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Interleukin-4 and Interleukin-5 as Targets for the Inhibition
of Eosinophilic Inflammation and Allergic Airways
Hyperreactivity

Paul S Foster™, Simon P Hogan, Klaus | Matthaei, lan G Young

The Division of Biochemistry and Molecular Biology, The John Curtin School of Medical Research, Australian
National University, P.O.Box 334, Canberra, ACT 0200, Australia

Clinical and experimental investigations suggest that allergen-specifi¢: Geklls, IgE and the
cytokines IL-4 and IL-5 play central roles in initiating and sustaining an asthmatic response by regulat-
ing the recruitment and/or activation of airways mast cells and eosinophils.

IL-5 plays a unique role in eosinophil development and activation and has been strongly implicated
in the aetiology of asthma. The present paper summarizes our recent investigations on the role of these
cytokines using cytokine knockout mice and a mouse aeroallergen model. Investigatiorns imide-5
indicate that this cytokine is critical for regulating aeroallergen-induced eosinophilia, the onset of lung
damage and airways hyperreactivity during allergic airways inflammation. While IL-4 and allergen-
specific IgE play important roles in the regulation of allergic disease, recent investigationsin IL-4
mice suggest that allergic airways inflammation can occur via pathways which operate independently
of these molecules. Activation of these IL-4 independent pathways are also intimately associated with
CD4* T-cells, IL-5 signal transduction and eosinophilic inflammation. Such IL-5 regulated pathways
may also play a substantive role in the aetiology of asthma. Thus, evidence is now emerging that allergic
airways disease is regulated by humoral and cell mediated processes. The central role of IL-5 in both
components of allergic disease highlights the requirements for highly specific therapeutic agents which
inhibit the production or action of this cytokine.
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Characterization of respiratory secretions andgents from antigen-stimulated T-lymphocytes (T
biopsy samples from asthmatics suggests that inells) (Azzawi et al. 1990, Bradley et al. 1991,
flammatory cells play a central role in the clinicalOhashi et al. 1992, Walker et al. 1992a,b). While
expression and pathogenesis of the disease (Glemttivated leukocytes and the mediators they release
& Adolphson 1986, Djukanovic et al. 1990, contribute to a complex inflammatory cascade, the
Bochner et al. 1994). Clinical investigations showprecise role that individual inflammatory cells and
a correlation between the presence of activated imediators play in the events which initiate the
flammatory cells, morphological changes to airmorphological and functional changes of the asth-
ways tissue and the development of airways hymatic lung are unknown.
perreactivity(De Monchy et al. 1985, Fukuda et  Recently, there has been increasing interest in
al. 1985, Gleich et al. 1988, Wardlaw et al. 198&he involvement of CD#T-cells and eosinophils
Beasley et al. 1989, Frick et al. 1989, Motojima eand the molecules which regulate the effector func-
al. 1989, Bousquet et al. 1990, Broide et al.1991ion of these cells, in the pathophysiology of
Walker et al. 1991a,b, Ohashi et al. 1992). The cedsthma. There is accumulating evidence from clini-
lular composition of the inflammatory infiltrate in cal investigations and animal models of allergic
the airways is complex, consisting of increasedirways inflammation that CO4Th, type lympho-
numbers of activated eosinophils, mast cells, monaytes and eosinophils play a critical role in both
cytes and neutrophils and the recruitment and/dhe induction and pathogenesis of asthma (Brad-
activation of these cells appears to be controlldey et al.1991, Walker et al. 1992a,b, Foster et al.
by the secretion of cytokines and chemotacti@996). A number of investigations have shown a
correlation between the accumulation of activated
CD4" T-cells and eosinophils, their inflammatory
: ) products in the lung and disease severity (De
;‘;ﬁ[rﬁﬁgfe%”fnﬁ“émrgﬁax' +61-2-6249.0415. E-maljyqnchy et al. 1985, Fukuda et al. 1985, Gleich et

' L al. 1988, Wardlaw et al. 1988, Beasley et al. 1989,
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al. 1990, Broide et al. 1991, Walker et al. 1991a,liyveen increased eosinophil numbers and the de-
Bentley et al. 1992, Ohashi et al. 1992). velopment of airways hyperreactivity has not been
While the chain of events leading to asthmabserved (Djukanovic et al. 1990, Elwood et al.
involves a complex cascade of interacting cells ant®92, Eum et al. 1995, Corry et al. 1996). Further-
inflammatory mediators, it is becoming appareninore, the comparative importance of IL-4 and IL-
that the cytokines interleukin (IL)-4 (IL-4) and IL- 5 to the induction of aeroallergen-induced airways
5 secreted from allergen-specific CD#h, type  hyperreactivity is controversial (Gulbenkian et al.
cells play central roles in initiating and sustainindl992, lwama et al. 1993, Mauser et al. 1993, Nagai
an asthmatic response by regulating the recruitmesatal. 1993, Van Oosterhout, et al. 1993, Yamaguchi
and/or activation of airways mast cells and eoset al.1994, Foster et al. 1996, Corry et al. 1996).
nophils (Wierenga et al. 1990, Walker et al. Recently, mouse models which mimic certain
1991a,b, Robinson et al. 1992). Increased levehenotypic characteristics of late-phase asthmatic
of IL-4 and IL-5 are found in the respiratory se+esponses have been used to investigate the patho-
cretions from atopic asthmatics (Walker et alphysiology of allergic airways disease. Late-phase
1991a,b). Furthermore, an increase in the numbegactions are considered to reflect more closely the
of BALF cells from atopic asthmatics that expresslinical expression of asthma and, therefore, serve
elevated levels of mMRNA for IL-4 and IL-5 corre-as an important model for experimental investiga-
lates with the level of bronchial responsiveness ttions. Ovalbumin sensitisation by systemic injec-
spasmogenic stimuli (Robinson et al.1993a,b). tion followed by aeroallergen challenge induces
IL-4 is a critical factor for the regulation of T- pronounced allergic airways disease which is de-
cell commitment to the CD4Th, phenotype and pendent on CD#Th, type cells. Aeroallergen-in-
plays an essential role in IgE isotype switching imluced allergic disease is characterised by asthma-
B cells (Snapper & Paul 1987, Finkelman et alike pathological changes to the airways, enhanced
1988, Berstedt-Lindgvist et al. 1988, Swain et abronchial reactivity to spasmogenic stimuli, air-
1990, Kopf et al. 1993, Dubucquoi et al. 1994)ways eosinophilia and the production of OVA-spe-
By contrast, IL-5 regulates the growth, differen<ific IgE and IgG. Furthermore, the Tteytokines
tiation and activation of eosinophils (Campbell etL-4 and IL-5 have been identified as the central
al. 1987, Lopez et al. 1988, Yamaguchi et al. 1988hediators in the development of the pathophysi-
and provides an essential signal for the recruitmentogical features of the allergic response.
of this leukocyte to the lung during allergic inflam-  Recently, we have used a mouse model of al-
mation (Coffman et al. 1989, Foster et al.1996)ergic airways inflammation and IL-4 deficient (IL-
These cytokines may also regulate eosinophil tra#’") mice and IL-8- mice to define the roles of
ficking by activating adhesion-systems at the vaghese cytokines in the development of aeroallergen-
cular endothelium (Walsh et al. 1990; Schleimeinduced lung damage and airways hyperreactivity.
etal. 1992). IgE and allergen-specific immunogloin mice made deficient in IL-5 production by the
bulins produced after isotype switching may playargeted disruption of the IL-5 gene in embryonic
key roles in mast cell activation and potentiallystem cells, no obligatory role for this cytokine was
eosinophil degranulation (Looney et al. 1986demonstrated in the regulation of conventional B
Gounni et al.1994, Dubucquoi et al.1994, Kanekaells, in normal T cell dependent antibody re-
et al. 1995). Recently, IgE dependent mechanisngponses or in cytotoxic T cell development (Kopf
have also been suggested to play an important ra@eal. 1996, see also Matthaei et al. this issue). IL-
in Th, cell cytokine production and in the devel-57" mice are specifically affected in IL-5 produc-
opment of airways eosinophilia and eosinophil agion with no evidence of secondary effects on other
sociated airways dysfunction (Eum et al. 1996¢ytokines. IL-4~ mice do not produce IgE and have
Coyle et al. 1996). impaired CD4 Th, cell responses (Kopf et al.
The key roles of IL-4 and IL-5 in the develop-1993).
ment and maintenance of allergic disease has idetys, £ ¢ | 5 1N ALLERGIC AIRWAYS DISEASE
tified these molecules as important targets for phar- o ) ) )
macological modification of the inflammatory re- ~ Characterization of allergic responses in the air-
sponse associated with asthma (Anderson & Coy¥eays of IL-5"" mice indicated an essential role for
1994). Furthermore, both cytokines have beeffiis cytokine in the development of allergic air-
implicated in the development of airways hyperways disease (Foster et #096). In IL-5"" mice,
reactivity to spasmogens after antigen inhalatiof1e airways hyperreactivity, eosinophilia and gross
(Mauser et al. 1993, Iwama et al. 1993, Eum et athanges in airway structure normally resulting from
1995, Corry et al. 1996, Foster et al. 1996). Howaeroallergen challenge was abolished. In contrast
ever, in a number of investigations with asthmatwith eosinophils, neutrophil and lymphocyte num-
ics and animal models of asthma, a correlation b&ers in the BALF of IL-8" mice were still signifi-
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cantly elevated following aeroallergen challengeshown to reconstitute aeroallergen-induced lung
However, accumulation of lymphocytes was lesdamage and airways hyperreactivity (Hogan et al.
marked in IL-5" mice than in control animals, unpublished observation) These adoptive transfer
which may reflect the diminished inflammatoryexperiments demonstrated that changes in lung
response to aeroallergen exposure and the rolerekistance and airways eosinophilia are directly
IL-5 in enhancing T-cell adhesion to vascular enassociated with the presence of antigen activated
dothelial cells (Walsh et al. 1990). OVA-specificCD4* T cells in the airways and that allergic re-
IgE was detected at similar levels in the sera frormponses can be cell-mediated and occur in the ab-
wild type and IL-5" mice after aeroallergen expo- sence of humoral immunity.
sure, indicating that IgE and epsmopNha are ind 2OLE OF IL-4 IN ALLERGIC AIRWAYS DISEASE
pendently regulated, as previously shown in pul- i
monary parasitic infestation (Coffman etal. 1989). Recently, the role of IL-4 in the onset of aller-
The central role of IL-5 in aeroallergen-induceddic airways inflammation was investigated in IL-
eosinophilic recruitment into the airways was cond”” mice (Brusselle et al. 1994). The lungs of
firmed by reconstituting IL-5 production in the sensitised wild type mice exposed to aerosolised
lungs of IL-5" mice using recombinant vacciniaantigen (OVA) showed highly localized pockets
viruses (rVV), engineered to express this cytokinef airways inflammation, which were primarily
(r'VV-HA-IL-5). In the lungs of IL-5" mice ex- Ccharacterized by eosinophilic infiltration. In com-
posed to rVV-HA-IL-5 and OVA, severe pulmo- parison to lung eosinophil numbers, neutrophil and
nary eosinophilic inflammation, characteristic lundymphocyte levels were only slightly elevated, and
pathology and airways hyperreactivity were commacrophage numbers did not increase, following
pletely restored. Airways disease was also estaBeroallergen challenge. In this model of allergic
lished by adoptively transferring CH4h, type inflammation, geroallergen-challlenge d_ld not in-
cells from sensitised and aeroallergen-challengeéliice pathological changes to airways tissues and
wild type mice to IL-5- mice which were naive, changes in airways reactivity to spasmogens was
but aerosolised with OVA. These investigation$i0t established. Notably eosinophil accumulation,
established that IL-5 and CDZh, type cells play but not neutrophil or lymphocyte infiltration, was
a pivotal role in generating blood and airways eosﬁ'?”'f_lcaﬂﬂy reduced in aeroallergen challenged IL-
nophilia and in the subsequent development of aift’” mice in comparison to wild type mice (Brusselle
ways hyperreactivity and lung damage, that occuf al. 1994). _ _ o
in response to aeroallergens. These investigations In a similar series of experiments in this labo-
also implicated eosinophils as the primary pro-intatory using a slightly different protocol for the
flammatory cell involved in the induction of induction of allergic airways inflammation (Hogan
changes in pulmonary structure and function. ~ €tal. 1997a) and IL-4 mice, we have also shown
Notably, the lungs of IL-5 mice given VV- that the recruitment of eosinophils to the lung, but
HA-IL-5 in the absence of OVA sensitisation and"ot to the blood, was impaired (but not abolished)
aerosolisation, showed little evidence of eosind IL-47" mice derived from the same lineage
phil recruitment (2-fold increase over basal lev{Hogan et al. 1997a). However, the characteristic
els) and accumulation was not accompanied dyng damage and airways hyperreactivitypto
dense cellular infiltration or in changes in lungMethacholine, induced by aeroallergen challenge,
morphology or function. It was verified that IL-5 Was not attenuated. These investigations indicate
was expressed in the lungs of mice at concentriat airways eosinophilia, extensive lung damage
tions which induced physiological responses. Theg#d airways hyperreactivity can occur in the ab-
results, therefore, suggest that IL-5 alone is ngence of IL-4, antigen-specific production of IgE
directly responsible for enhanced bronchial respor@nd in the presence of impaired CD#h, cell re-
siveness to spasmogens (Van Oosterhout et &Ponses. The characteristic lung damage and air-
1993). Furthermore, these results indicate that Ilways hyperreactivity induced by aeroallergen chal-
5 is a poor chemotactic agent for eosinophils itftnge, was only inhibited in IL=4 mice after pre-
the lung and that other factors derived from th&eatment with anti-IL-5 mAb or anti-CD4nAb
site of antigen presentation are involved in th@nd the subsequent abolition of blood and airways
amplification of the signal for eosinophil migra- €osinophilia. Furthermore, when ag:tlvated through
tion, and are essential for widespread eosinophilife CD3-TCR complex CO4T cells isolated from
inflammation and degranulation and the onset dgiensitised aeroallergen challenged itntice pro-
respiratory disease. duced significant amounts of IL-5. These results
Recently, adoptive transfer of OVA-primedconfirm observations in IL-5 mice implicating
CD4* Th,, cells from sensitised wild type mice, tothis cytokine and eosinophilic inflammation as
sensitised and non sensitised I-%nice, was central mediators in the pathogenesis of allergic
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lung disease. Furthermore, our results suggest theatplain these discordant observations (Drazen et
IL-4 is not required for the development of allal. 1996). According to this hypothesis, C57BL/6
CD4" T-cells which regulate eosinophilia and themice are genetically deficient in mast cell derived
induction of pathological changes in pulmonarynflammatory mediators, which may predispose
tissue and airways hyperreactivity during allergithis strain to resistance of mast cell-mediated air-
disease. Eosinophilic inflammation has also beemways hyperreactivity. In contrast to C57BL/6 mice,
observed in models of parasite infestation anBALB/c mice produce high levels of IL-4 and IgE
malaria when IL-4 was absent during the initiatiorin response to sensitisation. Thus, airways hyper-
of the immune response (Coffman et al .1989, Voreactivity was proposed to be predominantly regu-
der Weid et al. 1994). Thus, evidence is accumuated by IgE-mediated activation of mast cells in
lating that CD2 T-cell subsets exist which do not BALB/c mice and solely regulated by an IL-5-e0si-
require IL-4 for dedication into a phenotype thatophil dependent mechanism in C57BL/6 mice.
produces IL-5 and regulates eosinophilia. The patfi-he relative contribution of these two mechanisms
way that activates aeroallergen-induced pulmonaty the induction of allergic airways dysfunction in
eosinophilic inflammation in an IL-4 independentvarious strains of mice was suggested to account
manner may function to supplement responses ligr the differences observed in these studies
classical CD4 TH,-type cells. (Drazen et al. 1996). However, investigations on

There is increasing interest in the expressiothe role of IL-4 in allergic airways dysfunction not
of IL-4 and IL-5 by T cells in various diseases ananly differ in the strain of mice used but also in the
the lineages of these cells (Swain 1994, Sewell €ute of sensitisation [i.p. (Foster et al. 1996) vs
Mu 1996). Interestingly, intrinsic asthmatics showsubcutaneous (Corry et al. 1996)] and in
no correlation between disease and IgE produeeroallergen challenge protocols. Thus, in murine
tion. Furthermore, respiratory secretions from thesaodels of allergic inflammation, the mode of
individuals are characterized by increased levelensitisation and the severity of aeroallergen chal-
of IL-5 (but not IL-4) and activated CDi4T-cells lenge may regulate the degree of the airways in-
(Walker et al. 1992a,b, Bochner et al. 1994). Chaflammation and the requirement for various fac-
acterization of the phenotype of CD®-cells pro- tors during antigen processing for the subsequent
ducing IL-5 in IL-4" mice and the factors involved onset of disease in response to recall antigens. In
in their selection and activation may provide im-any event, aeroallergen-induced airways disease
portant insights into the aetiology of intrinsiccan occur independently of IL-4.

asthma. It will be of particular interest to detery,,penceE FOR MULTIPLE PATHWAYS FOR THE

mine if these CDAT cells can also produce IL-4 e y| ATION OF PULMONARY EOSINOPHILIA AND
and provide help for IgE production. AIRWAYS DYSFUNCTION
These observations in IL4mice have signifi-

cant implications for the development of strategie:?1 X . . O
for the treatment of airways dysfunction in asthmdat @eroallergen induced airways eosinophilic in-
Therapeutic approaches which focus solely on ifi@mmation, lung damage and airways hyperreac-
hibiting the action of IL-4 and allergen-specific IgeUVItY can be regulated by at least two pathways
may not be effective in relieving airways obstrucVhich centre on the activation of IL-5 signal trans-
tion associated with allergen provocation. duction processes. Investigations in these factor-

These findings are also discordant to the Su>%_eficient mice also support the concept that aller-

Experiments in IL-4- and IL-5"- mice suggest

gestion that activation of IL-4 dependent pathwaygiC &irways disease is not only induced by humoral
are critical for the regulation of allergic airwaysPUt &lso cell mediated immunological mechanisms.

diseases and that IL-5 and eosinophils are not rél'® Proposal that multiple pathways may regulate

quired. Corry et al. (1996) recently reported tha®!|€gic airways hyperreactivity has important im-

pretreatment of BALB/c mice with anti-IL-4 mAb plications for the treatment of human asthma and
; : dp understanding the pathophysiology of this dis-

during aeroallergen challenge, significantly re2rder. Furthermore, if eosinophil -dependent and -

duced airways hyperreactivity and airways eosidependent pathways contribute to the pathogen-
nophilia. However, administration of anti-IL-5 €SiS of allergic disease this would clarify the in-
mAb inhibited airways eosinophilia, but did notcrasing number of discordant observations on the
attenuate airways hyperreactivity. The innate cof©/€ Of this leukocyte in the induction of
tribution of IL-4, IL-5 and the effector pathways 2€roallergen-induced airways hyperreactivity in
of eosinophils and mast cells, in conjunction witNimal models. Recently, in BALB/c mice a role
different sensitisation protocols, to the inductior©" IL-5 and eosinophils in the initiation of bron-
of allergic airways hyperreactivity in C57BL/6 in Chial hyperreactivity and morphological changes
comparison to BALB/c mice, was postulated tdo the airways during allergic airways inflamma-
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tion was established (Hogan et d1997h). Immunol 12 295-335.

Sensitisation and repetitive aerosolisation of micBousquet JB, Chanez P, Lacoste JY, Barneon G,
with ovalbumin resulted in a severe airways in- Ghavanian N, Enander I, Venge P, Ahistedt S, Si-
flammatory response which directly correlated with ~Mony-Lafontaine J, Godard P, Michel FB 1990.
the induction of extensive airways damage and E%Sé'gofohélgc irg%mmatnon in asthmiew Engl Med
bronchial hyperreaqtlwty tB'.methaChO“ne' Treat- Bradley BL, Azzawi M,Jacobson M, Assoufi B, Collins
ment of mice with antl-I_L-5-mAb before . JV, Irani AM, Schwartz LB, Durham SR, Jeffery PK,
aeroallergen-challenge, abolished blood and air- 4y AB 1991. Eosinophils, T-lymphocytes, mast
ways eosinophilia, and lung damage and signifi-  celis, neutrophils, and macrophages in bronchial bi-
cantly reduced (but did not abolish) bronchial hy-  opsy specimens from atopic subjects with asthma:
perreactivity. These results show that IL-5 and as- comparison with biopsy specimens from atopic sub-
sociated eosinophilia contribute to the development jects without asthma and normal control subjects and
of aeroallergen-induced bronchial hyperreactivity relationship to bronchial hyperresponsiven@gs-
and are essential for the development of morpho- lergy Clin Immunol 88661-674.

logical changes in the airways. Moreover, data ifBroide DH, Gleich GJ, Cuomo AJ, Coburn DA,
dicates that there are at least two distinct patho- Federman 'fEC' Schwartz LB, I\ll\/aszerma_m SH?L
physiological mechanisms for the development of ~EYidence of ongoing mast cell and eosinophil de-

- : . lation i tomatic asth indull
allergen-induced bronchial hyperreactivity, and that %ﬁ?ﬁﬁ#ﬁ% Ionl Zggg;’_rgfsllc asthmaal eray

the induction of allergic airways disease is not eXgysselle GG, Kips JC, Tavernier JH, van der Heyden J,
clusively regulated by IL-4. Cuvelier CA, Pauwels RA, Bluethmann H 1994,
The essential and specific role of IL-5 in regu-  Attenuation of allergic airway inflammation in IL-4
lating blood and tissue eosinophilia, and the sub- deficient miceClin Exp Allergy 2473-80.
sequent involvement of this leukocyte in the inCampbell HD, Tucker WQ, Hort Y, Martinson ME,
duction of lung damage and airways dysfunction Mayo G, Clutterbuck EJ, Sanderson CJ, Young IG
identifies IL-5 as a primary therapeutic target for 1987. Molecular cloning, nucleotide sequence, and
the relief of airways dysfunction in asthma. De- €xpression of the gene encoding human eosinophil
veloping strategies to inhibit IL-5 production and dlff_erentlat.|0n factor (interleukin 5pRroc Natl Acad
action, such as by the delivery of inhibitory Sci USAB4: 6629-33.

i to the | hich ifically d ffman RL, Seymour BW, Hudak S, Jackson J, Rennick
cytokines to the lung, which specitically down "1 939 ‘Antinody to interleukin-5 inhibits helminth-

regulate IL-5 producing T cell responses and €0si- g ced eosinophilia in miccience45 308-310.
nophilic inflammation, may be more beneficial tharcorry DB, Folkesson HG, Warnock ML, Erle DJ,
the current drugs of choice for preventative treat- Matthay MA, Wiener-Kronish JP, Locksley RM
ment and in the relief of acute and chronic asthma 1996. Interleukin 4, but not interleukin 5 or eosino-

and allergic disease.
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