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Purpose of review

This review examines recent articles on the relationship of

cytokines to allergy and asthma with particular emphasis on

immune mechanisms involved in disease development in

early life.

Recent findings

It was previously proposed that reduced microbial exposure

in early life is responsible for a shift of the Th1/Th2 balance

in the immune system towards the proallergenic Th2

response. This Th1/Th2 imbalance results in the clinical

expression of allergy and/or asthma. In recent years,

accumulating data from mice and humans have identified

Th2 cytokines [interleukin (IL)-4, IL-13, and IL-5] as major

contributors to allergy and asthma. Interestingly, the Th1

cytokine interferon-g has recently been shown to act

concurrently with Th2 cytokines in maintaining the chronic

inflammatory response in allergic diseases, particularly in

asthmatic airways. Most recently, evidence suggests that

suppression of T-regulatory cells may contribute to the

underlying immune mechanisms involved in allergy and

asthma.

Summary

An enhanced Th2 immune response and the elaboration of

cytokines such as IL-4, IL-13, and IL-5 contribute to the

induction of allergy and asthma. Interferon-g, a Th1 cytokine,

acts in conjunction with Th2 (IL-4, IL-13, and IL-5) in

maintaining chronic allergic inflammation. The mechanisms

leading to an enhanced Th2 response are still controversial.

Th2-dominated immune responses may result from immune

suppression of T-regulatory cells as well as Th1 cells.

Understanding early-life immune mechanisms responsible

for atopic diseases, specifically how cytokines of

T-regulatory cells act to balance the Th1 and Th2 immune

response, continues to be a fruitful area of research.
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Introduction
Allergic diseases, such as allergic rhinitis, allergic con-

junctivitis, food allergy, atopic dermatitis, and asthma are

complex genetic diseases with major environmental

influences that occur in a developmental context. It is

still unclear why allergy and the subsequent develop-

ment of allergic diseases occur in some children but not

others. The increased prevalence of allergic diseases in

recent years [1–4], especially in industrialized countries,

suggests the potential influence of improved hygiene and

better infection control on the development of allergy

and indirectly on atopic asthma. Supporting evidence for

the ‘hygiene’ hypothesis suggests that reduced microbial

burden during childhood as a result of a Westernized

lifestyle [5–8] contributes to the increased prevalence of

allergic diseases, particularly allergic rhinitis, atopic der-

matitis, and to a lesser extent asthma.

It has been proposed that reduced microbial exposures

in early life leads to the polarization of allergen-specific

T-cell memory towards the Th2 instead of the Th1

immune response. Whether reduced microbial exposures

are the only environmental stimuli influencing this

immune effect is unclear, but this particular environ-

mental exposure has received the most attention. Since

the delineation of type 1 (Th1) and type 2 (Th2) CD4þ

T-cells in mice (1989) [9] and in humans (1994) [10],

evidence has largely shown that activated Th2 lympho-

cytes and the elaboration of certain cytokines such as

interleukin (IL)-4, IL-13, and IL-5 are responsible for the

cascade of eosinophil activation and IgE production

necessary for allergic inflammation [11–13].

Th1 and Th2 subsets develop from the same precursor

cells, which are naı̈ve CD4þ T lymphocytes, and the

pattern of differentiation is determined by environmental

stimuli present early during immune responses (Fig. 1).

Further consideration of these environmental exposures

is beyond the scope of this review. Th2 differentia-

tion occurs in response to environmental allergens and
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helminths via activated antigen-presenting cells under

the influence of IL-4 [10,14]. Activated Th2 lymphocytes

produce IL- 4, IL-13, and IL-5, which are responsible for

IgE production by B cells, eosinophil activation and

recruitment, and mucus production [10,14]. In contrast,

Th1 cells differentiate from naı̈ve CD4þ cells in response

to microbial activation of antigen-presenting cells under

the influence of IL-12. Differentiated Th1 cells secrete

interferon-g, which is important in intracellular dest-

ruction of phagocytosed microbes. Furthermore, inter-

feron-g produced by Th1 cells and IL-4 produced by Th2

counter-regulate each other [15].

The initial immune model of the Th1/Th2 imbalance

associatedwith the ‘hygiene’ hypothesis has recently been

questioned. New studies indicate that the immune

mechanisms involved in allergy and asthma are likely to

be more complex and cannot be explained by a simple

failure of a shift from the Th2 to Th1 immune responses.

In fact, if reducedmicrobial exposure impairs the immune

deviation fromTh2 to Th1, we would not expect to see an

increased prevalence of both autoimmune disease (Th1-

dominant immune responses) such as multiple sclerosis,

type I diabetes, and inflammatory bowel diseases, and

allergic diseases (Th2-dominant immune responses)

[16]. An additional piece of evidence against the Th1/

Th2 dichotomy is provided by studies demonstrating a

generally attenuated allergen-stimulated lymphocyte pro-

liferation as well as attenuated Th1 and Th2 cytokine

production at birth [17��–19��]. These globally attenuated

immune responses suggest the presence of other control

mechanisms of T-cell regulation (Fig. 2). There is strong

evidence that peripheral T-cell regulation plays a crucial

role in the control of harmful T-cell responses. These

peripheral T-cells, recognized as T-regulatory (or T-reg)

cells, act to abolish specific allergen-stimulated lympho-

cyte proliferation and suppress Th1 and Th2 cytokine

production [14]. It has been proposed that an immune

suppression of the T-regulatory cells may be invol-

ved in a Th2-skewed immune response among atopic

individuals [16,20,21]. The relationship of environ-

mental exposures to T-regulatory cell function in

immune-system ontogeny in early life remains a high

research priority.

Although there is epidemiological evidence to support

the so-called hygiene hypothesis, its immunological basis

for this hypothesis remains controversial. The reasons for

some of the inconsistencies seen with the results of

immunological studies can partly be explained by the

fact that human studies are limited to in-vitro analysis.

Examining immune response in peripheral blood gives

limited information about the complex nature of the

human immune system. Other factors that could con-

tribute to conflicting results include cohorts with small

sample sizes, different age groups, and different baseline

risk characteristics for allergy and allergic diseases, and

variation in laboratory techniques. For example, some

researchers use allergen instead of mitogen stimulation

and measure mRNA instead of protein. Despite these
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Fig. 1. T-helper lymphocyte differentiation to Th1 or Th2
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Th2 differentiation occurs in response to environmental allergens and
helminths via activated antigen-presenting cells under the influence of
IL-4. Activated Th2 cells produce interleukins IL- 4, IL-13, and IL-5, which
are responsible for IgE production by B-cells, eosinophil activation and
recruitment, andmucus production. Th1 cells differentiate in response to
microbial activation of antigen-presenting cells under the influence of
IL-12. Activated Th1 cells produce interferon (IFN)-g, which is important
in intracellular destruction of phagocytosed microbes. Interferon-g pro-
duced by Th1 cells and IL-4 produced by Th2 cells counter-regulate
each other.

Fig. 2. A more complex model of Th1 and Th2 differentiation

The transcription factors GATA-3 and C-maf are necessary for Th2
responses. The T-bet transcription factor is important for Th1 responses.
In this model, the potential influence of the immunosuppressive
T-regulatory (T-reg) cells on the Th1/Th2 imbalance is also depicted.
These T-regulatory cells abolish specific allergen-stimulated lymphocyte
proliferation and suppress Th1 and Th2 cytokine production. It has been
proposed that immune suppression of the T-regulatory cells may be
involved in a Th2-skewed immune response among atopic individuals.



inconsistencies, we have gained valuable information

about the early immune responses involved in atopic

diseases. It appears that genetic and environmental influ-

ences in early life are critical in defining the patterns of

immune response involved in allergy and asthma out-

comes, and we are just beginning to unravel the complex

network of regulatory mechanisms at work.

Th2 cytokines, allergy, and asthma
Despite variation in sample sizes, laboratory techniques,

and age or risk factors of the cohort examined, results

from cross-sectional and longitudinal studies have con-

sistently demonstrated a strong association between an

upregulated Th2 immune response and atopic diseases.

Studies have shown that cord-blood IL-13 in response to

dust mite (Der p 1) and phytohemagglutinin were asso-

ciated with atopic dermatitis at age 3 years [22]. In a

group of 175 children with a high genetic risk for atopy

based on family history, staphylococcal enterotoxin B-

induced IL-13 responses in cord blood were shown to be

the strongest independent predictor of allergy develop-

ment as defined by positive skin-prick test at age 2 years

[23��]. However, the heightened Th2 immune response

to allergens or mitogens associated with allergy or atopic

diseases is more consistently observed in peripheral

blood obtained from children early in postnatal life rather

than at birth. For example, a study in which investigators

measured unstimulated cord-blood cytokine levels

reported an association between lower concentrations

of IL-4 and interferon-g at birth and wheeze at 6 years

[19��]. In another study, it was demonstrated that chil-

dren who had a positive skin-prick test at age 6 years had

lower Th2 (IL-13 and IL-6) cytokine responses at birth.

However, a positive skin-prick test to house dust mite at

6 years was associated with higher IL-13 response to

house dust mite at 1 year; clinical atopic disease at 6 years

was associated with higher IL-5 mRNA responses to

house dust mite at 1 year [17��]. Similarly, Neville and

his group demonstrated that, although there were no

associations between neonatal phytohemagglutinin-

stimulated Th2 cytokines and atopic markers of allergy

(i.e. absolute eosinophil count and total IgE) at age

1 year, there were associations between increased levels

of IL-5 and IL-13 (Th2 polarization) and atopic markers

of allergy at age 1 year [18��]. These two studies demon-

strated that Th2 cytokines, although low at birth, increase

significantly from birth to age 1 year [18��] and from birth

to age 2 years [17��]. One study showed an association of

increased IL-4 at 18 months and atopic disease at age

6 years [24]. In cross-sectional analysis of an older group

of children ages 2–3 years, it was shown that allergen-

stimulated IL-13 was associated with allergic sensitiza-

tion and clinical allergy or wheeze [25�]. Th2 cytokine

responses have been demonstrated in peripheral blood of

atopic or asthmatic patients as well as at target sites of

inflammation such as asthmatic airways [26,27��,28].

Th1 cytokines, allergy, and asthma
The relationship between Th1-mediated immune

response and atopic diseases is more controversial. As

mentioned previously, the discrepancies between studies

may be related to subtle differences in laboratory

methodologies or study design. Alternatively, these

differences may mean that the immune mechanisms

involved in defining allergy or asthma are more

complex than those defined by a simple Th1/Th2 dichot-

omy.

Some studies have found no association between inter-

feron-g levels at birth and atopic dermatitis at 3 years

[22], absolute eosinophil counts, or total IgE at 1 year

[18��]. A study of children at genetic risk (positive family

history) for allergy showed that these children have

weaker polyclonal Th1 interferon-g responses than chil-

dren at low genetic risk from allergy. In that study,

children with allergy at age 6 years tended to have weaker

neonatal interferon-g responses than those without aller-

gic symptoms [17��]. Similarly, detectable cord blood

interferon-g levels have been associated with lower risks

for asthma and allergy at age 6 years, and maternal

smoking has been found to be associated with both

reduced interferon-g at birth and subsequent wheeze

at 6 years [19��]. Furthermore, reduced interferon-g at

age 3 months has been associated with recurrent wheez-

ing at age 1 year [29�], and interferon-g in response to

dust mite (Der f 1) and cockroach (Bla g 2) has been shown
to be reduced among children with atopic disease at age

2 years [25�].

Conceptually, Th1 interferon-g is known to counter-

regulate Th2 immune response and Th2 cytokines are

known to activate a cascade of events that are necessary

for inflammation. However, there is recent evidence that

interferon-g secreted from both CD4þ and CD8þ lym-

phocytes may act concurrently with Th2 cytokines

(IL-13, IL-5, and IL-4) in maintaining allergic inflam-

matory response at affected sites. In a recent publication,

the authors demonstrated that production of IL-4, IL-5,

and interferon-g by unstimulated sputum CD4þ and

CD8þ T-cells was increased in asthmatics and related

to disease severity–more for CD8þ than for CD4 T-cells

[27��]. Another group found that induced sputum T-cell

cytokine production indicates a basic Th2 bias in asthma.

This was accompanied during symptomatic periods by a

Th1-like activation [26]. Rowe et al. evaluated 175 high-

risk children, comparing their cord-blood allergen- and

mitogen-stimulated cytokine levels to allergy as defined

by skin prick test at age 2 years. They showed that among

these high-risk children, allergic sensitization at 2 years

was strongly associated with polyclonal interferon-g

responses to both phytohemagglutinin and staphylococ-

cal enterotoxin B and that interferon-g was produced

predominantly by CD8þ cells [23��]. Furthermore, serum
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interferon-g was found to be associated with a decline in

lung function among adult asthmatics [30].

Together these findings demonstrate that, although

interferon-g produced by Th1 cells and IL-4 produced

by Th2 counter-regulate each other, interferon-g also

contributes to chronic inflammation.

T-regulatory cells, allergy, and asthma
Failure of an immune deviation from an allergen-

specific Th2 response to a Th1 immune response has

been proposed as the mechanism responsible for the

increased allergic disease prevalence associated with

reduced microbial exposures in early life. Recent evi-

dence suggests that the dysregulated immune system

involved in allergy and asthma cannot be explained

simply by the Th1/Th2 dichotomy. Another mechanism

may involve T-regulatory/suppressor cells. It has been

shown that maternal T-regulatory cells act to suppress

autoimmune responses and create an immune home-

ostasis in the feto–maternal relationship [31,32]. The

presence of T-regulatory cells may explain the lower

lymphocyte proliferation and mitogen- or allergen-

stimulated cytokine production observed in neonatal

cord blood as compared to those of adults [31,33]. As

previously mentioned, some studies have found reduc-

tion in both Th1 and Th2 cytokines at birth [17��–19��].

In those studies, it was not until early postnatal life that a

clearly heightened Th2 cytokine production was noted

among children with allergy or allergic disease. Many

types of T-regulatory cell have been identified, and

most are recognized for their production of IL-10 and

transforming growth factor-b (TGF-b). In in-vivo animal

studies, T-regulatory cells suppress naı̈ve memory Th1

and Th2 responses through the release of IL-10 and

TGF-b [14,34�,35�]. A recent study demonstrated that

T-regulatory cells respond directly to proinflammatory

bacterial products, a mechanism that likely contributes to

the control of inflammatory responses [36��]. Further-

more, decreased antigenic stimulation resulting from a

decreased frequency of childhood infections has been

associated with decreased levels of T-regulatory cyto-

kines (IL-10 but also TGF-b) [37]. It has been proposed

that an immune suppression of theT-regulatory cells may

be involved in a Th2-skewed immune response among

atopic individuals [16,20,21].

Genes, allergy, and asthma
Several transcriptional factors have been identified that

are important in Th1 and Th2 phenotypic expression.

For example, the T-bet (T-box expressed in T-cells)

transcription factor promotes Th1 differentiation and has

been shown to enhance interferon-g transcription [38].

Furthermore, T-bet-deficient mice demonstrated defec-

tive Th1 responses and reduced interferon-g production

with over-production of Th2 cytokines, resulting in

increased airway hyper-responsiveness to methacholine

and airway remodeling similar to that observed in humans

with chronic asthma [39,40]. In contrast, GATA-3 has

been identified as a major Th2-regulatory factor neces-

sary for generating the Th2 responses [41–43] and sup-

pressing Th1 responses [44]. Increased GATA-3 gene

expression in association with IL-5 mRNAþ cells were

found in asthmatic airways [45]. In addition to GATA-3,

C-maf, a basic leucine-zipper transcription factor, has

been shown to directly augment IL-4 [46�].

The IL-4 and IL-4 receptor a chain (IL-4RA) loci are in

genomic regions linked to asthma phenotypes (5q31 for

IL-4 and 16p12 for IL-4RA). A functional single nucleo-

tide polymorphism (SNP) in the promoter of the IL-4
gene has been associated with total serum IgE [47–49],

asthma [47,48,50–52], rhinitis [51], asthma severity

[51,53], and atopic dermatitis [54]. SNPs in exons of

IL-4RA have been associated with asthma [55–59], total

serum IgE [55,60–64], atopic dermatitis [65], and asthma

severity [66]. The IL-13 gene is on chromosome 5q31–

q33, a region linked to asthma phenotypes. Functional

SNPs in the promoter and coding regions of IL-13 have

been associated with asthma [48,67,68], airway respon-

siveness [68], atopy [68–72], and total serum IgE

[69,70,72]. The IL-12 cytokine is involved in Th1 cell

development andTh2 suppression. Recently polymorph-

isms of the IL-12B gene were found to be associated with

asthma and asthma-related phenotypes such as eosino-

phil and total IgE among families of Caucasian children

with asthma in the Childhood Asthma Management

Program (CAMP) [73]. Polymorphisms in the IL-10 gene,
which is located on chromosome 1q31–q32, are asso-

ciated with asthma [74]. The TGF-b1 gene (TGFb1) is

on chromosome 19q, a genomic region linked to asthma

phenotypes. Functional SNPs in TGFb1 have been

associated with asthma [75], total serum IgE [76], asthma

severity [77], and atopic dermatitis [78].

Conclusion
Epidemiological studies suggest that reduced microbial

exposures resulting from a Westernized lifestyle is at

least partly responsible for the increased prevalence of

allergic diseases in recent decades. The immune mecha-

nisms involved in the phenotypic expression of allergic

diseases are being elucidated. It is well-documented that

allergen-specific Th2 responses with the subsequent

release of interleukins such as IL-4, IL-13, and IL-5

are responsible for the cascade of events necessary for

allergic inflammation. The initial view is that reduced

microbial stimulation of cells of innate immunity, as a

result of improved hygiene, causes a reduction of Th1

polarization and therefore reduced interferon-g. As a

result, a Th2-dominant immune response is observed.

However, recent evidence suggests that reduced micro-

bial exposure also leads to reduced stimulation of
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T-regulatory cells, resulting in increased Th2 responses.

It is most likely that the combination of reduced Th1

cytokines (interferon-g and IL-12) and reduced T-reg-

ulatory cytokines (IL-10 and TGF-b) secondary to

reduced microbial burden in early life is responsible

for the Th2-skewed immune response. Understanding

early-life immune mechanisms responsible for atopic

diseases continues to be an exciting area of research,

but further work is needed to determine how cytokines of

T-regulatory cells act to balance the Th1 and Th2

immune response.
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