid lines) target cells and cytolysis was mea-
sured after 6 h. Results were consistent in two additional experiments.
Results are mean percent lysis 	 standard error of the mean in five
replicate wells for each data point.

FIG. 7. �� T cells kill CD4� Th2 cell clones through Fas-dependent mechanisms. �� T cells were incubated at a 30:1 effector/target cell ratio
on the five CD4� Th2 and four CD4� Th1 cell clones (51Cr labeled) represented in Fig. 6 for 6 h in medium alone or in medium containing 0.5
�g of Fas-Fc fusion protein/ml. Results are the mean percent lysis 	 standard error of the mean of the Th1 and Th2 clones, with five replicate
wells/clone.
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deletion versus antibody depletion, the latter of which would
activate ��� cells in the process of removing them. Thus, both
collagen-induced arthritis in mice (41) and adjuvant arthritis in
rats (39) were made worse after the administration of anti-��
antibody. The Th1 cytokine environment observed in inflamed
joint fluid in Lyme arthritis and rheumatoid arthritis (48, 60)
might reflect the influence of synovial �� T cells, which accu-
mulate to significant levels in the synovium in both of these
diseases (2, 58). One potential problem with the use of lpr or
gld mice is the known accumulation of abnormal T cells in
these strains. Both lpr and gld mice accumulate large numbers
of CD4�CD8� T cells over time, and these cells manifest
defective IL-2 production and proliferation (5, 8, 9). However,
total numbers of mature CD4� and CD8� T cells are also
actually expanded in lpr mice (3), and in contrast to the CD4�

CD8� T cells, these mature T cells are potent cytokine pro-
ducers (4). In this study, we intentionally used young (5 to 8
weeks old) mice, prior to the onset of lymphadenopathy or
CD4� CD8� T-cell accumulation. Consequently, the overall
T-cell proliferative response and precursor frequency to CVB3
was similar among lpr, gld, and wild-type mice. Whether lpr
mice show a bias toward a specific Th phenotype is controver-
sial, with some investigators finding an imbalance towards Th1
cells (53), whereas others find increased IL-4 and Th2 re-
sponses in MRL lpr mice compared to MRL�/� mice (33, 55).
This could be influenced by the antigen stimulus. Thus, at least
for CVB3 infection, we observed a pronounced Th2 bias in
MRL lpr and gld mice.

Both MRL and BALB/c mice were used for these studies.
We have previously shown that �� T cells adoptively transfer
susceptibility to myocarditis in BALB/c mice and modulate the
CD4� Th cytokine profile in vivo toward Th1 (20, 22, 24).
Thus, the findings obtained with MRL mice are quite similar to
those obtained with BALB/c mice and indicate that �� T cells
are commonly involved in myocarditis susceptibility in geneti-
cally distinct mouse strains. Current studies cannot determine
whether �� T cells determine myocarditis susceptibility exclu-
sively through Fas/FasL regulation of CD4� Th cell bias or
whether these effectors may also directly kill either infected or
uninfected cardiac myocytes by Fas ligation. The in vitro stud-
ies showing that BALB/c ��� T cells directly kill virus-specific
CD4� Th2 cell clones in vitro cannot exclude the possibility
that the important Fas-dependent response in vivo might be
the ability of �� T cells to kill Fas� cardiac myocytes. Also,
while CD4� T-cell clones are susceptible to �� T-cell-mediated
killing, this does not directly indicate that virus-specific CD4�

cells in vivo are equivalently susceptible to lysis. Long-term
tissue culture clones may differ from CD4� T cells in vivo. The
low frequency of virus-specific CD4� T cells in peripheral
lymphoid organs makes it difficult to demonstrate direct ��
T-cell killing of noncloned CD4� T cells. However, very similar
results have been observed in human Lyme arthritis where ��
T cells are increased in the synovial fluid lymphocytes (57).
Stimulation of these lymphocytes with the causative spir-
chochete, Borrelia burgdorferi, leads to activation of the �� T
cells and apoptosis of many of the noncloned synovial CD4� T
cells. This apoptosis is prevented by either removal of the �� T
cells before activation or addition of Fas-Fc.

Three explanations, not mutually exclusive, could account
for the Th1 cytokine bias promoted by the �� T cells used in

this study. In the first instance, the �� T cells may supply a
source of high levels of surface FasL that would directly kill
Fas-sensitive Th2 cells in vivo, as we observed in vitro. This
would also be consistent with the known high expression of
FasL mRNA by murine �� T cells (51). At present, it is not
certain why �� T cells might selectively lyse Th2 cells unless
they express a molecule recognized by �� T cells. A second
possibility is that the �� T cells promote a Th1 cytokine envi-
ronment through their release of IFN-� or IL-12. This is a
strong possibility since we have shown that the �� T-cell sub-
population most associated with Th1 cell bias is a potent pro-
ducer of IFN-� (20). If cytokine production by the �� T-cell
subpopulation is solely responsible for CD4� cell bias and
myocarditis susceptibility, it is possible that Fas/FasL interac-
tions may be necessary for �� T-cell migration into the myo-
cardium rather than for direct killing of Th2 cells in vivo. This
possibility cannot be ruled out by the present data. A third
possibility is that the �� cells do not directly interact with the
CD4� cells but modulate Th phenotype by eliminating a spe-
cific antigen-presenting cell that would normally bias CD4�

cell responses towards Th2 cytokine production. Although we
cannot totally eliminate this possibility, it seems unlikely since
we have previously shown selective apoptosis only in the CD4�

T-cell population in the presence of �� cells (19).
Different subsets of ��� T cells have divergent effects on

adaptive immunity. For example, we found that ��� cells ex-
pressing the V�4 TCR make substantial amounts of IFN-� and
promote CD4� Th1-cell responses in CVB3-infected mice,
whereas V�1� T cells promote CD4� Th2-cell responses even
though the V�1� cells make IFN-� (20, 21). Similar to our
findings, nasally induced tolerance to ovalbumin, which pro-
voked a Th2 response, was broken and deviated toward a Th1
phenotype upon the adoptive transfer of as few as 5,000 �� T
cells (34). Conversely, a different study of nasal ovalbumin
challenge found that ��-deficient mice manifested actually de-
creased specific IgE and IgG1, pulmonary IL-5 release, and
decreased eosinophilic infiltration, reflecting a decrease of the
Th2 response that is typical of asthma (62). In these two seem-
ingly opposing reports the proposed mechanism of bias by the
��� T cells was through their production of either IFN-� or
IL-4, respectively. Our data are consistent with an additional
method which involves selective cytolysis of Th2 cells by ��� T
cells.
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