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Purpose of review

Food-induced anaphylaxis continues to be an important cause of hospital admissions, particularly in
children. This review outlines recent advances in understanding the epidemiology of IgE-mediated food
allergy and potential mechanisms for its rise in prevalence.

Recent findings

The rise in food allergy prevalence in Western countries has happened more quickly than changes to the
genome can occur; thus, environmental changes are likely to be important. Recent studies, however,
suggest that genetic risk determines responses to environmental risk factors. Environmental peanut exposure
has been associated with increased peanut allergy risk in individuals with filaggrin null mutations,
consistently with sensitization occurring through a damaged skin barrier. Reduced microbial and vitamin D
exposure is also leading candidates for risk factors for food allergy in the context of genetic susceptibility.
In addition, HLA-DR and HLA-DQ gene region variants appear to play a role in peanut allergy, although
no studies have yet assessed their susceptibility to environmental cues. Finally, findings from observational
cohorts and the first large-scale intervention trials for food allergy prevention support early oral allergen
exposure to reduce the prevalence of specific food allergies, which is informing changes in public health
guidelines at the population level. Further research will be required to assess the impact of these guideline
changes on the population prevalence of food allergy.

Summary

New studies are providing important insights into the prevalence, causes, and mechanisms of food allergy.
Recent findings are informing changes to population health guidelines in developed countries, which have
the potential to halt or reverse the increase in food allergy prevalence. By contrast, food allergy in the

developing world remains understudied.
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IgE-mediated food allergy continues to be an
important cause of anaphylaxis hospital admissions
in the developed world, particularly in children and
young adults. By contrast food allergy in the devel-
oping world remains understudied. Despite an
increasing awareness of food allergy as an import-
ant public health issue in the Western world, the
epidemiology has been poorly understood. New
studies are, however, starting to provide insights
into the prevalence, causes and mechanisms of this
condition. Recent findings are informing changes
to population health guidelines in developed
countries, which have the potential to halt or
reverse the increase in food allergy prevalence. In
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this review, we outline recent advances in charac-
terizing the epidemiology of IgE-mediated food
allergy.
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Genetics and epidemiology

KEY POINTS

e The rise in the prevalence of allergic diseases has
occurred more rapidly than can be accounted for by
population-based changes in genetic sequence,
supporting a key role for environmental factors.

e There is increasing evidence that the effect of
environmental factors on risk of food allergy depends
on genetic predisposition.

e Evolving evidence points to differential risk factors (both
genetic and environmental) for different phenotypes of
allergic disease, such as differences in risk factors for
IgE-mediated peanut vs. egg allergy.

e Findings from the first large-scale intervention trial for
prevention of peanut allergy provide support for current
infant feeding guidelines which recommend
introduction of potentially allergenic foods including
peanut around 4-6 months of age.

Traditionally, the prevalence of allergic disease was
thought to be lower in non-Westernized countries,
although allergy has generally been less studied in
these countries. Global studies using uniform vali-
dated methodology such as the International Study
of Asthma and Allergies in Childhood [1] found a
lower prevalence of childhood eczema in develop-
ing countries. Recent evidence, however, suggests
there has been a rise in eczema in low-income
countries in Africa and East Asia [2]. If true, we might
also expect a rise in food allergy prevalence in these
countries as early onset eczema (or atopic dermati-
tis) is strongly associated with an increased risk of
food allergy in infants [3"].

Studies of challenge-confirmed food allergy pre-
valence using standardized methodology between
countries are essential to further our understanding
of both the burden of food allergy and differential
risk factors (both genetic and environmental)
between countries and their impact on risk of food
allergy development. These data are being collected
throughout Europe and several partner countries as
part of the EuroPrevall project [4] through studies in
unselected populations, with a birth cohort collect-
ing data in infants and young children [5] and
community surveys in school age children and
adults [6]. The study centres spanned the different
climatic regions of Europe and were complimented
by an outpatient clinic study [7] which provided a
large cohort of well characterized food allergic indi-
viduals for other investigations, including low-dose
threshold studies.
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The birth cohort recruited a total of 12 049
babies and their families, with 9336 children being
followed up to the age of 24 months [8]. Although
the overall adjusted incidence of challenge-proven
cow’s milk allergy in the cohort was 0.74% (95%
confidence interval 0.56-0.97), rates of allergy
varied widely across Europe [9%]. Thus, the incidence
was highest (~1.3%) in Lithuania and the UK,
whereas in Greece no individuals were identified
with a challenge-proven cow’s milk allergy. Overall,
around one in every five children with cow’s milk
allergy had no serum-specific IgE to cow’s milk,
although again rates varied across Europe, with
around half of all confirmed adverse reactions to
cow’s milk in the UK not involving IgE. All of the
children with non IgE-mediated cow’s milk allergy
became tolerant during the year following their
original diagnosis, as did 57% of the children with
IgE-mediated allergy. These differences in preva-
lence across Europe, as well as differences in preva-
lence compared with other cohort studies outside
Europe conducted in the same age group [10],
suggest regional variations in environmental and
lifestyle factors will be important to dissect.

There is international variation in food allergens
most commonly associated with reactions in both
children and adults although it can be difficult to
compare results between studies as methods vary. In
infants and young children, cow’s milk and egg
allergy are the most commonly reported food aller-
gies, with egg allergy predominating in Australia
and Asia and milk allergy in the Americas and the
Middle East. In older children and adults, seafood
(fish and shellfish) are commonly reported allergens
in Asia, whereas peanut and other nuts are com-
monly reported allergens in Australia, Western
Europe and the United States [11]. In some areas
of Europe, IgE-mediated sensitization to plant com-
ponents related to pollen allergens (associated
with oral allergy syndrome) is common in adults
and correlates with prevalence of sensitization to
birch-pollen-associated allergens [12]. A molecular
analysis of patterns of sensitization to hazelnut in
423 patients from the EuroPrevall outpatient clinic
study [13"] further emphasized that birch-pollen-
driven sensitization to the hazelnut PR10 homo-
logue, Cor a 18 dominated in most European centres
apart from those in the south of Europe (Sofia,
Athens and Madrid) and Reykjavik where reporting
of hazelnut allergy was also less frequent. Instead
sensitization to the lipid transfer protein from hazel-
nut dominated in Athens and Madrid, while storage
proteins (Cor a 9, 11) and oleosin (Cor a 12) were
relatively minor allergens. For peanut the dominant
allergen in all centres was the 2S albumin allergen
Ara h 2 with allergen specific IgE at least 1.0kUA/1
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conferring a 97% probability for a systemic reaction
(P=0.0002) [14"]. Sensitization to Ara h 1 and 2 was
exclusively observed in early onset peanut allergy.
As for hazelnut, geographic differences in sensit-
ization were observed, with the PR10 homologue
Ara h 8 being an important sensitizer in central/
western Europe and the lipid transfer protein
allergen, Ara h 9 being important in southern
Europe. Individuals sensitized to Ara h 8 or 9
and not to storage proteins (Ara h 1, 2, 3) were,
however, peanut tolerant.

Confirmation of allergy in all the EuroPrevall
cohort studies was undertaken using a harmonized
low-dose threshold study protocol, which allowed
examination of eliciting doses for different foods
(the lowest dose at which a reaction occurred in
allergic individuals). These data were pooled and
dose distributions modelled using interval cen-
soring survival analysis with three parametric
approaches for five allergenic foods, peanut, hazel-
nut, celery, fish and shrimp [15%]. The plant-based
foods (peanut, hazelnut and celeriac) gave similar
dose distributions with estimated doses eliciting
reactions in 10% of the allergic population (ED10)
ranging from 1.6 to 10.1 mg protein with overlap-
ping 95% confidence intervals. Fish gave a slightly
higher ED10 value of 27.3 mg protein, although the
confidence intervals were wide and overlapping
between fish and the plant foods. Shrimp gave
radically different dose distributions with an ED10
of 2.5g protein, almost 100-fold greater than the
other foods, despite anecdotal reports of traces of
shrimp causing allergic reactions.

Increasing recognition of the importance of food
allergy in the population is illustrated by an increas-
ing number of prevalence studies internationally.
Unfortunately, characterizing long-term trends in
prevalence is difficult as there are no earlier popu-
lation-based prevalence studies from before about
20 years ago with which these new figures can be
compared. More recently, several repeated cross-
sectional studies within the same population
provide some evidence of an increase in food allergy
over a 10-year period. In a UK study, Venter et al. [16]
found in three sequential early childhood cohorts
from the same geographic area that peanut sensi-
tization and allergy increased from 1993-1994
(1.3% and 0.5%, respectively) to 1997-1999 (3.3%
and 1.4%). There was no further increase in 2004—
2005 (2.0% and 1.2%). Between three US-wide
phone surveys conducted in 1997, 2002 and 2007,
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the prevalence of self-reported peanut and/or tree
nut allergy increased from 0.6% to 1.2% to 2.1%
among children, whereas no change was observed
for adults [17].

In the absence of previous studies with chal-
lenge-proven outcomes, time trends of food
allergy prevalence can be estimated through proxy
measures, such as hospital admissions for food-
induced anaphylaxis — the most severe expression
of food allergy. Over an 11-year period (from 1994-
1995 to 2004-2005), Liew et al. [18] found hospital
admissions for food-induced anaphylaxis, a poten-
tially fatal condition, increased 350%. Similar
increases were observed in the United States [19]
and the United Kingdom [20]. Intriguingly, the
highest rates predominated in the children under
5 years of age, highlighting the need to understand
early life risk factors for childhood food allergy.
Following on from their previous publication,
Mullins et al. examined hospital admissions for
food-induced anaphylaxis for the years 2004-
2014 and found an ongoing overall increase in
admission rates, with an acceleration of rates in
the 5-14-year-old age group in which admissions
rose 3.3-fold between 2004/2005 to 2011/2012 com-
pared with a 1.8-fold increase for the overall popu-
lation [21]. These findings forecast an increasing
burden of disease amongst older children, who carry
the highest risk for fatal anaphylaxis.

A study [22°] published this year in the
United Kingdom also reported a 106% increase in
admissions for food-induced anaphylaxis between
1998 and 2012, with the greatest increase in the
0-14-year age group. Although hospital admissions
were most frequent in children under 5 years of age,
fatalities were most common in the teenage and
young adult age group (10-29 years). There was
no evidence of an increase in the rate of fatal
food-induced anaphylaxis over the study period,
possibly suggesting increasing awareness of food
allergy diagnosis contributed to this increase, or
alternatively that a true increase in prevalence was
balanced by improvements in treatment leading to
improved outcomes.

Less is known about food allergy preva-
lence and changes in prevalence in non-Western
countries, although a study [23] in China reported
an increase in food allergy between two cross-
sectional studies 10 years apart, with the latest
survey conducted in 2009. A recent study [247]
in 11 473 school aged children (7-12 years) in
China reported a prevalence of food allergy
(defined by clinical history and positive skin prick
test) of 4% in the urban centre of Guangzhou and
a similar prevalence in the regional centre of
Shaoguan (3.5%).
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Until recently, data on the resolution of food aller-
gies have been undermined by the potential bias of
natural history cohort studies conducted only in
clinic populations. Because those with persistently
elevated skin prick test (SPT) or serum-specific IgE to
foods are not routinely offered the opportunity to
undergo challenge to determine tolerance, results
from retrospective clinic cohorts could have been
biased to demonstrating low prevalence of tolerance
development. In order to address this gap in the
literature, Peters ef al. [25%] systematically undertook
oral food challenges on all infants with detectable
IgE antibody (irrespective of wheal size) at both age 1
and age 4 years. Remarkably, this large population-
based study [26] found almost identical rates of
peanut-allergy resolution (20%) as previously pub-
lished clinical cohorts. Furthermore, they provided
confirmatory evidence that the best predictor of
allergy resolution remains the level of peanut-
specific IgE antibody detectable by blood or skin
prick test.

There is now emerging evidence to support the
concept that there is variation in phenotypes of
IgE-mediated food allergy. In the HealthNuts study
[27%] 80% of egg-allergic infants at age 1 year passed
a food challenge to egg in baked goods. At the age
2-year follow-up those who were tolerant to baked
egg were three times more likely to outgrow raw egg
allergy than those who could not tolerate egg in
baked goods at age 1. The CoFAR consortium found
similar results in a clinical cohort [28"] and both
studies found that the best predictor of egg-allergy
tolerance was SPT or sIgE levels at baseline with
those with the highest antibody levels least likely
to develop tolerance with age. These findings are not
only clinically important for prognostic predictions
but also because it suggests that novel treatments
under investigation (including egg oral immuno-
therapy) should phenotype for baked egg at baseline
to ensure balanced recruitment across control and
active arms and potentially to target those groups
more likely to have persistent egg allergy without
treatment.

Recent findings also suggest that subpheno-
types of allergy clusters might be important when
attempting to understand the mechanism of dis-
ease, as well as to predict allergy resolution. Peters
et al. [29%] recently undertook latent class analysis of
infants at age 1 and found that egg-allergy predom-
inant clusters appear to differ from peanut-allergy-
predominant clusters with regards to risk factors.
Follow-up of this cohort is likely to provide insights
into drivers of differential rate of allergy resolution
amongst the subphenotypes of allergic disease and
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help understand whether food allergy is part of the
atopic march and its impact on risk of other allergic
disease such as asthma.

An association between eczema and food allergy has
long been recognized; however, the magnitude of
this association was only recently formally charac-
terized at the population level using oral food chal-
lenges to diagnose food allergy. At 1 year of age, one
in five infants with a history of eczema in the first
year of life was allergic to peanut, egg white or
sesame compared with one in 25 infants without
eczema. This was even higher in infants with earlier
onset eczema and more severe eczema (requiring
topical corticosteroid treatment). More than half of
the infants with moderately severe early onset
eczema (defined as onset before age 3 months and
requiring treatment with topical corticosteroids)
had challenge-proven food allergy by age 1 year
[37].

Eczema and food allergy might share common
genetic or environmental risk factors, leading to
immune dysregulation and an atopic predisposition
to both eczema and food allergy, and potentially
asthma and allergic rhinitis in later life [30]. An
alternative hypothesis postulates that the presence
of a damaged skin barrier in individuals with eczema
might allow absorption of food allergens through
the skin, leading to the development of an immune
response to these allergens and subsequently to IgE-
mediated food allergy [31]. If eczema and food
allergy are causally related through increased aller-
gen exposure secondary to a damaged skin barrier,
prevention of eczema in infancy may have the
additional benefit of also reducing the risk of devel-
oping food allergy.

Two recently published studies undertook an
intervention trial (randomized controlled trial) of
daily moisturising from birth in an attempt to
reduce infantile eczema and associated effects. Both
demonstrated an impressive reduction in eczema of
up to 50% [32%33"]. One of these studies also
examined egg sensitization as a secondary outcome;
however, there was no evidence of a reduction in
sensitization to egg white in this relatively small
study of 118 infants. Larger studies are required and
are currently underway to determine whether pre-
vention of infantile eczema can also reduce the
risk of food sensitization and allergy. Alternative
strategies to prevent eczema and food allergy
through promoting healthy immune development
are also being explored.
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The relationship between eczema and food
allergy also has implications for identifying popu-
lations at high risk of developing food allergy in
infancy. Traditionally, ‘high risk’ was defined based
on the presence of an immediate family member
with allergy (asthma, eczema, allergic rhinitis or
food allergy), but this is now extremely common
in the general population (up to 70% of population-
recruited infants have a family member with allergy)
and poses only a moderate increase in food allergy
risk for the infant [34]. Intervention trials have more
recently begun recruiting infants with eczema as a
truly high risk group for food allergy development
[35], although this can only be undertaken for trials
of postnatal interventions.

In the early 1990s, concern about food allergy led to
recommendations to delay introduction of aller-
genic foods to infants, particularly those believed
to be at high risk of developing food allergy. In one
of the more extreme cases, delaying introduction of
peanut until after 3 years of age was recommended
in the United Kingdom for infants with a family
history of allergy. A series of ecological and obser-
vational cohort studies subsequently found no
evidence of a beneficial effect of delaying the intro-
duction of allergenic foods, and in fact seemed to
support the hypothesis that introduction earlier in
infancy might promote the development of toler-
ance. Infant feeding guidelines were consequently
revised, starting around 2008, and recommen-
dations to delay introduction of allergenic foods
were largely removed [36].

Results of the first intervention study [37""] in
this area have now been published, demonstrating
that earlier introduction of peanut to infants with
early signs of atopic disease can reduce the likeli-
hood of developing peanut allergy in childhood.
The Learning Early About Peanut Allergy study
involved 640 infants with severe eczema and/or
egg allergy. Infants were recruited at ages 4-11
months and, after skin prick test screening to remove
those likely to be allergic at baseline (peanut skin
prick test >4 mm), were randomized to either regular
peanut consumption or avoidance until 5 years of
age. Infants with a negative SPT (O mm) at baseline
had high rates of new onset peanut allergy on oral
food challenge at age 5 years in the context of peanut
avoidance (13.7%); this was significantly reduced by
peanut consumption (1.9%). Infants with a 1-4 mm
wheal to peanut at baseline were randomized separ-
ately, and consumption was potentially less effective
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in this group, although still associated with a
reduction in the rate of positive peanut challenge
at age 5 years (35.3% vs. 10.6%). It is currently not
clear whether protection against peanut allergyin the
consumption group can be maintained even after
cessation of peanut consumption. A follow-up study
is in progress investigating whether tolerance to pea-
nut persists in these individuals.

The relevance of these findings to other food
allergies is currently unclear. Although observational
studies also suggest a potential protective effect of
introduction of egg at 4-6 months of age for egg
allergy [38], this was only partially supported by
findings of a randomized controlled trial. The
Starting Time for Allergy Reduction trial, which
randomized infants with eczema to egg avoidance
or early regular egg consumption from age 4 months,
found a somewhat lower prevalence of egg allergy by
12 months in the intervention group (33% vs. 51%,
P=0.11), but results also indicate that egg sensitiz-
ation and allergy (atleastin infants with eczema) may
already be present as early as 4 months of age [39].
Similarly, the Learning Early About Peanut Allergy
study [37"] excluded 9% of potentially eligible
infants because of a high peanut skin prick test at
baseline. Collectively, these results suggest that
although earlier introduction of allergenic foods
at the population level may reduce the prevalence
of at least some types of food allergy, additional
strategies are likely to be required. In addition,
although recently updated guidelines have already
had some effect in promoting earlier introduction of
allergenic foods, uptake has been greater among
those without a family history of allergy and with a
higher socioeconomic index, posing challenges for
implementation of these guidelines in groups poten-
tially most at risk [40].

Recent studies highlight the importance of individ-
ual genetic and environmental factors, and their
interaction, in food allergy. Familial aggregation
studies and heritability estimates support a role
for genetic factors in food allergy, but there has been
limited evidence to identify the specific genetic
factors involved, and the rise in the prevalence of
allergic diseases has occurred more rapidly than can
be accounted for by population-based changes in
genetic sequence, supporting a key role for environ-
mental factors. Environmental factors might, how-
ever, act differently to affect risk of food allergy
according to genetic predisposition. This is well
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illustrated in the recent finding that the prevalence
of childhood food allergy is three to four times
higher in Asian infants born in Australia compared
with Caucasian infants born in Australia, whereas
paradoxically childhood food allergies in Asia
are still relatively low [41"]. This finding suggests
that removal of protective environmental factors
present in the Asian environment, or conversely
exposure to environmental risk factors in the
Australian environment, uncovers a genetically
determined risk of food allergy in children of Asian
descent. The specific genetic and environmental
factors involved have yet to be determined, and
studying this population further has the potential
to provide new insights into the etiology of food
allergy.

The first genome-wide association study [42*"]
for food allergy in US children was recently pub-
lished, identifying genetic variants in the HLA-DR
and HLA-DQ gene region variants as a risk factor for
peanut allergy, but not egg or milk allergy, in chil-
dren of European ancestry. This supports findings
from some earlier candidate gene studies [43]. No
studies have yet assessed the susceptibility of these
variants to environmental cues; however, other
specific examples of interactions between individual
genes and environmental factors have been
described. Recently, higher levels of peanut protein
in the household environment were associated with
an increased risk of peanut sensitization, but only in
the presence of filaggrin loss-of-function mutation
[447]. Filaggrin loss-of-function mutations result in
reduced production of filaggrin, a protein involved
in maintaining integrity of the stratum corneum,
which leads to increased permeability of the skin.
An association between increased levels of environ-
mental peanut proteins and an increase in risk of
peanut sensitization only in those with filaggrin
loss-of-function mutations provides support for
the hypothesis [31] that sensitization to peanut
can occur through the skin, and that this requires
both a reduced skin barrier and presence of peanut
allergen in the environment.

Gene by environment interactions have also
been explored for microbial exposure and allergic
disease, although these have not yet been investi-
gated for food allergy outcomes. In one of the best
studied examples, the influence of the CD14/-260
C>T promoter polymorphism on allergy risk appears
to depend on microbial stimulation from the
environment [45]. Children carrying the TT genotype
had consistently lower IgE levels with pet exposure,
whereas pet exposure showed no effect in children
with CC or CT genotype. Finally, genetic factors may
also modify the association between vitamin D and
allergic disease [46,47], potentially by influencing
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utilization and bioavailability of serum vitamin D
(48].

Studies of challenge-confirmed food allergy using
standardized methodology are revealing large dispar-
ities in prevalence between countries in the Western
world. Reasons for these disparities are not yet
clear. Food allergy may also be increasing in non-
Westernized countries although food allergy remains
understudied in many of these regions. Findings from
observational cohorts and the first large-scale inter-
vention trials for food allergy prevention support
early oral allergen exposure to reduce the prevalence
of specific food allergies, which is informing changes
in public health guidelines at the population level.
Further research will be required to assess the impact
of these guideline changes on the population pre-
valence of food allergy. Evolving evidence points to
differential risk factors for different phenotypes of
allergic disease, including different types of food
allergy, and our understanding of the interplay
between eczema and food allergy is increasing.
Additional research to more clearly characterize
environmental factors leading to immune dysregu-
lation and allergic predisposition, and how these
interact with genetic factors to determine presence
or absence of allergic disease in early life, may lead to
novel intervention strategies.
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