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Purpose of review

With the disturbing increase in allergic disease, there is a

pressing need to determine the causes, pathogenesis and safe

avenues for disease prevention. Although events in early life

appear important, no causal pathways have been identified.

This review examines new developments in the area of foetal

and early postnatal immune maturation. It secondly addresses

early predisposing influences and protective factors that may

have a future role in allergy prevention.

Recent findings

New developments in the understanding of the ontogeny of

allergen-specific immune responses in atopic infants are

discussed, including the role of early type 1 and 2 immune

responses, and how these are influenced by perinatal antigen

presenting cell and T-cell immaturity. The controversial role of

early dietary exposures including breastfeeding, food allergens,

hydrolyzed formulae and other dietary factors including omega-3

fatty acids are discussed in the context of the most recent

literature. Equally contentious, the role of early house dust and

pet allergen exposure is discussed in light of new

epidemiological studies and disappointing early results of

multicentre allergen avoidance studies. Finally, a number of

studies in animals and humans suggest that bacterial products

can influence early immune development, providing a new

potential therapeutic avenue for disease treatment and

prevention.

Summary

Complex multifactorial genetic and environmental interactions

make research in this area difficult and apparent associations

with allergic disease may not be causal in nature. Many current

targets for prevention, such as early allergen exposure and

infant feeding practices, are proving to be ineffective and may

not be directly implicated in rising rates of disease.
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Introduction
Events and exposures during early life can influence many

aspects of development, and immunological effects may

be contributing to the recent epidemic increase in allergic

diseases. A better understanding of the mechanisms of

allergy pathogenesis is essential in order to provide

methods for safely modifying early immune development

and preventing allergic disease. This review explores early

immune maturation in light of the most recent publications

in this area, as well as potential factors which may influence

these processes, as candidates for disease prevention.

Ontogeny of early immune responses in
pregnancy and early childhood
Because early immunological events influence subse-

quent patterns of immune development, these are now

of key interest in understanding the pathogenesis of

allergic diseases.

Early allergen-specific immune responses in atopic

infants

The expression of type 2 responses to allergens is the

hallmark of allergic disease at all ages. In allergic infants

and children, stronger allergen-specific type 2 responses

are also the main distinguishing immunological feature

and may be evident within the first year of life.

However, recent studies indicate that allergen-specific

type 1 interferon-g responses are not necessarily

deficient and may actually be increased as compared

with non-allergic children [1.,2.,3]. The origins of these

apparently ‘excessive’ or inappropriate immune re-

sponses are unclear, but appear to be related to earlier

events, possibly in foetal life. Other recent studies [4.],

demonstrate that T-cells from allergic infants have

higher expression of activation markers (such as CD25

and CD30), also indicating that they are intrinsically

more ‘responsive’ to allergens.

Impaired type 1 immune function in early life

Neonatal type 1 interferon-g responses are significantly

attenuated compared with adults [5.], and many groups
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have observed that newborns at high risk of allergy

(parental disease) have a greater relative deficiency of

interferon-g responses than infants at low risk of allergy.

This was observed again in a recent study [6], and

further suggests that impaired type 1 immune function

may contribute in some way to persistence of the type 2

responses which normally dominate in the neonatal

period. As yet, there is no definitive proof of this.

This reduced capacity for type 1 responses to polyclonal

stimulation is also seen in children who develop

symptomatic allergy in childhood [2.], even though

allergen-specific interferon-g responses may not be

reduced (as discussed above). The reason for stronger

interferon-g responses to allergens in individuals with

otherwise reduced interferon-g capacity is unclear and

requires further investigation.

The significance of foetal responses to allergens

There is ongoing speculation about whether allergen-

responsive foetal T-cells have been primed by allergen

exposure in vivo or if these reflect some other poorly

understood process. Only half of the allergen-responsive

T-cells in cord blood have recently been shown to have

the CD45RO+ ‘memory’ phenotype [7..], and it is not

clear why the remaining responses are observed in

‘naı̈ve’ cell populations [7 ..]. For many reasons it may be

inappropriate to assume that neonatal CD4+CD45RO+

T-cells are equivalent to adult T-cells with the same

memory markers [8]. Mechanisms of potential in-utero

allergen exposure are also unconfirmed. Allergens have

been measured in amniotic fluid, and there is also

indirect evidence that allergens can cross the placenta

[9]. However, the relevance to in-vivo immune devel-

opment is unclear. Of note, there is no clear correlation

between levels of maternal allergen exposure and the

presence, magnitude or character of foetal immune

responses to these allergens [10,11..,12]. This suggests

that maternal allergen encounter in pregnancy may not

have a major influence on infant immune development,

although more studies are needed.

Predisposition for type 2 immune responses in the

neonatal period

During pregnancy maternal responses are normally type

2 skewed, with similar effects in the neonate [5.] and the

placenta [13 .]. This appears to be the result of both pro-

type 2 products from the placenta (progesterone,

interleukins 10 and 4 and prostaglandin E2) and

apparent immaturity of type 1 function at birth. The

relationship between type 2 responses at birth and atopic

risk or atopic outcomes has been unclear, with a number

of studies showing conflicting reports. In most recent

studies, atopic risk (maternal atopy) was associated with

higher numbers of CD4+IL13+ cells in cord blood [14]

and stronger neonatal interleukin-13 (type 2) responses

to milk allergen (b-lactoglobulin) [15.]. Atopic disease (at

1 year) has also been associated with higher neonatal

polyclonal interleukin-13 responses [16] or increased

numbers of CD4+IL13+ cells in cord blood [14].

However, at this stage none of these measures appears

to be of any practical value in predicting disease

development.

The role of antigen presenting cell immaturity in early

immune development

Reduced capacity for type 1 responses during the

perinatal period may be related to the reduced capacity

of neonatal antigen presenting cells (APCs) to provide

adequate pro-type 1 T-cell stimulation during activation,

in the form of interleukin-12 and other cytokines [17..]

(S. Prescott et al., in preparation). Recent cross-sectional

data indicate that the capacity of APCs to produce

interleukin-12 is orders of magnitude lower in neonates

than in adults, and may not approach adult levels until

late childhood [18 .]. It has been suggested that a relative

absence of interleukin-12 favours the development of a

default type-2 cytokine profile, although other factors are

clearly involved. Accordingly, the principal APCs in-

volved in activation of naı̈ve T-cells (dendritic cells) are

also less mature in neonates and have been observed to

be intrinsically programmed against type 1 responses

[17 ..].

However, while reduced neonatal interleukin-12 capa-

city is related to the type 2 skewed allergen-specific

responses observed in the neonate (S. Prescott et al., in

preparation), there is currently no conclusive evidence

that high risk infants have more immature APC

interleukin-12 signalling to account for relatively weaker

type 1 responses. Although one recent study [19 .]

suggested that interleukin-12 responses to allergens are

lower in neonates with a family history of allergic

disease, other studies showed no differences in the

capacity of high risk neonates to mount interleukin-12

responses to bacterial lipopolysaccharide (S. Prescott et
al., in preparation).

The role of perinatal T-cell immaturity in early immune

development

An observed lack of correlation between interleukin-12

and interferon-g responses in the neonate (S. Prescott et
al., in preparation) could also indicate that neonatal T-

cells are less responsive to interleukin-12. Functional

differences in the capacity of T-cells to respond to

interleukin-12 and other pro-type 1 signals from APCs

may occur in atopic or high risk infants. Although there is

one report that neonates at high risk of atopy [20..] have

reduced T-cell expression of the interleukin-12 receptor

(IL-12Rb1) further studies are required to establish if T-

cells of high risk infants are less responsive to T-helper

type 1-trophic signals.
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Differences in interferon-g gene regulation in the

neonate also indicate that neonatal T-cells are intrinsi-

cally different from mature adult T-cells. White et al.
[21 ..] recently reported that neonatal expression of

interferon-g is inhibited by hyper-methylation of inter-

feron-g promoter CpG sites. It is not yet clear how

variations in perinatal type 1 gene methylation status

relate to the risk of subsequent allergic disease. The

regulation of type 2 cytokine gene transcription has not

been investigated in the neonatal period, although there

are some preliminary studies in adults [22 .]. It was

recently observed that ‘type 2’ CD8+ T-cells (rather than

CD4+ T-cells) are the main source of interleukin-13 in

the neonate [5]. The possible immunoregulatory role of

these and other cells still remains to be determined.

Exposures in early life: associations with
early immune development and allergic
disease
With the disturbing increase in allergic disease, there has

been a pressing need to identify perinatal exposures that

can be readily modified to reduce the risk of subsequent

disease (reviewed by Liu [23]). While many potential in-

utero and perinatal exposures have been associated with

allergic disease and asthma [24 ..] the significance of

these and potential causal pathways are unclear. Many of

the targets for prevention, such as modifying early

allergen exposure and infant feeding practices, may not

actually be directly implicated in the increase in disease.

In fact, recent findings challenge existing notions that

early allergen avoidance and breastfeeding prevent

allergic disease, as discussed further below.

Breastfeeding

Although breastfeeding is recommended in most centres

as part of early strategies for allergy prevention, recent

studies challenge this practice. The most recent of these

[25 ..] found that New Zealand children born in the

1970s were more likely to develop subsequent allergic

disease and sensitization at 13 years if they were breast

fed (n = 504) than if they were formula fed (n = 533). A

number of other recent studies support this association,

including a German investigation [26 .] which also found

that a longer duration of breastfeeding increased the risk

of atopic eczema dermatitis syndrome. Reports from

both North America [27.] and Europe [28] also docu-

ment an increased risk of asthma in breastfed children

whose mothers were asthmatic, compared with those

without maternal asthma, raising further questions about

possible mechanisms.

These latest reports occur within a literature of fairly

mixed findings, and are in apparent conflict with the

most recent meta-analysis [29 ..] which found that

exclusive breastfeeding in the first months of life was

associated with reduced rates of subsequent asthma (OR

0.70; 95% CI 0.60–0.81). This systematic review, which

included 12 prospective studies (8183 infants), found

that the protective effect was greater in studies of high

risk (HR) children (OR 0.52) than in studies of a

combined population (OR 0.73). Since then, there have

also been a number of reports suggesting a protective

relationship between breastfeeding and allergic disease

[30], including one that found that this relationship was

independent of maternal asthma [31..]. Of particular

interest, several of the studies that showed breast-

feeding protected from early transient wheeze found the

opposite relationship with persistent wheeze [27 .,32].

While effects on ‘transient wheeze’ may be due to

protection from infection this does not appear to explain

all of the effect [33].

The practice of breastfeeding could influence infant

immune development directly through ‘immunological’

properties and microbiological influences, but also

indirectly by delaying exposure to other more allergenic

proteins, such as cows’ milk proteins and other antigenic

formulations. Thus exclusive breastfeeding may have

different effects on the developing immune system than

if breastfed infants also receive other formulations, even

if infrequently. Furthermore, as infants can be sensitized

to food allergen in breast milk, variations in maternal diet

while lactating may also contribute to the conflicting

relationships in the literature.

It is not clear what role infant feeding practices have had

(if any) in the significant increase in allergic disease

during the last 20–30 years. Future studies in this area

are also likely to be confined by the inability to conduct

randomized controlled trials, confounding factors and

potential recruitment biases [34]. Although the relation-

ships between breastfeeding and the development of

allergic immune responses remain unclear, breastfeeding

has many advantages for both mother and child and is

recommended for many other reasons.

The role of early food allergen exposure and hydrolysed

formulae

Mucosal events which lead to oral tolerance or allergic

disease are poorly understood. Most current guidelines

for allergy prevention are based on limited evidence

derived from population studies with inherent problems.

Cumulatively, the literature suggests that delaying the

introduction of solid foods may to some extent reduce or

delay the onset of infantile allergic diseases, including

atopic dermatitis and food allergies. However, these

effects are not particularly strong, and the long-term

benefits are less convincing. Most recently, preliminary

results of multicentre interventions to reduce allergy –

including delayed introduction of solids, breastfeeding or

hydrolysed formulae and house dust mite (HDM)

reduction strategies – showed disappointing results [35 .].
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A 2002 Cochrane meta-analysis [36 .] reviewed the

results of six randomized control trials which examined

the effects of hydrolysed formulae and dietary restriction

in infants at high risk of allergy. Although the authors

concluded that these interventions were associated with

reduced risk (RR 0.4; 95% CI 0.19–0.85) of wheezing at

1 year of age, there are no data to confirm that this has

any long-term benefits in reducing asthma, particularly

in view of the heterogeneous aetiology of early infant

wheeze. At present, most centres continue to recom-

mend delaying introduction of solids (until 4–6 months)

and the use of hydrolysed formula if breastfeeding is not

possible. It is clear that these guidelines should be

regularly reviewed and modified as more data becomes

available.

The role of early house dust mite exposure

While a number of recent studies confirm that sensitiza-

tion to aeroallergens (such as HDM) is a strong risk

factor for the development of asthma [37,38] the

relationships between early exposure and later disease

are less clear. One large, long-term prospective study

confirmed previous reports that aeroallergen sensitization

is a strong risk factor for asthma, wheeze and bronchial

hyperactivity [39]. However, the investigators failed to

show any relationship between early allergen exposure

and these clinical symptoms, and proposed that the

development of immunoglobulin-E responses occurs by

processes which are independent of those which lead to

asthma.

Most of the multicentre studies assessing the effects of

HDM avoidance interventions are still incomplete, or

only have data on the relationship between HDM

reduction and early clinical outcomes.

Although early results from one study observed that

interventions were associated with less respiratory

symptoms at 1 year of age [40], more recent reports

from other multicentre studies suggest no differences in

lung function or atopic symptoms at 18 months [35.] or 2

years [41..]. All of these studies require further follow-

up analysis before any further conclusions or recommen-

dations can be made. At this stage there is not a strong

case for HDM allergen avoidance in the prevention of

allergic disease.

The role of early pet exposure

A growing number of studies showing a protective

relationship between pet exposure and allergen sensiti-

zation have challenged traditional concepts and ap-

proaches. In a recent North American cohort, Ownby et
al. [42 ..] reported that having pets (two or more cats or

dogs) in the household during the first year of life was

not only associated with less sensitization to these

allergens at 6 years of age, but less sensitization to other

allergens, including moulds and pollens. This is also

consistent with findings of a recent Dutch study [43.].

Many pet-exposed children who do not develop

immunoglobulin-E responses have immunoglobulin-G4

antibody responses to pets [44..,45..], which are

believed to be the result of type 2 cytokine driven

immunoglobulin isotype switching. It has been proposed

that these children have ‘modified type 2’ responses

without immunoglobulin-E production and its adverse

effects. The potential mechanisms are not yet under-

stood. Thus, there is accumulating evidence that

recommendations for pet allergen avoidance to prevent

allergic disease are not justified. Before alternative

recommendations can be made further studies are

required to determine the mechanisms of this emerging

protective relationship that may be related to higher

levels of bacterial endotoxin [46] in the presence of cats,

dogs and cockroaches in the home [47 .].

The role of bacterial exposure in early immune

development

A similar protective effect of early animal exposure on

allergic sensitization was also observed in European

farming communities [48.], leading to further specula-

tion that this may be related to the type 1-immunosti-

mulant effects of bacterial endotoxin [46]. This has

provided ongoing support for the ‘hygiene hypothesis’

that rising rates of allergic disease are due to increasingly

‘clean’ environments, which fail to provide adequate

type 1 stimulation for suppression of type 2 allergic

responses [49 ..]. A number of recent observations

suggest that this relationship may begin in the antenatal

period. Neonates with in-utero infections have stronger

type 1 interferon-g immune responses [50], and higher

maternal endotoxin exposure in pregnancy has been

associated with lower cord blood immunoglobulin E

levels [51 .]. Conversely, lower levels of bacterial

recognition proteins (soluble CD14) in amniotic fluid

were associated with the development of atopy and

eczema [52 ..]. One recent study also linked the use of

antibiotics and infection in pregnancy and a higher risk

of subsequent allergic disease [53 .], but the interpreta-

tion of this is difficult. Thus, while there is accumulating

epidemiologic and experimental evidence to support the

hygiene hypothesis, there is no definitive proof and it

remains an area of heavy debate [49..,54..].

The therapeutic use of bacterial products in allergy

prevention

Despite reservations about the hygiene hypothesis, there

has been growing interest in the administration of

bacterial products for allergy prevention. Probiotics have

recently emerged as one of the leading microbial

candidates for early immune modification (recently

reviewed by Cross et al. [55]). In a recent animal

(mouse) model of food anaphylaxis, the intraperitoneal
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administration of a lactobacillus strain [56.] induced

interleukin-12 responses and suppressed the develop-

ment of immunoglobulin-E responses and anaphylaxis.

In humans, there was one study [57] which claimed a

potential benefit of probiotics in allergic disease preven-

tion. There are currently a number of ongoing studies to

determine the significance of this before recommenda-

tions can be made.

As potent type 1 immunostimulants, mycobacteria

antigens have also been considered as vaccine candidates

for both prevention and treatment of allergic disease

(reviewed by Beasley et al. [58..]). In sensitized animals,

mycobacteria have also been associated with improved

pulmonary function [59..], reduced airways inflammation

[60 .], eosinophilia [61 .] and expression of adhesion

molecules [62 .]. Although the mechanisms are unclear,

there is some evidence (again in mice) that mycobacteria

give rise to allergen specific CD4+CD45B-low regulatory

cells which mediate a reduction in airways inflammation

through the production of TGFb and interleukin-10

[63 ..]. In humans, bacillus Calmette–Guerin (BCG)

vaccination was also recently associated with reduced

total and specific immunoglobulin-E in allergic indivi-

duals [64 .,65..,66], and improved lung function in

asthmatic patients [67 ..]. Intradermal administration of

mycobacteria has been used therapeutically in children

with existing atopic dermatis with some success [68]. In

newborns, BCG can influence immune responses to

other antigens (vaccine antigens) promoting both type 1

and type 2 responses [65 ..]. However, in humans,

mycobacterial antigens have not yet shown any benefits

in disease prevention. Although Shirakawa [69] reported

an inverse association between tuberculin responses (in

BCG vaccinated individuals) and atopic diseases, this

relationship was not confirmed in a recent Norwegian

cohort [70.].

The role of irritants and pollutants

Although the adverse effects of maternal smoking in

infant lung development are well recognized, the effects

on early immune development are less clear. The role of

other indoor pollutants is also poorly understood. One

study reported that house renovation during pregnancy

was associated with reduced cord blood g producing T-

cells, but the significance of this is not known [6].

The role of other exposures (including dietary

polyunsaturated fatty acids)

There is accumulating evidence that maternal dietary

polyunsaturated fatty acids (PUFAs) have effects on

immune function and inflammation [71 ..]. It has been

proposed that increasingly ‘proinflammatory’ n-6-PUFA-

rich maternal western diets may favour immunological

reactivity and type 2 differentiation during critical

periods of early development, and that this may be

contributing to the recent increase in allergic sensitiza-

tion [72]. This has generated interest in early supple-

mentation with antiinflammatory omega-3 (n-3) PUFAs

for disease prevention. Effects of maternal dietary

PUFAs on neonatal T-cell function (reviewed by Field

[73]) have provided the basis for investigating the effects

of fish oil supplementation in pregnancy. One prelimin-

ary study [74] recently documented that maternal n-3

PUFA-rich fish oil supplementation from 20 weeks

gestation until birth was associated with significantly

higher n-3 PUFA levels and lower levels of interleukin-

13 cytokine in neonatal plasma, suggesting effects on T-

cell function. Further studies are needed to examine the

role in allergy prevention.

Other strategies

Vaccines have been proposed for both the prevention

and the treatment of allergic disease [75,76]. Strategies

to induce allergen-specific T-cell tolerance include the

induction of systemic or local allergen-dependent or

independent type 1 immune responses, through the use

of killed bacteria (or bacterial components), CpG

oligodeoxynucleotides or plasmid DNA. Although there

has been some success with these approaches in animals

[77], there are still concerns about negative side effects

particularly when vaccinating young children. This is

likely to be a major factor delaying human trials.

Conclusion
There is a growing need to reduce the mounting

personal, social and economic cost of allergic disease.

While there has been some success in managing

established disease, strategies to prevent the develop-

ment of these processes will be of greater value in the

long term. Currently, our capacity to prevent allergic

disease is constrained by limited understanding of

disease pathogenesis and aetiological factors, particularly

of the early exposures responsible for the recent increase

in allergic disease. There is also an inability to accurately

identify atopic individuals before sensitization occurs. All

of these areas need to be investigated more fully in order

to determine how tolerance mechanisms can be pro-

moted without adverse effects.
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