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Contact Hypersensitivity Responses Following Ribavirin
Treatment In Vivo Are Influenced by Type 1 Cytokine
Polarization, Regulation of IL-10 Expression, and
Costimulatory Signaling

Robert C. Tam,1 Charmaine Lim, Josie Bard, and Bharati Pai

We previously described the promotion of type 1 cytokine responses by the nucleoside analogue, ribavirin, in human T cells in
vitro. In this study, we examined whether type 1 cytokine polarization by ribavirin in vivo could promote contact hypersensitivity
(CHS) responses to dinitrofluorobenzene, a type 1 cytokine-mediated immune response. Unexpectedly, although type 1 cytokine
responses were enhanced following ribavirin treatment in vitro and in vivo, the magnitude of CHS responses in BALB/c and
C57BL/6 mice was influenced more by a second ribavirin-regulated pathway. The key regulatory molecule in this pathway was
IL-10. Ribavirin-mediated suppression of IL-10 in BALB/c mice was associated with increased B7-2 expression and enhanced CHS
responses, whereas enhanced IL-10 levels, following ribavirin administration, led to increased B7-1 expression and impaired CHS
responses in C57BL/6 mice. The effect of ribavirin on the expression of B7 molecules and on CHS responses was neutralized by
IL-10 administration in BALB/c and by anti-IL-10 Ab in C57BL/6. Thus, ribavirin controlled CHS responses directly through the
modulation of IL-10 expression, and in vivo outcome was dictated by the preferential expression of either B7-1, an inappropriate
costimulatory molecule in CHS, or B7-2, the predominant costimulatory molecule in CHS. Replacing dinitrofluorobenzene prim-
ing with IFN- a stimulation, we showed that the ribavirin-regulated pathway could function independent of Ag priming. Alto-
gether, these data showed that, although ribavirin treatment induced a type 1 cytokine bias in contact allergen-primed BALB/c
and C57BL/6 mice, in vivo CHS responses were dependent on ribavirin-mediated regulation of both IL-10 and preferential
costimulatory signaling. The Journal of Immunology,1999, 163: 3709–3717.

U pon Ag recognition, mature CD41 or CD81 T cells are
induced to differentiate into two distinct functional sub-
sets, type 1 and type 2, in both murine and human sys-

tems (1–3). These subsets can be distinguished according to the
array of cytokines they produce. Type 1 cells secrete IL-2, IFN-g,
and TNF-a, and are involved in T cell-mediated immune responses
such as delayed-type hypersensitivity. In contrast, type 2 cells pro-
duce IL-4, IL-5, and IL-10, and provide B cell help for Ab pro-
duction and regulation of IgE and IgG4 isotype switching. Type 1
responses contribute to active host defense against some intracel-
lular microorganisms, tumors, and tissue grafts, whereas type 2
responses have been associated with a state of active tolerance in
the periphery or suppression of type 1 responses (1–3). Thus, there
is significant cross-regulation or antagonism between the type 1
and type 2 subsets.

The antagonistic properties of cytokines generated by these two
T cell subsets can be exploited to control the predominant cytokine
response. Thus, the up-regulation of type 1 cytokine responses
could lead to mitigation of certain classes of immune-related dis-
eases in which pathogenesis or persistence is associated with either
a detrimental type 2 cytokine response or an insufficient type 1
cytokine response. An example of a detrimental type 2 cytokine

response can be seen in certain viral diseases and allergies in
which disease progression is associated with a shift in cytokine
profile from type 1 to type 2 in both CD41 T cells and CD81 T
cells (reviewed in Refs. 4 and 5). Examples of insufficient type 1
cytokine responses are seen in the immunity to certain viral or
tumor Ags. Enhancing type 1 cytokine expression by coexpression
of type 1 cytokine genes along with viral or tumor Ag DNA se-
quences has been shown to enhance antiviral and antitumor im-
munity, respectively (6, 7). Thus, an immunomodulating agent that
biases endogenous cytokine responses toward a type 1 profile
would have significant therapeutic potential in treating diseases in
which pathogenesis is associated with a cytokine switch from type
1 to type 2 or in which enhanced type 1 cytokine-mediated im-
munity would be beneficial.

Ribavirin (1-b-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is
a nucleoside analogue that has demonstrated efficacy in the treat-
ment of viral disease with (respiratory syncytial virus (8)) or with-
out (hepatitis C (9)) directly inhibiting viral replication. Thus, its
demonstrable antiviral activity may be attributed to a direct reduc-
tion in levels of circulating virus and/or the promotion of T cell-
mediated immunity against viral infection. We have recently
shown that ribavirin could modulate activation-induced type 1 and
type 2 cytokine production in vitro in humans in isolated human T
cells (10). This previous study showed that ribavirin, in the dose
range 0.5–5mM, augmented IL-2, IFN-g, and TNF-a, and sup-
pressed IL-4, IL-5, and IL-10 expression following human T cell
activation. Therefore, these data suggested that the enhanced T
cell-mediated immunity induced by ribavirin in vivo could be as-
cribed to the induction of a type 1 cytokine bias.

In this study, we extended those preliminary studies by assess-
ing the functional significance of type 1 cytokine polarization by
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ribavirin in vivo in a mouse model of T cell-mediated immunity,
contact hypersensitivity (CHS)2 to dinitrofluorobenzene (DNFB).
We chose this mouse model because the initiation of cutaneous
inflammatory responses by DNFB is mediated by the production of
type 1 cytokines by MHC I-restricted CD81 Tc1 cells (11) and
regulated by MHC II-restricted, CD41 Th2 cells (12). In this
study, we showed that type 1 cytokine polarization does occur in
DNFB-primed and unprimed lymph node cells (LNC) from
BALB/c mice activated in vitro. However, ribavirin treatment, at
the time of challenge, dramatically influenced in vivo CHS re-
sponses in both BALB/c and C57BL/6 mice, but in an antagonistic
manner. As hypothesized, in BALB/c mice, ribavirin-mediated
type 1 cytokine polarization did enhance the type 1-mediated in-
flammatory response to DNFB. Unexpectedly, C57BL/6 mice
showed impaired CHS responses following ribavirin treatment.
We found that the phenotypic outcome of CHS responses follow-
ing ribavirin administration was affected by the expression of both
IL-10 and the costimulatory molecules, B7-1 and B7-2. These
studies show that the influence of ribavirin on type 1 cytokine
polarization in vivo is biased by the type of costimulatory signal
induced and by factors intrinsic to each mouse strain.

Materials and Methods
Mice

Six- to eight-week-old female BALB/c or C57BL/6 mice were purchased
from Charles River Laboratories (Portage, MI) or Bantin and Kingman
Universal (Fremont, CA).

Reagents

mAb to the following mouse cell surface molecules and cytokines were
used: B7-1 (CD80)-FITC (IG10, rat IgG2a), B7-2 (CD86)-FITC (GL1, rat
IgG2a), CD3-PE (145-2C11, hamster IgG), IL-10 (JES5-2A5, rat IgG1),
and rat IgG1 isotype control, all from PharMingen (San Diego, CA).
Mouse rIL-10 was also obtained from PharMingen.

Lymph node cell preparation and in vitro challenge with
anti-abTCR Ab

BALB/c or C57BL/6 mice were sensitized to contact allergen by applica-
tion of 20 ml of 0.3% DNFB (Sigma, St. Louis, MO) in acetone:olive oil,
in the ratio 4:1, onto the shaved abdomens 5 days before sacrifice. These
primed mice and a second group of unprimed mice were sacrificed by
cervical dislocation, and axillary/lateral axillary lymph nodes were re-
moved. LNC suspensions were then prepared for individual mice in both
groups. Twenty-four-well plates were coated with 150ml of a 25 mg/ml
preparation of anti-mouseabTCR Ab (clone H57-597; PharMingen) for 90
min at 37°C, then plates were washed twice with cold PBS. A total of 23
106 LNC/well was added in 1 ml complete DMEM media (DMEM con-
taining 4.5 g/L dextrose (ICN Biomedicals, Costa Mesa, CA) and supple-
mented with 10% FBS (HyClone, Logan, UT), 1%L-glutamine, 1% pen-
icillin/streptomycin, 10 mM HEPES, 13 nonessential amino acids, and 50
mM 2-ME). Cells were cultured for 48 h in the presence of 0–5mM riba-
virin, then extracellular cytokine analyses were performed in cell-free
supernatants.

Extracellular cytokine analyses

Murine cytokine levels were determined in cell supernatants, following
appropriate dilution, using ELISA kits specific for IL-2, IL-4, IL-5, IL-10,
TNF-a, and IFN-g ELISAs from Genzyme (Cambridge, MA). All ELISA
results were expressed as pg/ml.

Contact hypersensitivity

Reactivity to the contact allergen, DNFB, was determined, in BALB/c or
C57BL/6 mice, as previously described (13). Briefly, mice were sensitized
by application of 20ml of 0.3% DNFB in acetone:olive oil, in the ratio 4:1,
onto the shaved abdomens of naive mice. For optimal elicitation of CHS,
the mice were challenged on both sides of each ear with 20ml of 0.12%

DNFB, 5 days after sensitization. Unsensitized mice were also challenged
and used as controls in each experiment. After 24 h, ear thickness mea-
surements were taken, and response to DNFB was assessed by subtracting
postchallenge from prechallenge values. Where indicated, ribavirin, at a
dose of 5mg in 50ml PBS (0.5 mg/kg), was administered by i.p. injection
at the time of challenge with DNFB. This dose of ribavirin gave maximal
effect in preliminary optimization studies in BALB/c mice. In some ex-
periments, 100ml of PBS containing either 1mg IL-10, or 50 mg anti-
mouse IL-10 Ab, or 50mg matched isotype control Ab were injected i.p.
in DNFB-primed mice 24 h before ear challenge with DNFB. Following
final ear thickness measurements, mice were sacrificed by cervical dislo-
cation, and axillary/lateral axillary lymph nodes were removed. Following
isolation of total cellular RNA from isolated LNC, RT-PCR and Southern
Blot analyses were performed to monitor for mouse IFN-g, IL-2, IL-10,
IFN-a, B7-1, and B7-2 mRNA levels.

Analysis of cytokine mRNA

Total cellular RNA was extracted using Trizol reagent (Life Technologies,
Gaithersburg, MD). The cDNA synthesis reaction was performed using
oligo(dT)12–18primer and Superscript II (Life Technologies) reverse tran-
scriptase. The PCR reactions were performed using cDNA reverse tran-
scribed from total cellular RNA, and primers for mouse IL-2, IFN-g,
IFN-a, and b-actin were obtained from Stratagene (La Jolla, CA), and
mouse IL-10 from Clontech (Palo Alto, CA). The primers for mouse B7-1
were sense 59-TGACTTCTCTACCCCCAACA-39 and antisense 59-
TGATGACAACGATGAC GACG-39, and for B7-2, sense 59-AGAA
GACCCTCCTGATAGCA-39 and antisense 59-AAGGAAGACGGTCT
GTTCAG-39. Amplification conditions for B7-1 and B7-2 and the
Stratagene mouse cytokine primers were a 5-min denaturation at 94°C and
a 5-min annealing at 60°C, followed by 35 cycles of 1.5 min at 72°C, 45 s
at 94°C, and 45 s at 60°C, with a final extension time of 10 min at 72°C.
For IL-10, the PCR conditions were a 5-min denaturation at 94°C, followed
by 35 cycles of 45 s at 94°C, 45 s at 60°C, and 2 min at 72°C, with a final
extension time of 7 min at 72°C.

For each gene product, the optimum cDNA dilution was determined
experimentally and was defined as the cDNA dilution that would achieve
a detectable concentration that was well below saturating conditions. PCR
products were separated on 2% agarose containing ethidium bromide and
immobilized to Hybond N1 membrane (Amersham, Arlington Heights, IL)
overnight using 0.4 M NaOH and 0.2 M NaCl. Blots were hybridized with
[g-32P]ATP-labeled oligonucleotide probes (either generated from the orig-
inal primers (Stratagene) or from specific probes designed to be comple-
mentary to a central region within individual PCR products). These in-
cluded IL-10 (Clontech) and the probes for mouse B7-1 and B7-2, which
are 59-CGACTCGCAACCACACCATTAAGTGTCTCA-39 and 59-AG
GATTCGGCGCAGTAATAACAGTCGTCGT-39, respectively. To verify
that equal amounts of RNA were added to each PCR reaction within an
experiment, primers for the housekeeping gene,b-actin (mouse), were used
to amplify cDNA reverse transcribed from total RNA. These PCR products
were hybridized using a probe generated fromb-actin primers (mouse).
Washed blots were then analyzed following autoradiography using a phos-
phor imager (Bio-Rad, Richmond, CA). Relative changes in cytokine or B7
molecule mRNA were presented as densitometric readings and normalized
for any variations in input RNA by determining the densitometric ratio of
mRNA of interest relative to mRNA ofb-actin.

Spleen cell preparation and in vitro treatment with IFN-a

BALB/c or C57BL/6 mice were sacrificed by cervical dislocation, and
spleens were removed for analysis. Isolated splenocytes from individual
mice were obtained following removal of erythrocytes using ACK lysing
solution containing 0.15 M ammonium chloride, 1 mM potassium bicar-
bonate, and 0.1 mM EDTA, pH 7.4. Splenocytes (23 106) were resus-
pended in 1 ml complete RPMI media (RPMI 1640 containing 10% FBS
(HyClone), 1% L-glutamine, and 1% penicillin/streptomycin) and then
treated in vitro in duplicate with 0 or 104 U of murine IFN-a (Life Tech-
nologies) in the presence of 0–5mM ribavirin. Spleen cell cultures in
24-well plates were incubated for 24 h before FACS analysis. For RNA
analyses, 53 106 splenocytes were resuspended in 2 ml complete RPMI
media and cocultured with 23 104 U of murine IFN-a and either 1mg/ml
anti-IL-10 Ab or matched isotype rat IgG1 control (both from PharMin-
gen). After 24 h, total RNA was isolated for subsequent RT-PCR analysis.

Immunofluorescence analysis

For direct staining with fluorescence-conjugated mAbs to cell surface Ags,
the cells were washed twice with isotonic saline solution, pH 7.4 (Becton
Dickinson, Mansfield, MA), resuspended as duplicate samples containing
0.3 3 106 cells in 50ml isotonic saline solution. Sample aliquots were

2 Abbreviations used in this paper: CHS, contact hypersensitivity; DNFB, dinitroflu-
orobenzene; LNC, lymph node cell.
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costained with a combination of either PE-CD3 and FITC-CD80 (B7-1) or
PE-CD3 and FITC-CD86 (B7-2). In each assay, a separate aliquot was
stained with PE/FITC-labeled isotype-matched control mAbs to assess
nonspecific fluorescence. Incubations were performed at 4°C in the dark for
45 min using saturating mAb concentrations. Unincorporated label was
removed by washing in PBS before the analysis with a FACScan flow
cytometer (Becton Dickinson).

Ag density was determined following two-color flow cytometry analysis
of 5,000–10,000 viable cells. Surface expression of specific Ag (CD80,
CD86) on gated cells was determined using CellQuest software and, unless
stated, expressed as the mean channel of fluorescence.

Statistical analysis

Statistical significance, where relevant, was assessed using modified one-
way or two-way ANOVA or by the nonparametric Mann-Whitney test (a
two-samplet test), as appropriate.

Results
Effect of ribavirin on type 1/type 2 cytokine secretion in lymph
node cells from unprimed and contact allergen-primed BALB/c
and C57BL/6 mice

We investigated the influence of ribavirin on the cytokine pattern
in vitro in BALB/c and C57BL/6 mice with or without specific
(DNFB) sensitization. The levels of IL-2, IFN-g, TNF-a, IL-4,
IL-5, and IL-10 were measured following 48-h in vitro challenge
with plate-bound anti-abTCR Ab in LNC from both unprimed
mice and DNFB-primed mice of both strains in the absence and
presence of ribavirin, and these data are shown in Fig. 1.

There is a notable difference between the cytokine responses
from DNFB-primed BALB/c and DNFB-primed C57BL/6 mice.
DNFB-primed BALB/c mice produced significantly higher
amounts of IL-2 (p , 0.0001), IFN-g ( p 5 0.0004), IL-10 (p 5
0.003), IL-4 (p 5 0.003), and IL-5 (p 5 0.001). Conversely,

DNFB-primed C57BL/6 mice make significantly more TNF-a
( p , 0.0001) compared with BALB/c mice. Owing to the much
smaller lymph nodes isolated from C57BL/6 mice, only ribavirin
concentrations of 0, 1, and 2mM were evaluated, whereas BALB/c
LNC were tested at six ribavirin concentrations.

Ribavirin, at all concentrations tested, significantly enhanced
activation-induced expression of the type 1 cytokines, IL-2, IFN-g,
and TNF-a. In contrast, ribavirin significantly suppressed acti-
vated levels of IL-4 in LNC from unprimed and DNFB-primed
BALB/c and C57BL/6 mice, and lowered IL-5 expression in
unprimed and DNFB-primed BALB/c mice and DNFB-primed
C57BL/6 mice (Fig. 1B). No IL-5 production was observed in
unprimed C57BL/6 mice. Unexpectedly, the expression of IL-10
varied between mouse strains (Fig. 1B). In BALB/c mice, IL-10
was significantly reduced following ribavirin treatment in both
unprimed and DNFB-primed mice. In contrast, IL-10 expression
was significantly enhanced in unprimed and DNFB-primed
C57BL/6 mice following ribavirin treatment. These data show
that, although ribavirin did induce a type 1 cytokine bias in both
mouse strains, the polarization toward type 1 was incomplete in
C57BL/6 mice. In contrast to BALB/c mice in which levels of the
type 2 cytokine, IL-10, were suppressed, ribavirin elevated IL-10
levels in C57BL/6 mice.

Ribavirin differentially affects CHS responses in vivo in BALB/c
and C57BL/6 mice

Next we evaluated the effect of ribavirin administration in vivo on
a type 1 cytokine-mediated immune response. To address this, we
followed the murine CHS response to DNFB to determine whether
1) ribavirin-mediated type 1 cytokine polarization observed in both
mouse strains could induce enhanced inflammatory ear responses

FIGURE 1. The effect of ribavirin on secreted type 1 (A) and type 2 (B) cytokine levels in LNC from unprimed BALB/c or C57BL/6 mice (E), or from
BALB/c or C57BL/6 mice sensitized with DNFB (F). Extracellular levels of type 1 (IL-2, IFN-g, and TNF-a) and type 2 (IL-4, IL-5, and IL-10) cytokines
were determined in anti-mouseabTCR-activated LNC from 10 unprimed and 10 sensitized mice of each strain following a 48-h incubation in the presence
of 0–5 mM (BALB/c) or 0, 1, and 2mM (C57BL/6) ribavirin. The effect of ribavirin on cytokine levels induced by in vitro challenge was assessed in
cell-free supernatants by ELISA analyses and represented as mean cytokine concentration (pg/ml)6 SEM. Thep values for the effect of ribavirin on
cytokine responses in BALB/c mice were as follows: unprimed mice, IL-2, 0.04; IFN-g, ,0.001; TNF-a, ,0.001; IL-4, 0.004; IL-5, 0.003; and IL-10,
0.005; and DNFB-primed mice, IL-2, 0.001; IFN-g, 0.001; TNF-a, 0.02; IL-4, 0.006; IL-5, 0.009; and IL-10,,0.0001. Thep values for C57BL/6 mice
were as follows: unprimed mice, IL-2, IFN-g and TNF-a, all ,0.0001; IL-4, 0.004; and IL-10, 0.005; and DNFB-primed mice, IL-2, IFN-g, TNF-a, IL-4,
IL-5, and IL-10, all,0.0001.
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or 2) the regulatory effects driven by contrasting IL-10 profiles
could elicit opposing mouse strain-dependent in vivo effects. CHS
responses were elicited and compared in DNFB (0.3%)-primed
and naive mice, and in ribavirin-treated, DNFB-primed BALB/c
and C57BL/6 mice following ear challenge with 0.12% DNFB.
Modulation of CHS, as determined from ear swelling measure-
ments following challenge, was calculated following subtraction of
responses in nonsensitized challenged (naive) mice. CHS re-
sponses following priming and challenge in BALB/c mice were
significantly greater (p , 0.0001) than those seen in DNFB-
primed C57BL/6 mice (Fig. 2A). In both strains, the untreated
DNFB-primed group significantly augmented CHS responses
when compared with the naive group (p , 0.0001, Fig. 2A).

Intraperitoneal administration of ribavirin at the time of chal-
lenge significantly enhanced CHS responses in DNFB-primed
BALB/c mice (p , 0.0001, Fig. 2A). The mean increase in ear
thickness (6SD) following ribavirin treatment shown in Fig. 2A,
calculated from the mean responses of nine experiments using
three to five mice per treatment group, was 9.9 mm3 1022 6 1.7
(an increase of 53%6 18) 24 h postchallenge. Similarly enhanced
inflammatory ear responses were observed following ribavirin
treatment 48 h postchallenge (data not shown).

In marked contrast, ribavirin treatment dramatically suppressed
CHS responses in C57BL/6 mice (p , 0.0001, Fig. 2A). The mean
decrease in ear thickness (6SD) following ribavirin treatment
(Fig. 2A), calculated from the mean responses of five experiments
using five mice per treatment group, was 7.5 mm3 1022 6 2.9
(264% 6 16) 24 h postchallenge. Similarly decreased inflamma-
tory ear responses were observed following ribavirin treatment
48 h postchallenge (data not shown). Collectively, these data show
that administration of ribavirin induced opposing in vivo CHS re-
sponses to DNFB in BALB/c and C57BL/6 mice.

In addition, mRNA expression of IL-2 and IFN-g from LNC in
ribavirin-treated, DNFB-primed BALB/c and C57BL/6 mice was
significantly increased when compared with DNFB-primed mice
alone. Data are shown as an autoradiograph (Fig. 2B) or as relative
changes in densitometric readings normalized tob-actin (Fig. 2C).
In contrast, LNC-derived IL-10 mRNA expression varied between
mouse strains. IL-10 mRNA expression was significantly de-
creased in ribavirin-treated, DNFB-primed BALB/c mice when
compared with DNFB-primed BALB/c mice alone, whereas IL-10
mRNA expression was significantly increased in ribavirin-treated,
DNFB-primed C57BL/6 mice when compared with DNFB-primed
C57BL/6 mice alone (Fig. 2,B and C). These data show that in
vivo treatment with ribavirin induced a type 1 cytokine bias in both
mouse strains. In BALB/c mice, this type 1 cytokine bias was
complete (enhanced type 1 and suppressed type 2 cytokines), re-
sulting in enhanced CHS responses. However, in C57BL/6 mice,
the ribavirin-mediated type 1 cytokine bias was incomplete. Our
data suggest that an increase in IL-10 expression in C57BL/6 LNC
induced by ribavirin could override the ability of type 1 cytokine
polarization to enhance CHS responses in C57BL/6 mice.

Ribavirin differentially modulates expression of the
costimulatory molecules, B7-1 and B7-2, in DNFB-primed
BALB/c and C57BL/6 mice

It has been previously shown that IL-10, but not IL-4, regulates
CHS responses in mice (14). In addition, IL-10 can regulate ex-
pression of the costimulatory molecules, B7-1 and B7-2, on APC
(15–17). We therefore determined whether a correlation existed
between the effect of ribavirin on CHS responses and the expres-
sion of both B7-1 and B7-2 in LNC from BALB/c and C57BL/6
mice. Surface expression of B7-1 and B7-2 in LNC from DNFB-
primed BALB/c and C57BL/6 mice was assessed by FACS fol-

lowing 24-h DNFB challenge and administration of ribavirin in
vivo. Following ribavirin treatment, B7-2 expression was elevated
in BALB/c mice, and B7-1 expression was elevated in C57BL/6
mice (Fig. 3A). No ribavirin-mediated effects were seen on the

FIGURE 2. Comparison of CHS responses and LNC cytokine mRNA
expression in BALB/c (left panels) and C57BL/6 (right panels) mice fol-
lowing ribavirin treatment in vivo.A, CHS responses were induced in two
groups of five mice of either strain by sensitization and challenge with
DNFB (Primed), as described inMaterials and Methods. At the time of
challenge with 0.12% DNFB, one group from each strain was administered
5 mg of ribavirin (RIB) in PBS by i.p. injection. The ear swelling in all
groups (including an unsensitized control group of five mice per strain
(Naive)) was measured after 24 h. The data shown as mean ear swelling
(mm 3 1022) 6 SD are representative of five (C57BL/6) or eight
(BALB/c) separate experiments with five animals in each test group.p, p ,
0.0001 when compared with primed animals in the absence of ribavirin.B,
Cytokine mRNA levels following elicitation of DNFB-mediated CHS in
ribavirin-treated BALB/c or C57BL/6 mice were measured in local drain-
ing LNC. IL-2, IL-10, and IFN-g mRNA expression, 24 h post-DNFB
challenge, was determined in total RNA isolated from the LNC of indi-
vidual DNFB-primed mice (Primed), unprimed mice (Naive), and DNFB-
primed mice treated with ribavirin (Primed1 RIB). Cytokine andb-actin
mRNA levels were assessed following RT-PCR and Southern blot analysis
with specific32P-labeled DNA probes. Autoradiography data are represen-
tative of three separate experiments using three mice per treatment group.
C, The relative changes in cytokine mRNA from the mouse groups inB are
presented as densitometric readings for Primed (hatched bars), Naive (open
bars), and Primed1 RIB (filled bars) mouse groups and normalized for any
variations in input RNA by determining the densitometric ratio of mRNA
of interest relative to mRNA ofb-actin. Data are mean6 SD from a pool
of five mice per group.p, Primed1 RIB group was significantly higher
than Primed or Naive groups for IL-2 (BALB/c,p 5 0.003; C57BL/6,p 5
0.006), for IFN-g (BALB/c, p 5 0.002; C57BL/6,p 5 0.005), and for
IL-10 (C57BL/6, p 5 0.002).pp, Primed group was significantly higher
than Primed1 RIB or Naive groups for IL-10 (BALB/c,p 5 0.002).
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surface expression of the B7 ligands, CD28 or CTLA-4 (data not
shown).

In addition, the expression of B7-1 and B7-2 mRNA was de-
termined in isolated RNA from LNC of both strains of DNFB-
treated mice. As seen with the surface expression data, ribavirin
treatment elevated B7-2 mRNA expression in BALB/c mice, but
had no effect on B7-1 expression. Data are shown as an autora-
diograph (Fig. 3B) or as relative changes in densitometric readings
normalized tob-actin (Fig. 3C). Conversely, B7-1 mRNA levels

were enhanced in ribavirin-treated C57BL/6 mice, while B7-2 lev-
els were unaffected (Fig. 3,B andC). Ribavirin had no effect on the
expression of IFN-a (a known inducer of B7 molecules) mRNA in
either BALB/c or C57BL/6 mice. No effect on B7-1 or B7-2 ex-
pression was observed following ribavirin treatment in LNC from
unprimed mice of both strains (data not shown).

Thus, ribavirin treatment resulted in elevated B7-2 expression in
DNFB-primed BALB/c mice and elevated B7-1 expression in
C57BL/6 mice. These actions of ribavirin were not related to any
increase in IFN-a levels (a known inducer of B7 molecules) and
were independent of any effect on B7 ligands, CD28 and CTLA-4.

Collectively, these data show that the ribavirin-mediated in vivo
response to DNFB in BALB/c and C57BL/6 mice was affected by
1) polarization of T cell subset cytokine expression and 2) differ-
ential regulation of IL-10 in conjunction with alterations in the
balance of cell surface levels of B7-1 and B7-2.

The in vivo effect of ribavirin on IL-10 expression can directly
regulate expression of specific B7 molecules in each mouse
strain

Next we designed experiments to determine whether the effect of
ribavirin on IL-10 directly regulated B7-1 and B7-2 expression in
these mouse strains. First, we determined the effect of i.p. injection
of 1 mg of IL-10 on CHS responses and B7-1 and B7-2 expression
in both mouse strains using a protocol that previously demon-
strated suppression of CHS response to DNFB in BALB/c and
C3H mice (18). IL-10 administered 24 h before challenge dramat-
ically suppressed CHS responses in both BALB/c and C57BL/6
mice (Fig. 4A). In both mouse strains, this impaired CHS response
was associated with an increase in B7-1 expression, whereas B7-2
levels remained unchanged (Fig. 4,B andC). These data show that
the administration of IL-10 in vivo directly modulated B7-1 ex-
pression and induced changes to the CHS responses that were in-
distinguishable between both strains of mice. Administration of
ribavirin alone in DNFB-primed C57BL/6 mice paralleled the ef-
fect of in vivo treatment with IL-10 alone with respect to CHS
response and B7-1 mRNA expression. Coinjection of ribavirin and
anti-IL-10 Ab (50mg) reversed ribavirin-mediated CHS suppres-
sion in C57BL/6 mice and concomitantly reduced B7-1 mRNA
expression to levels found in untreated DNFB-primed C57BL/6
mice (Fig. 4). These data showed that in C57BL/6 mice, ribavirin
acted by inducing IL-10 and suppressing CHS response through
the elevation of B7-1 expression. In contrast, adminstration of
ribavirin alone in DNFB-primed BALB/c mice led to enhanced
CHS responses and elevated B7-2 mRNA expression. Coinjection
of ribavirin and IL-10 reversed ribavirin-mediated CHS enhance-
ment in BALB/c mice and concomitantly reduced B7-2 expression
to below levels found in untreated DNFB-primed mice while el-
evating B7-1 expression (Fig. 4). These data showed that in
BALB/c mice, ribavirin acted by suppressing IL-10 and manifest-
ing enhanced CHS responses through the elevation of B7-2 ex-
pression. Collectively, these findings show that ribavirin adminis-
tration in vivo directly influenced the magnitude of CHS response
in each mouse strain by modulating the effect of IL-10-mediated
regulation of the costimulatory molecules, B7-1 and B7-2.

The in vivo effect of ribavirin on IL-10, B7-1, and B7-2
expression can be induced in vitro by ribavirin following IFN-a
treatment in the absence of Ag stimulation

The relative importance/necessity of Ag (DNFB) stimulation on
the ribavirin-mediated effects on IL-10, B7-1, and B7-2 expression
was examined. We determined the ribavirin-mediated effects on
IL-10, B7-1, and B7-2 expression following treatment of unstimu-
lated splenocytes from BALB/c and C57BL/6 mice with IFN-a, a

FIGURE 3. B7-1 and B7-2 surface expression and mRNA expression
following DNFB-mediated CHS responses in ribavirin-treated BALB/c
(left panels) and C57BL/6 (right panels) mice. Ribavirin (5mg/50ml PBS)
was injected i.p. at the time of 0.12% DNFB challenge.A, Cell surface
expression of B7-1 and B7-2, 24 h post-DNFB challenge, was determined
in isolated LNC of individual DNFB-primed mice (dashed lines) and
DNFB-primed mice treated with ribavirin (solid lines). B7-1 and B7-2
expression was also determined in unprimed mice from respective strains
(dotted lines). B7-1 and B7-2 levels were assessed by staining with FITC-
labeled Abs to B7-1 (CD80) and B7-2 (CD86), followed by FACS analysis
of gated CD3-negative cells. The data shown are representative of three
experiments using five mice per test group.B, B7-1 and B7-2 mRNA
expression, 24 h post-DNFB challenge, was determined in total RNA iso-
lated from the LNC of individual DNFB-primed mice and DNFB-primed
mice treated with ribavirin. B7-1 and B7-2, IFN-a, and b-actin mRNA
levels were assessed following RT-PCR and Southern blot analysis with
specific32P-labeled DNA probes. B7-1 and B7-2 mRNA expression in a
mouse B cell lymphoma cell line, A20, was also determined as a control for
the B7-1 and B7-2 primers. Autoradiography data are representative of two
separate experiments using five mice per treatment group.C, The relative
changes in B7-1, B7-2, and IFN-a mRNA from the mouse groups inB are
presented as densitometric readings for Primed (hatched bars) and Primed
1 RIB (solid bars) mouse groups and normalized for any variations in
input RNA by determining the densitometric ratio of mRNA of interest
relative to mRNA ofb-actin. Data are mean6 SD from a pool of five per
group.p, BALB/c, p 5 0.004; C57BL/6,p 5 0.009.
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nonantigenic inducer of IL-10 expression and B7 molecules. Fol-
lowing RT-PCR and analysis by autoradiography and densitome-
try, we showed that in IFN-a-stimulated BALB/c splenocytes,
IL-10 mRNA expression was induced by IFN-a (167%). More
importantly, we showed that ribavirin inhibited IFN-a-induced
IL-10 expression in a dose-dependent manner (2100%, 269%,
and 22% for 5, 2, and 1mM ribavirin, respectively) (Fig. 5A).
Conversely, in IFN-a-stimulated C57BL/6 splenocytes, IL-10 ex-
pression was enhanced by165%, and addition of ribavirin en-
hanced IFN-a-induced IL-10 mRNA expression in a dose-depen-
dent manner (1265%, 175%, and10% for 5, 2, and 1mM
ribavirin, respectively). Thus, the effect of ribavirin on IFN-a-in-
duced IL-10 expression paralleled the observations we have shown
in DNFB-primed mice.

Next we postulated whether the effect of ribavirin on IFN-a-
induced IL-10 expression in BALB/c and C57BL/6 mice could
produce the same specific B7-1 and B7-2 profile observed in riba-
virin-treated, DNFB-primed mice. Thus, we determined the effect
of ribavirin on surface expression of B7-1 and B7-2 in IFN-a-
stimulated splenocytes from both mouse strains. In IFN-a-stimu-
lated BALB/c splenocytes, B7-2, but not B7-1 surface expression
was augmented following ribavirin treatment (Fig. 5B, RIB, a and
e). In C57BL/6 splenocytes, however, IFN-a-induced B7-1 ex-
pression was enhanced, but B7-2 levels were unaffected (Fig. 5B,
RIB, b andf). These data show that the differential effects of riba-
virin on IL-10, B7-1, and B7-2 expression were intrinsic to the
mouse strain, as they could occur following an antigenic (DNFB)
or nonantigenic (IFN-a) stimulus.

Next we determined whether the in vitro effect of ribavirin on
IL-10 directly regulated B7-1 and B7-2 expression in these mouse
strains in the same manner as we have shown in vivo. Thus, we
determined the effect of the addition of anti-IL-10 Ab on IFN-a-
induced B7-1 and B7-2 expression in BALB/c and C57BL/6
splenocytes. Anti-IL-10 Ab (1mg/ml) treatment enhanced IFN-a-
induced B7-2 expression in BALB/c mice (Fig. 5B, IL-10 Ab, g),
but inhibited B7-1 expression in C57BL/6 mice (Fig. 5B, IL-10
Ab, d). No effect by anti-IL-10 Ab was seen on B7-1 expression in
BALB/c (Fig. 5B, IL-10 Ab, c) or on B7-2 expression in C57BL/6
mice (Fig. 5B, IL-10 Ab, h). These in vitro data provide further
evidence of a direct role for IL-10 in the regulation of B7 mole-
cules. In BALB/c, IL-10 acted to inhibit B7-2 expression, whereas
in C57BL/6, IL-10 promoted B7-1 expression.

Discussion
We had previously shown that the nucleoside analogue, ribavirin,
could modulate type 1 and type 2 cytokine expression (both at the
level of protein and mRNA) in human T cells (10). The goal of the
present study was to determine whether type 1 cytokine polariza-
tion by ribavirin could influence a type 1 cytokine-mediated im-
mune response in vivo, the murine CHS response to DNFB. In this
study, we demonstrated that promotion of type 1 cytokine expres-
sion by ribavirin in vitro in both unprimed or DNFB-primed

FIGURE 4. The ribavirin-mediated regulation of CHS responses and
expression of the costimulatory molecules, B7-1 and B7-2, in BALB/c (left
panels) and C57BL/6 (right panels) mice is dependent on IL-10.A, CHS
responses were induced in five groups of five mice of either strain by
sensitization (day 0) and challenge (day 6) with DNFB (Primed), as de-
scribed inMaterials and Methods. Twenty-four hours before challenge,
two Primed BALB/c groups and one Primed C57BL/6 group were admin-
istered IL-10 (1mg) i.p., and one Primed C57BL/6 group was administered
anti-IL-10 Ab (50mg) i.p. At the time of challenge with 0.12% DNFB, two
BALB/c groups, one Primed group (Primed1 RIB), and one Primed group
injected with IL-10 (Primed1 RIB 1 IL-10) were administered 5mg of
ribavirin (RIB) in PBS by i. p. injection. Of the C57BL/6 mice, one Primed
group (Primed1 RIB) and one Primed group injected with anti-IL-10 Ab
(Primed 1 RIB 1 IL-10 Ab) were administered 5mg of ribavirin. All
mouse groups, including the remaining DNFB-primed, IL-10 group from
each strain (Primed1 IL-10), were challenged on the ears with 0.12%
DNFB on day 6. The ear swelling in all groups (including an unsensitized
control group (Naive)) was measured after 24 h. The data shown as mean
ear swelling (mm3 1022) 6 SD are representative of two experiments
with five to six animals in each test group.p, p 5 0.0002 for group com-
parisons against DNFB-primed mice alone.pp, p 5 0.0003 for comparison
against ribavirin-treated DNFB-primed mice.B, B7-1 and B7-2 mRNA
expression, 24 h post-DNFB challenge, was determined in total RNA iso-
lated from the LNC of individual DNFB-primed mice (DNFB) and DNFB-
primed mice treated with either IL-10 (DNFB1 IL-10), ribavirin (DNFB
1 RIB), or ribavirin and IL-10 (BALB/c) (DNFB1 IL-10 1 RIB) or
ribavirin and anti-IL-10 Ab (C57BL/6) (DNFB1 anti-IL-10 Ab 1 RIB).
B7-1 and and B7-2 mRNA levels were assessed following RT-PCR and
Southern blot analysis with specific32P-labeled DNA probes. RNA sam-
ples from an unprimed mouse challenged with DNFB (Naive) and a
DNFB-primed C57BL/6 mouse injected with isotype control Ab (Ig) were
also included. Autoradiography data are representative of two separate ex-
periments using three mice per treatment group.C, The relative changes in
B7-1 (hatched bars), and B7-2 (solid bars) mRNA expression from the
mouse groups inB are presented as densitometric readings. Primed, Primed
1 RIB, Primed 1 IL-10, and Primed1 RIB 1 IL-10 (BALB/c) and
Primed1 RIB 1 anti-IL-10 Ab (C57BL/6) mouse groups are normalized

for any variations in input RNA by determining the densitometric ratio of
mRNA of interest relative to mRNA ofb-actin. Data are mean6 SD from
a pool of five to six mice per group.p values for group comparisons against
DNFB-primed mice alone: B7-1, 1) IL-10 alone, BALB/c,p 5 0.004;
C57BL/6,p 5 0.009; 2) ribavirin alone, C57BL/6,p 5 0.009; 3) IL-101
ribavirin, BALB/c, p 5 0.004; B7-2, 1) ribavirin alone, BALB/c,p 5
0.004; 2) IL-101 ribavirin, BALB/c, p 5 0.004.p values for comparison
of effect of IL-10 (BALB/c) or anti-IL-10 Ab (C57BL/6) against ribavirin-
treated DNFB-primed mice: B7-1, BALB/c,p 5 0.004; C57BL/6,p 5
0.009; B7-2, BALB/c,p 5 0.004.
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BALB/c and C57BL/6 mouse LNC was predictive of in vivo type
1 cytokine profiles. However, the influence of ribavirin on type 2
cytokine profiles differed between mouse strains both in vitro and
in vivo. Although ribavirin suppressed IL-4 and IL-5 in DNFB-
primed mice from both strains, IL-10 expression was suppressed
only in BALB/c mice. This difference in ribavirin-mediated IL-10
expression manifested opposing CHS responses to DNFB in these
two strains of mice. In BALB/c mice, ribavirin treatment enhanced
CHS responses to DNFB. This is the first demonstration that
administration of ribavirin can enhance a non-virally-induced
immune response in vivo. Previous effects of ribavirin on virus-
independent immune responses have always led to immunosup-
pression (19–22). In contrast to BALB/c mice, ribavirin treatment
in C57BL/6 mice impaired CHS responses to DNFB, an effect that
was associated with elevated IL-10 expression. Therefore, the di-
vergent outcomes on CHS responses between mouse strains fol-
lowing ribavirin treatment indicated that modulation of CHS re-
sponses by ribavirin can be influenced by factors other than type 1
cytokine polarization. However, the precise mechanism by which
ribavirin regulates murine CHS responses and the importance of
the role of IL-10 still needed to be clarified.

Previous studies have shown that IL-10, but not IL-4, is the
natural regulator of irritant and CHS responses in skin (14). En-
hanced expression of IL-10 was observed in ribavirin-treated
C57BL/6 mice, suggesting that impaired CHS responses in these
mice were the result of recruitment of the regulatory pathways of
CHS. However, several lines of evidence suggest that IL-10 is
necessary, but not sufficient to induce the suppression of CHS

responses by ribavirin in C57BL/6 mice. First, during a normal
CHS response in the absence of ribavirin, our data showed that
upon challenge, IL-10 levels were significantly higher in DNFB-
primed BALB/c than in DNFB-primed C57BL/6 mice, but the
magnitude of the CHS response was greater in BALB/c than
C57BL/6. Second, the previously reported suppressive effect of
IL-10 on normal CHS responses occurs only upon administration
of IL-10 at least 12–24 h before hapten challenge (elicitation
phase), suggesting an indirect mechanism (23). Finally, the inhib-
itory effects of IL-10 on CHS and in psoriasis are not due to a
direct effect on T cells, but rather the inhibition of accessory cell
function (23, 24). Collectively, these data suggest that IL-10 in-
fluences CHS responses indirectly and possibly through interaction
with APCs.

One critical interaction in the initiation of an immune response
to Ag is the costimulatory signal delivered following the engage-
ment of CD28 on T cells and either B7-1 or B7-2 on APCs. This
event facilitates T cell activation following TCR recognition of
processed Ag presented in association with MHC molecules by
APC. The magnitude of an Ag response can be influenced dra-
matically by the type and strength of costimulatory signal deliv-
ered by APC following the initial T cell response to Ag. Interest-
ingly, IL-10 is a known regulator of the costimulatory molecules,
B7-1 and B7-2. In recent reports, IL-10 has been shown to up-
regulate B7-1 in monocytes and suppress B7-2 expression in
monocytes, Langerhans cells, and dendritic cells (15–17). Based
on this evidence, we postulated that following ribavirin treatment,
IL-10 could elicit its effects on CHS responses via a direct effect on

FIGURE 5. The differential regulation of IL-10, B7-1, and B7-2 expression by ribavirin can occur independent of antigenic stimulation.A, Ribavirin
differentially modulates IL-10 mRNA levels in IFN-a-stimulated BALB/c and C57BL/6 splenocytes. The effect of ribavirin (RIB) at 5, 2, and 1mM on
IL-10 mRNA expression was assessed in total RNA isolated from IFN-a-stimulated BALB/c and C57BL/6 splenocytes. IL-10 and reporterb-actin mRNA
expression was determined following RT-PCR and Southern blot analysis with specific32P-labeled DNA probes. Data are shown as autoradiographs and
densitometric ratios and are representative of two separate experiments.p, Ratio5 the ratio of densitometry units (following background subtraction) from
IL-10 over the reporter gene,b-actin.B, The induction of the costimulatory molecules, B7-1 (left panels) and B7-2 (right panels), by IFN-a in splenocytes
from BALB/c (a, c, e, andg) and C57BL/6 (b, d, f, andh) mice is influenced by endogenous IL-10. In thetop panels(denoted RIB,a, b, e, andf), B7-1
and B7-2 expression were compared in splenocytes from both mouse strains without treatment (dotted line), following 24-h induction with IFN-a alone
(dashed lines), or in the presence of 2mM ribavirin in vitro (solid line). In thebottom panels(denoted anti-IL-10 Ab,c, d, g, andh), B7-1 and B7-2
expression were compared in splenocytes from both mouse strains without treatment (solid line), following 24-h induction with IFN-a alone (dashed lines),
in the presence of anti-IL-10 Ab (1mg/ml) (bold solid line) or isotype-matched rat IgG1 (1mg/ml) (dotted line). Any positive or negative effects of ribavirin
(RIB) or anti-IL-10 Ab (IL-10 Ab) on B7-1 and B7-2 levels are shown as shaded regions. B7-1 and B7-2 levels were assessed by staining with FITC-labeled
Abs to B7-1 (CD80) and B7-2 (CD86), followed by FACS analysis of gated CD3-negative cells. The data shown are representative of three experiments
using five mice per test group.
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the expression of costimulatory molecules, B7-1 and B7-2, on
APCs. Our data showed that the amplified CHS responses in
BALB/c mice following ribavirin treatment were associated with
enhanced B7-2 expression in LNC. Moreover, administration of
IL-10 in vivo in ribavirin-treated DNFB-primed BALB/c mice
could reverse the ribavirin-mediated enhancement of inflammatory
ear responses, while concomitantly elevating B7-1 and suppressing
B7-2 expression in LNC. In contrast, ribavirin treatment in
C57BL/6 mice results in suppressed CHS responses, and this was
associated with enhanced B7-1 expression. Administration of anti-
IL-10 Ab in vivo in ribavirin-treated DNFB-primed C57BL/6 mice
could neutralize the IL-10-induced B7-1 expression and result in a
normalized CHS response to DNFB. Collectively, these data show
that the effect of ribavirin on B7-1 levels in C57BL/6 mice and on
B7-2 in BALB/c by ribavirin is directly regulated by IL-10. Inter-
estingly, impaired CHS responses and the enhancement of B7-1
expression could be induced by administration of IL-10 directly in
vivo to DNFB-primed mice from either strain, demonstrating a
direct effect of IL-10 on both anti-inflammatory and costimulatory
functions. These data also show that the effect of ribavirin on CHS
response is intrinsic to each mouse strain.

To determine possible mechanisms by which modulation of
B7-1 and B7-2 expression, following ribavirin treatment, can reg-
ulate CHS responses, we needed to first assess the individual roles
of B7-1 and B7-2 molecules in immune regulation. Some studies
have suggested that these molecules differ in their influences on the
development of type 1 and type 2 cytokines in autoimmunity (25–
27). These studies gave conflicting observations, and a clear rela-
tionship between B7-1/B7-2 and Th1/Th2 development has not yet
been conclusively established. However recent studies, using Abs
to B7-1 and B7-2 in vivo, support the view that the functional roles
of B7-1 and B7-2 may differ in various in vivo situations. Specif-
ically, engagement of either B7-1 or B7-2 by CD28 following
recognition of a particular Ag can provide either an appropriate
costimulatory signal (which results in immunity) or an inappropri-
ate costimulatory signal (which results in tolerance or ignorance).
For example, B7-2 is the predominant costimulatory signal in ex-
perimental autoimmune encephalomyelitis and in Ag-induced air-
way hyperresponsiveness in mice, and following infection of
Leishmania majorin both BALB/c and C57BL/6 mice (25, 28,
29). Conversely, B7-1 signaling predominates in the pathogenesis
of a murine model of insulin-dependent diabetes mellitus and is
necessary in the elimination ofCrypotococcus neoformansinfec-
tions in mice (26, 30). Interestingly, CHS responses to DNFB have
been shown to be inhibited by anti-B7-2 but not anti-B7-1 Ab
administered at the elicitation (priming) stage (31, 32). This dem-
onstrates that B7-2 is also the predominant costimulatory signal for
CHS responses to DNFB. These data collectively support the view
that, in addition to type 1 cytokine bias, enhancement of CHS
responses by ribavirin in BALB/c mice directly results from the
ability of ribavirin to suppress IL-10 and to induce APC to express
greater B7-2, an appropriate costimulatory ligand for CHS re-
sponse to DNFB. Conversely, ribavirin enhances IL-10 expression
in C57BL/6 mice, which leads to induction on APCs of B7-1, an
inappropriate or regulatory costimulatory signal. It is important to
note that our studies show that the outcome of the CHS response
was dependent on the enhanced expression of B7-1 or B7-2, in
respective mouse strains. This is a unique observation because
ribavirin treatment affected CHS responses by inducing the pref-
erential up-regulation of a B7 molecule. In previous studies, CHS
responses were modulated by the specific inhibition of engagement
of a B7 molecule using anti-B7-1 and anti-B7-2 Abs (31, 32).

Although our findings suggest that up-regulation of costimula-
tory molecules following ribavirin treatment affects the magnitude

of CHS responses, we have yet to address the issue of why the
expression of IL-10, the principal mediator of these effects, is ap-
parently regulated differently following ribavirin treatment in
BALB/c and C57BL/6 mice. The factors involved could be intrin-
sic to the mouse strain. For example, haplotype differences (H-2d

for BALB/c and H-2b for C57BL/6) permit Ag presentation by
different MHC molecules or presentation of alternatively pro-
cessed Ag. A difference in the strength of the Ag-MHC interaction
or the type of Ag presented may lead to opposing signals, one that
is anti-inflammatory and can switch on regulatory mechanisms in-
cluding up-regulating IL-10 and another that is proinflammatory
and suppresses IL-10. To address this, we determined the effect of
ribavirin following treatment of splenocytes with a nonantigenic
stimulus, IFN-a, a known inducer of IL-10 (33) and B7-1 and
B7-2 expression (34, 35). IFN-a, like Ag priming with DNFB, did
induce IL-10 in both mouse strains. More importantly, the effect of
ribavirin on IFN-a-induced IL-10, B7-1, and B7-2 expression in
splenocytes from BALB/c and C57BL/6 paralleled those observed
previously with DNFB-primed LNC. Also, treatment of IFN-a-
stimulated splenocytes with anti-IL-10 Ab elicited the same effect
as ribavirin in BALB/c mice (enhanced B7-2 levels), but inhibited
B7-1 expression in C57BL/6 mice, a reversal of the effect found
following ribavirin treatment. These Ag-independent in vitro ef-
fects paralleled the findings we have shown earlier using an Ag-
specific in vivo immune response.

It is noteworthy that IFN-a levels were unaffected by ribavirin
and that ribavirin did not affect expression of B7 molecules in the
absence of IFN-a. The synergistic effect of ribavirin on IFN-a-
induced B7-1 and B7-2 expression is also noteworthy, particularly
as the combination of ribavirin and IFN-a has been shown to have
greater efficacy over monotherapy with either drug in the treatment
of hepatitis C (36). Furthermore, they suggest that the effect of
ribavirin on CHS responses is 1) intrinsic to each mouse strain, 2)
can occur with or without Ag priming, and 3) does not involve
modulation of IFN-a levels.

Differential regulation of IL-10 levels during CHS by ribavirin
in BALB/c and C57BL/6 mice may be the result of opposing ef-
fects on certain regulatory pathways of immune suppression. Pre-
vious studies have shown that C57BL/6 are susceptible to UVB-
induced immunosuppression of CHS responses to DNFB, whereas
BALB/c are typical of a resistant strain (37). Evidence from stud-
ies using IL-10-deficient mice or anti-IL-10 Abs has identified
IL-10 as the primary suppressor involved in the inhibition of CHS
responses following UVB exposure (38). Furthermore, the suscep-
tibility gene for UVB-induced immunosuppression has been
mapped to theUvs 1 locus in mice (39). Thus, the differential
effects of ribavirin on CHS responses in BALB/c and C57BL/6
mice may be attributable to genetic differences and involve acti-
vation (C57BL/6) or suppression (BALB/c) of an IL-10-mediated
regulatory pathway of CHS similar to that observed following
UVB exposure. These data indicate that a complex regulatory net-
work controlling CHS can influence the nature of the response to
ribavirin. Two important observations underscore the need for fu-
ture studies to focus on the identification of the precise point at
which antagonism of ribavirin-mediated effects on CHS occurs: 1)
The regulatory pathways that induce IL-10 and limit CHS re-
sponses in C57BL/6 mice appear to overwhelm the apparent type
1 cytokine bias induced by ribavirin, and 2) regulatory pathways
such as UVB-induced immunosuppression are a complete contrast
to the effects of type 1 cytokine polarization, often leading to the
induction of a Th1 to Th2 cytokine switch (40) and impaired de-
layed-type hypersensitivity responses, CTL activity, and skin graft
rejection (41).
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In summary, we have shown that CHS responses to contact al-
lergen following ribavirin treatment in BALB/c and C57BL/6 mice
were dependent not only on type 1 cytokine polarization, but reg-
ulation of IL-10 expression and appropriate costimulatory signal-
ing. These effects of ribavirin, which are the result of differential
effects of ribavirin on IL-10 levels, act via the promotion of the
expression of specific costimulatory molecules. The type 1 cyto-
kine bias also elicited by ribavirin was ineffective when IL-10
expression was enhanced, and this resulted in an opposing in vivo
outcome. These data presented in this work suggest that ribavirin
can alter the balance between immunity and immune suppression
on multiple levels. These observations should be considered in the
future evaluation of the therapeutic potential of ribavirin as a type
1-inducing agent in the treatment of immune-related disorders.
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