
Allergies, including atopic dermatitis (also known as 
eczema), allergic rhinoconjunctivitis, allergic asthma 
and food allergy, are among the most prevalent chronic 
inflammatory disorders worldwide. They clinically mani­
fest themselves at the interface of the body and the envi­
ronment and are due to an immune response to usually 
harmless environmental antigens, termed ‘allergens’. The 
progression from atopic dermatitis in early infancy to other 
allergic disorders later in childhood has been described 
as the ‘atopic march’. However, the transition from cuta­
neous to respiratory manifestations, together with the 
manifestation of food allergy, occurs to a variable degree 
and extent1–5. The development of allergy is the result of 
complex gene–environment interactions with the imple­
mentation of epigenetic changes in any of the several 
susceptibility genes6–9. The dramatic increase in allergic 
diseases over the past 50 years is strongly related to world­
wide changes in lifestyle conditions, many of which affect 
our exposure to a diverse microbial environment. Early-life 
exposure to a biodiverse environment is crucial for proper 
development and education of the immune system. In this 
Review, we provide an overview of the allergy risk factors 
that are linked to changes in exposure to microorganisms 
and highlight opportunities for allergy prevention.

Building a healthy microbiota
Bacterial microbiota. Extensive bacterial communities 
are found in the gastrointestinal tract, skin, oral cavity, 
nasal passages and urogenital tract, with the bacterial 

microbiota of the gut being the best studied. Bacterial 
colonization begins a few hours after birth and becomes 
established through the first month of life, largely 
dependent on the nutritional sources for the baby. 
Breastfed babies show a dominance of Bifidobacterium, 
Lactobacillus and Veillonella species, which shifts to a 
dominance of Bacteroides and Clostridiales species fol­
lowing the introduction of solid foods. Although there is 
a clear dominance of certain strains owing to nutritional 
sources, the microbiota during the first few years in life 
is characterized by a large degree of interindividual and 
intraindividual heterogeneity on the taxon level. Overall, 
this period of life is characterized by an increasing diver­
sity and richness of the microbiota over time. However, 
the first few years of life are also a highly vulnerable 
period of microbiota development, with events such as 
infections, fevers and episodes of antibiotic treatment 
having an immediate direct or indirect impact on the 
microbiota, and some of these changes persist over time. 
Beyond a certain age (usually defined as 3–4 years), the 
microbiota reaches a stable composition that persists 
into adulthood.

It is now well established that the early-life micro­
biota has an important role in the development of 
tolerogenic immune functions, preventing undesira­
ble inflammatory responses against self antigens and 
non-self antigens (for example, allergens). Prominent 
examples of tolerogenic organisms include Bacteroides 
fragilis, which produces polysaccharide A, which 
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induces regulatory T cell (Treg cell) development via 
Toll-like receptor 2 (TLR2)10,11; Clostridium clusters IV  
and XIVa, which induce Treg cells via transforming 
growth factor-β (TGFβ)12,13; and other, unclassified com­
mensals that induce colonic Treg cells that express reti­
noic acid receptor-related orphan receptor-γt (RORγt) 
or induce Treg cells from naive CD4+ T cells via TLR- 
and MyD88-dependent pathways14–16. Furthermore, 
nutrients also have an important role in promoting this 
microbiota–immune axis17–21. A prominent example 
is the fermentation of starch by some members of the 
Firmicutes resulting in short-chain fatty acids (SCFAs) 
such as butyrate. Butyrate acts as a histone deacetylase 
inhibitor that favours the expression of forkhead box 
protein P3 (FOXP3) and, therefore, enhances the sup­
pressive functions of induced Treg cells. Faecalibacterium, 
Lactobacillus and Veillonella are genera of Firmicutes22–24.

Many patients with allergy and atopy have an altered 
microbiota25, as determined predominately by assessing 
the stool microbiota26–28. Dysbiosis has been reported 
also in the skin microbiota in individuals with atopic 
dermatitis29,30, in the microbiota of the upper and lower 
respiratory tracts in individuals with asthma31 and 
in the gastrointestinal tract in individuals with food 
allergies32,33. Dysbiosis can be detected even before the 
onset of clinical signs and symptoms, and longitudinal 
studies suggest that there is a cause-and-effect relation­
ship between disturbance of microbial colonization at 
mucosal and cutaneous surfaces and the development 
of chronic inflammatory responses.

Virome. The human virome comprises viruses that infect 
the host (eukaryotic virome), virus-derived genetic ele­
ments in host chromosomes that can change host gene 
expression, express proteins or even generate infectious 
virus (prophages, endogenous retroviruses and endog­
enous viral elements), and viruses that infect members 
of the bacterial microbiota (most importantly bacteri­
ophages)34. Moreover, all adult humans are chronically 
infected with viruses that may be common pathogens, 
rare pathogens or viruses of unknown pathogenicity35.

Diverse bacteriophages and sporadically eukaryotic 
viruses have been identified in the infant gut36. Several 
pathogenic eukaryotic viruses (such as HIV, cytomeg­
alovirus, human papillomavirus, varicella zoster virus 
and rubella virus) may be transmitted to the offspring 
in utero or during vaginal birth. Furthermore, eukary­
otic viruses (such as respiratory syncytial virus (RSV), 
Epstein–Barr virus and herpes simplex virus) have been 
detected in amniotic fluid without evident clinical impli­
cations, although the in utero virome has not been fully 
characterized. Environmental factors such as diet, living 
conditions, water quality, hygiene and socio-economic 
status possibly all influence the composition of the gut 
virome. Close contact can also influence virome sharing, 
as shown among twin infants.

Similarly to the gut bacterial microbiota, the gut 
virome is dynamic in infancy and stable in adult life. 
Bacteriophage diversity is high among infants and 
low among adults, while interindividual virome vari­
ation remains high throughout life37. The early infant 
gut virome comprises a highly abundant and diverse 

bacteriophage community. From birth to 2 years of 
age, the eukaryotic virome and the bacterial microbiota 
expand, but this is accompanied by a contraction and 
shift in the bacteriophage virome composition towards 
a Microviridae-dominated community36. Enteric eukar­
yotic viruses (such as members of the Picornaviridae, 
Adenoviridae and Reoviridae) are sporadically identi­
fied among infants rather than persisting during early 
development36.

Mycobiome. The human mycobiome is less diverse 
and of lower abundance than the bacterial micro­
biota. Infants are colonized by fungi shortly after birth 
through caregivers and the environment, primarily by 
members of the genera Cladosporium, Cryptococcus, 
Saccharomyces, Candida and Malassezia38. The last three 
are also dominant in the stools of healthy adults. Fungal 
taxa in humans show lower diversity than in the envi­
ronment, and associations with specific anatomical sites 
show selection and adaptation of fungi39. For example, 
skin fungi differ depending on age and sex, and chil­
dren have more fungi and of higher diversity than adults, 
who are dominated by Malassezia40. Such changes may 
be associated with differences in sebum composition 
and sebaceous gland activation41. Malassezia domi­
nates most skin sites and produces an aryl hydrocarbon 
receptor ligand, which supports epithelial cells and offers  
UV protection42–44.

Factors affecting the microbiota
Allergy risk starts in utero and continues after birth, with 
important factors such as type of delivery and antibiotic 
use, which impact microbial colonization of the infant’s 
intestinal and respiratory tracts. The effects of such fac­
tors may be cumulative and dose dependent and may 
influence immune homeostasis and the risk of asthma 
and allergy development long term. Indeed, the early- 
life microbiota are critical for proper immunological 
development and beneficial for overall health status42,44.

Caesarean delivery. Over the past few decades, there 
has been a considerable increase in births by caesarean 
delivery in both developed and developing countries, 
raising the question of whether this has contributed 
to the increase in allergies. Although many studies on 
the impact of the delivery mode on a child’s health have 
been published, the evidence is still being debated. An 
increased risk of the development of food allergy has 
been reported for children born by caesarean deliv­
ery compared with those born by vaginal delivery45,46, 
with the strongest evidence for cow’s milk allergy45–47.  
A meta-analysis of 23 relevant studies revealed an 
approximately 20% increase in the subsequent risk of 
asthma among children born by caesarean delivery48. 
This association between caesarean delivery and asthma 
was supported by some recent studies49–53 but not others. 
The association between caesarean delivery and atopic 
dermatitis is less clear54.

There might be several underlying mechanisms for 
caesarean delivery as a risk factor for allergy. A likely 
mechanism is the direct impact on early phases of 
microbiota development in the neonate. However, as 

Short-chain fatty acids
(SCFAs). Subgroup of fatty 
acids with only two to six 
carbon atoms. Important 
representatives are butyrate, 
acetate and propionate.

Dysbiosis
A condition in which there is  
a qualitative and quantitative 
imbalance of bacterial 
communities that constitute 
the microbiota, which could 
represent a predisposition 
factor for several diseases. 
Dysbiosis refers mostly to the 
intestinal microbiota, but it can 
also occur at other body sites 
and in other habitats.
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many babies born by caesarean delivery receive perinatal 
antibiotic prophylaxis, this might also contribute to the 
risk. Furthermore, the absence of perinatal stress fac­
tors associated with a vaginal delivery (for example, early 
profound immune activation with neonatal leukocytosis 
and other changes) might also play a role.

The delivery mode shapes the early microbial pat­
tern after birth55 (Fig. 1). The vaginal microbiota in 
normal pregnant women shows a relatively high abun­
dance of particularly four lactobacillus phylotypes 
(Limosilactobacillus vaginalis, Lactobacillus jensenii, 
Lactobacillus crispatus and Lactobacillus gasseri) and a 
lower abundance of 22 other phylotypes compared with 
that in non-pregnant women56. This signature shows 
relatively high stability throughout pregnancy and par­
ticularly when oestrogen concentrations are high57. 
Oestrogen favours maturation of the vaginal epithelium, 
and this results in an accumulation of glycogen, which 
is metabolized to lactic acid by lactobacilli58, indicating 
an important functional relationship between the vaginal 
epithelium and resident microbiota. Vaginally delivered 
infants acquire bacterial communities (on skin, oral and 
nasopharyngeal surfaces) that strongly resemble their 
mother’s vaginal microbiota (dominated by Lactobacillus, 
Prevotella and/or Sneathia), whereas infants born by 
caesarean delivery harbour bacterial communities that 
resemble more the mother’s cutaneous surface, which is 
dominated by Staphylococcus and Propionibacterium55. 
Over the next few months, the oral microbiota undergoes  

marked reorganization: Propionibacterium or Lacto­
bacillus largely composed the neonatal oral microbiota 
on delivery, whereas by 6 weeks of age, Streptococcus was 
dominant in most oral samples59.

Another microbial risk factor for allergy and asthma 
is the colonization of children with Clostridioides difficile 
at 1 month of age, which is associated with wheezing 
(asthma) and atopic dermatitis later in life. C. difficile 
colonization was linked to caesarean delivery and the 
place of delivery (home vaginal birth versus hospital 
vaginal birth)60.

In children whose mother and/or father has atopy and 
allergy, caesarean delivery is associated with the highest 
risk of development of various allergic phenotypes later in 
life45,61. This observation is an important example for the 
relevance of gene–environment interaction contributing 
to the individual allergy risk profile. High levels of type 2 
inflammation in atopic mothers have a strong impact on 
fetal immune programming. A disturbed neonatal pro­
gramming may be further accelerated and aggravated 
by caesarean delivery-derived signals62. This was shown 
for atopic dermatitis in a Korean cohort in which devel­
opment of the disease is impacted by the combination 
of a genetic risk factor (a certain maternal IL13 poly­
morphism) and the environmental factor (the mode of 
delivery). Caesarean delivery has a strong impact on neo­
natal immune programming, as indicated by decreased 
pro-inflammatory cytokine responses following TLR1 or 
TLR2 stimulation and reduced tumour necrosis factor 
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Fig. 1 | Caesarean delivery is an important risk factor for the development of chronic immune and metabolic 
disease. Birth by caesarean delivery as opposed to vaginal delivery has been identified as an important risk factor for the 
development of allergic and other inflammatory and metabolic diseases later in life. This has been attributed to altered 
transient microbial colonization in the infant gut. Other factors, such as the lack of perinatal stress and the use of antibiotic 
prophylaxis, may also contribute to this effect of caesarean delivery. Altered immunometabolic programming has been 
observed. Babies born by caesarean delivery show a different innate–adaptive immune profile and have a higher risk of 
chronic inflammatory and metabolic disease. A close association between caesarean delivery and disease outcomes  
later in life has been shown for food allergy, allergic sensitization, atopic dermatitis, asthma and obesity, as well as type 1 
diabetes (T1D), inflammatory bowel disease (IBD) and cardiac disease.
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(TNF) and IL-6 levels at birth, followed by a higher 
abundance of bacterial colonization in the nasopharyn­
geal space and association with childhood wheezing63. 
These and other data serve as an example for the strong 
regulatory loop between the mode of delivery, micro­
bial colonization and neonatal immune programming,  
which contribute synergistically to allergy risk.

A pilot study was recently performed in which infants 
born by caesarean delivery were exposed to maternal 
vaginal fluid collected 1 hour before delivery. Follow-up 
analysis of neonatal microbiota development showed 
that gut, oral and skin surfaces were enriched in vaginal 
bacteria that are otherwise under-represented in babies 
born by caesarean delivery (such as Actinobacteria, 
Bacteroidetes and Bifidobacterium)64. Although the 
long-term effects on immune metabolic functions of 
newborns and on health outcomes later in life still need 
to be investigated, these data demonstrate that the early 
colonization pattern is susceptible to manipulation.

Antibiotic use. As antibiotic use has substantially 
increased both during pregnancy (Fig. 2a) and in the first 
few years of life (Fig. 2b), there is increasing interest in 
studying the potential relationship between antibiotic use 
in this critical period and the impact on health outcomes 
later in life65,66. A positive association between antibiotic 
use and disease development has been reported for 
childhood obesity67,68, type 2 diabetes69, asthma24,70,71 and 
(childhood) inflammatory bowel disease72–74. Antibiotic 
use in the first 6 months and the first 2 years of life was 
associated with the development of asthma at 3 years 
of age and 7.5 years of age, respectively. Similar results 

were obtained for the development of infant cow’s milk 
allergy75. Such an association was also found for mater­
nal antibiotic exposures before and during pregnancy76. 
With an increasing number of antibiotic cycles, the risk 
of asthma development increased. The strongest rela­
tionship has been reported for broad-spectrum antibiot­
ics (cephalosporins)76,77, the particular use of which has 
increased over recent decades.

Antibiotic treatments influence microbial diver­
sity and composition in a qualitative and quantitative 
manner78,79. Subtherapeutic antibiotic treatment has 
been used to disrupt the microbiota in young mice. This 
results not only in altered microbiota composition but 
also in increased fat mass, altered metabolic hormones 
and hepatic metabolism78. Low-dose penicillin given to 
mice from birth induces metabolic changes and changes 
in ileal expression of immunity-related genes and also 
has long-term effects on metabolism and enhances 
susceptibility to high-fat diet-induced obesity. Transfer 
of microbial communities recovered after antibiotic 
cessation into germ-free mice transferred the growth 
promotion phenotype65,80.

However, it cannot be ruled out that associations 
between antibiotic use and asthma could be caused 
by various forms of bias such as consulting behaviour, 
misclassification bias, recall bias and confounding 
by indication81,82. For example, a confounding factor 
could be the increased number of respiratory infections 
observed in children at higher risk of developing asthma 
or with established asthma. Antibiotics not only reduce 
the abundance of important protolerogenic gut bacte­
ria, including Lactobacillus and segmented filamentous 
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Fig. 2 | Prenatal and postnatal risk factors for the development of 
allergy and asthma. a | One of the most important prenatal risk factors is 
the presence of maternal and/or paternal atopy, asthma and allergy. Other 
lifestyle factors closely associated with a westernized lifestyle may 
contribute to this risk in a direct or an indirect manner. A bidirectional 
association exists between obesity and asthma. b | Viral infections in early 
life, particularly with respiratory syncytial virus (RSV) and rhinovirus (RV), 
are important risk factors for the development of asthma. Many other  

risk factors share the common relationship and association with 
urbanization, industrialization and a westernized lifestyle. These include 
antibiotic use early in life, exposure to exhaled tobacco smoke, a Western 
diet with high fat consumption and obesity, a reduced pattern of indoor and 
outdoor activities and low vitamin D levels. Furthermore, delayed 
introduction of foods (delayed development of tolerance) together with a  
low-dose cutaneous allergen exposure triggers allergic sensitizations.  
PUFAs, polyunsaturated fatty acids.
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bacteria as well as certain clostridia65,83,84, they also increase 
the abundance of gastrointestinal fungi85 and impair 
antiviral immunity in a direct or an indirect manner86,  
which is also confirmed in humans87.

Breastfeeding. Longer duration of breastfeeding is associ­
ated with a reduced risk of childhood asthma, atopic der­
matitis and rhinitis88. Exclusively breastfed infants have 
greater microbial diversity of their intestinal microbiota, 
which influences immune system maturation and may 
protect from allergies, although the results are mixed89. 
In a recent large multicentre study, breastfeeding was the 
most significant factor associated with early-life micro­
biota composition and diversity90,91. Breastfeeding shapes 
the early-life gut microbiota directly by transfer of the 
human milk microbiota (which includes lactobacilli 
and bifidobacteria) and indirectly by exposure to fac­
tors such as human milk oligosaccharides (HMOs), secre­
tory IgA, glycomacropeptides, tryptophan metabolites, 
lipids, components of the innate immune system (such 
as soluble TLR2, soluble TLR4 and their co-receptors) 
and antimicrobial proteins and peptides, which collec­
tively influence and direct microbial growth and metab­
olism. The microbiome of newborns and young infants 
is enriched in microbial genes that are necessary for the 
degradation of HMOs92.

HMOs are complex short-chain sugars, and more 
than 200 different oligosaccharides have been identified 
to date93, the composition and diversity of which dif­
fer among mothers. This interindividual heterogeneity 
has been attributed to the differential effect of breast 
milk from various mothers in terms of maturation of 
the intestinal mucosal immune system94. HMOs also 
affect epithelial barrier functions by acting as soluble 
decoy receptors that block the attachment of bacteria 
and other microorganisms to epithelial cell surface 
sugars. It has been proposed that this helps to prevent 
infectious diseases in the gut and also in the respiratory 
and urinary tracts94. Low concentrations of the HMO 
lacto-N-fucopentose III are associated with increased 
likelihood of infants developing cow’s milk allergy95.

Breastfeeding is also responsible for the transmission 
of eukaryotic viruses (such as members of the families 
Herpesviridae, Poxviridae, Mimiviridae and Iridoviridae) 
as well as bacteriophages (such as members of the fami­
lies Myoviridae, Siphoviridae and Podoviridae) between 
mother and child. Bacteriophages represent the major­
ity (95%) of the viruses in human milk96. Eukaryotic 
viruses in human milk may have a direct effect on the 
infant’s health, whereas bacteriophages contribute to 
shaping the infant gut microbiota. Furthermore, regur­
gitation by infants following breastfeeding may also 
seed the upper respiratory tract with microorganisms. 
Nevertheless, available virome data are mostly cross 
sectional including small numbers of individuals and 
without considering mother–child pairings.

Rekima et al.97 demonstrated that mice nursed by 
mothers exposed to house dust mite Der p allergen 
(versus exposure to phosphate-buffered saline) show 
increased permeability, IL-33 levels, activation of 
group 2 innate lymphoid cells (ILC2s) and differentiation 
of T helper 2 (TH2) cells in the gut mucosa. This resulted 

in inhibition of the induction of antigen-specific Treg cells 
and the prevention of food allergy by ovalbumin expo­
sure through breast milk. This work highlighted the 
importance of the presence of a respiratory allergen 
in breast milk as a risk factor for food allergy due to 
interference with oral induction. Validation in a human 
setting would have implications for manipulation of the 
levels of Der p (and/or its protease activity) as a means 
of food allergy protection.

Viral infection. Viral infections have also been closely 
linked to the development of asthma. Lower respiratory 
tract infections, particularly with RSV or rhinovirus, in 
early life may induce the development of wheezing and 
asthma later in life35,98. Allergen sensitization seems to 
precede rhinovirus-induced wheezing99. Recent stud­
ies suggest that the host response to febrile infections 
and associated activation of the inflammasome may 
be critical for asthma promotion100. Indeed, certain 
asthma endotypes are associated with neutrophilic air­
way inflammation based on the axis of inflammasome 
activation, IL-1β and IL-18 production, T helper 17 
(TH17) cell activation, and IL-8 and IL-6 overproduc­
tion. Eighty per cent of the cells that infiltrate the air­
ways of children with RSV-associated bronchiolitis are 
neutrophils. During early lung development, neutrophils 
may induce injury to the airways with long-term con­
sequences for pulmonary architecture and may predis­
pose to the development of asthma. Indeed, an excessive 
neutrophil response leads to mast cell recruitment via 
IL-9. Lung-resident mast cells, in turn, induce airway 
hyper-reactivity, thus predisposing to asthma. In addi­
tion, excessive neutrophils may lead to lung injury via 
the release of proteases, reactive oxygen species and 
neutrophil extracellular traps, ultimately causing chronic 
pulmonary impairment101, a process that can be trig­
gered by experimental rhinovirus infection. This con­
cept opens up new clinical implications that require 
further study.

Allergens and viral respiratory tract infections may 
interact in several ways, including via defective epithe­
lial barrier function. Viral respiratory tract infections 
are associated with disrupted tight junctions, impaired 
innate immunity and suppressed antioxidant properties, 
which may lead to exaggerated sensitivity to infections 
and allergens102. Furthermore, early RSV exposure in 
mice suppressed Treg cell development and enhanced 
susceptibility to allergy103. Particular attention has been 
paid to the fact that cells or tissues from individuals 
with asthma respond suboptimally to viral infections 
in terms of interferon production. Deficient interferon 
responses in asthma have been attributed to either sin­
gle or multiple gene defects, microRNAs or epigenetic 
determinants104,105. Furthermore, TH2 cell responses, 
such as IgE crosslinking and type 2 cytokine produc­
tion, suppress the production of interferons by bronchial 
epithelial cells, and in turn plasmacytoid dendritic cell 
(pDC)-derived type I and type III interferons suppress 
type 2 pathways in TH2 cells and ILC2s104 (Fig. 3). If this 
holds true, current anti-TH2 biologics (antibodies to IgE, 
IL-5 and IL-13, IL-5 receptor antagonist, IL-4 receptor 
antagonist and small molecules such as chemoattractant 
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receptor-homologous molecule expressed on TH2 cells 
(CRTH2) and DNAzymes) would not only attenuate 
TH2-type inflammation but would also restore antiviral 
responses. Indeed, omalizumab (anti-IgE) treatment 
of inner city children with asthma resulted in aug­
mentation of pDC-derived type I interferon responses 
and attenuation of pDC FcεRIα expression following  
ex vivo stimulation with rhinovirus or influenza virus in 
the presence of IgE crosslinking106. These findings were 
associated with a lower asthma exacerbation rate during 
the outcome period.

Allergic mechanisms
Linked to altered microbiota. There is now accumulat­
ing evidence that dysbiosis precedes the development 
of allergic manifestations. Studies of birth cohorts 
revealed the absence of certain bacterial genera from 
the infants’ gut microbiota between 1 and 3 months 
of age, and this was associated with increased risk of 
atopy, recurrent wheeze or asthma development later 
in life24,107. Such alterations were associated with reduc­
tion of the levels of or absence of anti-inflammatory 
polyunsaturated fatty acids107. Furthermore, steri­
lized faecal water from high-risk neonates promoted 
the expansion of IL-4-producing CD4+ T cells at the 
expense of FOXP3+ Treg cells ex vivo108. On the basis 
of recent findings, dysbiosis may start even earlier, as 

meconium of at-risk babies exhibits delayed gut micro­
bial diversification and an altered microbiota-derived 
metabolome, characterized mainly by depletion of 
anti-inflammatory faecal lipids109. This dysbiosis is 
strongly associated with parental disease, indicating 
that maternal health status during pregnancy may 
influence vertical transmission of microorganisms 
affecting microbiota development early in life. This is 
not restricted to asthma alone, as changes in the com­
position of the intestinal microbiota can also increase 
susceptibility or resistance to food allergy through a 
microbially responsive RORγt+FOXP3+ Treg cell subset, 
which is known to be crucial for the maintenance of 
tolerance to food110.

Experimental evidence for a link between allergy 
development and the microbiota comes from mouse 
models and particularly from experiments with 
germ-free mice. Germ-free mice are reprogrammed 
with regard to their adaptive immune response profile. 
In particular, they show a default bias towards TH2 cell 
development13,111. Germ-free mice can be reconstituted 
with defined microbial strains; and it has been shown 
that Clostridia species and other species, which have 
been associated with allergy-protective effects, trig­
ger the development of allergy protection through 
the induction of Treg cells, IgA production and other 
immunological effects84,112,113.
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Recently, it was shown that germ-free mice colo­
nized with commensals from healthy infants, but not 
those colonized with commensals from infants aller­
gic to cow’s milk, were protected against anaphylactic 
responses to cow’s milk allergens. Further delineation 
identified the Clostridia member Anaerostipes caccae 
as protecting against allergic responses to food in this 
model114. In another model of food allergy, it was shown 
that colonization with a Clostridiales consortium, or 
with a Bacteroidales consortium consisting of seven 
species, suppressed food allergy in the mouse model115. 
Further functional experiments identified activation of 
the MyD88–RORγt pathway by commensals leading  
to the development of Treg cells115. These important exper­
iments close the gap towards understanding the func­
tional relevance of dysbiosis observed in patients with 
food allergy. However, more experiments are needed 
to firmly establish the cause-and-effect relationship 
between the microbiota and other clinical phenotypes  
of allergy and asthma.

The diet, microbiota and subsequent metabolic and 
immunological functions are intimately connected. One 
important example is the role of microbially derived 
SCFAs in immune function116. It was recently shown that 
children raised in an ‘asthma-protective’ environment, 
known as the PASTURE cohort, had a diet early in life 
that resulted in high butyrate levels in the faeces. These 
children were followed up for 6 years and were shown 
to have significantly reduced atopic sensitization, asthma 
and food allergy compared with controls117. Butyrate’s 
protective role has been observed in children with 
allergies118, and an enrichment of butyrate-producing 
taxa (Clostridia and Firmicutes) has been reported in 
children with faster resolution of cow’s milk allergy119. 
SCFAs have been shown to decrease IL-12 and IL-6 
secretion by DCs and promote the development of 
Treg cells. Butyrate may also influence ILC2 proliferation 
and function via inhibition of histone deacetylases, and 
this pathway has been suggested as a potential therapeu­
tic target for asthma120. Indeed, in vivo reconstitution 
of germ-free mice with specific butyrate-producing 
Clostridia species attenuated ILC2-dependent air­
way hyper-responsiveness121. Important molecular 
mechanisms include an effect on the epigenetic cell 
programme at the level of both DNA methylation and 
histone acetylation. These effects are mediated through  
G protein-coupled receptor 43, which has been identified 
as an important SCFA receptor12,122,123.

Linked to environmental microorganisms. With regard 
to allergy and asthma protection, there are several 
unique living conditions that have been used to investi­
gate the cause-and-effect relationship between microbial 
biodiversity and immune programming at cellular and 
molecular levels. These living conditions include tradi­
tional agriculture and farming methods (for example, 
in the central European alpine region), anthroposophic 
lifestyle (associated with consumption of unprocessed 
foods, low antibiotic use and high outdoor activity lev­
els), the presence of pets, particularly dogs and cats, in 
the living environment, birth order and the early use of 
day care facilities.

An inverse relationship between microbial exposure 
and the probability of asthma development has been ele­
gantly demonstrated in the central European traditional 
farming environment124. This study showed the impor­
tance of microbial diversity in promoting this beneficial 
effect, and further investigations have identified the bac­
terial species involved. With use of either conventional 
mouse models of experimental asthma and allergic sen­
sitization, or cell culture experiments, it was shown that 
allergy-protective bacteria promote the development of 
immune responses that counteract TH2-type immunity 
and inflammation through various means. Among them 
are Staphylococcus sciuri125, Acinetobacter lwoffii126 and 
Lactococcus lactis127,128. Some of these strains induce DC 
activation with or without the production of IL-12, oth­
ers have a broader anti-inflammatory activity with regard 
to the production of not only TH2-type inflammation but 
also TH1-type and TH17-type inflammation, and others 
are more selective in terms of preventing experimental 
asthma. To exert these allergy- and asthma-protective 
effects, recognition by and signalling through pattern 
recognition receptors are required129 (Fig. 4).

The Gram-negative bacterium A. lwoffii can serve 
as a model microorganism to study allergy and asthma 
protection and was the subject of a study conducted 
in Karelian populations in Finland and Russia130. The 
Karelian population is unique as it has a genetically 
homogeneous population living in two different coun­
tries. The Russian Karelian population lives in traditional 
rural conditions, whereas the Finnish Karelian popu­
lation lives in westernized rural conditions and shows 
increased susceptibility to allergic diseases and less  
abundance and diversity of Acinetobacter genus. This 
bacterium may also be associated with the skin micro­
biota, environmental exposome and development of 
atopy or atopic dermatitis130. Mimicking the repeated 
and continuous microbial exposure of the traditional 
farming environment through repeated intranasal 
administration of A. lwoffii to pregnant mice protected 
against the development of experimental asthma in the 
progeny, thus having an impact across generations126. 
Specifically, A. lwoffii administration induced lung 
and serum pro-inflammatory cytokines and lung TLR 
mRNA expression in the mother. Surprisingly, however,  
TLR expression in placental tissue was broadly sup­
pressed. Among the many pro-inflammatory cytokines, 
only IL-6 remained at an elevated level over long periods,  
although at a relatively low level. In contrast to other 
pro-inflammatory cytokines, there is no adaptation to the 
IL-6 responses even after more than ten consecutive appli­
cations of A. lwoffii. This contrasts with what is observed 
during lipopolysaccharide tolerance, which occurs after 
chronic and continuous lipopolysaccharide stimulation, 
resulting in reduced pro-inflammatory cytokine produc­
tion, particularly by innate immune cells. The molecular 
basis for these selected changes involves epigenetic mod­
ifications and chromatin remodelling resulting in altered 
gene transcription131. A. lwoffii has a highly specific effect 
on the epigenetic programme of CD4+ T cells (but not 
CD8+ T cells or natural killer T cells), modifying the Ifng 
promoter to increase the transcription and translation of 
interferon-γ132 (A. Alhamwe, unpublished observations).
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Many of these allergy-protective microorganisms 
are constituents of a biodiverse environment. The bio­
diversity hypothesis states that contact with the natural 
environment enriches the human microbiota, promotes 
immune balance and protects from pathological chronic 
inflammation, including allergy and autoimmunity133. 
We propose that this inflammatory resilience is due to 
the repeated nature of these activation signals derived 
from microbial encounter (Fig. 4). As indicated by many 
observational longitudinal and cross-sectional studies, 
a particularly vulnerable window of opportunity occurs 
early in life when immunological tolerance is develop­
ing. This window of opportunity overlaps with the win­
dow of microbiota development and extends from early 
in utero developmental periods to early childhood. As an 

important consequence, if an immune system that has 
developed an appropriate level of resilience encounters 
environmental allergens, food antigens or autoantigens, 
the system is preprogrammed to prevent the develop­
ment of pathological chronic inflammatory disease. 
Conversely, in the absence of such repeated microbial 
exposure originating from the biodiverse exposome, 
inflammatory resilience does not occur, and in this sit­
uation allergens or autoantigens trigger an unwanted 
immune response, leading to chronic inflammation, 
allergies, asthma and/or autoimmunity.

The immune response can show either a relatively 
rapid adaptation to environmental microorganisms or 
a lack of adaptation for others. This adaptation is char­
acterized by a low-grade inflammatory response orig­
inating at the local mucosal site of entry (for example, 
the airways) and spreading systemically, thus serving 
as an additional strategy to promote resilience against 
unwanted pathological inflammatory responses. This 
concept of inflammatory resilience goes hand in hand 
with building a tolerogenic immune system.

Another relevant example supporting the role of 
bacterial species in allergy is the ancient bacterium 
Helicobacter pylori, the presence of which in the gastro­
intestinal tract has been substantially reduced over the 
past few decades. Experimental data show that trans­
maternal exposure to H. pylori reduces allergic airway 
inflammation in F1 and F2 offspring. This protection 
against allergy required Treg cells and was associated with 
robust shifts in the gastrointestinal microbiota134. This is 
in contrast to older data showing that H. pylori increases 
epithelial permeability to food antigens in human gastric 
biopsy samples135.

Linked to the virome. Through long-term infections, 
viruses may contribute to the host phenotype, and the 
presence of some viruses may be beneficial through 
immunomodulation. Virus-mediated immunomod­
ulation impacts antiviral defence and susceptibility to 
various disorders, including allergies and secondary 
infections, which may in turn impact allergy development 
(see the section entitled Viral infection). On the one hand, 
the presence of a virus may enhance the magnitude of an 
immune response or decrease the threshold for immune 
activation. On the other hand, a virus may suppress an 
immune response or diminish its magnitude, or may alter 
the nature of a response to a subsequent antigenic expo­
sure, favouring a more potent TH1-type136 or TH2-type137 
response and/or with sustained type I interferon levels138. 
In this context, impaired type I interferon responses 
to rhinoviruses have been associated with asthma 
exacerbation139, whereas intranasal infection of mice 
with gammaherpesvirus protected them from allergic 
asthma by alteration of alveolar macrophage subsets140, 
favouring the infiltration of lungs with regulatory mono­
cytes. These monocyte-derived macrophages inhibited 
the DC-mediated TH2-type response to house dust mite 
antigen and therefore allergic asthma. Furthermore, viral 
immunomodulation is spatially and temporally dynamic 
and impacts T cell and B cell receptor repertoires.

The anelloviruses are representative members of the 
virome and have been linked to eosinophilic activation 
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Fig. 4 | The concept of inflammatory resilience. 
Biodiversity is closely linked to microbial diversity and 
exposure to environmental microorganisms. It is now well 
demonstrated that repeated, continuous exposure to 
allergy-protective microorganisms, particularly during  
the critical time window of prenatal and postnatal periods, 
results in a form of innate and adaptive immune memory  
or immune training. This immune training enables the 
individual to resist danger signals from the environment, 
and microbial communities mount an appropriate 
tolerogenic immune response. This is the hypothesis of 
inflammatory resilience. Conversely, a lack of biodiversity 
results in weak innate and adaptive immune training and, 
following exposure to danger signals, inappropriate 
overzealous (chronic) inflammatory responses and/or 
diseases develop.
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among individuals with asthma. Anelloviruses repre­
sent about 70% of the total viruses described in blood 
and in most tissues and organs141. The anellovirus 
torque teno virus (TTV) may modulate host defence in  
several ways: first, TTV stimulates immune defences 
through CpG-mediated TLR9 activation and induc­
tion of pro-inflammatory mediators (such as exhaled 
nitric oxide and secreted eosinophil cationic pro­
tein); second, TTV inhibits host immune responses 
by interference with interferon signalling and T cell 
depletion35. High TTV loads correlate with a decrease 
in circulating CD4+ T cells, an increase in B cells and 
increased activity of eosinophils142. Furthermore,  
a positive association between nasal TTV loads and 
high levels of eosinophilic cationic protein among chil­
dren with asthma with moderately to severely compro­
mised spirometric indices has been reported142. This 
suggests that TTV (alone or synergistically with other 
viruses) plays a role in lung impairment, perhaps medi­
ated through induction of inflammation systemically 
or locally143. Enhanced inflammation may, in turn, 
be caused by immune complex formation on TTV 
replication in blood or following allergen exposure in 
sensitized individuals144.

Linked to altered mycobiome. Immune responses 
to fungi involve innate immune pathways as well as 
cellular immunity, which regulates tolerance and 
immunosurveillance145. Overzealous immune responses 
may lead to fungal allergy, possibly due to perturbations 
of immunoregulatory mechanisms. Changes in the gut 
mycobiome have been associated with allergic airway 
disease85,146,147. For example, the presence of Candida 
albicans in the gut affects TH17-type pathways, which in  
turn may influence Aspergillus-associated pathology  
in chronic airway disease147.

In the skin, higher loads of Malassezia species or 
an impaired immune response against them have been 
related to atopic dermatitis44. Malassezia sympodia­
lis, Malassezia slooffiae and Malassezia dermatis have 
been consistently associated with atopic dermatitis 
and its exacerbations, although non-Malassezia fungi 
have also been described in this context. Patients with 
this disorder produce IgE to Malassezia species and 
Malassezia-derived vesicles have been associated with 
a well-defined consistent set of RNA sequences, which 
were not influenced by elevated pH levels, a hallmark 
of individuals with atopic dermatitis148. Moreover, 
Malassezia may induce cutaneous TH17 cell-induced 
inflammation with enhanced Malassezia-specific 
CCR6+ memory TH17 cells among patients with atopic 
dermatitis149.

There are also differences between the healthy lung 
mycobiome and that observed in chronic inflamma­
tory respiratory diseases such as asthma and chronic 
obstructive pulmonary disease150. In these disorders, 
lungs exhibit lower fungal diversity and poor lung 
function potentially owing to fungal overgrowth or 
loss of diversity151. In asthma particularly, higher loads 
of certain fungi (for example, Psathyrella, Malassezia, 
Termitomyces and Grifola) have been described152,153. 
Children with severe asthma have a higher abundance 

of Rhodosporidium, Pneumocystis, Leucosporidium 
and Rhodotorula than children without asthma154. 
Bronchiectasis is associated with an unfavourable aller­
gic sensitization and immune response to Aspergillus155. 
In both asthma and cystic fibrosis, an allergic response to 
Aspergillus may be induced such as in the case of allergic 
bronchopulmonary aspergillosis156.

Microbial manipulation for allergy prevention
A detailed understanding of early-life events that impact 
allergy risk is particularly important for establishing 
primary prevention strategies (that is, blocking aller­
gen sensitization) and secondary prevention strategies 
(that is, blocking of development of clinical symptoms 
following sensitization)157.

As described, there is substantial clinical and experi­
mental evidence that the microbiota plays a pivotal role 
in training early-life immune responses towards toler­
ance. However, it remains unclear whether the micro­
biota can be changed permanently following bacterial 
therapy. Currently, a few small phase I clinical trials  
for the treatment of peanut allergy are under way to 
explore the possibility of fetal microbial transfer, as 
recently summarized by others110. Results from these and 
other studies will provide further insight into whether 
manipulation of the microbiota will be a realistic option 
for the prevention and/or treatment of (food) allergies.

Enrichment of the environment for key bacteria, 
parenting practices, including cleaning the pacifier in 
the mother’s mouth158, and consumption of fermented 
foods159, as well as washing dishes by hand instead of 
using a dishwasher160, have been discussed as alternative 
approaches to prevent allergy. However, positive effects 
need to be confirmed through additional randomized 
controlled studies in infants and children. Furthermore, 
community-level interventions aimed at increasing 
green space, enhancing opportunities for young moth­
ers and children to work in soil that is rich in microor­
ganisms and bringing young people from urban to rural 
areas to experience farming are being explored as allergy 
prevention measures161. However, one must be cautious 
in translating findings from adult studies to infants.

Use of probiotics. Probiotics may provide directly or 
indirectly (for example, via correction of the intestinal 
microbiota) signals that allow normal immune matura­
tion with the development of clinical and immunologi­
cal tolerance. Although this is an attractive concept, the 
clinical evidence to support this is limited. With regard 
to food allergy, no positive outcome from the use of pro­
biotics was found, even in high-risk families162–165 or in 
unselected or mixed-risk populations166–169. Similarly, 
negative results have been obtained for asthma.  
By contrast, randomized trials investigating the effects 
of probiotic administration to pregnant women, breast­
feeding mothers or infants provide evidence that pro­
biotics could reduce the risk of atopic dermatitis in 
infants170. These results are also reflected in international 
guidelines171–173. The reasons for the mixed results may 
be the following: first, different microorganisms were 
used in different studies; second, it appears that different 
microbial strains may have different effects; and third, 
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timing and dosing also play an important role together 
with the administration schedule.

Numerous in vitro and animal in vivo studies have 
shown immunomodulatory effects of some probi­
otic strains. Among the most widely used probiotic 
strains are Lactobacillaceae and Bifidobacteriaceae 
strains. For Lacticaseibacillus rhamnosus GG (LGG), 
Lacticaseibacillus casei, Limosilactobacillus reuteri, 
Lacticaseibacillus paracasei, Lactiplantibacillus plan­
tarum and Lactobacillus acidophilus, various degrees of 
increased numbers and/or functions of FOXP3+ Treg cells 
with the production of IL-10 with or without TGFβ pro­
duction have been observed. Some strains promote DC 
maturation and priming of monocyte-derived DCs174–180. 
In mouse models of experimental asthma, LGG admin­
istration suppressed airway hyper-responsiveness and 
decreased TH2-type cytokine production181. In chil­
dren with asthma, LGG administration was reported 
to reduce the concentration of exhaled nitric oxide, but 
these results could not be replicated by others164,182.

For Bifidobacterium animalis  subsp. lactis , 
Bifidobacterium bifidum, Bifidobacterium infantis, 
Bifidobacterium longum, Bifidobacterium breve and 
other Bifidobacterium species, similar results have 
been obtained. Induction of FOXP3+ Treg cells, induc­
tion of IL-10 production by macrophages and DCs, 
and suppressive effects on TNF levels and IL-6 produc­
tion have been reported183–185. Further mechanisms of 
probiotic-mediated immunomodulation include stabi­
lization of gut mucosal tight junctions, increased mucus 
secretion, enhanced gut motility and the production of 
amino acid by-products, including arginine and glu­
tamine, and SCFAs that could also be responsible for 
some of the protolerogenic effects186–188.

Use of prebiotics. Prebiotics are defined as sugars that 
are non-digestible for the host but serve as nutrients for 
selected microorganisms, which in turn have a health 
beneficial effect for the host. Examples include short- 
chain galacto-oligosaccharides, long-chain fructo- 
oligosaccharides and pectin. In this regard, HMOs may 
also serve as prebiotics for the infant’s microbiota. In 
animal models189 and also in human studies190, positive 
effects of prebiotics on mucosal immune functions and 
the development of atopic dermatitis in high-risk infants 
have been shown, respectively166,168,189–191. However, 
larger studies are needed to show whether supplemen­
tation of infant formula with HMOs has a beneficial 
effect on allergy and asthma prevention. Today only 
a limited number of HMOs (2′-fucosyllactose and 
lacto-N-tetraose) have been synthesized on a large 
scale so that they can be used as supplements in infant 
formulas.

Prevention of respiratory infections. A substantial body 
of evidence indicating that viruses play a central role 
in the induction of asthma de novo renders the pre­
vention of respiratory infections an attractive poten­
tial measure for protection from allergy and asthma. 
Prevention of RSV-induced bronchiolitis with the 
anti-RSV monoclonal antibody palivizumab decreases 
the risk of RSV-associated illness, recurrent wheezing 

and potentially non-atopic asthma98. Current and can­
didate antivirals and vaccines for rhinovirus and RSV 
in clinical trials have been reviewed elsewhere192. Oral 
administration of immunomodulatory agents may affect 
migratory T and B cell populations, which mature in the 
gut-associated lymphoid tissues and develop homing 
receptors that preferentially move to mucosal (includ­
ing respiratory) sites. Such cell subsets may act by 
controlling bystander inflammation as a result of local 
lung antiviral responses. Other mechanisms of protec­
tion could also be involved, such as priming of endog­
enous inflammasome functions in the lung, resulting 
in boosting of local adaptive antiviral immunity193. 
Immunomodulation could be offered by live probiotics 
or bacterial extracts194 or inhibition of pathogenic bac­
teria that synergize with viruses and add to illness sever­
ity via, for example, antibacterial vaccines or targeted 
antimicrobial therapy. In the latter case, benefits must 
be balanced with potential detrimental effects on com­
mensal bacteria and selection of antimicrobial-resistant 
organisms.

Early food introduction. Older UK and US recom­
mendations suggested avoidance of peanuts and tree 
nuts during pregnancy for prevention of nut allergy in 
offspring195,196. However, no benefits were identified and 
thus the recommendations were reversed197,198. Indeed, 
data from the Danish National Birth Cohort showed 
that maternal consumption of peanuts and tree nuts 
was inversely associated with asthma in children at  
18 months of age198. The Learning Early About Peanut 
Allergy (LEAP) study revolutionized current dogma by 
showing a low incidence of peanut allergy (81% relative 
reduction at the age of 5 years) in high-risk infants who 
were fed peanuts before 1 year of age (4–11 months) on 
a regular basis199. Considering that peanut allergy cur­
rently affects 1–3% of children in westernized countries, 
the findings of this first randomized controlled trial to 
study the introduction or avoidance of dietary protein 
are highly relevant. However, it is difficult to generalize 
the results from a trial involving high-risk infants, which 
screened patients for the presence of peanut allergy, 
before universal peanut introduction to the general 
population. A wide-scale screening programme is logis­
tically demanding, while the dose and timing of intro­
duction also remain open issues. Peanut introduction in 
restricted time windows along with mechanistic studies 
looking into immunomodulation as a function of the age 
at introduction is warranted. Results from the follow-up 
LEAP-On study demonstrate that among children with 
early peanut introduction, a 12-month period of peanut 
avoidance was associated not with a transient desensi­
tization but rather with sustained unresponsiveness to 
peanuts200. A significant decline in peanut-specific IgE 
levels was observed in the initial peanut-consuming 
groups when they were assessed at the age of 6 years 
following 1 year of avoidance (LEAP-On). These find­
ings provided important insights for allergy prevention 
and relevant future studies. They demonstrated that 
food-specific IgE production starts early in infancy and 
may take a long time to switch off, potentially due to 
the presence of long-lived IgE-producing memory B and 
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plasma cells. They showed that mean peanut-specific 
IgE values were similar between exposure and avoid­
ance groups, but extreme value analysis showed that 
high levels of peanut-specific IgE were increasingly 
observed over time in the group that eventually had 
allergy. However, this is a minority of study participants 
compared with those who remained tolerant, and thus 
their data would be diluted201.

Five trials have examined the impact of early intro­
duction of egg on the development of egg allergy. Four 
trials selected high-risk infants with a family history of 
allergy and/or a personal history of atopic dermatitis202, 
and one study was population based but excluded infants 
who were sensitized to egg203. All five trials showed a 
trend for protection but only one reached statistical 
significance in the intention-to-treat analyses204 and 
one in per-protocol analysis205. On the other hand, the 
Enquiring About Tolerance (EAT) study did not show 
any efficacy of early introduction of allergenic foods 
in an intention-to-treat analysis but demonstrated that 
it is a safe approach that does not affect breastfeeding 
rates206. However, consumption of 2 g of peanut or egg 
white protein per week was associated with a signifi­
cantly lower prevalence of the associated allergies than 
less consumption206. Multiple allergen oral tolerance 
induction is a significant unmet need, which requires 
further study.

Along the same lines, increased diversity of food 
introduced in the first year of life seems to have a pro­
tective effect with regard to allergic diseases via the 
induction of immunological tolerance207. Dietary diver­
sity may reduce allergic disease by enhancing microbiota 
diversity208, which in turn improves intestinal wall integ­
rity and regulation of the immune system, although this 
remains to be confirmed. Similarly, food production and 

cooking methods as well as previously described ‘healthy 
diets’ (for example, a Mediterranean-style diet) are also 
discussed in the scientific community but evidence 
regarding any allergy-protective effect is so far limited 
and often controversial207.

Use of hydrolysed formulas. Hydrolysed cow’s milk for­
mulas have been developed in which protein modifi­
cation is performed through a variety of physical and 
chemical processes, including ultraheating and enzy­
matic cleavage with trypsin and chemotrypsin. The 
degree of protein modification differs among formulas 
and is referred to as partial or extensive hydrolysation. 
Such formulas are derived from either whey or casein 
proteins. Universal agreement about the definition of 
such extensively or partially hydrolysed formulas has 
not been reached so far209–212. The concept behind this 
approach is the balance between allergenicity and anti­
genicity. Partially and extensively hydrolysed food for­
mula contains a marked reduction of allergenic epitopes. 
However, the antigenicity and, therefore, the capacity to 
mount immunological tolerance is still retained under 
these conditions213. This concept is supported by animal 
model systems, but clinical trials have shown contra­
dictory results. A meta-analysis214, together with other 
studies215, suggests that the clinical observations and 
effects are hydrolysate specific. For prevention of food 
allergy, two systematic reviews and several randomized 
trials found beneficial effects for extensively hydrolysed 
whey or casein formula171,216. However, there were also 
mixed findings regarding the development of allergic 
diseases, and recent findings do not support the use 
of hydrolysed formula to prevent allergic diseases in 
high-risk infants214,215. Partial hydrolysates with proven 
efficacy are recommended in some guidelines for the 
prevention of cow’s milk allergy and allergic diseases 
in at-risk infants and may therefore be considered as a 
protein source in starter infant formulas.

Conclusions
On the basis of our current understanding of healthy 
immune development and risk factors for allergy, there 
seems to be a vulnerable period in life during which 
allergy prevention could be most effective. This window 
of opportunity can be defined as the prenatal and early 
postnatal environment. In line with recent evidence, 
we suggest that modulation of a single risk factor alone 
would not be sufficient to substantially improve the 
course of health status of a young child217. Mathematical 
modelling of the contribution of risk factors for asthma 
development indicates that a considerable proportion of 
(childhood) asthma is attributable to a set of modifiable 
environmental risk factors76,218. This in turn leads to an 
extended list of preventive measures, which could be 
implemented on the population level worldwide. The 
grand challenge is now to develop public health strat­
egies to implement allergy prevention programmes, 
such as the one adopted by Finland219,220 (Box 1). This 
requires concerted actions involving all stakeholders on 
the national and supranational levels.
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Box 1 | Aims and outcomes of the Finnish Allergy Programme

the Finnish allergy Programme (2008–2018) involved several institutions and funding 
bodies, including the european research Council, the european Commission’s 
seventh Framework Programme, the Ministry of social welfare and Health, the 
academy of Finland and Helsinki university Hospital221,222. it aimed to reduce allergy 
burden primarily by promoting the development of tolerance via healthy lifestyle 
attitudes. Primary preventive measures (blockade of initial immunological 
sensitization), secondary preventive measures (blockade of the development of 
clinical manifestations of allergic disease) and tertiary preventive measures 
(attenuation of symptoms and the avoidance of exacerbations and new allergic 
disorders), along with support and improvement of diagnostics, were implemented  
to attenuate allergy-associated morbidity and costs. all proposed measures were 
communicated to thousands of health-care professionals across the country through 
multidisciplinary educational meetings, websites and guidelines for child welfare 
clinics. these practical guidelines discuss the role of diet, probiotics, airborne 
allergens and smoking in the prevention of allergy. Furthermore, diagnostic and 
treatment modalities for common allergic disorders such as atopic dermatitis, food 
allergy and asthma were presented. specific considerations regarding day care and 
counselling of children with clinical allergies were also briefly discussed. the mid-term 
results of the Finnish campaign demonstrated a decline in the burden, including 
disability and costs of allergies and asthma. allergy diets in day care settings were 
reduced by 40% aimed at improving tolerance, whereas 30 hospitals and other centres 
were educated, audited and certified to improve allergy diagnostics. importantly, 
occupational allergies, emergency visits and asthma-associated hospital days were 
reduced by 40%, 46% and 67%, respectively. Finally, there are already indications  
for a decrease in the prevalence of major allergic disorders, although it is too early  
to confirm this effect.
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