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Abstract

Interleukin-12 is a recently discovered lymphokine displaying
an array of in vitro activities suggesting a major role in protec-
tive immunity against infectious agents like viruses. This study
provides evidence that IL-12 may also be implicated in the
selection of the immunoglobulin isotypes. Weshow that pico-
molar concentrations of rIL-12 markedly inhibit the synthesis
of IgE by IL4-stimulated PBMC. The suppression of IgE is
observed at the protein and at the mRNAlevels, it is isotype
specific, and it is abolished by neutralizing anti-IL-12 mAbs.
IL-12 may suppress IgE synthesis by: (a) inducing the produc-
tion of IFN-y, a known inhibitor of IgE synthesis and (b) by a
novel mechanism which is IFN-y independent. The best evi-
dence for this is from studies on IgE synthesis by IL-4-plus
hydrocortisone-stimulated umbilical cord blood lymphocytes,
which do not produce detectable amounts of IFN-'y. In such
cultures, rIL-12 inhibits IgE synthesis even in the presence of a
large excess of neutralizing anti-IFN-y mAb. (J. Clin. Invest.
1992. 90:262-266.) Key words: IgE * IL-12 * EmRNA* IFN--y

Introduction

In vivo and in vitro observations have demonstrated that the
synthesis of IgE is dependent upon the balance between the
production of IL-4 and IFN-Iy at the sites of T/B cell interac-
tions (1-3). IL-4 may promote IgE synthesis not only via a

direct effect on B cells, resulting in switching to IgE (4-5), but
perhaps also by regulating the production of other molecules or
cytokines involved in IgE regulation. For example, IL-4 mark-
edly inhibits IFN-y production by human lymphocytes stimu-
lated by mitogen or allogeneic cells (6-7). In addition, IL-4
may also be involved in directing the differentiation of naive
precursor T cells into TH2 type of effector cells, producing IL-4
but not IFN-'y (8). Similarly, IFN--y suppresses the in vivo syn-
thesis of IgE, not only by antagonizing the effect of IL-4 on the
switching to IgE, but perhaps also by inhibiting the prolifera-
tion of IL-4-producing TH2 lymphocytes (9, 10), or by direct-
ing the differentiation of naive precursor T cells into T cells
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producing IFN-'y but not IL-4 (1 1). Lymphokines other than
IL-4 and IFN-y may also have an important role in the regula-
tion of IgE synthesis. Interferon-a, a cytokine mainly produced
by accessory cells, is a potent inhibitor of the in vitro and in
vivo synthesis of mouse and human IgE (1, 3). IFN-a also
counteracts the effect of IL-4 on the switching to IgE, and most
interestingly, as IFN-y does, it inhibits the in vivo production
of IL-4 and enhances that of IFN-y (12). Interleukin-12 is a
novel cytokine which, like IFN-y and IFN-a, may be involved
in protective immunity against infectious agents such as vi-
ruses (13-17). Previously known as NKSF(natural killer cell
stimulatory factor) or as CLMF(cytotoxic lymphocyte matura-
tion factor), IL-12 is a 75-kD heterodimeric glycoprotein dis-
playing several in vitro activities including: (a) enhancement in
synergy with IL2, of the generation of cytotoxic T cells and of
lymphokine-activated killer cells (13); (b) increase in the cyto-
toxic activity of natural killer (NK) cells (15); (c) promotion of
the proliferation of activated T cells and NKcells (16) and; (d)
induction of IFN-ny production by resting or activated periph-
eral blood NKcells and T cells (17). Here we report that IL- 12
is a strong inhibitor of the T cell-dependent synthesis of IgE by
IL-4-stimulated peripheral blood mononuclear cells and that
this inhibition maybe observed in the absence of IFN-'y produc-
tion.

Methods

Reagents. HumanrIL-4 was a gift of Dr. H. Hofstetter (CIBA-GEIGY,
Basel, Switzerland); anti-CD40 mAb89 (18) was received from Dr. J.
Banchereau (Schering Plough, Dardilly, France); hydrocortisone was
obtained from Sigma Chemical Co., St. Louis, MO; PWMwas from
Gibco Laboratories, Grand Island, NY; anti-IFN-'y neutralizing mAb
(No. 1598-00) was purchased from Genzyme Corp., Boston, MA. In
preliminary titration experiments, this antibody (25 ,g/ml) completely
neutralized the suppressive activity of 500 IU/ml of IFN-y on the
IL-4-stimulated synthesis of IgE by PBMC(IgE, ng/ml in IL-4-stimu-
lated cultures 30±4, as compared to 9.8±2 in the presence of IFN-y
[500 IU/ml], and to 31.7±3.8 in the presence of both IFN-'y and anti-
IFN-,y mAb). Anti-LolpI mAb is a mouse IgGI antibody directed
against the pollen antigen LolpI (19).

Human rIL-12 and antibodies to IL-12. Human rIL-12 was pro-
duced by cotransfection of COScells with a 1:1 molar ratio of the two

subunit cDNAs of IL- 12 as described by Gubler et al. (13). Crude su-

pernatant fluid from cultures of doubly transfected cells was used as the
source of rIL- 12 in these experiments. Supernatant fluid from cultures
of mock transfected COScells was used as a control. Monoclonal anti-
IL- 12 antibody was a 1: 1 mixture of two rat monoclonal anti-human
IL-12 antibodies, 4AI and 20C2, which were isolated and purified as

1. Abbreviations used in this paper: HC, hydrocortisone; NK, natural
killer (cells).
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previously described (20). The 4A 1 antibody is specific for the 40-kD
subunit of human IL- 12, and its isotype is IgG2b. The 20C2 antibody
reacts with the 35-kD subunit of IL-12, and its isotype is IgGl. These
two antibodies were previously found to synergize in blocking
IL- 1 2-stimulated proliferation of human PHA-activated lymphoblasts
(Gately, M., unpublished results). Purified myeloma rat IgGl and
IgG2b (Zymed Laboratories, San Francisco, CA) were used as isotype-
matched controls.

Cell preparations and culture conditions. Cells were prepared and
cultured as described (19, 21). Briefly, PBMCwere isolated from hepa-
rinized venous blood of healthy individuals by centrifugation over Fi-
coll-Metrizoate. Umbilical cord blood was collected in heparin-con-
taining tubes and was sedimented 45 min at 370C with dextran (10%
vol/vol; mol wt 200, J. T. Baker Chemical Co., Phillipsburg, NJ); the
leukocyte-rich plasma was then layered on Ficoll-Metrizoate. Cells
were cultured in HB101 culture medium (Hana Biologics, Alemeda,
CA) supplemented with 5% FCS (Flow Laboratories, Inc., McLean,
VA), penicillin (100 U/ml), streptomycin (100 Mg/ml), L-glutamine (2
mM)(Gibco Laboratories), sodium pyruvate (10 mM), and Hepes (10
mM). Cells (2 X I05 in 0.2 ml) were cultured in four replicates or more
in round-bottomed 96-well tissue culture plates (Linbro, Flow Labora-
tories, Hamden, CT) for 12 d in a humidified atmosphere of 5%CO2
and 95% air. For the induction of IgE synthesis, cultures were supple-
mented with IL-4 at the final concentration of 10 ng/ml. This concen-
tration was found to be optimal for the induction of IgE synthesis and
the suppression of IFN-,y production in mixed lymphocyte cultures.

RIAs. Immunoglobulins were measured in cell-free culture super-
natants by means of solid phase RIAs exactly as described (19, 21).
IFN-y was measured by a commercially available RIA (Centocor Co.,
Malvern, PA) with a sensitivity of 1 IU/ml. The net synthesis of Igs and
of IFN-,y was determined by subtracting the values measured in the
culture supernatants of cycloheximide-treated cells (50 ig/ml) from
those of untreated cells. In preliminary experiments where the levels of
IFN-,y in the supernatants of IL-12-stimulated cultures were deter-
mined at d 2, 4, 6, and 8, we found, in agreement with a previous report
( 17), that a plateau was obtained between d 4 and 6. IFN-,y was there-
fore routinely measured on d 6. To this end, 50 ,l of culture superna-
tants were collected and replaced by the same volume of fresh culture
medium. All the culture supernatants were stored at -20°C until the
assay.

Northern blot analysis. Northern blot analysis was carried out ex-
actly as described (6). Briefly, total RNAwas extracted from cultured
PBMCby the guanidinium-thiocyanate method with CsCl gradient
modification and quantified by measurement of absorbance at 260
nm. The samples (20 ,g per lane) were subjected to electrophoresis in
formaldehyde-containing 1% agarose gel, and transferred to nylon
membrane (Biotrans; ICN, Irvine, CA). The membrane was baked 2 h
at 80°C under vacuum, prehybridized in 50% formamide/5 X Den-
hardt's/5 x standard saline citrate/ 10 mMEDTA/50 mMsodium phos-
phate pH 6.8/0.1% SDS/250 ,g/ml salmon sperm DNA, and incu-
bated overnight at 420C with 32P-labeled cDNA probe in the same
buffer. The probes used for the detection of the germ-line and the ma-
ture form of Cc mRNAwere kindly provided by Dr. R. Geha and
described by Jaraba et al. (22). A 0.74-kb SmaI fragment overlapping
the germline exon was used to detect germ-line Ct transcript, and the
0.88-kb Hinfl fragment encompassing most of the Cd1 exon and the
totality of the CE2 exon was used to detect both the productive and the
germ-line Ct mRNAs.

Results
Given that IL-12 and IL-4 are known to have opposite effects
on IFN-y production by human lymphocytes, we first exam-
ined the effect of IL- 12 on IgE and IFN-y production by
IL-4-stimulated PBMC. As seen in Table I, rIL- 12 (60 pM)
significantly suppresses the production of IgE and increases the
synthesis of IFN-y by PBMCcultured in the presence of a
saturating concentration of IL4 (10 ng/ml). IL-4 significantly

Table I. Effects of IL-4 and IL-12 on the Production of IgE
and of IFN-,y by PBMC

Exp. 1 Exp. 2

Addition IgE IFN-y IgE IFN--y

<0.2 214 <0.2 62
IL-4 57 <1 204 <1
IL-12 <0.2 3,364 <0.2 2,800
IL-4 +IL-12 19 1,348 58 810
IL-4 + Control SN 61 <1 195 <1

PBMCwere cultured for 12 d in the absence or in the presence of IL-4
(10 ng/ml), IL- 12 (60 pM), or both. Shown are the mean values of
IgE (ng/ml) and IFN-,y (IU/ml) measured in four replicate cultures;
the variation between the replicates was below 20%. Supernatant
fluids from cultures of mock transfected COScells (control SN) were
used at the same dilutions as the IL- 12 containing supernatant fluids.

but incompletely suppresses the IL- 12-induced production of
IFN-'y; and, as expected, it totally abolishes the spontaneous
production of IFN-y. The effects of IL- 12 on IgE and IFN-,y
production are dose dependent, and they are completely
overridden by neutralizing anti-IL- 12 mAbs (Fig. 1). The pro-
duction of IgG, IgA, and IgM in IL-4-stimulated cultures is not
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Figure 1. Effect of IL- 12 on IgE and IFN-,y production by IL-4-stim-
ulated PBMC. (A) PBMCwere cultured for 12 d in the presence of
10 ng/ml of IL-4 and increasing concentrations of rIL- 12 (0.1-100
pM). Shown are the mean± 1 SEMof three experiments; *significantly
different from control without IL- 12 at P < 0.01, Student's t test. (B)
IL-4-stimulated cultures (control) were supplemented with rIL-12 (60
pM) or with anti-IL- 12 mAbs(a mixture of antibodies 4A1 and 20C2,
each at 10 ,g/ml). Isotype-matched control antibodies (a mixture of
rat IgG 1 and IgG2b, each at 10 ug/ml) had no effect (not shown).
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Figure 2. IL- 12 suppresses the accumulation of productive but not
germ-line CE transcripts. Total RNAwas extracted from PBMCcul-
tured for 10 d with 10 ng/ml of IL-4, in the absence (lanes 1, 3, and
5) or in the presence of 60 pM rIL- 12 (lanes 2, 4, and 6). Northern
blot was performed as described in Methods. The membrane was hy-
bridized with 32P-labeled probes specific for the germ-line transcript
(lanes 1 and 2) or for the CE,-CE2 region binding to both germ-line
and mature CE transcripts (lanes 3 and 4). Equal loading was assessed
by methylene blue staining of the ribosomal RNA(lanes 5 and 6).
IgE production in IL-4-stimulated cultures was of 81 ng/ml, as op-
posed to 16 ng/ml in cultures containing both IL-4 and rIL-12.

significantly affected by IL- 12 (data not shown). Given that
IL-4 does not induce the production IgM, IgA, or IgG (with the
exception of IgG4) (4), we next examined the effect of IL- 12 in
a model where the major classes of Ig are induced. In three
consecutive experiments, rIL-12 (60 pM) had no significant
effect on the PWM-induced synthesis of IgG (1.6±0.1 vs
1.3±0.6 ,ug/ml; mean±l SD), IgM (1.2±0.4 vs 1.1±0.6 ,ug/ml)
or IgA (1.9±0.6 vs 2.1±0.7 ,ug/ml).

To further analyze the IgE suppression by IL- 12, we have
examined the effect of IL- 12 on the accumulation of both ma-
ture and germ-line CE mRNAby IL-4-stimulated PBMC. As
shown in Fig. 2, rIL-12 strongly suppresses the expression of
the mature but not of the germ-line CE transcript. These obser-
vations demonstrate that IL- 12 suppresses the synthesis of IgE,
and they further suggest that IL- 12 inhibits the switching to
IgE. We next examined the possibility to dissociate the IgE
suppressive activity of IL- 12 from its IFN--y inducing activity.
To this end we have tested the effect of IL- 12 on the synthesis of
IgE by umbilical cord blood mononuclear cells (CBMC) costi-
mulated with IL-4 and hydrocortisone (HC). These cells were
selected because of their impaired capacity to produce IFN-"y

(23) and because exogenous IFN-y was found to increase
rather than to inhibit their synthesis of IgE following stimula-
tion with IL-4 (6). HCwas added to IL-4-stimulated CBMCfor
two reasons: (a) HCinhibits the production of IFN-y, even that
induced by IL- 12 (our preliminary observations); and (b) HC
strongly increases the IL-4-stimulated synthesis of IgE, even in
the absence of IFN-y production (24). As seen (Table II), rIL-
12 markedly inhibits IgE synthesis by neonatal cells cultured in
the presence of IL-4 plus hydrocortisone and producing little or
no detectable IFN-y. Moreover, the suppression is unchanged
in the presence of a large excess of neutralizing anti-IFN--y
mAb. Thus, it appears that IL- 12 can inhibit IgE synthesis by a
mechanism which is independent of IFN-y. This view is con-
sistent with the observation that IL- 12 inhibits IgE synthesis by
PBMCcostimulated with IL-4 and anti-CD40 mAb, a model
where IFN-'y was reported to be inactive (25). In three such
experiments where PBMCwere cultured with IL-4 and anti-
CD40 mAb 89 (0.5 ,ug/ml), the production of IgE dropped
from 70±28 ng/ml (mean± 1 SD) to 20±8 ng/ml in the pres-
ence of rIL-12 (60 pM), as compared to 79±35 ng/ml in the
presence of IFN-'y (100 IU/ml). However, IL- 12 failed to in-
hibit the IgE response of highly purified B cells costimulated
with IL-4 and anti-CD40 mAb, (106±40 ng/ml of IgE in the
absence of IL- 12 as opposed to 123±73 ng/ml in the presence
of 60 pM IL- 12; mean± 1 SD of four experiments), indicating
that the suppressive effect observed in cultures of unfraction-
ated PBMCis indirect and requires the presence of either T
cells, monocytes, or NKcells.

Discussion
This study indicates that picomolar concentrations of rIL- 12
markedly inhibit the synthesis of IgE by IL-4-stimulated
PBMC. The suppression of IgE is observed at the protein and
the mRNAlevels, and it is completely overridden by neutraliz-
ing antibodies to IL-12. Given that the production of IgE by
IL-4-stimulated lymphocytes involves the switching of precur-
sor B cells to IgE rather than the selective expansion and differ-
entiation of IgE committed B cells (4, 26), the results suggest
that IL- 12 inhibits the switching to IgE. Consistent with an
isotype-specific activity of IL- 12, we failed to detect any influ-
ence of this lymphokine on the production of the other classes
of Ig by IL-4- or by PWM-stimulated PBMC. However, the
data do not exclude a possible effect of IL- 12 on the production
of IgG4, the only human isotype other than IgE that is induced
by IL-4 (4). Indeed, IgG4 is produced in much smaller quanti-

Table II. Effect of IL-12 on IgE Synthesis by Neonatal Lymphocytes Stimulated with IL-4 and Hydrocortisone

Exp. I Exp. 2 Exp.3 Exp. 4

Addition IgE IFN-'y IgE IFN-y IgE IFN--y IgE IFN-y

373 <1 44 <1 20 <1 302 <1.
IL-12
IL-12 + Anti-IFN-y
IL-12 + Anti-Lolp I

6
7
6

<1
<1
<1

8 <1

10 <1
NT NT
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<0.2
<0.2
NT

17
<1
NT

20
21
18

Umbilical cord blood mononuclear cells were cultured for 12 d in the presence of IL-4 and 10 ,uM hydrocortisone. IL-12 (60 pM), anti-IFN-"y
mAb( 1,000 neutralizing U/ml), or the isotype-matched control (anti-Lolp 1) mAb(each at 50 gg/ml) were added at the initiation of the culture.
IgE (ng/ml) and IFN-,y (IU/ml) were measured on d 12 and d 6, respectively. Shown are the mean values of quadruplicate cultures; the variation
between the replicates was below 20%.

33
<1

128



ties than the other IgG subclasses, so that even a significant
inhibition of its production might be overlooked by the RIA
used in this study.

IL-12 induces the production of significant amounts of
IFN-y, even in the presence of a high concentration of IL-4 that
was shown to completely suppress IFN-y production and to
induce IgE synthesis in mixed lymphocyte cultures (6, 7). This
observation not only provides a first mechanism whereby IL-
12 suppresses the synthesis of IgE, but it also may have other
implications. Knowing that IFN-y directs the in vitro as well as
the in vivo differentiation of naive T cells into TH1 type of
cells, it is reasonable to assume that IL- 12 may display the same
activity even in the presence of IL-4, which may also be pro-
duced by non-T cells (27). According to this view, IL- 12 might
play a role in determining the outcome of the immune re-
sponse to certain antigens or pathogens that are known to pref-
erentially generate TH1 or TH2 helper cells. The cellular origin
of IL- 12 is consistent with a putative role of this lymphokine in
the differentiation of naive T cells. Indeed, IL- 12 may be pro-
duced not only by Epstein-Barr virus transformed B cells, from
which it was isolated, but also by normal B cells (our unpub-
lished observations) that are known to be efficient antigen-pre-
senting cells. The availability of recombinant mouse IL-
12 should permit the examination of these possibilities in
vivo (28).

In preliminary experiments using neutralizing antibodies
to IFN-,y we failed to consistently overcome the IL-12 me-
diated suppression of IgE synthesis by adult PBMC. Although
these negative results may be easily explained by: (a) the rela-
tively high levels of IFN--y in IL- 12 containing cultures; and (b)
the difficulty to block the biological activity of endogenously
produced IFN-y, they prompted us to examine whether IL- 12
may also suppress IgE by another mechanism which is IFN-,y
independent. The existence of such a mechanism is demon-
strated by the ability of IL- 12 to markedly inhibit IgE synthesis
by IL-4 and hydrocortisone-costimulated neonatal lympho-
cytes which do not produce detectable amounts of IFN-y. The
possibility that such undetectable levels of IFN-y (< 1 IU)
might nevertheless account for the suppression of IgE is most
unlikely given that a very large excess of neutralizing anti-IFN-
y antibody failed to increase the IgE response. Two other ob-
servations are consistent with the notion that IL- 12 mediated
suppression of IgE does not only involve the induction of IFN-
y. First, comparing our results on the accumulation of germ-
line and mature IgE mRNAswith those of a recent study (5)
reveals that whereas both IL- 12 and IFN-,y markedly suppress
the accumulation of productive CE mRNAin IL-4-stimulated
PBMC(> 90% suppression), IFN--y, but not IL-12, also sup-
presses the expression of germ-line transcript (50-70% inhibi-
tion). Second, we observed that IL- 12 suppresses IgE synthesis
by PBMCcostimulated with IL-4 and anti-CD40 mAb, a
model where IFN-,y is known to be inactive (25). In this case,
however, the effect of IL- 12 is indirect and requires the pres-
ence of either T cells, monocytes, or NKcells, as evidenced by
the failure of IL- 12 to block IgE synthesis by highly purified B
cells costimulated with IL-4 and anti-CD40 mAb. Although
the mechanism whereby IL- 12 inhibits IgE synthesis in the
absence of IFN-y production is still under investigation, the
present results suggest that, like the interferons, IL- 12 may not
only play an important role in protective immunity, but also in
the regulation of isotype selection.
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