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Role of interleukin-12 in the regulation of CD4" T cell apoptosis in a mouse model
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SUMMARY

Allergic asthma, a chronic inflammatory disease of the airways, is characterized by the presence of T
helper 2 cells and eosinophils in sputum, bronchoalveolar lavage, and mucosal biopsy specimens.
Although the T helper 1-promoting cytokine, interleukin-12, is capable of inhibiting the T helper 2-
driven asthma symptoms and bronchial responsiveness, the specific mechanisms underlying these inter-
leukin-12 actions are unclear. The anti-allergic response to interleukin-12 is only partially dependent on
interferon-y, which induces apoptosis by enhancing expression of Fas antigen. We therefore investigated
in vivo whether the anti-allergic action of interleukin-12 is mediated through induction of apoptosis.
C57BL/6 mice immunized to ovalbumin by intraperitoneal injection were challenged three times with
an ovalbumin aerosol every second day for 7 days. Recombinant interleukin-12 was administered intra-
venously after the final challenge. After the last ovalbumin challenge, mice were examined for effects of
interleukin-12 on inflammatory cell infiltration and apoptosis in the lung as detected by terminal deox-
ynucleotidyl transferase-mediated deoxyribonucleoside triphosphate nick end-labelling.
Administration of interleukin-12 reduced ovalbumin-induced pulmonary eosinophilia (P < 0-01)
and CD4' T cell infiltration (P < 0-01). Moreover, treatment with interleukin-12 shortly after ovalbumin
inhalation resulted in both increased interferon-y production (P < 0-01) and enhanced apoptosis of
CD4" T cells in allergic airway infiltrates (P < 0-05). These results suggest that the beneficial effects of

interleukin-12 in asthma may include enhancement of apoptosis of CD4* T cells in airways.

Keywords

INTRODUCTION

Persistent inflammation of the bronchial mucosa, characterized
by eosinophilic infiltration but also involving other cell types
including neutrophils, mast cells, basophils, and lymphocytes, is
considered important in the pathogenesis of asthma [1,2]. T
helper (Th) 2 inflammatory responses have been reported to pre-
dominate over Thl responses in human asthma, where increased
interleukin (IL)-4 and IL-5 mRNA expression and protein secre-
tion in bronchial biopsy specimens are related to clinical mea-
sures of disease severity [3,4]. Interest is now focused on Thl-type
cells, which produce large amounts of interferon (IFN)-7, as reg-
ulators of allergic inflammation that can decrease Th2 immune
responses in the airways, protecting against symptoms of allergic
asthma [5,6].
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The functionally active form of IL-12, a heterodimer (p70)
composed of two disulphide-linked chains of 35 (p35) and 40
(p40) kD, is secreted predominantly by antigen-presenting cells
(APCs) in response to T cell engagement of the major histocom-
patibility complex (MHC) class II and CD40 molecules [7.8].
IL-12 has been shown to have potent activity as an immune-
activating agent, is effective in the treatment of tumours and
infectious diseases, and as an adjuvant in prophylactic and thera-
peutic vaccines [9,10]. Central to its efficacy in these models is its
potent promotion of IFN-yproduction by T lymphocytes and nat-
ural killer (NK) cells, enhancement of antigen-specific T cell pro-
liferation, and differentiation of naive T cells to a Th1 phenotype.
Studies in asthma models concluded that administration of IL-12
before and during the period of allergen challenge prevented
allergen-induced airway eosinophilia, airway hyper-responsive-
ness, production of Th2 cytokines and allergen-specific serum IgE,
but the underlying mechanisms remain unclear [11,12].

Accumulation and activation of immune effector cells in the
airways of asthmatics may result from increased cell infiltration
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and/or prolonged cell survival. The latter represents a failure to
induce programmed cell death (apoptosis). Recently, interest has
increased in eosinophil apoptosis at inflamed sites; such cell death
tends to limit inflammatory tissue injury and promote resolution
of inflammation. In a previous study, we reported that eosinophil
apoptosis could facilitate resolution of airway inflammation in
asthma [13]. This finding suggested that inducing apoptosis in
immune cells might be an important goal in suppression of aller-
gic responses.

In the present study, we provide evidence that exogenous IL-
12 can have an important effect in inhibition of allergic inflam-
mation, occurring at least partially via induction of apoptosis of
CD4* T cells infiltrating the airways.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice, free of specific pathogens, were purchased
at 6-8 weeks of age from Charles River Laboratories (Atsugi,
Japan). Mice were kept in standard animal housing facilities and
given free access to tap water and ovalbumin (OVA)-free rodent
chow.

Immunization and challenge exposure

Immunization and subsequent challenge exposures in mice were
carried out according to the method of Foster et al. [14]. CS7TBL/
6 mice were immunized to OVA (Sigma Chemical, St. Louis, MO,
USA) by intraperitoneal injection of 50 ug of OVA adsorbed to
1 mg of alum on days 0 and 12. On day 24, mice were exposed
three times to an aerosol of OVA (10 mg/ml) in 0-9% saline for
30 min using an ultrasonic nebulizer, and then every second day
for 7 days. Control mice were injected intraperitoneally with
0-5ml of sterile saline and then exposed to aerosolized sterile
saline using similar equipment and schedules. OVA-sensitized
and challenged mice were divided into two groups. One hour after
the last challenge with OVA, some animals were treated with a
single injection via the tail vein with murine recombinant IL-12
(rIL-12; purity > 97%, Genzyme, Cambridge, MA), 500 ng in
0-25 ml of saline, based on the experiments by Hofstra et al. [15].
Control animals were treated with 0-25 ml of saline vehicle. On
day 31, 24 h after the last OVA or saline inhalation, airways
inflammation was compared between IL-12-treated and saline-
treated mice, sensitized and challenged with OVA. Each experi-
mental group consisted of at least eight mice.

Lung histology

After the lungs were excised and immediately frozen using dry
ice, 4-um-thick sections were cut on a cryostat and thaw-mounted
onto gelatinized glass slides. Lung sections were fixed in 4%
paraformaldehyde in 0-1 M phosphate buffer (pH 7-4), and then
subjected to Giemsa staining. For immunohistochemical analyses
of CD4* T cells that had migrated into the lung, sections were
fixed with acetone at room temperature for 5 min Sections were
treated with 0:3% H,0O, in methanol overnight at room temper-
ature to quench the endogenous peroxidase. Immunostaining was
performed overnight at 4°C with rat anti-mouse CD4 antibody
(L3T4; Pharmingen, San Diego, CA, USA), diluted 1:200 with
1% mnormal goat serum (NGS) in phosphate-buffered saline
(PBS). After incubation with biotinylated secondary antibody
(goat anti-rat IgG; Tago, Camarillo, CA, USA) diluted 1:500
with 1% NGS in PBS, immunoreactivity was detected by an

avidin-biotin peroxidase complex technique (Vectastain ABC
kit; Vector, Burlingame, CA, USA) or using the alkaline
phosphatase/anti-alkaline phosphatase (APAAP) method. Spec-
ificity of each antibody was confirmed by replacement of primary
antibodies with non-immunized rat IgG2ak (clone G155-178).
Eosinophils and CD4" T cells were counted using a light micro-
scope in all medium-sized airways present in each section, and
image analysis was performed (Interaktive Build-Analyse Sys-
tem; Kontron-Bildanalyse, Oberkochen, Germany). These counts
reflected the number of cells per unit length of bronchial base-
ment membrane in medium-sized airways.

Quantification of cytokines in lung tissue extracts

After sampling of blood, lungs were removed, snap-frozen in lig-
uid nitrogen, and stored at —80°C. Later, the lungs were homog-
enized with hypotonic lysis buffer as described previously [16].
Each lung was removed and washed with PBS. Disruption of the
organ in lysis buffer was accomplished with 10 strokes in a
Wheaton Dounce homogenizer. Homogenates then were centri-
fuged at 15 000 g for 10 min. Supernatants were stored at —80°C
until testing. Protein concentrations of the extracts were adjusted
to 1 mg/ml after measurement by Bradford’s method (Protein
Assay Kit; Bio-Rad Laboratories, Richmond, VA, USA). ELISAs
for IFN-y, IL-12 (p70), and IL-18 were performed using matching
antibody pairs (IFN-y and IL-12, Amersham, Buckinghamshire,
UK; IL-18, Medical and Biological Laboratories, Nagoya, Japan).
The secondary antibodies were conjugated to horseradish perox-
idase. Subtractive readings at 550 nm and 450 nm were converted
to pg/ml using values obtained with recombinant IFN-y, IL-12,
and IL-18 standards. Limits of detection in these assays were 5 pg/
ml, 15 pg/ml, and 25 pg/ml, respectively. Amounts of cytokines in
tissue extracts were expressed relative to total protein content.

Detection of apoptotic cells

Terminal deoxynucleotidyl transferase (TdT)-mediated d-UTP-
biotin nick end labelling (TUNEL) was performed as described
previously [13]. After the lungs were excised and quickly frozen in
dry ice, 4-um-thick sections were cut on a cryostat and thaw-
mounted onto gelatinized glass slides. Sections were fixed with
4% paraformaldehyde in 0-1 M phosphate buffer (pH 7-4) for
30 min and then incubated in 0-3% H,O, in absolute methanol
overnight before TUNEL staining. Briefly, TdT was used to incor-
porate biotinylated deoxyuridine at sites of DNA cleavage, with
avidin-peroxidase used to detect labelling. Positive controls
(deoxyribonuclease-treated cell preparations and also thy-
mocytes) stained positively, indicating DNA fragmentation.

Statistical analysis

Data are presented as the mean * SD. Statistical analysis was
performed by using ANOVA followed by multiple comparison
corrected t-test. A P-value of <0-05 was considered statistically
significant.

RESULTS

Inhibition by exogenous I1L-12 of established allergic

airway responses

We examined histological findings in the lungs and analysed cells
infiltrating into the lung tissue in the same specimens. The
OVA-challenged, vehicle-treated group showed a marked
increase in eosinophils and CD4* T cells in the infiltrates. A single
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administration of IL-12 caused a significant decrease in antigen-
induced eosinophilia (P < 0-01). Numbers of CD4" T lymphocytes
were also significantly reduced following IL-12 administration
(P < 0-01; Fig. 1). In OVA-challenged mice, a single administra-
tion of IL-12 caused significant inhibition of the antigen-induced
airway hyperresponsiveness (data not shown).

Enhancement of apoptosis by exogenous IL-12

To study the effect of exogenous IL.-12 on apoptosis of infiltrating
cells in lung tissue sections, apoptotic cells were examined in
antigen-challenged mice with established allergic responses after
treatment with IL-12 or saline. We previously studied the dynam-
ics of appearance of TUNEL-positive cells in the airways of
allergen-challenged mice [13]. In agreement with our previous
results, almost no TUNEL-positive cells were detected in the air-
ways of mice given nebulized saline alone. One day after nebu-
lized antigen challenge followed by treatment with saline, a few
TUNEL-positive cells were detected. Administration with IL-12
in actively immunized C57BL/6 mice decreased the number of
eosinophils and CD4" T cells (Fig. 1), while significantly increas-
ing the number of TUNEL-positive cells infiltrating lung tissue
(Figs 1 and 2).

To identify the nature of the apoptotic cells, adjacent sections
from lungs of mice treated with murine recombinant IL-12 were
examined. This revealed that a significant amount TUNEL-posi-
tivity correlated with CD4" immunoreactive T cells (Fig.3a,b).
Using a combination of immunostaining and TUNEL, we found
that treatment with IL-12 after nebulized antigen challenge
decreased the number of non-apoptotic CD4" T cells, while sig-
nificantly increasing in the numbers of both apoptotic CD4* T
cells and CD4" cells infiltrating lung tissue (Fig. 4). These findings
suggest that treatment with IL-12 induced the apoptosis of infil-
trating CD4" T cells and CD4" cells in this model of allergic airway
inflammation.

Enhancement of IFN-y production following treatment

with IL-12

Amounts of IFN-y,IL-12, and IL-18 were not altered in mice after
exposure to OVA (IFN-y, 197 £11 and 186 £ 15, IL-12; 193 £22
and 185%42, IL-18; 15-5+1-5 and 142+1-6 pg/mg protein,
respectively), suggesting selective induction of a Th2-type cytok-
ine profile in the lungs of OVA-challenged mice (Fig. 5). Intrave-
nous administration of IL-12 increased the concentration of IL-12
in the lung even after 1 day. Administration of IL-12 to saline-
challenged mice caused a slight but significant increase in IFN-y
in the lung (187 £21 and 302 + 75 pg/mg protein, respectively).
In antigen-challenged mice, a single dose of IL-12 significantly
increased the concentration of IFN-yin antigen-challenged mice
(Fig. 5), but did not affect TL-18 (IFN-y, 186 + 15 and 416 + 180,
IL-18; 142 £ 1-6 and 16-2 £ 3-5 pg/mg protein, respectively).

DISCUSSION

IL-12 is an important regulator of the balance between Thl and
Th2 cells. Besides inducing Th1 responses, IL-12 was reported to
suppress Th2 responses. IL-12 production has been proposed to
be an inducer of anti-allergic immune responses by virtue of these
inhibitory effects on Th2 cytokine expression. Striking decreases
in eosinophil and CD4" T cell numbers after administration of IL-
12 indicate the possible usefulness of this approach in the treat-
ment of allergic rhinitis and atopic dermatitis.
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Fig. 1. Effects of interleukin (IL)-12 on numbers of lung eosinophils (a),
CD4" T cells (b) and apoptotic (TUNEL-positive) cells (c) in C57BL/6
mice sensitized systemically and then challenged by aerosolized ovalbu-
min. Data represent means + SD for indicated groups of mice (*P < 0-01
and **P <0-05 compared with control mice after saline challenge;
§P <0-01 and P <0-05 compared with rIL-12 treated-mice after saline
challenge; P <0-01 and #P < 0-05 compared with placebo treated-mice
and rIL-12-treated mice after OVA challenge). BM, basement membrane.
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Fig. 2. Histological preparations showing inflammatory cells and apoptotic cells in lung sections from C57BL/6 mice sensitized systemically
and then challenged via the airways with ovalbumin. Light micrographs of formalin-fixed tissue from sensitized C57BL/6 mice that were
saline-challenged (a,d) or ovalbumin challenged (b,c,e,f) and treated with recombinant murine IL-12 (c,f) or vehicle (b,e) after the last
aerosol exposure are shown. Lung sections were stained by Giemsa (a—c) or terminal deoxynucleotidyl transferase-mediated deoxyribo-
nucleoside triphosphate nick end-labelling (TUNEL) methods (d-f). Dark brown-stained apoptotic cells were present beneath the bron-
chial epithelium after aerosol antigen challenge (bar =50 um).

In our previous study we demonstrated that exogenous IL-12
reduced established airway responses such an eosinophilic infil-
tration and airway hyperresponsiveness in a mouse model [17].
Furthermore, in cytokine analysis, single intravenous administra-
tion of IL-12 after the final antigen challenge inhibited antigen-
induced expression of Th2 cytokines such as IL-4 and IL-13 [17].
While these results suggested that IL-12 could suppress airway
allergic inflammation by inhibiting production of Th2 cytokines,
the present results suggest that the mechanism by which exoge-
nous IL-12 inhibits allergen-induced eosinophilia and CD4" T cell
infiltration in vivo involves induction of apoptosis.

Using immunostaining and detection of TUNEL-positivity,
we found that a significant number of CD4" T cells in lung tissue
undergo apoptosis following treatment with IL-12. Many studies
reported that interaction of Fas antigen with its ligand (FasL)
results in eosinophil and T cell apoptosis. Similarly, we observed
that Fas antigen deficiency was associated with prolonged inflam-
mation caused by an extended survival of inflammatory cells due
to reduced apoptosis [18]. IL-12 itself also induces Fas antigen, an
apoptosis—triggering cell surface molecule. A previous study sug-
gested that pulmonary T lymphocytes from asthmatic patients do
not express Fas antigen, but display normal amounts of FasL [19].
These data suggest that in asthma exogenous IL-12 may enhance
expression of Fas antigen by CD4" T cells, which may lead apop-
tosis in the airways.

In this study, we observed that non-CD4" cells in lung tissue
also undergo apoptosis following treatment with IL-12. Recent
animal studies suggest that treatment with exogenous IL-12 in
murine models of asthma abolished pulmonary eosinophilia and
airway hyperresponsiveness, while causing an increase in IFN-y

and a decrease in IL-4 and IL-5 expression. Recently, Nutku et al.
[20] reported that surface expression of IL-12 receptor 1 and 32
subsets in blood eosinophils were expressed. Interestingly, they
observed that IL-12 increased eosinophil apoptosis in vitro.
Accordingly, it is possible that some of the apoptotic non-CD4* T
cells were eosinophils, although we could not exclude the possi-
bility that other inflammatory cells were TUNEL-positive.

The present study demonstrates that only a few TUNEL-
positive cells could be stained as CD4" cells, so that most CD4*
cells, following treatment with IL-12 are not apoptotic. However,
the increase in numbers of apoptotic CD4" cells following treat-
ment with IL-12 is rather increased significantly. In a previous in
vitro study of apoptosis induced by anti-Fas antibody, the total
dying process proceeded for over 3-5 h [21]. The data suggest that
apoptotic cells are likely removed quickly from the tissue follow-
ing ingestion by macrophages, one of the important mechanisms
in the resolution of airway inflammation.

IL-12 induces release of IFN-y, which is known to have anti-
proliferative effects on many cell types; at least some of these
effects may be connected to induction of apoptotic cell death
[22]. The protein product of Bcl-2, an antiapoptotic gene cloned
from the breakpoint of a t [15,8], translocation present in human
B-cell lymphomas, is crucial to survival of haematogenous and
lymphoid cells [23]. A specific profile of Bcl-2-related apoptotic
molecules is expressed in eosinophils [24]. The effect of IFN-yis
paralleled by up-regulation of Bax, which opposes Bcl-2, as well
as by down-regulation of Bcl-2 [25]. These findings suggest that
production of IFN-y in response to 1L-12 may reduce allergic
responses by decreasing Bcl-2 expression in airway inflammatory
cells.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 131:199-205
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Fig. 3. Photomicrographs of mouse lung sections obtained from mice sen-
sitized systemically and then challenged via the airways with ovalbumin
and treated with recombinant murine IL-12. Lung sections were stained
for CD4 (a) or terminal deoxynucleotidyl transferase-mediated deoxyri-
bonucleoside triphosphate nick end-labelling (TUNEL) methods (b).
Some TUNEL-positivity corresponded to CD4* T cells in adjacent sections
(Arrow heads). The arrows indicate TUNEL', chromatin-condensed
inflammatory cells not associated with CD4" T cells.

IL-18, which is widespread and produced by many cell types,
including macrophages [26], strongly augments IFN-y production
by T cells in combination with IL-12. A recent study suggested
that IL-18 has an apoptotic effect on tumour cells via a Fas-
dependent pathway [27]. Previously, we observed that exogenous
IL-12 in the presently used asthma model increased IL-18 recep-
tor o (IL-18R ) expression on the surfaces of lymphocytes in air-
way tissues, resulting in enhanced expression of FasL [17]. The
finding suggests that in the presence of exogenous IL-12, endog-
enous IL-18 can better target cells expressing more IL-18Ra,
indicating increased apoptosis in immune cells because of
enhancement of FasL expression. Thus, IL-12, IL-18, and IFN-y
regulate the allergic immune response via apoptotic signals such
as Fas/FasL interactions [16]. Although our preliminary experi-
ments have failed so far to implicate Fas/FasL-mediated apoptosis
in the protection observed in this model, this mechanism was not
excluded. These questions will be the subject of a separate study.

In summary, our present findings indicate that administra-
tion of the Thl-inducing cytokine, IL-12, is protective in a Th2-
dependent model of allergic airway inflammation, at least partly
via enhanced apoptosis of CD4 T cells. Specific promotion of
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Fig. 4. Correlations between individual numbers of apoptotic cells, non-
apoptotic cells and intensity of CD4 expression in C57BL/6 mice sensitized
systemically and then challenged by aerosolized ovalbumin following treat-
ment of IL-12 and saline. Data represent means + SD for indicated groups
of mice (*P < 0-01 and **P < 0-05 compared with saline treated-mice and
rIL-12-treated mice after OVA challenge). BM, basement membrane.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 131:199-205



204 T. Kodama et al.

(a)
800  IFN-y
1
600
400 ¥
200 r T 1T
GE, 0 1 1 1 |
o
o
5 @)
£ 500  IL-12 (p70)
(o]
o
400 . t
| t
300
200
100
0 I I I |
5 o 2 o
g 5 5 5
8 + 4 +
g < <
g 3 o
(&)

Fig. 5. Effects of interleukin (IL-12) on (a) interferon (IFN)-yand (b) IL-
12 (p70) in lung tissue extracts from mice sensitized systemically and then
challenged via the airways with ovalbumin. Data represent means + SD
for indicated groups of mice (*P < 0-01 **P < 0-05 compared with control
mice after saline challenge; 1P < 0-01 and P < 0-05 compared with pla-
cebo treated-mice after OVA challenge).

apoptosis of lung inflammatory cells may provide a new therapeu-
tic approach in asthma. Further studies are necessary to deter-
mine whether interactions of IL-12 with apoptotic pathways can
provide a novel therapeutic option.
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