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Abstract:

 

Although asthma is clearly associated with a systemic propensity for allergic T helper type 2 (Th2) cell  cytokine
responses, independent local immune events appear to be responsible for the development of allergic airways inflammation.
There is growing interest in how local immune networks interact with resident airway cell populations such as epithelial
cells, which are now also recognized as key producers of cytokines, chemokines and growth factors. As well as their
recognized role in airway remodelling, epithelial cells are now thought to have a role in initiating events. This review
examines the role of cytokines produced by these and other cells in the development of asthma. It also highlights emerging
concepts that the excessive and inappropriate immune responses seen in allergic disease may be related to dysfunction of
various interleukin-10 producing regulatory cell populations.
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With the relatively recent recognition that asthma is an inflam-
matory disorder, there has been an enormous effort to identify
and modify the contributing pro-inflammatory processes.
The advent of molecular technology and more sophisticated
detection systems has lead the identification and functional
characterization of a vast number of component cytokines,
mediators, receptors and other molecules. However, despite
this dramatic increase in ‘component’ knowledge, our under-
standing of the more dynamic interactions and relationships is
still fairly rudimentary. Furthermore, technology has so far
added dimensions of complexity without uncovering basic
causal pathways. A key objective of future research must be to
address these issues and provide a more dynamic understanding
of disease pathogenesis and the contributing factors.

Despite limitations in current knowledge it is already evident
that asthma and allergic disease are associated with both local
and underlying systemic immune dysregulation. Cytokines
appear to play a key role in the initiation and perpetuation of
allergic inflammation. However, it is still not clear if this
dysfunction is initiated locally in the mucosal surfaces (and
related immune networks) where disease is manifest, or if it is
due to a more generalized abnormality in host responses. There
is growing evidence that both of these processes occur and
interact to produce airways disease. This report provides an
overview of recent literature in this area, including the current
models of immune regulation, interactions between cytokines
and local airway epithelial cells, and the role of cytokines in the
prediction, assessment and treatment of disease.

 

THE ROLE OF TH2 CYTOKINES IN ASTHMA

 

An increase in activated CD4+ T helper (Th) cells in asthmatic
airways after allergen challenge has been recognized for many

years,

 

1,2

 

 reinforcing an immunological basis for this disease.
Strong associations with allergic disease have also provided a
strong case for a primary role of T helper type 2 (Th2) cells in
the development of asthma. Although ‘deficient’ Th1 function
was initially proposed as an underlying factor, there is no
conclusive evidence of impaired Th1 function in either asthma
or atopy.

 

3–5

 

 However, there is a substantial body of evidence
implicating most ‘Th2’ cytokines (interleukin (IL)-4, IL-5,
IL-9, IL-13) in the expression and development of airways
inflammation and hyperactivity (AHR). While all of these
cytokines appear to have a role, the recent literature indicates
that IL-13 is especially critical and may be ‘sufficient and
necessary’ for the development of reactive airways disease, at
least in animal models.

 

6

 

 Repeated exposure to IL-13 leads to
murine airway inflammation, AHR and increased mucous
production.

 

7,8

 

 While blocking the effects of other Th2
cytokines (IL-4, IL-5 and IL-9) results in an incomplete reduc-
tion in the asthmatic airways response in mice, blocking the
effects of IL-13 completely abolishes asthmatic responses.

 

9

 

Accordingly, IL-13 ‘knock out’ mice also have reduced airways
eosinophilia, inflammation, fibrosis and epithelial and mucous
cell hyperplasia compared with wild-type mice.

 

10

 

 IL-13
appears to act directly on airways epithelial cells to produce the
pathological features of asthma.

 

6

 

In humans, most studies are more indirect, focusing on
peripheral blood responses, in vitro airway models or bronchial
alveolar lavage

 

11

 

 studies, all of which have clear limitations.
Although the events leading to airways inflammation may be
independent of the processes leading to the atopic state, these
are strongly associated. Compared to non-atopic individuals,
atopics have higher Th2 IL-4,

 

12–15

 

 IL-5,

 

16–19

 

 IL-13

 

15,18,19

 

 and
IL-9

 

20

 

 peripheral blood mononuclear cell (PBMC) responses to
allergens and other stimuli. Similar patterns are seen in asth-
matics as a reflection of their atopic propensity. Few studies
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have attempted to define differences in cytokine responses in
atopics with and without airways disease, although higher IL-9
responses,

 

20

 

 attenuated pro-Th1 IL-12 responses

 

21

 

 and vari-
ously altered IL-10 responses

 

21

 

 have been noted (discussed
further below). In a long-term follow-up study,

 

22

 

 persistent
asthmatics had reduced Th1 (IFN-

 

γ

 

) responses to house dust
mite compared to adults with resolved asthma, but both groups
had higher IL-5 and IL-13 responses compared to non-atopic
controls. In this context, Th2 responses reflected the atopic
state rather than airways disease. Acute asthma has also been
associated with higher levels of circulating IL-4, IL-5 and
IL-13 compared to asymptomatic asthmatics,

 

23

 

 but it is not
clear if this is related to systemic or local airways factors.
Genetic variants of IL-13 (Arg 110 Gln) have been associated
with asthma, and homozygotes have been noted to have
increased serum IL-13 levels

 

24

 

 suggesting functional differ-
ences. However, while IL-13 plays a central role in animal
models, the contribution in humans is less clear.

 

INTERACTIONS BETWEEN TH2 CYTOKINES AND 
AIRWAY EPITHELIUM

 

Despite the clear association with atopy, there is accumulating
evidence that airways disease occurs through independent
processes in ‘Th2 predisposed’ individuals. Local airway cells,
and epithelial–mesenchymal interactions, are now believed to
play a critical role in asthma pathogenesis.

 

25

 

 Epithelial cells,
which produce many chemokines, cyokines and growth factors,
have been shown to be essential for Th2-induced disease
expression in animal asthma models.

 

6,26

 

 Th2 cytokines have
also been shown to have direct effects on human epithelial
cells.

 

27

 

 Together, these observations suggest that asthma is the
culmination of both local epithelial dysfunction and general-
ized Th2 propensity (atopic predisposition).

IL-4 and IL-13 have direct effects on human lung epithelial
cells, impairing epithelial barrier function and wound healing.

 

28

 

IL-13 and transforming growth factor beta (TGF

 

β

 

) also act
synergistically on human airway fibroblasts to increase produc-
tion of eotaxin-1, a powerful eosinophil chemoattractant.

 

27

 

Recent work suggests that these effects may be mediated by

 

direct

 

 effects on airways epithelial cells

 

6,26

 

 without the need
for  an associated inflammatory infiltrate. Kupermann 

 

et al

 

.

 

6

 

demonstrated that mice lacking the vital Th2 signal transducer
and activator of transcription 6 (STAT6) were protected from
all of the IL-13 induced features of airways disease. Reconsti-
tution of STAT6 only in airway epithelial cells was sufficient to
lead to all of the features of IL-13-induced AHR and mucous
production. Together, these findings suggest that IL-13 may
account for many of the airway abnormalities in asthma, and
that direct actions on epithelial cells may be central to the
expression of disease. The mechanisms are still unclear. Other
cell targets for IL-13 are still not well defined, and many IL-13
effects appear to be independent of known pathways (via IL-4
receptors).

 

10

 

ROLE OF THE TH2 PARADIGM IN ASTHMA 
PATHOGENESIS – RECOGNIZED LIMITATIONS

 

The clear association between asthma and other allergic disease
has lead to the working model that similar patterns of immune
dysregulation may be common to these conditions. Indeed,
many studies

 

12–20

 

 confirm that patients with this group of
atopic conditions have an increased propensity for Th2
responses to allergens. Although there are clear human parallels

with the Th1/Th2 paradigm originally described in rodents, the
role of this in disease development is unclear. While many
asthmatics are atopic, a number of other factors appear to
contribute to the local inflammation and eventual airway
remodelling. Furthermore, the presence of Th2 responses in
atopic asthma may not represent a simple skewing or polariza-
tion of responses along a Th1–Th2 continuum as previously
supposed. In fact, many recent studies suggest that affected
individuals are more generally responsive to allergens with
increases in both Th1 and Th2 responses,

 

3,4

 

 suggesting a
breakdown of more fundamental regulatory processes, likely to
be common to many aspects of the immune response. Finally,
while there are clear associations between allergy and asthma,
it appears that separate processes are involved in the atopic
diathesis and airways inflammation. Asthma is a heterogeneous
condition, which probably arises from different predisposing
genetic and environmental factors in different individuals, and
this may account for the lack of clear genetic or environmental
causal pathways. Thus, while the Th1/Th2 paradigm has pro-
vided a very good model for describing allergic airways
disease, it does not encapsulate the complexity of 

 

in vivo

 

immune interactions in diseases such as asthma.
The associated increase in Th2 allergic disease with progres-

sively ‘cleaner’ environments has been recently explained in
terms of reduced bacterial burden and a consequent reduction
in the strong pro-Th1 stimuli required for immune maturation.
Thus, the ‘hygiene hypothesis’ was initially explained in terms
of a shift in favour of Th2 responses because of reduced pro-
Th1-inducing microbial exposure. However, this does not
explain the paradoxical observation that ‘Th1 diseases’ (such as
type 1 diabetes) have also increased in the same period. This
complexity also suggests that simple strategies to alter Th1/Th2
responses may not be successful in complex immunological
disorders such as asthma.

 

THE ROLE OF IL-10 AND OTHER REGULATORY 
CYTOKINES: NEW CONCEPTS OF ASTHMA 
PATHOGENESIS

 

More recently, a new theory has emerged. This proposes that
environmental changes have in some way modified regulatory
systems such that they inadequately prevent over-expression of
inappropriate Th1 and Th2 responses in predisposed individu-
als. This has lead to investigation of pathways with known
homeostatic and immunomodulatory effects, particularly of
IL-10 and TGF

 

β

 

 regulatory pathways.
A key study recently demonstrated that administration of

mycobacteria can reduce airway inflammation in animals, and
that this effect was mediated by regulatory T cells producing
both TGF

 

β

 

 and IL-10.

 

29

 

 This strongly supports the notion that
in addition to their Th1 effects, microbial elements also induce
important regulatory pathways.

 

30

 

 Thus, while the ‘hygiene
hypothesis’ may yet hold true, the proposed mechanisms
are probably more complex than originally proposed.

The gut is believed to be central in the development of
counter-regulatory immune function. The gastrointestinal tract
and associated mucosal immune system is an IL-10 and TGF

 

β

 

dominant environment, promoting mucosal immune responses
and systemic immune tolerance.

 

30

 

 It is of note that germ-free
animals that do not achieve normal gut colonization have
profound disorders of immune tolerance including both auto-
immunity and allergy.

 

31

 

Although initially classified as a Th2 cytokine, IL-10 is
produced by a much wider range of cell types (dendritic cells,
monocytes, macrophages, CD4+ and CD8+ T cells, natural
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killer cells, neutrophils and epithelial cells), and is now viewed
more as a potent immunoregulatory cytokine. It plays an
important role modulating and dampening excessive immune
responses across the whole immune system. IL-10 is also
produced by a recently described T-cell subset; the CD4+
CD25 + regulatory T cell.

 

32

 

 Interleukin-10 inhibits T-cell acti-
vation, immunoglobulin (Ig)E production, eosinophil recruit-
ment and many other aspects of allergic inflammation.

 

33,34

 

There is some evidence that IL-10 responses are attenuated
in atopy, but this is not conclusive in either animal models or
humans. Allergic patients demonstrate reduced IL-10 responses
after viral infections, with reduced IL-10 detected in nasal
lavage fluid

 

35

 

 and following in vitro PBMC stimulation.

 

36

 

 This
suggests impaired ability to increase production of this regula-
tory cytokine after an inflammatory stimulus. Another recent
study described reduced IL-10 production by allergen-specific
CD8+ T cells from atopic individuals.

 

37

 

 However, IL-10
responses by viral specific CD8+ T cells were unimpaired
compared to non-atopic controls, suggesting that effects could
be stimulus specific. Findings in animals appear to depend on
the models used. A number of IL-10 ‘knock out’ murine
models demonstrate increased AHR, eosinophilia and exag-
gerated Th2 responses compared with wild-type mice,

 

38

 

although other reports are conflicting.

 

39

 

 Not suprisingly, IL-10
deficient animals also develop spontaneous inflammatory
bowel disease.

 

40

 

The role of IL-10 expression in human asthmatic airways is
less clear. Lower IL-10 (protein) levels have been measured in
bronchial alveolar lavage samples from human asthmatics,

 

41

 

who also show reduced IL-10 responses by their PBMC
(in response to endotoxin) compared with control subjects.

 

41

 

However, other studies have demonstrated higher expression of
IL-10 messenger ribonucleic acid in asthmatic airways

 

42

 

 and
gut mucosa.

 

43

 

 It has been proposed that this may reflect
dysregulation of IL-10 expression in the presence of chronic
inflammation

 

30

 

 with inadequate effector mechanisms.

 

33

 

 Of
note, inhaled corticosteroids increase IL-10 responses by alve-
olar macrophages,

 

44

 

 suggesting that this may contribute to the
anti-inflammatory action of these medications. Less is known
about the role of TGF

 

β

 

 in the development of airways pathol-
ogy. Both IL-10 and TGF

 

β

 

 gene polymorphisms have been
noted in association with asthma and atopy.

 

45

 

Because IL-10 is also produced by epithelial cells, it may be
an important mediating factor in many of the interactions
between systemic immune responses and local airways disease.
This is an area of intensive ongoing research.

 

THE USE OF CYTOKINE RESPONSES TO PREDICT 
DEVELOPMENT OF DISEASE

 

The detection of Th2 responses in the neonatal period may not
represent a tendency for atopic disease, as both immaturity of
Th1 (and antigen presenting cell  function) and the pro-Th2
effects of maternal hormones in pregnancy promote Th2
responses in the perinatal period.

 

46

 

 However, a number of
studies suggest that persistence of this profile beyond the first
months of life is associated with subsequent allergic disease.

 

47

 

It is therefore possible that future technologies may offer the
potential to assess the propensity of an individual to a particular
pattern of response.

There are a number of associations between early patterns of
immune responses and either genetic risk of allergic disease
(family or parental allergy) or subsequent allergic disease,
although these associations are not specifically with asthma.
Although Th1 function is generally less mature at birth, more

significant immaturity in Th1 capacity has been associated with
genetic risk or subsequent atopic disease.

 

48

 

 Similarly, a number
of studies have reported that stronger neonatal Th2 responses
(particularly IL-13) are associated with a subsequent increased
risk of atopy.

 

49–51

 

 At this stage, these measures do not appear to
have any predictive value, but support the concept that the
processes which lead to immune dysregulation are initiated
very early in life. With the development of allergy prevention
strategies, there is a growing need to more accurately predict
children at the highest risk for both atopy and related airways
disease.

 

THE USE OF CYTOKINE RESPONSES TO ASSESS 
THE COURSE OR THE SEVERITY OF DISEASE

 

Although there have been some reports linking cytokine pro-
files to severity of disease, including higher serum IL-5 and
lower IFN-

 

γ

 

 levels,

 

23

 

 none of these is of value in the clinical
context. Although cytokine responses may also vary with
disease activity and as a result of immunotherapy, this currently
has no practical application.

 

METHODS OF MODIFYING CYTOKINE RESPONSES 
AS THERAPEUTIC STRATEGIES

 

Although the mechanisms were not understood until recently,
strategies to modify cytokine responses have been employed to
effectively reduce atopic responses for almost a century. Tradi-
tional allergen-immunotherapy is now known to result in long-
term decreases in the production of allergen specific Th2
cytokines (IL-4 and IL-5) and an increase in Th1 (IFN-

 

γ

 

)
responses.

 

52–54

 

 The initial phases of immunotherapy are associ-
ated with increased CD25 expression (characteristic of regula-
tory populations), with increases in both IL-10 and IL-12
signalling from tissue macrophages and other antigen present-
ing cells.

 

55

 

 IL-10 is believed to play an important role in
inducing and maintaining T-cell anergy.

 

56

 

 While the atopic
response is modulated, it is not clear what effects immuno-
therapy has on independent processes involved in airways
inflammation. While traditional allergen immunotherapy is of
value in some patients, it can have significant side effects and
may not be feasible in individuals with multiple allergies.

Growing knowledge of immune pathways has provided a
new range of potential targets for immune modulation.
However many, including monoclonal antibodies to human
IgE,

 

57,58

 

 target downstream events and may not alter or reverse
the underlying pathological processes. Over the last 5–10 years,
Th2 and Th1 cytokines became more logical targets. Early
attempts were of only limited success, possibly because of
limited awareness of the importance of regulatory mechanisms
at that time. Although subcutaneous administration of recom-
binant human (pro-Th1) IL-12 resulted in significantly reduced
eosinophils in blood and sputum of mild allergic asthmatic
patients,

 

59

 

 there were no differences in histamine-induced
airways-hyper-responsiveness or the late asthmatic reaction
compared with placebo administration. Similarly, a single
intravenous infusion of monoclonal anti-IL-5 prevented allergen-
induced eosinophilia (sputum and blood) but did not affect
airways hyper-responsiveness or the late asthmatic reaction.

 

60

 

These studies provide a cautionary tale, that is, effectively
targeting one component of the allergic response may not
address the complexity of airway inflammation. More recent
cytokine targets, including IL-4, IL-9, IL-13, their receptors,
transcription factors (such as STAT6) and chemokine receptors
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(such as CCR3) may hold some promise but may ultimately
face the same issues. Potential side effects and unknown long-
term consequences of these strategies remain of concern.

Methods of enhancing ‘regulatory’ pathways are growing in
popularity, and range from simple oral administration of
probiotic bacteria to the administration of highly developed
plasmid DNA vaccines which encode allergic epitopes in the
presence of immunostimulatory bacterial CpG motifs.

 

61

 

 Rather
than have specific targets in the immune cascade (which are
still poorly understood), these strategies appear to act through
enhanced regulatory TGF

 

β

 

 and IL-10 responses

 

29

 

 and may
directly reduce airway inflammation, in addition to atopic
immune responses. Accordingly, in sensitised animals, myco-
bacteria can improve pulmonary function

 

62

 

 and reduce airway
inflammation,

 

63

 

 eosinophilia

 

64

 

 and expression of adhesion mol-
ecules.

 

65

 

 In humans, there is also preliminary evidence that
bacterial preparations (intestinal flora and mycobacterial prod-
ucts) can improve atopy

 

66–69

 

 and lung function in asthmatics.

 

70

 

It is not clear if previous concerns about increasing the risk of
autoimmune disease (which were based on assumptions that
suppressing Th2 responses could lead to Th1 overexpression)
are no longer justified if regulatory pathways are the main
avenue of influence. These issues and basic mechanisms need
to be addressed by ongoing research. Ideally these methods will
eventually be replaced by strategies targeting the prevention of
allergic responses (immunoprophylaxis).

Asthma and allergic disease remain the most common dis-
eases in the modern world, making it essential to determine the
casual pathways and underlying mechanisms, in the hope that
this may lead to more definitive treatment and prevention
strategies. A more complete understanding of the processes
involved in local and systemic immune development is a
crucial part of this process.
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