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The use of knockouts to study
determinants of airway
hyperresponsiveness

Nonspecific bronchial hyperresponsiveness (BHR) describes

the characteristic altered airway behavior observed in

asthma; namely, the propensity to develop bronchoconstric-

tion in response to a wide variety of physical, chemical,

pharmacologic, and physiologic stimuli at concentrations or

levels of intensity that do not induce any change in airway

caliber in healthy subjects (1). The two main determinants

of BHR are increases, respectively, in the reactivity and the

sensitivity of the airways (2, 3). The hypersensitivity is

characterized by a leftward shift of the dose-response curve

to the bronchoconstrictor effect of stimuli such as histamine

or methacholine. The hyperreactivity is reflected by a

steeper slope of the dose-response curve and by an increased

degree of maximal airway narrowing. On the basis of

mathematic models, increased sensitivity has been attrib-

uted predominantly to thickening of the airway wall, due to

the presence of an inflammatory process in the airway

mucosa (4, 5). Increased airway reactivity has been largely

explained by the presence of more chronic, structural

changes in asthmatic airways, such as thickening of the

smooth-muscle layer and changes in the adventitial struc-

ture, leading to a loss of elastic parenchymal recoil on

contracting airway smooth muscle (6, 7).

The exact functional contribution of the various inflam-

matory and structural cells, mediators, cytokines, and

growth factors present in asthmatic airways to both

determinants of BHR remains to be fully established. To

date, for obvious ethical reasons, studies in man have been

restricted to the combination of morphologic assessment

and in vitro experiments. In addition to these data, a more

functional evaluation in an in vivo animal model may be of

interest. In asthma research, this has resulted in the

development of a multitude of animal models that have

examined the effect of exogenous administration of a given
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cell or mediator on airway structure and function. This is

complemented by studies examining the effect of neutraliz-

ing specific cells or antagonizing endogenously released

mediators in models of allergic inflammation. Gene knock-

out technology seems particularly suitable in this latter

approach, as this avoids the drawbacks associated with

blocking antibodies such as the potential development of

neutralizing antibodies upon repeated administration or an

incomplete blockade by the antibodies due to problems of

insufficient dosing or penetration into the tissue. Obviously,

the closer the model in wild-type (WT) animals mimicks the

full asthma phenotype, the more relevant the information

derived from gene knockout models will be.

However, a few caveats need to be borne in mind in this

respect. First of all, no ``gold standard'' lung-function index

has been invariably accepted in mice (8). The indices used

include lung resistance based on the principles of Amdur &

Mead, overflow of insufflation pressure as described by

Konzett & RoÈ ssler and sometimes expressed as the airway

pressure over time index (APTI), or the enhanced pause

(penH) value (9±12). These various indices reflect to a

variable degree changes in airway sensitivity and reactivity.

In the vast majority of murine models, these two compo-

nents of BHR, as in man, are not specifically examined.

Secondly, the overall increase in airway responsiveness

obtained in murine models is generally smaller than the

difference in airway responsiveness that exists between

healthy and asthmatic subjects. This probably relates, at

least in part, to the differences observed at a morphologic

level. In most of the murine models of allergen exposure,

only acute inflammatory changes are induced, without any

concomitant structural change that might affect respon-

siveness to a larger degree. The distribution of the

inflammation is also different from human asthma. In

animal models, the inflammatory changes not only con-

centrate in or around the airways, but also frequently

include parenchymal, mainly perivascular changes.

Thirdly, the sensitization and exposure procedures used in

the different models also largely vary.

Finally, we must remember that important differences

exist between different mouse strains, in both the functional

role of components of the immune system and the baseline

degree of airway responsiveness (13±16). These different

issues have to be taken into account, not only when

comparing the results from different experiments, but

especially when trying to extrapolate data from murine

models to human asthma.

In addition, although gene knockout technology has

obvious advantages, it has to be taken into account that

most currently available knockout models are constitu-

tional deletions, thus precluding the evaluation of the gene

of interest in a specific phase of the disease process. As the

technology further improves, the possibilities for condi-

tional deletion increase, thus allowing us to time the

switching off of the gene of interest. For example, this will

allow us to evaluate in adult life the role of gene products

that are essential during the early stage of development. In

addition, conditional deletions will also enable us to analyze

the role of gene products specifically during the primary

antigen sensitization, or during the secondary antigen

exposure to memory cells (17±19).

Investigation of the functional role of
Th2-like cytokines

The shortcomings of these models notwithstanding, gene

knockout models of asthma have allowed some interesting

observations. Th2-like cells are currently thought to play a

central role in the pathophysiology of asthma through the

release of a range of cytokines, IL-4 and IL-5 in particular

(20). Among its many effects, IL-4 induces IgE production,

whereas IL-5, despite possible redundancy with other

cytokines such as GM-CSF and IL-3, is considered of

major importance in the development of allergen-induced

airway eosinophilia. Both the IgE/mast-cell axis and the IL-

5/eosinophil axis have been assigned a major role in the

pathogenesis of BHR. The exact functional role of Th2 cells,

IL-4, IgE, and IL-5 in the pathogenesis of allergen-induced

airway inflammation and airway hyperresponsiveness has

been further evaluated in a number of gene knockout

models. We have developed a model of allergen (ovalbumin)-

induced airway changes in C57Bl/6 mice. In this model, IL-4

is essential for the development of ovalbumin (OA)-induced

eosinophil influx into the airways, IgE production, and

increase in airway responsiveness (21, 22). More recent

studies show very similar results in mice deficient in signal

transducer and activator of transcription 6 (Stat-6), which is

considered to be a central signalling pathway for mediating

the biologic response to IL-4 (23, 24). In our model, mast-

cell-deficient mice still developed airway eosinophilia in

response to OA exposure, whereas MHC class II-deficient

mice, lacking effective antigen presentation to CD4 cells

and hence functionally active Th2 cells, did not. This

indicates, as has been confirmed by others (25), that the

crucial role of IL-4 lies in its effect on Th2 cell development,

rather than on the induction of IgE synthesis and subsequent

mast-cell degranulation. This is in line with a number of
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other investigations. Takeda et al. have shown that mast-

cell-deficient mice or WT littermates develop a comparable

increase in both airway eosinophil numbers and airway

responsiveness when sensitized and exposed to OA (26).

Similarly, Mehlhop et al. reported that in IgE knockout mice

sensitization and exposure to Aspergillus extracts induced a

comparable degree of airway inflammation and methacho-

line responsiveness to WT animals (27). Notably, the

baseline degree of airway responsiveness is higher in IgE

knockout mice than in their WT littermates. We made

similar observations in IL-4 knockout mice (22). Finally,

with B-cell-deficient mice, it was shown that the absence of

any immunoglobulin production does not prevent develop-

ment of allergic airway inflammation (28, 29). However, in

these studies, in vivo airway responsiveness was not

measured. These observations generally indicate that the

IgE/mast-cell axis does not play a major role in the induction

of allergen-induced airway inflammation and BHR. These

experiments do not allow us to exclude a possible

modulatory role of IgE by enhancing T±B-cell interaction

(30, 31).

At the same time, this illustrates the central role of T cells

in these models. Further studies with different approaches,

including pretreatment with anti-CD4 antibodies and

passive transfer of cells, confirmed the functional impor-

tance of CD4 cells and, more specifically, Th2 cells (32±36).

Rankin et al. showed that lung-specific expression of IL-4 in

transgenic mice causes epithelial hypertrophy and some

degree of peribronchial inflammatory changes. However,

this was not accompanied by increased airway responsive-

ness, suggesting that IL-4 in itself is insufficient to induce all

the changes characteristic of asthma, and that other

Th2-derived cytokines are also involved (37). An obvious

candidate in this respect is IL-5, which, by causing

eosinophil influx into the airway mucosa, would lead to

airway hyperresponsiveness (38). Indeed, Foster et al. have

shown that OA sensitization and exposure in IL-5 knockout

mice of the C57Bl/6 strain do not cause BHR as opposed to

WT mice, and that the eosinophil influx can be restored by

reconstituting IL-5 production (39). In a subsequent study,

they showed that passive transfer of IL-5-secreting CD4+

T cells from OA-sensitized WT animals to unsensitized IL-5

mice led to airway eosinophilia and increase in airway

responsiveness when these animals were exposed to aero-

solized OA (34). They also claimed that IL-4 is not essential

in C57Bl/6 mice for the induction of IL-5-producing cells, as

OA exposure induced a similar increase in airway respon-

siveness in WT and IL-4 knockout mice with similar

eosinophil infiltration around the bronchi. The OA-induced

airway changes were inhibited by pretreatment with anti-

CD4 or anti-IL-5 (40).

These data seem somewhat divergent from our own data.

At least in part, this could be attributed to differences in the

methodology used, again illustrating the difficulty in

directly comparing results from different groups. In contrast

to our model, Foster et al. used boosters with alum. It has

been shown that IL-4-deficient mice treated with alum,

although not producing IgE, continue to produce IL-5 (41), a

fact which could explain the apparent discrepancies

observed between both models. In addition, experiments

using other antigen sources (parasites) or other mouse

strains (mainly Balb/c mice) illustrate that, although IL-5

seems to be crucial to induce eosinophil infiltration into the

airways, modulation of airway responsiveness can occur

independently of IL-5 and airway eosinophilia (36, 42±44).

IL-4 and IL-5 are not the only cytokines produced by Th2

cells that can influence airway responsiveness. In a very

elegant study, Cohn et al. recently reported in an OA T-cell

receptor transgene model that passive transfer of Th2 cells

from IL-4 knockout mice can induce airway hyperrespon-

siveness and pulmonary eosinophil infiltration upon OA

exposure in the recipient mice. The passively transferred

T cells produced high levels of not only IL-5, but also other

TH2 cytokines, including IL-13 (35). It has recently been

shown that IL-13 contributes substantially to allergen-

induced airway changes, independently of IL-4, through

interaction with the a subunit of the IL-4 receptor (45, 46).

IL-9 is yet another cytokine that could mediate Th2-induced

effects on airway responsiveness (47). Lung selective

expression of IL-9 in transgenic animals has been shown

to induce airway hyperresponsiveness, in addition to

morphologic changes similar to those in asthma (48). The

overall message that emerges from these various lines of

experiments is that T cells can alter airway responsiveness

in their own right, most probably through production of a

cytokine cocktail, the composition of which can vary under

different experimental conditions.

Investigation of the mechanisms underlying
cell trafficking

The selective recruitment of inflammatory cells from the

bloodstream into airway tissue is a complex phenomenon

that involves the contribution of a variety of molecules

including chemokines and adhesion molecules. The exact

functional importance of each of the ever-increasing number

of the different chemokine families and their receptors is
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largely unknown (49). To date, the b-chemokine family has

mainly been evaluated in models of allergic airway

inflammation, as this family is known to have chemotactic

activity toward eosinophils. The results available so far

point toward a sequential role of several chemokines in the

allergen-induced recruitment of eosinophils into the tissue

(50±52). However, this area clearly needs further study.

Similarly, the contribution of the various adhesion mole-

cules to cell recruitment and altered airway behavior also

remains to be elucidated. Current evidence suggests that

despite a compensatory upregulation of VCAM-1, allergen-

induced eosinophil recruitment and development of airway

hyperresponsiveness are largely reduced in ICAM-1-defi-

cient mice (53, 54). However, this effect could be at least

partly attributed to deficient T-cell development, as ICAM-1

is one of the cofactors involved in T-cell activation.

Investigation of the functional role of
immunomodulatory cytokines

The development of Th2 cells as opposed to Th1 cells during

the primary immune response is also known to be

influenced by, among other factors (55), the surrounding

cytokine milieu. Whereas IL-4 stimulates Th2 cell devel-

opment, IL-12 and, to a lesser extent, IFN-c favor develop-

ment of Th1 cells (56). Initial studies have shown that

exogenous administration of IL-12 during the primary

antigen presentation suppresses allergen-induced Th2-cell

development (57, 58), thus inhibiting IgE production, airway

eosinophilia, and increased responsiveness. Concordantly,

airway inflammation has been shown to be enhanced in IL-

12 receptor (p40)-deficient mice (59). Interestingly, IL-12 also

retains the capacity to inhibit allergen-induced eosinophilia

and airway hyperresponsiveness, even when administered

only during secondary antigen exposure (57, 60). It has been

hypothesized that this effect could be mediated through the

secondary release of immunomodulatory cytokines such as

IL-10 and IFN-c. Data obtained with exogenously adminis-

tered IL-10 and experiments in our model using IL-10

knockouts illustrate that IL-10 inhibits allergen-induced

eosinophil infiltration and BHR (61, 62). Similarly, admin-

istration of exogenous IFN-c prevents the development of

airway eosinophilia and hyperresponsiveness after allergen

exposure (63, 64). Others have shown that IFN-c receptor

knockout mice develop prolonged airway eosinophilia in

response to allergen (65). However, we have shown that IL-

12 retains its immunomodulatory effect when given during

secondary antigen exposure in IFN-c receptor-deficient

mice, indicating that these effects are not due to the

endogenous release of IFN-c (66). Whether IL-12 mediates

these effects through the secondary release of IL-10 remains

to be further evaluated.

Conclusion

From the currently available gene knockout models of

asthma, it emerges that T cells themselves are the main

determining factor establishing the degree of airway

responsiveness, and that altering the Th1/Th2 cell balance,

irrespective of exogenous factors, does have an effect on

airway behavior (Fig. 1). This concept is further illustrated

by the studies of de Sanctis et al. showing that the transfer of

T cells from mice with a different genetically determined

baseline airway responsiveness can alter methacholine

responsiveness in recipient strains, without causing notable

inflammatory airway changes (67). It would appear that

neither the influx of eosinophils nor the production of IgE

causes BHR. It remains to be fully established to what extent

these two factors might modulate the T-cell-determined

degree of airway responsiveness in these models.

Figure 1. Central role of Th2 cells in pathophysiology of airway

hyperresponsiveness.

Kips and Pauwels . Knockouts and airway hyperresponsiveness

906 | Allergy 54, / 903±908



References

1. Boushey HA, Holtzman MJ, Shelley JR, Nadel

JA. Bronchial hyperreactivity. Am Rev Respir

Dis 1980;121:389±413.

2. Woolcock AJ, Salome CM, Yan K. The shape

of the dose response curve to histamine in

asthmatic and normal subjects. Am Rev

Respir Dis 1984;130:71±75.

3. Sterk PJ, Bel EH. The shape of the dose

response curve to inhaled bronchoconstrictor

agents in asthma and COPD. Am Rev Respir

Dis 1991;143:1433±1437.

4. Moreno RH, Hogg JC, PareÂ MD. Mechanics of

airway narrowing. Am Rev Respir Dis

1986;133:1171±1180.

5. James AL, PareÂ PD, Hogg JC. The mechanics

of airway narrowing in asthma. Am Rev

Respir Dis 1989;139:242±246.

6. Lambert RK, Wiggs BR, Kuwano K, Hogg JC,

PareÂ PD. Functional significance of increased

airway smooth muscle in asthma and COPD.

J Appl Physiol 1993;74:2771±2781.

7. Macklem PT. A theoretical analysis of the

effect of airway smooth muscle load on

airway narrowing. Am J Respir Crit Care Med

1996;153:83±89.

8. Drazen JM, Finn PW, De Sanctis GT. Mouse

models of airway responsiveness:

physiological basis of observed outcomes and

analysis of selected examples using three

outcome indicators. Annu Rev Physiol

1999;61:593±625.

9. Amdur MO, Mead J. Mechanics of respiration

in unanaesthetized guinea-pigs. Am J Physiol

1958;192:364±368.

10. Konzett H, RoÈ ssler R. Versuchsanordung zur

Untersuchungen an der

Bronchialmuskulatur. Arch Exp Pathol

Pharmakol 1940;195:71±74.

11. Levitt RC, Mitzner W. Expression of airway

hyperreactivity to acetylcholine as a simple

autosomal recessive trait in mice. FASEB J

1988;2:2605±2608.

12. Hamelmann E, Schwarze J, Takeda K, et al.

Noninvasive measurement of airway

responsiveness in allergic mice using

barometric plethysmography. Am J Respir

Crit Care Med 1997;156:766±775.

13. Drazen JM, Arm JP, Austen KF. Sorting out

the cytokines of asthma. J Exp Med

1996;183:1±5.

14. Herz U, Braun A, RuÈ ckert R, Renz H. Various

immunological phenotypes are associated

with increased airway responsiveness. Clin

Exp Allergy 1998;28:625±634.

15. Fan T, Yang M, Halayko A, Mohapatra SS,

Stephens NL. Airway responsiveness in two

inbred strains of mouse disparate in IgE and

IL-4 production. Am J Respir Cell Mol Biol

1997;17:156±163.

16. Zhang Y, Lamm WJE, Albert RK, Chi EY,

Henderson WR, Lewis DB. Influence of the

route of allergen administration and genetic

background on the murine allergic

pulmonary response. Am J Respir Crit Care

Med 1997;155:661±669.

17. Furth PA, Onge SL, BoÈger H, et al. Temporal

control of gene expression in transgenic mice

by a tetracycline-responsive promotor.

Biochemistry 1994;91:9302±9306.

18. Gossen M, Freundlieb S, Bender G, MuÈ ller G,

Hillen W, Bujard H. Transcriptional

activation by tetracyclines in mammalian

cells. Science 1995;268:1766±1769.

19. Salomon B, LoreÁs P, Pioche C, Racz P, Jami J,

Klatzmann D. Conditional ablation of

dendritic cells in transgenic mice. J Immunol

1995;152:537±546.

20. Holgate ST. The cellular and mediator basis

of asthma in relation to natural history.

Lancet 1997;350:5±9.

21. Brusselle GG, Kips JC, Tavernier JH, et al.

Attenuation of allergic airway inflammation

in IL-4 deficient mice. Clin Exp Allergy

1994;24:73±80.

22. Brusselle GG, Kips JC, Joos GF, Bluethman H,

Pauwels RA. Allergen-induced airway

inflammation and bronchial responsiveness

in wild-type and interleukin-4 deficient mice.

Am J Respir Cell Mol Biol 1995;12:254±259.

23. Akimoto T, Numata F, Tamura M, et al.

Abrogation of bronchial eosinophilic

inflammation and airway hyperreactivity in

signal transducers and activators of

transcription (STAT)6-deficient mice. J Exp

Med 1998;187:1537±1542.

24. Kuperman F, Schofield B, Wills-Karp M,

Grusby MJ. Signal transducer and activator of

transcription factor 6 (Stat 6)-deficient mice

are protected from antigen-induced airway

hyperresponsiveness and mucus production.

J Exp Med 1998;187:939±948.

25. Coyle AJ, Le Gros G, Bertrand C, et al.

Interleukin-4 is required for the induction of

lung TH2 mucosal immunity. Am J Respir

Cell Mol Biol 1995;13:54±59.

26. Takeda A, Hamelmann E, Joetham A, et al.

Development of eosinophilic airway

inflammation and airway

hyperresponsiveness in mast cell-deficient

mice. J Exp Med 1997;186:449±454.

27. Mehlhop PD, van den Rijn M, Goldberg AB,

et al. Allergen-induced bronchial

hyperreactivity and eosinophilic

inflammation occur in the absence of IgE in a

mouse model of asthma. Proc Natl Acad Sci

U S A 1997;94:1344±1349.

28. Korsgren M, ErjefaÈlt JS, Korsgren O, Sundler

F, Persson CGA. Allergic eosinophil-rich

inflammation develops in lungs and airways

of B cell-deficient mice. J Exp Med

1997;185:885±892.

29. Hamelmann E, Vella AT, Oshiba A, Kappler

JW, Marrack P, Gelfand EW. Allergic airway

sensitization induces T-cell activation but

not airway hyperresponsiveness in B cell-

deficient mice. Proc Natl Acad Sci U S A

1997;94:1350±1355.

30. Hamelmann E, Oshiba A, Schwarze J, et al.

Allergen-specific IgE and IL-5 are essential for

the development of airway

hyperresponsiveness. Am J Respir Cell Mol

Biol 1997;16:674±682.

31. Coyle AJ, Wagner K, Bertrand C, Tsuyuki S,

Bews J, Heusser C. Central role of

immunoglobulin (Ig) E in the induction of

lung eosinophil infiltration and T helper 2

cell cytokine production: inhibition by a non-

anaphylactogenic anti-IgE antibody. J Exp

Med 1996;183:1303±1310.

32. Gavett SH, Chen X, Finkelman F, Wills-Karp

M. Depletion of murine CD4+ T lymphocytes

prevents antigen-induced airway

hyperreactivity and pulmonary eosinophilia.

Am J Respir Cell Mol Biol 1994;10:587±593.

33. Li X-M, Schofield BH, Wang Q-F, Kim K-H,

Huang S-K. Induction of pulmonary allergic

responses by antigen-specific Th2 cells.

J Immunol 1998;160:1378±1384.

34. Hogan SP, Koskinen A, Matthaei KI, Young

IF, Foster PS. Interleukin-5-producing CD4+

T cells play a pivotal role in aeroallergen-

induced eosinophilia, bronchial

hyperreactivity, and lung damage in mice.

Am J Respir Crit Care Med 1998;157:210±

218.

35. Cohn L, Tepper JS, Bottomly K. IL-

4-independent induction of airway

hyperresponsiveness by Th2, but not Th1,

cells. J Immunol 1998;161:3813±3816.

36. Hogan P, Matthaei KI, Young M, Koskinen A,

Young IG, Foster PS. A novel T cell-regulated

mechanism modulating allergen-induced

airways hyperreactivity in BALB/c mice

independently of IL-4 and IL-5. J Immunol

1998;161:1501±1509.

37. Rankin JA, Picarella DE, Geba GP, et al.

Phenotypic and physiologic characterization

of transgenic mice expressing interleukin 4 in

the lung: lymphocytic and eosinophilic

inflammation without airway

hyperreactivity. Proc Natl Acad Sci U S A

1996;93:7821±7825.

Kips and Pauwels . Knockouts and airway hyperresponsiveness

Allergy 54, / 903±908 | 907



38. Tavernier J, Plaetinck G, Guisez Y, et al. The

role of interleukin-5 in the production and

function of eosinophils. In: Whetton AD,

Gordon J, editors. Cell biochemistry. Vol. 7.

Hematopoietic cell growth factors and their

receptors. New York: Plenum Press,

1996:321±361.

39. Foster PS, Hogan SP, Ramsay AJ, Matthaei KI,

Young IG. Interleukin 5 deficiency abolishes

eosinophilia, airways hyperreactivity and

lung damage in a mouse asthma model. J Exp

Med 1996;183:195±201.

40. Hogan SP, Mould A, Kikutani H, Ramsay AJ,

Foster PS. Aeroallergen-induced eosinophilic

inflammation, lung damage, and airways

hyperreactivity in mice can occur

independently of IL-4 and allergen-specific

immunoglobulins. J Clin Invest

1997;99:1329±1339.

41. Brewer JM, Conacher M, Satoskar A,

Bluethmann H, Alexander J. In interleukin-

4-deficient mice, alum not only generates T

helper 1 responses equivalent to Freund's

complete adjuvant, but continues to induce T

helper 2 cytokine production. Eur J Immunol

1996;26:2062±2066.

42. Corry DB, Folkesson HG, Warnock ML, et al.

Interleukin 4, but not interleukin 5 or

eosinophils, is required in a murine model of

acute airway hyperreactivity. J Exp Med

1996;183:109±117.

43. Lefort J, Bachelet C-M, Leduc D, Vargaftig BB.

Effect of antigen provocation of IL-5

transgenic mice on eosinophil mobilization

and bronchial hyperresponsiveness. J Allergy

Clin Immunol 1996;97:788±799.

44. Coyle AJ, KoÈhler G, Tsuyuki S, Brombacher

F, Kopf M. Eosinophils are not required to

induce airway hyperresponsiveness after

nematode infection. Eur J Immunol

1998;28:2640±2647.

45. GruÈ nig G, Warnock M, Wakil AE, et al.

Requirement for IL-13 independently of IL-4

in experimental asthma. Science

1998;282:2261±2263.

46. Wills-Karp M, Luyimbazi J, Xu X, et al.

Interleukin-13: central mediator of allergic

asthma. Science 1998;282:2258±2261.

47. Nicolaides NC, Holroyd KJ, Ewart SL, et al.

Interleukin 9: a candidate gene for asthma.

Proc Natl Acad Sci U S A 1997;94:13175±

13180.

48. Temann U-A, Geba GP, Rankin JA, Flavell

RA. Expression of interleukin 9 in the lungs

of transgenic mice causes airway

inflammation, mast cell hyperplasia, and

bronchial hyperresponsiveness. J Exp Med

1998;188:1307±1320.

49. Baggiolini M. Chemokines and leukocyte

traffic. Nature 1998;392:565±568.

50. Rothenberg ME, MacLean JA, Pearlman E,

Luster AD, Leder P. Targeted disruption of

the chemokine eotaxin partially reduces

antigen-induced tissue eosinophilia. J Exp

Med 1997;185:785±790.

51. Gonzalo J-A, Lloyd CM, Wen D, et al. The

coordinated action of CC chemokines in the

lung orchestrates allergic inflammation and

airway hyperresponsiveness. J Exp Med

1998;188:157±167.

52. Campbell EM, Kunkel SL, Strieter RM,

Lukacs NW. Temporal role of chemokines in

a murine model of cockroach allergen-

induced airway hyperreactivity and

eosinophilia. J Immunol 1998;161:7047±

7053.

53. Broide DH, Sullivan S, Gifford T, Sriramarao

P. Inhibition of pulmonary eosinophilia in P-

selectin- and ICAM-1-deficient mice. Am

J Respir Cell Mol Biol 1998;18:218±225.

54. Wolyniec WW, de Sanctis GT, Nabozny G, et

al. Reduction of antigen-induced airway

hyperreactivity and eosinophilia in ICAM-

1-deficient mice. Am J Respir Cell Mol Biol

1998;18:777±785.

55. Bottomly K. T cells and dendritic cells get

intimate. Science 1999;283:1124±1125.

56. Manetti R, Parronchi P, Giudizi MG, et al.

Natural killer cell of stimulatory factor

(interleukin 12 [IL-12]) induces T helper type

1 (Th1)-specific immune responses and

inhibits the development of IL-4-producing

Th cells. J Exp Med 1993;177:1199±1204.

57. Kips JC, Brusselle GG, Peleman RA, et al.

Interleukin-12 inhibits allergen-induced

airway inflammation and

hyperresponsiveness in mice. Am J Respir

Crit Care Med 1996;153:535±539.

58. Gavett SH, O'Hearn DJ, Li X, Huang S-K,

Finkelman FD, Wills-Karp M. Interleukin-12

inhibits antigen-induced airway

hyperresponsiveness, inflammation, and Th2

cytokine expression in mice. J Exp Med

1995;182:1527±1536.

59. Gately MK, Renzetti LM, Magram J, et al.

The interleukin-12/interleukin-12 receptor

system: role in normal and pathologic

immune responses. Annu Rev Immunol

1998;16:495±521.

60. Hogan SP, Foster PS, Tan X, Ramsay AJ.

Mucosal IL-12 gene delivery inhibits allergic

airways disease and restores local antiviral

immunity. Eur J Immunol 1998;28:413±423.

61. Tournoy KG, Kips JC, Pauwels RA. Absence

of interleukin-10 aggravates allergic airway

inflammation in mice. Am J Respir Crit Care

Med 1998;157:A701.

62. Zuany-Amorim C, HaileÂ S, Leduc D, et al.

Interleukin-10 inhibits antigen-induced

cellular recruitment into the airways of

sensitized mice. J Clin Invest 1995;95:2644±

2651.

63. Lack G, Renz H, Saloga J, et al. Nebulized but

not parenteral IFN-gamma decreases IgE

production and normalizes airways function

in a murine model of allergen sensitization.

J Immunol 1994;152:2546±2554.

64. Iwamoto I, Nakajima K, Endo H, Yoshida S.

Interferon gamma regulates antigen-induced

eosinophil recruitment into the mouse

airways by inhibiting the infiltration of CD4+

T cells. J Exp Med 1993;177:573±576.

65. Coyle AJ, Tsuyuki S, Bertrand C, et al. Mice

lacking the IFN-gamma receptor have an

impaired ability to resolve a lung eosinophilic

inflammatory response associated with a

prolonged capacity of T cells to exhibit a Th2

cytokine profile. J Immunol 1996;156:2680±

2685.

66. Brusselle GG, Kips JC, Peleman RA, et al.

Role of IFN-c in the inhibition of the allergic

airway inflammation caused by IL-12. Am

J Respir Cell Mol Biol 1997;17:767±771.

67. de Sanctis GT, Itoh A, Green FHY, et al. T-

lymphocytes regulate genetically determined

airway hyperresponsiveness in mice. Nat

Med 1997;3:460±462.

Kips and Pauwels . Knockouts and airway hyperresponsiveness

908 | Allergy 54, / 903±908


