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Lack of sufficient IL-12 production has been suggested to be one of the basic underlying mechanisms in atopy, but a potential role
of IL-12 in established allergic airway disease remains unclear. We took advantage of a mouse model of experimental asthma to
study the role of IL-12 during the development of bronchial inflammation. Administration of anti-IL-12p35 or anti-IL-12p40 mAb
to previously OVA-sensitized BALB/c mice concomitantly with exposure to nebulized OVA, abolished both the development of
bronchial hyperresponsiveness to metacholine as well as the eosinophilia in bronchoalveolar lavage fluid and peripheral blood.
Anti-IL-12 treatment reduced CD4� T cell numbers and IL-4, IL-5, and IL-13 levels in the bronchoalveolar lavage fluid and the
mRNA expression of IL-10, eotaxin, RANTES, MCP-1, and VCAM-1 in the lung. Anti-IL-12p35 treatment failed to show these
effects in IFN-� knockout mice pointing to the essential role of IFN-� in IL-12-induced effects. Neutralization of IL-12 during the
sensitization process aggravated the subsequent development of allergic airway inflammation. These data together with recent
information on the role of dendritic cells in both the sensitization and effector phase of allergic respiratory diseases demonstrate
a dual role of IL-12. Whereas IL-12 counteracts Th2 sensitization, it contributes to full-blown allergic airway disease upon airway
allergen exposure in the postsensitization phase, with enhanced recruitment of CD4� T cells and eosinophils and with up-
regulation of Th2 cytokines, chemokines, and VCAM-1. IFN-�-producing cells or cells dependent on IFN-� activity, play a major
role in this unexpected proinflammatory effect of IL-12 in allergic airway disease. The Journal of Immunology, 2006, 177:
6460–6470.

A sthma is a chronic respiratory disorder characterized by
episodes of reversible airway obstruction, airway hyper-
responsiveness (AHR),3 IgE production, increased mu-

cus secretion, and an airway infiltrate consisting mainly of eosin-
ophilic granulocytes, mast cells, and lymphocytes (1). Relatively
recent insights indicate that CD4� T cells are the initiators and
regulators of the asthmatic response and that Th2 cells are the
predominant T cell population in the asthmatic airway (2, 3). Also,
transfer experiments provided strong evidence that Th2 cells play
a fundamental role in the pathogenesis of asthma (4–6). Conse-
quently, the feasibility of down-regulating pathological Th2 re-

sponses by enhancing Th1 development has received a lot of
attention.

The cytokine IL-12 has an essential role in Th1 development
and has therefore also been considered as a potential therapy for
asthma. IL-12 is a heterodimeric cytokine, produced by activated
monocytes, macrophages, neutrophils, and dendritic cells (DCs).
Biologically active IL-12 is composed of a covalently linked 35-
kDa L chain (p35) and a 40-kDa H chain (p40) (7). The p40 sub-
unit of IL-12 is shared by IL-23, a cytokine with similar but also
distinct actions compared with IL-12 (8). IL-12 promotes Th1 re-
sponses and stimulates activated T cells and NK cells to maximally
produce IFN-�, whereas it inhibits the development of IL-4-pro-
ducing Th2 cells in response to Dermatophagoides pteronyssimus
and Leishmania major (9–11). In addition, IL-12 markedly sup-
presses the IL-4-induced IgE production by human PBMC in vitro
(11, 12). These studies thus suggest that IL-12, through its capa-
bility of inducing Th1 cells, might be capable of down-regulating
pathological Th2 responses. Additional evidence for this hypoth-
esis comes from murine models of experimental asthma. Systemic
administration of IL-12 has been reported to abolish the airway
hyperreactivity and pulmonary eosinophilia in a mouse model of
allergic asthma (13, 14). Also, intranasal treatment with IL-12 was
effective in abrogating the phenotype of experimental asthma (15).
Finally, mucosal gene transfer of IL-12 in the lung via a vaccinia
virus vector inhibited local Th2 cytokine production and prevented
the development of airway hyperreactivity in a mouse model of
OVA-induced asthma (16). Keane-Myers et al. (17) suggested that
the endogenous IL-12 production is essential for resistance to al-
lergen-induced AHR in C3H mice. Unfortunately, the only inter-
ventional study on IL-12 in human asthma patients showed that
administration of IL-12 significantly decreased peripheral blood
and sputum eosinophil counts without any significant effect on
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AHR (18). Also contrary to expected was the finding that endog-
enous IL-12 is required for the elaboration of eosinophilic inflam-
mation, because IL-12 knockout (KO) mice have significantly
lower airway eosinophil counts following OVA sensitization and
challenge (19).

Taken together, the role of endogenous IL-12 in established
asthma remains at present largely unknown. Therefore, we inves-
tigated the effect of neutralization of IL-12 in a biphasic model of
allergic airway inflammation, induced by OVA sensitization and
airway exposure and characterized by production of allergen-spe-
cific IgE, bronchial eosinophilic inflammation, and AHR (20, 21).
The effects of either anti-IL-12p35mAb or anti-IL-12p40 mAb ad-
ministration were studied. Furthermore, the use of anti-p35 mAb
enabled us to specifically target IL-12, whereas anti-p40 mAb tar-
gets both IL-12 and IL-23.

Materials and Methods
Sensitization and challenges with OVA and anti-IL-12 mAb
treatment schedule

Male BALB/c mice that were 6–8 wk old were obtained from Harlan.
IFN-� KO (BALB/c background) mice were purchased from JAX mice
(The Jackson Laboratory). The mice were kept in conventional pathogen-
free housing and were maintained on OVA-free diets. The experimental
procedures were approved by the Ethical Committee of Animal Experi-
ments of the University of Leuven.

The protocol for inducing experimental asthma is biphasic (i.p. sensiti-
zation followed by airway challenge through nebulization) and has been
described previously (20, 21). Accordingly treated mice exhibit features
reminiscent of human asthma, e.g., production of allergen-specific IgE,
eosinophilic airway inflammation, and airway hyperreactivity. In brief,
groups of mice (n � 6) were sensitized by i.p. injection of 10 �g of OVA
in 0.5 ml of pyrogen-free saline on alternate days from days 1 to 13. The
mice were then challenged via the airways with OVA, 1% in saline, by
nebulization during 5 min from days 33 to 40 (PARI TurboBOY). Analyses
were performed on day 41, i.e., 24 h after the final airway challenge.

To study the effect of blocking IL-12 during the airway challenge phase,
rat anti-murine anti-IL-12p35 mAb (C18.2) or rat anti-murine anti-
IL-12p40 mAb (C17.8) was administered i.p. (250 �g in 250 �l of PBS)
on days 33 and 37, 2 h before the allergen challenges (treatment during
challenge: treatment protocol I). In a separate kinetic experiment, analyses
were performed at 8, 24, and 48 h after the final airway challenge. In a
second series of experiments, to study the effect of neutralizing IL-12 dur-
ing sensitization, the same dose of anti-IL-12p40 mAb was administered on
days 0, 4, 8, and 12 (treatment during sensitization: treatment protocol II)
(Fig. 1).

Measurement of airway responsiveness to metacholine (MCh)

On day 41, 24 h after the last airway challenge, the airway responsiveness
to inhaled MCh was measured in unrestrained animals, using whole-body
plethysmography (Buxco; EMKA Technologies) (20, 22). Mice were chal-
lenged during 1 min with aerosolized MCh in increasing concentrations (0,
2.5, 5, 10, 20, 50 mg/ml), and enhanced pause (PenH)—a dimensionless
parameter of bronchial tone—was recorded and averaged for 3 min after
each nebulization. The airway tone is further expressed as the mean PenH.

Bronchoalveolar lavage (BAL)

BAL was performed in anesthetized mice using five aliquots of 1 ml of 5%
BSA in PBS. The samples were kept on ice until further processing. The
first fraction (on average, 0.8 ml) was centrifuged at 1400 � g for 5 min,
and the supernatant was stored at �70°C until analyzed for cytokines. The
pellet of this aliquot was added to that of the subsequent aliquots (on
average, 3.5 ml). After centrifugation (1400 � g; 5 min), the cells were
resuspended for cell counts (Türk’s solution; hematocytometer). Cytospin
preparations were stained with May-Grünwald-Giemsa. Differential cell
counts were performed using morphological criteria.

In a separate series of experiments, FACS analysis was performed on the
BAL fluid lymphocytes. To this purpose, BAL was performed using five
aliquots of 1 ml of Ca2�-and Mg2�-free PBS to which 0.1 mM EDTA was
added. After centrifugation, the pellet was treated with ammonium chloride
lysis buffer to lyse RBC. Staining was performed using PE-conjugated
anti-mCD3 mAb, PerCP-conjugated anti-mCD4, FITC-conjugated anti-
CD8, anti-CD19, and anti-CD49b mAb. BAL fluid lymphocyte subtypes
were identified based on staining with Abs for the different cell types:

CD3�CD4� T cells, CD3�CD8� T cells, CD3�CD19� cells (B cells),
CD3�CD49b� cells (population of NKT cells), and CD3�CD49b� cells
on 10,000 events within the lymphocyte gate of the forward scatter/side
scatter plots. Cells were counted with the FACScan (BD Biosciences), and
data were analyzed with CellQuest Software (BD Biosciences). Absolute
numbers of lymphocyte subsets were calculated by multiplying the per-
centages of subsets with the absolute numbers of lymphocytes in the BAL
fluid as determined by morphological criteria.

Lung histology

After BAL sampling, the right lung was removed and fixed in 6% neutral-
buffered formalin. Paraffin-embedded sections were made and stained with
H&E. Peribronchial and perivascular inflammation was assessed using
light microscopy under �20–100 magnifications.

Real-time quantitative PCR on lung tissue

Approximately 100 mg of lung tissue was dissected, snap-frozen in liquid
nitrogen, and stored at �80°C. Total cellular RNA was extracted using the
RNeasy Mini kit (Qiagen). A constant amount of 2 �g of RNA was reverse
transcribed using the Ready-to-Go T-Primed First-Strand kit (Amersham
Biosciences). Real-time quantitative RT-PCR was performed for murine
IL-4, IL-5, IFN-�, IL-10, MCP-1, eotaxin, RANTES, VCAM-1, and
ICAM-1. The primers and probes for the murine cytokines and chemokines
were based on the published sequences (23). For eotaxin and VCAM-1, the
primers and probes were designed with Primer Express. Eotaxin primer and
probe sequences were as follows: forward primer, TGT CTC CCT CCA
CCA TGC A; reverse primer, GAT CTT CTT ACT GGT CATGAT AAA
GCA; TaqMan probe, CTC ACC CAG GCT CCA TCC CAA CTT C.
VCAM-1 primers and probes were as follows: forward primer, GGA AGC
CGG TCA CAG TCA A; reverse primer, TGT CTG TTC ATG AGC TGG
TCA C; and TaqMan probe, TGG CTC CAG ACA TTT ACC CAG TTT
ACA GGC.

Mouse �-actin was used as housekeeping gene. Real-time quantitative
PCR was performed with Universal TaqMan PCR MasterMix (Applied
Biosystems) in the ABI Prism 7700 Sequence detector (Applied Biosys-
tems) using the following conditions: 10 min at 94°C, followed by a total
of 45 two-temperature cycles (15 s at 94°C and 1 min at 60°C). Each PCR
amplification was performed in duplicate wells and quantified by using a
standard curve protocol. Water was used as a negative control.

FIGURE 1. Protocol for inducing experimental asthma and anti-IL-12
mAb treatment. BALB/c mice, 6–8 wk old, were sensitized to OVA by
seven i.p. injections of OVA (10 �g/500 �l) on alternate days from days
1 to 13 (arrows). Challenges consisted of inhalation of nebulized OVA (10
mg/ml) during 5� daily on days 33–40 (stars). Blockade of IL-12 during the
challenge phase (treatment protocol 1) was accomplished by administration
of 250 �g of anti-IL-12p35 or anti-IL-12p40 mAb i.p. on days 33 (2 h
before the first airway challenge) and day 37. Blockade of IL-12 during
allergen priming (treatment protocol 2) was obtained by i.p. injection of the
same dose of anti-IL-12 mAbs on days 0, 4, 8, and 12. Control mice
received the same dose of control IgG. Analyses were performed on day
41, i.e., 24 h after the last airway challenge, unless indicated otherwise. An
additional blood sample was obtained after completion of the sensitization
on day 28.
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Blood eosinophilia and serum levels of OVA-specific IgE and
IgG2a

On day 28, a small blood sample (�0.5 ml) was taken through the tail vein
in mice anesthetized with ketamine-xylazine. On day 41, after the mea-
surement of airway responsiveness, the mice received a lethal dose of
pentobarbital and a retro-orbital bleed was performed. Blood smears were
made, and sera were frozen at �80°C until further analysis. The blood
smears were stained with May-Grünwald-Giemsa and differential cell
counts were performed.

The levels of OVA-specific IgE and IgG2a were determined by ELISA.
For OVA-specific IgE, 96-well plates (Nunc) were coated overnight with
2 �g/ml rat anti-mouse IgE (BD Pharmingen) in pH 9.5 sodium carbonate
buffer. After a blocking step (gelatin, 0.2% in PBS), samples were incu-
bated and OVA and peroxidase-conjugated anti-OVA rabbit IgG (240 ng/
100 �l; Rockland) were added, incubated, and washed in sequential steps.
3,3�,5,5�-Tetramethylbenzidine substrate reagent (BD Pharmingen) and 50
�l of 2 N H2SO4 was added to stop the reaction. The OD450 was measured.
For OVA-specific IgG2a, the plates were coated overnight with OVA (10

FIGURE 2. Blockade of endogenous IL-12 during the challenge phase attenuates airway reactivity and Th2-type airway inflammation. All mice (n �
6 per group) were sensitized and challenged as outlined in Fig. 1. They were treated i.p. with either anti-IL-12p40 or anti-IL-12p35 mAb (treatment protocol
1) or control IgG on days 33 and 37 of the protocol. Analyses were performed on day 41, i.e., 24 h after the final airway challenge. A, Bronchial
hyperresponsiveness to aerosolized MCh in increasing concentrations was determined by measuring PenH values (whole-body plethysmography). B,
Absolute cell numbers in the BAL fluid. Cell types were identified on May-Grünwald-Giemsa-stained cytospin preparations. C, Protein levels of IL-13,
IL-4, IL-5, IL-10, and IFN-� in BAL fluid supernatant determined by sandwich ELISA. D, mRNA levels for IL-5, IL-4, IL-10, and IFN-� mRNA in lung
tissue using real-time quantitative RT-PCR. Represented are IL-5 and IL-4 copy numbers/�-actin � 105 and IL-10 and IFN-� copy numbers/�-actin � 104.
E, Levels of OVA-specific IgE in serum obtained at day 28 and day 41 as measured by ELISA. F, Levels of OVA-specific IgG2a in serum obtained at
day 28 and day 41 as measured by ELISA. Represented are mean and SEM. �, p � 0.05 compared with mice treated with control IgG; ��, p � 0.01
compared with mice treated with control IgG. One representative of three independent experiments is shown, except for Fig. 3D showing pooled data of
three independent experiments (total of 18 mice) for each condition.

6462 IL-12 CONTRIBUTES TO ALLERGIC AIRWAY INFLAMMATION



�g/ml PBS) and residual binding sites were blocked. In sequential steps,
the samples were added, followed by biotin-labeled anti-mouse IgG2a (BD
Pharmingen) and peroxidase-conjugated streptavidin, after which the sub-
strate step and stop reaction were performed as described above. The
OD450 was measured. A standard curve was calculated from serial dilutions
of a reference serum pool of OVA-sensitized BALB/c mice. The undiluted
serum was assigned a value of 1,000 experimental units of OVA-specific
IgE per ml and 10,000 experimental units of OVA-specific IgG2a per mil-
liliter (EU/ml).

ELISA

Murine IL-4, IL-10, IFN-� (Biosource International), IL-5, IL-12 (BD Bio-
sciences), soluble VCAM-1 (sVCAM-1), and IL-13 (R&D Systems) were
measured by ELISA using paired matched Abs. The lower limit of detec-
tion for IL-4, IL-10, IL-5, IL-12, and IL-13 was 10 pg/ml; for sVCAM-1,
it was 7.5 pg/ml; for IFN-�, it was 20 pg/ml.

mAbs and reagents

OVA (grade V), BSA, and MCh were purchased from Sigma-Aldrich. The
LPS concentration in the OVA preparation was 0.49 �g/mg OVA (LAL
test; Cambrex). Neutralizing anti-IL-12p40 mAb (C17.8, rat IgG) and anti-
IL-12p35 mAb (C18.2, rat IgG) were provided by G. Trinchieri (Labora-
tory for Immunological Research, Schering-Plough Research Institute,
Dardilly, France). Control rat IgG was obtained from Rockland. PE-con-
jugated anti-mCD3 mAb (clone 145-2c11), PerCP-conjugated anti-mCD4
(L3T4 RM4-J), FITC-conjugated anti-mCD8a (Ly-2 53-6.7), anti-mCD19
(1D3), and anti-mCD49b (DX5) were purchased from BD Biosciences.
Türk’s solution and ammonium chloride were purchased from Merck. Ket-
amine and xylazine were from Parke-Davis and Roche, respectively.

Statistical analysis

The Mann-Whitney U test was used for statistical analysis. A value of p �
0.05 was considered statistically significant. The results are expressed as
mean � SEM, unless stated otherwise.

Results
In vivo blockade of endogenous IL-12 during the challenge
phase attenuates airway reactivity and Th2-type airway
inflammation

We studied the role of endogenous IL-12 during the challenge
phase, in which OVA-sensitized mice are exposed to OVA and
develop allergic airway inflammation. All mice were sensitized to
OVA i.p. and challenged via aerosol containing OVA. In a pilot
experiment, it was determined that IL-12 levels in the BAL fluid
increase significantly in OVA-sensitized mice at (day 28, 11.64 �
1.16 pg/ml) compared with naive mice (day 0, 2.18 � 0.29 pg/ml;
p � 0.01). After the challenge phase, there is a further significant
increase in IL-12 values (day 41, 92.22 � 14.14 pg/ml; p � 0.01).
Either anti-IL-12p35 or anti-IL-12p40 mAb were administered i.p.
on days 33 and 37, with daily airway challenges from days 33 to
40. Both anti-IL-12 mAb significantly decreased the AHR, as re-
flected by a shift of the PenH/Mch dose-response curve to the right
( p � 0.01; Fig. 2A). This was accompanied by significantly lower
eosinophil and lymphocyte counts in the BAL fluid (Fig. 2B).
Moreover, total cell counts in BAL fluid were profoundly reduced
in the anti-IL-12 mAb-treated mice ( p � 0.01; 32 � 2.5 � 105/ml
in anti-p35-treated mice and 40 � 3.2 � 105/ml in anti-p40-treated
mice vs 61 � 6.6 � 105/ml in mice treated with control rat IgG).
A similar decrease in eosinophil percentages was also observed on
day 41 in the peripheral blood: 13 � 1 and 12 � 2% in anti-p35
and anti-p40 mAb-treated mice, respectively, vs 20 � 2% in mice
treated with control rat IgG; p � 0.01). Histological analysis re-
vealed reduced density of perivascular and peribronchial inflam-
matory infiltrates after blockade of IL-12 (Fig. 3).

The levels of BAL fluid IL-13, IL-4, and IL-5 were significantly
lower in mice treated with either anti-IL-12 blocking Ab (Fig. 2C).
IFN-� levels were low in all groups. Decreased cytokine produc-
tion was further confirmed at the mRNA level by real-time RT-
PCR in lung tissue. For comparison of mRNA levels in lung tissue,

the significance was calculated from three times six individual
mice per experiment (18 individual mice). Tissues were never
pooled. Thus, IL-4, IL-5, IL-10, and IFN-� mRNA levels were
significantly lower in the anti-IL-12-treated groups compared with
the control ( p � 0.05). For the IL-10 mRNA expression, the dif-
ference reached significance in each separate experiment ( p �
0.01) (Fig. 2D). OVA-specific IgE levels at completion of the chal-
lenge phase on day 41 proved to be significantly lower in the mice
treated with anti-IL-12 vs those treated with control IgG (Fig. 2E).
OVA-specific IgG2a levels were also significantly lower in the
anti-IL-12p35- and anti-IL-12p40-treated mice (Fig. 2F) after
completion of the challenge phase. Of note, none of the investi-
gated parameters differed significantly between the mice treated
with the anti-p35 vs those treated with anti-p40 blocking mAb.

To study the cell and cytokine kinetics, OVA-sensitized and
-challenged mice were treated with either anti-IL-12p35 mAb or
control IgG during challenge, and BAL fluid was obtained at 8, 24,
and 48 h after the last airway challenge. Already at 8 h after the last
airway challenge, numbers of eosinophils and lymphocytes were
significantly lower in the anti-IL-12p35-treated mice (Fig. 4A).

FIGURE 3. Histologic sections of inflamed lungs. Mice were sensitized
and challenged as outlined in Fig. 1. Lungs were removed for histologic
examination on day 41 of the protocol after BAL was performed. Bronchial
sections of mice treated during challenge (treatment protocol 1) with con-
trol IgG (A), anti-IL-12p40 mAb (B), or anti-IL-12p35 mAb (C) were
stained with H&E for qualitative evaluation of peribronchial and perivas-
cular inflammation. Similar sections are shown of mice treated during sen-
sitization (treatment protocol 2) with control IgG (D), anti-IL-12p40 mAb
(E), and anti-IL-12 p35 mAb (F). G and H represent lung sections of IFN-�
KO mice treated with control IgG (G) or anti-IL-12p35 mAb (H) during
challenge.
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The differences persisted at 24 h and slowly waned after 48 h, at
which time point only trends could be observed (Fig. 4, B and C).
The same was true for the levels of IL-13, IL-5, and IL-4 in the
BAL fluid (Fig. 4, D–F).

To study whether a specific subset of lymphocytes was reduced
by the anti-IL-12 treatment, flow cytometry analysis was per-
formed on BAL fluid samples of mice treated with anti-IL-12p35
mAb or control IgG. The percentage and absolute number of
CD3�CD4� cells proved to be significantly lower in the mice
treated with anti-IL-12p35 mAb, whereas no differences were
found for percentage or absolute numbers of CD3�CD19� cells,
CD3�CD49b�, CD3�CD49b�, and CD3�CD4�CD8�CD49b�

cells (Fig. 5). The absolute number but not the percentage of
CD3�CD8� cells was significantly lower in the anti-p35-treated
group.

In vivo blocking of IL-12 during sensitization exacerbates AHR
and Th2-type airway inflammation

Because the above results on reduced allergic airway inflammation
were unexpected, we then aimed to evaluate the effects of blocking
IL-12 during sensitization. Anti-IL-12p35 mAb, anti-IL-12p40
mAb, or rat IgG were administered i.p. on days 0, 4, 8, and 12, and
i.p. sensitization was performed from day 1 until day 13. The mice
were then exposed to aerosolized OVA from day 33 until day 40.
The anti-IL-12 treatment at the time of sensitization had the op-
posite (yet expected) result on the outcome of allergic airway in-
flammation compared with administration during challenge. Anti-
IL-12 mAb indeed increased AHR as reflected by a shift of the
PenH/Mch dose-response curve to the left in anti-IL-12-treated
mice compared with the mice treated with rat IgG (Fig. 6A). In the

FIGURE 4. Kinetic analysis of the effect of blockade of endogenous IL-12 during the challenge phase on BAL fluid eosinophil and lymphocyte counts
and on Th2 cytokines. All mice (n � 6 per group) were sensitized and challenged with OVA as outlined in Fig. 1. They were treated i.p. with anti-IL-12p35
mAb (treatment protocol 1) or control IgG on days 33 and 37 of the protocol. BAL fluid was obtained and analyses were performed at 8 h (A–D), 24 h
(B–E), and 48 h (C–F) after the last airway challenge. Represented are the absolute cell numbers in the BAL fluid (A–C) (cell types were determined by
May-Grünwald-Giemsa) and protein levels of IL-13, IL-4, and IL-5 in BAL fluid supernatant sandwich ELISA (D–F). �, p � 0.05 compared with mice
treated with control IgG; ��, p � 0.01 compared with mice treated with control IgG.
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BAL fluid, significantly higher numbers of eosinophils and lym-
phocytes were found (Fig. 6B). Total cell counts in the BAL fluid
of mice treated with anti-IL-12p35 mAb and anti-IL-12p40 mAb
were significantly higher compared with the mice treated with con-
trol IgG ( p � 0.05; 72 � 10 � 105 in anti-p35-treated mice and
65 � 9 � 105 in anti-p40-treated mice vs 43 � 10 � 105 in mice
treated with control rat IgG). An increase in the percentage of
eosinophils was noted in the peripheral blood smear: 26 � 2 and
28 � 3% in anti-p35 and anti-p40 mAb-treated mice, respectively,
vs 16 � 2% in mice treated with control rat IgG ( p � 0.01). IL-13,
IL-5, and IL-4 protein levels in the BAL fluid were significantly
increased by either anti-IL-12p35 or anti-IL-12p40 treatment dur-
ing sensitization (Fig. 6C). At the level of mRNA expression in the
lung, IL-5 and IL-10 proved to be up-regulated by blocking IL-12
during sensitization in each individual experiment (n � 6), and
when data from three independent experiments were pooled, also
the increase in IL-4 mRNA expression and the decrease in mRNA
expression of IFN-� were significant in the anti-IL-12-treated mice
(Fig. 6D) ( p � 0.05). Anti-IL-12 mAb treatment resulted in sig-
nificantly enhanced serum levels of OVA-specific IgE and signif-
icantly decreased serum levels of OVA-specific IgG2a at day 41
(Fig. 6, E and F). Already at day 28, after completion of the sen-
sitization phase, a similar trend of differences in IgE and IgG2a Ab

levels was observed (Fig. 6, E and F). No differences were found
between the effects of the two IL-12 blocking mAbs. It can be
concluded from these experiments that anti-IL-12 given during the
sensitization phase, resulted in the expected enhancement of Th2
sensitization: enhanced IgE production, aggravated airway inflam-
mation, and higher AHR upon subsequent airway challenge.

Blocking endogenous IL-12 during challenge reduces mRNA
expression of eotaxin, RANTES, MCP-1, and VCAM-1

In an attempt to explain the decreased CD4� T cell and eosinophils
infiltration, airway inflammation, and airway reactivity after block-
ade of IL-12 during airway challenge, we investigated the mRNA
expression of a number of representative chemokines and adhesion
molecules involved in lymphocyte and eosinophil recruitment into
the lung. mRNA expression levels of eotaxin, RANTES, and
MCP-1 were all significantly lower in animals treated with the
anti-IL-12 mAbs during the challenge phase. Also, the mRNA ex-
pression of VCAM-1 was significantly down-regulated after anti-
IL-12 mAb treatment compared with control IgG treatment (Fig.
7A). Protein levels of sVCAM-1 in the BAL fluid at 48 h after the
last OVA challenge were significantly lower after anti-IL-12 mAb
treatment compared with control IgG treatment (30.76 � 3.12 vs
38.13 � 1.59 pg/ml; p � 0.05). No difference was found in the
ICAM-1 mRNA expression. In contrast, blockade of IL-12 during
priming was accompanied by increased mRNA expression of
eotaxin, MCP-1, and VCAM-1 (Fig. 7B). Of note, the increase in
eotaxin and MCP-1 expression was more profound with
anti-IL-12p35.

IFN-� KO mice do not show the anti-inflammatory effects of
neutralization of IL-12 during allergen challenge

Because IL-12 is the prototypic IFN-�-inducing and Th1-promot-
ing cytokine, we investigated whether the effects of in vivo block-
ade of IL-12 during the challenge phase were dependent on IFN-�.
To this purpose, IFN-� KO mice and wild-type mice were sensi-
tized and challenged with OVA as outlined before. Anti-IL-12p35
mAb was administered on days 33 and 37 (i.e., during challenge).
Because the effects of anti-IL-12p35 and anti-p40 proved to be
largely the same in all previous experiments, we did not treat mice
with anti-p40 mAb. The results in control mice were in accordance
with the experiments performed before. However, in IFN-� KO
mice, the airway reactivity to Mch was not influenced by the anti-
IL-12p35 treatment (Fig. 8A), and no significant differences in ab-
solute or differential cell counts in BAL were found in KO mice
treated with anti-IL-12p35 (Fig. 8B). Also, IL-13, IL-4, and IL-5
levels in the BAL fluid did not differ between IFN-� KO mice
treated with anti-IL-12p35 and the IFN-� KO mice treated with
control IgG (Fig. 8C). Quantitative PCR showed similar eotaxin,
RANTES, MCP-1, and VCAM-1 mRNA expression in IFN-� KO
mice treated with control Ig or anti-IL-12p35 (Fig. 8D). In IFN-�
KO mice, there was a trend toward higher protein levels of sV-
CAM-1 in the BAL fluid in the group treated with anti-p35 mAb
(12.83 � 0.90 vs 10.57 � 0.66; p � 0.05) after the last allergen
challenge. No differences were found in the levels of OVA-specific
IgE and IgG2a between the IFN-� KO mice treated with anti-IL-
12p35 mAb or control IgG. These findings thus suggest that the
attenuation of the airway reactivity and of Th2 airway inflamma-
tion induced by the blockade of IL-12 during the challenge phase
is dependent on a cell that produces IFN-� or on a cell dependent
on IFN-� for its activity.

Discussion
In the present study, we have demonstrated a differential role of
endogenous IL-12 on airway inflammation in a mouse model of

FIGURE 5. Effect of blockade of endogenous IL-12 during the chal-
lenge phase on lymphocyte subsets in the BAL fluid. All mice (n � 6 per
group) were sensitized and challenged as outlined in Fig. 1. They were
treated i.p. with anti-IL-12p35 mAb (treatment protocol 1) or control IgG
on days 33 and 37 of the protocol. BAL fluid was obtained and analyses
were performed at 24 h after the last airway challenge. BAL fluid lym-
phocyte subsets were identified based on staining with the following com-
binations of Abs: CD3�CD4� T cells, CD3�CD8� T cells, CD3�CD19�

B cells, CD3�CD49b� NKT cells, CD3�CD4�CD8�CD49b� double-
negative T cells, and CD3�CD49b� cells. A total of 10,000 events was
acquired within the lymphocyte gate of the forward- and side-scatter plots
on FACS analysis. Mean � SEM percentages (A) or absolute cell numbers
(B) of the different lymphocyte subsets are represented. �, p � 0.05 com-
pared with mice treated with control IgG.
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experimental asthma, depending on the phase of the allergic pro-
cess. Blockade of IL-12 during the sensitization phase aggravated
the typical features of allergic asthma: AHR, bronchial eosino-
philia, Th2 cytokine production, and titers of allergen-specific IgE
(Fig. 6). This aggravation of the allergic airway inflammation by
IL-12 neutralization during sensitization is in agreement with the
general belief that IL-12 is protective against excessive Th2 sen-
sitization, as was also shown in experimental asthma (13–15, 24).
However, neutralization of IL-12 at a late stage, i.e., during the
course of the repeated airway challenges in previously sensitized
mice, attenuated the allergen-induced phenotype of experimental
asthma: AHR, Th2 cytokine production, and allergen-specific IgE
were all profoundly reduced, concomitantly with a reduction of the

CD3�CD4� lymphocytes and of eosinophils in the BAL fluid
(Figs. 2, 4, and 5). These observed effects of IL-12 neutralization
during the challenge phase were quite unexpected and suggest that
IL-12 contributes to allergic airway inflammation in the effector
phase of this model.

We also show that the anti-inflammatory effects of IL-12 block-
ade during the challenge phase were accompanied by attenuated
expression of several cytokines (IL-4, IL-5, IL-13, IL-10), chemo-
kines (eotaxin, RANTES, MCP-1), and VCAM-1 (Fig. 7). Block-
ade of IL-12 during the challenge phase in IFN-� KO mice, did not
result in any significant change neither in AHR nor in bronchial
inflammation, chemokine or adhesion molecule expression in the
lung (Fig. 8). These data show that the effects of IL-12 on airway

FIGURE 6. Blockade of endogenous IL-12 during sensitization exacerbates airway reactivity and Th2-type airway inflammation. All mice (n � 6 per
group) were sensitized and challenged as outlined in Fig. 1. They were treated with either anti-IL-12p40 or anti-IL-12p35 mAb (treatment protocol 2) or
control IgG on days 0, 4, 8, and 12 of the protocol. A, Bronchial hyperresponsiveness to aerosolized MCh in increasing concentrations was determined by
measuring PenH values (whole-body plethysmography) at day 41, i.e., 24 h after the last airway challenge. B, Absolute numbers of leukocyte populations
in the BAL fluid. BAL fluid was obtained at day 41, after PenH measurements. C, Protein levels of IL-13, IL-4, IL-5, IL-10, and IFN-� in BAL fluid
supernatant determined by sandwich ELISA. D, mRNA levels for IL-5, IL-4, IL-10, and IFN-� mRNA in lung tissue at day 41 using real-time quantitative
RT-PCR. E, Levels of OVA-specific IgE in serum at days 28 and 41 as measured by ELISA. F, Levels of OVA-specific IgG2a in serum obtained at day
28 and day 41. Represented are mean and SEM. ��, p � 0.01 compared with mice treated with control IgG; �, p � 0.05 compared with mice treated with
control IgG. One representative of three independent experiments is shown, except for Fig. 7D showing the pooled data of three independent experiments
(total of 18 mice) for each condition.
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inflammation are IFN-� dependent either because IFN-� is directly
involved in the activity of IL-12 on allergic inflammation or be-
cause a cell type that is dependent on IFN-� plays an essential role.

We are the first to have clearly demonstrated that blockade of
IL-12 has differential effects on allergic airway inflammation de-
pending on the timing of the blockade. Only one study by Sur et
al. (25) suggested that the immunomodulatory effects of treatment
with rIL-12 depend on the timing of the doses, with administration
during the challenge phase having only minor influence on the
airway inflammation and airway hyperreactivity. Indirectly, a
more recent report by Kuipers et al. (26) on the role of IL-12
during priming favors a contributory role for IL-12 in airway in-
flammation. They showed that OVA-pulsed IL-12-overexpressing
DCs fail to induce Th2 responses, readily observed in mice im-
munized with sham-transfected, OVA-pulsed DCs. However,
when Th2 priming was induced using OVA/alum before intratra-
cheal DC administration, DCs constitutively expressing IL-12
were no longer capable of preventing eosinophilic airway inflam-
mation and even enhanced it. Of note, Wills-Karp and colleagues
(17) found that anti-IL-12p40 mAb aggravated allergic airway in-
flammation when administered before a single airway challenge.
The discrepancy between this study and the data presented here are
most likely secondary to the major differences in the protocol: a
single airway challenge model vs a model of repeated airway
challenges.

An important point of debate is the underlying mechanism for
the proinflammatory effect of IL-12 in eosinophilic inflammation
taking into account that IFN-� is apparently required for this effect.
We have shown that IL-12 blockade during the challenge phase
leads to decreased mRNA expression of eotaxin, RANTES (al-
though not significant), MCP-1, and VCAM-1. The modulation of
the expression of chemokines and adhesion molecules correlates
with the changes in levels of Th2 cytokines in the BAL fluid.
Because IL-4 and IL-13 have been identified as potent inducers of
eotaxin, RANTES, MCP-1, and VCAM-1, the effect of IL-12
blockade on the expression of chemokines and VCAM-1 could be
indirect (27–29). In contrast, a direct effect is also possible: in a
model of parasitic keratitis, Pearlman et al. (30) have shown that
IL-12 exacerbates pathology by enhancing cellular recruitment
through increased expression of eotaxin, RANTES, and MCP-1.
Similarly, Wang et al. (19) identified IL-12 as a potential inducer
of VCAM-1 expression. Also, IFN-� has been shown to induce
expression of the named chemokines (31–33). One might speculate
that, during the repeated airway challenges, IL-12 contributes di-
rectly or through an IFN-�-dependent mechanism to enhanced ex-
pression of Th2 cytokines, eosinophil-recruiting chemokines, and
VCAM-1.

A second mechanism that might explain the IL-12 effect is
through an effect on Th1 cells. The decrease in IFN-� mRNA
expression and the lower levels of OVA-specific IgG2a, suggest
that the allergen-induced Th1 activation was attenuated by IL-12
blockade during the challenge phase. Thus, in this chronic model
of airway inflammation with repeated airway challenges, Th1 cells
and Th1 cytokines might contribute in the effector phase to AHR
and to airway inflammation, and this effect is then counteracted by
anti-IL-12. The effects of IL-12 blockade during challenge add to
the controversy on the Th1/Th2 paradigm in asthma. Allergic air-
way inflammation is a predominantly Th2-governed disorder, and
several studies have shown that administration of Th1 cytokines
like IL-12, IL-18, and IFN-� at the time of sensitization can inhibit
induction of Ag-induced Th2 responses, airway hyperreactivity,
and inflammation (13, 24, 25, 34, 35). In contrast, it has now
become increasingly clear that the role of Th1 cells in asthma
should not be reduced to a merely counterregulatory one (6). The
most convincing data for a proinflammatory role of Th1 cells in
asthma originate from models of adoptive transfer of allergen-spe-
cific Th1/Th2 cells. Hansen et al. (36) transferred Th1 and Th2 cell
lines, derived from OVA-specific TCR transgenic mice (D011.10)
to either SCID or OVA-immunized wild-type BALB/c mice. In
this model, only Th2 and Th0 lines were able to induce significant
airway hyperreactivity and inflammation. However, Th1 cells were
unable to attenuate the Th2-induced AHR. In accordance with
these data, Li et al. (37) showed that Th1-mediated responses with
influx of neutrophils coexist with Th2-induced eotaxin expression
and eosinophilia at the effector stage of lung inflammation, and
Randolph et al. (38) even showed a worsening of eosinophilic
inflammation and increased Th2 cell recruitment to the lungs by
Th1 transfer. The latter study showed that, in the absence of Th1
cells, Th2 cells did not accumulate in the airway, suggesting that
Th2 cells require extra signals—potentially provided by Th1
cells—in addition to Ag for their effective recruitment to the air-
ways (39). Furthermore, some data attribute a major role to IFN-�
in the development of AHR in experimental asthma. Hessel et al.
(40) showed that anti-IFN-� completely abolished the develop-
ment of AHR in sensitized mice upon challenge with OVA. A
recent study (41) demonstrated that only the blockade of IFN-�
and not of IL-5 or IL-13 dampened the AHR in experimental
asthma. A reduction of the IFN-� levels in the BAL by adminis-
tration of pentoxifylline has been shown to efficiently attenuate

FIGURE 7. Lung mRNA expression of eotaxin, RANTES, MCP-1,
VCAM-1, and ICAM-1. The mRNA levels of eotaxin, RANTES, MCP-1,
VCAM-1, and ICAM-1 in lung tissue on day 41 were determined by real-
time quantitative RT-PCR. All mice (n � 6 per group) were sensitized and
challenged as outlined in Fig. 1, and lung tissue was obtained on day 41.
A, Mice received anti-IL-12p35 or anti-IL-12p40 mAb or control Ig during
the challenge phase (treatment protocol 1). B, Mice were treated with anti-
IL-12p35 or anti-IL-12p40 mAb or control Ig during the sensitization
phase (treatment protocol 2). mRNA copies/�-actin � 104 are shown ex-
cept for MCP-1 and ICAM-1 (mRNA copies/�-actin � 106). Represented
are mean and SEM. ��, p � 0.01 compared with mice treated with control
IgG; �, p � 0.05 compared with mice treated with control IgG. One rep-
resentative of three independent experiments is shown.
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airway hyperreactivity without major effects on the expression of
Th2 cytokines and eosinophilic inflammation (42). Finally, a re-
port by Koch et al. (43) is in line with the data presented here that
pulmonary IFN-� contributes to allergic airway inflammation.

However, there are also alternative explanations for the antial-
lergic effect of anti-IL-12. One is that IL-12 not only contributes to
Th1 cell activation but also renders them resistant to the activity of
regulatory T cells (44). If this would also be the case for Th2 cells,
one could explain the results of IL-12 blockade during challenge
by a decreased activity of regulatory T cells. Another possibility is
an effect of endogenous IL-12 on NK-T cells, which according to
a report by Umetsu and colleagues (45) play an essential role in the
effector phase of allergic asthma. Indeed, IL-12 has been shown to
stimulate NKT cells, and blockade of IL-12 in our model may have
led to reduced NKT cell activity (46, 47). Finally, the finding that
depletion of CD11C� (IL-12-producing) DCs during the challenge
phase abrogates the characteristic features of airway inflammation
is also in favor of a role for IL-12 in the effector phase of exper-
imental asthma (48).

Lastly, our results contribute to the correct interpretation of the
results of previous studies using anti-IL-12p40 mAb. Indeed, IL-
12p40 was found to associate not only with IL-12p35 but also with
another molecule, p19, to form a new heterodimeric cytokine,
IL-23 (8). IL-23 is mainly produced by activated DCs. In contrast
to IL-12, IL-23 induces strong proliferation of mouse memory
(CD4�CD45Rblow) T cells (8). IL-23p19 has no biological activity

and formation of the active heterodimer requires synthesis of both
subunits within the same cell, similarly to IL-12p35. By using
anti-IL-12p40 mAb to block the effects of IL-12, one also blocks
the effects of IL-23. Moreover, IL-23 has been shown to play a key
role in models of chronic inflammation (arthritis, encephalitis, and
colitis) (49–52). If not for the similar effect of anti-p35 mAb, one
could have speculated that the preferential blockade of IL-23 by
anti-p40 mAb during the challenge phase in the present study led
to a decreased OVA-specific memory T cell proliferation and
therefore a down-regulation of OVA-induced airway inflammation
in the effector phase. However, the comparison of anti-IL-12p35
and anti-IL-12p40 learns that the observed enhancement of airway
inflammation in the study by Wills-Karp and colleagues (17) as
well as in the present study, can be attributed to blockade of IL-12
and not to the simultaneous blockade of IL-23.

In conclusion, we have demonstrated a differential effect of
blockade of IL-12 depending on the timing of the administration of
anti-IL-12 in a mouse model of experimental asthma. During al-
lergen priming, blockade of IL-12 results in enhanced Th2 inflam-
mation and airway reactivity, as could be expected from enhanced
Th2 differentiation in the absence of IL-12. However, when anti-
IL-12 is given during airway challenges, this blockade of IL-12
dampened airway reactivity and Th2 inflammation, with reduced
expression of eotaxin, RANTES, MCP-1, and VCAM-1 via an
IFN-�-dependent mechanism. Our results are in favor of a key role

FIGURE 8. The effect of endogenous IL-12 during challenge is dependent on IFN-�. Wild-type or IFN-� KO BALB/c mice (n � 6 per group) were
sensitized and challenged as outlined in Fig. 1. They received anti-IL-12p35 mAb (treatment protocol I) or control IgG on days 33 and 37 of the protocol.
A, Bronchial hyperresponsiveness to aerosolized MCh in increasing concentrations was determined by measuring PenH values (whole-body plethysmog-
raphy) at day 41, i.e., 24 h after the last airway challenge. B, Absolute cell numbers in the BAL fluid, obtained at day 41 after PenH measurements. C,
Protein levels of IL-13, IL-4, IL-5, IL-10, and IFN-� in BAL fluid supernatant determined by sandwich ELISA. D, The mRNA levels of eotaxin, RANTES,
MCP-1, VCAM-1, and ICAM-1 in lung tissue on day 41 were determined by real-time quantitative RT-PCR. The data are expressed as mRNA copy
numbers/�-actin � 104, except for VCAM-1 (�103) and ICAM-1 (�106). Represented are mean and SEM. ��, p � 0.01 compared with mice treated with
control IgG; �, p � 0.05 compared with mice treated with control IgG.
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for IL-12 and IFN-� in the effector phase of allergic airway in-
flammation. Our data therefore suggest that, in the therapeutic ap-
proach of patients with allergic asthma, a combined blockade of
both IL-5 and IL-12 or IFN-� may lead to a better control of
eosinophilic airway inflammation and symptoms of AHR.

Acknowledgments
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