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Purpose of review

Diet is arguably one of the most significant environmental exposures during early

development. Here, we explore the effects of key perinatal dietary exposures on immune

development and susceptibility to allergic disease.

Recent findings

Dietary changes are at the centre of the emerging epigenetic paradigms that underpin

the rise in many modern diseases. There is growing evidence that exposures in

pregnancy and the early postnatal period can modify gene expression and disease

susceptibility. Specific nutrients, including antioxidants, oligosaccharides,

polyunsaturated fatty acids, folate and other vitamins, have documented effects on

immune function. Some have also been implicated in modified risk of allergic disease in

observational studies. Intervention studies are largely limited to trials with

polyunsaturated fatty acids and oligosaccharides, showing preliminary but yet

unconfirmed benefits in allergy prevention. Avoidance of food allergens in pregnancy,

lactation or infancy has provided no clear evidence in allergy prevention and is no longer

recommended. Rather there is focus on their role in tolerance induction.

Summary

Modern dietary changes are clearly implicated in the rising propensity for inflammatory

immune responses. These dietary changes, which appear to be providing less

tolerogenic conditions during early immune programming, may provide important

avenues for preventing disease.
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Introduction

Dietary changes are among the many complex environ-

mental changes implicated in the allergy epidemic. The

recognized effects of many dietary nutrients on immune

function make dietary change one of the logical candi-

dates in the rise in immune disease [1–3]. Modern diets

differ in many respects from more traditional diets, and as

a result there have been changes in the levels and

patterns of various dietary components. The complex

interactions between specific nutrients and additional

interactions with other modern environmental changes

are a likely contributor to inconsistencies in the relation-

ship between dietary factors and disease, particularly in

observational studies.
The critical influence of diet in pregnancy
There is mounting evidence that predisposing patterns of

immune dysfunction are evident already at birth, and that
opyright © Lippincott Williams & Wilkins. Unauth
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maternal diet [2] and other antenatal exposures [4��] can

modify these neonatal immune responses. This, together

with the rising rate of allergic disease in early infancy,

provides clear evidence that the effects of modern

environmental changes begin before birth. Emerging

epigenetic paradigms provide novel mechanisms by

which these early environmental changes lead to herita-

ble changes in gene expression and disease propensity

(reviewed in [5]). Notably, dietary change is one of the

leading factors currently implicated in these ‘epigenetic

modifications’. Although initially implicated in the rise of

other modern diseases, there is now some evidence from

animal models that maternal diet can have epigenetic

effects on immune function and predisposition to an

allergic phenotype [3]. This also suggests that pregnancy

provides a significant window of opportunity for disease

prevention.

Maternal diet can have critical effects on many aspects of

developing structures and functions (Fig. 1). Although
orized reproduction of this article is prohibited.
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Figure 1 Dietary influences play an important role in both the prenatal and the postnatal periods, with the potential to modify

developing immune tolerance and disease risk

GI microbiota, gastrointestinal microbiota; LC-PUFA, Long-chain polyunsaturated fatty acids.
the culminating events in immune tolerance occur in the

postnatal period, antenatal events may also influence

susceptibility to immune dysregulation. A range of

dietary nutrients have documented effects on immune

function, as discussed individually below. At this stage, it

is not clear how changes in intake of these dietary

nutrients might be contributing to the differences in

immune function of neonates who develop subsequent

allergic disease, which include immaturity in effector T

cell responses [6,7] regulatory T cells [8] and differences

in innate immune function [9]. This remains an import-

ant avenue of future research.
The importance of the early postnatal diet and
events in the gastrointestinal tract
In the early postnatal period, the gastrointestinal tract is

the most important site for the development of immune

tolerance. Immediately after birth, the infant gut is

rapidly colonized by microorganisms, inducing the matu-

ration of the associated mucosal network that comprises

more than 70% of the total immune system. This process

is shaped by interactions between host-related factors,

mucosal barrier mechanisms, local immune activation,

oral exposures including dietary factors and microorgan-

isms. During this period, the infant gut is exposed to a

range of new environmental antigens, mostly from com-

mensal bacteria and dietary components. To prevent
opyright © Lippincott Williams & Wilkins. Unautho
inflammatory responses to these mainly harmless anti-

gens, the gastrointestinal associated lymphoid tissue has

evolved complex mechanisms to promote tolerance as a

default response (reviewed in [10]).

With rising rates of allergic disease, it is also likely that

the modern postnatal environment is not optimal for

tolerance development, including colonization patterns

and early dietary factors. Consequently, there is interest

in understanding the role of specific factors in this process

and how they may be modified to prevent allergic disease.

There is speculation that dietary immunomodulatory

factors (Fig. 1) can promote tolerogenic conditions in

the gut, including polyunsaturated fatty acids (PUFA) for

their effects on T cell ([2,11], and others) and dendritic

cell function [12], vitamin A (retinoic acid) for promoting

T regulatory (Treg) cell differentiation [13], and prebio-

tic oligosaccharides for their effects on both immune

function and colonization [14,15�,16�]. Several of these

have also been explored as postnatal interventions for

allergy prevention and promotion of oral tolerance.
The role of specific dietary factors and dietary
patterns
Assessing the effects of specific nutrients individually

may be over-simplistic. Another approach is to examine

the effects of changing composite patterns of specific
rized reproduction of this article is prohibited.
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nutrient intakes [17�]. Some studies have suggested

‘dietary patterns’ such as the Mediterranean diet to be

protective in the development of atopic disease [18–20],

largely due to dietary effects in pregnancy [20]. Thus, as

we also examine the literature on specific nutrients

below, a more integrated approach will ultimately be

required.

Effects of dietary polyunsaturated fatty acids

PUFA were one of the first dietary nutrients linked with

the rise in allergic disease. Modern diets have shown a

decline in the consumption of omega-3 (n-3) PUFA in

favour of more proinflammatory omega-6 (n-6) PUFA,

with possible effects on immune development and sub-

sequent allergic disease. The potential protective role of

n-3 PUFA in allergic disease was based on observational

studies that found consumption of oily fish in childhood

(higher n-3/n-6 ratio) to be associated with less wheeze

and asthma ([21], and others). This was consistent with

the recognized anti-inflammatory effects of n-3 PUFA,

and evidence that metabolic products of n-6 PUFA are

more inflammatory than those of n-3 PUFA (reviewed in

[22�]).

Some more recent observational studies of n-3 PUFA in

the postnatal diet have supported this hypothesis [23],

but others have not [24], and postnatal intervention

studies with fish oil have so far failed to reduce the

development of allergic disease [25,26�]. Preliminary

results from our ongoing ‘Infant fish oil study’ suggest

no benefit of daily supplementation of fish oil from birth

to 6 months on early allergic outcomes at 12 months

compared with a placebo group (D’Vaz, N, personal

communication).

As discussed earlier, with developmental programming

arguably more critical in utero, there has been shifting

interest to maternal PUFA status in pregnancy. Obser-

vational studies again suggest that maternal fish oil

consumption in pregnancy may protect against allergic

disease ([27], and others) although not unambiguously

[28�]. So far, limited data from intervention studies

suggest that benefits may be greater during pregnancy

[2,29,30�]. Several large studies are underway to hope-

fully clarify this more definitively.

Role of antioxidants and vitamin D

Recent dietary changes include decreasing intakes of

antioxidants (such as vitamin C, vitamin E, b-carotene,

zinc and selenium). Lower intakes of antioxidant-rich

foods have been associated with reduced pulmonary

function and increased risk of wheeze (reviewed in

[31�]). There is some evidence that antioxidant status

in pregnancy may influence the susceptibility to allergic

disease. Reduced maternal consumption of antioxidant-

rich foods and vitamin E has been associated with
opyright © Lippincott Williams & Wilkins. Unauth
increased risk of developing childhood wheeze [32�],

asthma, and sensitization [31�], whereas relationships

between other antioxidants and allergic disease have

been inconsistent [31�]. Antioxidant status can alter cell

processes implicated in immune programming, including

T cell regulation [33] and induction of interleukin-12

(IL-12) production by antigen presenting cells [34].

Theoretically, this could favour development of T helper

1 (Th1) and inhibit Th2 responses. Data on immunomo-

dulatory effects by antioxidants in maternal diet during

pregnancy are scarce. In one study, higher maternal

vitamin E intake was associated with reduced cord blood

mononuclear cell proliferative responses to allergens [1],

suggesting effects on the developing immune system.

Another vitamin with immunomodulatory properties is

vitamin D (reviewed in [35�]). Vitamin D intake during

pregnancy has been associated with reduced early child-

hood wheeze [36], asthma and allergic rhinitis [37�], and

eczema [36]. In contrast, others found a higher exposure

to vitamin D early during development, either through

maternal levels in pregnancy [38] or by infant supple-

mentation [39], to increase the risk of allergic disease.

Although results are conflicting, it is likely that maternal

antioxidant intake influences the fetal antioxidant status,

with possible effects on tolerance induction and devel-

opment of childhood allergy [1]. Ultimately, this needs to

be confirmed in intervention studies. Such studies should

be approached with vigilance due to concerns for adverse

effects [40]. In the meantime, a healthy diet rather than

specific vitamin supplementation should be advocated.

Fermentable dietary fibre and oligosaccharides

Dietary fibre and oligosaccharides have many recognized

roles in gut health, particularly in promoting favourable

colonization [14]; however, direct effects on the immune

system have also been recognized [15�,16�]. These undi-

gested dietary components are fermented to produce

short-chain fatty acids (SCFA) with newly discovered

anti-inflammatory properties [41��]. Declining intake of

soluble dietary fibre in more refined modern diets may,

therefore, be contributing to the epidemic of immune

disease in several ways. Firstly, these changing dietary

patterns lead to less favourable colonization patterns,

which are already implicated in less tolerogenic proper-

ties [42,43]. Secondly, this is compounded by reduced

substrate for production of anti-inflammatory SCFA.

Thus, altered colonization together with declining intake

of dietary fibre may also be implicated in the failure of

immune tolerance and the rising propensity for both

inflammatory and allergic diseases.

Earlier epidemiological studies suggested a protective

link between dietary fibre and allergic conditions [44]

and preliminary allergy prevention studies suggest an
orized reproduction of this article is prohibited.
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allergy-protective effect of neonatal supplementation with

‘prebiotic’ oligosaccharides [45]. Studies in mice and

humans suggest that these oligosaccharides have direct

immunological effects [15�,16�]. These findings provide a

strong foundation to further explore dietary fibre and

oligosaccharides in the promotion of oral tolerance.

Emerging relationships between dietary folate and

allergic disease

Interest in the role of folate in immune development has

intensified with the recent understanding that this

dietary methyl donor can alter gene expression through

epigenetic mechanisms. DNA methylation stably alters

the gene expression patterns. This is fundamental to cell

differentiation and governs all aspects of normal devel-

opment. There is good evidence that immune develop-

ment is under epigenetic control. Significantly, because

epigenetic changes are transmitted with each cell

division, patterns of early gene expression have lasting

implications for subsequent development and disease

risk (reviewed in [5]).

Recent animal models demonstrate that maternal supple-

mentation with dietary methyl donors in pregnancy

induces hypermethylation of key regulatory genes in

lung tissue, with subsequent allergic airways disease

in the offspring [3]. This has been followed by reports

in humans [46�,47�] linking folic acid supplementation

during pregnancy with increased risk of asthma and

respiratory disease in the infants. There have been links

between folate status in the postnatal period and allergic

disease, but, if anything, folate was protective [48�]. This

could be evidence that the effects of this dietary exposure

vary with developmental stage.

At this stage, it is premature to make any specific changes

to the recommendations for using folate supplements in

pregnancy. However, there has been an urgent call for

further studies to address the role of folate in pregnancy.

Breast milk in the promotion of oral tolerance

The most important early nutritional source in the post-

natal period is breast milk, which contains a large range of

nutrients and growth factors with immunomodulatory

properties including immunoglobulins, lactoferrin, lyso-

zymes, oligosaccharides, long-chain fatty acids, cyto-

kines, nucleotides, hormones, antioxidants and maternal

immune cells [49]. Although the mechanisms need

further investigation, the immunologic properties of

these factors play a role in protection from infection

and promotion of oral tolerance. Animal studies have

shown that maternal milk is more tolerogenic through

promoting regulatory T cells in the developing gut

[50,51]. Tolerance has been shown to be mediated by

CD4þ regulatory T cells and is dependent on transform-

ing growth factor beta (TGF-b) being present in maternal
opyright © Lippincott Williams & Wilkins. Unautho
milk [50]. Although there is some evidence that contin-

ued breastfeeding during introduction of complementary

foods may promote tolerance [52], it has been difficult to

confirm any specific allergy-preventive effects. It remains

important that breastfeeding is promoted for other nutri-

tional and nonnutritional benefits to the mother and

child. Because of the inherent difficulties in randomizing

and double-blinding participants, it will remain difficult

to definitively address the conflicting relationships

reported between breastfeeding and allergic disease.

Further study of the immunomodulatory properties of

breast milk may reveal insights into the optimal devel-

opment of a tolerogenic environment in the gut.

Role of dietary allergens in the development and

prevention of allergic disease

There is little clear evidence that allergens are driving the

allergy epidemic, and it appears more likely that this is due

to other complex environmental changes. The first dietary

interventions to prevent allergic disease were grounded in

logical concepts that, if an allergen can be avoided com-

pletely, an allergic response to that allergen is unlikely.

This approach has been unsuccessful, probably because

complete avoidance is not possible, and sensitization may

still occur through other less tolerogenic routes [53�]. With

the recognition that specific oral tolerance is an antigen-

driven process, there is now focus on earlier, regular

exposure to allergenic foods to promote tolerance.

Most current recommendations reflect the lack of evi-

dence that delaying the complementary feeding (beyond

6 months) or avoidance of specific ‘allergenic’ foods (such

as cow’s milk, eggs, peanuts, tree nuts and seafood) pre-

vent allergic disease [54,55]. On the basis of this and

growing evidence that avoidance of allergenic foods may

even lead to an increase in food allergy [54], eczema ([56�],

and others) and sensitization [57�], most expert bodies now

recommend introduction of complementary foods from

4–6 months of age, with no specific delay in ‘allergenic

foods’ [55,58–60]. There is still some evidence that start-

ing complementary foods before 3–4 months of age may

increase the risk of allergic disease ([54,61], and others)

possibly because colonization is not yet well established

and the gut is more permeable. In making recommen-

dations, expert bodies have also called for more definitive

studies. Several groups are conducting the first randomized

controlled trials to directly investigate whether the early

introduction of specific allergenic foods will induce toler-

ance and reduce allergic outcomes in children at risk of

allergic disease. The results are anticipated to provide new

insights into the role of early allergen exposure. Whatever

the results, it remains important to consider the findings

in the context of other modern environmental changes.

Ideal approaches will be those promoting an optimal

‘tolerogenic’ microenvironment in the gut during the time

of first allergen encounter, again highlighting the role of
rized reproduction of this article is prohibited.
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colonization, breastfeeding and other dietary immunomo-

dulators.
Genetic and environmental interactions:
implications for future ‘personalized’ dietary
interventions
The complexity of this field is further underpinned by

genetic and environmental interactions, which may

explain individual variability in response to dietary inter-

ventions and inconsistencies between studies. There are

preliminary studies demonstrating functional polymorph-

isms in the metabolic pathways of several of the dietary

factors that have been discussed earlier, including folate

[62] and fatty acid metabolism [63], although more stu-

dies are needed to determine the significance of these.

For example, variations in folate metabolism conferred

by the MTHFR (C677T) genotype have been associated

with allergic disease [62] and asthma [64�], although not

unambiguously [65].

Although functional genetic polymorphisms are known to

confer individual susceptibility to disease, they can also

confer differences in the biological effects of an environ-

mental exposure. Environmental changes that increase

the risk of allergic disease in a subgroup of individuals

(i.e. with a specific functional genetic polymorphism)

may have no effects (or opposite effects) in other indi-

viduals. The implication for dietary interventions is that

effectiveness may vary with specific genetic polymorph-

isms, leading to the realization that ideal intervention to

prevent disease will need to be individualized according

to genetic polymorphisms.

To complicate things yet further, the effect of genetic

polymorphisms on disease risk can also vary with the

level of a specific environmental exposure. Although not

related to diet, a good example of this is seen with

microbial exposure, where genetic polymorphisms confer

different risk depending on whether children are raised in

a ‘low’ versus a ‘high’ microbial burden environment [66].

Similar complex interactions with dietary nutrients could

have implications for diet supplements. For example,

increasing levels of specific nutrients could foreseeably

create unanticipated or paradoxical relationships between

genetic polymorphisms and disease risk. Although this

may be largely theoretical, it highlights the need to regard

interventions cautiously with consideration of these poten-

tially complex interactions.
Conclusion
Diet is arguably one of the most important environmental

exposures in early life. As a highly dynamic and meta-

bolically active network, the immune system is depen-

dent on dietary nutrients and highly sensitive to dietary
opyright © Lippincott Williams & Wilkins. Unauth
changes. There is accumulating evidence that changes in

many dietary nutrients with urbanized diets may be

contributing to the rising rates of immune disease.

Although there are still many uncertainties and incon-

sistencies in the literature, these do not mean that dietary

nutrients do not have important effects. Rather, this is

more likely to reflect our inadequacy to study diet in ways

that allow for the complexity of interactions. Future

research strategies should attempt to account for complex

interrelationships between dietary nutrients in addition

to multifactorial genetic and environmental interactions.

This may eventually lead to personalized early interven-

tions that are adapted according to genetic predisposition.

It remains highly likely that dietary strategies will play a

major role in future strategies to prevent many diseases.
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