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 Editorial  
  

  As “prevention is better than cure,” this issue of  Annals 
of Nutrition and Metabolism  was designed to address 
some of the most pressing issues and questions in the field 
of allergy prevention through nutrition interventions, 
which healthcare professionals can use in daily practice. 
The issue has 4 chapters, with each chapter written by one 
or more expert(s) in the field. Topics include basic con-
cepts such as current knowledge of the mechanisms of 
allergen tolerance and clinical issues such as the role of 
breastfeeding (often hotly debated), the timing of the in-
troduction of complementary feeding (with special em-
phasis on recent randomized controlled trials evaluating 
the effects of early versus late introduction of potentially 
allergenic foods), and finally, the role of protein hydroly-
sates in allergy prevention, recently challenged by some 
investigators.

  Each chapter focuses on specific issues and stands 
alone. However, overlap was unavoidable, reflecting the 
novelty and importance of some recent findings. As 
black-and-white thinking is uncommon in science and 
can be dangerous, we believe that nuanced commentaries 
on the same topic made by the contributing authors may 
be of special value to the reader.

  While some answers to questions on allergy preven-
tion through dietary interventions have become available, 
there are still many remaining questions. Rapid progress 
in the field of allergy research is expected and no doubt 
will bring about a number of exciting discoveries. Thus, 
in the future, while the questions may remain the same, 
the answers soon may be different. Stay tuned! 

  Finally, as editors, we would like to thank all contribut-
ing authors for their hard work.

   Hania Szajewska 
   Raanan Shamir 

 

 In recent years, parents and healthcare providers have 
increasingly been faced with dilemmas concerning aller-
gy and food. We all ask ourselves why children nowadays 
are more likely to develop food allergies. Which is better: 
avoidance of or exposure to food in the prevention and 
treatment of food allergy? Will early introduction of pea-
nuts or eggs to the diets of infants at high risk of develop-
ing food allergy significantly reduce the risk of peanut or 
egg allergy? Can early exposure to a food allergen, such as 
peanuts, through (broken) skin contribute to food allergy 
development? Breast is best, but does breastfeeding re-
duce the risk of allergy? What is the role of protein hydro-
lysates in reducing the risk of eczema and allergies? What 
are the current recommendations for allergy prevention?

  The rising number of children and adults with allergic 
disorders worldwide is a major public health concern. 
Traditionally, it was a major problem in populations with 
a Western lifestyle; however, in recent years, it has also 
become a problem in less affluent countries. The patho-
physiology is multifactorial. In addition to a predisposing 
genetic background, a number of environmental factors 
may play a role in the development of allergic disorders, 
including the mode of birth, antibiotic use, gut microbi-
ota, lack of breastfeeding, and early infant diet. Currently, 
avoidance of the allergenic protein in any form is the only 
available treatment. While some allergies (e.g., cow’s milk 
allergy), especially non-IgE-mediated allergies, are gener-
ally outgrown during early childhood or, at the latest, 
during adolescence, others are not. For example, peanut 
allergy is seldom outgrown. Allergic diseases can be fatal, 
and, in addition to this uncommon but significant conse-
quence, they may impose a considerable socioeconomic 
burden and can have a negative impact on the quality of 
life of both children and their families.
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               Oral tolerance is a state of active nonresponsiveness 
                          to ingested soluble antigens mediated
               by gut-associated intestinal lymphoid tissue 

 Key insights

Food allergy arises when oral tolerance fails to develop in early 
life or is breached at an older age. The initial exposure to food 
allergens occurs predominantly via the gastrointestinal tract or 
the skin, and can occur at different pre- and postnatal stages. 
Exposure to food allergens such as peanut and hen’s egg via an 
inflamed and disrupted epithelial barrier in the absence of oral 
feeding is an important pathway of allergic IgE sensitization in 
infants with severe atopic dermatitis. An additional route of al-
lergic sensitization to food could be via the airway tissues. 

 Current knowledge

Food allergy is defined as an immune-mediated adverse reac-
tion to specific foods. This problem is becoming more wide-
spread and affects up to 8% of children and 5% of adults in 
Western countries. Currently, there are no effective strategies 
to induce permanent tolerance: management of food allergies 
consists of recognizing the adverse reactions and treating the 
symptoms. Due to the immaturity of their gut barrier and im-
mune system, infants and young children are particularly sus-
ceptible to food allergy. 

 Practical implications

Recent evidence points towards the protective effect of early 
feeding with peanut and egg in children with eczema, thereby 
harnessing the pathways that underlie oral tolerance to coun-
teract epicutaneous exposure. An addendum to the NIAID food 
allergy guidelines recommends the introduction of peanut into 
the diet of infants with severe eczema or egg allergy, starting 
at 4–6 months of age. Another approach is to maintain and 

  Reprinted with permission from: Ann Nutr Metab 2017;70(suppl 2):7–24 

Mechanisms of Tolerance Induction

   by Anna Nowak-Węgrzyn and Pantipa Chatchatee

A key mechanism of allergic sensitization is the initial exposure to food 
allergens via an inflamed and disrupted epithelial barrier in the absence 
of oral feeding.

F O C U S

 © 2017 Nestec Ltd., Vevey/S. Karger AG, Basel 
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 barrier is
 maintained 

restore the skin barrier in high-risk infants. Yet another means 
of inducing gut tolerance is via probiotic and prebiotic supple-
mentation. Despite the promise of oral, epicutaneous, and sub-
lingual methods of food immunotherapy, these have not yet 
been proven to restore permanent oral tolerance. 

 Recommended reading 

Von Berg A, Koletzko S, Grubl A, Filipiak-Pittroff B, Wichmann 
HE, Bauer CP, et al: The effect of hydrolyzed cow’s milk formula 
for allergy prevention in the first year of life: the German Infant 
Nutritional Intervention Study, a randomized double-blind tri-
al. J Allergy Clin Immunol 2003;111:533–540.
Du Toit G, Roberts G, Sayre PH, et al; LEAP Study Team: Rando-
mized trial of peanut consumption in infants at risk for peanut 
allergy. N Engl J Med 2015;372:803–813.
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 Keywords 
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allergy · Food hypersensitivity · Food allergy prevention ·
Food allergy treatment · Eczema · Atopic dermatitis · 
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 Abstract 

 Food allergy results from failure in oral tolerance that usu-
ally occurs in infancy or early childhood. Exposure to peanut 
and hen’s egg via the inflamed and disrupted epithelial bar-
rier in children with severe atopic dermatitis is a risk factor 
for the development of allergy to these foods and supports 
the hypothesis that epicutaneous exposure in the absence 
of oral feeding is an important pathway of allergic IgE sensi-
tization in infants. In recent years, the collective evidence has 
pointed toward the protective effect of an early feeding with 
peanut and egg in children with eczema, taking advantage 
of the pathways underlying oral tolerance to counteract epi-
cutaneous exposure. An addendum to the NIAID food aller-
gy guidelines recommends introduction of peanut into the 
diet of 4- to 6-month-old infants with severe eczema or egg 
allergy as an effective strategy to prevent peanut allergy. 
Strategies aimed at restoring the skin barrier are currently 
explored as an alternative approach of prevention of eczema 
and allergic sensitization. Manipulation of the diet via sup-

 Anna Nowak-Węgrzyn, MD, PhD  
 Jaffe Food Allergy Institute, Icahn School of Medicine at Mount Sinai 
 Kravis Children’s Hospital, One Gustave Levy Place, Box 1198 
 New York, NY 10029 (USA) 
 E-Mail anna.nowak-wegrzyn   @   mssm.edu 
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 Key Messages 

 • Early introduction of peanut and egg is associated 

with a decreased risk of development of allergy to 

these high-risk foods, especially in infants with severe 

eczema. 

 • Restoration of the skin barrier via meticulous and 

gentle skin care represents another approach to 

reducing epicutaneous exposure to a food allergen 

present in the environment and may contribute to a 

decreased risk of allergic sensitization. 

 • Interventions aimed at correcting the underlying 

alterations in the gut microbiota of infants via 

supplementation with probiotics have potential 

applications for prevention and treatment of food 

allergy. 

 • Oral, epicutaneous, and sublingual immunotherapy 

induce desensitization in the majority of the treated 

subjects with food allergy, but their capacity to 

restore permanent oral tolerance remains unclear. 
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 Introduction 

 Food allergy is defined as an immune-mediated ad-
verse reaction to food  [1] . Food allergy has become an 
important, global public health problem  [2] . Overall, 
food allergy is estimated to affect up to 8% of children and 
up to 5% of adults in countries with a so-called Western 
lifestyle, such as the USA, the UK, Canada, Australia, and 
Western Europe. The prevalence of peanut allergy docu-
mented by a physician-supervised oral food challenge in 
a population-based cohort of 12-month-old infants in 
Australia was 3%, reaching epidemic proportions  [3] . 
Currently, there are no proven strategies to induce per-
manent tolerance; the management relies on recognition 
of adverse reactions and treatment of symptoms  [1, 4] . 
Considering the risk of fatal anaphylaxis, the negative
impact on the nutritional status and quality of life, as well 
as the cost to the individual and the society, finding effec-
tive preventive and therapeutic strategies for food aller-
gy has become a focus of many international research ef-
forts  [5, 6] .

  Food Allergy Risk Factors 

 Food allergy is most common in infants and young 
children, as a result of the immaturity of the gut barrier 
and the immune system in these age groups  [7, 8] . Im-
mune deficiencies – including selective IgA deficiency, 
common variable immunodeficiency, and IPEX (immu-
nodysregulation polyendocrinopathy enteropathy X-
linked syndrome) – are associated with an increased 
prevalence of food allergy  [9] . Genetic factors play an im-
portant role in the development of food allergy; however, 
epigenetic and environmental factors seem to have more 
relevance in the recent increase in food allergy prevalence 
( Table 1 )  [10–18] .

  Oral Tolerance 

 Food allergy results from failure to develop primary 
oral tolerance or from breach in previously established 
oral tolerance. Oral tolerance is a state of active nonre-
sponsiveness to ingested soluble antigens mediated by 
gut-associated intestinal lymphoid tissue. Gut-associated 
intestinal lymphoid tissue is the largest secondary lym-
phoid organ in the human body that mounts a protective 
immune response against a pathogen and ignores a be-
nign antigen, e.g., food or commensal bacteria. Oral tol-
erance is a highly efficient mechanism that fails in only 
about 4–8% of the humans who develop food allergy. In 
mouse models of food allergy, it is very difficult to induce 
allergic sensitization via oral or parenteral immunization 
to foods such as cow’s milk, egg white, or peanut included 
in the diet  [19] . However, an exposure through the dam-
aged skin (mimicking a skin barrier defect occurring in 
atopic dermatitis [AD]) is more likely to induce IgE sen-
sitization to ovalbumin in hen’s egg white and peanut 
proteins  [20, 21] .

  Mechanism of Oral Tolerance 

 T cells have been identified as the pivotal cells in oral 
tolerance based on the experiments in animal models 
where tolerance can be transferred to naive animals 
through the transfer of regulatory T (T reg ) cells ( Table 2 ) 
 [8] .

  Inducible FOXP3 +  CD4 +  T reg  cells are central to the 
maintenance of immune homeostasis and tolerance 
throughout the body, particularly in the gut  [22, 23] . In-
testinal FOXP3 +  T reg  cells regulate mucosal immune re-
sponses at multiple cellular levels  [24, 25] . Foxp3 + -in-
duced T reg  cells are required for oral tolerance and their 
depletion results in defective oral tolerance in mice and 
food allergy in humans  [26] . Natural development of oral 
tolerance in food-allergic children is associated with in-
creased Foxp3 +  T cells. The resolution of cow’s milk al-
lergy (CMA) in children is associated with an increased 
frequency of peripheral blood CD4 +  CD25 +  T reg  cells after 
an oral milk challenge and reduced proliferation of milk-
specific T cells  [27, 28] . Depletion of CD4 +  CD25 +  T reg  
cells restores the in vitro proliferative response in milk-
tolerant individuals  [27] .

  Another cell type important for oral tolerance are 
CD103 +  dendritic cells in the murine and human mesen-
teric lymph nodes that express high levels of the enzyme 
retinal dehydrogenase 2 (RALDH2), which converts reti-
nal to retinoic acid. Retinoic acid derived from CD103 +  
dendritic cells determines gut-homing activity and reg-

plementation with probiotics and prebiotics to restore the 
healthy gut microbiota represents another potential path-
way to induction of tolerance in the gut. Oral, epicutaneous, 
and sublingual routes of food immunotherapy are promis-
ing and induce desensitization in the majority of the treated 
subjects with food allergy but are not proven to restore per-
manent oral tolerance. Rigorous multicenter randomized 
clinical trials are necessary to elucidate the optimal timing, 
dose, duration, as well as the preventive and therapeutic ef-
fects of these diverse approaches. 

 © 2017 Nestec Ltd., Vevey/S. Karger AG, Basel 
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ulatory activity of responder T cells. CD103 +  dendritic 
cells also promote the development of T reg  cells from na-
ive T cells as well as via indoleamine 2,3-dioxygenase
and secretion of transforming growth factor β (TGF-β)
 [29–32] .

  Allergic Sensitization 

 Food allergy develops when oral tolerance fails to de-
velop early in life or is breached at an older age. Allergic 
sensitization refers to the event when, following an initial 
exposure to an antigen, presentation by antigen-present-
ing cells leads to antigen-specific immune reactions, in-
cluding the generation of antigen-specific T lymphocytes 
and the production of antigen-specific IgE antibodies by 

plasma cells and subsequent binding to its high-affinity 
receptors on the surface on mast cells and basophils. The 
initial exposure to food allergens occurs predominantly 
via the gastrointestinal tract or the skin. The initial con-
tact and subsequent sensitization with a food allergen can 
occur at different stages of pre- and postnatal life. 

  The initial exposure to allergens may occur prenatally 
 [33–35] . The immunologic environment of the placenta 
likely plays a critical role in the development of the fetal 
immune system. A recent study examining the influence 
of in vitro allergen exposure in human placentae showed 
a distinct cytokine/chemokine milieu in allergic and non-
atopic mothers with increased allergen-induced placental 
IL-6 and TNF-α production in atopic mothers. This 
might explain the higher incidence of sensitization in off-

 Table 1.  Genetic and environmental risk factors for food allergy

Type Effect on food allergy risk

Genetic1

Family history, twin studies 2 – 10× increased risk
Genetic variants in the HLA-DQ locus (HLA-DQB1*02 and 
DQB1*06:03P) 

Increased risk of peanut allergy

Loss of function mutation in filaggrin gene Increased risk for eczema and peanut allergy in children
Common variant rs1933064 in filaggrin gene In Japan: associated with increased risk of food IgE sensitization
Interleukin-10 polymorphism – 1082G/A Increased risk of CMA in Brazilian children
STAT6 polymorphisms
GG genotype of STAT6 polymorphism rs324015 

Increased risk of nut allergy
Significant association with longer persistence of CMA than the 
AA + AG genotype states

Defects in FOXP3 Association with IPEX and food allergy
Lower FOXP3 mRNA expression Associated with asthma and food allergy

Epigenetic1

Differential DNA methylation profile of CD4+ T-cell MAPK
signaling pathways

Increased risk of IgE-mediated food allergy in children 

Low methylation level of FOXP3 CpG sites Association with increased antigen-induced Treg cell function 
Two top-associated SNPs and CpG sites’ methylation levels
in the genes HLA-DQB1 and HLA-DRB1

Increased risk of food allergy

Environmental
Treatment with proton pump inhibitors Increased risk of IgE sensitization to food due to increased pH and 

impaired digestion of proteins
Diet low in fiber Effects on commensal probiotic bacteria, changes bacterial

metabolites (such as short-chain fatty acids) that are crucial for 
maintaining mucosal integrity and promoting oral tolerance by 
epigenetic effects on Treg cells

Alterations in microbiome
Birth by cesarean section
Lack of microbial exposure (including Helicobacter pylori
infection) in early life

In vitro alterations in the gut microflora might change Toll-like 
receptor signalling and integrity of intestinal epithelial cells in 
children with food allergy

CMA, cow’s milk allergy; IPEX, immunodysregulation polyendocrinopathy enteropathy X-linked syndrome; MAPK, mitogen-
activated protein kinases. 1 Reviewed by Li et al. [11]. 
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spring of allergic mothers  [36–38] . However, modifica-
tion of the maternal diet during pregnancy did not influ-
ence the development of food allergies in the infant later 
in life seen in the analysis of multiple interventional stud-
ies following children up to 10 years of age  [39] .

  Presence of food allergens in breast milk might trig-
ger sensitization in the infant  [40, 41] . For many years, 
guidelines have recommended avoidance of peanut and 
tree nuts for the first 3 years of life and some also in-
cluded avoidance during pregnancy (AAP Committee 
on Nutrition, 2000). These recommendations have been 
modified after studies failed to show a correlation be-
tween maternal diet and development of atopic disease 
 [42] . In contrast to past recommendations, more recent 
studies have shown a protective effect of high allergen 
consumption during pregnancy  [43] . High consump-
tion of peanuts and tree nuts during pregnancy was 
found to be associated with lower rates of food allergy in 
children  [44] . A study investigating associations be-
tween maternal consumption of common childhood al-
lergens during pregnancy and childhood outcome of al-
lergic disease and asthma showed a decreased incidence 
of asthma and atopic disease at the age of 8 years in chil-
dren whose mothers had a high consumption of peanut, 
milk, and wheat during early pregnancy  [45] . It is likely 
that other routes of sensitization like transcutaneous ex-
posure are key factors in the development of food al-
lergy.

  A clear association has been shown between early on-
set of AD and the development of food allergies  [46] . 

The impaired skin barrier leads to increased transcuta-
neous passage of antigens and subsequent sensitization. 
Children with severe AD who used skin care products 
containing peanut oil showed higher rates of peanut 
sensitization, supporting the theory of transcutaneous 
sensitization  [46] . It was found that about 50% of chil-
dren with moderate-to-severe AD had a loss of function 
mutation of filaggrin and also showed increased sensiti-
zation to peanut  [10] . This was also noted in mouse 
models: filaggrin-deficient mice showed a Th17-domi-
nated skin inflammation and susceptibility to epicuta-
neous sensitization  [47] . In mouse models of egg and 
peanut allergy, skin exposure to these foods promotes 
the development of specific IgE sensitization to ovalbu-
min and peanut, whereas an oral exposure promotes 
oral tolerance  [20, 21] . Cutaneous exposure to food an-
tigens induces thymic stromal lymphopoietin produc-
tion, activation of basophils that produce IL-4, produc-
tion of Th2 cytokines, and accumulation of mast cells in 
the gut  [52] . Mutations in genes encoding proteins that 
determine the integrity of the skin barrier, such as  FLG 
 encoding filaggrin, are independent risk factors for pea-
nut allergy  [52] .  Figure 1  describes differential immune 
responses to food protein in the gastrointestinal tract 
and skin. 

  Sensitization via Food Ingestion 
 The introduction of food proteins as in infant formula 

or complementary food leads to a change in the infant’s 
gut microbiota, and the relative immaturity of the infant’s 

 Table 2.  Evidence supporting the pivotal role of T regulatory lymphocytes in oral tolerance

Treg cell phenotype Mechanism of action Consequence of defect 

Intestinal FOXP3+ Treg cells; in 
the intestinal lamina propria, 
they constitute a much higher 
proportion: more than 30% of 
CD4+ T cells in the colonic 
lamina propria and about 20% in 
the small intestinal lamina 
propria 

Constitutive expression of CTLA4, inducible 
T-cell co-stimulator, IL-10, TGF-β, and IL-35
Inhibition of the bystander T cells to maintain 
immune tolerance to dietary components and 
intestinal microbiota
Control of expansion of T follicular helper cell 
(TFH cell) populations
Suppression of immunopathology mediated by 
effector T cells [22]

Mice with fewer numbers or lower suppressive 
activity of colonic Treg cells are more 
susceptible to infection and mucosal injury
Depletion of Foxp3+-induced regulatory Treg 
cells results in defective oral tolerance in mice
Lack of Foxp3+ T cells leads to enteropathy, 
eczema, and elevated IgE in both mice and 
humans (IPEX syndrome) [24 – 26]

Th3 cells that are CD4+ CD25– 

Foxp3– and express latency 
associated peptide

Their suppressive effect is dependent on 
TGF-β [93, 94]
Th3 cells promote the development of iTreg 
cells through the secretion of TGF-β [23]

IPEX, immunodysregulation polyendocrinopathy enteropathy X-linked syndrome.
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Gut Skin
Low dose exposure peanut from skin contact

(e.g. kissing, touching, household dust)
High dose

ingested peanut

Low pH digestive enzymes

Partially degraded proteins
Peptides of lower allergenity

Commensal
probiotic bacteria

Dietary
fibre

SCFA

Gut
microbiota

Butyrate
GPR109A

IL-10
DC

CD4+

T cell

TGF
IL-2

Treg

B cell

Mesenteric
lymph node

IgG IgA

Oral tolerance to peanut

No digestion

Intact peanut proteins

Atopic dermatitis skin

S. aureus SEB25
Healthy skin

TSLP
Filaggrin

CD86

Langerhans
DC

IL-4

IL-4
IL-13
IL-6

IL-22
IL-31

IL-13

Dermal
DC

TH2

IL-4
B cell

Skin
lymph node

Intact skin
barrier

No
penetration
of peanut
proteins

No immune
response

IgE Peanut
allergy

digestive tract may allow for passage of allergens in a form 
or amount that will trigger allergic sensitization rather 
than tolerance ( Table 3 ).

  An additional route of allergic sensitization to food 
could be via the airways, as seen in the occupational set-
tings (e.g., food industry) with exposure to aerosolized 
food proteins such as wheat and egg  [53] . Additionally, 
systemic reactions to ingested egg can occur in adults ex-
posed to pet bird dander via inhalation due to the pres-
ence of a cross-reactive antigen, alpha-livetin in both the 
dander and egg yolk  [54] . It remains to be determined 

whether primary sensitization via the airways might oc-
cur in infants with gastroesophageal reflux through mi-
croaspiration of the gastric content.

  Tolerance Induction for Food Allergy 

Prevention 

 There is no consensus whether food allergies can be 
prevented and what is the optimal duration of exclusive 
breastfeeding as well as timing of supplemental formula 
and solid food introduction.

  Fig. 1.  Differential immune responses in the gut (oral tolerance) and skin (IgE sensitization and food allergy) us-
ing peanut allergy as an example. Source: Nowak-Wegrzyn et al. [98]. 
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  Breastfeeding 
 Human breast milk contains variety of bioactive mol-

ecules which are involved in infant growth, actively mod-
ulate immune system and gut microbiota, confer passive 
immunity, and have a positive impact on cognitive devel-
opment and metabolism  [55] . Breast milk contains gut 
trophic factors (epidermal growth factor, insulin growth 
factor, and TGF-β), capable of actively stimulating crypt 
and villi formation, decreasing intestinal permeability in 
the first week of life. In addition, lactoferrin and vitamin 
A in breast milk may affect the neonatal gut barrier. Hu-
man milk oligosaccharides downregulate CD14 expres-
sion in human enterocytes, and epidermal growth factor 
suppresses TLR4 signaling, leading to attenuation of lipo-
polysaccharide-induced inflammation  [56] . Breast milk 
is thought to contribute to the diversification of the neo-
natal microbiota via maternal IgA. Several studies have 
provided evidence for breast milk to contain bacteria, ap-
proximately 103–104 CFU/mL, suggesting that breast 
milk microbiome may provide a source of commensal 
bacteria for the infant gut. 

  Food protein transfer via breast milk is the first expo-
sure to foods for the infant. In a mouse model, mice ex-
posed to nanograms of egg ovalbumin antigen through 

breast milk were protected from ovalbumin-induced al-
lergic airway disease and TGF-β from breast milk was 
critical for tolerance induction, suggesting that variability 
in breast milk allergen content, TGF-β, and allergen-spe-
cific immunoglobulin may contribute to heterogeneity of 
results on allergy prevention by breastfeeding. Presence 
of peanut in maternal diet was associated with a reduced 
risk of food allergy in the offspring in both humans and 
mice  [41, 45, 57] . Collectively, there is currently no con-
clusive evidence that breastfeeding protects from devel-
opment of food allergy, potentially reflecting the environ-
mental factors that affect the composition of maternal 
milk. It remains to be determined whether maternal sup-
plementation with probiotic and/or vitamin A might im-
prove the pro-tolerogenic capacities of human breast 
milk  [58, 59] . Currently, the general consensus is that 
breastfeeding for at least 6 months should be promoted 
in view of the known and recognized nutritional and im-
munological benefits of breast milk  [60] .

  Infant Formula  
 Considering that intact food proteins have the highest 

allergenicity and the efficacy of hypoallergenic infant for-
mulas in the dietary management of established CMA, a 

 Table 3.  Mechanisms limiting the access of intact ingested food antigens to the immune system and consequenc-
es of their developmental immaturity in infants

Mechanism Developmental predisposition to food allergy in 
newborns, infants, and young children

Physical
Block penetration of ingested antigens
Intestinal mucus coat (glycocalyx) Altered antigen binding and transport through 

mucosal epithelial cells is caused by immaturity of 
intestinal microvillous membranes in infants

Intestinal microvillus membrane composition
Intestinal peristalsis

Enzymatic
Breakdown of ingested antigens
Gastric acid and pepsins Basal acid output is low during the first month of 

life and the intestinal proteolytic activity is 
immature until about 2 years of age

Pancreatic enzymes
Intestinal enzymes
Intestinal epithelial cell lysozyme activity

Immunologic
Block penetration of ingested antigens
Antigen-specific s-IgA in gut lumen The newborn lacks IgA and IgM in exocrine 

secretions and salivary s-IgA is absent at birth and 
remains low during the early months of life

Clear antigens penetrating the gastrointestinal barrier
Serum antigen-specific IgA and IgG Humoral immune system is immature and has low 

levels of circulating antibodiesReticuloendothelial system
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variety of hydrolyzed formulas based on cow’s milk pro-
tein (CMP) have been investigated for the prevention of 
food allergy and atopic diseases. It has been hypothesized 
that partially hydrolyzed proteins (whey- or casein-de-
rived peptides of various molecular weights) will result in 
better oral tolerance induction in a setting of immature 
gastrointestinal and immune systems, compared to intact 
CMP. The largest and most rigorous clinical trial to in-
vestigate the preventative effect of hypoallergenic formu-
las, the German Infant Nutritional Intervention Study 
(GINI Study) reported that infants fed extensively hydro-
lyzed casein formula (EHCF) for the first 4 months had a 
reduced rate of AD at 1 year of age compared with infants 
fed cow’s milk formula (CMF)  [61] . Feeding with par-
tially hydrolyzed whey or or EHCF was associated with a 
reduced rate of AD but not of asthma or allergic rhinitis 
at the ages of 3, 6, 10, and 15 years compared with feeding 
with CMF  [62–65] . However, a meta-analysis of 37 eli-
gible intervention trials of hydrolyzed formula including 
over 19,000 participants concluded that there was no con-
sistent evidence that partially or extensively hydrolyzed 
formulas reduce the risk of allergic outcomes in infants at 
high risk  [66] . A limitation of the meta-analysis is that it 
compared studies using different hydrolyzed formulas 
within each category. This approach is questionable be-
cause different biological effects of various hydrolysates 
are not only based on molecular mass distribution, but 
also on different peptide characteristics and sequence 
profiles.

  A large single-center prospective study from Israel ex-
amined the prevalence of CMA in 13,019 infants followed 
up for 2 years  [67] . CMP was introduced to healthy in-
fants at a mean age of 61.6 ± 92.5 days and to infants with 
IgE-mediated CMA at 116.1 ± 64.9 days. The odds ratio 
(OR) for developing CMA was 19.3 (95% confidence in-
terval [CI] 6.0–62.1) among infants exposed to CMP after 
more than 15 days compared with those exposed in the 
first 14 days of life. These findings suggest that early ex-
posure to CMP may be protective against the develop-
ment of CMA  [67] .

  Timing of Foreign Food Protein Introduction 
 It was once assumed that the avoidance of allergenic 

foods and delayed introduction into the diet would pre-
vent allergy by avoiding a so-called “window of physio-
logic susceptibility” associated with developmental im-
maturity of the gastrointestinal and immune systems ( Ta-
ble  3 ). However, the implementation of these expert 
opinion-based guidelines has been paralleled by a signifi-
cant increase in the prevalence of peanut allergy in the 

societies with a so-called Western lifestyle, such as the 
USA, the UK, Australia, and Western Europe  [2] . Subse-
quent studies determined that risk of peanut allergy is 
highest in infants with severe eczema, in those with muta-
tions in filaggrin gene resulting in an impaired skin bar-
rier function, and in those not eating peanut but exposed 
to peanut in the household dust. In addition, the preva-
lence of peanut allergy was 10-fold higher among Jewish 
children in the UK compared with Israeli children of sim-
ilar ancestry  [68] . In Israel, peanut-containing foods are 
usually introduced in the diet when infants are approxi-
mately 7 months old and consumed in substantial 
amounts, whereas in the UK children do not typically 
consume any peanut-containing foods during their first 
year of life  [68] . These observations inspired a number of 
clinical trials investigating the early introduction of solid 
foods for prevention of food allergy  [4] .

  Peanut 
 A landmark clinical trial (Learning Early About Pea-

nut Allergy, LEAP) randomized 640 infants between the 
ages of 4 and 11 months with severe eczema, egg allergy, 
or both (considered at high risk for peanut allergy) to 
consume or avoid peanut until 60 months of age   ( Table 4 ) 
 [48] . Early introduction of peanut dramatically (overall 
by 81%) decreased the development of peanut allergy 
among children at high risk for this allergy. Early oral in-
troduction of peanut induces oral tolerance that precedes 
potential IgE sensitization to peanut via the disrupted 
skin barrier. Considering the strong protective effect of 
this intervention and the size of the clinical trial, an ad-
dendum to the 2010 NIAID guidelines for food allergy 
diagnosis and management has been published in 2017 
 [69] . The guidelines recommend introducing peanut-
containing foods in age-appropriate forms to infants at 
risk (with severe eczema, egg allergy, or both) preferably 
during breastfeeding, starting at the age of 4–6 months. 
The document provides practical recommendations on 
the safe introduction of peanut to such infants. In addi-
tion, the guidelines recommend introducing peanut to 
infants with mild-to-moderate eczema around 6 months 
of age. For infants without eczema or any food allergy, 
free introduction of peanut into the diet, together with 
other solid foods that are age-appropriate, as per family 
preferences is recommended. 

  High-Risk Foods (Peanut, Cooked Egg, Cow’s Milk, 
Wheat, Sesame, and Whitefish) 
 A similar concept has been tested in the EAT trial that 

evaluated whether the early introduction of allergenic 
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 Table 4.  Clinical trials of early food allergen introduction

Name of trial; author 
[Ref.] (year); country; 
food

Target 
population

Design 
Number of subjects

Primary 
outcome

Results Reactions/risk
of early 
introduction

Peanut
Learning Early about 
Peanut Allergy 
(LEAP); Du Toit
et al. [48] (2015); UK;
peanut

High risk (infants 
with moderate/
severe eczema 
and/or egg allergy)

Open-label RCT
– n = 640 (530: negative 
SPT, 98: SPT 1 – 4 mm)
– Enrolled at 4 – 11 
months of age
– Peanut consumption 
or avoidance until 60 
months of age

Peanut allergy at 
age 60 months 
confirmed by 
OFC

Peanut allergy in avoidance vs. 
consumption
– SPT-negative group:
ITT: 13.7 vs. 1.9% (95% CI
3.4 – 20.3; p < 0.001) 
Relative reduction in 
consumption group: 86.1%
PP: 13.9 vs. 0.4% (p < 0.001)
– SPT-positive group:
ITT: 35.3 vs. 10.6% (95% CI
4.9 – 43.3; p = 0.004)
Relative reduction in 
consumption group: 70.0% 
PP: 34.0 vs. 0.0% (p < 0.001)

No significant 
differences in 
rates of 
hospitalization 
or serious 
adverse events

Persistence of Oral 
Tolerance to Peanut 
(LEAP-On); Du Toit 
et al. [49] (2015); UK; 
peanut

High risk (infants 
with moderate/
severe eczema 
and/or egg allergy 
(LEAP 
participants)

Open-label RCT
– n = 556 from LEAP 
study
– Peanut avoidance for 
12 months

Peanut allergy 
determined by 
OFC after 12 
months of peanut 
avoidance 

Rate of peanut allergy after 12 
months of peanut avoidance in 
LEAP peanut-avoidance vs. 
peanut-consumption group
ITT: 18.6 vs. 4.8%, (p < 0.001)
PP: 19.2 vs. 2.1% (p < 0.001)

Peanut, hen’s egg, cow’s milk, whitefish, sesame, wheat
Enquiring about 
Tolerance (EAT); 
Perkin et al. [50] 
(2016); UK; cow’s 
milk, hen’s egg, 
peanut, cod, sesame, 
wheat

General 
population 
(exclusively 
breastfed infants) 

Open-label RCT
– n = 1,303
– Enrolled at 3 months 
of age
– Consumption of 6 
allergenic foods vs. 
exclusive breastfeeding 
until 6 months of age

IgE-mediated 
food allergy 
determined by 
OFC to any of the 
6 allergenic foods 
between 1 – 3 
years of age

Food allergy in early-introduction 
vs. standard-introduction group 
ITT: 5.6 vs. 7.1%
RR 0.80 (95% CI 0.51 – 1.25;
p = 0.32)
Peanut allergy: 
1.2 vs. 2.5% (p = 0.11).
Egg allergy: 3.7 vs. 5.4% (p = 0.17)
PP: 2.4 vs. 7.3% (p = 0.01)
RR 0.33 (95% CI 0.13 – 0.83; 
p = 0.01)
Peanut allergy: 0 vs. 2.5% 
(p = 0.003) 
Egg allergy: 1.4 vs. 5.5% 
(p = 0.009)

No cases of 
anaphylaxis with 
the introduction 
of foods at home 
in the early-
introduction 
group

Egg
HealthNuts; Koplin
et al. [70] (2010); 
Australia; hen’s egg

General 
population 

Population-based 
cross-sectional study
– n = 2,589 
– Enrolled at 11 – 15 
months of age

Egg allergy by 
OFC or parental 
report of a 
definite reaction 
to egg

Egg allergy in infants introduced 
to egg at 4 – 6 months vs. after 
(categorized by age of 
introduction):
7 – 9 months: aOR 1.3 (95% CI
0.8 – 2.1)
10 – 12 months: aOR 1.6 (95% CI 
1.0 – 2.6)
>12 months: aOR 3.4 (95% CI
1.8 – 6.5) (p < 0.001)
Egg allergy and type of egg 
introduced at 4 – 6 months: 
cooked vs. baked egg: OR 0.2; 
95% CI 0.06 – 0.71; p = 0.012)



 Mechanisms of Tolerance Induction Reprinted with permission from: 
 Ann Nutr Metab 2017;70(suppl 2):7–24 
DOI: 10.1159/000457915

15

Name of trial; author 
[Ref.] (year); country; 
food

Target 
population

Design 
Number of subjects

Primary 
outcome

Results Reactions/risk
of early 
introduction

Solids Timing for 
Allergy Research 
(STAR); Palmer et al. 
[71] (2013); Australia; 
hen’s egg

High risk (infants 
with moderate/
severe eczema, 
SCORAD ≥15) 

RCT, placebo controlled
– n = 86
– Enrolled at 4 months 
of age
– Consumption of egg 
powder or placebo until 
8 months of age

IgE-mediated egg 
allergy at age 12 
months defined 
as positive OFC 
and positive SPT 
to egg

IgE-mediated egg allergy in egg 
vs. placebo group: 33 vs. 51%
RR 0.65 (95% CI 0.38 – 1.11; 
p = 0.11)

31% of infants 
randomized to 
receive egg had 
an allergic reac-
tion to the egg 
powder and did 
not continue 
powder
ingestion

Starting Time for Egg 
Protein (STEP); 
Palmer et al. [72] 
(2016); Australia; 
hen’s egg

Infants with atopic 
mothers but 
without eczema

RCT, placebo controlled
– n = 820
– Enrolled at 4 – 6 
months of age
– Consumption of egg 
powder or placebo until 
10 months of age

IgE-mediated egg 
allergy at age 12 
months defined 
as positive OFC 
and positive SPT 
to egg

IgE-mediated egg allergy in egg 
vs. placebo group
ITT: 7.0 vs. 10.3%
aRR 0.75 (95% CI 0.48 – 1.17; 
p = 0.20)
PP: 3.0 vs. 9.9%
aRR 0.32 (95% CI 0.16 – 0.65; 
p = 0.002)

No anaphylactic 
reactions to the 
pasteurized 
whole egg pow-
der on initial 
introduction 
3 infants (2 in 
the egg group) 
experienced 
anaphylaxis after 
egg challenge

Hen’s Egg Allergy 
Prevention (HEAP); 
Bellach et al. [73] 
(2016); Germany;
hen’s egg

General 
population 
(nonsensitized, 
hen’s egg sIgE 
<0.35 kUA/L)

RCT, placebo controlled
– n = 383
– Enrolled at 4 – 6 
months
– Consumption
of egg white powder or 
placebo until 12 months 
of age

Primary: 
sensitization to 
hen’s egg by age 
12 months
Secondary: hen’s 
egg allergy

Sensitization to hen’s egg in active 
vs. placebo
Modified ITT : 5.6 vs. 2.6% (RR 
2.20; 95% CI 0.68 – 7.14; p = 0.24)
PP: 4.8 vs. 2.6% (RR 1.84; 95% CI 
0.53 – 6.37; p = 0.35)
Hen’s egg allergy (secondary 
outcome) in active vs. placebo
ITT: 2.1 vs. 0.6% (RR 3.30; 95% 
CI 0.35 – 31.32; p = 0.35)
PP: 0 vs. 0.7% (p = 1.0)

Reported reac-
tion to the study 
powder in active 
vs. placebo: 7.1 
vs. 0.5% 
(p = 0.001) 
DBPCFC 
positive in 3/4 
subjects in active 
group (1 FPIES)

Beating Egg Allergy 
Trial (BEAT); 
Wei-Liang Tan et al. 
[74] (2016); Australia; 
hen’s egg

High-risk infants 
with at least 1 
first-degree 
relative with 
allergic disease 
and SPT to egg 
white <2 mm

RCT, placebo controlled
– n = 319
– Enrolled at 4 months 
of age
– Consumption of 
whole egg powder or 
placebo until 8 months 
of age

Sensitization to 
egg on SPTs at 12 
months

Sensitization to egg at 12 months 
in egg vs. placebo group
FAS: 10.7 vs.20.5%
OR 0.46 (95% CI 0.22 – 0.95; 
p = 0.03)
Relative risk reduction: 48% (95% 
CI 3 – 72%)
Absolute risk reduction: 9.8% 
(95% CI 8.2 – 18.9%)
NNT = 11 (95% CI 6 – 122)
PP: OR 0.24 (95% CI 0.09 – 0.61;
p = 0.0015)
Probable egg allergy in egg vs. 
placebo group 6.2 vs.10.5%;
p = 0.20

No serious 
adverse events
FPIES-type 
reaction occur-
red in 1 infant in 
the placebo 
group (rice 
powder)

Table 4 (continued)
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foods into the diet of breastfed infants would protect 
against the development of food allergy  [49] . The EAT 
trial recruited 1,303 exclusively breastfed infants from the 
general population who were 3 months of age. They were 
randomly assigned to the early introduction of 6 aller-
genic foods (peanut, cooked egg, cow’s milk, sesame, 
whitefish, and wheat; early-introduction group) or to the 
current practice recommended in the UK of exclusive 
breastfeeding to approximately 6 months of age (stan-
dard-introduction group). The primary outcome was 
food allergy to 1 or more of the 6 foods in children be-
tween 1 and 3 years of age ( Table 4 ). The trial did not 
show the efficacy of early introduction of allergenic foods 
in an intention-to-treat analysis. Further per-protocol 
analysis raised the question of whether the prevention of 
food allergy by means of early introduction of multiple 
allergenic foods was dose dependent. The EAT trials also 
demonstrated that the early introduction of solids is not 
easy and may not be practical for many families.

  Egg 
 A number of clinical trials investigated the early intro-

duction of egg ( Table 4 )  [70–75] . The overall effect was 
that the early introduction of egg may confer a preventa-
tive effect, although sensitization to egg occurs early and 
allergic infants may develop anaphylaxis on a first known 

ingestion of egg white powder regardless of their eczema 
status  [76] . It is likely that the early introduction of baked 
or lightly cooked egg is safer.

  Potential Pitfalls of Early Food Introduction 
 While the current cumulative evidence favors the ear-

ly introduction of highly allergenic foods, there are a 
number of potential problems that have to be considered. 
Infants without obvious risk factors such as eczema, oth-
er food allergies, or a family history of food allergy may 
develop food allergy and manifest anaphylaxis on a first 
known ingestion, in particular of egg. This suggests that 
an even earlier introduction of egg is necessary but may 
not be feasible. As demonstrated by the EAT study, early 
(starting at 3 months) introduction of egg, peanut, sesa-
me, and fish may be challenging because age-appropriate 
forms of these foods are not easily accessible to families. 
Regular intake of the food, at least 2–3 times per week, is 
necessary, and some families struggle with incorporating 
high-risk foods into the daily diet over prolonged periods 
of time, especially if the food is not a part of the regular 
family diet. Finally, the studies focus on prevention of 
IgE-mediated food allergy, and the effects of early intro-
duction on the development of non-IgE-mediated food 
allergy is unknown. In the LEAP trial, there was 1 case of 
peanut food protein-induced enterocolitis syndrome 

Name of trial; author 
[Ref.] (year); country; 
food

Target 
population

Design 
Number of subjects

Primary 
outcome

Results Reactions/risk
of early 
introduction

Prevention of Egg 
Allergy with Tiny 
Amount Intake
(PETIT); Natsume 
et al. [75] (2016); 
Japan; hen’s egg

High risk (infants 
with atopic 
dermatitis)

RCT, placebo controlled
– n = 147
– Enrolled at 4 – 5
months
– Consumption of egg 
powder or placebo from 
6 until 12 months of age
– Egg powder dose 
increment was given in 
a two-step approach

Egg allergy 
confirmed by 
open OFC at 12 
months of age

Study was terminated early 
because of a large group 
difference at the interim analysis
Egg allergy in egg vs. placebo 
group
Primary analysis: 8 vs. 38%
Risk difference 29.4% (95% CI 
15.3 – 43.4)
NNT 3.40 (2.30 – 6.52)
Risk ratio 0.221 (0.090 – 0.543; 
p = 0.0001)
PP: 4 vs. 38%
Risk difference 33.7% (95% CI 
19.0 – 48.3)
Risk ratio 0.114 (0.028 – 0.464; 
p < 0.0001)
NNT 2.97 (2.07 – 5.27) 
Relative reduction: 89%

No acute 
reaction after 
first intake of the 
trial powder
No difference in 
reported 
reaction at home

 RCT, randomized controlled trial; SPT, skin prick test; OFC, oral food challenge; ITT, intention to treat analysis; PP, per protocol analysis; RR, rela-
tive risk; DBPCFC, double-blind placebo-controlled food challenge; FPIES, food protein-induced enterocolitis syndrome; NNT, number needed to treat; 
FAS, full analysis set (the FAS is the analysis set that is as complete and close as possible to the ITT ideal of having primary outcome data on all random-
ized subjects).

Table 4 (continued)
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(FPIES). In the EAT trial, there were 10 participants 
whose families reported FPIES-like reactions (median 
age, 5 months): 7 in the early-introduction group (6 re-
porting egg as the trigger, 1 sesame) and 3 in the stan-
dard-introduction group (1 fish and prawn, 1 milk, and 
1 milk, soya, and rice) ( p  = 0.34). When challenges were 
undertaken (median age, 16 months) of the 7 early-intro-
duction group participants, 5 had negative challenges, 1 
was positive, and 1 did not return for the challenge. Of 
the 3 standard-introduction group participants, 2 had 
positive challenges and 1 had a negative challenge. In the 
HEAP trial, there was 1 case of egg FPIES in the active 

group, raising concerns about increasing risk for the de-
velopment of FPIES with early introduction of allergenic 
foods.

  Strategies to Restore the Healthy 

Gastrointestinal Microbiota 

 Probiotics 
 Probiotics are defined as live bacteria that naturally 

colonize the gastrointestinal tract, and their presence in 
adequate amounts is associated with health benefits for 
the host  [77] . An altered composition of the gut micro-

Tolerogenic DC

IL-10

GPR109A
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SCFA

Treg cells

Th17
Mesenteric lymph node

IL-10
TGF-
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Prebiotic
Probiotic

ToleranceAllergy Inflammation
Autoimmunity

Commensal
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Pathogen
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  Fig. 2.  Probiotics compete with pathogenic organisms for nutrients 
and binding sites on the intestinal epithelium. Prebiotics support 
the endogenous colonic commensal bacteria. Probiotics secrete 
bacteriocins and induce intestinal epithelium to secrete defensins, 
natural anti-microbial peptides. Probiotics ferment fiber to short-
chain fatty acids (SCFA): butyrate, acetate, and propionate. SCFA 

activate G-protein-coupled receptors (GPCRs) that stimulate co-
lonic dendritic cells and macrophages to secrete IL-10 and pro-
mote development of regulatory T lymphocytes (Treg cells) in the 
mesenteric lymph nodes. Treg cells are a source of tolerogenic cy-
tokines: IL-10 and TGF-β that inhibit allergic and inflammatory 
responses. 
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biota might predispose children to food allergy by chang-
ing Toll-like receptor signaling and the integrity of intes-
tinal epithelial cells  [15] . In a gnotobiotic mouse model, 
selective colonization of the gut with Clostridia-contain-
ing microbiota protects from food allergy via activation 
of innate lymphoid cells, IL-22 production, and enhance-
ment of intestinal permeability  [16] . The gut microbiota 
may also play a role in the natural history of CMA. Ad-
ditional potential mechanisms by which probiotics ex-
ert pro-tolerogenic effects in the gut are illustrated in  Fig-
ure 2 . 

  Among 226 children with milk allergy who were en-
rolled at infancy in the Consortium of Food Allergy ob-
servational study of food allergy, the gut microbiome 
composition at the age of 3–6 months was associated with 
milk allergy resolution by the age of 8 years (PERMANO-
VA,  p  = 0.047), with enrichment of Clostridia and Fir-
micutes in the infant gut microbiome of subjects whose 
milk allergy resolved  [78] . Metagenome functional pre-
diction supported decreased fatty acid metabolism in the 
gut microbiome of subjects whose milk allergy resolved 
( η  2  = 0.43; ANOVA,  p  = 0.034). Therefore, early infancy 
is a window during which the gut microbiota may deter-
mine food allergy outcomes in childhood. Bacterial taxa 
within Clostridia and Firmicutes could be studied as pro-
biotic candidates for milk allergy therapy.

  Supplementation with probiotics has been shown to 
exert anti-inflammatory properties together with cyto-
kine changes that might skew towards Th1-biased re-
sponses and inhibit Th2-biased responses and IgE pro-
duction. Probiotics were shown to increase secretion of 
IL-10 and TGF-β by upregulating T reg  cells ( Fig.  2 ). A
meta-analysis of the randomized controlled clinical trials 
investigating the use of probiotics in infants for primary 
prevention of allergies found mild reduction in clinical 
eczema in infants but insufficient evidence for a general 
recommendation of probiotic supplementation for pre-
vention of allergic disease or food hypersensitivity  [79] . It 
remains to be determined whether supplementation with 
probiotic bacteria can correct the underlying alterations 
in the gut microbiota in children with food allergy  [18] .

  Prebiotics 
 Prebiotics are food components that are nondigestible 

and reach the colon where they provide nutrition and 
stimulate growth and activity of bacteria of the normal 
gut flora ( Fig. 2 ). They are commonly added as nutrition-
al supplements like oligosaccharides  [77] . Pooling of data 
from multiple studies in a recently updated Cochrane re-
view showed a potential benefit in the prevention of AD, 

but no conclusive evidence was found regarding the pre-
vention of other allergic diseases or food allergies  [80] . In 
a parallel-group, multicenter, randomized double-blind 
controlled trial of partially hydrolyzed whey formula con-
taining oligosaccharides (pHF-OS) versus standard CMF, 
infants with a family history of allergic disease were ran-
domized (stratified by center/maternal allergy) to pHF-
OS ( n  = 432) or CMF ( n  = 431) until 6 months of age if 
the formula was introduced before 18 weeks of age. The 
primary outcome was cumulative incidence of AD by 12 
months in infants randomized at 0–4 weeks (pHF-OS,
 n  = 375; control,  n  = 383). At 12 months, there was no 
difference in AD in the infants fed with study formula 
(07/347; 30.8%) compared to the infants fed with CMF 
(112/370; 30.3%; OR 0.99, 95% CI 0.71–1.37;  p  = 0.94). 
pHF-OS did not change most immune markers including 
total/specific IgE; however, pHF-OS reduced cow’s milk-
specific IgG1 ( p  < 0.0001) and increased T reg  cell and plas-
macytoid dendritic cell percentages  [81] .

  Microbiome Restoration in Infants Born via Cesarean 
Section 
 Exposure of newborns to the maternal vaginal micro-

biota is interrupted with cesarean birthing. Babies deliv-
ered by cesarean section (C-section) acquire a microbiota 
that differs from that of vaginally delivered infants, and C-
section delivery has been associated with increased risk for 
immune and metabolic disorders. In a pilot study, infants 
delivered by C-section were exposed to maternal vaginal 
fluids at birth  [82] . As in vaginally delivered babies, the gut, 
oral, and skin bacterial communities of these newborns 
during the first 30 days of life were enriched in vaginal bac-
teria – which were underrepresented in unexposed C-sec-
tion-delivered infants – and the microbiome similarity to 
those of vaginally delivered infants was greater in oral and 
skin samples than in anal samples. Although the long-term 
health consequences of restoring the microbiota of C-sec-
tion-delivered infants remain unclear, these preliminary 
results demonstrate that vaginal microbes can be partially 
restored at birth in C-section-delivered babies  [82, 83] .

  Skin Barrier Restoration 

 Considering that an impaired and inflamed skin bar-
rier is a hallmark of AD and a risk factor for the develop-
ment of peanut allergy, strategies aimed at the restoration 
and protection of the skin barrier represent an alternative 
approach to prevent food allergy. Two small clinical trials 
conducted in the USA and Japan reported a reduction in 
eczema prevalence in infants at risk  [84, 85] .
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  In an Irish birth cohort, transepidermal water loss 
(TEWL) was measured at birth (day 2) and at 2 and 6 
months in 1,903 infants  [86] . The prevalence of AD was 
18.7% at 6 months and 15.53% at 12 months. In a logistic 
regression model, upper-quartile TEWL measurement 
on day 2 of life strongly predicted AD at 12 months (area 
under the receiver operating characteristic curve, 0.81;
 p  < 0.05). Lowest-quartile TEWL on day 2 of life was pro-
tective against AD at 12 months. An upper-quartile 
TEWL at the age of 2 months was also strongly predictive 
of AD at 12 months (area under the receiver operating 
characteristic curve, 0.84;  p  < 0.05). At both ages, this ef-
fect was independent of parental atopy, filaggrin status, 
or report of an itchy flexural rash at 2 months. Associa-
tions were increased when the parental atopy status or 
child filaggrin mutation status were added into the linear 
regression model. Furthermore, food IgE sensitization 
was present in 6.27%, and food allergy prevalence was 

4.45%  [86] . Egg was the most prevalent allergen (2.94%), 
followed by peanut (1.75%) and cow’s milk (0.74%). Day 
2 upper-quartile TEWL (>9 g water/m 2 /h) was a signifi-
cant predictor of food allergy at the age of 2 years (OR 4.1, 
95% CI 1.5–4.8). Day 2 TEWL was in the upper quartile 
in 75% of children with food allergy at 2 years of age. Even 
in those without AD, infants with upper-quartile day 2 
TEWL were 3.5 times more likely to have food allergy at 
2 years than infants in the lowest quartile (95% CI 1.3–
11.1;  p  = 0.04). This important study demonstrated that 
an impairment of skin barrier function at birth and at 2 
months precedes clinical manifestations of AD. In addi-
tion to providing important mechanistic insights into 
disease pathogenesis, these findings have practical impli-
cations for the optimal timing of interventions for the 
prevention of AD. Neonatal skin barrier dysfunction pre-
dicts food allergy at 2 years of age, supporting the concept 
of transcutaneous allergen sensitization, even in infants 

 Table 5.  Comparison of food allergen immunotherapy in current clinical trials

OIT SLIT EPIT

Daily maintenance 
dose, food protein1; 
specific foods studied

300 – 4,000 mg
Peanut, cow’s milk, hen’s egg, wheat
OIT with multiple foods is feasible

2 – 7 mg
Peanut, cow’s milk, hazelnut, 
peach
Single food treatment has been 
investigated; multiple food 
application potentially feasible

50 – 500 μg, usually 250 μg
Peanut, cow’s milk
Single food treatment

Observed dosing Up-dosing every 1 or 2 weeks Up-dosing under observation Initiation and periodic 
observation

Safety Less desirable, common adverse events, frequent 
gastrointestinal complaints, about 5 – 8% risk of 
eosinophilic esophagitis, risk of anaphylaxis <1% of doses; 
higher risk of adverse events in those allergic to pollen

More desirable; usually mild, 
local, oro-pharyngo-laryngeal 
pruritus

More desirable, usually 
mild, local cutaneous 
reactions

Efficacy More desirable Less desirable; limited by the low 
total maximum dose

Ongoing investigation

Desensitization Large effect, 75 – 80% (usually, the patients who finish the 
protocol achieve desensitization)

Moderate effect Ongoing investigation

Long-term tolerance/
sustained 
unresponsiveness

Variable response, dependent on food (peanut 50%,
egg 28%), maintenance dose and duration of therapy
Limited evidence

Ongoing investigation Ongoing investigation

Immunomodulation Significant; increases in food-specific IgG4 and decreases in 
food-specific IgE and skin prick test wheal diameters

Present Present in mice: ongoing 
investigation in human 
subjects

Adherence Suboptimal primarily because of chronic gastrointestinal 
adverse effects and need for lifestyle modifications2

Better than with OIT Better than with OIT

 OIT, oral immunotherapy; SLIT, sublingual immunotherapy; EPIT, epicutaneous immunotherapy. 1 Few studies explored less frequent (every other 
day of twice a week maintenance dosing therapy with promising results [96, 97]). 2 OIT doses should be taken with meal; physical activity has to be avoid-
ed for 1 – 2 h after ingestion; dosing should be withheld with illness (febrile illness, asthma exacerbation); dose reduction may be necessary during pollen 
season.
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who do not have AD. TEWL could be used for stratifying 
infants in the first few days of life before development of 
AD or food allergy for targeted intervention studies to 
potentially alter the atopic march. Currently, large clini-
cal trials are underway to enhance the skin barrier from 
birth, using emollients and decreasing bathing frequency, 
to reduce the incidence of AD and food allergy in high-
risk neonates.

  Tolerance Induction for Food Allergy Treatment 

 Hypoallergenic Formula with Probiotics in CMA 
 A nonrandomized study investigated 260 Italian chil-

dren (median age, 5.92 months) diagnosed with CMA, 
both IgE-mediated (42.7%) and non-IgE-mediated. 
Children were fed with: EHCF ( n  = 55); EHCF +  Lacto-
bacillus rhamnosus  GG (LGG) ( n  = 71); hydrolyzed rice 
formula ( n  = 46); soy formula ( n  = 55); and amino acid-
based formula ( n  = 33). The formula choice was at the 
discretion of the managing physician. The rate of chil-
dren acquiring oral tolerance after 12 months (deter-
mined by an oral food challenge) was significantly high-
er ( p  < 0.05) in the groups receiving EHCF (43.6%) or 
EHCF + LGG (78.9%) compared with the other groups 
(hydrolyzed rice formula [32.6%], soy formula [23.6%], 
and amino acid-based formula [18.2%]). The rate of tol-
erance acquisition was influenced by 2 factors: (1) IgE-
mediated mechanism (B –2.05, OR 0.12, 95% CI 0.06–
0.26;  p  < 0.001); and (2) formula choice, such that those 
receiving either EHCF (B 1.48, OR 4.41, 95% CI 1.44–
13.48;  p  = 0.009) or EHCF + LGG (B 3.35, OR 28.62, 95% 
CI 8.72–93.93;  p  < 0.001). This study suggested that 
EHCF (especially with added LGG) may accelerate toler-
ance acquisition in children with CMA compared to oth-
er formulas  [88] . Feeding with EHCF + LGG led to a sig-
nificant increase in fecal butyrate levels, suggesting that 
EHCF + LGG promotes tolerance in infants with CMA, 
in part, by influencing the strain-level bacterial commu-
nity structure of the infant gut  [18] . In a follow-up study, 
40 children (aged 3–18 months) were enrolled: 10 chil-
dren with active IgE-mediated CMA (group 1), 10 chil-
dren who outgrew CMA after dietary treatment with an 
EHCF containing the probiotic LGG (group 2), 10 chil-
dren who outgrew CMA after treatment with other for-
mulas (group 3), and 10 healthy controls (group 4). 
FoxP3 TSDR demethylation and expression were mea-
sured in mononuclear cells purified from peripheral 
blood of the 4 groups of children. FoxP3 TSDR demeth-
ylation was significantly lower in children with active 

IgE-mediated CMA than in either children who outgrew 
CMA or in healthy children. Formula selection influ-
enced the FoxP3 TSDR demethylation profile, suggest-
ing that tolerance acquisition in children with IgE-medi-
ated CMA involves epigenetic regulation of the FoxP3 
gene.

  A more rigorous parallel-arm randomized controlled 
trial investigated whether the administration of EHCF 
containing the probiotic LGG can reduce the occurrence 
of other allergic manifestations. Children with IgE-me-
diated CMA were randomly allocated to the EHCF or 
EHCF + LGG groups and followed up for 36 months  [89] . 
The main outcome was the occurrence of at least 1 allergic 
manifestation (eczema, urticaria, asthma and rhinocon-
junctivitis) diagnosed according to standardized criteria. 
Tolerance acquisition was evaluated every 12 months. A 
total of 220 children (147 males, 67%) with a median 
(IQR) age of 5.0 (3.0–8.0) months were randomized: 110 
children were placed in the EHCF group and 110 children 
were placed in the EHCF + LGG group. In the complete 
case analysis, the absolute risk difference for the occur-
rence of at least 1 allergic manifestation over 36 months 
was –0.23 (95% CI –0.36 to –0.10;  p  < 0.001) and the ab-
solute risk difference for the acquisition of cow’s milk tol-
erance was 0.20 (95% CI 0.05–0.35;  p  < 0.01) at 12 months, 
0.24 (95% CI 0.08–0.41;  p  < 0.01) at 24 months, and 0.27 
(95% CI 0.11–0.43;  p  < 0.001) at 36 months. This study 
suggested that EHCF + LGG might reduce the incidence 
of other allergic manifestations and hasten the develop-
ment of oral tolerance in children with IgE-mediated 
CMA. The results are very interesting and should be rep-
licated in different patient populations.

  Immunotherapy for Food Allergy 
 There are no currently approved therapies for food al-

lergy; a number of immunotherapeutic strategies are 
currently being evaluated for IgE-mediated food allergy 
 [89] . All of them rely on regular exposure to the food al-
lergen via the oral (oral immunotherapy, OIT), sublin-
gual (sublingual immunotherapy), or epicutaneous (epi-
cutaneous immunotherapy) route; subcutaneous vac-
cines based on modified hypoallergenic major peanut 
allergens are currently undergoing phase I clinical trials 
in adults  [5, 6] . While OIT induces a temporary state of 
increased threshold of clinical reactivity to the food al-
lergen, dependent on daily OIT dosing (referred to as 
desensitization), no food immunotherapy is proven to 
induce/restore permanent oral tolerance ( Table 5 ). Im-
provements in safety allowing for the inclusion of pa-
tients with severe phenotypes of food allergy and asthma, 
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               Oral tolerance is a state of active nonresponsiveness 
                          to ingested soluble antigens mediated
               by gut-associated intestinal lymphoid tissue

 Key insights

Breastfeeding may protect against childhood asthma and al-
lergic disease, but this is controversial. Breastfeeding is critical 
for optimum immune development of the infant through bio-
activity in milk and through impact on healthy establishment 
of microbiota. Breast milk is best for babies because of its im-
munomodulatory effects and protection against early infec-
tions. Because early infections are a major risk factor for asth-
ma and allergic disease, protection through breastfeeding may 
be a pathway that shields against allergic disease.

 Current knowledge

Exclusive breastfeeding for the first 6 months of life, and up to 2 
years or longer, is encouraged as the “gold” standard for infant 
feeding because breastfeeding has health benefits for mother 
and child. Human maternal milk is uniquely suited to the hu-
man baby with nutritional composition as well as bioactive and 
immunological factors that promote healthy development. 
Breastfeeding has been associated with protection against ear-
ly respiratory infections, and the observed association between 
breastfeeding and asthma at early ages may be mediated by 
the protection of breastfeeding on infections. Compared to for-
mula-fed infants, breastfed infants have a healthier microbiota 
that may be linked to a reduced risk of allergic disease.

 Practical implications

Exclusive or predominant breastfeeding to at least 6 months 
of age with continued breastfeeding up to 2 years is advised 
to protect against early infections and strengthen the immune 
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system. Infants should be introduced to “tastes” of allergenic 
foods, such as egg and peanut, slowly from 4 to 6 months to 
develop oral tolerance. Lactating mothers should eat a healthy 
diet to ensure the quality of their breast milk and improve the 
quality and diversity of their microbiota.
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controversy for more than 80 years. Previous systematic re-
views have generally found a protective effect of breastfeed-
ing on allergic outcomes, although many studies have meth-
odological limitations. Although breastfeeding is protective 
against lower respiratory tract infection during infancy, such 
protection has not been demonstrated for asthma in all 
studies. Breastfeeding has health benefits for the mother 
and child. Exclusive breastfeeding for the first 6 months of 
an infant’s life, with continued breastfeeding for up to 2 
years or longer, is recognized as the “gold” standard for in-
fant feeding because human milk is uniquely suited to the 
human infant, and its nutritional content and bioactivity pro-
mote a healthy development. There is increasing concern 
that the practice of delaying complementary foods until 6 
months may exacerbate the risk of allergic disease. Breast 
milk contains immunological components that protect 
against infections and allergic disease in infancy. The com-
position of human breast milk is complex, containing factors 
that interact with the infant immune system and intestinal 
milieu including allergens, cytokines, immunoglobulins, 
polyunsaturated fatty acids, and chemokines. Transforming 
growth factor β is a cytokine in human milk involved in main-
taining intestinal homeostasis, inflammation regulation, and 
oral tolerance development. Modern day society, with in-
creased standards of hygiene, has changed the gut flora of 
Western infants, potentially impacting the risk of developing 
immune-mediated diseases including allergic disease and 

 Keywords 

 Breastfeeding · Allergic disease · Childhood asthma 

 Abstract 

 The worldwide prevalence of childhood asthma has been 
increasing considerably, and the protection afforded by 
breastfeeding in its development has been the subject of 
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 Key Messages 

 • Breastfeeding may protect against the development 

of asthma and allergic disease in children, although 

this topic has been controversial for more than 8 

decades. 

 • Breastfeeding is recommended for at least the first 6 

months of life and up to 2 years for immunological 

development of the infant.  

 • Breastfeeding may influence immune responses 

through the bioactive, immune-modulating 

properties of breast milk, or through the impact of 

milk type on intestinal microbiota.  

 • The composition of breast milk cytokines deserves 

further investigation, because cytokines may provide 

protection against wheeze and subsequent asthma in 

childhood. 
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 Introduction 

 Breastfeeding and Childhood Illness 
 Breastfeeding has numerous health benefits for the 

mother and child  [1] . Exclusive breastfeeding for the first 
6 months of an infant’s life, with continued breastfeeding 
for up to 2 years or longer, is recognized as normal and 
the “gold” standard for infant feeding  [2, 3] . This is be-
cause human maternal milk is uniquely suited to the hu-
man infant, and its nutritional composition and non-nu-
tritive bioactive factors promote healthy development 
and ultimately survival. Breast milk contains immune 
factors such as IgA antibodies protecting against many 
health problems in infancy, such as necrotizing enteroco-
litis, overweight and obesity, diabetes, infections, and al-
lergic disease  [2, 4] , as well as reducing the risk of diseas-
es later in life  [5] . 

  In the past 30 years, the evidence for global breastfeed-
ing recommendations has evolved remarkably. Epidemi-
ological studies combined with growing insights from 
epigenetics, stem cell research, and the “developmental 
origins of health and disease” hypotheses offer strong and 
solid support to the concept that breast milk is best for 
human infants. Never before in science history has so 
much been known about the complex significance of 
breastfeeding for mothers and their children.

  However, the protection afforded by breastfeeding 
against the development of childhood asthma and aller-
gic disease has been the subject of controversy in the 
literature. Although breastfeeding is protective against 
lower respiratory tract infection during infancy, such 
protection has not been demonstrated for asthma in all 
studies. Issues related to study design, analytical meth-
ods, and confounding have greatly complicated the in-
terpretation and comparison of studies. Furthermore, 
asthma has a complex phenotype in which numerous 
genetic and environmental determinants interact. Con-
sequently, the effect of any single determinant is likely 
to be small and the independent effects difficult to quan-
tify. Asthma is common at a population level, and breast-

feeding is amenable to intervention, so a small effect 
may have implications for public health. For this reason, 
it is important to establish whether breastfeeding modi-
fies the risk of childhood asthma, even if the effect is 
small.

  Against this background of breast milk significance, 
there is evidence that breastfeeding may protect against 
the development of asthma and allergic disease in chil-
dren although this has been controversial since it was first 
observed more than eight decades ago  [6, 7] .

  Definition of Infant Feeding 
 The World Health Organization  [8]  defines “exclusive 

breastfeeding” as feeding with breast milk “only” with no 
other liquid, solids, or vitamin drops. An infant who re-
ceives water or juice but not formula is considered “pre-
dominantly breastfed,” whereas an infant who receives 
formula milk, if only for one feed, is considered “partially 
breastfed,” and “never breastfed” refers to a situation 
where breastfeeding was never initiated. Thereafter, to 
meet their evolving nutritional requirements, infants 
should receive nutritionally adequate and safe comple-
mentary foods while breastfeeding continues for up to 2 
years of age or beyond  [9] .

  Definition of Allergic Disease 
 The definitions of allergic disease are varied and in-

consistent across studies. For example, different studies 
have used allergen sensitization, self-report, or doctor di-
agnosis to define presence of food allergy, with the first 
two definitions correlating poorly with food challenge for 
diagnosis of food allergy (the gold standard). Similarly, 
diverse outcome definitions have been applied in studies 
evaluating the impact of breastfeeding on eczema, asth-
ma, and allergic rhinitis  [4] . 

  To limit the scope of this review, the focus is largely on 
asthma. Asthma represents a chronic, complex, polygen-
ic interaction in individuals with varying environmental 
exposures  [10] . Asthma is the most chronic disease of 
childhood and the leading cause of morbidity in children 
globally as measured by emergency department visits, 
hospitalizations, and days of missed school  [11, 12] . 
Childhood asthma prevalence worldwide has been in-
creasing over decades, and a number of theories are pro-
posed to explain this startling trend. An overview of cur-
rent thinking in relation to the breastfeeding, asthma, and 
allergic disease debate is given – from epidemiological, 
nutritional, immunological, and gut microbial coloniza-
tion perspectives.

asthma. Microbial diversity is intrinsic to healthy immune 
maturation and function. Compared to breastfed infants, 
formula-fed infants had lower bacterial diversity and an al-
tered intestinal microbiota in the first few weeks of life asso-
ciated with an increased risk of eczema and asthma. Favor-
able gut colonization through continued breastfeeding may 
promote tolerance as well as protection when complemen-
tary feeding is initiated. 

 © 2017 Nestec, Ltd., Vevey/S. Karger AG, Basel 
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  Determinants of Childhood Asthma and 

Allergic Disease 

 The disease has a broad spectrum of possible determi-
nants extending from genetics to lifestyle to environmen-
tal factors. Environmental allergens such as smoking in 
the household, house dust mite, grasses, or pollens may 
be implicated. Lifestyle and environmental factors in-
cluding obesity, living in an urban environment, dietary 
patterns including fast food and poor diet quality, for-
mula milk feeding, gut flora imbalance, smoking, pollu-
tion, and infection (viral) have been associated with asth-
ma exacerbations in child-
hood  [12] . Susceptibility to 
asthma may be increased by 
early life factors including low 
birthweight, preterm birth, 
young maternal age, and male 
gender. On the other hand, 
early exposure to respiratory infections may protect, al-
though certain infections may increase the risk  [13] . 
Breastfeeding is implicated because it has been shown to 
protect against early respiratory and other infections  [14] .

  Epidemiological Studies on Breastfeeding, Asthma, 
and Allergic Disease  
 Epidemiological studies in the debate as to whether 

breastfeeding can have a role in protecting against allergic 
disease and asthma in early childhood provide conflicting 
results. While breastfeeding is recommended for all in-
fants irrespective of allergic heredity  [15] , with protective 
effects of breastfeeding on asthma reported in young chil-
dren  [16–18] , other studies of children at high  [19, 20]  or 
low risk  [21]  or adults  [22, 23]  show no protective effects. 

  Systematic Reviews  
 Previous systematic reviews have found a protective 

effect of breastfeeding on allergic outcomes, although 
most studies have methodological limitations, such as 
heterogeneity or noncompliant standards. A recent re-
view and meta-analysis aimed to identify and summarize 
publications on breastfeeding and childhood asthma risk 
in the general population as well as stratify analyses and 
meta-regression to explore sources of heterogeneity  [24] . 
Compared with other reviews, this review includes a large 
number of studies, restricts search and study selection 
minimally, and includes studies of different methodolo-
gies, operational definitions for breastfeeding and asth-
ma, and sets of confounders  [24] . These criteria may have 
increased the variability of effect estimates. Limitations 
were overcome by performing meta-analyses in stan-

dardized subgroups and meta-regressions with a broad 
array of predictors. An assessment of the methodological 
quality of the studies using criteria based on Kramer’s 
standards  [25]  was made and a score based on these cri-
teria was included in the analyses, which addressed het-
erogeneity between studies. The authors of this review 
found evidence that children breastfed longer have a low-
er risk for developing asthma ( Fig. 1 ). Risk reduction was 
pronounced in children 0–2 years of age, decreasing with 
age, but still evident at school age with greater effects in 
early life supporting the theory of protection from early 

infection. Studies were highly 
heterogeneous, and results 
were similar when only longi-
tudinal cohort studies or 
studies of high methodologi-
cal quality were included. 

  Few studies have attempt-
ed to assess the association of breastfeeding over the 
spectrum of allergic conditions: asthma, eczema, allergic 
rhinitis, and food allergy, which is important because of 
the substantial overlap in allergic diseases with shared 
phenotypes. The systematic review of Lodge et al.  [26]  
aimed to analyze current evidence through proven 
search methods, investigate the heterogeneity and qual-
ity of included studies, and contextualize results with 
respect to the findings related to breastfeeding and al-
lergic outcomes. In this review of various study types, 
weak evidence that breastfeeding is protective for aller-
gic disease is evident. In spite of heterogeneity in the 
studies of this review, there is strong evidence that 
breastfeeding is associated with a reduced risk of asthma 
( Fig. 2 ).

  Studies were further grouped into those reporting ec-
zema up to or beyond 2 years  [26]  ( Fig. 3 ). A reduced risk 
of eczema below 2 years was observed after pooling 6 co-
hort study estimates comparing exclusive breastfeeding 
for more than 3–4 months with other feeding types (re 
OR 0.74, 95% CI 0.57–0.97,  I  2  62%). Weak evidence that 
breastfeeding reduced the risk of eczema up to 2 years was 
observed.

  A review that included all study types published in 
2011 considering breastfeeding and wheezing illness be-
yond 5 years of age only showed no association, highlight-
ing an enormous controversy in this area  [27] . The au-
thors of this review recommend that further studies 
should aim to be of the highest quality and specific diag-
nostic criteria for asthma to be included. 

Breastfeeding has been shown to 
protect against early respiratory and 

other infections
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  A Birth Cohort “Case” Study 
 One cohort study assessed the association between 

breastfeeding and asthma from 1 to 8 years and found that 
breastfeeding for more than 4 months was associated with 
significantly reduced asthma prevalence regardless of fam-
ily history and without evidence of attenuation  [28] . The 
study population, 3,963 Dutch children born in 1996/1997 
participating in the PIAMA birth cohort study, was fol-
lowed for 8 years. Asthma was defined as at least one attack 
of wheeze and/or dyspnoea and/or prescription of inhala-
tion steroids in the previous 12 months. Chronic asthma 
was defined as asthma diagnosis at 8 years with asthma 
diagnosis in at least 2 other years. Specific IgE to common 
airborne allergens and bronchial hyperresponsiveness 
were measured according to a standard protocol  [29] . 
Breastfeeding was defined as the duration of any breast-
feeding (no breastfeeding, breastfeeding for 1–16 weeks, 
breastfeeding for more than 16 weeks). “Generalized esti-

mating equation” modelling was applied to test for asso-
ciations between breastfeeding and repeated respiratory 
outcomes until 8 years adjusting for gender, maternal edu-
cation, smoking during pregnancy, and current smoking 
and stratified by parental allergy. Because 10% of baseline 
data were missing, missing data were imputed. Final im-
putation, however, made no difference to the study find-
ings.

  In this study, asthma risk was shown to be lower in 
children breastfed for more than 16 weeks compared to 
those not breastfed  [28] . Children breastfed for the lon-
ger duration had significantly fewer chronic asthma 
symptoms. Having an allergic or nonallergic mother did 
not change these associations. Breastfeeding for more 
than 16 weeks was inversely associated with sensitiza-
tion to airborne allergens at 8 years with no association 
observed for bronchial hyperresponsiveness. Breast-
feeding was associated with a lower asthma risk at all 

  Fig. 1.  Pooled odds ratios (ORs) and 95% confidence intervals (CIs) of meta-analyses performed for “recent 
asthma” in groups determined by age, outcome, breastfeeding (BF) type, and breastfeeding cutoff (stringent cat-
egorization). Reproduced from Figure 3 of Dogaru et al.  [24]  with permission from the authors, December 2016. 
See  [24]  for a full list of publications. 

Grouping No. OR (95% CI)

Age 0 – 2 years
Any duration BF

Ever vs. never 5 0.65 (0.51, 0.82)
≥3 vs. <3 months 5 0.59 (0.50, 0.70)
≥6 vs. <6 months 4 0.61 (0.50, 0.74)

Exclusive BF
≥3 vs. <3 months 6 0.62 (0.51, 0.74)
≥6 vs. <6 months 3 0.69 (0.58, 0.81)

Age 3 – 6 years
Any duration BF

Ever vs. never 5 0.86 (0.65, 1.13)
≥3 vs. <3 months 3 0.79 (0.70, 0.88)
≥6 vs. <6 months 1 0.45 (0.30, 0.69)

Exclusive BF
≥3 vs. <3 months 6 0.83 (0.56, 1.23)
≥6 vs. <6 months 1 0.71 (0.53, 0.94)

Age ≥7 years
Any duration BF

Ever vs. never 13 0.96 (0.84, 1.10)
≥3 vs. <3 months 9 0.87 (0.76, 1.04)
≥6 vs. <6 months 6 0.96 (0.86, 1.08)

Exclusive BF
≥3 vs. <3 months 5 0.65 (0.34, 1.26)
≥6 vs. <6 months 0 0 (0, 0)
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log OR
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years regardless of parental history. Repeated measures 
analysis showed a lower risk of wheeze and asthma from 
1 to 8 years in babies breastfed for a longer duration, 
suggesting that breastfeeding affects long-term out-
comes. Strengths of the study include longitudinal de-
sign, follow-up until 8 years, repeated measures of data 
collection, a large study population, low attrition rate, 

and multiple imputation. The birth cohort design with 
longitudinal analysis allowed demonstration that breast-
feeding protects against asthma throughout childhood 
both with and without a family history and contributing 
significantly to the breastfeeding and childhood asthma 
debate. 

  Fig. 2.  Meta-analysis: more versus less breastfeeding and risk of asthma in children aged 5–18 years. OR, odds 
ratio; CI, confidence interval. Reproduced with permission from Lodge et al.  [26] . See  [26]  for a full list of pub-
lications. 

Study
ID

OR (95% CI)

Cohort study
Burr (1993) 0.52 (0.27, 0.99)
Sears (2002) 2.40 (1.36, 4.25)
Oddy (2002) 0.74 (0.54, 1.01)
Burgess (2006) 1.03 (0.89, 1.19)
Matheson (2007) 1.10 (0.83, 1.45)
Matheson (2007) 1.46 (1.02, 2.08)
Fredriksson (2007) 1.60 (1.01, 2.53)
Elliott (2008) 0.83 (0.61, 1.12)
Scholtens (2009) 0.57 (0.41, 0.80)
Kramer (2009) 0.80 (0.40, 1.60)
Kull (2010) 0.63 (0.50, 0.79)
Silvers (2012) 0.92 (0.84, 1.01)
Brew (2012) 1.08 (0.74, 1.57)
Subtotal (I2 = 77.0%, p = 0.000) 0.94 (0.80, 1.11)

Cross-sectional study
Selcuk (1997) 0.73 (0.39, 1.37)
Romieu (2000) 0.91 (0.66, 1.26)
Miyake (2003) 0.98 (0.65, 1.48)
Kurt (2007) 0.92 (0.86, 0.99)
Miyake (2007) 1.03 (0.91, 1.17)
Morass (2008) 1.00 (0.71, 1.40)
Nagel (2009) 0.92 (0.77, 1.09)
Nagel (2009) 0.74 (0.61, 0.90)
Selcuk (2010) 0.77 (0.59, 1.00)
Demir (2010) 0.50 (0.22, 1.12)
Bjorksten (2011) 0.99 (0.93, 1.06)
Lee (2012) 1.43 (0.48, 4.27)
Guibas (2013) 1.42 (0.48, 4.17)
Song (2014) 0.80 (0.50, 1.29)
Subtotal (I2 = 25.9%, p = 0.175) 0.93 (0.87, 0.99)

Case-control
Al-Mousawi (2004) 0.54 (0.30, 0.97)
Mai (2007) 0.73 (0.52, 1.03)
Subtotal (I2 = 0.0%, p = 0.381) 0.68 (0.50, 0.91)

Overall (I2 = 62.9%, p = 0.000) 0.90 (0.84, 0.97)
Weights are from random effects analysis

0.25 0.5 1
OR
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  How May Breastfeeding Protect against Allergic 

Disease? 

 Timing of Introduction of Solids 
 There is increasing concern that the current practice 

of delaying complementary foods to 6 months of age may 
exacerbate the risk of immune disorders such as eczema 
and allergic disease. In addition, evidence suggests that 
favorable gut colonization through continued breastfeed-
ing may promote tolerance as well as protection when 
complementary feeding is initiated. Conflict exists be-
tween some allergy prevention guidelines that currently 
recommend delaying the introduction of allergenic foods 
until at least >12 months, whereas the new recommenda-
tions are for the introduction of allergenic foods between 
4 and 6 months  [30]  and not before 6 months  [9] . Prescott 
et al.  [31]  suggested that early introduction of certain al-
lergenic foods is safe and may build tolerance. Other re-
searchers support the hypothesis that later introduction 
of foods increases allergenic responses  [32] . Koplin et al. 
 [32]  showed, following adjustment for confounding, that 
a later introduction to egg increased rates of egg allergy 
(OR 3.4, 95% CI 1.8–6.5, at >12 months) compared to in-
troducing egg between 4 and 6 months. These results have 
major implications for practice and future research as 
they suggest that the introduction of cooked egg at 4–6 
months of age may protect against egg allergy and that 
delaying introduction to egg may exacerbate it. Confir-
mation of these findings may result in strong changes to 
infant feeding guidelines, which currently recommend 

delaying the introduction of allergenic foods until at least 
>12 months.

  The prevalence of peanut allergy among children in 
Western countries has doubled in the past 10 years, and 
therefore a study to evaluate strategies in preventing the 
development of peanut allergy in infants at high risk for 
the allergy was conducted  [33] . The early introduction of 
peanut significantly decreased peanut allergy develop-
ment among high-risk children and modulated immune 
responses to peanuts. In response to these findings, guide-
lines have recently changed in relation to peanut allergy 
in the United States  [34] .

  Bioactive Components in Milk  
 Breastfeeding protects against wheeze in infancy  [14] , 

and several components of human milk have been postu-
lated as conferring this protective effect  [35] . Protection 
may be through a myriad of factors in milk including bio-
active enzymes, hormones, growth factors, cytokines, and 
immunological agents. These findings augment and stim-
ulate host defense development  [36, 37] , suggesting that 
bioactive components of milk are important in neonatal 
development and biologically plausible mechanisms 
through breastfeeding may impact asthma etiology. 
Breastfeeding has been associated with protection against 
early respiratory infections  [13] , and the observed asso-
ciation between breastfeeding and asthma at early ages 
may be mediated by the protection of breastfeeding 
against infections. Breastfeeding may provide an imme-

Study
ID

OR (95% CI)

Cohort study
Dunlop 0.30 (0.11, 0.85)
Kerkhof 0.70 (0.32, 1.51)
Ludvigsson 0.93 (0.82, 1.05)
Miyake 0.79 (0.52, 1.21)
Moore 0.94 (0.67, 1.32)
Schoetzau 0.47 (0.30, 0.74)
Subtotal (I2 = 61.6%, p = 0.023) 0.74 (0.57, 0.97)

Overall (I2 = 61.6%, p = 0.023) 0.74 (0.57, 0.97)
Weights are from random effects analysis

0.1 0.25 0.5 1
OR

5

  Fig. 3.  Meta-analysis: exclusive breastfeeding >3– 4 months compared with less and risk of eczema up to 2 years 
of age. OR, odds ratio; CI, confidence interval. Reproduced with permission from Lodge et al.  [26] . See  [26]  for 
a full list of publications. 
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diate line of defense against infectious agents, compensat-
ing directly for immaturity of the newborn immune sys-
tem in its ability to resist infection  [38] . However, it is not 
clear which components of this complex biological fluid 
account for any potential protective effect. 

  The Composition of Breast Milk 
 One of the reasons that studies of breastfeeding and al-

lergic disease remain inconclusive could be the complexity 
of interaction between breast milk, the infant intestinal mi-
lieu, and the developing immune system. Some elements in 
breast milk may protect the infant from developing aller-
gies, whereas others may act in an opposing way ( Table 1 ).

  The components of breast milk have immunomodula-
tory activity, including antigens (allergens), cytokines, im-
munoglobulins, polyunsaturated fatty acids, and chemo-
kines  [18].  It is known that secretory IgA (s-IgA) is passed 
from mother to infant through breast milk or colostrum. 
s-IgA may confer passive protection to the infant immune 
system. Low levels of s-IgA in breast milk are associated 
with an increased risk of cow’s milk allergy in infants. Low-
er s-IgA levels to ovalbumin have been shown in colostrum 
and mature milk of allergic mothers compared to mothers 
without allergy, although the presence of these antibodies 
was not predictive of allergies in their infants  [39] . 

  Cytokines  
 Cytokines are small soluble glycoproteins acting in an 

autocrine-paracrine fashion by binding to specific cellu-

lar receptors, operating in networks, and orchestrating 
immune system development and function  [40] . Human 
milk was revealed to contain cytokines more than 20 
years ago  [41] , and early milk has an abundance of cyto-
kines at a time when neonatal organ systems are imma-
ture. 

  Cytokine concentrations may play a role in breast milk 
immunogenicity. IL-4, IL-5, and IL-13 cytokines inti-
mately involved with IgE production and eosinophil in-
duction exist in higher concentrations in breast milk of 
atopic mothers compared with nonatopic mothers. Solu-
ble CD-14 may protect against allergy development due 
to its high concentrations in breast milk and importance 
in the T H 1 induction response to bacteria  [42]. 

  Transforming Growth Factor-β 
 Transforming growth factor-β (TGF-β) is a cytokine 

identified in human milk  [43] , containing TGF-β1, 
TGF-β2, and other isoforms at mRNA and protein levels 
with TGF-β2 being the major isoform (95%)  [44] . The 
immunoactive factors in breast milk may influence the 
development and maturation of the mucosal immune 
system of the infant  [45–50] , and mounting evidence sug-
gests that TGF-β, a multifunctional polypeptide, may be 
a key immunoregulatory factor for the establishment of 
this response, by promoting IgA production as well as in-
duction of oral tolerance  [44, 49, 51–54] . TGF-β increas-
es the infant’s ability to produce IgA against β-lactoglobu-
lin, casein, gliadin, and ovalbumin  [44] . In an infant 

 Table 1.  Factors in breast milk that are being evaluated as inducing or protecting against food allergies

Inducing Protective

Antigens sensitizing allergens tolerizing allergens
Cytokines IL-4 TGF-β

IL-5 soluble CD14
IL-13

Immunoglobulins s-IgA to ovalbumin
Polyunsaturated fatty acids arachidonic acid eicosapentaenoic acid

C22:4n-6 docosapentaenoic acid
C22:5n-6 docosatetraenoic acid

α-linoleic acid
n-3 polyunsaturated fatty acids

Chemokines RANTES
IL-8

Eosinophil-derived granular proteins eosinophil cationic protein
Polyamines spermine

spermidine

 Revised and reprinted with permission from Friedman and Zeiger [18].
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prone to cow’s milk allergy, an increased TGF-β content 
of mother’s milk may be beneficial by promoting IgG-IgA 
antibody production and inhibiting IgE- and cell-medi-
ated reactions to cow’s milk  [39, 54] .

  Original work  [55, 56]  showed that TGF-β1 was a 
growth factor exhibiting pleiotropic regulatory effects on 
developmental and physiological pathways. Disruption 
of the TGF-β1 gene by homologous recombination in 
murine embryonic stem cells generated mice that carry 
the disrupted allele. Homozygotic animals for the mu-
tated TGF-β1 allele showed no gross developmental ab-
normalities about 20 days after birth, but they then suc-
cumbed to a wasting syndrome with a multifocal, mixed 
inflammatory cell response and tissue necrosis leading to 
organ failure and death  [55] . Letterio et al.  [49]  observed 
that TGF-β-deficient mice survived while breastfeeding 
(i.e., TGF-β1 gene knockout), indicating that maternal 
sources of TGF-β1 via both placental transfer and milk 
are essential for normal development and postnatal sur-
vival. 

  The role of milk-borne TGF-β in exposed lactating 
mice to an airborne allergen assessed the development of 
asthma in progeny. Breastfeeding-induced tolerance re-
lied on the presence of TGF-β during lactation, was medi-
ated by regulatory CD4+ T lymphocytes, and was depen-
dent on TGF-β signaling in T cells  [57] . Airborne aller-
gens transferred from mother to newborn through breast 
milk induced antigen-specific tolerance in the offspring 
resulting in protection against allergic disease. Breast 
milk-mediated transfer of an antigen and TGF-β to the 
neonate resulted in oral tolerance induction and antigen-
specific protection from allergic disease. Further, oral ad-
ministration of TGF-β in vivo in animal studies results in 
biological activity sufficient to promote oral tolerance 
 [58] .

  New insights into the mechanisms underlying toler-
ance induction in neonates pinpoint maternal influence 
through “breast milk-mediated antigen transfer” as cru-
cial in the process. Because the amount of TGF-β in ma-
ternal milk is less in mothers with atopic disease  [59–61] , 
these and other findings  [48]  suggest that this milk cyto-
kine may influence the development of allergic disease 
and asthma.

  The publication of these reviews relating to TGF-β 
regulation to immune responses  [62, 63]  and other stud-
ies highlight the importance of milk TGF-β  [64] , although 
the mechanistic pathways by which TGF-β modulates de-
velopment and maintenance of the immune system and 
its role in regulation of tolerance and immunity has not 
yet been fully described.

  Probiotics  
 The administration of probiotics may increase human 

milk TGF-β concentration depending on the probiotic 
strain. Inverse effects have been seen with  Lactobacillus 
reuteri   [65] , and because concentrations of human milk 
TGF-β may be critical in determining immune function, 
more work is needed in this area. 

  Case Study: Infant Immune Study 
 Data on breastfeeding and infant wheeze were collect-

ed from birth to 1 year from 243 mothers as part of the 
Infant Immune Study in Tucson, AZ, USA  [66] . Breast 
milk samples obtained at 11 days postpartum (mean age) 
and assayed by ELISA for concentrations of TGF-β1, IL-
10, TNF-α, and soluble form of CD14 as well as cytokine 
dose and its relationship with wheeze were assessed.   An 
increasing duration of breastfeeding was associated with 
decreased prevalence of wheeze ( p  = 0.039). A higher 
TGF-β1 dose was associated with less wheeze ( p  = 0.017) 
at 1 year, showing a linear trend with wheeze (χ 2   p  = 
0.006) when considered as a dose ( Fig.  4 ). The risk of 
wheeze decreased (OR 0.22, 95%CI 0.05–0.89,  p  = 0.034) 
with increasing dose of TGF-β1 (identified from longer 
duration of breastfeeding and TGF-β1 concentration lev-
el, as compared to short duration of breastfeeding and 
low TGF-β1 concentration level) when adjusted for sex, 
gestational age, maternal smoking, exposure to other 
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  Fig. 4.  Percent with ever wheeze at 1 year of age by tertiles of cyto-
kine dose: χ 2  analysis. Reproduced with permission from Oddy et 
al.  [66] .  
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children, maternal education, and maternal asthma. The 
dose of TGF-β1 from breast milk had a significant rela-
tionship with infant wheeze at 1 year. Because wheeze is 
a risk factor for asthma in childhood, this relationship is 
significant. 

  The authors concluded that TGF-β from human milk 
is a family of growth factors involved in maintaining in-
testinal homeostasis, inflammation regulation, allergy 
development, and promotion of oral tolerance develop-
ment. The dose of human milk TGF-β1 and TGF-β2 may 
modulate or regulate immunological responses of infants 
in early postnatal life. The composition of breast milk cy-
tokines deserves further investigation, because cytokines 
may provide protection against wheeze and subsequent 
asthma in childhood.

  Polyunsaturated Fatty Acids and Polyamines  
 Polyunsaturated fatty acids and polyamines may im-

pact on the allergenicity and/ or immune protectiveness 
of breast milk. A high arachidonic acid to eicosapentae-
noic acid ratio in breast milk may be associated with a 
higher risk of allergic disease and atopy, although this is 
controversial  [67] . How these various mechanisms of im-
munomodulation are expressed in mother-infant pairs is 
not known. Genetic factors may allow better predictabil-
ity but require future investigation to determine the com-
plex interaction effects of immunomodulatory factors in 
milk and development of allergic disease  [68] .

  Intestinal Microbiota  
 Modern day society, with increased standards of hy-

giene, has changed the gut flora of Western infants, po-
tentially impacting the risk of developing immune-medi-
ated diseases including allergic disease and asthma  [69] . 
In adults, intestinal microbiota consists of several hun-
dred, mostly anaerobic, bacterial species. Formed through 
successive establishment of different bacteria in infancy 
and early childhood, this system is complex. Facultative 
and aerotolerant bacteria establish first, followed by more 
and more strict anaerobes, and commensal microbes pro-
vide major incentive for immune system maturation. 

  The microbial colonization of the newborn intestine is 
influenced by delivery and feeding mode, family struc-
ture, and other lifestyle behaviors. Gut microbiota are re-
quired for normal immune development, regulation of 
gut inflammatory responses, and oral tolerance induction 
to new foods  [70] . The specific microbial changes associ-
ated with protection against allergic disease remain un-
certain, and more recent data suggest that microbial di-
versity may be of relevance  [69, 71, 72] . Altered intestinal 

microbiota in the first few weeks of life is associated with 
increased risk of eczema and asthma in infancy  [7, 73–
75] . Mice raised in a germ-free environment failed to de-
velop oral tolerance and had persistent Th2-dependent 
responses  [76] . This immune deviation may be experi-
mentally corrected by  Bacteroides fragilis  seeding, but 
only during the neonatal period. 

  Breastfeeding for 4–6 months may assist in the devel-
opment of a healthy gut microbiota by providing bifido-
bacteria and lactic acid bacteria that reinforce coloniza-
tion  [77]    and by supplying galacto-oligosaccharides that 
promote a healthy microbiota composition. A wide vari-
ety of galacto-oligosaccharides are found in breast milk, 
exhibiting bifidogenic effects in the infant gut. Breast 
milk also contains nucleotides, IgA, and antimicrobial 
factors such as lactoferrin, which can modulate the infant 
gut microbiota composition. 

  Breastfeeding facilitates the exchange of microbes be-
tween mother and infant, and bacterial diversity could be 
intrinsic to healthy immune maturation and function. 
Minor differences are seen in microbial content between 
breast- and formula-fed infants, reflecting improved in-
fant formulas in the past 30 years  [69] . Bifidobacteria and 
lactobacillus are found in both breast- and formula-fed 
babies, although formula-fed babies have more prevalent 
and higher counts of  Clostridium difficile ,  Bacteroides , en-
terococci, and Enterobacteriaceae, while staphylococci 
are more numerous in breastfed infants. Generally, for-
mula-fed infants had lower bacterial diversity. Further re-
search is required to define the microbial stimulus for 
normal development, investigate the mechanisms in-
volved, and confirm the role of microbiota in protection 
for allergic disease. 

  The Debate Continues 
 The debate whether breastfeeding protects against al-

lergic disease and asthma in children continues, and it is 
still not possible to make a definitive conclusion regard-
ing this relationship. Much of the difficulty is in the vari-
ous study designs applied to ask the question. In addition, 
other factors impact breast milk and its link to allergic 
disease, such as the mother’s diet, the infant’s diet, mater-
nal microbiota and exposure to allergens in the environ-
ment, timing of introduction to other foods, and compo-
sition of the mother’s milk (nutritional, immunomodula-
tory, bioactive). Many of these factors have not been 
assessed in studies considering the research question 
“does breastfeeding impact allergic disease?” Research 
needs to consider confounding, effect modification, and 
interactions. More research into the bioactive factors 
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within breast milk (such as TGF-β) is required to identify 
possible effect modifiers. Finally, exclusive breastfeeding 
for 6 months continues to be the keystone for the promo-
tion of allergy health and continues to be recommended 
by international pediatric societies and academies  [78, 
79] .
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Due to its proximity to food antigens and the microbiome,
GALT must continually be able to distinguish

nonpathogenic from pathogenic organisms, as well as
enable oral tolerance to specific food antigens 

 Key insights

Although breastfeeding is accepted as the optimal way to feed 
all infants regardless of underlying allergy risk, a large propor-
tion of infants are exposed to infant formula. Initial findings 
from clinical studies suggest that the use of hydrolyzed formulas 
may have beneficial effects in reducing the risk of certain allergic 
diseases, particularly against a background of atopic disease. 
However, the difficulties in extrapolating these clinical data to 
general practice arise because different formulas are derived us-
ing different hydrolysis methods. These can affect not only the 
degree of protein hydrolysis but also qualitative changes to the 
peptides, which in turn can influence the preventive effects of a 
particular infant formula on the risk of allergic disease.

 Current knowledge

Pediatric asthma, eczema, food allergy, and allergic rhinitis in-
cur significant costs to the healthcare system, resulting in missed 
days of work and school, and affect the quality of life of parents 
and children. Infant formulas have been developed to mimic 
human breast milk. Typical infant formulas for full-term in-
fants contain 19–20 calories per ounce and approximately 1.3–
1.4 g of protein per 100 mL. Although a variety of protein sources 
for infant formula exist, the typical protein source is cow’s milk 
proteins. Using various hydrolysis techniques, the intact proteins 
can be broken down into smaller components or peptides. 

 Practical implications

The exposure of smaller peptides to gut-associated lymphoid 
tissue (GALT) is thought to induce oral tolerance without sen-
sitization, as the decreased molecular weight has been asso-
ciated with decreased allergenicity of the protein. Because of 
this, hydrolyzed formulas may lower the risk of allergic disease 
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compared to nonhydrolyzed formulas. Some studies suggest 
that certain partially hydrolyzed whey formulas and exten-
sively hydrolyzed casein formulas may decrease the risk of ec-
zema compared to nonhydrolyzed formulas for children with a 
background of atopy. In terms of allergic rhinitis, food allergy, 
and asthma, the evidence for a preventive effect of hydrolyzed 
infant formula remains inconclusive.

 Recommended reading 

von Berg A, et al: Allergic manifestation 15 years after early in-
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 Key Messages 

 • Breastfeeding is the optimal way to feed infants and 

therefore is recommended for all infants regardless of 

allergy risk. 

 • For those infants who are exposed to infant formula, 

some studies suggest that specific partially 

hydrolyzed or extensively hydrolyzed formulas may 

decrease the risk of eczema compared to 

nonhydrolyzed formulas for children with a family 

history of atopic disease.  

 • The literature to support the preventive effects of 

hydrolyzed infant formulas for asthma, allergic 

rhinitis, and food allergy is inconsistent and 

insufficient. 

 • The qualitative changes to the peptides by the 

method of hydrolysis, not just the degree of protein 

hydrolysis, may have a large influence on the 

preventive effect of a particular infant formula for the 

potential risk of allergic disease. 

 Abstract 

 Asthma, eczema, food allergy, and allergic rhinitis are some 
of the most common pediatric, chronic conditions in the 
world. Breastfeeding is the optimal way to feed all infants. 
For those infants who are exposed to infant formula, some 
studies suggest that certain partially hydrolyzed or exten-
sively hydrolyzed formulas may decrease the risk of allergic 
disease compared to nonhydrolyzed formulas for children 
with a family history of atopic disease. Overall, there is some 
evidence to suggest that partially hydrolyzed whey formulas 
and extensively hydrolyzed casein formulas may decrease 
the risk of developing eczema for infants at high risk of aller-
gic disease. The evidence for a preventive effect of hydro-
lyzed formulas on allergic rhinitis, food allergy, and asthma 
is inconsistent and insufficient. Finally, the qualitative chang-
es to the peptides by the method of hydrolysis, not just the 
degree of protein hydrolysis, may have a large influence on 
the preventive effect of a particular infant formula for the 
potential risk of allergic disease. As a result, it may be difficult 
to generalize findings from clinical studies using a specific 
infant formula to other infant formulas from different manu-
facturers using different methods of hydrolysis. Further clin-
ical studies are needed to help clinicians identify which in-
fants may benefit from early intervention, as well as which 
specific hydrolyzed formulas are best suited to decrease the 
risk of future allergic disease. 

 © 2017 Nestec Ltd., Vevey/S. Karger AG, Basel 
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 Introduction 

 Asthma, eczema, food allergy, and allergic rhinitis are 
some of the most common pediatric, chronic conditions 
in the world. Although mortality from such conditions is 
relatively rare, there is great impact on healthcare utiliza-
tion, missed days of work and school, as well as effects on 
quality of life, for both parents and children. There are 
currently many treatment strategies for each of these
conditions. For example, the 
use of infant formulas with 
hydrolyzed proteins is com-
monly used to treat cow’s 
milk protein allergy. 

  From a broader, public 
health perspective, a preven-
tive approach towards these chronic conditions would be 
more cost-effective and impact a large percentage of the 
population. Breastfeeding is the optimal way to feed all 
infants, whether at risk of allergy or not. For those in-
fants who are exposed to infant formula, some studies 
suggest that hydrolyzed formulas may decrease the risk of 
allergic disease compared to nonhydrolyzed formulas. 
This article will review the current evidence regarding
the role of hydrolyzed formula in allergy prevention, spe-
cifically for eczema, food allergy, asthma, and allergic
rhinitis.

  Hydrolyzed Infant Formulas 

 In the United States, the Federal Food, Drug, and Cos-
metic Act defines an infant formula as “a food which pur-
ports to be or is represented for special dietary use solely 
as a food for infants by reason of its simulation of human 
milk or its suitability as a complete or partial substitute 
for human milk”  [1] . Although human breastmilk is ide-
al, a large percentage of infants are exposed to formula in 
the first year of life. Based on 2013 data, 81% of newborns 
in the United States initiate breastfeeding; however, by 6 
months of age, breastfeeding rates are 52%. By 12 months 
of age, this percentage drops to 31%  [2] . Worldwide, in-
fant formula exposure may be higher as the rates of breast-
feeding may be lower. In low- and middle-income coun-
tries worldwide, only half of infants younger than 1 month 
are breastfed. This percentage falls to approximately 30% 
at 1–5 months of age  [3] . As a result, a large percentage of 
children are exposed to infant formula at an early age. 

  Infant formulas have been developed to mimic human 
breast milk. Typical infant formulas for full-term infants 
have 19–20 calories per ounce and approximately 1.3–
1.4 g of protein per 100 mL  [4] . Although there are a vari-

ety of potential protein sources for infants, the typical pro-
tein source is cow’s milk proteins. Cow’s milk proteins can 
be separated into 2 general groups, casein and whey. Bio-
chemically, the separation of these 2 proteins can be visu-
alized when cow’s milk is acidified or exposed to chymo-
sin (rennin). The casein and whey proteins are present in 
a 4 to 1 ratio and the specific proteins are listed on  Table 1 . 

  Infant formulas can be further classified as intact (or 
nonhydrolyzed), partially hy-
drolyzed formulas (pHF), ex-
tensively hydrolyzed formulas 
(eHF), or amino acid formu-
las. The current classification 
of infant formula focuses on 
the degree of hydrolysis; how-

ever, different manufacturers employ a number of differ-
ent proprietary methods of hydrolysis. Using a variety of 
artificial methods, these intact proteins can be broken 
down into smaller components or peptides. In general, 
pHFs have peptides which are <5 kDa with a size distri-
bution of 3–10 kDa, while eHFs have peptides which are 
<3 kDa  [5] . Amino acid-based formulas contain free ami-
no acids for infants who are sensitive to even small pep-
tides of cow’s milk protein. 

  Potential Mechanisms of Action 

 When these proteins are consumed and enter the gas-
trointestinal tract, they are exposed to gut-associated 
lymphoid tissue (GALT), a key component of the muco-
sal immune system and an extensive immune organ. Due 
to its proximity to food antigen and the microbiome, 
GALT must continually be able to distinguish nonpatho-
genic from pathogenic organisms, as well as enable oral 
tolerance to specific food antigens  [6] . The induction of 
oral tolerance seems to depend on the timing and the type 
of exposure  [7] . The exposure of the smaller peptides to 
GALT is thought to induce oral tolerance without sensi-
tization, as the decreased molecular weight has been as-
sociated with the decreased allergenicity of the protein. 
As a result, hydrolyzed formulas may decrease the risk of 
allergic disease compared to nonhydrolyzed formulas.

  The relationship between the allergenicity of infant 
formulas based on the type of protein and degree of hy-
drolysis is most likely incomplete. Although this quanti-
tative description is a useful starting point, the qualitative 
changes to the peptides by the method of hydrolysis may 
also play a large effect on the potential risk of allergic dis-
ease. For example, Lambers et al.  [8]  described the use of 
a combination of mass spectrometry-based peptidomics 
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and multivariate clustering analyses to create a compre-
hensive analysis of different hydrolyzed milk protein for-
mulas at the peptide level. The characterization of the 
specific peptide profiles of an infant formula may provide 
a better understanding of the likelihood of allergenicity. 
At least 3 factors, protein source, method of hydrolysis, 
and degree of hydrolysis, may influence the potential ben-
efit of a hydrolyzed formula in allergy prevention. These 
observations may help explain why the degree of hydro-
lysis does not always correlate with the results of clinical 
trials comparing the effectiveness of pHF with that of 
eHF, or the lack of consistency of findings within classes 
of formulas based on the degree of hydrolysis. 

  Methodologic Issues in Evaluating the 

Literature 

 Although double-blind, randomized controlled trials 
are the gold standard to assess if hydrolyzed formulas de-
crease the risk of allergic disease, there are several meth-
odologic issues to consider when reviewing and compar-
ing results of studies from across the literature. The main 
comparison should be breastmilk and breastfeeding; 
however, it would be unethical to randomize infants into 
a situation where they were prevented from breastfeed-
ing. In addition to the impossibility of blinding, there is 
also the issue that the composition of breastmilk differs 
from mother to mother  [9] . As a result, most clinical trials 
will compare one type of formula versus another type of 
formula among infants who are not able to breastfeed for 

various reasons. In addition, if formula exposure is occur-
ring during weaning from breastfeeding or being com-
bined with breastfeeding, the extent of formula exposure 
may be difficult to control. 

  There are additional issues of heterogeneity in study 
design. To increase the likelihood of detecting an effect, 
studies may only recruit those infants at high risk of al-
lergy based on family history. However, the extent of al-
lergic disease in a family history can vary (e.g., number of 
relatives affected) and baseline risk can be difficult to de-
termine  [10] . In some instances, the use of infant formu-
la is part of a larger environmental intervention. As a re-
sult, it is difficult to assess the contributing effect of infant 
formula exposure. Associated with this issue is the fact 
that the time to the development of the clinical outcome 
may be protracted. For example, asthma and allergic rhi-
nitis can be difficult to confirm in a child <5 years of age. 
During the study period, other environmental, dietary, or 
medical access factors may confound the association be-
tween the exposure and the outcome. A combination of 
environmental and genetic factors likely plays significant 
roles in the pathogenesis of allergic disease  [11] .

   Hydrolyzed Formulas and Primary Eczema 

Prevention 

  Eczema is a chronic skin disease characterized by pru-
ritic, inflamed skin. It is the most common chronic skin 
disease in children, affecting approximately 20% of in-
fants and young children  [12] . In developed countries, 

 Table 1.  Percentage and molecular weights of cow’s milk proteins

Fraction Protein Allergen name Total protein, % Molecular weight, kDa

Whey alpha-lactalbumin Bos d 4 5 14.2
beta-lactoglobulin Bos d 5 10 18.3
immunuglobulins Bos d 7 3 160.0
bovine serum albumin Bos d 6 1 67.0
lactoferrin trace 800.0

Caseins alpha-s1-casein 29 23.6
alpha-s2-casein 8 25.2
beta-casein 27 24.0
gamma1-casein Bos d 8 20.6
gamma2-casein 6 11.8
gamma3-casein 11.6
kappa-casein 10 19.0

 Adopted from Tsabouri et al. [44].
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the incidence of eczema has steadily increased  [13] . Stud-
ies have shown a reduced in cidence of eczema among
infants who are exclusively breastfed  [14] . For infants 
who are not breast fed, cow’s milk protein is a common 
food allergen associated with the development of eczema. 
It has also been clinically observed that hydrolyzed for-
mulas, used for the treatment of cow’s milk protein al-
lergy, have been associated with decreased eczema. Spe-
cifically, the chemical and enzymatic hydrolysis reduces 
the molecular weight and the peptide size of cow’s milk 
protein and can decrease potentially sensitizing allergen-
ic determinants. 

  Several dozen studies have assessed the effectiveness of 
early exposure to hydrolyzed formula to decrease the risk 
of eczema. Two different meta-analyses, both published 
in 2010, suggest that healthy infants with a family history 
of allergy who are fed with partially hydrolyzed whey pro-
tein (pHF-W) formula have a reduced risk of atopic der-
matitis compared with infants fed intact cow’s milk pro-
tein formula (CMF). Subanalyses conducted in meta-
analyses by Szajewska and Horvath  [15]  and Alexander 
and Cabana  [16]  estimate that the risk reduction is 52 and 
55%, respectively, at 12 months of age, and 38 and 36%, 
respectively, at the age of >30 months.

  Since the publication of these meta-analyses, more re-
cent analyses have been published that both support and 
do not support the effectiveness of hydrolyzed formula for 
eczema prevention. On the negative side, Lowe et al.  [17]  
reported the results of a single-blind (participant) random-
ized controlled trial that compared allergic outcomes in 
620 infants fed CMF, pHF-W, or soy formula at the cessa-
tion of breastfeeding. There was no difference in the devel-
opment of eczema within the 
first 2 years of life for pHF-W 
(odds ratio [OR] 1.26, 95% 
confidence interval [CI] 0.84–
1.88) compared to CMF. There 
was also no difference in the 
period prevalence at 6–7 years 
of age for pHF-W (OR 1.08, 95% CI 0.69–1.68) compared 
to CMF  [17] .

  In addition, a more recent meta-analysis of 37 eligible 
intervention trials of hydrolyzed formula by Boyle et al. 
 [18]  reexamined the literature and was also less enthusi-
astic about the preventive effects of hydrolyzed formulas 
for eczema. The analysis suggested that there was “evi-
dence of conflict of interest and high or unclear risk of 
bias in most studies of allergic outcomes and evidence of 
publication bias for studies of eczema and wheeze.” This 
analysis found no consistent evidence that pHF or eHF 

reduce the risk of allergic disease for infants at high risk 
 [18] . In addition to more data, this analysis differs from 
others, as the results for different protein hydrolysates 
based on the degree of hydrolysis were pooled together. 
This may be inappropriate because the different biologi-
cal effects of various hydrolysates are not only based on 
the degree of hydrolysis and peptide size, but also the 
qualitative characteristics of the peptide  [8] . Additional 
differences include the interpretation of potential con-
flicts of interest from the studies included. Boyle et al. [18] 
also included studies in which in the intervention group, 
but not in the control group, additional interventions 
were applied such as house dust mite control measures 
and a smoke-free environment. Furthermore, studies car-
ried out in a high-risk population and in the general pop-
ulation were pooled. 

  On the other hand, the most recent update of the Ger-
man Infant Nutritional Intervention (GINI) study sug-
gests a positive benefit from hydrolyzed formula for ec-
zema prevention. The GINI study is a double-blind ran-
domized trial to assess the effectiveness of 3 different 
types of hydrolyzed formulas: pHF-W and extensively 
hydrolyzed whey formula (eHF-W), an extensively hy-
drolyzed casein formula (eHF-C), and regular CMF on 
the development of allergic disease for children at high 
risk of developing allergy  [19] . 

  From 1995 to 1998, a total of 2,252 infants were en-
rolled and randomized at birth to receive 1 of the 4 for-
mulas as a supplement to breastfeeding, as needed, dur-
ing the first 4 months of life. The results from the GINI 
study suggest that the cumulative incidence of eczema up 
to 15 years of age was reduced in the pHF-W group (risk 

ratio [RR] 0.75, 95% CI 0.59–
0.96) and the eHF-C group 
(RR 0.60, 95% CI 0.46–0.77) 
compared to the CMF group. 
In addition, eczema preva-
lence between 11 and 15 years 
in the eHF-C group was de-

creased (OR 0.42, 95% CI 0.23–0.79) compared to the 
CMF group  [20] . Cumulative incidence versus preva-
lence measures slightly different outcomes. Both out-
comes are dichotomous; however, cumulative incidence 
includes anyone with a past or current diagnosis of ec-
zema, while prevalence between 11 and 15 years indicates 
active disease during that specific time period. It is pos-
sible for a child to have developed the disease; however, 
it may become quiescent during a specific observation 
period. Further analysis suggests that based on the results 
of the GINI study, cost-effectiveness analyses suggest 

Studies have shown a reduced 
incidence of eczema among infants 

who are exclusively breastfed
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that both pHF-W and eHF-C can be cost-effective and 
cost-saving for the prevention of eczema  [21] . 

  Based on available evidence, in 2015, the US Food and 
Drug Administration (FDA) allowed a qualified health 
claim for pHF-W. Specifically, “for healthy infants who are 
not exclusively breastfed and who have a family history of 
allergy, feeding a 100% Whey-Protein Partially Hydrolyzed 
infant formula from birth up to 4 months of age instead of 
a formula containing intact cow’s milk proteins may reduce 
the risk of developing atopic dermatitis throughout the 1st 
year of life and up to 3 years of age. [The] FDA has con-
cluded that the relationship between 100% Whey-Protein 
Partially Hydrolyzed infant formulas and the reduced risk 
of atopic dermatitis is uncertain, because there is very little 
scientific evidence for the relationship”  [22, 23] .

  Hydrolyzed Formulas and Primary Food Allergy 

Prevention 

 The estimated prevalence of food allergy in the United 
States ranges from 2 to 10%  [24] , and in Europe, food al-
lergy prevalence is estimated at approximately 6%, based 
on self-report  [25] . One of the most common food aller-
gies in children, cow’s milk 
protein allergy, peaks in infan-
cy with an estimated preva-
lence of 2–6%  [26] . Although 
hydrolyzed formulas are com-
monly used for treatment and 
management, there are many 
studies that have examined 
the use of hydrolyzed formulas for preventing the devel-
opment of food allergies.

  Using a randomized controlled trial design, Halken et 
al.  [27]  enrolled 595 high-risk Danish infants to compare 
the allergy-preventive effect of 3 different types of hydro-
lyzed formulas: eHF-C, eHF-W, or pHF-W during the 
first 4 months of life, as needed. All infants were followed 
up prospectively and if food allergy was suspected, con-
trolled elimination/challenge procedures were per-
formed. There were no differences in the cumulative in-
cidence of atopic dermatitis or respiratory symptoms. In-
fants receiving pHF-W were found to be more likely to 
develop cow’s milk allergy (0.6 vs. 4.7%,  p  = 0.05); how-
ever, the authors cautioned that “because of the small 
number of cases the results should be interpreted with 
caution”  [27] . Oldaeus et al.  [28]  assessed the effective-
ness of eHF-C, pHF, or CMF in 155 high-risk infants for 
the development of allergic disease. Throughout the 
18-month period, the infants in the eHF-C group did bet-

ter than those in the CMF group, and for the first 9 months 
of age, the eHF group did better than the pHF group in 
terms of atopic symptoms  [28] . 

  These findings were also summarized in a 2009 Coch-
rane Review. There is some potential benefit for eHF ver-
sus pHF for food allergy prevention, based on 2 studies 
and 341 infants (typical RR 0.43, 95% CI 0.19–0.99). 
However, overall, there was limited evidence that pro-
longed feeding with a hydrolyzed formula compared to 
CMF reduces infant and childhood food allergy, food in-
tolerance, or infant cow’s milk protein allergy for high-
risk infants  [29] . Since this review, there have been addi-
tional studies which seem to support these observations. 

  Kuo et al.  [30]  investigated whether feeding pHF-W ver-
sus CMF (any nonhydrolyzed protein formula) in the first 
6 months of life to 1,002 high-risk infants decreased allergic 
diseases up to 36 months later. The percentage of infants 
with food sensitization, especially to milk protein, was sig-
nificantly lower for infants in the pHF-W group compared 
to infants in the CMF group at 36 months (12.7 vs. 23.4%, 
 p  = 0.048); however, there was no difference in the preva-
lence of allergic diseases during the first 3 years of life  [30] . 
Likewise, in the GINI study, no effect on food allergies was 

noted for infants randomized 
to hydrolyzed formulas. At 
11–15 years of age, there were 
no differences in food sensiti-
zation for the children ran-
domized to any of the hydro-
lyzed formulas, including 
pHF-W (OR 1.07, 95% CI 

0.61–1.90), eHF-W (OR 1.10, 95% CI 0.63–1.94), or eHF-C 
(OR 1.20, 95% CI 0.69–2.10), when compared to CMF  [20] . 

  Hydrolyzed Formulas and Primary Asthma and 

Allergic Rhinitis Prevention 

 Both asthma and allergic rhinitis are common pediat-
ric conditions. Asthma affects approximately 1 in 12 chil-
dren in the United States  [31] . It is associated with in-
creased hospitalizations and emergency department vis-
its, as well as racial and ethnic disparities in outcomes 
 [32] . Globally, asthma is one of the most common, non-
communicable diseases in children  [33] . Allergic rhinitis, 
also known as “hay fever” or allergic rhinoconjunctivitis, 
is a chronic condition characterized by conjunctivitis, 
rhinorrhea, nasal congestion, and pruritus. Allergic rhi-
nitis affects 1 in 11 children  [34] , and although the condi-
tion is not associated with frequent emergency depart-
ment visits or hospitalizations, there are tremendous ef-

The development of allergic rhinitis 
and asthma has been closely 

associated with the presence of 
eczema
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fects on quality of life, quality of nighttime sleep, and the 
ability to function at school  [35] . The development of al-
lergic rhinitis and asthma has been closely associated with 
the presence of eczema  [36] . Similar to eczema, several 
studies have explored the effect of hydrolyzed formula in 
decreasing the likelihood of asthma and allergic rhinitis 
in children. 

  In the GINI study, although there were no effects on 
the development of asthma at 10 years of age  [37] , be-
tween 11 and 15 years of age  [20] , the prevalence of asth-
ma was lower in the eHF-C group than in the CMF group 
(OR 0.49, 95% CI 0.26–0.89). These results were con-
firmed by objective spirometric testing. In terms of aller-
gic rhinitis, the GINI study reported that the cumulative 
incidence of allergic rhinitis was lower in the eHF-C 
group (RR 0.77, 95% CI 0.59–0.99) than in the CMF 
group. In addition, the allergic rhinitis prevalence was 
lower for those children who received pHF-W (OR 0.67, 
95% CI 0.47–0.95) and eHF-C (OR 0.59, 95% CI 0.41–
0.84) than for those who received CMF  [20] . 

  Overall, these results suggest that for those children 
who are not breastfed, compared to CMF, the early use of 
specific types of hydrolyzed formulas (pHF-W and eHF-
C) may have preventive effects for asthma and allergic 
rhinitis in children. Of note, eHF-W was not associated 
with any preventive effect. In addition, these findings 
from the GINI study are limited to children who are at 
high risk of allergic disease. 

  Hydrolyzed formulas have also been used in multi-
pronged interventions. The Isle of Wight prevention 
study included a variety of interventions, including the 
use of hydrolyzed formula when breastfeeding was not 
possible. Starting in 1990, a total of 120 children at high 
risk of allergic disorders (based on family history and a 
high cord total IgE), were enrolled in a single-blinded, 
randomized controlled trial. Infants in the intervention 
arm were either breastfed with the mother placed on a 
low-allergen diet or, if not breastfed, they were fed a soy-
based protein hydrolysate formula. In addition, exposure 
to house dust mite allergen was reduced using vinyl mat-
tress covers and acaricide in bedrooms and living rooms. 
The infants in the control group received routine care and 
no environmental control was recommended  [38] . At the 
age of 18 years, 114 of 120 (95%) children were assessed 
and the prevalence of asthma was significantly lower in 
the prevention group compared with the control group 
(OR 0.34, 95% CI 0.12–0.96)  [39] .

  The Canadian Childhood Asthma Primary Prevention 
Study also assessed a multifaceted intervention program 
for the primary prevention of asthma in high-risk infants. 

545 high-risk infants were randomized to an intervention 
that included avoidance of house dust, pets, tobacco 
smoke, and encouragement of breastfeeding with delayed 
introduction of solid foods. pHF-W was provided for the 
first year of life as needed. At 7 years of age, the prevalence 
of asthma was lower in the intervention group (adjusted 
relative risk [ARR] 0.44, 95% CI 0.25–0.79); however, 
there were no differences in the prevalence of allergic rhi-
nitis (ARR 1.13, 95% CI 0.71–1.81) and atopic dermatitis 
(ARR 0.92, 95% CI 0.49–1.73)  [40] . 

  Summary 

 Asthma, eczema, food allergy, and allergic rhinitis are 
some of the most common pediatric, chronic conditions 
in the world. Although breastfeeding is still regarded as 
the best approach to reduce the risk of allergy, for those 
infants who are exposed to infant formula, some studies 
suggest that certain pHF-W and eHF-C may decrease the 
risk of eczema compared to nonhydrolyzed formulas for 
children with a strong family history of atopic disease. 
However, the clinical interpretation of such studies var-
ies, as do the subsequent clinical recommendations. Dif-
ferent professional medical societies have guidelines with 
varying levels of enthusiasm regarding the effectiveness 
of hydrolyzed formulas in preventing allergic disease, as 
well as which types of formulas are most effective  [41–
43, 45] . 

  In terms of allergic rhinitis, food allergy, and asthma, 
the current evidence for a preventive effect of hydro-
lyzed infant formula on these conditions seems to be 
inconsistent and insufficient. Finally, the qualitative 
changes to the peptides by the method of hydrolysis, not 
just the degree of protein hydrolysis, may have a large 
influence on the preventive effect of a particular infant 
formula for the potential risk of allergic disease. As a re-
sult, it may be difficult to generalize findings from clin-
ical studies using a specific infant formula to other in-
fant formulas from different manufacturers using differ-
ent methods of hydrolysis. Further clinical studies are 
needed to help clinicians identify which infants may 
benefit from early intervention, as well as which specific 
hydrolyzed formulas are best suited to decrease the risk 
of future allergic disease.
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The dual-barrier hypothesis theorizes that avoidance of a
specific food (such as egg or peanut) can increase the risk of 

developing food allergy if the infant is still exposed to the food 
allergen in the environment and is percutaneously sensitized 

 Key insights

In the past, food allergy prevention strategies focused on the 
avoidance of allergenic foods in infancy. The current paradigm, 
however, is shifting from avoidance to controlled exposure. Re-
cent evidence from randomized controlled trials suggests that 
the early introduction of allergenic foods such as peanuts may 
reduce the prevalence of food allergies in high-risk infants. In 
countries where peanut allergy is prevalent, healthcare profes-
sionals should recommend the introduction of peanut-contain-
ing products into the diets of “high-risk” infants early in life (be-
tween 4 and 11 months of age).

 Current knowledge

Worldwide, the most common food allergies in children are al-
lergies to cow’s milk, hen’s egg, soy, peanut, tree nuts, wheat, 
fish, and seafood. Although a large proportion of those with 
milk or egg allergies will develop tolerance as they age, certain 
subgroups remain allergic and are at risk of developing other 
disorders such as respiratory allergic disease. For instance, the 
presence of both egg allergy and eczema in infants is a predictor 
of later respiratory allergies. Those with high levels of IgE anti-
bodies to cow’s milk, egg white, wheat, and soy are also more 
likely to have persistent food allergy. 

 Practical implications

Current international guidelines state that the introduction of 
allergenic foods (including egg and peanut) does not need to 
be postponed beyond 4–6 months of age, but they provide no 
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Different types of peanut-containing products that may be introduced 
to the infant diet.
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Introductory foods containing peanuts 
•  Smooth peanut butter mixed with milk or pureed fruit 
•  Peanut-containing snacks (for young infants, this may be 

softened with 20–30 mL water or milk and mixed with pureed
fruit or vegetables) 

•  Peanut soup  
•  Finely ground peanuts mixed with other foods (i.e., yogurt) 

Based on Fleischer DM, et al: Consensus communication on early 
peanut introduction and the prevention of peanut allergy in 
high-risk infants. World Allergy Organ J 2015;8:27. 

concrete guidance on whether these foods should be actively in-
troduced within this time frame. The LEAP (Learning Early About 
Peanut Allergy) trial was the first prospective randomized study 
regarding early peanut introduction. Results from the LEAP study 
suggest that early introduction of peanut into the diets of high-
risk infants may be beneficial. However, safety and practicality re-
main key issues when extrapolating the results of this study to the 
general population. Open questions remain on the optimal tim-
ing and doses that should be used, and whether such regimens 
should be stratified according to the infant’s allergy risk.

 Recommended reading 

du Toit G, Tsakok T, Lack S, Lack G: Prevention of food allergy.
J Allergy Clin Immunol 2016;137:998–1010.
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review focuses on the outcome of recent randomized con-
trolled trials, which have examined the early introduction of 
allergenic foods for allergy prevention, and discusses the im-
plementation of results in clinical practice. In infants at high 
risk of allergic disease, there is now direct evidence that reg-
ular early peanut consumption will reduce the prevalence of 
peanut allergy, compared to avoidance. Many international 
infant feeding guidelines already recommend complemen-
tary foods, including allergenic foods, to be introduced from 
4 to 6 months of age irrespective of family history risk. In-
terim guidelines from 10 International Pediatric Allergy As-
sociations state that healthcare providers should recom-
mend the introduction of peanut-containing products into 
the diets of infants at high risk of allergic disease in countries 
where peanut allergy is prevalent. Direct translation of the 
results obtained from a cohort of high-risk infants to the 
general population has proved difficult, and issues regard-
ing feasibility, safety, and cost-effectiveness have been 
raised. Five randomized placebo-controlled trials have as-
sessed the effects of early egg exposure in infancy with vary-
ing results. In a recent comprehensive meta-analysis, there 
was moderate-certainty evidence that early versus late in-
troduction of egg was associated with a reduced egg allergy 
risk. Although promising, optimal timing, doses, and if the 
feeding regimen should be stratified according to infant al-
lergy risk remain to be determined. The single study that as-
sessed introduction of multiple foods from 3 months whilst 
breastfeeding compared with exclusive breastfeeding until 
6 months of age showed no reduction in food allergy preva-
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 • There is level 1 evidence that early introduction of 

peanuts (from 4 to 11 months of age) reduces the 

prevalence of peanut allergy in infants at high risk of 

allergic disease (infants with severe eczema and/or 

egg allergy). 

 • The majority of current international guidelines 

recommend that complementary foods, including 

allergenic foods, can be introduced from 4 to 6 

months of age irrespective of family history risk. 

 • As delayed peanut introduction may increase the risk 

of peanut allergy, interim guidelines state that 

healthcare providers should recommend introducing 

peanut-containing products into the diets of

“high-risk” infants early on in life (between 4 and 11 

months of age) in countries where peanut allergy is 

prevalent. 
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 Introduction 

 Over the past few decades, we have experienced a ris-
ing prevalence of Immunoglobulin E (IgE)-mediated 
food allergies in the pediatric setting, particularly in de-
veloped countries, although the prevalence also appears 
to be rising in developing countries  [1] . Most reports are 
based on self-reported food allergy, however, and it has 
been repeatedly shown that 
self-reported data will overes-
timate the prevalence as com-
pared with evaluation by an 
oral food challenge  [2–4] . It is 
estimated that IgE-mediated 
food allergy affects approxi-
mately 6–8% of children in 
developed countries  [1, 3, 4] , 
thereby posing a significant burden on the afflicted chil-
dren, their families, and the healthcare system. Globally, 
the by far most common IgE-mediated food allergies in 
childhood are allergies to cow’s milk, hen’s egg, soy, pea-
nut, tree nuts, wheat, fish, and seafood  [3–5] . Tolerance 
development is prevalent in milk and egg allergy; and the 
majority of milk-allergic children  [6, 7]  and about a half 
to two-thirds of egg-allergic children  [8, 9]  will outgrow 
their food allergy before school age. The rate of peanut 
allergy resolution is worse; when assessed by oral food 
challenges both at diagnosis and at follow-up in the Aus-
tralian HealthNuts cohort study, only 22% of the children 
outgrew their peanut allergy by 4 years of age  [10] . Col-
lectively, a significant proportion of children will remain 
food allergic and are at risk of developing other comor-
bidities such as respiratory allergic disease. For instance, 
infant egg allergy, particularly when coexisting with ec-
zema, has been reported to be a predictor of later respira-
tory allergies  [11] , and high levels of IgE antibodies to 
cow’s milk, egg white, wheat, and soy are predictors of 
persistent food allergy  [12] .

  Avoidance remains the only available treatment in es-
tablished food allergy. Oral immune therapy, which in-
cludes a stepwise dose increase of the food allergen fol-
lowed by a maintenance phase, is an emerging treatment 
option. Oral immune therapy has been demonstrated to 
induce desensitization, i.e., an increase in the amount of 

offending food that can be ingested as long as it is con-
sumed regularly  [13] . It is still undecided if permanent 
tolerance will develop, and oral immune therapy is not 
generally recommended unless within a clinical trials 
protocol. Adherence to an elimination diet is difficult, 
and there is still risk of accidental exposure and allergic 
reactions, including anaphylaxis  [14] . Allergic children 
on elimination diets are also at risk of nutritional defi-
ciencies  [15, 16] , impaired growth  [16–18] , and reduced 
quality of life  [19] . Collectively, there is urgent need to 
develop effective strategies to promote tolerance develop-
ment and prevent food allergy.

  While earlier food allergy prevention strategies imple-
mented food avoidance in early infancy, the current par-

adigm is shifting from avoid-
ance to controlled exposure. 
The collective evidence from 
epidemiological studies re-
porting an association be-
tween delayed introduction of 
complementary foods and al-
lergy risk, and animal models 
demonstrating that oral toler-

ance induction is driven by exposure to antigens and al-
lergens [reviewed in  20 ,  21 ], led to the first randomized 
controlled trials (RCTs) to examine the role of early, reg-
ular exposure to “allergenic” foods for food allergy pre-
vention. This review focuses on the outcome of these re-
cently published RCTs and discusses the implementation 
of the results in clinical practice.

  Risk Factors for Food Allergy 

 Both genetic and environmental factors will influence 
the risk of developing food allergy, and multifaceted 
changes in our modern environment are a likely driver. 
The hypotheses proposed to explain the epidemic rise in 
allergic disease include (a) the biodiversity hypothesis, 
which theorizes that reduced diversity and intensity of 
microbial exposures will impair normal development of 
immunoregulatory networks and increase allergy risk 
 [22] , (b) the vitamin D hypothesis that builds on epide-
miological evidence that vitamin D deficiency is associ-
ated with an increased risk of allergic disease, and (c) the 
dual-barrier hypothesis  [23, 24] , which is discussed be-
low. There are also data to suggest that food allergens, 
specific nutrients, lifestyle factors, and microbial expo-
sures may influence the development of allergic disease 
through epigenetic mechanisms  [25] .

While earlier food allergy prevention 
strategies implemented food 

avoidance in early infancy, the current 
paradigm is shifting from avoidance 

to controlled exposure

lence. Future research should aim at optimizing infant feed-
ing regimens and support a tolerogenic gastrointestinal mi-
croenvironment during the period of food allergen intro-
duction.  © 2017 Nestec Ltd., Vevey/S. Karger AG, Basel 
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  A commonly used definition of allergy risk is based on 
a history of allergic disease in a first-degree relative  [26]  
and is frequently used in both epidemiological studies 
and clinical trials. In some of the recently conducted 
RCTs, however, only infants with an already established 
allergic phenotype (eczema and/or manifest egg allergy) 
were included as they are at an even heightened risk  [27, 
28]  ( Table 1 ). For instance, it has been demonstrated that 
infant eczema is associated with an increased risk of per-
cutaneous sensitization to environmental food allergens, 
facilitated by an impaired skin barrier  [29] . Normally, a 
food allergen is introduced to and handled by the im-
mune system in the gut to induce a tolerogenic response 
to the food protein  [20, 30] . Accordingly, the dual-barrier 
hypothesis theorizes that avoidance of a specific food 
(such as egg or peanut) can increase the risk of developing 
food allergy if the infant is still exposed to the food aller-
gen in the environment and is percutaneously sensitized 
 [24] .

  The “Optimal” Window of Introduction of 

Complementary Foods for Allergy Prevention 

 Almost 2 decades ago, the American Academy of Pe-
diatrics Committee on Nutrition launched guidelines 
suggesting a delayed introduction of dairy products in the 
first year of life in infants with a family history of allergic 
disease: egg until 2 years, peanuts, nuts, and fish until 2–3 
years of age  [31] . This recommendation also became in-
tegrated in infant feeding guidelines in many other coun-
tries at the time. Following the publication of more recent 
epidemiological studies across the globe, the guidelines 
were revised to reflect the lack of solid scientific evidence 
that delayed introduction of complementary foods be-
yond 4–6 months of age, or avoidance of “allergenic” 
foods such as cow’s milk, egg, peanuts, tree nuts, fish, and 
seafood, reduce allergy risk  [32–36] . Still, the “optimal” 
time for introduction of complementary food for allergy 
prevention is not known. There are data to suggest that 
starting complementary foods before 3–4 months of age 
may increase the risk of allergic disease  [37, 38] . At that 
age, the gut is more permeable and gastrointestinal colo-
nization is not yet well established, which might contrib-
ute to the observed risk increase  [39, 40] . Consequently, 
many international infant feeding guidelines for allergy 
prevention recommend introduction of any solid food
after 4 months of age  [32–36] .

  RCTs for Food Allergy Prevention 

 Peanuts 
 In a cross-sectional study, du Toit et al.  [41]  found that 

the prevalence of peanut allergy was 10-fold higher in 
Jewish children in the UK compared with children in Is-
rael. Interestingly, peanut consumption was initiated ear-
lier and in larger quantities in Israel than in the UK. Based 
on these findings, the Learning Early About Peanut Al-
lergy (LEAP) study was designed to examine if early, reg-
ular, controlled peanut consumption, compared with 
avoidance, could prevent peanut allergy in high-risk in-
fants with severe eczema, egg allergy, or both  [42]  ( Ta-
ble 1 ). As part of the screening, a skin prick test (SPT) to 
peanut was performed, and infants with a wheal size  ≥ 5 
mm were excluded. The intervention was initiated be-
tween 4 and 11 months and continued until 5 years of age. 
The study results were pronounced; in the early-intro-
duction group, peanut allergy was reduced with 86% in 
the group with a negative SPT to peanut at baseline, and 
with 70% in the group with SPT peanut 1–4 mm at base-
line, compared with the avoidance group. Reassuringly, 
the investigators recently reported that 12-month peanut 
avoidance in the early-introduction group did not in-
crease the prevalence of peanut allergy at the age of 6 years 
 [43] , suggesting that avoidance for a prolonged period 
will not break tolerance. Still, the long-term consequenc-
es of peanut avoidance beyond 12 months are unknown.

  Egg 
 There is also epidemiological evidence to support that 

delayed introduction of egg to the infant diet increases 
allergy risk. In the HealthNuts cohort study, delayed in-
troduction of egg at 10–12 months or after 12 months of 
age was associated with an increased risk of egg allergy 
compared with egg introduction at 4–6 months of age 
 [44] . To date, 5 RCTs have examined if early versus late 
introduction of egg can reduce the risk of egg allergy  [45–
49]  ( Table 1 ). In the Solids Timing for Allergy Reduction 
(STAR) study, high-risk infants with moderate-to-severe 
eczema were randomized to intake of pasteurized raw 
whole egg powder or rice powder (placebo) from 4 to 8 
months of age  [45] . At 12 months of age, 33% in the active 
group versus 51% in the placebo group had developed egg 
allergy (relative risk 0.65, 95% CI 0.38–1.11,  p  = 0.11). In 
the Starting Time of Egg Protein (STEP) study, high-risk 
infants (based on maternal atopy but no allergic manifes-
tation in the infant at baseline) were randomized to intake 
of pasteurized raw whole egg powder or rice powder (pla-
cebo) from 4 to 10 months of age  [46] . At 12 months of 
age, 7% in the active group versus 10.3% in the placebo 
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 Table 1.  Overview of randomized clinical trials that have assessed early versus late introduction of complementary foods for allergy pre-
vention

Trial name
Country

Study population Intervention Primary outcome Ref.

LEAP
(Learning About 
Peanut Allergy)
UK

Infants with severe eczema 
and/or egg allergy (n = 640 
randomized, 319 to peanut, 
321 to avoidance)

Peanut (snack or peanut 
butter) from 4 to 11 months to 
5 years
or
Peanut avoidance until 5 years 

Peanut allergy1 at 5 years; in the 
group with negative SPT to peanut 
(n = 530): 1.9% in the active vs. 
13.7% in the avoidance group 
(p < 0.001); in the group with SPT 
to peanut 1 – 4 mm: 10.6% in the 
active vs. 35.3% in the avoidance 
group (p = 0.004)

42

STAR
(Solids Timing for 
Allergy Reduction)
Australia

Infants with moderate to 
severe eczema (n = 86 
randomized, 49 to egg, 37 to 
placebo)

Pasteurized raw whole egg 
powder 
or 
Rice powder (placebo) from 4 
to 8 months

Egg allergy1 at 12 months;
33% in the active vs. 51% in the 
placebo group (relative risk 0.65, 
95% CI 0.38 – 1.11, p = 0.11)

45

STEP
(Starting Time of 
Egg Protein)
Australia

Infants of allergic mothers 
(n = 820 randomized, 407 to 
egg, 413 to placebo)

Pasteurized raw whole egg 
powder 
or
Rice powder (placebo) from 4 
to 6 months until 10 months

Egg allergy1 at 12 months; 7% in 
the active vs. 10.3% in the placebo 
group (adjusted relative risk 0.75, 
95% CI 0.48 – 1.17, p = 0.20)

46

BEAT
(Beating Egg 
Allergy Trial) 
Australia

Infants with 1 (or both) 
parents with a history of 
allergic disease (n = 319 
randomized, 165 to egg, 154 
to placebo)

Pasteurized raw whole egg 
powder 
or
Rice powder (placebo) from 4 
to 8 months

Egg sensitization2 at 12 months;
11% in the active vs. 20% in the 
placebo group (odds ratio 0.46, 
95% CI 0.22 – 0.95, p = 0.03)

47

PETIT 
(Prevention of Egg 
Allergy with Tiny 
Amount Intake) 
Japan

Infants with eczema (n = 147 
randomized, 73 to egg, 74 to 
placebo)

Heated egg powder (50 mg) 
or
Squash powder (placebo) from 
6 to 9 months, with a dose 
increase of egg protein from 9 
to 12 months

Egg allergy1 at 12 months;
9% in the active vs. 38% in the 
placebo group (risk ratio 0.221, 
95% CI 0.09 – 0.543, p = 0.0001)

48

HEAP
(Hen’s Egg Allergy 
Prevention Trial)
Germany

Infants from the general 
population (n = 406 
screened for egg 
sensitization, 383 
nonsensitized randomized, 
184 to egg, 199 to placebo)

Pasteurized egg white powder
or
Rice powder (placebo) from 4 
to 6 months until 12 months

Egg sensitization3 at 12 months; 
5.6% in the active vs. 2.6% in the 
placebo group (relative risk 2.20, 
95% CI 0.68 – 7.14, p = 0.24)

49

EAT
(Enquiring About 
Tolerance) 
UK

Exclusively breastfed infants 
for at least 3 months from 
the general population 
(n = 1,303 randomized,
652 to early introduction of 
6 foods while breastfeeding, 
651 to exclusive 
breastfeeding and no 
allergenic foods before 6 
months)

Continued breastfeeding with 
introduction of cow’s milk, 
peanut, hard-boiled egg, 
sesame, cod, and wheat in a 
sequential order from 3 
months (early introduction)
or
Exclusive breastfeeding for
6 months (standard 
introduction)

Allergy to any of the 6 foods at 3 
years:
5.6% in the early-introduction vs. 
7.1% in the standard-introduction 
group (relative risk 0.80, 95% CI 
0.51 – 1.25, p = 0.32)

50

 SPT, skin prick test. 1 Confirmed by an oral food challenge. 2 Egg white skin prick test ≥3 mm. 3 Specific IgE to egg ≥0.35 kU/L.



 Complementary Foods and Allergy 
Prevention 

  Reprinted with permission from: 
Ann Nutr Metab 2017;70(suppl 2):47–54 
 DOI: 10.1159/000457928

51

group had egg allergy (adjusted relative risk 0.75, 95% CI 
0.48–1.17,  p  = 0.20). The Beating Egg Allergy Trial (BEAT) 
also included high-risk infants (based on allergic disease 
in any or both parents)  [47] . Infants were randomized to 
pasteurized raw whole egg or rice powder (placebo) from 
4 to 8 months of age. The primary outcome was egg sen-
sitization at 12 months of age, and 11% in the active group 
versus 20% in the placebo group were sensitized (odds 
ratio 0.46, 95% CI 0.22–0.95,  p  = 0.03). Twenty-one in-
fants were classified as having probable egg allergy. Of 
these, 6.2% were in the active group and 10.5% were in 
the placebo group ( p  = 0.20).

  In the Prevention of Egg Allergy with Tiny Amount 
Intake (PETIT) study, high-risk infants with established 
eczema were randomized to intake of either heated egg 
powder or squash powder (placebo) from 6 to 12 months 
of age, with an increased dose of egg protein from 9 
months  [48] . There was a marked effect of the interven-
tion with egg allergy diagnosed at 12 months in 9% in the 
active group versus 38% in the placebo group (risk ratio 
0.221, 95% CI 0.09–0.543,  p  = 0.0001). In fact, the striking 
effect of the intervention in the preplanned interim anal-
yses led the investigators to terminate the trial prema-
turely. As discussed by the investigators  [48]  the differ-
ence might be biased, leading to a bigger difference be-
tween the active and placebo groups than if the study had 
not been closed.

  In contrast to the above-mentioned studies that in-
cluded high-risk infants, the Hen’s Egg Allergy Preven-
tion (HEAP) study, randomized infants with normal risk 
(from the general population) to intake of pasteurized egg 
white powder or rice powder from 4 to 6 months until 12 
months of age  [49] . Infants were screened for egg sensiti-
zation, and all included infants had specific IgE to egg 
<0.35 kU/L at baseline. As in the BEAT study  [47] , the 
primary outcome was egg sensitization at 12 months. 
5.6% in the active group were sensitized to egg versus 
2.6% in the placebo group (relative risk 2.20, 95% CI 0.68–
7.14,  p  = 0.24). At that age, 2.1% in the active group had 
egg allergy versus 0.6% in the placebo group (relative risk 
3.30, 95% CI 0.35–31.32,  p  = 0.35).

  Collectively, 4 out of 5 conducted RCTs designed for 
egg allergy prevention were negative ( Table 1 ), although 
3 of these studies  [45–47]  had nonsignificant results that 
might suggest a benefit of early egg introduction.

  Multiple Foods Approach 
 Observational studies have also reported an associa-

tion between low food diversity in early life and both 
sensitization  [50]  and allergic manifestations  [51] . In the 

Enquiring About Tolerance (EAT) study  [52]  ( Table 1 ), 
3-month-old breastfed infants from the general popula-
tion were randomized to continued breastfeeding with 
introduction of cow’s milk, peanut, hard-boiled egg, ses-
ame, white fish, and wheat in a sequential order from 3 
months of age or to continued exclusive breastfeeding 
for the first 6 months of life  [52] . In the intention-to-
treat analysis, 5.6% of the children in the early-introduc-
tion group had developed food allergy at 3 years of age 
compared to 7.1% in the group that introduced solid 
foods from the age of 6 months (relative risk 0.80, 95% 
CI 0.51–1.25,  p  = 0.32). Of note, only 42% in the early-
introduction group were able to adhere to the food in-
troduction regimen, demonstrating that it can be diffi-
cult to introduce multiple foods as compared to a single 
food item. In the per protocol analysis, however, the 
prevalence of “any” food allergy was 2.4% in the early-
introduction group compared with 7.3% in the stan-
dard-introduction group ( p  = 0.01). The prevalence of 
peanut and egg allergy was also reduced in the early-
introduction group (0 vs. 2.5%,  p  = 0.003, and 1.4 vs. 
5.5%,  p  = 0.009, respectively). There was no difference 
between the 2 groups in the prevalence of allergy to milk, 
sesame, fish, or wheat.

 Table 2.  Practical implications for clinical practice based on in-
terim guidelines from 10 International Pediatric Allergy Associa-
tions [54]

“Health care providers should recommend introducing peanut-
containing products into the diets of ‘high-risk’ infants1 early on 
in life (between 4 and 11 months of age) in countries where 
peanut allergy is prevalent, because delaying the introduction of 
peanut can be associated with an increased risk of peanut allergy”

A clinical assessment by a pediatric allergist or a physician 
trained in pediatric allergy may be considered in infants that 
have already developed allergic disease (severe eczema and/or 
egg allergy) in the first 4 – 6 months of age; this could be helpful 
in the diagnosis of any food allergy and in the evaluation of 
appropriateness of peanut introduction

The clinical evaluation may include peanut skin testing, ingestion 
of peanut in the clinic, or both, for infants with already 
established allergic disease (severe eczema and/or egg allergy)

If the skin test to peanut is positive, an observed peanut challenge 
to examine if the infant is clinically reactive before introducing 
peanuts at home can be considered

 1 High-risk criteria used in the LEAP trial were egg allergy and 
severe eczema [42].
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  Meta-Analysis of Egg and Peanut Prevention 

Trials 

 In a recent comprehensive systematic review and
meta-analysis, Ierodiakonou et al.  [53]  included the trials 
discussed above that had assessed early versus late egg in-
troduction for egg allergy prevention (5 trials, 1,915 par-
ticipants)  [45–49]  ( Table 1 ). They found with moderate 
certainty evidence that early versus late introduction of egg 
was associated with a reduced egg allergy risk (risk ratio 
0.56, 95% CI 0.36–0.87,  p  = 0.009). They also identified the 
LEAP  [43]  and EAT  [52]  studies ( Table 1 ) (2 trials, 1,550 
participants) to be included in a meta-analysis of early ver-
sus late introduction of peanuts and reported that early 
introduction was associated with a reduced peanut allergy 
risk (risk ratio 0.29, 95% CI 0.11–0.74,  p  = 0.009). The au-
thors underscored that the studies were few and that the 
certainty of the evidence was reduced due to imprecision, 
indirectness, and heterogeneity in interventions and study 
populations  [53] . An interesting finding, however, was 
that there was no distinct difference among infants at 
“normal” versus high risk of allergy in their analyses. 

  Allergic Reactions and Safety Issues 

 A shared feature of the studies that included high-risk 
infants and used pasteurized raw egg powder is that a 
varying proportion (4.7–31%) of the participants in the 
early egg intake groups discontinued egg ingestion due to 
allergic reactions to the egg powder  [45–47] . This has 
raised the question if screening for sensitization would be 
necessary before introducing egg to the infant diet. Reas-
suringly, in the STEP trial that included infants with fa-
milial predisposition but no eczema, there were no ana-
phylactic reactions to the egg powder  [46] . The authors 
underscored that assessment of egg sensitization before 
the introduction of egg and egg-containing products to 
the infant diet is not necessary in the community setting 
 [46] . In the PETIT trial  [48] , which included high-risk 
infants with eczema, a few participants reported mild to 
moderate allergic manifestations following ingestion of 
the study powder, but at a similar frequency in the active 
and placebo groups. No participant discontinued the in-
tervention because of allergic reactions to the egg powder, 
and it has been argued that this could be a matter of re-
duced allergenicity of heated versus pasteurized (raw) egg 
powder  [48] . The risk of adverse reactions to peanut was 
low in the LEAP study; 5% of infants randomized to ear-
ly peanut intake reacted at the baseline peanut challenge. 
However, infants at a presumably higher risk (peanut 
wheal size  ≥ 5 mm) were excluded.

  Current Recommendations 

 Current international guidelines already state that in-
troduction of allergenic foods, including egg and peanut, 
does not need to be postponed beyond 4–6 months of age 
 [32–36] . With a few exceptions, these guidelines do not, 
however, advocate that allergenic foods should be  active-
ly  introduced to the infant diet between 4–6 months of 
age. Based on level 1 evidence from the LEAP study  [42] , 
interim guidelines on peanut introduction for allergy pre-
vention in high-risk infants were launched in 2015 ( Ta-
ble 2 )  [54] . In an opinion paper, Allen and Koplin  [55]  
identified and discussed the challenges in translating the 
findings from the LEAP study to the general population 
level. Safety remains one issue, particularly in very high-
risk infants, as the LEAP study excluded infants with an 
SPT to peanut  ≥ 5 mm, cost-effectiveness another  [55] . 
Very recently, addendum guidelines for penaut allergy 
prevention in the United States were launched  [56] . In 
brief, the guideline panel suggests introducing peanuts at 
home to the majority of infants in the first year of life. In-
fants with severe eczema, egg allergy, or both should un-
dergo medical assessment including assessment of sensi-
tization to peanut before peanut introduction at 4–6 
months of age  [56] . If other allergenic foods, such as egg, 
should also be actively introduced to the infant diet from 
4 to 6 months of age remains undetermined. Recent al-
lergy prevention guidelines in Australia now suggest in-
troducing cooked (but not raw) egg from 4 to 6 months 
of age irrespective of allergic heredity  [36] . As underlined 
by Ierodiakonou et al.  [53] , the findings from their sys-
tematic review on early versus late introduction of com-
plementary foods for allergy prevention cannot be direct-
ly translated to new guidelines. Collectively, the optimal 
timing, doses and form of egg, and if these regimens 
should be stratified according to the infant’s allergy risk 
remain to be determined.

  Conclusion 

 The level 1 evidence form the LEAP study  [43]  has re-
sulted in interim guidelines recommending early intro-
duction of peanut into the diets of “high-risk” infants 
 [54] . Further studies should aim at optimizing infant 
feeding regimens. Supporting the most favorable “tolero-
genic” microenvironment in the gut during the period of 
food allergen introduction is also likely to involve “opti-
mal” colonization of the gastrointestinal tract, breastfeed-
ing, and other dietary factors with immunomodulatory 
capacity  [39, 40] .
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