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Abstract
The hygiene hypothesis has been popularized as an explanation for the rapid increase in allergic disease observed over the past 
50 years. Subsequent epidemiological studies have described the protective effects that in utero and early life exposures to an 
environment high in microbial diversity have in conferring protective benefits against the development of allergic diseases. 
The rapid advancement in next generation sequencing technology has allowed for analysis of the diverse nature of microbial 
communities present in the barrier organs and a determination of their role in the induction of allergic disease. Here, we 
discuss the recent literature describing how colonization of barrier organs during early life by the microbiota influences the 
development of the adaptive immune system. In parallel, mechanistic studies have delivered insight into the pathogenesis of 
disease, by demonstrating the comparative effects of protective T regulatory (Treg) cells, with inflammatory T helper 2 (Th2) 
cells in the development of immune tolerance or induction of an allergic response. More recently, a significant advancement 
in our understanding into how interactions between the adaptive immune system and microbially derived factors play a cen‑
tral role in the development of allergic disease has emerged. Providing a deeper understanding of the symbiotic relationship 
between our microbiome and immune system, which explains key observations made by the hygiene hypothesis. By studying 
how perturbations that drive dysbiosis of the microbiome can cause allergic disease, we stand to benefit by delineating the 
protective versus pathogenic aspects of human interactions with our microbial companions, allowing us to better harness 
the use of microbial agents in the design of novel prophylactic and therapeutic strategies.
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Introduction

Atopic diseases such as asthma, hay fever, atopic dermati‑
tis, and food allergies represent the most common forms of 
allergy and are typically defined by the presence of specific 
immunoglobulin E (sIgE) in serum or a positive skin prick test 
for common environmental allergens. Constituting the most 
prevalent chronic condition of childhood, significant propor‑
tions of children develop atopic symptoms in their first year 
of life. One recent multinational study indicated that 14–28% 
of infants suffer from atopic dermatitis [1] and rates of recur‑
rent, severe wheezing often used as an early diagnostic marker 

of heightened risk for the development of asthma have been 
reported at 16% [2], with some western countries reporting 
rates of food allergy in excess of 10% at 12 months of age [3]. 
Increases in the prevalence of these conditions have largely 
been observed in industrialized countries and have been 
linked to the modern western diet and lifestyle. Although, 
there is now also growing evidence of increasing rates of dis‑
ease in rapidly developing countries, showing a correlation 
with rising economic growth and changes in diet and lifestyle 
[4]. Numerous studies indicate that these types of allergic 
responses often occur in a progressive manner termed the 
“atopic march,” initially presenting early in infants as a skin 
allergy or eczema that is linked to an underlying food allergy 
[5]. Subsequently, many children go on to become sensitized 
to indoor allergens, such as dust or pet dander and to develop 
allergic rhinitis and then asthma later in childhood or in their 
early teenage years [5]. Sensitization to outdoor aeroallergens 
such as grass and tree pollens typically occurs during the later 
phases of the atopic march, at a time where sensitization to 
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food allergens may be seen to decrease [6]. The presence of 
atopy early in life has been shown to significantly increase the 
risk for development of additional sensitizations, resulting in 
a progressive form of atopic disease that advances in an addi‑
tive fashion [7]. Children initially presenting with atopic der‑
matitis, the most commonly diagnosed form of atopy within 
the first 6 months following birth show increased risk for the 
development of asthma and allergic rhinitis, with the inci‑
dence of subsequent disease being associated to the severity 
of the initially diagnosed atopic dermatitis [5]. These findings 
imply that certain individuals are predisposed to the develop‑
ment of atopic disease, and early age of onset may be indica‑
tive of a susceptible phenotype predictive of increased risk for 
multiple sensitizations [7]. Many risk factors are associated 
with the onset of atopic disease, including parental history of 
atopy [8], breast milk vs. formula feeding [9–12], diet [13], air 
pollution [14], use of antibiotics [15–17], and mode of deliv‑
ery [18–20], having been well characterized through epide‑
miological studies. Whereas data describing the mechanisms 
linking these environmental factors with the aberrant activa‑
tion of the adaptive immune system that is responsible for the 
onset of disease have lagged behind.

The adaptive immune system plays a pivotal role in the 
development of defense against potential infectious path‑
ogens [21] and as the primary function of the adaptive 

immune system is to protect against invading pathogens, 
immune responses generally have an inflammatory effect 
with potential immunopathological consequences that need 
to be tightly controlled. To identify potential pathogens, the 
adaptive immune system requires the ability to distinguish 
between self and non-self-antigens, whilst simultaneously 
discerning harmless environmental antigens which can be 
safely ignored [22]. Occasionally, a failure in the system of 
checks and balances that is required to maintain immune 
tolerance occurs, resulting in either autoimmune disease 
elicited against self-antigens or development of allergic 
disease against otherwise harmless environmental antigens 
[23], with studies demonstrating the influence of genetic, 
developmental, and environmental factors, all contributing 
to the breakdown of immune tolerance that causes disease 
[24–27]. Although, significant variations occur, the major‑
ity of allergic responses are manifested in early childhood 
when the immune system is still developing [28–30]. Here, 
the role of T cells in the initiation of an allergic response has 
been widely studied, with helper T cells, particularly cells of 
the Th2 lineage being characterized as the major mediator 
involved in eliciting allergic responses. Subsequently, it has 
been determined that a balance between inflammatory Th2 
and suppressive Treg cells exists that controls the threshold 
for allergen sensitization [31] (Fig. 1).

Fig. 1   Influences of environ‑
mental and microbial interac‑
tions on adaptive immune 
responses and allergic disease. 
A wide array of factors includ‑
ing, genetic, environmental, and 
dietary inputs can all potentially 
modulate the gut immune-
microbiome axis and influence 
the occurrence of allergy. The 
microbiome in turn modulates 
the cohort of regulatory cells 
induced during development 
and allows for the establishment 
of a tolerogenic environment, 
which mediates the suppression 
of T cells that arise from inflam‑
matory lineages. However, a 
dysbiosis of the microbiome 
leads to impairment of this 
tolerogenic environment lead‑
ing to development of allergic 
diseases along with greater 
expansion in cells of the Th2 
inflammatory lineage
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The recent development of “omic” sequencing tech‑
niques allowing for the rapid and affordable sequencing of 
the microbiota has led to studies that have revealed the rel‑
evance of the microbiome as a key environmental factor [32, 
33]. Allowing us to begin to elucidate how exposure to the 
natural microbial environment influences the development 
of the immune system, especially at sites integral for barrier 
immunity, with new data indicating that host-microbiome 
interactions during early development play a significant 
determining role in shaping the immune responses of the 
host [34, 35].

Microbial Exposures and the Development 
of Allergic Disease

Atopic Dermatitis

Atopic dermatitis, otherwise known as atopic eczema, is an 
inflammatory skin disorder which mostly develops in child‑
hood and is characterized by itchy eczematous lesions [36]. 
Atopic dermatitis affects nearly 15–20% of children and 
1–3% of adults worldwide [37, 38]. Multiple risk factors 
contribute to the development of atopic dermatitis, which 
has a close association with food allergy, particularly in early 
childhood. The earlier the onset of atopic dermatitis, the 
higher the risk of food allergy, particularly in relation to pea‑
nut, cow’s milk, and hen’s egg allergens [36]. Patients with 
atopic dermatitis exhibit an increase in the skin pH and lipid 
deficiency during disease flares, along with the degradation 
of the skin barrier function [39].

Recently, the skin microbiome has been identified as 
a critical factor in the development of atopic dermatitis 
(Table 1) [40–43]. Microbial diversity has been described 
to have an inverse correlation with atopic dermatitis score 
(SCORAD), with decreased microbial diversity at sites of 
disease progression [44]. Specifically, an increase in the rela‑
tive abundance, particularly of Firmicutes (Gemella spp., 
Staphylococcus aureus [44] and Staphylococcus epidermis 
and a decrease in the abundance of the phylum Actinobac-
teria (Dermacoccus spp.) [45] and Proteobacteria [34] and 
the genera Streptococcus, Corynebacterium, and Cutibacte-
rium has been associated with atopic dermatitis [34]. Byrd 
et al. showed that a greater predominance of Staphylococ-
cus aureus occur in patients with more severe disease and 
Staphylococcus epidermidis is predominant in patients with 
less severe disease [46]. Staphylococcus aureus strains iso‑
lated from patients with atopic dermatitis were enriched with 
the CC1 strains, whereas the healthy control population was 
enriched with the CC30 strains [47]. Additionally, topical 
colonization of mice using strains isolated from patients 
with atopic dermatitis or controls showed that Staphylococ-
cus aureus isolates from patients with more severe disease 

flares are capable of inducing epidermal thickening and 
expansion of cutaneous Th2 and Th17 cells, indicating that 
functional differences in these distinct staphylococcal strains 
can contribute to the complexity of atopic dermatitis [46].

In addition to the role of the skin microbiome, the com‑
position of the gut microbiome was similarly found to be 
altered in patients with atopic dermatitis who exhibited a 
low gut microbial diversity which was also associated with 
disease [48–54]. The composition of the gut microbiome in 
1-month-old infants from the KOALA birth cohort study 
showed that colonization with Clostridium difficile led to 
an increased risk of development of atopic dermatitis and 
other allergic diseases [33]. Furthermore, atopic dermatitis 
has been associated with an increased abundance of Fir-
micutes, specifically the Clostridium difficile, Coprobacil-
lus spp., Enterococcus spp., and Peptoniphilus spp. and a 
decreased abundance of Proteobacteria and Bacteriodetes in 
the intestine [54, 55], potentially due to a lack of exposure to 
the LPS contained in the cell walls of Proteobacteria, which 
exerts a protective action through boosting IL-12 produc‑
tion by monocytes and dendritic cells to induce responses 
[56], which may otherwise be impaired in pediatric atopic 
dermatitis patients [55]. Bacterial metabolites synthesized 
by the gut microbiome also play a pivotal role in provid‑
ing protection against the development of atopic dermatitis 
[57]. As the intestinal barrier function can be impaired in 
those patients [58], with impairment often being associ‑
ated with an enrichment of Fecalibacterium, in particular, 
Fecalibacterum prausnitzii, a non-short chain fatty acid 
(SFCA)-producing bacteria which is especially common in 
pediatric atopic dermatitis [59] and can lead to an increased 
inflammation of the gut epithelium in these patients [60]. 
Alternately, SCFA-producing bacteria can upregulate the 
expression of tight junction to improve the intestinal barrier 
function [55]. Moreover, SCFAs like butyrate can regulate 
the activation and proliferation of colonic Treg cells, which 
has been shown to be protective in mouse models of disease 
[57, 61].

Atopic Food Allergies

Food allergy is a condition that has shown a significant 
increase in prevalence over the last 20 years [62], now affect‑
ing nearly 8% of children and 5% of adults worldwide [63]. 
The eight most common food allergens in young children are 
cow’s milk (2.5%), egg (1.3%), peanut (0.8%), wheat and soy 
(nearly 0.4% each), tree nuts (0.2%), and fish and shellfish 
(0.1% each) [64]. Food allergies can be broadly classified 
as resulting from immune pathways that activate effector 
cells through food-allergen specific IgE or non-IgE-mediated 
mechanisms, [64, 65]. Oral tolerance is induced under home‑
ostatic conditions and leads to the suppression of immune 
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responses to food-derived foreign antigens encountered in 
the gastrointestinal tract [66]. The loss of oral tolerance 
initiates a cascade of immune responses against otherwise 
innocuous food antigens resulting in food allergy [67]. As at 
other sites of barrier immunity, Treg cells play a key role in 
maintenance of tolerance by regulating immune responses  
to allergens through several mechanisms, including the pro‑
duction of the inhibitory cytokines IL-10 and TGF-β [68],  
by inhibiting the proliferation of effector T cells, depriving 
the cells of IL-2 [69] and through the production of gran‑
zymes A and B that can cause cytolysis of effector T cells 
[68]. Several recent findings suggest that the SCFA, butyrate, 
contributes to the development of oral immune tolerance due 
to its strong anti-inflammatory effects [70, 71]. Emerging 
16S rRNA sequencing–based studies on food allergy and 
sensitization indicate that gut dysbiosis may precede the 
development of food allergy (Table 1) [72–76]. The Cana‑
dian Healthy Infant Longitudinal Development (CHILD) 
study indicated that a reduced gut microbial diversity at 
3–6 months was associated with an increased tendency for 
food sensitization at 12 months and showed an increased 
abundance of Enterobacteriaceae and a decreased abun‑
dance of Bacteroidaceae and Ruminococcaceae [77]. A US 
pediatric cohort study determined that a lower abundance of 
Citrobacter, Oscillospora, Lactococcus, and Dorea in stool 
samples collected at 3–6 months of age was associated with 
food allergy by age three and a relatively lower abundance 
of Haemophilus, Dailister, Dorea, and Clostridium in stool 
samples of the same age group exhibited food sensitization 
by age 3 to at least one of the eight major food allergens [78].  
Whereas clostridia exhibits a protective effect against sen‑
sitization to food allergens through regulation of the innate 
lymphoid cell function and intestinal cell permeability [55]. 
Although the gut microbiome changes with time, the most 
rapid changes occur early in life and are mainly influenced 
by whether the infants are vaginally delivered or via Cesar‑
ean section (C-section) and breast- or formula-fed [79]. In 
addition, antibodies, such as IgA at the mucosal surface of 
the intestine, can diffuse across the gut epithelium into the 
lumen to bind and prevent an inappropriate crossing of intes‑
tinal microbiota into the bloodstream [80]. With IgA levels 
being essential for the maintenance of intestinal homeostasis 
and the regulation of gut microbiota composition [81], espe‑
cially during the post-natal period where IgA is transferred 
to infants through maternal breast milk and plays a vital 
role in immune and microbial homeostasis. Intriguingly, a 
recent study by Abdel-Gadir et al. [82] reported a decrease 
in binding of fecal bacteria to IgA and an increased binding 
to IgE in infants with food allergy revealing a previously 
undescribed allergic response to commensals in the intestine 
of food allergic patients.
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Asthma and Allergic Rhinitis

Asthma is a common allergic inflammatory disease affect‑
ing more than 300 million people worldwide [83]. Broadly, 
asthma can be defined to be of either an atopic or non-atopic 
phenotype. In atopic asthma, the incidence of asthma symp‑
toms occurs later in childhood or in early teenage years and 
may be resultant of an underlying genetic predisposition 
to allergen-sensitivity leading to development of hyper-
responsiveness with symptoms mostly persisting into adult‑
hood [84]. Whereas, non-atopic asthma largely develops 
within the first 2 to 3 years of age and develops as a neu‑
trophil associated, recurring obstruction of the airways that 
typically resolves by around 13 years of age [84]. Several 
studies have reported the positive influence of microbial 
exposure on protection from the development of asthma, 
with children who are exposed to a highly diverse micro‑
bial environment often exhibiting lower rates of asthma and 
allergic rhinitis (Table 1) [24, 85–90]. For instance, in rural 
areas, children raised on farms are more likely to be exposed 
to livestock, as well as an increased likelihood of having 
consumed unpasteurized milk from farm animals during 
their early childhood [25, 91]. Such exposures to a microbial 
environment at a very young age are associated with a rela‑
tively lower risk of developing allergic diseases [92]. This is 
typically referred to as the “farm-effect” on allergic diseases 
and has been associated with both atopic and non-atopic 
phenotypes of asthma [92, 93]. Schuijs et al. reported that 
the ubiquitin-modifying enzyme A20 in the lung epithelium  
renders the protective effect in children living in farm envi‑
ronment, showing that the loss of A20 enzyme eliminated 
the protective effect; in addition, a single nucleotide poly‑
morphism in the gene encoding for A20 enzyme was associ‑
ated with allergy and asthma risk in children raised in a farm  
environment [94]. It was further shown that farm dust and 
bacterial LPS modify the communication between epithe‑
lial cells and dendritic cells, achieved through the induction  
of A20 expression [94], providing a possible explanation 
for the incidence of higher rates of asthma in children from 
urban areas, as compared to those from rural areas. Aller‑
gic rhinitis, also known as hay fever, is an atopic disease 
characterized by nasal congestion, sneezing, and rhinorrhea 
[95] and is predominantly caused by allergens such as pol‑
len, dust mites, and animal dander; based on the causative 
allergen, allergic rhinitis can present as either seasonal or 
perennial in nature [96]. A recent analysis of the microbial 
composition in the mucosal airways of children with asthma 
or allergic rhinitis identified a decrease in certain groups 
of microbes and linked this microbial dysbiosis with the 
increased sensitization to allergic disease [97, 98]. Among 
those microbes found to constitute a healthy lung microbial 
composition were Bacteroidetes, Actinobacteria, and Firmi-
cutes [83], whereas the phylum Proteobacteria was found to  

be abundant in asthmatics and was associated with lower lev‑
els of asthma control and increased numbers of asthma exac‑
erbations [99, 100]. Other common microbial populations  
found in the mucosal airways of asthmatic patients include 
Prevotella, Selenomonas, Butyrivibrio, [97], and Neisseria 
[97, 101]. Some of these species, which includes Prevo-
tella and Neisseria species, are also found associated with 
patients with allergic rhinitis [97]. Interestingly, the airway 
microbiome composition in patients with eosinophilic and 
neutrophilic asthma was found to be distinct, with the neu‑
trophilic patients exhibiting a reduced diversity and richness  
in Proteobacteria and in particular, Haemophilus and Morax-
ella species [102, 103]. Haemophilus parainfluenzae is capa‑
ble of activating the toll-like receptor (TLR) 4, which in turn  
leads to the transcription of pro-inflammatory cytokine IL-8  
and inhibition of corticosteroid responses [104]. Apart from  
the airway microbiome, dysbiosis of the gut microbiome and  
lower gut microbial diversity early in life are also associ‑
ated with a subsequent increased risk of developing asthma 
[105]. Data from the CHILD cohort study which examined 
children who were asthmatic at 4 years of age showed that 
the gut microbial composition of these children at 3 months 
of age exhibited a significant decrease in the abundance of  
the genus Lachnospira and an increased abundance of the 
species Clostridium neonatalae [106]. A further study which  
analyzed the gut microbial composition of infants at risk 
for asthma, during the first 100 days of their life, showed a 
decreased abundance of Lachnospira, Veillonella, and Fae-
calibacterium from the phylum Firmicutes and Rothia from 
the phylum Actinobacteria [85]. Yet another study showed 
that children with asthma had a significantly lower abun‑
dance of Faecalibacterium and Roseburia, belonging to the 
phylum Firmicutes, whereas Enterococcus and Clostridium 
from the same phylum were enhanced in these children as 
compared to healthy controls [107].

Early Life Exposures to Microbes 
and Immune System Development

Pre‑ and Post‑Natal Colonization of Barrier Organs 
by the Microbiota

Until recently, it had been assumed that the prenatal environ‑
ment was a sterile location, free from microbes. However, 
several studies published over the last decade have begun 
to question the “sterile womb” theory and whether prena‑
tal colonization of the developing fetus does in fact occur 
[108–112]. The concept of a prenatal microbiome remains 
highly controversial and has been extensively reviewed 
[113, 114] and debated previously [115, 116]. New find‑
ings published in Mishra et al. [117] may present the best 
evidence for microbial exposure and colonization of fetal 
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organs by the microbiome. The authors showed that fetal 
organs contained a diverse array of bacterial species and 
that bacteria isolated from these organs can be grown under 
in vitro culture conditions. Bacterial structures were addi‑
tionally visualized by electron microscopy in the 14-week-
old fetal gut, with coincident staining for the presence of 
16S rRNA by RNA in situ hybridization. Analysis of the T 
cell compartment revealed the presence of fetal memory T 
cells that were able to be expanded in the presence of the 
fetal-isolated bacterial strains. Whether these findings rep‑
resent the identification of a definitive fetal microbial niche, 
indicative of a true host-microbe relationship or are merely 
evidence of persistent or transient colonization, still remains 
to be determined. However, evidence for the microbial prim‑
ing of an adaptive immune response during the period of 
fetal growth has significant implications for the development 
of the immune system and may play a considerable role in 
the development of atopic disease susceptibility that has yet 
to be determined.

The exposure to the microbial environment early in post-
natal life plays a significant role in the development of the 
immune system (see Table 2) [24]. The first few days after 
birth when neonates get their first major microbial inocula‑
tion represents a critical window in their immune system 
development [9, 118]. During this window, several factors 
can alter or influence the initial microbial colonization [24]. 
Among the potential factors, mode of delivery provides an 
initial strong primary determinant for post-natal colonization 
of microbial communities and associated barrier functions, 
playing a major role in the development of the subsequently 
established microbiome. During vaginal delivery, neonates 
acquire the major microbial communities from the mother, 
mainly characterized by an increased abundance of Bacte-
roides and Parabacteriodes [119]. In contrast, babies born 
via C-section receive their first microbial inoculum from 
other sources, such as skin, saliva, or breast milk [119]. 
Interestingly, emerging evidence indicates that microbial 
communities acquired via vertical transmission are capable 
of adapting quickly to the new environment, and priming the 
associated immune functions, particularly LPS biosynthe‑
sis pathways and two-component systems pathways that are 
significantly under-presented in neonates born via C-section 
[120]. LPS, is a membrane component of Gram-negative 
bacteria and is capable of priming the neonatal immune sys‑
tem by stimulating secretion of pro-inflammatory cytokines 
at the interface of the earliest gut microbiome, which may 
result in persistent effects on neonatal physiology, including 
protective effects towards developing allergies later in life 
[86, 121]. On the other hand, an early perturbation of the 
host-commensal priming in neonates born via C-section can 
lead to defects in the proper education of the immune system 
[122] and higher propensities to develop chronic diseases 
later in life [123], with significant increases in the incidence 

of antibiotic resistant, hospital associated microbes being 
detected in several studies [124–126].

Apart from the mode of delivery, other environmental 
factors such as feeding with breast milk, staying in a joint 
family, or farm environment in the first few years of life can 
increase exposure to vast microbial diversity (Fig. 1), which 
may result in adequate immune responses against diverse 
microbial antigens; however, elimination of such microbial 
exposures either by feeding with formula milk, staying in a 
nuclear family, or exposures to antibiotics at a young age can 
promote inflammatory immune responses including those 
associated with asthma and other allergic diseases [24].

Pre‑ and Post‑Natal Development 
of the Adaptive Immune System

During pregnancy, the maternal immune system adopts a 
complex immunologic mechanism to enable the co-existence  
and maintenance of an equilibrium between both the maternal  
and developing fetal immune systems [13, 127]. In order to 
prevent fetal and placental immune rejection, whilst allowing 
for the unmatched tissue growth of the fetus as it prepares 
for adaptation to the external environment and the ensuing 
microbial colonization that occurs at birth [128]. The thymus 
becomes a functional organ of T cell development between the  
7th and 16th week of gestation [129]. During the 8th week of  
gestation, early lymphoid progenitors originate from the liver  
and subsequently migrate into the thymus where they develop  
into naïve T cells [130]. Circulating T cells are observed 
around the 10th to 11th week of gestation following the 
development of a functional thymus [131]. Impaired growth 
of the fetal thymus has been shown to be related to several 
complications associated with pregnancy including preec‑
lampsia, a condition which presents with reduced peripheral 
Treg cells in both the mother and newborn [132] and which 
in turn is associated with increased risk of allergic diseases 
development during childhood [133]. The fetal immune sys‑
tem is generally characterized as tolerogenic [134, 135], a 
feature essential for fetal survival [136]. During the gesta‑
tional period, a substantial number of maternal cells cross 
the placenta to reside in the fetal lymph node which provokes  
the development of CD4+CD25hiFOXP3+ Treg cells. Various  
cytokines, hormones, and bacterial products including SCFAs  
and lipopolysaccharides are also involved in transplacental 
immune regulation [132, 137]. Fetal Treg cells suppress the 
proliferation and cytokine secretion of other potentially self-
reactive T cells [134]. Human cord blood and infant blood are 
both characterized by a predominance of Th2 and Treg cells,  
as compared to Th1 or Th17 cells, which are more restricted 
in early life [134]. In fact, the Th2 and Treg phenotype bias 
in fetal tissues develops as early as the second trimester of 
pregnancy as identified from fetal spleen and lymph nodes 
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[135]. A recent study described the differential expression 
of arginase-2 between fetal and adult splenic dendritic cells 
resulting in the fetal dendritic cells to favor the induction of  
Treg and Th2 cells over Th1 cells [138]. Human cord blood  
studies have also shown that neonates have negligible amounts  
or complete absence of Th17 cells [139] that play significant 
role in developing immunity against fungal and bacterial 
infections at epithelial barriers [140]. Tregs and Th17 cells 
have reciprocal development pathways in the absence of the 
pro-inflammatory cytokines IL-6, IL-1β, and IL-23 wherein 
Foxp3 dominates RORγt function and prevents Th17 devel‑
opment. Thus, neonatal immunity is typically considered 
to exhibit an anti-inflammatory profile as the Th2 and Treg 
phenotype bias in early life impairs Th1 and Th17 immune 
responses [141] but may instead lead to a bias towards the 
development of an atopic phenotype.

Mechanisms of Microbial Effects on Adaptive 
Immunity

Immuno‑Microbiome Interactions Alter T Cell 
Differentiation in Allergic Diseases

The human body is constantly exposed to an external micro‑
bial environment comprised of a wide variety microbial spe‑
cies able to colonize the barrier organs of the human body 
forming symbiotic, commensal, or pathogenic relationships 
with the host [142, 143]. During development the immune 
system co-evolves in the presence of these microbes and plays  
an important role in maintaining the homeostatic balance 
between tolerance and allergy, through regulation of host-
microbiome interactions. Recently, the influence of the gut  
microbiota in the development of allergic disease has become  
widely studied, revealing that during early developmental 
stages, the immune system becomes tolerized to commensal 
bacteria, through the induction of a corresponding comple‑
ment of IgA antibodies and regulatory T cells, enabling the 
commensal bacteria present to be maintained in the gut over 
time [35]. Interestingly, it has been shown that composition‑
ally and functionally distinct gut microbiota exist at different 
stages of neonatal development and exert differential influ‑
ences on the immune system [32]. During development, gut  
microbial dysbiosis may occur which can alter the homeostatic  
balance of the immune system leading to a cascade of events 
that results in an allergic outcome [78]. Animal-based studies  
have identified the presence of at least two distinct types of 
Tregs in the gastrointestinal tract — thymically-derived Treg  
(tTreg) and peripherally induced Treg (pTreg), the latter being  
predominantly enriched in the intestines and largely responsi‑
ble for maintaining tolerance to food and microbiota-derived  
antigens at mucosal surfaces [144], with the composition of 
the gut microbiome influencing the differentiation of pTregs Ta
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in an antigen-specific manner [145]. Germ-free animal stud‑
ies indicate that pTregs fail to differentiate in the gastroin‑
testinal tract of mice lacking a diverse microbiota, whereas a 
normal tTreg compartment was maintained in these animals  
[144]. Furthermore, it has been reported that dietary antigens 
can induce the differentiation of pTregs, with this population  
being distinct from the microbiome-induced pTregs, in that 
they co-express both Foxp3 and GATA3, have a limited life- 
span, and can repress the strong immunity to ingested protein  
antigens [146]. Although most of these studies have been 
conducted in animal models, recent clinical studies on human  
subjects identified that Tregs are not functionally impaired in  
individuals with allergies, but there is a striking increase in 
the proportion of reactive Th2 cells in these individuals [147],  
indicating that antigen escape from Treg control was the dom‑
inant factor associated with the loss of tolerance observed in  
allergic individuals.

Th2/Treg Axis and the Microbiome

Under homeostatic conditions, the adaptive immune system 
normally develops a system of tolerance to harmless envi‑
ronmental antigens largely mediated by members of the T 
cell lineage, particularly Treg cells [147]. Tregs play a dual 
role in the intestine, by maintaining immune tolerance to 
dietary antigens [148] and limiting the potentially damaging 
immune responses that can be generated against environ‑
mental pathogens [149]. However, when there is a failure 
in generation of tolerance by Treg cells against common 
food and aero-antigens, it can result in the differentiation of  
allergen-specific cells of the Th2 lineage and the associated  
production of atopy-inducing IgE [150]. Along with a cascade  
of downstream events triggered by production of cytokines 
including IL-4, IL-5, IL-9, and IL-13, ultimately leading to 
the recruitment and activation of a raft of innate immune 
cells including basophils, eosinophils, ILC2’s, and M2 mac‑
rophages, which together cause the pathology associated 
with allergic disease [151]. A subset of human memory Th2 
cells, allergen specific Th2 cells have been recently reported 
to be confined only to atopic individuals, referred to as Th2A 
cells. These Th2A cells are terminally differentiated and 
co-express CRTh2, CD49d, and CD161 and are thought to 
be functionally distinct from conventional Th2 cells [152], 
as they may be more readily activated by perturbations in 
mucosal barrier function and activation by the “alarmin” 
cytokines TSLP, IL-25, and IL-33 [153]. Treg cells, on the 
other hand, produce the anti-inflammatory cytokines, TGFβ, 
and IL-10, which among other regulatory mechanisms are 
key in protecting the host from excessive inflammatory 
immune responses [154]. Hence, a balance in the Th2/Treg 
axis is essential to protect against the development of aller‑
gic disease [155]. Studies in animal and human systems have 
begun to elucidate several potential mechanisms that tie the 

microbiome and microbial diversity to alterations in the reg‑
ulation of Th2 and Treg differentiation leading to a cellular 
and molecular rationale for those observations made by the 
hygiene hypothesis. Intriguingly, studies of germ-free mice 
lacking a microbiome found that a complete microbial dysbi‑
osis led to the establishment of a default Th2 biased immune 
environment [156, 157], reminiscent of that observed during 
neonatal and early post-natal life [134, 135, 138]. Indicating 
that the introduction of commensal bacteria at an early stage 
may be critical for ensuring normal cellular maturation and 
recruitment in order to control allergic inflammation. Studies 
into the relative roles of tTreg and pTreg cells revealed that 
animals deficient for pTreg had altered ratios of Firmicutes 
to Bacteroidetes, which was associated with the spontane‑
ous induction of Th2-associated mucosal inflammation and 
lung pathology [158]. Revealing that pTreg are essential 
for regulation of the homoestatically controlled microbial 
community in the gut, through exerting control over Th2 
mucosal inflammation and regulating the induction of Th17 
differentiation which enables B cell production of IgA and 
the establishment of a “mucosal firewall” [159]. A key com‑
ponent of this microbial regulation of type 2 inflammation 
was shown to be induced through the induction of intestinal 
RORγt + pTregs, which modulate the differentiation of Th2 
cells in a CTLA-4-dependent manner by regulating the co-
activator functions of stimulatory DC [160], thereby balanc‑
ing immune responses at the mucosal surface through the 
induction of Th17 and Treg cells [145].

Effects of Microbial Products on T Cell Immune 
Responses

Multiple studies have now shown that specific products of 
metabolism synthesized by the component species of the 
microbiome are able to exert effects on the differentiation 
and function of CD4 + T cells [161], providing a mechanis‑
tic rationale that directly links microbial dysbiosis with the 
alterations in immune function that lead to allergic disease 
(Table 3). Some of the earliest studies linking microbial 
metabolites with alterations in immune function focused 
on the effects of antibiotics on disrupting microbial homeo‑
stasis, as the use of antibiotics at an early age is a known 
risk factor associated with increased risk for atopy [161]. 
Murine models have revealed that along with the induction 
of a microbial dysbiosis, antibiotic treatment also caused a 
concomitant decrease in protective gut Treg cells and the 
induction of inflammation. Intriguingly, this decrease in 
Treg cells and the associated inflammatory response could 
be inhibited by treatment with SCFA [162] (Fig. 2). Under 
homeostatic conditions, SCFA are produced by the micro‑
bial conversion of dietary fiber by anaerobic fermentation 
[163], especially by those microbial taxa associated with 
protection, including Clostridia and Firmicutes.
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Generation of protective intestinal pTreg can be driven 
by SCFA including butyrate [145] and propionate [160] in 
conjunction with bacterial antigens [164]. Generation of 
the type 2 response suppressing RORγt + Tregs was found 
to be largely dependent on the presence of SCFA butyrate 
[61, 165], providing an intriguing molecular post-biotic 
link between the microbiome and regulation of inflamma‑
tion. Butyrate has also been shown to play a distinct role 
in the regulation of type 2 innate lymphoid cells (ILC2s), 
which are associated with the induction and exacerbation of  
asthma. Here, butyrate was found to alter HDAC2 activity  
inhibiting GATA3 expression and ILC2 proliferation [166].  
It should be noted that whilst SCFAs contribute to mucosal 
immune homeostasis, excessive or suboptimal levels of 
SCFAs have been reported to be associated with inflam‑
mation and cancer [167]. The microbiome has also been 
observed to modify a range of host-derived molecules into 
steroidal compounds with de novo biological activities and 
immune functionality [160].

Bile acids which usually aid in the emulsification of  
dietary fats can also undergo bacterial transformation in the 
colon into the secondary bile acid 3β-hydroxydeoxycholic 
acid, which in turn can modulate DC function and facili‑
tate the differentiation of, and increase in the levels of 
RORγt + pTregs present in the intestinal mucosa [168] that  
are key for regulating the onset of spontaneous type 2 inflam‑
mation [169]. The activation of DC by microbial polysaccha‑
rides acting through Toll like receptor-2 (TLR2) signaling  
has also been demonstrated to play an anti-inflammatory role  
in the intestine via the induction of Treg and an increase in  
local IL-10 production [170, 171]. The importance of the  
B vitamins folate (B9) [172] and niacin (B3) [173] in the  
maintenance and regulation of function in the intestinal Treg  
compartment has previously been described, along with stud‑
ies linking folate with both protective effects against asthma  
[174] and increased rates of food allergy [175]. Hence, 
future studies are needed to confirm the direct mechanistic  
action of these metabolites in the context of allergic disease.  

Table 3   Effects of microbial products on T cell immune responses

Metabolic product Microbial
source

CD4 + T cell effects Mechanism Reference

Short Chain Fatty Acids Clostridia
Firmicutes

Enhanced generation of intestinal 
pTreg

Increased levels of TGFβ 
through activation of enhanced 
secretion by epithelial cells

[57, 61, 145, 
160, 163, 
164]

Butyrate Clostridia Firmicutes Induction of Treg differentiation Enhanced histone acetylation 
at promoter and CNS1 & 3 
sequence regions of the Foxp3 
locus

Upregulates RORγt + expression 
in Treg

[61]
[160]

Propionate Clostridia Firmicutes Enhances Treg differentiation Binds to CD4 + T cell recep‑
tor GPR43, to reduce histone 
deacetylase activity (HDAC6 
and HDAC9)

[163]

Bile acids Commensal Bacteria Induction of colonic RORγt-
expressing Treg cells

Signals via farnesoid X receptor 
(FXR) to induce Tregs in a 
CNS1 dependent manner

[167]

Microbial polysaccharides B. bifidum
B. fragilis

Induction of Treg differentiation Acts via Toll like receptor-2 
signaling pathway in peripheral 
dendritic cells

[170, 171]

Folate
(Vitamin B9)

Bifidobacterium, Lactobacillus Promotes survival and mainte‑
nance of Treg

Enhanced expression of anti-
apoptotic Bcl2 in Treg cells

[172]

Niacin
(Vitamin B3)

Commensal bacteria Enhances Treg differentiation 
and IL-10 production

Activation of Gpr109a niacin 
receptor to induce IL-10 
expression in antigen present‑
ing cells

[173]

Indole-3-lactic acid (IDO) L. reuteri
B. infantis

Silence both Th2 and Th17 cells 
effector function

Signaling through AhR 
expressed on CD4 + to upregu‑
late Galectin-1

[177, 178]

12,13-diHOME E. faecalis
B. bifidum

Increased Th2 differentiation and 
IL-4 production

Acts directly on CD4 + T cells 
and exerts effects on PPARγ 
signaling in dendritic cells

[168, 169]
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Colonization of the gut with L. reuteri was previously shown  
to induce protective Treg cells in an allergic airway mouse 
model [176]. More recently, studies have indicated that a 
tryptophan metabolite Indole-3-lactic acid (IDO) produced 
by both L.reuteri [177] and B. infantis were able to silence 
both Th2 and Th17 cells through upregulation of galectin-1,  
demonstrated in human studies [178].

In a longitudinal study focused on multisensitised atopic 
children, it was determined that alterations in the gut micro‑
biome and in metabolic activity were evident as early as 
3 months of age, during which a distinct fecal microbiome 
and metabolome were present in those children who went 
on to develop atopy at 3 years of age. Fecal metabolite 
extracts isolated from these subjects induced an increase in 
the relative proportion of IL-4 expressing Th2 cells, whilst 
also exhibiting Treg suppressive capabilities [168]. Sub‑
sequently, one of the compounds identified in this study, 
12,13-diHOME a linoleic acid metabolite, was shown to 
exacerbate lung inflammation in mice and elevated levels 
of the compound were detectable in neonatal children at 
1 month of age, who later went on to develop atopy by age 
two [169], providing further evidence of the importance of 
the gut microbiota and the microbial products that it pro‑
duces in conditioning of the immune system at an early 
time in life.

Microbial Dysbiosis and the Development 
of Allergic Diseases

The Hygiene Hypothesis

The “hygiene hypothesis” concept dates back to a longitu‑
dinal study published by Strachan in 1989 [179] and was 
initially put forward as an explanation for the emergence 
of hay fever as a “post-industrial revolution epidemic.” The 
data published in Strachan’s study established a correlation  
between hay fever and house size and noted that as the  
number of older children in the house rose, the incidence 
of hay fever in younger siblings decreased, leading to the 
hypothesis that allergic diseases may be associated with 
a lack of early childhood exposure to infectious disease, 
spread by unhygienic interactions with older children. 
Hence, a general decrease in family size and increase in 
personal cleanliness, along with a concomitant decrease in 
exposure to Th1 skewing infections during early childhood  
caused the increased rates of atopic disease [180]. This  
initial correlation between rates of early childhood infec‑
tion with the incidence of atopy was subsequently assessed  
more directly in multiple studies. An analysis of herpes 
simplex virus infection rates during the first 3 years of  

Fig. 2   Microbial Product Signaling Influences T Cell Immune 
Responses in Homeostasis and Dysbiosis. A  A diverse microbiome 
promotes homeostatic maintenance and the induction of immune tol‑
erance. Crosstalk between the microbiome and the immune system 
is mediated by microbial products that promote the differentiation of 
pTreg and the upregulation of RORγt in response to stimulation with 

food derived antigens. B  Microbial dysbiosis results in the produc‑
tion of microbial products that promote inflammatory responses and 
modulate Th2 differentiation in response to the presentation of Ag’s 
and stimulate ILC2 recruitment, resulting in type 2 inflammation in 
affected tissue following the recruitment of innate cell mediators of 
disease including mast cells and eosinophils
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life indicated that infection was protective against asthma 
[181] and a Brazilian study indicated that higher infec‑
tious burdens during early life, as measured by plasma Ig  
levels for exposure to multiple pathogens including herpes 
simplex virus, Epstein-Barr virus, Toxoplasma gondii and 
Helicobacter pylori, correlated with lower levels of atopy 
[182]. Additional studies of tuberculosis infection [180], 
varicella infection [183], and BCG vaccination [183] also 
found an association with lower rates of atopic disease. 
These findings indicate that early life exposures to bac‑
terial and viral infections and the production of a strong  
Th1 response were important in promoting a protective  
environmental milieu that skews the immune system away 
from the development of an atopic disease inducing Th2-
biased system (Fig. 3).

  However, several arguments against this Th1-Th2 
cytokine shift paradigm have emerged. Large-scale and 
longitudinal cohort studies from the UK [184], Denmark 
[185], and Finland [186] concluded that after adjustment 
for clinically apparent infectious diseases, a protective effect 
of number of siblings, day care, pet ownership, and farm 
residence was instead responsible for the decreased odds 

ratios observed (Table 4). Additionally, as atopic disease 
rates have increased, a concomitant rise in cases of autoim‑
mune diseases has also been observed in children. Includ‑
ing diabetes mellitus (T1D), Crohn’s disease, and multiple 
sclerosis [187]. As these diseases are largely dominated by 
Th1 and/or Th17 responses [188], it seems unlikely that the 
Th1-Th2 cytokine shift paradigm is robust enough to explain 
the increased development of both sets of disease. Especially 
in light of findings that indicate there may in fact be an asso‑
ciation between the incidence of allergic and autoimmune 
diseases [189–191]. Furthermore, a large-scale retrospective 
cohort study (1990–2018) conducted in the UK concluded 
that the long-term risks of autoimmune disorders are sig‑
nificantly higher in patients with allergic diseases [192]. A 
recent meta-analysis of the commonalities in 290 genetic 
loci previously associated with 16 autoimmune diseases, 
found a significant enrichment of multiple loci also asso‑
ciated with allergy, suggesting that a further investigation  
of shared mechanisms may help in understanding the com‑
plex relationship between these disease syndromes [193]. 
Contrary to what might have been predicted by the Th1-Th2 
cytokine shift paradigm, infections with helminths result  

A B

Fig. 3   Cellular Basis for Hygiene Hypothesis and Old Friends/Bio‑
diversity models. A  The original hygiene hypothesis focused on an 
absence of a sufficient viral/bacterial pathogenic burden to educate 
the immune system in childhood, allowing for the induction of an 
aberrant Th2 response. Mechanistically this was seen due an imbal‑
ance in the reciprocal regulatory relationship that exists between Th1 
and Th2 responses mediated by IL-4 and IFN-ɣ. B Old friends/bio‑

diversity hypotheses’ additionally factors in the presence of regula‑
tory mechanisms that are essential for control of both autoimmun‑
ity and allergic responses and are associated with the presence of a 
diverse microbiome. Here, the lack of sufficient regulatory responses 
accounts for the parallel rise in both autoimmune disease (Th1) and 
allergy (Th2) seen in recent history
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in a Th2-polarized immune response including production 
of IL-4, IL-5, IL-13, eosinophilia, and high serum titers of 
IgE, all hallmarks of allergic disease. Whilst at the same 
time, helminthic infections have largely been associated with 
inducing protective effects on the development of atopic  
disease as well as naturally occurring infection with Tri-
churis trichiura, Enterobius vermicularis, and Schistosoma 

mansoni, which have all been shown to exhibit a protective 
effect [194], especially when exposure was found to occur 
during in utero development [195] or early in life [196, 197]. 
However, the protective effects of helminths do not appear 
to be universal, for example, infection with Ascaris lumbri-
coides or S. mansoni has also been associated with higher 
asthma rates in certain populations [198–200].

Table 4   Summary of studies showing associations between environmental factors linked to the hygiene hypothesis and atopic disease

Environmental factor Effect on atopic disease 
risk

Cellular response Inflammatory response Antibody response Reference

Decreased family size ↑ Allergic rhinitis – – – Strachan [179]
↑ Allergic rhinitis – – – Genuniet et al. [26]
↑ Atopic dermatitis – – – Benn et al. [185]

Infectious disease
   - Tuberculosis ↓ Asthma ↑ Th1 ↑IFNγ ↓ IL4, IL5 ↓ IgE Shirakawa et al. [180]
   - HSV ↓ Asthma – – ↓ IgE Illi et al. [181]
   - HSV, EBV, T. gondi 

& H. pylori,
↓ Atopy ↓ Th2 ↓ Treg ↓ IL5 IL13 IL10 ↓ IgE Figueiredo et al. [182]

   - Varicella ↓ Atopic dermatitis – – – Silverberg et al. [183]
   - Infection history (30 

Infections)
No associated risk – – – Bremner et al. [184]

   - Infection history 
(< 6 months)

No associated risk – – – Benn et al. [185]

   - Infection history 
(Respiratory/Enteric)

No associated risk – – – Dunder et al. [186]

Parasitic Infection – –
   - T. trichiura ↓ Skin reactivity – – – Rodrigues et al. [234]
   - A. lumbricoides ↓ Atopic dermatitis – – ↑ IgE IgG4 Cooper et al. [196]
   - S. mansoni ↑ Asthma – – – Leonardi-Bee et al. [198]
   - N. americanus ↓ Atopic dermatitis – – ↑ IgE sIgE Araujo et al. [200]
   - Maternal helminth 

infection
↓ Asthma – – – Leonardi-Bee et al. [198]

   - Anthelminthic 
usage (Ivermectin)

↓ Eczema – – – Elliot et al. [195]

↑ Eczema – – – Endara et al. [197]
Farm residence ↓ Atopic dermatitis – – – Benn et al. [185]

↓ Allergic rhinitis – – – Genuneit et al. [26]
↓ Atopic dermatitis ↑ Treg ↓ Th2 ↓ IL4 IL5 IL13 ↓ IgE von Mutius and Vercelli 

[92]
↑ IFNγ IL10 Tgfβ

Pet ownership ↓ Atopic dermatitis – – – Benn et al. [185]
Day care ↓ Atopic dermatitis – – – Benn et al. [185]

No associated risk – – – Dunder et al. [186]
Breast milk vs. for-

mula feeding
↓Asthma ↓ eczema – – – Heine [10]
↓Asthma ↓ eczema – – – Oddy [11]
↓ Food allergy – – – Wang et al. [12]

Antibiotic usage dur-
ing infancy

↑ Asthma – – – Pitter et al. [17]
↑ Asthma – – – Slob et al. [16]
↑ Asthma – – – Yassour et al. [15]

Delivery by Cesarean 
birth

↑ Asthma – – – Lin et al. [19]
No associated risk – – – Juhn et al. [20]
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Although, the “hygiene hypothesis” has been widely 
accepted by both the scientific community and the general 
public, it is not without its limitations. Care needs to be 
taken in terms of interpreting the message when associating 
hygiene with the pathogenesis of atopic disease [201]. The 
hygiene hypothesis has however been pivotal in framing the 
idea that the immune system is still relatively naïve at birth 
and whilst the adaptive immune system has gone through 
an internal developmental process to largely limit the num‑
ber of cells present capable of mounting a response against 
self, it still needs to be “fed” with information about how to 
interpret antigens present in the local environmental. Recent 
studies indicate that this process may largely occur within 
the first few months following birth through constant contact 
with microbes from the external environment, as well as via 
transfer from other humans, especially from close maternal 
contact. When such microbial exposure is inadequate, the 
mechanisms regulating the immune system can fail, result‑
ing in autoimmune and allergic diseases [202].

Current Perspectives

The “old friends” hypothesis, put forward by Rook in 2003 
[203], and the “biodiversity hypothesis” of allergy proposed 
by Haahtela [204] have subsequently emerged, both of which 
postulate a similar theme that the emergence of allergic reac‑
tions is an outcome of a lack of symbiotic relationships with 
parasites, viruses, and bacteria which have been beneficial 
for evolution in the past [205]. These hypotheses are also 
sometimes referred to as “Western lifestyle hypotheses.” The  
western lifestyle is being generally characterized by mini‑
mal or no physical activity among children with most of the 
time being spent indoors leading to obesity among children 
and also exposure to increased allergenic burdens, especially 
those found indoors, including house dust mites (HDMs) 
[205], thereby leading to a massive shift in the human dis‑
ease spectrum from infectious diseases to allergies. In addi‑
tion, excessive use of antibiotics, with an average of approxi‑
mately 2.5 antibiotic doses per 100 people/day in Western  
countries [206], and increased use of sanitation technologies 
have resulted in elimination of certain eukaryotic symbionts, 
including helminths and protists from the human gut eco‑
systems [207]. Taken together, these environmental factors 
associated with westernized lifestyle trigger dysbiosis by 
affecting intestinal epithelial cell metabolism, sequestering 
nutrient sources [208], and creating a favorable environment 
for facultative anaerobes-such as pathogenic Escherichia coli  
and Salmonella [209, 210] at the expense of symbiotic flora 
such as Bacteroides, Prevotella, Desulfovibrio, and Lacto-
bacillus [211, 212]. The microbial dysbiosis induced by a  
westernized diet or lifestyle may also result in a leaky mucosa  
and reduced intestinal production of short chain fatty acids 

(SCFAs) [213]. A prolonged microbial dysbiosis may lead to 
leakage of pathogen-associated molecular patterns (PAMPs), 
including LPS, in the blood, and trigger low-grade inflamma‑
tion or allergy [213, 214], ultimately resulting in a change in  
the lung, gut, and skin microbiomes causing microbial dys‑
biosis which leads to a sharp decrease in infectious diseases 
and a higher prevalence of allergies (Fig. 3).

“Unhygienic Therapies” for Atopic Diseases

As the “hygiene hypothesis” postulates that a lack of microbial 
interactions in early life leads to an increased risk of atopic dis‑
ease, the reverse correlate of this implies that the introduction 
of microbes or use of “unhygienic therapies” may be beneficial 
in restoring the missing constituents of microbial communities 
for either treatment or prevention of disease (Tables 5, 6, and 
7). The treatment of immunocompromised patients suffering 
from recurrent Clostridium difficile infections has demonstrated 
the amazing utility of fecal microbiota transplants, where fecal 
transplant has revolutionized the management of disease leading 
to a cure rate of 90% after treatment [215]. Although there have 
been limited studies to date, looking at the use of fecal transplant 
for treatment of allergic disease in humans [216], a recent study 
has demonstrated that the transfer of fecal material from healthy 
infants into a germ-free mouse model was protective against an 
anaphylactic response to cow milk allergens, whereas coloniza‑
tion of the murine gut with the microbiome from cow’s milk 
allergic infants was unable to confer protection [217]. Addition‑
ally, the transfer of the skin microbiome has become a recent 
area of interest with the topical microbiome transplantation of 
R. mucosa demonstrating efficacy for treatment of both pediat‑
ric and adult atopic dermatitis [218] and more recently, the use 
of bacteriotherapy was shown to decrease the incidence of S. 
aureus in AD patients [219]. Whilst these studies do provide 
hope for use of microbial treatment for allergic disease, a large 
number of studies have examined the possibility of using probi‑
otic supplementation to either prevent or treat disease (Table 1). 
The majority of probiotic studies into food allergy and atopic 
dermatitis have investigated administration of either a single or 
the combination of a limited number of bacterial species and 
have been shown to have limited utility in either preventing or 
treating allergic disease [220–228]. Probiotic intervention strat‑
egies have also been widely trialed as a potential prophylac‑
tic therapy for asthma both during pregnancy [229] or during 
infancy [230–232]. However, the meta-analysis of these studies 
has not revealed any substantial protective benefits which could 
be derived from the current probiotic therapies trialed.

Exposure to infections with helminthic nematodes is also 
largely absent in industrialized societies, raising the prospect 
for an additional therapeutic avenue to be explored. Parasitic 
worms or compounds from their excretory/secretory milieu 
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Table 5   Therapeutic approaches to treatment of allergic disease with microbes and microbial products: studies investigating the utility of probi‑
otic therapy on allergic disease outcomes

Allergic condition Microbial treatment Study outline Follow up period

Peanut Allergy Lactobacillus rhamnosus 62 pediatric subjects (ages 1–10) double-
blind, placebo-controlled randomized trial 
of the probiotic Lactobacillus rhamnosus 
and peanut oral immunotherapy (PPOIT). 
Analyzed unresponsiveness at 2 and 5 wks. 
Following treatment. (NB: No OIT without 
PP arm was included.)

2 years

Cow milk allergy Lactobacillus casei and Bifidobacte-
rium lactis

119 infants with CMA took part in a double-
blind, randomized, placebo-controlled trial. 
Received CRL431 and Bb-12 supplement 
added to a standard treatment of extensively 
hydrolyzed formula for 12 months

6 months and 
12 months

Cow Milk Allergy Lactobacillus GG 80 infants with CMA took part in a double-
blind, randomized, placebo-controlled trial. 
Group 1 received extensively hydrolyzed 
casein formula (EHCF), group 2 received 
ECHF + Lactobacillus GG for 12 months

18 months

Cow Milk Allergy (Non-IgE) Bifidobacterium breve A total of 35 (test) and 36 (control) subjects 
were randomized and received test or con‑
trol formula for 8 weeks. Test formula was  
a hypoallergenic, nutritionally complete 
AAF including a prebiotic blend of fructo-
oligosaccharides and the probiotic strain 
Bifidobacterium breve M-16 V. Control 
formula was AAF without symbiotic

8 weeks

Atopic dermatitis Lactobacillus rhamnosus or Bifido-
bacterium animalis

425 infants from a high-risk birth cohort  
participated. Maternal supplementation 
from 35 weeks gestation until 6 months 
if breastfeeding and infant supplementa‑
tion until 2 years with either Lactobacillus 
rhamnosus or Bifidobacterium animalis

4 years

Atopic Dermatitis Lactobacillus GG 250 pregnant women carrying infants at high 
risk of allergic disease were recruited to 
a randomized controlled trial of probiotic 
supplementation (Lactobacillus GG) from 
36 weeks gestation until delivery. Infants 
were then assessed during their first year  
for eczema or allergic sensitization

1 year

Atopic Dermatitis Roseomonas mucosa 10 adult and 5 pediatric patients were 
enrolled in an open-label phase I/II safety 
and activity trial for R. mucosa transplan‑
tation. Patients self-administered topical 
bacteria over a 4 or 6 wk. period, results 
were assessed at 12 wk

4 months

Atopic Dermatitis Lactobacillus GG 132 high risk pregnant women took part  
in a double-blind, randomized placebo- 
controlled trial. Lactobacillus GG was 
administered prenatally to mothers and 
postnatally for 6 months to their infants

2 years

Atopic Dermatitis Lactobacillus rhamnosus GG, L. aci-
dophilus La-5 and Bifidobacterium 
animalis subsp. lactis Bb-12

415 pregnant women participated in a  
randomized, double-blind trial of children 
from a nonelected maternal population. 
Women received probiotic milk or placebo 
from 36 weeks of gestation to 3 months 
postnatally during breastfeeding

2 years
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Table 5   (continued)

Allergic condition Microbial treatment Study outline Follow up period

Atopic dermatitis rhino-
conjunctivitis

L. rhamnosus LC705, Bifidobacterium  
breve Bb99 and Propionibacterium 
freudenreichii ssp. shermanii JS

1223 mothers were recruited during preg‑
nancy and randomized at 35 weeks of 
gestation to the probiotic or placebo group. 
Mothers twice daily received one capsule  
containing a mixture of probiotics or 
placebo. Their infants were given the same 
capsules opened and mixed with galacto-
oligosaccharides syrup (prebiotics) once 
daily from birth, continuing to 6 months 
after birth

5 years and 10 years

Allergic condition Study outcomes Reference

Peanut Allergy Possible sustained unresponsiveness was achieved in 82.1% receiving PPOIT 
and 3.6% receiving placebo (P < .001). PPOIT was associated with reduced 
peanut skin prick test responses and peanut-specific IgE levels and increased 
peanut-specific IgG4 levels

Tang et al.
[220]

Cow milk allergy No significant difference in tolerance to cow milk at 6 and 12 months was 
found with: 77% tolerance in the probiotics group compared to 81% in the 
placebo group

Hol et al.
[221]

Cow Milk Allergy Infants in group 2 had a higher probability of acquiring tolerance at 6 and 
12 months compared with subjects in group 1. In infants with IgE medi‑
ated CMA SPT responses decreased in both groups after 6 and 12 months, 
although the difference was not significant

Berni Canani et al. [222]

Cow Milk Allergy (Non-IgE) At week 8 participants showed statistically significant differences (P < 0.001) 
between test and control groups in the fecal composition of Bifidobacteria 
and ER/CC. Analyses of clinical outcomes revealed no statistically signifi‑
cant differences were observed at week 8

Candy et al. [223]

Atopic dermatitis Prevalence of eczema by 4 years and prevalence of rhinoconjunctivitis at 
4 years were significantly reduced in the children taking L. rhamnosus. 
There were also non-significant reductions in the cumulative prevalence of 
wheeze and atopic sensitization. B. animalis did not affect the prevalence of 
any outcome

Wickens et al. [224]

Atopic Dermatitis Prenatal probiotic treatment was not associated with any change in cord blood 
immune markers. Prenatal treatment with Lactobacillus GG was not suf‑
ficient for preventing eczema

Boyle et al. [225]

Atopic Dermatitis R. mucosa treatment was associated with a significant decrease in measures 
of disease severity, including pruritis, topical steroid requirement, and S. 
aureus burden

Myles et al. [218]

Atopic Dermatitis The prevalence of eczema in the treated group was significantly reduced at 
2 years of age compared to placebo, (15/64 [23%] vs 31/68 [46%]). Lacto‑
bacillus GG was effective in prevention of early atopic disease in children at 
high risk

Kalliomaki et al. [226]

Atopic Dermatitis Probiotics administered to nonelected mothers reduced the cumulative inci‑
dence of AD, with a reduced OR of 0.51 at 2 years of age, but had no effect 
on atopic sensitization

Dotterud et al. [227]

Atopic dermatitis rhino-conjunctivitis Perinatal probiotics decreased eczema up to 10 years of age (35.2% vs 41.7%, 
adjusted OR: 0.74; 95% CI: 0.55–1.00; P < .05), but at 5–10 years, allergic 
rhino-conjunctivitis was increased (33.2% vs 26.3%, OR: 1.39; 95% CI: 
1.03–1.89; P = .03)

Peldan et al. [228]
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could potentially play a role in mediating tolerance induction 
either by affecting the composition of organ specific microbi‑
omes or through direct action on the immune system [233]. 
Infection during early life (0–5 years) with the human para‑
site T. trichiuria has been shown to significantly reduce the 
incidence of allergy later in life [234], potentially through an 
early life imprinting of the immune system towards a tolero‑
genic phenotype, much in the same way that early atopic 
symptoms can be indicative of initiation of the atopic march. 
Anecdotal accounts in the news media of individuals self-
curing themselves through helminth infections have created 
much interest in helminthic therapy [233, 235]. However, 
randomized controlled trials into the efficacy of helminthic 
treatment for asthma [236], hay fever [237, 238], and nut 
allergies [239] with either the hook worm N.americanus or 
the whipworm T.suis have failed to demonstrate any defini‑
tive results. Although, it should be noted that several studies 
have found success in the use of helminthic therapy for the 
ongoing treatment of patients suffering from ulcerative colitis 
[240], indicating that there may indeed be a niche for helmin‑
thic therapy in the future of the treatment for allergic disease.

Summary

With the increased incidence of allergic diseases, a better 
understanding of the developmental events that leads to 
immune sensitization against otherwise innocuous environ‑
ment antigens is a key to the development of rational inter‑
vention strategies. The hygiene hypothesis, first put forward 
over 30 years ago, has now been expanded to include the 
effects of microbial dysbiosis with the aid of next genera‑
tion sequencing techniques [205], leading to a much more 
robust view of how early life exposure to a diverse array of 
microbes is important for the development of the immune 
system and the establishment of a homeostatic relationship 
with our environment [204, 241], especially at the key bar‑
rier organs associated with atopy, namely the skin, airways, 
and gut. The initial premise of the hygiene hypothesis, that 
a reduction in exposure to viral and bacterial infections dur‑
ing childhood was responsible for the induction of default 
atopic Th2 responses, has now been largely disproven [199, 
201, 202]. Instead, studies demonstrating the importance of 
the microbiome in modulating the cohort of regulatory cells 
induced during development which establish a tolerogenic 
environment and mediate suppression of T cells that arise 
from inflammatory lineages [148] allows for a better expla‑
nation of the observations, that is in parallel to the emer‑
gence of hay fever as a “post-industrial revolution epidemic” 
[179] and the rise of the atopic march [6], that we have also 
seen a significant increase in the incidence of autoimmunity 
over the same period.

Multiple studies have described that distinct microbial 
species found to be associated with either the establishment 
of a tolerogenic or inflammatory atopic state at the barrier 
organs. However, the use of probiotics either in a prophylac‑
tic measure or to treat established atopic disease has proved 
to be largely ineffective, so far (Table 1). This may be due to 
a number of factors including the limited number of probiot‑
ics used, the lack of specific targeting of probiotics to indi‑
vidual patients, or the inability of the administered probiotic 
to reach the specific intestinal niche that would be aided by 
more precise targeting. Fecal transfer therapies especially 
those administered by colonoscopy have had great success 
[215], potentially due to the diverse range of bacteria being 
transferred from healthy individuals, in addition to avoid‑
ance of the stomach environment and enabling access to a 
broader region of the intestinal system. However, it should 
be noted that bacteriotherapy systems for oral administra‑
tion are also being developed and are proving to be effec‑
tive [242]. Studies are currently underway to assess whether 
these means of treatment will be effective for atopic disease 
and the results are eagerly anticipated [216]. An additional 
avenue which may prove highly useful for future therapy is 
through the engineering of specific functions into agents for 
bacteriotherapy. An example of this approach was recently 
demonstrated in an animal model, where a strain of Bac-
teroides engineered to produce the secondary bile acid 
isoDCA was introduced and shown to be a potent inducer 
of gut-associated pTreg cells [167], which can dampen the 
immune response and support the metabolic function of 
the gut microbiota [243]. Together, the combined study of 
the microbiome and the reciprocal relationship of microbes 
with the development of the immune system has the broad 
potential for a better understanding of human health and 
to increase treatment options for atopic diseases, with the 
hygiene hypothesis proving integral to this path, by shining 
an initial light on how the microbial dysbiosis prevalent in 
industrialized societies has affected the regulation of the tol‑
erance inducing mechanisms required for the maintenance of 
a homeostatic equilibrium with our external environments.
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