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■ Abstract Cytokines play a critical role in orchestrating and perpetuating inflam-
mation in asthmatic airways and several specific cytokine and chemokine inhibitors
are now in development for the treatment of asthma. Inhibition of IL-4 with soluble
IL-4 receptors has shown promising early results in asthma. Anti-IL-5 antibody is very
effective at inhibiting peripheral blood and airway eosinophils but does not appear to be
effective in symptomatic asthma. Inhibitory cytokines, such as IL-10, interferons, and
IL-12 are less promising because systemic delivery produces intolerable side effects.
Inhibition of TNF-α may be useful in severe asthma. Many chemokines are involved
in the inflammatory response of asthma, and small-molecule inhibitors of chemokine
receptors are in development. CCR3 antagonists are now in clinical development for
the treatment of asthma. Because so many cytokines are involved in asthma, drugs that
inhibit the synthesis of multiple cytokines may prove to be more useful. Several such
classes of drug are now in clinical development, and the risk of side effects with these
nonspecific inhibitors may be reduced by the inhaled route of delivery.

INTRODUCTION

Cytokines play a critical role in the orchestration of chronic inflammation in all
diseases, including asthma. Multiple cytokines and chemokines have been impli-
cated in the pathophysiology of asthma (1, 2). There is now an intensive search
for more specific therapies in asthma, and inhibitors of cytokines and chemokines
figure prominently in these novel therapeutic approaches (3) (Table 1).

STRATEGIES FOR INHIBITING CYTOKINES

There are several possible approaches to inhibiting specific cytokines (4, 5). These
include drugs that inhibit cytokine synthesis (glucocorticoids, cyclosporin A,
tacrolimus, myophenolate, Th2 selective inhibitors), humanized blocking antibod-
ies to cytokines or their receptors, soluble receptors to mop up secreted cytokines,
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TABLE 1 Cytokine modulators for asthmaa

Anti-cytokines Inhibitory cytokines
Anti-IL-4 IL-1 receptor antagonist
Anti-IL-5 IL-10
Anti-IL-13 IL-12
Anti-IL-9 Interferons
Anti-TNF-α IL-18
Anti-IL-1

Chemokine inhibitors Cytokine synthesis inhibitors
CCR2 antagonists Corticosteroids
CCR3 antagonists Immunomodulators
CCR4 antagonists Phosphodiesterase 4 inhibitors

NF-κB inhibitors
p38 MAP kinase inhibitors

aAbbreviations: IL= interleukin, NF-κB = nuclear factor-κB, MAP =
mitogen-activated protein.

small-molecule receptor antagonists or drugs that block the signal transduction
pathways activated by cytokines (4) (Figure 1). On the other hand, there are cy-
tokines that themselves suppress the allergic inflammatory process, and these may
have therapeutic potential in asthma (6, 7).

INHIBITION OF Th2 CYTOKINES

T helper 2 (Th2) lymphocytes play a key role in orchestrating the eosinophilic
inflammatory response in asthma, which suggests that blocking the release or
effects of these cytokines may have therapeutic potential. This has been strongly
supported by studies in experimental animals, including mice, using deletion of
cytokine genes specific to Th2 lymphocytes.

Anti-IL-5

IL-5 plays an essential role in orchestrating the eosinophilic inflammation of
asthma (8). In IL-5 gene knockout mice, the eosinophilic response to allergen
and the subsequent airway hyperresponsiveness (AHR) are markedly suppressed,
which validates the strategy to inhibit IL-5 (Figure 2). IL-5 inhibition has so
far been achieved using blocking antibodies. Monoclonal antibodies to IL-5 in-
hibit eosinophilic inflammation and AHR in animal models of asthma, including
primates (9, 10). This blocking effect may last for up to three months after a sin-
gle intravenous injection of antibody, making treatment of chronic asthma with
such a therapy a feasible proposition. Humanized monoclonal antibodies to IL-5
have been developed and a single intravenous infusion of one of these antibodies



7 Dec 2001 9:37 AR AR150-04.tex AR150-04.sgm LaTeX2e(2001/05/10)P1: GSR

CYTOKINE MODULATORS IN ASTHMA 83

Figure 1 Strategies for inhibiting cytokines.

Figure 2 Inhibition of interleukin-5.
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Figure 3 The effect of a humanized monoclonal antibody against interleukin-5
(mepolizumab) on circulating eosinophils in patients with mild asthma (adapted from
reference 11).

(mepolizumab) markedly reduces blood eosinophils for several weeks and pre-
vents eosinophil recruitment into the airways after allergen challenge in patients
with mild asthma (11) (Figure 3). It is disappointing that this treatment has no
significant effect on the early or late response to allergen challenge or on base-
line AHR, which suggests that eosinophils may not be of critical importance for
these responses in humans (Figure 4). A clinical study in patients with moderate to
severe asthma that/by had not been controlled on inhaled corticosteroids therapy
has confirmed the profound reduction in circulating eosinophils with anti-IL-5
antibody, but the study reported no significant improvement in either symptoms
or lung function (12). In both of these studies it would be expected that high
doses of corticosteroids would improve these functional parameters. These sur-
prising results question the critical role of eosinophils in asthma and indicate that
other strategies aimed at inhibiting eosinophilic inflammation may also prove to be
ineffective.

Somewhat similar findings have previously been reported in studies in mice
where anti-IL-5 antibodies reduced eosinophilic responses to allergen but not AHR,
whereas AHR was reduced by anti-CD4 antibody that depletes helper T cells (13).

Nonpeptide IL-5 receptor antagonists would be an alternative strategy, and there
is a search for such compounds using molecular modeling of the IL-5 receptorα-
chain and using large-scale throughput screening. However, the lack of clinical
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Figure 4 Effect of a humanized monoclonal antibody against interleukin-5 (mepolizumab)
on the early and late response to allergen (left panel) and airway hyperresponsiveness
(methacholine PC20) (adapted from reference 11).

benefit of anti-IL-5 antibodies has now made this a less attractive approach. It
is possible that eosinophils are associated with more chronic aspects of asthma,
such as airway remodeling, and in mice a blocking anti-IL-5 antibody prevents
the increased collagen deposition in airways associated with repeated allergen
exposure (14). Eosinophils may be an important source of transforming growth
factor-β in asthmatic airways, resulting in structural changes (15).

Anti-IL-4

IL-4 is critical for the synthesis of IgE by B lymphocytes and is also involved in
eosinophil recruitment to the airways (16). A unique function of IL-4 is to promote
differentiation of Th2 cells and it therefore acts at a proximal and critical site in
the allergic response, making IL-4 an attractive target for inhibition (Figure 5).

IL-4 blocking antibodies inhibit allergen-induced AHR, goblet cell metaplasia,
and pulmonary eosinophilia in a murine model (17). Inhibition of IL-4 may there-
fore be effective in inhibiting allergic diseases, and soluble IL-4 receptors (sIL-4r)
are now in clinical development as a strategy to inhibit IL-4. A single nebulized
dose of sIL-4r prevents the fall in lung function induced by withdrawal of inhaled
corticosteroids in patients with moderately severe asthma (18). Subsequent stud-
ies have demonstrated that weekly nebulization of sIL-4r improves asthma control
over a 12-week period (19). Another approach is blockade of IL-4 receptors with
a mutated form of IL-4 (BAY 36-1677), which binds to and blocks IL-4Rα and
IL-13Rα1, thus blocking both IL-4 and IL-13 (20).
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Figure 5 Effects of blocking interleukin-4 in asthma.

IL-4 and the closely related cytokine IL-13 signal through a shared sur-
face receptor, IL-4Rα, which activates a specific transcription factor STAT-6 (21).
Deletion of the STAT-6 gene has a similar effect to IL-4 gene knockout (22).
This has led to a search for inhibitors of STAT-6; although peptide inhibitors that
interfere with the interaction between STAT-6 and JAKs linked to IL-4Rα have
been discovered, it will be difficult to deliver these intracellularly. An endogenous
inhibitor of STATs, suppressor of cytokine signaling (SOCS-1), is a potent in-
hibitor of the IL-4 signaling pathway and offers a novel therapeutic target (21, 23).

Anti-IL-13

There is increasing evidence that IL-13 in mice mimics many of the features of
asthma, including AHR and mucus hypersecretion, independently of eosinophilic
inflammation (24), and potently induces the secretion of eotaxin from airway
epithelial cells (25). IL-13 signals through the IL-4 receptorα-chain but may also
activate different intracellular pathways via activation of IL-13Rα1 (26), so that it
may be an important target for the development of new therapies. A second specific
IL-13 receptor, IL-13Rα2, exists in soluble form and has a high affinity for IL-
13, thus acting as a decoy receptor for IL-13. Soluble IL-13Rα2 is effective in
blocking the actions of IL-13, including IgE generation, pulmonary eosinophilia,
and AHR in mice (24). Indeed in the murine model IL-13Rα2 is more effective
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than IL-4 blocking antibodies, highlighting the potential importance of IL-13 as a
mediator of allergic inflammation. Humanized IL-13Rα2 is now being developed
as a therapeutic approach for asthma.

Anti-IL-9

IL-9 is a Th2 cytokine that may enhance Th2-driven inflammation and amplify
mast cell mediator release and IgE production (27). IL-9 may also enhance mucus
hypersecretion (28). IL-9 and its receptors show an increased expression in asth-
matic airways (29, 30). Strategies to block IL-9, which include blocking antibodies,
are now in development (31).

INHIBITION OF PROINFLAMMATORY CYTOKINES

Proinflammatory cytokines, particularly IL-1β and tumor necrosis factor-α

(TNF-α), may amplify the inflammatory response in asthma and chronic obstruc-
tive pulmonary disease (COPD) and may be linked to disease severity. This sug-
gests that blocking IL-1β or TNF-α may have beneficial effects, particularly in
severe airway disease.

Anti-IL-1

IL-1 expression is increased in asthmatic airways (32) and activates many in-
flammatory genes expressed in asthma. There are no small-molecule inhibitors of
IL-1, but a naturally occurring cytokine, IL-1 receptor antagonist (IL-1ra), binds
to IL-1 receptors to block the effects of IL-1 (33). In experimental animals IL-1ra
reduces AHR induced by allergen. Human recombinant IL-1ra does not appear to
be effective in the treatment of asthma, however (34).

Anti-TNF

TNF-α is expressed in asthmatic airways and may play a key role in amplifying
asthmatic inflammation through the activation of NF-κB, AP-1, and other trans-
cription factors (35). In rheumatoid arthritis and inflammatory bowel disease,
a blocking humanized monoclonal antibody to TNF-α (infliximab) and soluble
TNF receptors (etanercept) have produced remarkable clinical responses, even in
patients who are relatively unresponsive to steroids (36, 37). Such antibodies or
soluble TNF receptors are a logical approach to asthma therapy, particularly in
patients with severe disease, and clinical trials are now under way.

Because of the problems associated with antibody-based therapies, there is a
search for small-molecule inhibitors of TNF. TNF-α-converting enzyme (TACE)
is a matrix metalloproteinase-related enzyme critical for the release of TNF from
the cell surface. Small-molecule TACE inhibitors are in development as oral TNF
inhibitors (38).
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ANTI-INFLAMMATORY CYTOKINES

Some cytokines have anti-inflammatory effects on inflammation and therefore
have therapeutic potential (6, 7). While it may not be feasible or cost-effective to
administer these proteins as long-term therapy, it may be possible to develop drugs
in the future that increase the release of these endogenous cytokines or activate
their receptors and specific signal transduction pathways.

IL-10

IL-10 is a potent anti-inflammatory cytokine that inhibits the synthesis of many
inflammatory proteins, including cytokines [TNF-α, granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-5, chemokines] and inflammatory en-
zymes (iNOS) overexpressed in asthma (39) (Figure 6). Indeed there may be a
defect in IL-10 transcription and secretion from macrophages in asthma (40, 41).
In sensitized animals IL-10 is effective in suppressing the inflammatory response to
allergen (42), which suggests that IL-10 might be defective in atopic diseases. Spe-
cific allergen immunotherapy results in increased production of IL-10 by T helper
cells, and this may contribute to the beneficial effects of immunotherapy (43).

Recombinant human IL-10 has proved to be effective in controlling inflamma-
tory bowel disease and psoriasis, where similar cytokines are expressed, and may
be given as a weekly injection (44). Although IL-10 is reasonably well-tolerated,
there are hematological side effects. In the future, drugs may be developed that
activate the unique signal transduction pathways activated by the IL-10 receptor

Figure 6 Anti-inflammatory actions of interleukin-10.
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or that increase endogenous production of IL-10. In mice, drugs that elevate cyclic
AMP increase IL-10 production, but this does not appear to be the case in human
cells (45).

Interferons

Interferon-γ (IFN-γ ) inhibits Th2 cells and should therefore reduce atopic inflam-
mation. In sensitized animals, nebulized IFN-γ inhibits eosinophilic inflammation
induced by allergen exposure (46). Administration of IFN-γ by nebulization to
asthmatic patients did not significantly reduce eosinophilic inflammation, possibly
due to the difficulty in obtaining a sufficiently high concentration locally in the
airways (47). It is interesting that allergen immunotherapy increases IFN-γ pro-
duction by circulating T cells in patients with clinical benefit (48) and increases
numbers of IFN-γ expressing cells in nasal biopsies of patients with allergic rhini-
tis (49). A preliminary report suggests that IFN-α may be useful in the treatment
of patients with severe asthma who have reduced responsiveness to corticosteroids
(50).

IL-12

IL-12 is the endogenous regulator of Th1 cell development and determines the
balance between Th1 and Th2 cells (51). IL-12 administration to rats inhibits
allergen-induced inflammation (52) and inhibits sensitization to allergens. IL-12
releases IFN-γ but has additional effects on T cell differentiation. IL-12 levels
released from whole blood cells are lower in asthmatic patients, which could
indicate a possible reduction in IL-12 secretion in asthma (53).

Recombinant human IL-12 has been administered to humans and has several
toxic effects diminished by slow escalation of the dose (54). In patients with mild
asthma, weekly infusions of human recombinant IL-12 in escalating doses over
four weeks caused a progressive fall in circulating eosinophils, a reduction in the
normal rise in circulating eosinophils after allergen challenge (55) (Figure 7), and
a concomitant reduction in eosinophils in induced sputum. However, there was
no reduction in either early or late response to inhaled allergen challenge and no
reduction in AHR. Furthermore, most of the patients suffered from malaise, and one
out of the 12 subjects had an episode of cardiac arrhythmia. This suggests that IL-12
is not a suitable treatment for asthma. In mice administration of an IL-12-allergen
fusion protein results in the development of a specific Th1 response to the allergen,
with increased production of an allergen-specific IgG2, rather than the normal Th2
response with IgE formation (56). This indicates the possibility of using local IL-12
together with specific allergens to provide a more specific immunotherapy, which
might even be curative if applied early in the course of the atopic disease.

IL-18

IL-18 was originally described as an IFN-γ –releasing factor, but it has a mechanism
of action different from that of IL-12 (57). IL-12 and IL-18 appear to have a
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Figure 7 Effect of interleukin-12 on peripheral blood eosinophils in patients with mild
asthma (adapted from 55).

synergistic effect on inducing IFN-γ release and inhibiting IL-4–dependent IgE
production and AHR (58).

CHEMOKINE INHIBITORS

Many chemokines are involved in the recruitment of inflammatory cells in asthma.
Over 50 different chemokines are now recognized, and they activate more than 20
different surface receptors (59). Chemokine receptors belong to the seven trans-
membrane receptor superfamily of G protein–coupled receptors, and this makes it
possible to find small-molecule inhibitors, which has not been possible for clas-
sical cytokine receptors (60). Some chemokines appear to be selective for single
chemokine receptors, whereas others are promiscuous and mediate the effects of
several related chemokines (Figure 8). Chemokines appear to act in sequence in
determining the final inflammatory response, and so inhibitors may be more or
less effective depending on the kinetics of the response (61).

CCR3 Inhibitors

Several chemokines, including eotaxin, eotaxin-2, eotaxin-3, RANTES, and
macrophage chemoattractant protein-4 (MCP-4) activate a common receptor on
eosinophils termed CCR3 (62). A neutralizing antibody against eotaxin reduces
eosinophil recruitment into the lung after allergen and the associated AHR in
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Figure 8 Chemokine receptor antagonists in asthma.

mice (63). There is increased expression of eotaxin, eotaxin-2, MCP-3, MCP-4,
and CCR3 in the airways of asthmatic patients and this is correlated with in-
creased AHR (64, 65). Several small-molecule inhibitors of CCR3, including
UCB35625, SB-297006, and SB-328437, are effective in inhibiting eosinophil
recruitment in allergen models of asthma (66, 67); drugs in this class are currently
undergoing clinical trials in asthma. Although it was thought that CCR3 were re-
stricted to eosinophils, there is some evidence for their expression on Th2 cells
and mast cells, so that these inhibitors may have a more widespread effect than
on eosinophils alone; this would make them potentially more valuable in asthma
treatment. RANTES, which shows increased expression in asthmatic airways (68),
also activates CCR3 but has effects on CCR1 and CCR5, which may play a role
in T cell recruitment. Modification of the N-terminal of RANTES, met-RANTES,
has a blocking effect on RANTES by inhibiting these receptors (69).

CCR2 Inhibitors

MCP-1 activates CCR2 on monocytes and T lymphocytes. And blocking MCP-1
with neutralizing antibodies reduces recruitment of both T cells and eosinophils
in a murine model of ovalbumin-induced airway inflammation, with a marked
reduction in AHR (63). MCP-1 also recruits and activates mast cells, an effect
mediated via CCR2 (70). MCP-1 instilled into the airways induces marked and
prolonged AHR in mice, associated with mast cell degranulation. A neutralizing
antibody to MCP-1 blocks the development of AHR in response to allergen (70).
MCP-1 levels are increased in bronchoalveolar lavage fluid of patients with asthma
(71). This has led to a search for small-molecule inhibitors of CCR2.
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CCR4 Inhibitors

CCR4 are selectively expressed on Th2 cells and are activated by two chemokines:
monocyte-derived chemokine (MDC) and thymus- and activation-dependent
chemokine (TARC) (72). Inhibitors of CCR4 may therefore inhibit the recruit-
ment of Th2 cells and thus prevent persistent eosinophilic inflammation in the
airways.

OTHER APPROACHES TO CYTOKINE INHIBITION

Although there have been several attempts to block specific cytokines, this may
not be adequate to block chronic inflammation in asthma, as so many cytokines are
involved and there is considerable redundancy of effects. This has suggested that
the development of drugs that have a more general effect on synthesis of cytokines
may be more successful. However, these drugs also affect other inflammatory
processes, so their beneficial effects cannot necessarily be ascribed to inhibition
of cytokine synthesis alone.

Corticosteroids

Corticosteroids are by far the most effective treatments for asthma and part of their
efficacy is due to inhibition of inflammatory cytokine expression. This is mediated
via an effect on glucocorticoid receptors to reverse the acetylation of core histones
linked to increased expression of inflammatory genes (73).

Immunomodulators

Cyclosporin A, tacrolimus, and rapamycin inhibit the transcription factor NF-AT
that regulates the secretion of IL-2, IL-4, IL-5, and GM-CSF by T lymphocytes
(74). Although it has some reported beneficial steroid-sparing effects in asthma
(75), the toxicity of cyclosporin A limits its usefulness, at least when given orally.
More selective Th2 inhibitors may be safer for the treatment of asthma in the
future. An inhibitor of Th2-cytokines, suplatast tosilate (76), is reported to provide
clinical benefit in asthma (77). Cytotoxic (CD8+) T lymphocytes are prominent
in COPD, and therefore immunomodulatory drugs may also have a role in this
disease.

Phosphodiesterase 4 Inhibitors

PDE-4 inhibitors inhibit the release of cytokines and chemokines from inflamma-
tory cells via an increase in intracellular cyclic AMP (78). Their clinical use in
asthma is limited by side effects such as nausea.
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NF-κB Inhibitors

NF-κB regulates the expression of many cytokines and chemokines involved in
asthma and COPD (79). There are several possible approaches to inhibition of
NF-κB, including gene transfer of the inhibitor of NF-κB (IκB); inhibitors of IκB
kinases (IKK); NF-κB-inducing kinase (NIK); and IκB ubiquitin ligase, all of
which regulate the activity of NF-κB; and the development of drugs that inhibit the
degradation of IκB (80). One concern about this approach is that effective inhibitors
of NF-κB may result in immune suppression and impair host defenses, since
knockout mice, which lack NF-κB proteins, succumb to septicemia. However,
there are alternative pathways of NF-κB activation that might be more important
in inflammatory disease (81).

p38 MAP Kinase Inhibitors

Mitogen-activated protein (MAP) kinases play a key role in chronic inflammation,
and several complex enzyme cascades have now been defined. One of these, the
p38 MAP kinase pathway, is involved in expression of inflammatory cytokines and
chemokines (82, 83). Nonpeptide inhibitors of p38 MAP kinase such as SB 203580,
SB 239063, and RWJ 67657, also known as cytokine synthesis anti-inflammatory
drugs (CSAIDS), have now been developed, and these drugs have a broad range
of anti-inflammatory effects (84). However, there may be issues of safety as p38
MAP kinases are involved in host defense. However, it is possible that the inhaled
route of delivery may reduce the risk of side effects.

CONCLUSIONS

Several drugs that modulate cytokines have now been developed for the treatment
of asthma and other allergic diseases. Inhibition of specific Th2 cell–derived cy-
tokines, such as IL-4 and IL-5, has so far proved to be somewhat disappointing
in clinical studies. This may reflect the fact that this approach is too selective and
therefore not able to suppress the inflammatory process completely. Drugs that
have a broader range of actions, such as anti-inflammatory cytokines and small-
molecule inhibitors of signal transduction pathways involved in inflammatory cy-
tokine secretion, may be more useful in the future.

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1. Barnes PJ, Chung KF, Page CP. 1998.
Inflammatory mediators of asthma: an up-
date.Pharmacol. Rev.50:515–96

2. Chung KF, Barnes PJ. 1999. Cytokines in
asthma.Thorax54:825–57

3. Barnes PJ. 2000. New treatments for
asthma.Eur. J. Int. Med.11:9–20

4. Barnes PJ. 1999. Therapeutic strategies for
allergic diseases.Nature402:B31–38

5. Barnes PJ. 2000. New directions in



7 Dec 2001 9:37 AR AR150-04.tex AR150-04.sgm LaTeX2e(2001/05/10)P1: GSR

94 BARNES

allergic disease: mechanism-based anti-
inflammatory therapies.J. Allergy Clin. Im-
munol.106:5–16

6. Barnes PJ, Lim S. 1998. Inhibitory cy-
tokines in asthma.Mol. Med. Today4:452–
58

7. Barnes PJ. 2000. Endogenous inhibitory
mechanisms in asthma.Am. J. Respir. Crit.
Care Med.161:S176–81

8. Greenfeder S, Umland SP, Cuss FM,
Chapman RW, Egan RW. 2001. The role
of interleukin-5 in allergic eosinophilic dis-
ease.Respir. Res.2:71–79

9. Mauser PJ, Pitman A, Witt A, Fernandez
X, Zurcher J, et al. 1993. Inhibitory ef-
fect of the TRFK-5 anti IL-5 antibody in
a guinea pig model of asthma.Am. Rev.
Respir. Dis.148:1623–27

10. Mauser PJ, Pitman AM, Fernandez X,
Foran SK, Adams GK, et al. 1995. Effects
of an antibody to interleukin–5 in a monkey
model of asthma.Am. J. Respir. Crit. Care
Med.152:467–72

11. Leckie MJ, ten Brincke A, Khan J, Dia-
mant Z, O’Connor BJ, et al. 2000. Ef-
fects of an interleukin-5 blocking mon-
oclonal antibody on eosinophils, airway
hyperresponsiveness and the late asthmatic
response.Lancet356:2144–48

12. Kips JC, O’Connor BJ, Langley SJ, Wood-
cock A, Kerstjens HAM, et al. 2000. Re-
sults of a phase I trial with SCH55700,
a humanized anti-IL-5 antibody in severe
persistent asthma.Am. J. Resp. Crit. Care
Med.161:A505

13. Hogan SP, Matthaei KI, Young JM, Kosk-
inen A, Young IG, Foster PS. 1998. A
novel T cell-regulated mechanism modu-
lating allergen-induced airways hyperreac-
tivity in BALB/c mice independently of IL-
4 and IL-5.J. Immunol.161:1501–9

14. Blyth DI, Wharton TF, Pedrick MS, Sav-
age TJ, Sanjar S. 2000. Airway subepithe-
lial fibrosis in a murine model of atopic
asthma: suppression by dexamethasone or
anti-interleukin-5 antibody.Am. J. Respir.
Cell Mol. Biol.23:241–46

15. Minshall EM, Leung DY, Martin RJ, Song

YL, Cameron L, et al. 1997. Eosinophil-
associated TGF-β1 mRNA expression and
airways fibrosis in bronchial asthma.Am.
J. Respir. Cell Mol. Biol.17:326–33

16. Steinke JW, Borish L. 2001. Interleukin-
4: its role in the pathogenesis of asthma,
and targeting it for asthma treatment with
interleukin-4 receptor antagonists.Respir.
Res.2:66–70

17. Gavett SH, O’Hearn DJ, Karp CL, Patel
EA, Schofield BH, et al. 1997. Interleukin-
4 receptor blockade prevents airway re-
sponses induced by antigen challenge in
mice.Am. J. Physiol. Lung Cell Mol. Phys-
iol. 272:253–61

18. Borish LC, Nelson HS, Lanz MJ, Claussen
L, Whitmore JB, et al. 1999. Interleukin-
4 receptor in moderate atopic asthma. A
phase I/II randomized, placebo-controlled
trial. Am. J. Respir. Crit. Care Med.160:
1816–23

19. Borish LC, Nelson HS, Corren J, Bensch
G, Busse W, et al. 2001. Efficacy of solu-
ble IL-4 receptor for the treatment of adults
with asthma.J. Allergy Clin. Immunol.107:
963–70

20. Shanafelt AB, Forte CP, Kasper JJ,
Sanchez-Pescador L, Wetzel M, et al. 1998.
An immune cell-selective interleukin 4 ag-
onist.Proc. Natl. Acad. Sci. USA95:9454–
58

21. Jiang H, Harris MB, Rothman P. 2000.
IL-4/IL-13 signaling beyond JAK/STAT.J.
Allergy Clin. Immunol.105:1063–70

22. Foster PS. 1999. STAT6: an intracellular
target for the inhibition of allergic disease.
Clin. Exp. Allergy29:12–16

23. Losman JA, Chen XP, Hilton D, Rothman
P. 1999. Cutting edge: SOCS-1 is a potent
inhibitor of IL-4 signal transduction.J. Im-
munol.162:3770–74

24. Wills-Karp M, Luyimbazi J, Xu X,
Schofield B, Neben TY, et al. 1998.
Interleukin-13: central mediator of allergic
asthma.Science282:2258–61

25. Li L, Xia Y, Nguyen A, Lai YH, Feng
L, et al. 1999. Effects of Th2 cytokines on
chemokine expression in the lung: IL-13



7 Dec 2001 9:37 AR AR150-04.tex AR150-04.sgm LaTeX2e(2001/05/10)P1: GSR

CYTOKINE MODULATORS IN ASTHMA 95

potently induces eotaxin expression by air-
way epithelial cells.J. Immunol.162:2477–
87

26. Chomarat P, Banchereau J. 1998. Inter-
leukin-4 and interleukin-13: their similar-
ities and discrepancies.Int. Rev. Immunol.
17:1–52

27. Levitt RC, McLane MP, MacDonald D,
Ferrante V, Weiss C, et al. 1999. IL-9 path-
way in asthma: new therapeutic targets for
allergic inflammatory disorders.J. Allergy
Clin. Immunol.103:S485–91

28. Longphre M, Li D, Gallup M, Drori E, Or-
donez CL, et al. 1999. Allergen-induced IL-
9 directly stimulates mucin transcription in
respiratory epithelial cells.J. Clin. Invest.
104:1375–82

29. Shimbara A, Christodoulopoulos P, Sou-
ssi-Gounni A, Olivenstein R, Nakamura
Y, et al. 2000. IL-9 and its receptor in aller-
gic and nonallergic lung disease: increased
expression in asthma.J. Allergy Clin. Im-
munol.105:108–15

30. Bhathena PR, Comhair SA, Holroyd KJ,
Erzurum SC. 2000. Interleukin-9 receptor
expression in asthmatic airways in vivo.
Lung178:149–60

31. Zhou Y, McLane M, Levitt RC. 2001.
Interleukin-9 as a therapeutic target for
asthma.Respir. Res.2:80–84

32. Sousa AR, Lane SJ, Nakhosteen JA, Lee
TH, Poston RN. 1996. Expression of
interleukin-1 beta (IL-1β) and interleukin-
1 receptor antagonist (IL-1ra) on asthmatic
bronchial epithelium.Am. J. Respir. Crit.
Care Med.154:1061–66

33. Arend WP, Malyak M, Guthridge CJ,
Gabay C. 1998. Interleukin-1 receptor an-
tagonist: role in biology.Annu. Rev. Im-
munol.16:27–55

34. Rosenwasser LJ. 1998. Biologic activities
of IL-1 and its role in human disease.J.
Allergy Clin. Immunol.102:344–50

35. Kips JC, Tavernier JH, Joos GF, Peleman
RA, Pauwels RA. 1993. The potential role
of tumor necrosis factorα in asthma.Clin.
Exp. Allergy23:247–50

36. Markham A, Lamb HM. 2000. Infliximab:

a review of its use in the management of
rheumatoid arthritis.Drugs59:1341–59

37. Jarvis B, Faulds D. 1999. Etanercept: a
review of its use in rheumatoid arthritis.
Drugs57:945–66

38. Barlaam B, Bird TG, Lambert-Van DB,
Campbell D, Foster SJ, Maciewicz R.
1999. New alpha-substituted succinate-
based hydroxamic acids as TNFα conver-
tase inhibitors.J. Med. Chem.42:4890–908

39. Pretolani M, Goldman M. 1997. IL-10: a
potential therapy for allergic inflammation?
Immunol. Today18:277–80

40. Borish L, Aarons A, Rumbyrt J, Cvietusa
P, Negri J, Wenzel S. 1996. Interleukin-
10 regulation in normal subjects and pa-
tients with asthma.J. Allergy Clin. Im-
munol.97:1288–96

41. John M, Lim S, Seybold J, Robichaud A,
O’Connor B, et al. 1998. Inhaled cortico-
steroids increase IL-10 but reduce MIP-1α,
GM-CSF and IFN-γ release from alveolar
macrophages in asthma.Am. J. Respir. Crit.
Care Med.157:256–62

42. Zuany-Amorim C, Haile S, Leduc D, Du-
marey C, Huerre M, et al. 1995. Interleu-
kin-10 inhibits antigen-induced cellular re-
cruitment into the airways of sensitized
mice.J. Clin. Invest.95:2644–51

43. Akdis CA, Blesken T, Akdis M, Wuthrich
B, Blaser K. 1998. Role of interleukin 10
in specific immunotherapy.J. Clin. Invest.
102:98–106

44. Fedorak RN, Gangl A, Elson CO, Rut-
geerts P, Schreiber S, et al. 2000. Recom-
binant human interleukin 10 in the treat-
ment of patients with mild to moderately
active Crohn’s disease.Gastroenterology
119:1473–82

45. Seldon PM, Barnes PJ, Giembycz MA.
1998. Interleukin-10 does not mediate
the inhibitory effect of PDE4 inhibitors
and other cAMP-elevating drugs on
lipopolysaccharide-induced tumor necro-
sis factor-α generation from human periph-
eral blood monocytes.Cell Biochem. Bio-
phys.28:179–201

46. Lack G, Bradley KL, Hamelmann E, Renz



7 Dec 2001 9:37 AR AR150-04.tex AR150-04.sgm LaTeX2e(2001/05/10)P1: GSR

96 BARNES

H, Loader J, et al. 1996. Nebulized IFN-
γ inhibits the development of secondary
allergic responses in mice.J. Immunol.
157:1432–39

47. Boguniewicz M, Martin RJ, Martin D,
Gibson U, Celniker A. 1995. The effects
of nebulized recombinant interferon-γ in
asthmatic airways.J. Allergy Clin. Im-
munol.95:133–35

48. Benjaponpitak S, Oro A, Maguire P, Mar-
inkovich V, DeKruyff RH, Umetsu DT.
1999. The kinetics of change in cytokine
production by CD4 T cells during conven-
tional allergen immunotherapy.J. Allergy
Clin. Immunol.103:468–75

49. Durham SR, Ying S, Varney VA, Jacob-
son MR, Sudderick RM, et al. 1996. Grass
pollen immunotherapy inhibits allergen-
induced infiltration of CD4+ T lympho-
cytes and eosinophils in the nasal mucosa
and increases the number of cells express-
ing messenger RNA for interferon-γ . J. Al-
lergy Clin. Immunol.97:1356–65

50. Gratzl S, Palca A, Schmitz M, Simon
HU. 2000. Treatment with IFN-α in
corticosteroid-unresponsive asthma.J. Al-
lergy Clin. Immunol.105:1035–36

51. Gately MK, Renzetti LM, Magram J,
Stern AS, Adorini L, et al. 1998. The
interleukin-12/interleukin-12-receptor sys-
tem: role in normal and pathologic immune
responses.Annu. Rev. Immunol.16:495–
521

52. Gavett SH, O’Hearn DJ, Li X, Huang SK,
Finkelman FD, Wills-Karp M. 1995. Int-
erleukin 12 inhibits antigen-induced air-
way hyperresponsiveness, inflammation
and Th2 cytokine expression in mice.J.
Exp. Med.182:1527–36

53. van der Pouw Kraan TC, Boeije LC, de
Groot ER, Stapel SO, Snijders A, et al.
1997. Reduced production of IL-12 and IL-
12-dependent IFN-gamma release in pa-
tients with allergic asthma.J. Immunol.
158:5560–65

54. Leonard JP, Sherman ML, Fisher GL, Bu-
chanan LJ, Larsen G, et al. 1997. Ef-
fects of single-dose interleukin-12 expo-

sure on interleukin-12-associated toxicity
and interferon-gamma production.Blood
90:2541–48

55. Bryan S, O’Connor BJ, Matti S, Leckie
MJ, Kanabar V, et al. 2000. Effects of re-
combinant human interleukin-12 on eosi-
nophils, airway hyperreactivity and the late
asthmatic response.Lancet356:2149–53

56. Kim TS, DeKruyff RH, Rupper R, Mae-
cker HT, Levy S, Umetsu DT. 1997. An
ovalbumin-IL-12 fusion protein is more ef-
fective than ovalbumin plus free recombi-
nant IL-12 in inducing a T helper cell type
1-dominated immune response and inhibit-
ing antigen-specific IgE production.J. Im-
munol.158:4137–44

57. Dinarello CA. 2000. Interleukin-18, a pro-
inflammatory cytokine. Eur. Cytokine
Netw.11:483–86

58. Hofstra CL, van Ark I, Hofman G, Kool
M, Nijkamp FP, Van Oosterhout AJ. 1998.
Prevention of Th2-like cell responses by
coadministration of IL-12 and IL-18 is as-
sociated with inhibition of antigen-induced
airway hyperresponsiveness, eosinophilia,
and serum IgE levels.J. Immunol.161:
5054–60

59. Rossi D, Zlotnik A. 2000. The biology of
chemokines and their receptors.Annu. Rev.
Immunol.18:217–42

60. Proudfoot AE, Power CA, Wells TN. 2000.
The strategy of blocking the chemokine
system to combat disease.Immunol. Rev.
177:246–56

61. Gutierrez-Ramos JC, Lloyd C, Kapsen-
berg ML, Gonzalo JA, Coyle AJ. 2000.
Non-redundant functional groups of che-
mokines operate in a coordinate manner
during the inflammatory response in the
lung. Immunol. Rev.177:31–42

62. Gutierrez-Ramos JC, Lloyd C, Gonzalo
JA. 1999. Eotaxin: from an eosinophilic
chemokine to a major regulator of allergic
reactions.Immunol. Today20:500–4

63. Gonzalo JA, Lloyd CM, Kremer L, Finger
E, Martinez A, et al. 1996. Eosinophil re-
cruitment to the lung in a murine model
of allergic inflammation. The role of T



7 Dec 2001 9:37 AR AR150-04.tex AR150-04.sgm LaTeX2e(2001/05/10)P1: GSR

CYTOKINE MODULATORS IN ASTHMA 97

cells, chemokines, and adhesion receptors.
J. Clin. Invest.98:2332–45

64. Ying S, Robinson DS, Meng Q, Rottman
J, Kennedy R, et al. 1997. Enhanced ex-
pression of eotaxin and CCR3 mRNA and
protein in atopic asthma. Association with
airway hyperresponsiveness and predomi-
nant co-localization of eotaxin mRNA to
bronchial epithelial and endothelial cells.
Eur. J. Immunol.27:3507–16

65. Ying S, Meng Q, Zeibecoglou K, Robin-
son DS, Macfarlane A, et al. 1999. Eosi-
nophil chemotactic chemokines (eotaxin,
eotaxin-2, RANTES, monocyte chemoat-
tractant protein-3 (MCP-3), and MCP-4),
and C-C chemokine receptor 3 expres-
sion in bronchial biopsies from atopic
and nonatopic (intrinsic) asthmatics.J. Im-
munol.163:6321–29

66. Sabroe I, Peck MJ, Van Keulen BJ, Jor-
ritsma A, Simmons G, et al. 2000. A small
molecule antagonist of chemokine recep-
tors CCR1 and CCR3. Potent inhibition
of eosinophil function and CCR3-mediated
HIV-1 entry. J. Biol. Chem.275:25,985–
92

67. White JR, Lee JM, Dede K, Imburgia
CS, Jurewicz AJ, et al. 2000. Identifica-
tion of potent, selective non-peptide CC
chemokine receptor-3 antagonist that in-
hibits eotaxin-, eotaxin-2-, and monocyte
chemotactic protein-4-induced eosinophil
migration.J. Biol. Chem.275:36,626–31

68. Berkman N, Krishnan VL, Gilbey T,
O’Connor BJ, Barnes PJ. 1996. Expression
of RANTES mRNA and protein in airways
of patients with mild asthma.Am. J. Respir.
Crit. Care Med.15:382–89

69. Elsner J, Petering H, Hochstetter R, Kim-
mig D, Wells TN, et al. 1997. The CC
chemokine antagonist Met-RANTES in-
hibits eosinophil effector functions through
the chemokine receptors CCR1 and CCR3.
Eur. J. Immunol.27:2892–98

70. Campbell EM, Charo IF, Kunkel SL, Strie-
ter RM, Boring L, et al. 1999. Mono-
cyte chemoattractant protein-1 mediates
cockroach allergen-induced bronchial hy-

perreactivity in normal but not CCR2−/−
mice: the role of mast cells.J. Immunol.
163:2160–67

71. Holgate ST, Bodey KS, Janezic A, Frew
AJ, Kaplan AP, Teran LM. 1997. Release
of RANTES, MIP-1α, and MCP-1 into
asthmatic airways following endobronchial
allergen challenge.Am. J. Respir. Crit. Care
Med.156:1377–83

72. Lloyd CM, Delaney T, Nguyen T, Tian
J, Martinez A, et al. 2000. CC chemokine
receptor (CCR)3/eotaxin is followed by
CCR4/monocyte-derived chemokine in
mediating pulmonary T helper lymphocyte
type 2 recruitment after serial antigen chal-
lenge in vivo.J. Exp. Med.191:265–74

73. Ito K, Barnes PJ, Adcock IM. 2000. Glu-
cocorticoid receptor recruitment of histone
deacetylase 2 inhibits IL-1β-induced his-
tone H4 acetylation on lysines 8 and 12.
Mol. Cell Biol.20:6891–903

74. Rao A, Luo C, Hogan PG. 1997. Tran-
scription factors of the NFAT family: reg-
ulation and function.Annu. Rev. Immunol.
15:707–47

75. Lock SH, Kay AB, Barnes NC. 1996.
Double-blind, placebo-controlled study of
cyclosporin A as a corticosteroid-sparing
agent in corticosteroid-dependent asthma.
Am. J. Respir. Crit. Care Med.153:509–
14

76. Oda N, Minoguchi K, Yokoe T, Hashimoto
T, Wada K, et al. 1999. Effect of suplatast
tosilate (IPD-1151T) on cytokine produc-
tion by allergen-specific human Th1 and
Th2 cell lines.Life Sci.65:63–70

77. Tamaoki J, Kondo M, Sakai N, Aoshiba
K, Tagaya E, et al. 2000. Effect of supla-
tast tosilate, a Th2 cytokine inhibitor, on
steroid-dependent asthma: a double-blind
randomised study.Lancet356:273–78

78. Torphy TJ. 1998. Phosphodiesterase isoen-
zymes. Am. J. Respir. Crit. Care Med.
157:351–70

79. Barnes PJ, Karin M. 1997. Nuclear factor-
κB: a pivotal transcription factor in chronic
inflammatory diseases.N. Engl. J. Med.
336:1066–71



7 Dec 2001 9:37 AR AR150-04.tex AR150-04.sgm LaTeX2e(2001/05/10)P1: GSR

98 BARNES

80. Delhase M, Li N, Karin M. 2000. Kinase
regulation in inflammatory response.Na-
ture406:367–68

81. Nasuhara Y, Adcock IM, Catley M, Barnes
PJ, Newton R. 1999. Differential IKK
activation and IκBα degradation by
interleukin-1β and tumor necrosis factor-
α in human U937 monocytic cells: ev-
idence for additional regulatory steps in
κB-dependent transcription.J. Biol. Chem.
274:19,965–72

82. Carter AB, Monick MM, Hunninghake
GW. 1999. Both erk and p38 kinases are
necessary for cytokine gene transcription.

Am. J. Respir. Cell Mol. Biol.20:751–
58

83. Meja KK, Seldon PM, Nasuhara Y, Ito K,
Barnes PJ, et al. 2000. p38 MAP kin-
ase and MKK-1 co-operate in the genera-
tion of GM-CSF from LPS-stimulated hu-
man monocytes by an NF-αB-independent
mechanism.Br. J. Pharmacol.131:1143–
53

84. Lee JC, Kumar S, Griswold DE, Under-
wood DC, Votta BJ, Adams JL. 2000. Inhi-
bition of p38 MAP kinase as a therapeutic
strategy. Immunopharmacology47:185–
201


