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ABSTRACT Interferon (IFN)-«/B-mediated negative
regulation of interleukin 12 (IL-12) and IFN-y proteins is
reported here. Both IFN-« and IFN-f inhibited fixed Staph-
ylococcus aureus Cowan strain induction of IL-12 and IFN-y
production by mouse splenic leukocytes in culture. Extended
studies with IFN-a demonstrated that inhibition was at the
level of biologically active IL-12 p70. Effects were selective, as
induction of tumor necrosis factor was unaffected and induc-
tion of IL-6 was enhanced. Neutralization of IFN-a/B ex-
pressed endogenously during infections with murine cytomeg-
alovirus (MCMYV) enhanced early IL-12 and IFN-y protein
production. Furthermore, during infections of mice with
lymphocytic choriomeningitis virus (LCMYV), this treatment
revealed a previously undetected early IL-12 and IFN-vy pro-
tein expression, and mice deficient in IFN-a/B receptor
function, but not control mice, also expressed endogenous
LCMV-induced IL-12. The effects of IFN-a/f neutralization on
production of IL-12 and IFN-y during the viral infections were
detected in both serum samples and medium conditioned with
splenic leukocytes isolated from infected animals. In vitro studies
demonstrated that splenic leukocytes isolated from LCMV-
infected mice were primed to produce IL-12 in response to
stimulation with Staphylococcus aureus Cowan strain, but that
this responsiveness was sensitive to added IFN-a. Moreover,
endogenous IFN-a/B induced by LCMYV inhibited in vivo lipo-
polysaccharide stimulation of IL-12 production. These results
demonstrate a new pathway for regulating cytokine responses,
and suggest a mechanism for inhibition of IL-12-dependent
immune responses during viral infections.

Interleukin 12 (IL-12) is a heterodimeric cytokine with many
functions including induction of interferon (IFN)-vy by natural
killer (NK) cells and generation of T helper 1 (Thl) cells
producing IFN-vy (1). The role of IL-12 in promoting endog-
enous protective immune responses to viral infections, how-
ever, is only beginning to be understood (2, 3). Our studies of
IL-12 administration during lymphocytic choriomeningitis vi-
rus (LCMYV) infections of mice have demonstrated that high
concentrations of the factor are detrimental to expansion of
protective CD8* cytotoxic T lymphocytes (CTL) and synergize
with endogenous immune responses to promote systemic
toxicities (4, 5). These results suggest that, if endogenous IL-12
is to play a role in viral infections requiring CD8* T cell
responses for defense, the levels of expression would have to
be tightly regulated. Interestingly, HIV infections are also
associated with protective CD8* CTL (6-9), and cells from
HIV-infected individuals are inhibited in their ability to pro-
duce IL-12 (10, 11).
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Studies from this laboratory evaluating endogenous expres-
sion and function of IL-12 indicate that the factor is differen-
tially regulated in contrasting viral infections of mice. Al-
though early IL-12 protein expression is induced during mu-
rine cytomegalovirus (MCMYV) infection (12) and results in
NK cell IFN-vy production (12-14), detectable levels of IL-12 and
NK cell IFN-y production are not observed during LCMV
infection (12). The presence of IL-12 inversely correlates with
induction of CTL function; in contrast to MCMV, LCMV
infections readily induce high levels of CD8* CTL activity. In
addition, treatments with antibodies neutralizing IL-12 do not
significantly modify the prominent late T cell CTL and IFN-vy
responses during LCMV infection (12). These results are in
striking contrast to the demonstrated IL-12 dependency of T cell
IFN-vyresponses during bacterial and parasitic infections (1-3, 15,
16). Taken together, the studies suggest that IL-12 responses are
differentially regulated during particular viral infections, and that
IL-12-induced effects under the conditions of viral infections are
distinct from those observed during other challenges.

One of the conditions distinguishing viral infections is early
induction of systemic IFN-«/B production (17-19). The ex-
periments presented here were undertaken to evaluate the
effects of these factors on IL-12 and IFN-vy expression. The
results show that production of the cytokines is inhibited by
IFN-a/B. They demonstrate that IFN-«/B inhibition acts on
expression in response to known exogenous inducers of 1L-12
and is an endogenous component shaping cytokine expression
during viral infections.

MATERIALS AND METHODS

Animals. Male pathogen-free C57BL/6 (C57BL/
6NTacfBR), defined flora C57BL/6 athymic nude (C57BL/
6NTac-nufDF N9), and 129 (129SvEvTacFBR) mice were
purchased from Taconic Farms (Germantown, NY). Mice
defective in IFN-«/B receptor function as a result of genetic
mutation (IFN-a/BR KO) on the 129 genetic background (19),
originally purchased from B & K Universal (North Humber-
side, U.K.), were bred in strict isolation with sterile food,
water, and caging in the animal facility at Brown University.
Male C57BL/6 severe combined immunodeficient (SCID)
(C57BL/6J-scid/SzJ) mice were obtained from The Jackson
Laboratory. All mice were between 4 and 12 weeks of age when
used in experiments and were handled in accordance with
institutional guidelines for animal care and use.

In Vivo Treatment Protocols. Animals were treated accord-
ing to the following protocols, or combinations thereof, as
specified. Infections were initiated on day 0 with 2 X 10%
plaque-forming units of LCMV, Armstrong strain clone E350,
or 2 X 103 plaque-forming units of salivary gland-extracted
MCMYV, Smith strain. Under these conditions, serum IFN-«/

Abbreviations: IFN, interferon; IL, interleukin; SAC, Staphylococcus
aureus Cowan strain; MCMV, murine cytomegalovirus; LCMV, lym-
phocytic choriomeningitis virus; LPS, lipopolysaccharide; CTL, cyto-
toxic T lymphocyte; TNF, tumor necrosis factor.
*To whom reprint requests should be addressed.
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was detected in a vesicular stomatitis virus biological assay as
early as 1 day after either LCMV or MCMYV infection and
reached peak levels of 2000 units/ml. IFN-a/B induction was
such that production declined after day 1 during MCMV
infection, but continued to increase through day 2 during
LCMYV infection. In vivo neutralization of IFN-o/B was carried
out by treating mice with 0.15 mg of sheep anti-murine
IFN-a/p or control sheep IgG (20) at 3-12 hr before infection
(gifts of Ion Gresser, Centre National de la Recherche Scien-
tifique, Villejuif, France), resulting in >98% inhibition of
endogenous IFN-a/B bioactivity during either MCMV or
LCMYV infections. To stimulate IL-12 production in vivo with
a known IL-12 inducer (21), mice were injected i.p. with PBS
or 5 pg lipopolysaccharide (LPS) from Salmonella enteriditis
(Sigma) in PBS 4 hr before being killed.

Preparation of Samples for Analysis of in Vivo Cytokine
Induction. Mice were anesthetized with methoxyflurane and
bled retro-orbitally into tubes with small amounts of heparin,
before sacrifice by cervical dislocation and spleen harvest.
Serum samples were prepared by spinning whole blood for 30
min at 6000 rpm. Splenic leukocytes were isolated by teasing
apart whole spleens and lysing erythrocytes by ammonium
chloride treatment. Viable yields were determined by trypan
blue exclusion. To prepare conditioned medium, splenic leu-
kocytes were cultured for 24 hr at a density of 107 cells/ml in
RPMI 1640 medium containing fetal bovine serum. Superna-
tants were harvested and concentrated ~5-fold using Centri-
con concentrators (Amicon).

In Vitro Stimulation of Cytokine Production. One million
C57BL/6 splenic leukocytes were added to individual wells in
96-well microtiter plates with the specified wt/vol percentage
of fixed Staphylococcus aureus Cowan strain (SAC) (Pan-
sorbin; Calbiochem), a known inducer of IL-12 (22). Various
amounts of one of the following were added: natural purified
mouse IFN-a (specific activity of 6 X 10° units/mg; Lee
BioMolecular Laboratories, San Diego), murine recombinant
IFN-a (specific activity of 3 X 10* units/mg; BioSource
International, Carmarillo, CA), natural purified mouse IFN-3
(specific activity of 1.3 X 108 units/mg; Lee BioMolecular
Laboratories), or human recombinant IL-2 (specific activity of
3 X 106 units/mg; Cetus). Mixtures of mediators were added
to cells in 10% fetal bovine serum RPMI 1640 medium
containing 2 mM glutamine, 100 units/ml penicillin, and 100
pg/ml streptomycin. After 24 hr incubation at 37°C in a 5%
C0,/95% air environment, microtiter plates were centrifuged,
and cell supernatant fluids were harvested.

Cytokine Analyses. Culture supernatants after in vitro stim-
ulations, serum samples, or conditioned medium from splenic
leukocytes isolated after in vivo manipulations were tested for
IL-12 p40, IFN-+, tumor necrosis factor (TNF), or IL-6 protein
by sandwich ELISA as described (12). Briefly, the IL-12 p40
ELISA utilized C15.1 (prepared from hybridomas that were
kindly provided by Georgio Trinchieri, Wistar Institute, Phil-
adelphia) and polyclonal sheep anti-mouse IL-12 (Genetics
Institute, Cambridge, MA) as the primary and secondary
antibodies, respectively. The tertiary antibody was a peroxi-
dase-conjugated donkey anti-sheep antibody (Jackson Immu-
noResearch). Mouse recombinant IL-12 (23), a gift from
Genetics Institute, was used a standard. The limits of detection
in the assay were 90 pg/ml for serum samples and 0.9 pg per
million cells for conditioned medium samples. The IFN-y
ELISA utilized XMG1.2 (gift of Robert Coffman, DNAX,
Palo Alto, CA) as the capture antibody, polyclonal rabbit-anti-
IFN-vy (provided by Phillip Scott, University of Pennsylvania,
Philadelphia) as the secondary antibody and peroxidase-
conjugated donkey-anti-rabbit antibody (Jackson ImmunoRe-
search) as the tertiary antibody. Mouse recombinant IFN-vy
was purchased from PharMingen as a standard. The limits of
detection in the assays were 39 pg/ml for serum samples and
0.2 pg/million cells for conditioned medium samples. For TNF
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quantitation, the factor was captured with hamster mAb
TN3.19-12 (provided by Celltech, Slough, U.K. through Steven
Opal, Brown University), and detected with polyclonal rabbit
anti-TNF-a (Endogen, Wouburn, MA) followed by peroxi-
dase-conjugated donkey anti-rabbit antibody (Jackson Immu-
noResearch). A standard curve generated with recombinant
murine TNF purchased from R & D Systems indicated that the
limit of detection for the assay was 19 pg/ml. IL-6 concentra-
tions were tested using rat anti-mouse MP5-20F3 for capture,
and biotinylated rat anti-mouse MP5-32C11 (both purchased
from PharMingen), followed by 2.5 ug/ml avidin peroxidase
(Sigma), and calculated based on a standard curve of recom-
binant murine IL-6 for which the limit of detection was 19
pg/ml. For all ELISAs, colorimetric changes upon addition of
ABTS (2.2'-azino-di [3-ethyl-benzthiazoline sulfate 6]) sub-
strate (Kierkegaard & Perry Laboratories) were detected
using a Dynatech MR 4000 reader. To quantitate biologically
active IL-12 p70, nonneutralizing C15.1 mAb was used to
capture IL-12 on a microtiter plate. Normal splenic leukocytes,
at a density of 10° per well, were added to the plate and
incubated for 24 hr at 37°C in a 5% CO,/95% air environment.
Microtiter plates were then centrifuged, and cell supernatant
fluids transferred into an IFN-y ELISA, as described above.
IFN-vy production was compared with levels obtained from a
recombinant murine IL-12 standard curve (Genetics Institute)
to calculate the concentration of IL-12 p70 in each sample.

Statistical Analysis. The Student’s ¢ test was performed
where indicated.

RESULTS

The roles of IFN-a/B in regulating IL-12 induction and
IL-12-driven IFN-vy induction were evaluated in vitro using a
known potent inducer of IL-12, SAC (22). Splenic leukocytes
from C57BL/6 mice were incubated with various concentra-
tions of SAC with or without natural purified murine IFN-« or
IFN-B (Fig. 1). Cell supernatant fluids were collected and
evaluated by ELISA for cytokine expression. Addition of
either IFN-a (Fig. 1B) or IFN-B (Fig. 1C) resulted in a
dose-dependent inhibition of SAC-induced IL-12. IFN-a (Fig.
1FE) or IFN-B (Fig. 1F) also inhibited SAC-induced IFN-vy in a
dose-dependent manner. The inhibitory effects of IFN-a or
IFN-B on SAC-induced IL-12 were specific for IFN-a/B as IL-2
did not alter IL-12-induction by SAC (Fig. 14) and resulted in an
enhanced IFN-y production (Fig. 1D) consistent with the previ-
ously observed synergism between IL-12 and IL-2 (24). The
inhibitory activity of IFN-a/B was selective, as addition at con-
centrations sufficient to inhibit IL-12 p40 production (Fig. 1G)
had no effect on TNF (Fig. 1H) and modestly enhanced IL-6 (Fig.
11) proteins. Further analysis demonstrated that inhibition ex-
tended to the level of biologically active factor, as addition of
either 100 or 10,000 units/ml exogenous IFN-« decreased SAC
induction of IL-12 p70 to below limits of detection (Fig. 2).
Inhibitory effects were also observed with recombinant murine
IFN-q, as addition of 10,000 units/ml of murine recombinant
IFN-« inhibited >75% of the IL-12 p40 and >95% of the IFN-y
induced in response to 0.030% SAC (data not shown). Taken
together, these in vitro assays demonstrate that IFN-« and IFN-B
are potent, selective inhibitors of both IL-12 production and a
resulting induction of IFN-y production.

To examine the role of endogenously produced IFN-a/3 on
IL-12 and IFN-vy expression in the context of viral infections,
studies were carried out in MCMV-infected mice. This virus
induces early serum IL-12 as well as splenic leukocyte pro-
duction of the factor into conditioned medium (12, 14). The
effects of treatment with control antibodies or antibodies
neutralizing mouse IFN-a/B before infection were evaluated
in normal C57BL/6, T cell-deficient C57BL/6 nude, and T and
B cell-deficient C57BL/6 SCID. In vivo neutralization of IFN-«/3
resulted in IL-12 p40 increases of 1.5-, 11.2-, and 3.7-fold in
C57BL/6, C57BL/6 nude, and C57BL/6 SCID, respectively, on
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day 2 after MCMV infection (Table 1). Increases also were
observed in splenic IL-12 p40 production; cells from C57BL/6
mice produced 2.1-fold more and those from C57BL/6 nude
produced 11.4-fold more IL-12 during a 24-hr culture as a result
of in vivo IFN-a//B neutralization during MCMYV infection (Table
1). Thus, endogenous IFN-a/B is dampening IL-12 protein
production during MCMYV infection.

In contrast to MCMYV infection, LCMYV infection of normal
mice does not induce detectable IL-12 protein (12). To deter-
mine whether or not endogenous IFN-a/f contributed to this
apparent lack of IL-12 induction during LCMYV infection,
studies were carried out under conditions of IFN-«/ neutral-
ization either as a result of treatment with antibody specific for
IFN-a/B or in mice rendered IFN-a/B nonresponsive as a
result of genetic mutation in the IFN-a/B receptor gene
(IFN-a/BR KO) (Fig. 3). Because of the known kinetics of
IFN-a/B expression (17-19), characterization of IFN-a/B

100

IFN-¢ (U/ml)

TNF, and IL-6 production were examined in cul-
ture after 24 hr stimulation of 1 X 10° splenic
leukocytes isolated from C57BL/6 mice. Stimula-
tion with SAC was carried out with 0.12% (0O),
0.03% (2), and 0.004% (<), or no (®) SAC as
specified. Serial dilutions of purified natural
IFN-¢«, IFN-B, or human recombinant IL-2 were
added to the test conditions as indicated. Culture
supernatant fluids were prepared, and production
of IL-12 p40, IFN-vy, TNF, or IL-6 was determined
by specific protein ELISA. The following are
shown: IL-2 effects on SAC-induced IL-12 p40 (A4),
IFN-a (B) and IFN-B (C) effects on SAC-induced
IL-12 p40, IL-2 effects on SAC-induced IFN-vy (D),
IFN-« (E) and IFN-B (F) effects on SAC-induced
IFN-y production, and IFN-a effects on SAC-
induced IL-12 p40 (G), TNF (H), and IL-6 (1). The
confidence limit of detection for assays is indicated
(dotted line).
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responses under the conditions tested here (Materials and
Methods), and kinetics of IL-12 expression during MCMV
infection (12), effects were evaluated in C57BL/6 mice at early
times after LCMV infection. In agreement with our previous
results (12), control-treated mice did not have detectable levels
of serum IL-12 on day 2 of LCMV infection (Fig. 34). In
contrast, day 2 LCMV-infected mice treated with antibodies
neutralizing IFN-a/B had significant levels of the factor; serum
levels of IL-12 p40 protein reached >1000 pg/ml (Fig. 34). A
similar level of IL-12 induction was also seen on day 1 after
infection in anti-IFN-a/B-treated but not control-treated in-
fected mice (data not shown). To evaluate IL-12 production by
cells from infected mice, conditioned medium were prepared
with splenic leukocytes isolated from day 2 LCMV-infected
control-treated and IFN-«/B-neutralized mice. The levels of
IL-12 p40 produced by cells isolated from control-treated day
2 LCMV-infected mice were below the limits of detection,
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FiG. 2. Effect of IFN-« on production of biologically active IL-12
p70 in vitro. The effects of IFN-a on SAC-induced IL-12 p70 produc-
tion were examined in culture after 24 hr of stimulation of 1 X 10°
splenic leukocytes isolated from C57BL/6 mice. Stimulation with SAC
was carried out with 0.004% or no SAC as specified. Purified natural
IFN-« at concentrations of 100 units/ml or 10,000 units/ml were
added to the test conditions as indicated. Culture supernatant fluids
were prepared, and production of IL-12 p70 was determined by
bioassay. Results shown are means of four mice per group * SE.
Differences between SAC stimulation of IL-12 p70 in the absence of
IFN-« and in the presence of either 100 or 10,000 units/ml IFN-« are
significant by the Student’s ¢ test. #*, P < 0.05.

whereas cells isolated from mice treated with antibodies
neutralizing IFN-«/p released approximately 4 pg per million
cells (Fig. 3B). These results were repeated in four indepen-
dent experiments. As an alternative approach to examine
IFN-a/B regulation of IL-12 induction, LCMV infections of
normal 129 mice were compared with those of 129 mice
deficient for IFN-a/B receptor function (IFN-a/BR KO).
IL-12 p40 (Fig. 3E) and biologically active p70 (Fig. 3F) were
detected in IFN-a/BR KO, but not in wild-type, mice on days
2 and 3 after LCMV infection. Taken together, these studies
demonstrate that IL-12 protein expression is profoundly in-
hibited by endogenous IFN-a/B during viral infections and
that these cytokines are contributing to the lack of detectable
IL-12 protein during certain viral infections.

To evaluate a functional consequence of IL-12 regulation,
parallel studies were carried out examining IFN-«/8 effects on
IFN-vy protein production. IFN-«/B neutralization also pro-
moted IFN-vy production (Fig. 3 C and D). Sera and condi-
tioned medium from control-treated LCM V-infected mice did
not contain detectable IFN-y protein, however, comparable
samples from anti-IFN-«/B-treated mice had significant levels
of the factor—i.e., [IFN-y at 172 pg/ml in serum (Fig. 3C) and

Table 1. Role of IFN-a/f in regulating IL-12 production during
MCMYV infection

Serum Splenic IL-12 p40

IL-12 p40, production, pg
pg/ml per million cells
Mouse strain Treatment + SE + SE
C57BL/6 Control Ab 814 * 96 19.9 + 3.8
Anti-IFN-a/p 1239 = 272 420 =49
C57BL/6 nude  Control Ab 271 =73 1.9 3.0
Anti-IFN-a/B 3041 = 355 217+ 4.4
C57BL/6 SCID  Control Ab 1055 = 272 ND
Anti-IFN-a/B 3872 = 589 ND

Mice were treated with control sheep antibody or sheep antibody
neutralizing murine IFN-a/g before infection with 2 X 10° plaque-
forming units salivary gland extracted MCMYV Smith strain. Samples
were prepared 2 days after infection. Each point is the mean * SE of
results from 3-4 replicate animals. ND, not done.
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~3.5 pg per million cells in conditioned medium (Fig. 3D). As
both the IL-12 and accompanying IFN-vy responses are re-
vealed after IFN-a/B neutralization, the data indicate that the
inhibition is functional and biologically relevant.

To determine if the in vivo inhibitory effects mediated by
IFN-a/B occurred at the level of cell responsiveness for
expression, splenic leukocytes were isolated from LCMV-
infected mice and compared with those isolated from unin-
fected mice for their ability to produce IL-12 in response to
stimulation in culture. Although cell populations from infected
mice were not induced to release IL-12 p40 spontaneously,
they were elevated ~3-fold in their responsiveness to SAC for
production of the protein relative to cells from uninfected mice
(Fig. 44). As addition of IFN-a blocked the elevated IL-12
production (Fig. 4B), however, this response was still sensitive
to IFN-a/B-mediated inhibition. These results demonstrate
that cells from LCMV-infected mice are primed to make IL-12,
and suggest that inhibition of IL-12 requires the continuous
presence of IFN-«/B.

The endogenous virus-induced IFN-a/B effect on IL-12
induction in response to a known inducer of the factor was
tested by treating LCM V-infected mice with LPS. Kinetic and
dosage experiments in uninfected C57BL/6 mice demon-
strated that peak production of IL-12 p40 protein in serum was
observed at 4 hr after LPS treatment, that LPS doses in excess
of 10 pg were saturating, and that treatment with as little as 0.2
png of LPS induced detectable serum levels of IL-12 p40. In
contrast to the 1911 = 454 pg/ml of serum IL-12 p40 induced
at 4 hr by 5 pg of LPS in uninfected mice, mice infected with
LCMV 1 day before LPS treatment were inhibited by 90% and
produced only 194 * 120 pg/ml (Fig. 4C). To show that this
effect was specifically mediated by IFN-«/B, LPS stimulation
of IL-12 was examined in uninfected and infected mice treated
with anti-IFN-a/B. IFN-«/B-neutralized, uninfected, and in-
fected mice responded to LPS with serum IL-12 levels of
5845 *+ 460 and 7827 =+ 360 pg/ml, respectively (Fig. 4D). This
did not appear to be a consequence of revealed LCMV
induction of IL-12, as IFN-a/B neutralization on day 1 of
LCMYV infection only resulted in 1266 = 115 pg/ml, whereas
LPS treatment of IFN-a/B-neutralized mice one day after
LCMYV infection induced 6-fold more IL-12 p40. Thus, LCMV
may have synergized with LPS under conditions of IFN-«/3
neutralization, but viral infection alone was not sufficient to
stimulate the levels of IL-12 p40 observed after LPS treatment
in LCMV-infected IFN-«/B neutralized mice. As LPS is a
non-replicating stimulus of IL-12, the observed effects of
IFN-a/B were independent of changes in microbial burden.
These experiments demonstrate that endogenous IFN-«/B
impair(s) IL-12 expression in response to nonviral stimulatory
signals during viral infections.

DISCUSSION

The experiments presented here conclusively demonstrate the
ability of IFN-a/B to inhibit expression of IL-12 and IFN-y in
response to known inducers of these factors both in culture and
in vivo. Endogenous IFN-a/B-mediated inhibition of these cyto-
kines was shown to occur in vivo during infection with LCMV
(Figs. 3 and 4). Studies of MCMYV infection demonstrated that the
regulatory effects of IFN-a/B were not unique to the LCMV
infection because the detectable levels of MCM V-induced IL-12
(12) were further elevated after in vivo neutralization of IFN-«/3
(Table 1). The elevated endogenous levels of IL-12 and IFN-vy
after neutralization of IFN-«a/f were not a consequence of
increased viral burdens because (7) it was not possible to induce
detectable levels of either factor by infection with up to 2 log
higher doses of LCMV (data not shown), (if) IFN-a mediated
specific inhibitory effects on cells from LCMV-infected mice for
induction of IL-12 (Fig. 4B), and (iif) LPS induction of IL-12 also
was inhibited by endogenous IFN-a/B during LCMV infection
(Fig. 4 C and D). Thus, the induction of IFN-«a/f during an
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antiviral immune response has significant effects on the endog-
enous immune response to infection.

The novel regulatory functions of IFN-a/B reported here
extends the list of cytokines able to modulate IL-12 and IL-12
function. Other known inhibitors are transforming growth factor
B (TGF-pB) and IL-10. Unlike IFN-a/B, TGF- has been reported
to inhibit the effect of IL-12 without appreciably altering the
levels of factor production (16, 25-27). On the other hand, IL-10
is reported to inhibit NK cell IFN-vy production indirectly through
its inhibition of IL-12 expression (27, 28). We show here that
IFN-a/B negatively regulates IL-12 as well as the resultant IFN-vy
production. In addition, ongoing studies assessing direct effects
on IFN-vy expression indicate that, at high concentrations, IFN-
a/P also inhibit(s) IL-12 induction of IFN-y (data not shown).
Preliminary studies with antibodies neutralizing TGF-8 or IL-10
suggest that TGF-B does not contribute, and that IL-10 may
account for some but not all of the inhibitory effects observed.
Thus, these cytokines may regulate the IL-12 and IFN-vy pathway
at several different and/or overlapping levels. As viral infections
can be good inducers of IFN-a/B, however, they are likely to be
the pivotal mediators of IL-12 regulation in the context of viral
infection.

Although the molecular mechanisms for IFN-a/B-mediated
inhibition of IL-12 and IFN-vy expression are not understood,
our ability to detect both IFN-y mRNA (29) in the absence of
IFN-vy protein (ref. 12; Fig. 3C) and priming for IL-12 expres-
sion (Fig. 4) during LCMYV infection suggests that the effects
may be posttranscriptional. These observations underscore the
importance of evaluating protein expression. Although it has

been possible to document induction of IL-12 p40 mRNA
during a number of different viral infections (30), it is not yet
clear if the protein will be produced and/or the factor will play
a biological role under all of these conditions.

As both LCMV and MCMV infection induce IFN-a/f
(17-19), the kinetics and/or magnitude of endogenous IFN-
a/B expression must be in balance to allow IL-12 expression
during MCMYV but not LCMV infection (12). Comparative
studies to evaluate IFN-a/B responses to LCMV and MCMV
indicate extended, higher levels of IFN-a/g induced by LCMV
(Materials and Methods). Although the kinetics and magnitude
of IFN-a/B production may be important, there may be other
mechanisms contributing to the effect as well. MCMYV could
provide a stronger stimulation for IL-12 expression. Alterna-
tively and/or additionally, infection of different cell types by
these two viruses might also account for the observed differ-
ences. Targeting of infection to cells preferentially producing
IFN-a/B would result in conditions inhibiting subsequent
events that might induce IL-12 expression in other cell types.
In contrast, early targeting of infection to cells of macrophage
lineage might promote conditions for concurrent expression of
IL-12 and IFN-a/B. This would be consistent with reported
IFN-a- and IL-12-dependent effects induced by the chemical
polyinosinic acid: polycytidylic acid (31). However, even dur-
ing MCMV infection, IL-12 is only observed over a narrow
period of time (12) and is decreased by endogenous IFN-a/f3
(Table 1). Thus, IL-12 expression is being regulated by IFN-
a/B under these conditions as well.
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FiG. 4. Effects of IFN-a/B during LCMV infection on cellular
responsiveness to in vitro and in vivo stimulation of IL-12 production.
Virus-induced IFN-a/B effects were examined in vitro by stimulating
splenic leukocytes prepared from uninfected or LCMV-infected
C57BL/6 mice with SAC, and evaluating IL-12 production (4 and B).
Cells, isolated from untreated ((J) or day 2 LCMV-infected (M) mice,
were stimulated in vitro with 2-fold serial dilutions of SAC (0.12-
0.001%) alone (A4) or in the presence of 10* units/ml of IFN-« (B).
Supernatant fluids were harvested after 24 hr and IL-12 p40 was
measured by ELISA. In vivo responsiveness to a replication-
independent stimulus of IL-12 in the context of virus-induced IFN-«/3
was examined by administering 5 ug of S. enteriditis-derived LPS to
uninfected or day 1 LCMV-infected C57BL/6 mice (C and D). Serum
samples were prepared for IL-12 p40 by ELISA at 4 hr after LPS
administration. Uninfected and infected mice treated with PBS only
did not produce significant levels of serum IL-12 p40 (data not shown).
Means * SE of results from three mice per group are shown for all
experiments. In vivo IL-12 induction by LPS in uninfected and day 1
LCMV-infected mice is shown (C). The role of endogenous IFN-«/3
for inhibition of IL-12 stimulation in LCMV-infected mice was exam-
ined by treating uninfected and day 1 LCMV-infected mice with
control antibody () or anti-IFN-a/B (M) (D). Samples from unin-
fected and infected mice given LPS (C and D) were significantly
different (*), as were those from anti-IFN-a/B- compared with
control-treated mice given LPS one day after LCMV infection (¥¥) as
determined by a Student’s ¢ test (P < 0.05) (D).

The IFN-a/B-mediated inhibition of IL-12 has the potential to
contribute to both beneficial and detrimental consequences.
IL-12 facilitates certain protective immune responses as well as
promotes toxic shock in the host (3). Previous work in this
laboratory has shown that LCMV-infected mice are extremely
sensitive to IL-12-mediated effects and that IL-12 administration
during LCMV infection can result in profound immunotoxicities,
with reductions in responding CD8* T cells and increased viral
burden (4, 5). Given this potential for IL-12-induced toxicity, a
beneficial consequence of IFN-a/f inhibition of this factor would
be protection of developing antiviral CD8* T cells.

Alternatively, however, the IFN-a/B pathway of IL-12 inhibi-
tion might render the host more susceptible to pathogenic
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challenge if IL-12 is required for defense—i.e., intracellular
bacterial and parasitic infections. Continued IFN-«/8 production
during chronic viral infection could be extremely problematic.
Serum levels of IFN-a are known to be present during various
persistent viral infections including human HIV infection (32).
Presumably the constant presence of virus induces consistent
elevation of IFN-a/B. This chronic induction of IFN-«/B during
HIV infection is potentially beneficial as HIV replication has
been shown to be sensitive to IFN-a or IFN-B (33, 34). Based
upon the evidence presented here, a disadvantage of chronic
IFN-a/f induction might be the subsequent inhibition of IL-12
induction and responsiveness. Individuals infected with HIV are
more susceptible to infectious agents that require IL-12 for
development of protective immunity, and cells from HIV-
infected individuals are reduced in their ability to produce IL-12
in response to stimulation (10, 11). Thus, the chronic expression
of IFN-a/B could be contributing to similar effects in HIV-
infected patients. In support of this hypothesis, the inhibitory role
of IFN-« during HI'V infection has been demonstrated in exper-
iments showing that anti-IFN-« prevents suppressive effects of
serum from HI V-infected individuals on in vitro cell proliferation
(35). The regulatory mechanisms mediated by IFN-a/B pre-
sented in this report may have general and significant ramifica-
tions in situations associated with virus persistence and chronic
levels of IFN-a/B.
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