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Abstract
Most current animal models focus on eosinophil-mediated asthma, despite compelling evidence that
a neutrophil-mediated disease occurs in some asthma patients. Using intranasal challenge of mice
sensitized either orally or nasally with whole peanut protein extract in the presence of cholera toxin,
we developed mouse models of eosinophil- and neutrophil-mediated asthma, respectively. In this
study, mice deficient in Th1 (IL-12 and IFN-γ) or Th2 (IL-4 and IL-13) pathways were used to
characterized the role played by Th1 and Th2 cytokines during the initial priming phase in the two
models.. Antigen-specific Ab responses were controlled primarily by Th2 cytokines in mice
sensitized by the oral route, whereas Th1 cytokines appeared to play a predominant role in mice
sensitized by the nasal route. Furthermore, the absence of key Th1 or Th2 cytokines during the initial
phase of priming reduced lung reactivity in both mouse models of airway inflammation.
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Introduction
Asthma is a pulmonary disease characterized by airway inflammation and increased airway
responsiveness to a variety of stimuli [1]. Th2 cell cytokines IL-4, IL-5, IL-9 and IL-13 have
long been recognized as having a key function in the pathogenesis of asthma and IgE-mediated
eosinophilic inflammation of the lungs [2]. There now is increasing evidence that asthma can
be associated with Th1 cells, inflammatory cytokines including IL-1, IL-8 and IL-17, and lung
neutrophilia [3-5]. The majority of current murine models of asthma include a priming phase,
when animals are sensitized by intraperitoneal injection of ovalbumin together with a Th2-
skewing adjuvant. The disease subsequently is triggered by intranasal challenge with the
antigen [6,7]. This experimental approach, which promotes IgE Ab, airway hyper-
responsiveness and eosinophilia, makes it possible to thoroughly investigate the role of the
Th2 pathway in asthma. Despite increasing evidence that Th1 cells could be involved in asthma,
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only a few studies [8-10] have characterized this pathology in animal models; the mechanisms
involved in this process remain to be elucidated.

We recently showed that mice challenged intranasally with peanut antigen developed
eosinophil-mediated or neutrophil-mediated asthma depending of the initial nasal or oral route
of sensitization [11]. Consistent with previous reports that both Th1 and Th2 cytokines are
present in the lungs of asthmatic patients [12], Th1 and Th2 responses were not exclusive in
orally sensitized (OS) and nasally sensitized (NS) mice. Other studies have shown that IFN-
γ itself [13]], IL-18 [14] or IFN-γ-inducible protein 10 [15] contribute to allergic asthma.
Furthermore, the Th1-inducing cytokine IL-12 was shown to stimulate rather than suppress
ongoing IgE and Th2-type responses [16,17]. However, the exact roles played by Th1 and Th2
cytokines during the initial phase of antigen sensitization in the development of eosinophil-
mediated and neutrophil-mediated asthma remain unclear. IL-4 and IFN-γ are the key cytokines
for the induction and regulation of the Th2 and Th1 pathways, respectively. We examined the
profiles of antigen-specific Ab and cytokine responses that occurred after OS or NS induced
with PPE and cholera toxin in mice deficient in Th2 (i.e., IL-4 KO and IL-4/IL-13 double KO)
or Th1 (IFN-γ KO) pathways and their impact on lung inflammatory responses to subsequent
peanut challenge. We also tested IL-12 KO mice in order to evaluate the role of this major
product of antigen presenting cells and inducer of Th1-cells in our models of Th1- and Th2-
type induced asthma.

Materials and Methods
Mice

Female IL-4 KO, IL-12 KO and IFN-γ KO mice, on a C57BL/6 background, female IL-4/IL-13
double KO (IL-4/13 dKO) mice, on a BALB/c background, and control wild-type (WT) mice
were purchased from the Jackson Laboratories (Bar Harbor, ME), the Frederick Cancer
Research Facility (NCI, Frederick, MD) or obtained from the UAB Mucosal HIV and
Immunobiology Center. Studies were performed in accordance with Institutional guidelines to
avoid pain and distress.

Mucosal sensitization and nasal challenge
Whole peanut protein extracts (PPE) were obtained as previously described [18]. Mice 8-to-12
weeks of age were sensitized two times a week apart with whole PPE and CT as adjuvant.
Anesthetized mice were given 100 μg of PPE and 1 μg of CT in a total volume of 10 μl by
intranasal route with 5 μl placed into each nare. This volume of the nasal vaccine is retained
in the nasal cavity after nasal administration to anaesthetized mice [19]. For sensitization by
the oral route, mice were orally immunized as previously described [20] by intragastric
administration of 1 mg of PPE plus 15 μg of CT in 250 μl of PBS. Plasma samples were
collected one week after each sensitization on days 7 and 14 for analysis of peanut-specific Ab
responses. Mice were anesthetized and challenged intranasally on days 15 and 16 with 200
μg of PPE in a total volume of 100 μl (i.e. 25 μl of PPE per nare, four times at 2-3 min intervals).

Plasma antibody responses
Plasma levels of peanut-specific Abs were measured by ELISA as previously reported [11].
To improve the detection of IgE Abs [21], IgG were removed from plasma samples by
overnight incubation of samples at 4°C on protein G coated 96-well plates (Reacti-Bind plates,
Pierce, Rockford, IL). Total and antigen-specific IgE levels then were measured by ELISA.
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Histology and determination of lung inflammation scores
Lungs were fixed in 10% buffered formaldehyde, paraffin-embedded and cut into 5 μm thick
sections. To evaluate the presence of eosinophils, lung sections were incubated for 1 min in
10 mM KCN pH 6.5 before a 15 min incubation with the peroxidase substrate 3,3′-
diaminobenzidine and counterstaining with hematoxylin [11].

For quantification of lung inflammation, the slides were coded, and peribronchial and
perivascular inflammation were scored in a blinded fashion by two independent investigators.
A value of 1 was given when slides showed no sign of inflammation. Slides were graded from
2 to 4 when bronchi were surrounded with a thin layer of inflammatory cells (2: few bronchi;
3: more bronchi: 4: most bronchi). They were graded from 5 to 7 according to the number of
bronchi that were surrounded with a thick layer of inflammatory cells (5: few bronchi; 6: more
bronchi: 7: most bronchi). Finally, slides were graded 8 or 9 when inflammation spread into
the interstitial area (8: severe; 9: extreme).

Flow cytometry
Whole lung tissue was dissociated by digestion with 1 mg/ml collagenase type V (Sigma) as
previously described [11], and mononuclear cells were stained with anti-CD3, anti-CD4, anti-
B220, anti-CD11c, anti-MAC-1 or anti-MHC class II Abs (BD PharMingen).

Statistics
The results are reported as the mean + one standard deviation (SD). Statistical significance (*
p < 0.05) was determined by Student’s t test and by the Mann-Whitney U test of unpaired
samples. The results were analyzed using the Instat statistical program (San Diego, CA) for
Apple computers.

Results
The lack of endogenous IL-4 more drastically affects peanut-specific Ab responses in mice
sensitized by the oral route

Both OS and NS IL-4 KO mice displayed significantly lower levels of peanut-specific IgG1
Abs compared to WT mice (Figure 1). On the other hand, the lack of IL-4 did not affect the
levels of peanut-specific IgG2a, IgG2b and IgG3 Abs in NS mice, whereas there was an
increase of peanut-specific IgG2a and IgG2b Abs in the OS group. Consistent with the role of
IL-4 in IgE class switching, peanut-specific IgE Abs were not detected in IL-4 KO mice after
either oral or nasal immunization (results not shown).

IL-13 provides IL-4-independent help for serum Ab responses in mice sensitized to peanut
antigen by the nasal route

Our previous studies employed C57BL/6 mice and the Th2-inducer adjuvant cholera toxin.
Since IL-4/13 dKO mice were only available on the BALB/c background, we examined control
BALB/c mice. The difference observed between OS and NS C57BL/6 mice in IgE levels and
IgG1/IgG2a ratio was maintained in BALB/c mice indicating that the BALB/c background
also was suitable for our study (data not shown). Figure 1 shows that the IL-4/13 dKO mice
also exhibited a pronounced reduction of the magnitude of IgG responses, regardless of the
oral or nasal route of sensitization. In addition, IgG1 levels were diminished most dramatically
in IL-4/IL-13 double KO mice, making their IgG1/IgG2a ratio significantly lower than that of
WT mice (0.99 +/- 0.17 and 1.3 +/- 0.12 respectively, in OS mice; 0.86 +/- 0.06 and 1.07 +/-
0.05 respectively, in NS mice).
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Contribution of IL-12 and IFN-γ to serum antibody responses in mice orally or nasally
sensitized to peanut antigen

The IL-12p40 KO mice sensitized orally displayed lower levels of peanut-specific IgG3 Abs
than WT mice (Figure 2). On the other hand, peanut-specific IgG3 were not affected in NS
IL-12p40 KO mice, which displayed lower levels of peanut-specific IgG1 and IgG2b Abs than
control WT mice (Figure 2). The IFN-γ KO mice showed no detectable levels of peanut-specific
IgG2a Abs after either oral or nasal sensitization (Figure 2) and this finding sets the IFN-γ KO
mice apart from the IL-12p40 KO mice. The levels of the other IgG subclasses remained
unchanged in OS IFN-γ KO mice suggesting that IFN-γ mostly controls IgG2a Abs after OS.
In contrast to OS mice, the NS IFN-γ KO mice exhibited increased levels of peanut-specific
IgG3 and decreased IgG2b Abs. Despite the well-described cross-regulatory functions of IL-4
and IFN-γ, we failed to detect enhanced IgE responses in IL-12 or IFN-γ KO mice orally or
nasally sensitized to peanut in the presence of cholera toxin (data not shown).

Lung inflammatory responses to antigen challenge in mice lacking Th1 and Th2 signaling
and sensitized by the oral or nasal route

One week after the last immunization and before challenge, the cell densities in the lungs were
not significantly different between WT and IL-4 KO mice (Figure 3A). In contrast, IL-4/13
dKO mice had higher cell densities in the lungs, regardless of the route of sensitization (Figure
3A). No signs of lung inflammation were seen in OS WT, IL-12 KO or IFN-γ KO mice before
nasal challenge with the antigen (Figure 3A). The moderate lung inflammation observed in NS
WT mice before challenge also was seen in IL-12 KO mice, but not NS IFN-γ KO mice,
suggesting a role for IFN-γ in this pre-challenge inflammation.

As previously reported [11]nasal peanut challenge of OS or NS WT mice led to airway hyper-
reactivity and lung inflammatory responses characteristic of eosinophil- and neutrophil-
mediated asthma (Figure 3B). After intranasal peanut challenge, both OS and NS IL-4 KO
mice showed less inflammation than the WT mice (Figure 3B). Interestingly, the lung
inflammation was not reduced in IL-4/13 dKO mice (Figure 3B), suggesting t that
compensatory mechanisms enhancing pro-inflammatory responses could take place in IL-4/13
dKO mice. The absence of IL-12 substantially reduced airway inflammation in OS mice in
response to intranasal antigen challenge (Figure 3B). Reduced, but nonetheless significant,
airway inflammation was observed in NS IL-12 KO mice (Figure 3B). Unlike IL-12, the lack
of IFN-γ completely abrogated lung inflammation in NS mice, while it was only partially
reduced in OS mice.

Flow cytometry analysis of lung mononuclear cell showed that for both C57BL/6 and BALB/
c WT mice, macrophages represented the bulk of cells recruited into the lung of after intranasal
challenge (Figure 4). As previously seen in C57BL/6 WT mice [11], a higher percentage of
lung cells expressed MHC class II molecules (i.e., I-Ab positive) in OS versus NS mice (Figure
4). The most striking effect due to the lack of both IL-4 and IL-13 was the reduction of
macrophage recruitment in NS mice after peanut challenge and the considerably lower
expression of costimulatory molecules in both OS and NS mice (Figure 4). A similar pattern
was seen in mice lacking IFN-γ (data not shown).

Discussion
Most current animal models mimic the Th2-mediated eosinophilic asthma. The mechanisms
underlying Th1- [8-10] and neutrophil-associated [22] airway inflammation, as well as the
reciprocal regulation of Th1 and Th2 subsets in eosinophil- and neutrophil-mediated asthma,
remain poorly understood. Our study demonstrated a differential requirement for Th2 (IL-4
and IL-13) and Th1 (IL-12 and IFN-γ) cytokines for Ab responses induced by oral versus nasal

Fischer et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2008 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sensitization. We also found that both Th1 and Th2 cytokines are required in both models for
optimal lung reactivity to nasal peanut challenge.

It is welll established that IL-4 is a major inducer of IgE and IgG1 producing cells in mice
[23,24]. In line with many previous reports [25,26], no IgE Abs were detected in IL-4 KO or
IL-4/13 dKO mice. Deficiency in endogenous IL-4 was reported to reduce IgG1 response,
while enhancing IgG2a and IgG2b Abs [26,27]. We observed such an effect in OS mice. In
contrast with previous study where Ag-specific IgG1 levels were completely abrogated in IL-4
and IL-13 double KO [28], IgG1 Abs were not reduced in IL-4/13 dKO mice after either oral
or nasal sensitization.

The IL-4 KO mice were reported to both develop less peribronchial inflammation and
eosinophilia than their WT counterparts [29,30], and more severe eosinophilic inflammation
[31,32]. Conflicting results also were reported about the role of IL-13 in the development of
allergic asthma [33,34]. In our studies, the attenuated recruitment of cells into the lungs of IL-4
KO mice confirms a key role for IL-4 in inflammatory responses of OS mice, but also argue
for a crucial role of IL-4 in inflammatory responses of NS mice, despite a predominantly Th1
environment. We were most surprised by the enhanced lung inflammation seen in IL-4/13 dKO
mice. This observation also supports the hypothesis of compensatory mechanisms promoting
Th1 and proinflammatory responses in IL-4/13 dKO mice.

Our results undeniably demonstrate that the Th1 pathway is required for full lung reactivity in
both eosinophil- and neutrophil-associated asthma. The lack of peanut-specific IgG2a Abs in
IFN-γ KO mice was in line with the known role of this cytokine for B-cell switch to IgG2a
production [35]. More interesting was our observation that IFN-γ deficiency reduces antigen-
specific IgG2b and increased IgG3, but only in NS mice, which suggests a limited role for Th1
cells in antigen priming by the GI tract. Nonetheless, IFN-γ appear to play a role during
secondary Ag exposures, regardless of the initial mucosal route of sensitization. Both enhanced
[36] and reduced [37] eosinophil recruitment into the airways were reported in IL-12 KO mice.
The latter study also reported that antigen-specific IgE, IgG1 and IgG2a Ab levels were not
affected in IL-12 KO mice. In line with this report, no compensatory Th2 responses were seen
IL-12 KO mice, suggesting a sustained IFN-γ and Th1 component supported by IL-18 or other
members of the IL-12 family. It is worth noting that IL-12p40 KO mice in our model of
eosinophilic lung inflammation displayed significantly reduced cell infiltration into the lung.
In this regard, IL-12p40 recently was shown to contribute to the generation of a Th2-type
environment in a mouse model of allergic diarrhea [38]. Finally, the fact that lung inflammation
was reduced in OS IFN-γ KO mice and NS IL-4 KO mice, which did not display generalized
alteration of serum Ab responses, suggests that Th1 and Th2 cytokines are important during
both the initial sensitization and the challenge phase.
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Figure 1.
Plasma IgG and IgG-subclass responses of C57BL/6 WT, IL-4 KO, BALB/c WT and IL-4/
IL-13 double KO mice. Mice mice were sensitized by oral or nasal route by administration of
PPE and CT on days 0 and 7. Plasma samples were collected on day 14 and Ab responses were
analyzed by ELISA. Results are expressed as means of individual titles ± SD (5 mice per group).
(* p < 0.05).
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Figure 2.
Plasma IgG and IgG-subclass responses of C57BL/6 WT, IL-12p40 KO and IFN-γ KO mice.
Mice were sensitized on days 0 and 7. Plasma samples were collected on day 14 and Ab
responses were analyzed by ELISA. Results are expressed as means of individual titles ± SD
(5 mice per group). (* p < 0.05).
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Figure 3.
Lung inflammatory responses in WT, and Th1 and Th2 cytokine deficient mice sensitized to
peanut by the oral or nasal route. Mice were sensitized on days 0 and 7. Lung tissue was
collected on day 17 before (A) or after peanut nasal challenge on days 15 and 16 (B). The
density of perivascular and peribronchial infiltrates was determined in a blinded fashion on a
subjective 9-point scale (1 = minimal infiltrate; 9 = massive infiltrate). Each point (box or oval)
represents an individual mouse. (* p < 0.05).
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Figures 4.
Phenotype of lung mononuclear cells in after nasal peanut challenge.. Lung tissues were
collected on day 17 from mice orally or nasally immunized with PPE and either not challenged
or challenged intranasally with PPE on days 15 and 16. Results are expressed as means ± SD
(3-5 mice per group)
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