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Asthma and chronic obstructive pulmonary disease (COPD) are very common inflammatory diseases of the air-
ways. They both cause airway narrowing and are increasing in incidence throughout the world, imposing enormous
burdens on health care. Cytokines play a key role in orchestrating the chronic inflammation and structural changes
of the respiratory tract in both asthma and COPD and have become important targets for the development of new

therapeutic strategies in these diseases.

Introduction

The most common inflammatory diseases of the airways are
asthma and chronic obstructive pulmonary disease (COPD),
and the incidence of both is increasing throughout the world.
The prevalence of asthma in developed countries is approxi-
mately 10% in adults and even higher in children, whereas in
developing countries, the prevalence is lower but increasing
rapidly. The global prevalence of COPD is approximately 10%
among individuals over the age of 40 years. Asthma often starts
in early childhood and is characterized by intermittent wheezing
and shortness of breath. In contrast, the predominant symptom
in COPD is shortness of breath on exertion, which is persistent
and slowly progressive. Although the clinical symptoms of both
diseases are caused by airway narrowing as a result of inflamma-
tion in the airways, there are marked differences in the patterns
of underlying inflammation.

Cytokines play a key role in orchestrating the chronic inflam-
mation of asthma and COPD by recruiting, activating, and pro-
moting the survival of multiple inflammatory cells in the respi-
ratory tract (Figure 1, Figure 2, and Table 1). Over 50 cytokines
have now been identified in asthma and COPD, but their role in
the pathophysiology of these complex airway diseases is often
unclear. For the purpose of this Review, cytokines are classi-
fied into lymphokines (cytokines that are secreted by T cells
and regulate immune responses), proinflammatory cytokines
(cytokines that amplify and perpetuate the inflammatory
process), growth factors (cytokines that promote cell survival
and result in structural changes in the airways), chemokines
(cytokines that are chemotactic for inflammatory cells), and
antiinflammatory cytokines (cytokines that negatively modu-
late the inflammatory response), although many of these func-
tions may overlap. Where possible, I have focused on human
studies and have emphasized any therapeutic interventions that
have been made.
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choalveolar lavage; COPD, chronic obstructive pulmonary disease; FOXP3, forkhead
box P3; GATA3, GATA-binding protein 3; IL-1Ra, IL-1 receptor antagonist; IL-4Ra;
a-chain of the IL-4 receptor; NFAT, nuclear factor of activated T cells; NGF, nerve
growth factor; Tc1, type 1 cytotoxic T (cells); TSLP, thymic stromal lymphopoietin.
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Inflammation in asthma and COPD
Despite the similarity of some clinical features of asthma and
COPD, there are marked differences in the pattern of inflamma-
tion in the respiratory tract, with different inflammatory cells,
mediators, consequences, and responses to therapy (1). In addition,
inflammation in asthma predominantly involves the larger airways,
whereas in COPD, it involves predominantly small airways and the
lung parenchyma. However, patients with severe asthma have air-
way inflammation that is more similar to that seen in individuals
with COPD, suggesting a convergence of cytokine networks.
Bronchial biopsies from asthmatics show infiltration with eosin-
ophils, activated mast cells, and T cells that are predominantly
Th2 cells (Figure 1). There are characteristic structural changes,
with collagen deposition under the epithelium (also described as
basement-membrane thickening) and increased airway smooth
muscle as a result of hyperplasia and hypertrophy. There is also an
increase in the number of blood vessels (angiogenesis) as well as
mucus hyperplasia. In bronchial biopsies, small airways, and lung
parenchyma from patients with COPD, there are an infiltration
of T cells (predominantly Th1 and type 1 cytotoxic T [Tc1] cells)
and increased numbers of neutrophils and macrophages (Figure
2). Fibrosis around small airways is thought to be a major mecha-
nism contributing to irreversible airway narrowing in individuals
with COPD (2). As in asthma, there are mucus hyperplasia and
increased expression of mucin genes. A marked difference between
COPD and asthma is that destruction of alveolar walls (emphy-
sema) occurs only in COPD; this is a result of protease-mediated
degradation of connective tissue elements, particularly elastin, and
apoptosis of type I pneumocytes and endothelial cells.

The role of lymphokines and T cell regulatory

cytokines in asthma and COPD

Lymphokines include cytokines that are released predominantly
from T cells, which play a critical role in orchestrating inflamma-
tion in asthma (Figure 3) and are also prominent in the inflamma-
tion observed in individuals with COPD. The T cells detected in
the inflamed airways of individuals with asthma and COPD secrete
distinctive patterns of cytokines that are associated with the differ-
ent patterns of inflammation seen in these diseases through their
roles in recruiting distinct types of inflammatory cells and mediat-
ing distinct effects on structural cells in the airways.

Th2 cytokines. In patients with asthma, there is an increase in the
number of CD4* Th cells in the airways, which are predominantly
of the Th2 subtype (1). Th2 cells are characterized by secretion of
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IL-4,IL-5,1L-9, and IL-13. The transcription factor GATA-binding
protein 3 (GATA3) is crucial for the differentiation of uncommit-
ted naive T cells into Th2 cells and regulates the secretion of Th2
cytokines (3). There is an increase in the number of GATA3" T cells
in the airways of stable asthmatic subjects (4). Following ligation of
the TCR and CD28 coreceptor by APCs, GATA3 is phosphorylated
and activated by p38 MAPK, resulting in translocation from the
cytoplasm to the nucleus, where it activates transcription of genes
characteristic of Th2 cells (5). Nuclear factor of activated T cells
(NFAT) is a T cell-specific transcription factor and enhances
the transcriptional activation of the Il4 promoter by GATA3 (3).
Finally, IL-33, a member of the IL-1 family of cytokines, promotes
differentiation of Th2 cells by translocating to the nucleus and
regulating transcription through an effect on chromatin structure
(6), but it also acts as a selective chemoattractant of Th2 cells (7).
Although COPD is viewed as a disease of type 1 immunity (1), Th2
cytokines may also be increased in COPD patients; for example,
increased IL-4 expression is seen in CD8* T (Tc2) cells from bron-
choalveolar lavage (BAL) fluid (8).

IL-4 plays a critical role in the differentiation of Th2 cells from
uncommitted ThO cells and may be important in initial sensitiza-
tion to allergens. It is also important for isotype switching of B
cells from producers of IgG to producers of IgE. IL-13 mimics IL-4
in inducing IgE secretion and causing structural changes in the air-
ways but does not play a role in promoting Th2 cell differentiation
(9). IL-13 signals through a heterodimeric receptor comprising the
a-chain of the IL-4 receptor (IL-4Rat) and a specific IL-13-bind-
ing chain (IL-13Ra); the use of IL-4Ra accounts for some of the
shared effects of IL-4 and IL-13, which are mediated via activation
of STATG. IL-13 also binds to another receptor (IL-13Ra2), which
does not appear to signal and acts as a decoy receptor. IL-13 has
attracted particular attention as a therapeutic target for the treat-
ment of asthma, as it not only induces airway hyperresponsiveness
(AHR) in animal models of asthma but also produces several of
the structural changes seen in chronic asthma, including goblet
cell hyperplasia, airway smooth muscle proliferation, and subepi-
thelial fibrosis (9). IL-13 induces inflammation through stimulat-
ing the expression of multiple chemokines, including CCL11 (also
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Figure 1

Cytokines involved in asthma. Epithelial cells
play an important role in orchestrating the
inflammation of asthma through the release
of multiple cytokines, including SCF (which

36 CCL13 multl ‘ .
/"/-\.g CCL24 maintains mast cells in the airways), TSLP
CCL26 (which acts on DCs to release the Th2 che-

moattractants CCL17 and CCL22, which act
via CCR4), and several chemokines that
attract eosinophils by activating CCR3. Th2
cells orchestrate the inflammatory response in
asthma through the release of IL-4 and IL-13
(which stimulate B cells to synthesize IgE), IL-5
(which is necessary for eosinophilic inflam-
mation), and IL-9 (which stimulates mast cell
proliferation). Mast cells are thus orchestrated
by several interacting cytokines and play an
important role in asthma through the release
of the bronchoconstrictor mediators hista-
mine, cysteinyl-leukotrienes (Cys-LTs), and
PGD.. Adapted with permission from Nature
Publishing Group (1).

known as eotaxin) from structural cells in the airways, including
epithelial cells. IL-13 induces AHR and mucus hypersecretion by
activating STAT6 in the airway epithelium (10), which increases
expression of acid mammalian chitinase (AMC) (11). Indeed, neu-
tralization of AMC inhibits IL-13-mediated AHR and Th2-driven
inflammation. IL-13 is produced by several cell types in addition to
Th2 cells, including other types of T cells (Th1 cells, Tc2 cells, and
invariant NKT cells) and inflammatory cells (mast cells, basophils,
and eosinophils). IL-13 shows increased expression in the airways
of asthmatic patients, whereas it is reduced in patients with severe
COPD (12). After allergen challenge, there is a transient increase in
IL-4 in BAL fluid, whereas the secretion of IL-13 is sustained and
correlates with the increase in the number of eosinophils in the
airways (13). Further, levels of a chitinase-like protein are increased
in the lungs and serum of patients with severe asthma, possibly
reflecting increased IL-13 secretion (14). Pitrakinra, a mutated
form of IL-4 that blocks the binding of IL-4 and IL-13 to IL-4Ra,
reduces the late response to inhaled allergen in asthmatic patients
after either inhaled or subcutaneous administration (15).

IL-S plays a key role in inflammation mediated by eosinophils,
since it is critically involved in the differentiation of eosinophils
from bone marrow precursor cells and also prolongs eosinophil
survival. Systemic and local administration of IL-5 to asthmatic
patients results in an increase in circulating eosinophils and
CD34"* eosinophil precursors (16). In experimental animals, block-
ing antibodies specific for IL-S reduces eosinophil numbers in the
lungs and inhibits allergen responses. However, in asthmatics, a
humanized blocking antibody specific for IL-5 (mepolizumab)
markedly reduces circulating and sputum eosinophils but has no
effect on allergen responses or AHR. In symptomatic asthmatics,
mepolizumab has no clinical benefit, despite a marked reduction
in circulating eosinophils (17). However, mepolizumab does not
completely eliminate eosinophils from the airways, which may
explain why it provides no clinical benefit (18).

IL-9 overexpression in mice induces inflammation mediated by
eosinophils, mucus hyperplasia, mastocytosis, AHR, and increased
expression of other Th2 cytokines and IgE (19). IL-9 blockade
inhibits pulmonary eosinophilia, mucus hypersecretion, and AHR
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Cytokines involved in COPD. Inhaled irri-
tants, such as cigarette smoke, activate
epithelial cells and macrophages to release
multiple cytokines, including growth factors
such as TGF-$ and FGFs, which stimulate
fibroblast proliferation, resulting in fibrosis in
the small airways. These cells also secrete
the proinflammatory cytokines TNF-a, IL-1f,
and IL-6, all of which amplify inflammation,
and several chemokines that attract circulat-
ing cells into the lungs. CCL2 acts via CCR2
to attract monocytes (which differentiate
into macrophages in the lungs); CXCL1 and
CXCL8 act via CXCR2 to attract neutrophils
and monocytes; and CXCL9, CXCL10, and
CXCL11 act via CXCR3 to attract Th1 cells

CXCR3 Neult::ggth?laeslgsstase anq Tc_:1 cells, poth of which release IFN-y,
MMP-9 which in turn stimulates the release of more
IFN- T - exXoR3 of these CXCR3-binding chemokines. Mucus
] hypersecretion is stimulated by EGF and
TGF-a. CTGF, connective tissue growth fac-
tor. Adapted with permission from Nature
Perforln ——————— Publishing Group (1).
; Alveolar wall Tor ¢
Fibrosis of destruction Mucus
small airways (emphysema) hypersecretion

after allergen challenge of sensitized mice. Asthmatic patients show
increased expression of IL-9 and its receptor in the airways (19).
Many of the effects of IL-9 in mice (eosinophilic inflammation
and mucus hypersecretion) are mediated via the release of IL-13,
whereas its effects on mast cell expansion and B cells seem to be
direct (20). IL-9 plays an important role in differentiation and pro-
liferation of mast cells and interacts synergistically with SCF.

Th1 and Tcl cytokines. The transcription factor T-bet is crucial for
Th1 cell differentiation and secretion of the Th1-type cytokine
IFN-y. Consistent with the prominent role of Th2 cells in asthma,
T-bet expression is reduced in T cells from the airways of asthmatic
patients compared with airway T cells from nonasthmatic patients
(21). After phosphorylation, T-bet associates with and inhibits
the function of GATA3 by preventing it from binding to its DNA
target sequences (22). In turn, GATA3 inhibits the production of
Th1-type cytokines by inhibiting STAT4, the main transcription
factor activated by the T-bet-inducing cytokine IL-12 (23). Th1
cells are the prominent CD4" T cells, and Tc1 cells the predomi-
nant CD8* T cells expressed in COPD lungs (24), but their role in
the pathogenesis of COPD is not yet certain.

IFN-y is the predominant cytokine produced by Th1 and Tcl
cells and may play an important role in inflammation in individu-
als with COPD by inducing the release of chemokines. In contrast,
it is usually found at reduced levels in individuals with asthma,
although levels of IFN-y are increased in patients with more severe
disease and acute exacerbations (25). IFN-y activates T-bet via
STAT1, resulting in expression of genes encoding Th1 cytokines
and suppression of genes encoding Th2 cytokines (26). IFN-y also
orchestrates the infiltration of Th1 and Tc1 cells in the lungs of
individuals with COPD through the upregulation of the chemo-
kine receptor CXCR3 on these cells and the release of the CXCR3-
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activating chemokines CCL9 (also known as Mig), CCL10 (also
known as IP-10), and CCL11 (also known as I-TAC) (24). Consis-
tent with this, there is an increase in the number of T cells secret-
ing IFN-y in the airways of patients with COPD (27).

Type I and type III IFNs. Type 1 IFNs (IFN-o and IFN-B) and
type III IFNs (IFN-A) play an important role in innate immunity
against viral infections, but IFN-f and IFN-A show reduced expres-
sion in epithelial cells of asthmatic patients and are associated
with increased rhinovirus replication, which may predispose these
patients to viral exacerbations of asthma (28, 29). The molecular
mechanism for these defects in innate immunity is not yet under-
stood. Low-dose IFN-a. seems to give marked benefit in patients
with severe corticosteroid-resistant asthma but again the mecha-
nism is unknown (30).

IL-12 and related cytokines. IL-12 plays an important role in dif-
ferentiating and activating Th1 cells and is produced by activated
macrophages, DCs, and airway epithelial cells (31). IL-12 induces
T cells to release IFN-y, which regulates the expression of IL-12Rf32
and so maintains the differentiation of Th1 cells, whereas IL-4
suppresses IL-12RB2 expression and thus antagonizes Th1 cell
differentiation. IL-12 levels released from whole-blood cells are
lower in asthmatic patients, indicating a possible reduction in
IL-12 secretion (32). In patients with mild asthma, recombi-
nant IL-12 causes a progressive fall in circulating eosinophils
but no reduction in allergen response or AHR, as with mepo-
lizumab (the humanized blocking antibody specific for IL-5)
(33). IL-12 is a heterodimer comprising p40 and p35 subunit;
the p40 subunit is also a component of IL-23. The p40 subunit
can also homodimerize to form IL-12p80, and both monomeric
p40 and IL-12p80 can act as functional antagonists of IL-12 and
IL-23 by binding to IL-12R1 (34). However, they can also have
November 2008
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Table 1

Key cytokines involved in asthma and COPD

Cytokine

Lymphokines and T cell regulatory cytokines

Effect in asthma

Effect in COPD

IL-4 Enhances disease Might enhance disease
IL-5 Enhances disease Unknown

IL-9 Enhances disease Unknown

IL-12 Reduces disease Enhances disease
IL-13 Enhances disease Reduces disease
IL-17 Enhances disease Unknown

IL-18 Reduces disease Enhances disease
IL-25 Enhances disease Unknown

[FN-y Reduces disease Enhances disease

Proinflammatory cytokines

IL-1B Enhances disease Enhances disease
IL-6 Enhances disease Enhances disease
TNF-o. Enhances severe disease Enhances disease
TSLP Enhances disease Unknown
Growth factors

EGF Enhances disease Enhances disease
GM-CSF Enhances disease Enhances disease
NGF Enhances disease Unknown
SCF Enhances disease Unknown
TGF-B Enhances severe disease Enhances disease
VEGF Enhances disease Reduces disease
Chemokines

CCR2 agonists Enhances disease Enhances disease
CCR3 agonists Enhances disease Enhances exacerbations
CCR4 agonists Enhances disease Unknown
CCR5 agonists Enhances disease Enhances disease
CXCR2 agonists Enhances severe disease Enhances disease
CXCR3 agonists Enhances severe disease Enhances disease

Antiinflammatory cytokines

IL-10 Decreases disease Decreases disease

proinflammatory effects through activating IL-12Rf1, resulting
in effects such as macrophage chemoattraction (34). Most of the
effects of IL-12 are mediated via activation of STAT4, which is
phosphorylated in the airways and BAL fluid lymphocytes of
patients with COPD (27).

Originally described as IFN-y-releasing factor, IL-18 has a mech-
anism of action different from that of IL-12 and may enhance Th1
responses independently of IL-12 (35). IL-12 and IL-18 appear
to have a synergistic effect on the induction of IFN-y release and
the inhibition of IL-4-dependent IgE production and AHR. In
individuals with COPD, IL-18 expression is increased in alveolar
macrophages and CD8"* T cells in the airways and is correlated
with disease severity (36).

IL-27 is a member of the IL-12 family that promotes Th1 cell
differentiation through a STAT1-dependent mechanism indepen-
dently of IL-12 (37). It is produced by activated APCs and enhances
Th1 function by downregulating GATA3 expression and upregu-
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Main mechanism underlying effects References
Increases production of IgE; 1,8,13
increases number of Th2 cells
Increases number of eosinophils 16
Increases number of mast cells 19
Increases number of Th1 cells 31,32
Increases production of IgE; 9-11,13
induces airway remodeling
Indirectly increases number of neutrophils 41-46
Increases IFN-y release 35, 36
Increases number of Th2 cells 47,48
Decreases number of Th2 cells 26
Increases inflammation 57
Increases inflammation 60
Increases inflammation 50, 51
Increases number of Th2 cells 61-64
Induces mucus hypersecretion 80-82
Increases number of neutrophils; 65, 66
increases number of eosinophils
Increases AHR 71,72

Increases number of mast cells 67

Increases fibrosis; suppresses inflammation (Tregs) 73-79
Induces angiogenesis; increases vascular leakage 83-86
Increases number of monocytes 89, 90
Increases number of eosinophils 91-94
Increases number of Th2 cells 92,95
Increases number of T cells; 97-99
increases numbers of eosinophils
Increases number of neutrophils; 90, 101-103
increases number of monocytes
Increases number of Th1 cells; 97,104-107
increases number of Tc1 cells
Decreases inflammation 112-116

lating T-bet expression, thereby favoring the production Th1-type
cytokines, which then act to further inhibit GATA3 expression (38).
The role of IL-27 in asthma and COPD remains to be determined.
Th17 cytokines. Th17 cells are a subset of CD4" T cells that play an
important role in inflammatory diseases and are regulated by the
transcription factor retinoic acid orphan receptor-yt (RORyt) (39).
IL-6, IL-1f, TGF-f, and IL-23 are all involved in the differentia-
tion of human Th17 cells (39, 40). Little is known about the role
of Th17 cells in either asthma or COPD, but levels of IL-17A (the
predominant product of Th17 cells) are increased in the sputum
of individuals with asthma (41) and Th17 cells are increased in the
airways of asthmatic subjects (42). IL-17A and the closely related
IL-17F are linked to neutrophil-mediated inflammation by induc-
tion of the release of the neutrophil chemoattractants CXCL1 and
CXCLS8 from airway epithelial cells and airway smooth muscle cells
(43) and thereby may play a role in the neutrophilic inflammation
of severe asthma and COPD (44). IL-17 also increases the expres-
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sion of mucin-encoding genes (MUCSAC and MUCSB) in human
airway epithelial cells (45). However, the functional role of IL-17
in asthma is unclear, as it seems to be involved in allergic sensitiza-
tion of animal models but to inhibit eosinophilic inflammation in
sensitized animals (44).

Th17 cells also produce IL-21, which is important for the differen-
tiation of these cells and thus acts as a positive autoregulatory factor
(46). It also inhibits expression of the forkhead transcription factor
forkhead box P3 (FOXP3) and thereby the development of Tregs (46).
IL-22 is also released by Th17 cells and stimulates the production of
IL-10 and acute-phase proteins. More work is needed to understand
the role and regulation of Th17 cells in asthma and COPD, as they
may provide important new targets for future therapy.

IL-25 (also known as IL-17E), another member of the IL-17
superfamily, is produced by Th2 cells, mast cells, and epithelial
cells. IL-25 induces the expression of IL-4, IL-5, and IL-13, result-
ing in inflammation mediated by eosinophils, increased IgE pro-
duction, and AHR in mice (47). It also enhances Th2 cytokine
secretion from human Th2 cells (48). A blocking antibody spe-
cific for IL-25 inhibits the development of AHR in response to
allergens in mice and is in clinical development for asthma (49).

The role of proinflammatory cytokines in asthma

and COPD

Proinflammatory cytokines, such as TNF-a, IL-1f, and IL-6,
are found in increased amounts in the sputum and BAL fluid
in individuals with asthma and COPD and amplify inflamma-
tion, in part through the activation of NF-xB, which leads to the
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Figure 3

Th cells in airways. Th2 cells predominate in most
patients with asthma and differentiate from uncommitted
precursor T cells under the influence of IL-4. Th2 cells
orchestrate allergic inflammation through the release
of the Th2 cytokines IL-4, IL-5, IL-9, and IL-13. Th1
cells differentiate under the influence of IL-12 and IL-27
and suppress Th2 cells through the release of IFN-y.
Th17 cells differentiate under the influence of IL-6 and
IL-23. Tregs normally suppress other Th cells through
the release of TGF-f and IL-10 and may have impaired
function in asthma. Each Th cell type is regulated by a
specific transcription factor: T-bet for Th1 cells, GATA3
for Th2 cells, retinoic acid orphan receptor-yt (RORyt)
for Th17 cells, and FOXP3 for Tregs.

increased expression of multiple inflammatory genes. In other
chronic inflammatory diseases, such as rheumatoid arthritis and
inflammatory bowel diseases, blocking these cytokines has proven
to be of clinical benefit, so there has been considerable interest in
determining whether the same approach might also be useful in
inflammartory airway diseases.

TNF-0.. Many cells have the capacity to secrete TNF-a, including
macrophages, mast cells, T cells, epithelial cells, and airway smooth
muscle cells. Inhaled TNF-a induces AHR and airway inflamma-
tion mediated by neutrophils in normal subjects (50). TNF-a. acts
directly on human airway smooth muscle to increase the con-
tractile response to spasmogens and may thus play a role in the
AHR of asthma. TNF-a. is expressed in various cells in asthmatic
airways, particularly mast cells, and may play a key role in ampli-
fying asthmatic inflammation through the activation of NF-kB
(51). Blocking TNF-a with etanercept (a fusion protein compris-
ing human soluble TNER linked to the Fc component of human
IgG1) reduced AHR and improved lung function in a small scudy of
patients with refractory asthma (52). In addition, blocking TNF-a.
with infliximab (a chimeric antibody specific for human TNF-a)
reduced exacerbations in a patients with moderate asthma (53).
Larger studies are now underway in patients with severe asthma.

In patients with COPD, TNF-a levels are increased in sputum
induced by inhalation of hypertonic saline, particularly during
exacerbations (54). Furthermore, COPD patients with weight loss
show increased TNF-a release from circulating cells. However,
infliximab failed to provide patients with COPD any benefit, as
assessed by effects on symptoms, lung function, and exercise pet-
Number 11

Volume 118 November 2008



formance, when administrated at the doses that are effective in
individuals with rheumatoid arthritis (55). It was also without
effect in patients with severe COPD who have cachexia (56). These
surprising findings may indicate that the drug does not adequately
neutralize local concentrations of TNF-a. or that other cytokines
are more important. Further, in COPD patients treated with drugs
that block the function of TNF-a,, there was an increase in the inci-
dence of chest infections and cancers, raising concerns that sup-
pression of TNF-o. may be detrimental in patients with COPD who
are already predisposed to bacterial lung infections and cancer.

IL-1B.1L-1P expression is increased in the airways of asthmatic indi-
viduals and activates many inflammatory genes that are expressed in
asthma. IL-1 receptor antagonist (IL-1Ra) administration reduces
AHR induced by allergens in mice, but human recombinant IL-1Ra
(anakinra) is not effective in the treatment of asthma (57). IL-1
markedly activates macrophages from patients with COPD to secrete
inflammatory cytokines, chemokines, and MMP9 (58), and studies
investigating the efficacy of an antibody that blocks IL-1f in patients
with COPD are currently in progress.

IL-6. IL-6 often works in concert with other cytokines and pro-
vides a link between innate and acquired immunity. IL-6 is found
in increased amounts in induced sputum of asthmatic patients
after mast cell activation (59). It may play a role in the expansion of
Th2 and Th17 cells and therefore have a proinflammatory effect in
asthma. IL-6 is found in increased amounts in the sputum, exhaled
breath, and plasma of patients with COPD, particularly during
exacerbations (60). IL-6 releases C-reactive protein from the liver
and may be involved in some of the systemic features of COPD,
such as muscle weakness and endothelial dysfunction.

Thymic stromal lymphopoietin. Thymic stromal lymphopoietin
(TSLP) is a cytokine belonging to the IL-7 family that shows a
marked increase in expression in airway epithelium and mast
cells of asthmartic patients (61). TSLP is released from airway
epithelial cells, and its synergistic interaction with IL-1f and
TNF-a results in the release of Th2 cytokines from mast cells
independently of T cells (62). TSLP also plays a key role in pro-
gramming airway DCs to release the Th2 chemoattractants
CCL17 and CCL22 and thus is important in recruiting Th2
cells to the airways (63). TSLP may also directly stimulate Th2
cytokine release from CD4* T cells. OX40 ligand plays an impor-
tant role in mediating TSLP-induced allergic inflammation, as
blocking antibodies specific for this receptor completely inhibit
TSLP-induced activation of Th2 cells in mice and nonhuman
primates (64). Because TSLP is an upstream cytokine, through
its ability to regulate Th2 cells, it is a logical target for inhibition
in the treatment of asthma.

Growth factors

Several cytokines implicated in airway inflammation either pro-
mote the differentiation and survival of inflammatory cells or
result in proliferation and/or activation of structural cells, con-
tributing to airway remodeling. As a result of these functions, they
are classified in this Review as growth factors.

GM-CSF. GM-CSF plays a role in the differentiation and survival
of neutrophils, eosinophils, and macrophages and has been impli-
cated in asthma and COPD. Its receptor comprises an o-chain that
is specific for the receptor for GM-CSF and a f-chain that is also
part of the receptors for IL-3 and IL-5. GM-CSF is secreted predom-
inantly by macrophages, epithelial cells, and T cells in response to
inflammatory stimuli. Airway epithelial cells of asthmatic patients
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strongly express GM-CSF, which may condition DCs to direct
Th2 immunity and to prolong the survival of eosinophils (65). In
COPD, GM-CSF is released by alveolar macrophages and may be
important for increased survival of neutrophils and macrophages
in the airways (58). Increased concentrations of GM-CSF in BAL
fluid of COPD patients, particularly during exacerbations, are cor-
related with the increased numbers of neutrophils (66).

SCF. SCF is the ligand of the c-Kit tyrosine kinase receptor,
which is expressed by several structural and inflammatory cells in
the airways (67). SCF is produced by epithelial cells, airway smooth
muscle cells, endothelial cells, fibroblasts, mast cells, and eosino-
phils. It is a critical growth factor for mast cells and promotes their
generation from CD34* progenitors. SCF induces mast cell surviv-
al, adhesion, chemotaxis, degranulation, which releases histamine
and tryptase, and synthesis of proinflammatory cytokines and che-
mokines. SCF is upregulated by inflammatory stimuli and shows
increased expression in airway epithelial cells of individuals with
asthma (67). SCF induces AHR in mice, and a blocking antibody
specific for SCF inhibits inflammation mediated by eosinophils
and AHR after allergen exposure (68). Imatinib, a small molecule
inhibitor of c-Kit, inhibits allergen-induced pulmonary inflamma-
tion and AHR in sensitized mice (69). No blocking studies have so
far been reported in individuals with asthma, but blocking anti-
body specific for SCF reduces the in vitro mast cell chemotactic
activity in BAL fluid of asthmatics (70).

Neurotrophins. Neurotrophins are cytokines that play an impor-
tant role in the function, proliferation, and survival of autonomic
nerves. In sensory nerves, neurotrophins increase responsiveness
and expression of tachykinins. Nerve growth factor (NGF) may be
produced by mast cells, lymphocytes, macrophages, and eosino-
phils as well as structural cells, such as epithelial cells, fibroblasts,
and airway smooth muscle cells. Although neurotrophins have
predominant effects on neuronal cells, they can also act as growth
factors for inflammatory cells, such as mast cells, as well as increas-
ing chemotaxis and survival of eosinophils (71, 72). NGF induces
AHR in various animal models of asthma, including guinea pig,
mouse, and rat models, and this induction is blocked by antibod-
ies specific for either NGF or its receptor TrkA (71). NGF levels
are increased in BAL fluid of asthmatic patients with a further
increase after allergen challenge.

TGF-B. TGF- is a family of pleiotropic cytokines that may play
several roles in asthma and COPD. TGF-f is a multifunctional
growth factor that induces the proliferation of fibroblasts and air-
way smooth muscle cells, deposition of ECM, and epithelial repair.
It is generated from a latent precursor through oxidative stress
and various proteases. TGF-P also has immunoregulatory effects
that are largely mediated through Tregs through the induction of
FOXP3, resulting in suppression of Th1 and Th2 cells (73). There
is increased expression of TGF-f1, particularly in eosinophils in
asthmatic airways, and this has been associated with subepithe-
lial fibrosis (74). Increased expression of TGF-B2 has also been
reported in patients with severe asthma (75). In COPD there is
increased expression of TGF-f3 by airway epithelial cells from small
airways and macrophages (76, 77). Gene-array studies of small
airways from COPD patients have shown increased expression of
molecules associated with TGF-f activation, including thrombo-
spondin and urokinase plasminogen activator (78). Many of the
fibrotic effects of TGF-f3 are mediated via increased secretion of
connective tissue growth factor (CTGF), which shows increased
expression in microarray analysis of COPD lungs (79).
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EGF. EGF activates EGFR tyrosine kinases that are also acti-
vated by TGF-o and may play a critical role in regulating mucus
secretion in individuals with asthma and COPD. In human air-
way epithelial cells, EGFR can be activated by oxidative stress,
which activates TNF-o-converting enzyme (TACE, also known
as ADAM-17). TACE cleaves membrane-bound TGF-a to release
the soluble cytokine, which results in EGFR phosphorylation and
subsequent expression of mucin genes (MUCSAC and MUCSB)
(80). EGFR expression is increased in airway epithelial cells of
patients with asthma and is related to increased MUCSA/C
expression (81). In the airways of individuals with COPD, there
is increased expression of EGFR, EGF, and the related cytokine
heregulin in airway epithelial cells (82).

VEGF. VEGF plays an important role in regulating the growth
of new vessels and vascular leakage in asthmatic airways (83).
Increased expression of VEGF and VEGF receptors is correlated
with increased vascularity in asthmatic airways (84). In contrast,
VEGF concentrations are reduced in the lungs and sputum of
patients with COPD (85). Furthermore, blockage of VEGF recep-
tors induces apoptosis of alveolar endothelial cells and develop-
ment of emphysema (86).

Chemokines

Chemokines play an important role in the recruitment of inflam-
matory cells from the circulation to the airways in both asthma
and COPD (87). There has been particular interest in the role of
chemokines in asthma and COPD, as they signal through GPCRs,
for which small molecule antagonists can be relatively easily devel-
oped (88). Chemokines are best discussed in light of the receptors
to which they bind, and these are divided into receptors for CC
chemokines (CCRs), receptors for CXC chemokines (CXCRs), and
the receptor for the lone CX3C chemokine.

CCRs. CCL2 (also known as MCP-1) activates CCR2 on
monocytes and T cells. CCL2 levels are increased in the sputum,
BAL fluid, and lungs of patients with COPD, and CCL2 is also
expressed by alveolar macrophages, T cells, and epithelial cells
(89, 90). CCL2 is a potent chemoattractant of monocytes and may
therefore be involved in the accumulation of macrophages in the
lungs of COPD patients.

CCRa3 is expressed predominantly on eosinophils and mediates
the chemortactic response to several chemokines, including CCL11,
CCL24 (also known as eotaxin-2), CCL26 (also known as eotax-
in-3), CCL13 (also known as MCP-4), and CCLS5 (also known as
RANTES), all of which show increased expression in the airways of
individuals with asthma (91). Small molecule antagonists of CCR3
are effective in inhibiting pulmonary eosinophilic inflammation
in mice exposed to allergen CCR3 and may also be important in
the differentiation of eosinophils and their release from bone mar-
row (92). Further, CCR3 is also expressed on Th2 cells and mast
cells in humans. Although most attention has focused on CCL11,
CCL24 and CCL26 may play a role in prolonged eosinophilia after
allergen exposure (93). CCL11 and CCR3 are also upregulated in
the airways of patients with exacerbations of chronic bronchitis
and may account for the increased sputum eosinophilia seen in
some of these patients (94). Several CCR3 antagonists have been
developed for clinical studies in asthma, although so far all have
failed for toxicological reasons.

CCR4 is selectively expressed on Th2 cells and activated by
CCL22 and CCL17, which are released from airway epithelial cells
and DCs in asthmatic airways (61) and are further increased in BAL
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fluid after inhaled allergen challenge in association with increased
Th2 cytokines (95). CCL8 is also expressed on Th2 cells but neither
it nor its ligand CCL1 (also known as I-309) are increased in asth-
matic airways (61).

CCRS is activated by CCL3 (also known as MIP-1a), CCL4 (also
known as MIP-1p), and CCLS, all of which are elevated in the lungs
of individuals with COPD. T cells expressing CCRS are increased in
the airways of patients with mild to moderate COPD (96) and in the
sputum of patients with COPD (97). CCRS is selectively expressed
on Th1 and Tc1 cells and contributes to the recruitment of these
cells into the airways of patients with COPD (24). Increased expres-
sion of CCLS in airways and sputum of patients with COPD during
exacerbations suggests a role for CCRS in the recruitment of T cells,
eosinophils, and macrophages during exacerbations (98). CCLS
also shows increased expression in asthmatic airways, particularly
in airway epithelial and smooth muscle cells (99). CCRS antago-
nists are now available for the treatment of HIV/AIDS but have not
yet been tested in individuals with either asthma or COPD.

CXCRs. CXCL8 activates CXCR1, which is almost specific for this
chemokine, and CXCR2, which is also activated by several related
CXC chemokines, including CXCL1 (also known as GRO-a) and
CXCLS (also known as ENA-78). CXCL1 and CXCLS8 levels are
markedly increased in induced sputum of patients with COPD and
correlate with the increased proportion of neutrophils (90). CXCL8
is further increased during exacerbations of COPD (54), and CXCLS
shows a markedly increased expression in airway epithelium during
a COPD exacerbation (100). Small molecule inhibitors of CXCR2,
such as SB 225002, block the chemotactic response of neutrophils
and monocytes to CXCL8 and CXCLI in animals in vivo and are now
in clinical development for COPD (101). CXCL8 is also increased in
the airways and sputum of patients with severe asthma (102) and
during virally induced asthma exacerbations (103); it is correlated
with increased numbers of neutrophils in the sputum.

T cells in the peripheral airways of patients with COPD show
increased expression of CXCR3 (24), which is activated by CXCL9,
CXCL10, and CXCL11, all of which are induced by IFN-y. These
CXCR3 chemokines are increased in sputum from patients with
COPD and correlate with disease severity (97). There is increased
expression of CXCL10 by bronchiolar epithelial cells and smooth
muscle cells in the small airways of patients with COPD (104).
Since Tcl and Th1 cells produce IFN-y in COPD, this provides a
potential amplification loop to perpetuate T cell accumulation in
the lungs. The role of CXCR3 chemokines in asthma is less well
established, but CXCL10 produced by airway smooth muscle cells
appears to attract mast cells, which express CXCR3, and so may
account for the increased numbers of mast cells in airway smooth
muscle of asthmatics (105). CXCR3 may also play a role in the
recruitment of T cells following allergen challenge (106). On the
other hand, CXCR3 ligands antagonize CCR3, suggesting that
they might suppress eosinophilic inflammation (107).

CXCR4 is preferentially expressed on Th2 cells and is activated
by CXCL12 (also known as SDF-1a). A small molecule inhibitor
of CXCR4 (AMD3100) reduces inflammation and AHR in sensi-
tized mice exposed to inhaled allergen, and these effects are associ-
ated with a reduction in Th2 cytokines (108). CCL12 may also be
involved in mobilization of eosinophil progenitor cells from the
bone marrow, as eosinophils express CXCR4 (92).

CX3CRI. CX3CL1 (also known as fractalkine), the sole member
of a third family of CX3C chemokines, is produced by airway epi-
thelial cells after stimulation with TNF-a, IL-1f, and IFN-y (109).
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Cytokine Therapy Effect in clinical study Stage of development References
IL-1 Recombinant nonglycosylated No effect in asthma Development for asthma halted; 57
human IL-1Ra (anakinra) licensed to treat other diseases
Humanized blocking mAb specific for IL-1B NA In early clinical trials for COPD 126
IL-4 Soluble recombinant human IL-4 receptor (Nuvance) Little effect in asthma Development halted 127

Mutated IL-4 (pitrakinra)

Reduced allergen

In clinical development for asthma 15

responses in asthma

Humanized blocking mAb specific for IL-4 (pascolizumab) NA In clinical trials for asthma 128

IL-5  Humanized blocking mAb specific for IL-5 (mepolizumab) No effect in mild asthma Clinical studies in severe asthma 17,18
mAb targeting the IL-5 receptor (MEDI-563) NA In development for asthma 129
IL-6 Humanized mAb specific for IL-6R (tocilizumab) NA Trials in asthma and COPD proposed 130
IL-9 Blocking mAb specific for IL-9 (MEDI-528) NA In development for asthma 131
IL-10 Recombinant cytokine No effect in asthma Development halted NA
IL-12 Recombinant cytokine No effect in asthma Development halted 33
IL-13 Soluble IL-13Ra2—Fc fusion protein NA Trials for asthma proposed NA
Blocking mAbs specific for IL-13 NA In early clinical trials for asthma 132

(CAT-354, IMAG38, and QAX576)

IL-25
[FN-a

Mutated IL-4 (pitrakinra)

Blocking mAb specific for IL-25

Recombinant cytokine

Reduced allergen
responses in asthma

In clinical development for asthma 15

IFN-y Recombinant cytokine

NA In development for asthma 49
Improved severe asthma Clinical development uncertain 30
No effect in asthma Development halted 26

TNF-o Human soluble TNFR-human IgG1Fc Some effect in severe asthma Studies in severe asthma ongoing 52
fusion protein (etanercept)
TNF-a Chimeric blocking mAb specific Small effect in moderate asthma ~ Study in severe asthma completed 53, 55, 56
for TNF-o. (infliximab) No effect in COPD
CXCL8 Blocking mAb specific for CXCL8 (ABX-IL8) Small effect in COPD Development halted 133
CXCR2 antagonists (e.g., PS433540) NA In early clinical trials for COPD 134

IgG1Fc, Fc portion of IgG1; IL-6R, a-chain of the receptor for IL-6; IL-13Ra2; a.2-chain of the receptor for IL-13.

CX3CL1 is chemotactic for monocytes, T cells, and mast cells and
also functions as an adhesion molecule in its membrane-bound
form (110). CX3CL1 is increased in BAL fluid after allergen chal-
lenge of asthmatic patients and shows increased expression on
epithelial and endothelial cells (111).

Antiinflammatory cytokines

Although most cytokines increase or orchestrate the inflamma-
tion process in asthma and COPD, some cytokines have inhibi-
tory or antiinflammatory effects. As discussed above, IL-12,
through the release of IFN-y from Th1 cells, can suppress Th2
cytokine release and allergic inflammation. TGF-f has poten-
tial immunomodulatory effects though inhibition of CD4* T
cells (73) but does not have therapeutic potential in view of its
profibrotic actions.

IL-10 is a potent antiinflammatory cytokine that inhibits the
synthesis of many inflammatory proteins, including several
cytokines (such as TNF-a, GM-CSF, IL-5, and several chemokines)
that are overexpressed in asthma and COPD, and also inhibits anti-
gen presentation (112). There is a reduction in IL10 transcription
and secretion from macrophages in individuals who have asthma
(113).1L-10 is produced by a subset of Tregs and by macrophages
(114). Specific allergen immunotherapy results in increased pro-
duction of IL-10-producing Tregs (115). IL-10 might also be ben-
eficial in COPD as it not only inhibits the production of TNF-a.
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and chemokines, but also MMP-9, which may be involved in the
destruction of lung elastin. IL-10 concentrations are reduced in
sputum of COPD patients (116).

Therapeutic implications
Although there have been several attempts to inhibit specific
cytokines in asthma and COPD with blocking antibodies (Table 2),
the results have so far been disappointing, as so many cytokines are
involved and there is considerable redundancy in their effects (117).
Cytokine inbibitors. There is hope that blocking the cytokines
that are more upstream in the cytokine cascade that results in
either asthma or COPD, such as TSLP and IL-13 for asthma,
may produce clinical benefit. It may also be possible to block
more than one cytokine with multifunctional domain antibod-
ies. In individuals with mild asthma, an inhaled antisense oli-
gonucleotide combination that blocks CCR3 and the common
B-chain of GM-CSF, IL-3, and IL-5 reduced the expression of
the genes encoding these cytokines in airway cells after allergen
challenge, with a significant reduction in sputum eosinophils,
reduction in early response, and a nonsignificant reduction in
late response (118). There is a search for small molecule antago-
nists, but so far this search has only proven successful for che-
mokines (88). Drugs that have a an effect on the synthesis of
several cytokines may be more successful than inhibitors of
specific cytokines or their receptors.
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Corticosteroids. Corticosteroids are by far the most effective treat-
ments for asthma, and a large part of their efficacy is due to inhibi-
tion of inflammatory cytokine gene expression. However, they are
not effective in suppressing cytokines in COPD (the mechanisms
of steroid resistance are reviewed in detail in ref. 119).

Immunomodulators. Cyclosporin A, tacrolimus, and rapamycin
inhibit NFAT, which regulates the transcription of genes that
encode Th2 cytokines. For example, cyclosporin and tacrolimus
inhibit the transcription of IL5 in human T cells in vitro (120).
However, although cyclosporin A has some reported beneficial ste-
roid-sparing effects in asthma, its toxicity limits its usefulness when
given orally. Although T cells are prominent inflammatory cells in
COPD, no studies of immunomodulators have been reported.

Phosphodiesterase 4 inhibitors. Phosphodiesterase 4 (PDE4) inhibi-
tors block the release of cytokines and chemokines from inflam-
matory cells by increasing levels of intracellular cAMP. However,
their clinical use is limited in asthma and COPD by side effects
such as nausea (121).

NF-B inhibitors. NF-kB regulates the expression of many genes
encoding cytokines and chemokines involved in airway diseases.
Although there are several possible approaches to inhibition of
NF-kB, small molecule inhibitors of IKK2 are the most promis-
ing (122). An IKK2 inhibitor reduces the expression of IL-1 and
TNF-o in rat lungs after exposure to inhaled LPS (123). Although
several IKK2 inhibitors are in development, none have been tested
in patients with either asthma or COPD. One concern about long-
term inhibition of NF-kB is that effective inhibitors may result in
immune suppression and impair host defenses, since mice which
lack NF-kB genes succumb to septicemia.

P38 MAPK inhibitors. The p38 MAPK pathway is involved in
expression of inflammatory cytokines and chemokines (122).
A potent inhibitor of p38-a isoform, SD-282, inhibits TNF-a
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release from human lung macrophages in vitro (124) and is also
effective in suppressing inflammation, including reduction of
IL-6 concentrations, in a smoking model of COPD in mice in
which corticosteroids are ineffective (125). Several p38 MAPK
inhibitors have now entered clinical trials for asthma and COPD,
but there have been problems of side effects and toxicity, indicat-
ing that it is probably necessary to deliver these drugs by inhala-
tion to reduce systemic exposure.

Summary

Cytokine networks play a key role in orchestrating the inflamma-
tion of asthma and COPD, and differences in cytokine patterns
that are involved in cell recruitment and in the regulation of T
cells account for the different patterns of inflammation between
these diseases. Proinflammatory cytokines, such as TNF-a and
IL-6, are involved in both asthma and COPD and may play a
role in amplifying inflammation and thus determining disease
severity. Growth factors are responsible for the persistence of
certain inflammatory cells and for the structural changes that
occur in the lungs of patients with asthma and COPD. Blocking
specific cytokines or their receptors has so far been disappoint-
ing in clinical studies, suggesting that a broader spectrum of
antiinflammatory effects is needed. While this is provided by
corticosteroids in mild and moderate asthma, alternative antiin-
flammatory approaches need to be developed to treat individu-
als with severe asthma and COPD, for which corticosteroids are
much less effective.
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