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IL-18 is known to induce IFN-y production, which is enhanced when
combined with IL-2. In the present study, we investigated whether
the combination of exogenous IL-2 and IL-18 alters airway hyperres-
ponsiveness (AHR) and airway inflammation. Sensitized mice ex-
posed to ovalbumin (OVA) challenge developed AHR, inflammatory
cells in the bronchoalveolar lavage (BAL) fluid, and increases in
levels of Th2 cytokines and goblet cell numbers. The combination
of IL-2 and IL-18, but neither alone, prevented these changes while
increasing levels of IL-12 and IFN-y. The combination of IL-2 and
IL-18 was ineffective in IFN-y—deficient and signal transducer and
activator of transcription (STAT)4-deficient mice. Flow cytometry
analysis showed significant increases in numbers of IFN-y—positive
natural killer (NK) cells in the lung after treatment with the combi-
nation therapy, and transfer of lung NK cells isolated from sensitized
and challenged mice treated with the combination significantly
suppressed AHR and BAL eosinophilia. These data demonstrate that
the combination of IL-2 and IL-18 prevents AHR and airway inflam-
mation, likely through IL-12-mediated induction of IFN-y produc-
tion in NK cells.
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The pathogenesis of asthma is complex, and involves a variety
of factors, inflammatory cells, cytokines and chemokines. 1L-2
was originally identified as a potent T cell growth factor and
a regulator of lymphocyte responses (1, 2). Endogenous IL-2,
produced by activated T cells, enhances cytokine production
and cytolytic activities of T and natural killer (NK) cells (3, 4).
Administration of high or intermediate doses of exogenous IL-2
has been used as an anti-tumor treatment in humans, but was
limited because of systemic side effects such as vascular leakage,
renal dysfunction, fever, and hypotension (5, 6).

IL-18 is a potent immunoregulatory cytokine that induces
IFN-y production (7). IL-18 exhibits many activities including
activation of T cells and NK cells leading to cytokine production,
proliferation, and cytolytic activity (8-10). The combination of
IL-2 and IL-18 has been shown to potently induce cytotoxicity
against tumor cells, IFN-y production, and expansion of NK
cells (4, 11, 12). The combination of low doses of TL-2 with IL-
18 may reduce toxicity while augmenting NK cell activity (13).
To date, a small number of studies have investigated the effects
of the combination of IL-2 and IL-18 on T helper cell (Th)2
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CLINICAL RELEVANCE

The data support the concept that manipulation of critical
cytokines, in this case IL-2 and IL-18, can significantly im-
pact allergic airway inflammation. Thus, the data support
the use of these cytokines to interfere with asthma patho-
physiology.

responses (14-16), while the effects of the combination on rela-
tive contributions to Thl and Th2 levels has not been well
characterized.

Bronchial asthma is thought to be a Th2 cytokine-mediated
airway disease. Many cell types, including T cells, eosinophils,
and mast cells, are recruited to the airways and are activated to
secrete Th2 type cytokines and chemokines, resulting in airway
inflammation and airway hyperresponsiveness (AHR) (17). The
Th1 cytokines IFN-y and IL-12 are potent negative regulators
of Th2 responses. IFN-y production is enhanced by IL-18 when
combined with IL-12 (18), and allergic inflammation and AHR
were attenuated (19). However, IL-18 has also been shown to
increase IgE levels, Th2 cytokines, and eosinophils (20), and
induce allergic inflammation such as atopic dermatitis in mice
(21). To date, the consequences of combining IL-2 and IL-18
on allergic airway inflammation has not been defined. Moreover,
our focus was to examine normal and not genetically deficient
mice or mice treated with “depleting” antibodies, and to focus on
the post-sensitization phase of the response to allergen challenge.

In this study, we demonstrate that the combination of IL-18
together with relatively small doses of IL-2 effectively sup-
pressed allergen-induced AHR and airway inflammation. Fur-
ther, this effect was shown to be dependent on the local produc-
tion of IFN-y by NK cells, mediated through an IL-12-STAT4
pathway.

MATERIALS AND METHODS

Animals

Male and female C57BL/6 mice (Jackson Laboratories, Bar Harbor,
ME) were maintained on an ovalbumin (OVA)-free diet. Male and
female IFN-y~/~ mice (background: C57BL/6 strain) and homozygous
STAT4~"~ mice (background: B6 129 strain) bred at the National Jewish
Medical and Research Center were studied at ages of 8-12 wk. All
experimental animals used in this study were under a protocol approved
by the Institutional Animal Care and Use Committee of the National
Jewish Medical and Research Center.

Antigen Sensitization and Challenge

Mice were sensitized as previously described (22). Briefly, mice received
an intraperitoneal injection of 20 ug OVA (Grade V; Sigma Chemical
Co., St. Louis, MO) emulsified in 2 mg aluminum hydroxide (AlumImu-
ject; Pierce, Rockford, IL) in a total volume of 100 wl on Days 0 and
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14, and then were challenged via the airways, using nebulized OVA
(1% in 0.9% saline), delivered with an ultrasonic nebulizer (NE-07;
Omron, Kyoto, Japan) for 20 min daily on Days 28, 29, and 30. On
Day 32, AHR was assessed, and bronchoalveolar lavage (BAL) fluid,
blood, and lung tissue were collected. Human recombinant IL-2 (2,000
IU/mouse; obtained from National Institutes of Health, Bethesda, MD)
and mouse recombinant IL-18 (0.6 pg/mouse; Biosource, Camarillo,
CA) were administered intraperitoneally in a volume of 5 ml/kg on
Day 27 and 10 min before each of the OVA challenges.

Determination of Airway Resistance

Airway resistance (R;) was determined as changes in airway function
after aerosolized methacholine (MCh) challenge. Mice were anesthe-
tized with sodium pentobarbital (90 mg/kg), tracheostomized, and me-
chanically ventilated at a rate of 160 breaths/min with a constant tidal
volume of air (0.2 ml). Lung function was assessed as previously de-
scribed (22). Aerosolized MCh was administered for 10 breaths at a
rate of 60 breath/min, tidal volume of 500 pl by a second ventilator
(Model 683; Harvard Apparatus, South Natick, MA) in increasing con-
centrations (12.5, 25, 50, and 100 mg/ml). After each MCh challenge,
the data were continuously collected for 1-5 min and maximum values
of R; were taken to express changes in these functional parameters.

Determination of Cell Numbers and Cytokine Levels in BAL

Immediately after the assessment of AHR, lungs were lavaged via
the tracheal cannula with Hanks’ balanced salt solution (HBSS; 1 ml/
mouse). Total leukocyte numbers were counted (Coulter Counter;
Coulter Corporation, Hialeah, FL). Differential cell counts were made
from cytocentrifuged preparations (Cytospin 2; Shandon Ltd., Runcorn,
Cheshire, UK), stained with Leukostat (Fisher Diagnostics, Pittsburgh,
PA). Cells were identified as macrophages, eosinophils, neutrophils,
and lymphocytes by standard hematologic procedures and at least 200
cells counted under X400 magnification in a blinded manner.

BAL supernatants were collected and kept frozen at —80°C until
assayed. The levels of cytokine secreted into the supernatants of BAL
fluid samples were determined by enzyme-linked immunosorbent assay.
IL-4, IL-5, IL-12, IFN-y (all from BD Pharmingen, San Diego, CA)
and IL-13 (from R&D Systems, Minneapolis, MN) were measured
following the manufacturers’ directions. The limits of detection were
4 pg/ml for IL-4 and IL-5, 10 pg/ml for IL-12 and IFN-vy, and 1.5 pg/ml
for IL-13.

Histopathologic Study

Lungs were fixed after inflation and immersion in 10% formalin. For
detection of mucus-containing cells in formalin-fixed airway tissue, sec-
tions were stained with periodic acid-Schiff (PAS) and were quantitated
as previously described (23, 24).

Lung Cell Isolation and Flow Cytometry Analysis

Lung cells were isolated as previously described using collagenase diges-
tion (25). After lung digestion, cells were resuspended in HBSS, and
mononuclear cells were purified by 35% percoll gradient centrifugation.
After IL-2 and IL-18 treatment, 3.4 + 0.6 X 10° NK cells were isolated
from each lung. In untreated mice, the number of NK cells isolated
were 1.5 = 0.3 X 10° per lung.

After purification, 1 X 10° cells were incubated with allophycocy-
anin-conjugated anti-CD3, FITC-conjugated anti-CD4 or anti-CDS8, and
PE-conjugated NK1.1 antibodies (all from BD Pharmingen), then ana-
lyzed by flow cytometry (FACSCalibur; BD Biosystems, San Jose, CA).
Intracytoplasmic cytokine staining for IFN-y was performed as pre-
viously described (26). The number of IFN-y—positive CD4+ T, CD8+
T, natural killer T (NKT) (NK1.1+, CD3+), and NK (NK1.1+, CD3-)
cells per lung were derived by multiplying the percentage of stained
cells by the total number of lung cells isolated after PMA and ionomycin
(PI) stimulation.

Adoptive Transfer of NK Cells

Mononuclear cells were isolated from lungs of sensitized and challenged
C57BL/6 mice treated with or without IL-2 and IL-18. Lungs were
digested and cells were isolated as described above. Cells were then
washed and isolated by HISTOPAQUE-1083 (Sigma) gradient centrifu-
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gation at 2,000 rpm for 20 min. NK cells were positively selected using
magnetic beads labeled with anti-DX5 antibody (Miltenyi Biotec,
Gladbach, Germany) according to the manufacturer’s direction. These
isolated CD3—, NK1.1+ NK cells (> 95% purity) were intravenously
transferred (2 X 10° cells/mouse) to sensitized C57BL/6 mice just before
the first of three OV A challenges. Forty-eight hours after the last OVA
challenge, all assays were performed.

Data Analysis

Comparisons for all pairs were performed using the Student’s ¢ test,
and P values for significance were set at 0.05. All data were expressed
as the mean = SEM.

RESULTS

Effects of IL-2 and IL-18 on Allergen-Induced AHR and
Airway Inflammation

To assess the effects of the combination of IL-2 and IL-18 on
airway inflammation, we monitored OVA-induced AHR and
accumulation of inflammatory cells in the BAL fluid. Airway
responsiveness to MCh was significantly (P < 0.01) increased
after three consecutive OV A challenges in sensitized mice com-
pared with nonsensitized mice (Figure 1A). Based on prelimi-
nary experiments, we defined the minimum effective concentra-
tions of the combination of IL-2 (2,000 TU/mouse) and IL-18
(0.6 pg/mouse) which were effective. The combination of 1L-2
and IL-18 significantly inhibited the development of AHR,
whereas neither IL-2 nor IL-18 alone showed any effect. Total
cell and eosinophil numbers in BAL fluid were significantly
increased in the OV A-sensitized and -challenged group (Figure
1B), while administration of IL-2 and IL-18 significantly reduced
the increases in total cells and eosinophils; IL-2 or IL-18 alone
did not affect these responses (Figure 1B). No significant changes
were observed in numbers of lymphocytes or neutrophils.

The relative levels of Th1l and Th2 cytokines have been pro-
posed to play an important role in the development of allergic
airway inflammation. After OV A challenge of sensitized mice,
IL-4, IL-5, and IL-13 levels in BAL were significantly increased
(Figure 1C). The combination of IL-2 and IL-18 significantly
reduced the levels of TL-5 and IL-13 (the low levels of IL-4 were
not altered), whereas neither IL-2 nor IL-18 alone altered the
levels of these cytokines. BAL IL-12 levels were significantly
decreased after OV A challenge, but in mice that received the
combination of IL-2 and IL-18, both IL-12 and IFN-vy levels in
BAL were significantly increased (Figure 1C).

Effects of IL-2 and IL-18 on Allergen-Induced Goblet
Cell Metaplasia

Goblet cell metaplasia is a major indicator of an allergic response
in the lung. To assess goblet cell metaplasia, lung tissue sections
were stained with PAS. After OVA challenge, nonsensitized
mice showed no PAS-positive cells (0 PAS-positive cells/mm
BM), whereas sensitized and challenged mice showed a marked
increase in numbers of PAS-positive cells (70.4 = 8.7 PAS-
positive cellssmm BM) (Figure 1D). However, sensitized and
challenged mice treated with the combination of IL-2 and IL-
18 had far fewer PAS-positive cells (34.6 = 4.3 PAS-positive
cellssmm BM). Neither IL-2 nor IL-18 alone altered the number
of the cells (72.7 = 1.3 and 65.9 = 10.1 PAS-positive cells/mm
BM, respectively) (Figure 1D).

Effects of the Combination of IL-2 and IL-18 on Allergen-
Induced AHR and Airway Inflammation in IFN-y~/~ Mice
Because the inhibitory effects of the combination of IL-2 and

IL-18 on AHR and allergic airway inflammation were associated
with elevated levels of IFN-y in BAL fluid, IFN-y~/~ mice were
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assessed to address the role of IFN-y in mediating the suppressive
effects of combination therapy. In IFN-y~'~ mice, the development
of AHR and eosinophilia in BAL was similar to that in wild-
type mice (Figure 2A). However, the combination of IL-2 and
IL-18 did not show any suppressive effects on AHR (Figure 2A)
or airway eosinophilia (Figure 2B).

The combination of IL-2 and IL-18 did not show any effects
on the reduced levels of IL-12 in sensitized and challenged mice
or the increased levels of IL-5 or IL-13 in the IFN-y~/~ mice
(Figure 2C). In parallel, the combination of IL-2 and IL-18 was
ineffective in reducing the numbers of PAS-positive cells in
sensitized and challenged IFN-y~'~ mice (Figure 2D).

Effects of IL-2 and IL-18 on Allergen-Induced AHR and Airway
Inflammation in STAT4~/~ Mice

Based on the studies in IFN-y~'~ mice, IFN-y appeared necessary
for expression of the suppressive effects of IL-2 and IL-18 on
allergic AHR and airway inflammation. In addition, the combi-
nation of IL-2 and IL-18 enhanced IL-12 levels in the BAL fluid.
As the interplay between these two cytokines was likely involved
in the regulation of these lung allergic responses, we investigated
the role of STAT4 using deficient mice to determine if interfering
with the IL-12 signaling pathway alters the effect of treatment
with IL-2 and IL-18. In sensitized STAT4 ™'~ mice, development
of AHR and airway eosinophila developed normally after OVA
challenge of sensitized mice (Figures 3A and 3B). However, the
combination of IL-2 and IL-18 failed to show any effect on AHR
(Figure 3A), airway eosinophilia (Figure 3B), cytokine levels
(Figure 3C), or numbers of PAS+ cells (Figure 3D) in STAT4 '~
mice, similar to IFN-y~'~ mice.
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Combination of IL-2 and IL-18 Increases Numbers of
IFN-y+ NK Cells

To investigate the influence of IL-2 and IL-18 on cell subpopula-
tions, the proportion of NK, NKT, CD4+, and CD8+ cells was
determined. As shown in Table 1, only NK cells were increased
after IL-2 and IL-18 treatment. The numbers of NKT, CD4+,
and CD8+ cells were not altered after the treatment. To deter-
mine the source of IFN-y under these experimental conditions,
we examined intracellular [IFN-y staining of isolated lung cells
after PI stimulation. CD4+, CD8+, NK (NK1.1+, CD3—), and
NKT (NK1.1+, CD3+) cells were identified as potential sources
of IFN-y. Administration of IL-2 and IL-18 to sensitized and
challenged mice significantly increased the numbers of IFN-
y—positive lung NK cells (Figure 4), without altering the numbers
of IFN-y-positive CD4+, CD8+, or NKT cells (Figure 4).

Effect of Adoptive Transfer of NK Cell from Lungs of Mice
Treated with IL-2 and IL-18 In Vivo

To directly demonstrate the role of IFN-y+ lung NK cells in
mediating the effects of IL-2/IL-18, we isolated and adoptively
transferred lung NK cells into sensitized recipients before chal-
lenge. Adoptive transfer of lung NK cells (2.0 X 10°) from sensi-
tized and challenged mice treated with IL-2 and IL-18 signifi-
cantly suppressed AHR and the increase of eosinophils in BAL
fluid of recipient mice (Figure 5A); transfer of 0.2 X 10° NK
cells was without effect (data not shown). In contrast, adoptive
transfer of lung NK cells from mice not treated with the combina-
tion did not show any inhibitory effects on AHR or airway
eosinophilia (Figure 5B). These data establish the role of NK

*%  Figure 1. Synergistic effects of exogenous IL-2 and IL-18 on

allergic AHR and airway inflammation in C57BL/6 mice. (A)
Allergen-induced AHR. Sensitized mice received intraperito-
neal injections of IL-2, IL-18, the combination, or vehicle begin-
ning 1 d before the first OVA challenge to the day of the last
OVA challenge. Results are expressed as the percentage of
change in R, after MCh inhalation. (B) BAL cell composition.
(C) Cytokine levels. (D) Goblet cell metaplasia. Goblet cell
metaplasia was detected by PAS staining 48 h after the last
OVA challenge (original magnification X100). Results are ex-
pressed as the number of PAS-positive cells per millimeter
of basement membrane (BM). PBS/OVA: nonsensitized and
challenged; OVA/OVA: sensitized and challenged. Results rep-
resent mean = SEM from three separate experiments (n =
12).¥P<0.05,*P < 0.01 comparing sensitized and challenged
to challenged alone. *P < 0.05, **P < 0.01 comparing vehicle-
treated to combination of IL-2— and IL-18-treated sensitized
and challenged mice.
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Figure 1. (Continued).

cells in mediating the suppressive effects of the combination of
IL-2 and IL-18.

DISCUSSION

In the pathogenesis of bronchial asthma, a number of factors
are believed to play a role in the development of this complex
allergic airway disease. T lymphocytes and the Th2 type cyto-
kines they produce, IL-4, IL-5, and IL-13, play important roles
(27, 28). Previous studies described that the combination of 1L-2
and IL-18 supported a Th2 microenvironment in vivo and in
vitro (9, 10, 14-16). Somewhat to the contrary, this combination
has also been reported to increase release of IFN-y from mono-
nuclear cells (4). IL-2 is essential to the proliferation and activa-
tion of T cells and is involved in the pathogenesis of asthma
(29). IL-2 has been shown to induce cytotoxic activity in T cells
and NK cells (30, 31), whereas IL-18 has a variety of actions,
including induction of IFN-y.

In the present study, the administration of both IL-2 and IL-
18, but not either alone, at the time of challenge of sensitized
mice effectively prevented the development of AHR, airway

OVA/OVA

eosinophilia, and goblet cell metaplasia. At the same time, this
combination significantly altered the cytokine microenviron-
ment, reducing levels of the Th2 cytokines IL-5 and IL-13 and
increasing levels of IL-12 and IFN-y, a major shift from a Th2
to a Thl predominance.

Several studies have demonstrated the essential role of IL-5
and IL-13 in the development of AHR and airway eosinophilia
(32-34). In addition, IL-13 is the major inducer of goblet cell
metaplasia and mucus hyperproduction, triggering differentia-
tion of mature goblet cells through induction of the MUC5AC
gene (35). In contrast, Thl cytokines such as IL-12 and IFN-y
have been shown to down-regulate allergic responses in vivo.
OV A-sensitized mice, treated with systemic or local administra-
tion of IL-12 (36, 37), IFN-y (38, 39) or IL-12, or IFN-y gene transfer
(40-42), exhibited significant suppression of allergic responses,
reducing levels of Th2 cytokines, lung eosinophilia, and AHR.
The combined administration of IL.-12 and IL-18 was reported
to inhibit the development of AHR and airway eosinophilia
(19), while co-administration of IL-12 and IL-18 activated NK
cells to produce IFN-y (43, 44). The combination of IL-2 and
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Figure 2. Combination of IL-2 and IL-18 does not suppress allergic AHR and airway inflammation in IFN-y~/~ mice. (A) Allergen-induced AHR. (B)
BAL cell composition (C) Cytokine levels in BAL fluid. (D) Goblet cell metaplasia. PBS/OVA: nonsensitized and challenged; OVA/OVA: sensitized
and challenged. Results represent mean = SEM from two separate experiments (n = 8). *P < 0.05 and *P < 0.01 comparing sensitized and

challenged to challenged alone. NS: not significant.

IL-18 was shown to trigger production of IL-12 from mononu-
clear cells and dendritic cells (45).

In the present study, IL-12 levels in BAL fluids were increased
in sensitized mice treated with IL-2 and IL-18 after challenge.
This suggested that the up-regulation of IFN-y after treatment
with IL-2 and IL-18 may be induced not only via a direct stimula-

tion but also indirectly, through the up-regulation of IL-12. IL-
12 signaling through specific surface receptors is closely tied to
IFN-y production (46, 47). IL-12 ligation of IL-12 receptors
triggers STAT4 phosphorylation and activation. Activated/phos-
phorylated STAT4 translocates to the nucleus of cells resulting in
the increased transcription of /FN-y and IFN-y protein production.
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To determine the role of IFN-y in the outcomes mediated by
combination treatment, OV A-sensitized IFN-y~'~ mice were
treated with IL-2 and IL-18 followed by OV A challenge. In the
deficient mice, the combination failed to alter the development
of AHR and airway eosinophilia, implying that IFN-y was essen-
tial to the down-regulation of these responses triggered by IL-

2/1L-18. To further define the pathways involved, we investigated
whether the combination of IL-2 and IL-18 was dependent on
STAT4 signaling to produce IFN-y. STAT4 ™'~ mice were sensi-
tized and challenged, treated with IL-2 and IL-18, and AHR
and airway inflammation was assessed. In the STAT4~/~ mice,
similar to the IFN-y~/~ mice, the combination did not alter
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Figure 4. IFN-y+ cells in lungs from sensitized and challenged C57BL/
6 mice treated with IL-2 and IL-18. Sensitized mice received intraperito-
neal injections of IL-2 and/or IL-18 or vehicle from 1 d before the first
OVA challenge to the day of the last OVA challenge. After Pl stimulation,
the number of intracytoplasmic IFN-y+ CD4+, CD8+, NKT (NK1.1+,
CD3+), and NK (NK1.1+, CD3—) cells per lung was calculated after
flow cytometry analysis. Results represent mean + SEM from eight mice.
**P < 0.01 comparing vehicle-treated to combination of IL-2- and
IL-18-treated mice.

Total Eosinophils Neutrophils Lymphocytes Macrophages

Figure 5. Effect of transfer of lung NK cells from IL-2—and IL-18-treated
mice on allergic AHR (A) and airway inflammation (B). Sensitized donor
mice received the combination of IL-2 and IL-18 or vehicle (0.1% BSA
containing PBS) from 1 d before the first OVA challenge to the day of
the last OVA challenge. Forty-eight hours after the last OVA challenge,
lung mononuclear cells were isolated, and NK cells purified as described
in MATERIALS AND METHODS. 2 X 106 cells/mouse were transferred intrave-
nously to sensitized C57BL/6 mice just before the first OVA challenge.
Results of airway function are expressed as the percentage change in R,
after MCh inhalation. Results represent mean = SEM from two separate
experiments (n = 8). PBS/OVA: nonsensitized and challenged recipients;
OVA/OVA: sensitized and challenged recipients. #P < 0.01 comparing
OVA/OVA to PBS/OVA. *P < 0.05, **P < 0.01 comparing PBS-injected
to NK cell-recipient mice.

allergic airway inflammation (48). They described that NK cells,
but not NKT cells, play a critical role in determining whether
allergic eosinophilic airway disease develops, and increased NK
cell activity exaggerated T cell responses to inhaled antigens.
This report appears to be in conflict with our findings, but may
suggest that under different conditions NK cells exhibit diverse
activities on AHR and airway inflammation. After induction/
activation of NK cells by the combination of IL-2 and IL-18,
they down-regulated these responses in an IFN-y-dependent
manner.

In summary, administration of the combination of IL-2 and
IL-18 suppressed allergic AHR and airway inflammation in vivo.
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The mechanism underlying these effects appears to be through
an up-regulation of IL-12 production and IL-12/STAT4-
dependent cell signaling, resulting in increased IFN-y production
in NK cells. Manipulation of this inducible and effective regula-
tory pathway may be therapeutically beneficial in the treatment
of allergic airway disease.
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