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Abstract

Introduction: Primary atopic disorders can be classified as heritable genetic disorders
presenting with deregulated pathogenic allergic effector responses irrespective of
sensitization. In the last decade, there are parallel rises in the burden of atopic and
gastrointestinal (Gl) diseases.

Areas covered: There is increasing recognition of an association between atopy and Gl
disease through immune dysregulation, the microbiome and shared genetic pathways. Since
the first article on atopy and the Gl tract in 2014 in this journal, many more studies have
shed light on the shared pathways in these diseases, particularly in the field of eosinophilic
Gl disease, functional Gl disorders and inflammatory bowel disease.

Expert opinion: Understanding the links with common mechanisms in atopy and Gl diseases
that may lead to better targeting of treatment through manipulation of immune mechanisms,
the microbiome, genetics, food allergens and specific Gl diseases such as inflammatory

bowel disease, functional Gl disorders.
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Atrticle highlights

Gastrointestinal diseases are associated with atopy - Atopy is defined as the
tendency to become sensitized and express IgE to environmental allergens after
ordinary exposure. Parallel rises in the burden of Gl disease and atopic diseases in
the last decade, including eosinophilic esophagitis, food allergy, inflammatory bowel
disease and functional gastrointestinal disorders

Common immune pathways in atopy and Gl disease - Recently described, innate
lymphoid cells (ILCs) residing in the Gl tract play critical roles in maintaining intestinal
homeostasis, driving inflammatory pathology promoting allergic responses, these
cells likely provide an immunological link between Gl dysfunction and atopy.
Microbiome and atopy - the microbiota actively contributes to maintaining immune
homeostasis, a fine balance which when disrupted by overgrowth or loss of diversity
can promote disease, for example loss of key digestive enzymes through microbial
alterations may promote increased exposure to antigenic moieties on otherwise
harmless foods.

Inflammatory Bowel Disease (IBD) and Atopy — there is a strong association
between IBD and the development of extra-intestinal atopic disease, including atopic
dermatitis and asthma both of which themselves are linked to dysbiosis. Associations
between IBD and atopic disease are bidirectional as asthma and atopic dermatitis
are associated with an increased risk of subsequent IBD diagnosis

Food Allergy and Functional Gastrointestinal Disorders — the immunology of
food allergy shares similarities to other Gl diseases such as eosinophilic
oesophagitis, and the functional Gl disorders (FGIDs); functional dyspepsia and the
irritable bowel syndrome associated with traditionally type-2 immune responses
Genetics, Atopy and Gastrointestinal Disease - genome wide association studies
show overlap of genetic linkage of autoimmune disorders, asthma and inflammatory

bowel disease



1. Introduction - Atopy and Gastrointestinal Disease

Atopy is defined as the tendency to become sensitized and express immunoglobulin E (IgE)
to environmental allergens after “ordinary exposure” [1]. A recent review of primary atopic
disorders classifies these as “heritable genetic disorders which present with deregulated
pathogenic allergic effector responses irrespective of sensitization, which includes genetic
disorders which result in abnormal mast cell degranulation, chronic type 2 T helper (Th2)-
and eosinophil-mediated allergic inflammation, and exuberant IgE expression”, a broader
definition which encompasses many allergic phenotypes [2]. Hypersensitivity and allergy and
are defined slightly differently, hypersensitivity as a condition resembling allergy with
symptoms and signs that are reproducible which is induced by a defined stimulus at a dose
tolerated by normal subjects (ordinary exposure) and allergy defined by a hypersensitivity
reaction to verified or strongly suspected immunological mechanisms [3]. Whilst these
definitions seem superficially similar, it is important in the context of the new ICD-11 codes,
implemented June 2018, as these include system based clearly defined allergy and
hypersensitivity conditions, which can be used to provide important morbidly and mortality

statistics for use in disseminating scant health care resources [4] .

1.1 Burden of Atopy in Society

There is a high burden of asthma in childhood, globally 11% [5], with highest rates in
England, 38% [6] , USA 20% and Oceania 29% [5]. Asthma is known to be associated with
other atopic diatheses, allergic rhinitis and eczema [6]. The major determinants of
developing an atopic disease is genetic predisposition and concomitant exposure to
provocative environmental agents. Asthma is increasing globally, particularly in urban
environments, for example, in migrant children in Italy, the prevalence also increased with
the number of years of residence, gaining a lifetime risk similar to Italian children,

emphasising environmental exposure as primary importance [7].

1.2 Atopy and Environment

Environment includes food consumption and interaction with the gut microbiome. The
microbiome refers to the collective genomes of the microorganisms in a particular
environment, and microbiota is the community of microorganisms themselves.
Approximately 10'? bacteria, viruses, fungi, and protozoa reside in the human
gastrointestinal tract [8]. It is known that the microbiome is different in atopic versus non-
atopic individuals, and this occurs in the first few months after birth [9].

Thus there are likely shared pathways between atopy and the gut, this review aims to build

on the previous atopy - gut review in this journal in 2014 [10].



2. Gastrointestinal Diseases are associated with Atopy, Evidence from Epidemiology
Studies

It is noteworthy that there are parallel rises in the burden of gastrointestinal (Gl) disease and

atopic diseases in the last decade [10].

2.1. Eosinophilic Oesophagitis

The major example of the association with atopy is eosinophilic oesophagitis (EoE). Both the
incidence and prevalence of EOE have increased dramatically over time, and causes of this
condition are blamed on food allergen changes, increase in aeroallergens and early life
exposures which may affect the microbiome [11]. A systematic review of 53,592 adult and
pediatric EoE patients showed a significantly higher rate of comorbid asthma, eczema and
allergic rhinitis with odds ratios (ORs) ranging from 2.8 to 5.1 times greater in asthma [12].
Whilst there is good evidence that asthma and EoE occur together, there is sparse evidence
characterising this association [13]. Of note in children and adults with EoE, whilst both show
a high prevalence of comorbid atopy and food allergy, children show a higher sensitivity to
food allergens with higher rates of asthma than adults [14].

2.2 Food Allergy

Food allergy is common, with up to 10% of the population affected, mainly those in
developed countries and more common in children compared to adults and allergy to cow’s
milk, egg, wheat, soy, peanut, tree nuts, fish, and shellfish constitutes the majority of food
allergy reactions [15] [16]. Fortunately, some food allergies resolve in late childhood — milk,
egg and wheat (50% resolution), soy (45%) whereas peanut and tree nut allergy are much
lower, 10-20% and allergies to seeds, fish and shellfish are considered persistent [16].

2.3 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD), ulcerative colitis and Crohn’s disease are also
associated with atopy [10]. For example, cow’s milk allergy is a risk factor for paediatric IBD
and asthma, paediatric Crohn’s disease [17]. A systematic review of 18 studies concludes
that asthma is associated with both ulcerative colitis and Crohn’s disease, although there
was variation by geographical region and study design may also have contributed to some

difference in results [18].

2.4 Coeliac Disease
A link with coeliac disease and atopy is also well established. Those with coeliac disease
and also those on a gluten free diet without a doctor diagnosis of coeliac disease - non-

coeliac wheat sensitivity (NCWS) have comorbidities of autoimmune and allergy related



disorders as shown in a large population study of 22,277 participants in the National Health
and Nutrition Examination Survey [19]. Coeliac disease confers an excess risk of asthma,
up to 1.6 fold in Swedish children and adults [20]. In children, those with a positive asthma
predictive index (API) [21] were more likely to have coeliac disease, (19% versus 8%) with a
strong association with family history of asthma and that there are asthma-related genetic
factors in common with coeliac disease [22]. Whilst antibiotic exposure in the first year of life
increases the risk of early diagnosis of coeliac disease in infancy, however concurrence of
the two disorders is not explained by this exposure and other shared risk factors such as

environment and genetics may account for this association [23].

2.5 Functional Gastrointestinal Disorders

Functional gastrointestinal disorders (FGIDs) are common (13% with irritable bowel
syndrome (IBS) and 16% with functional dyspepsia (FD) in an Australian population study in
2018 [24]. Atopy and FGIDs has been explored in population studies of over 23, 000
patients in primary care, in the UK [25]. This study showed that FGIDs and atopic conditions
(asthma, eczema, allergic rhinitis/ hay fever and allergic conjunctivitis) are linked, and share
a connection partly explained through mood disorders of anxiety and depression, and this
heterogeneity was proposed to be explained by a genetic- environmental link [25].

A recent study from Australia also showed atopy and autoimmune disease are linked to FD
and IBS, although in this general population. not linked to psychological distress [26]. This
suggests that different peripheral pathways may be triggered in different geographical
environments. The events in early life such as non IgE mediated food allergies can impact
with presentation of symptoms of FGIDs in later life and gastroenterologists should be aware

of this link when taking a history and making a diagnosis in Gl disease [27] .

2.6 Gastro-oesophageal reflux disease

In gastro-oesophageal reflux disease (GORD) an association of reflux with symptoms of
asthma is well known particularly so in severe asthma, with reported prevalence rates from
17% to 74% [28]. A recent review whilst controversial, suggested that, treating GORD in this

subset of asthma patients may improve asthma control [29].

2.7 A Holistic Approach to Diagnosis in Gl Disease

Whilst association does not imply causality it is the initial step to understanding common
pathology pathways in disease [30] and from a clinical standpoint we should rigorously
phenotype patients based on known clinicopathological characteristics with expert
consensus backing, such as in coeliac disease [31] and eosinophilic oesophagitis [32]. The

work up of patients should include a careful structured clinical history, biopsy, and in future



microbiome and genetic studies, dietary inquiry and intervention. Utilising a holistic approach
to Gl disease [33] we can then unravel the links with atopy and Gl disease, and importantly
diagnose and treat disease comorbidity as an increased risk of coronary heart disease and
diabetes mellitus has been noted with asthma [34].

3. Common Immune Pathways in Atopy and Gl Disease.

The Gl tract is a site of complex immune homeostasis, where the local mucosal immune
system regulates the balance between tolerance of the intestinal microbiota and luminal
contents (such as food), and the surveillance and elimination of pathogens and expanding
pathobiont populations. Our understanding of mucosal immune regulation has been
significantly changed by the recognition of innate lymphoid cells (ILCs)[35]. ILCs are broadly
classified into three subsets (ILC1, ILC2 and ILC3) based on their transcriptional regulation
and their effector functions, which are analogous to T- helper (Th)1, Th2 and Th17 cells.
While relatively low in abundance, ILCs are extremely potent, and play critical roles in
maintaining intestinal homeostasis, driving inflammatory pathology in promoting allergic
responses[36,37].

ILCs contribute to homeostasis in the intestinal mucosa though limitation of CD4+ T cell
responses to the normal intestinal microflora. Conversely, the absence of specific ILC
subsets, such as RORgt+ Group 3 ILCs (ILC3s), can drive a dysregulation of gut
homeostasis [38]. ILC3s produce IL-17 and IL-22 in the presence of IL-23 and IL-13 [35] and
maintain the balance between intestinal homeostasis and responses to extracellular
bacterial pathogens. This balance appears to be at least partially dependant on the balance
of IL-22 and IL-17 produced by ILCs [39] where loss of IL-22 promotes a Th17 response. In
the context of atopy, recent animal studies have suggested that eosinophil recruitment and
activation [40] can be facilitated by Th17 responses. Eosinophils are generally considered to
be indicative of a Th2 allergic phenotype, but here, the pathway is driven by an axis of IL-
23/Th17 and GM-CSF [41,42]

These events may promote a cyclic escalation of type 2 responses whereby secretion of IL-
33, activates local eosinophils and further drives the maturation of ILC2s [43], which
themselves are regulators eosinophil homeostasis [44]. ILC2s, are largely analogous to the
classical atopic Th2 response and have been identified as early facilitators of allergic
responses. Mast cells, which are abundant in atopy, functional Gl disease and inflammation
release serine proteases promoting the expansion of eosinophils and IL-5 and IL-13
producing ILC2s [45,46]. The respective Th2 and Th1 cytokines, IL-33 and IFN-y, act as
counter-regulators of ILC2 homeostasis [47]. Infection or dysbiosis, may be sufficient to tip
the balance of these cytokine responses and disrupt intestinal homeostasis. For example,

during micronutrient deficiency (e.g. with infection) ILC2 populations expand within the Gl



tract [48]. Because Gl resident ILC2 may be recruited to other sites in the body[49], this may

provide an immunological link between Gl dysfunction and atopy.

4. Microbiome and Atopy

While our understanding of the mechanistic interactions of the microbiota with the host is still
expanding, it is clear that the microbiota if crucial for metabolic regulation, protection against
invading pathogens and the immune maturation of the host . Thus the microbiota actively
contributes to maintaining immune homeostasis and given the variance in microbiome
compositions observed between individuals and geographies, it is likely that specific host-
microbiome homeostasis develops throughout childhood [54]. Alteration to this homeostasis
manifests as a reduced microbial diversity that is commonly observed in/inflammatory,
autoimmune and metabolic diseases [55-57]. Although the mechanism behind these
disease-associated changes is unclear, it is commonly believed that reduced microbial
diversity allows the outgrowth of pathobionts that aggravate the.immune system to promote
disease. Associations between increased populations of:Clostridium difficile and Escherichia
coli and childhood atopic disease supports this hypothesis [58], as does the observation that
the use of antibiotics during childhood increases the risk of atopy[59-61]. However, an
alternative explanation may be that the loss of important immuno-modulatory species, such
as Clostridia spp. and Bacteroides spp., impacts immune homeostasis which allows
outgrowth of intestinal pathobionts. Animal studies demonstrate the importance of Clostridia
spp. in the regulation of intestinal.ILC and T cell populations, whereby antibiotic elimination
of Clostridia spp. leads to a decrease in IL-22 production by mucosal innate lymphoid cells
(ILCs) and a loss of and_T regulatory cell (Treg) populations within the GIT [51,62-64]. This
likely results from a loss of microbial metabolites such as short chain fatty acids, which
increase the immunosuppressive activity and number of Tregs cells in the GIT [65].

Tregs play a number-of key roles in maintaining gut homeostasis, limiting the expansion of
effector T cell populations and controlling tolerance responses specific antigens. Tregs also
control the intestinal microbiota through secretion of TGF-B, facilitating B cell class-switching
to produce IgA. Secretory IgA (slgA) is released at skin and mucosal surfaces and prohibits
the binding of pathogens, and pathogen related products, to the GIT epithelium. As specific
microbiota populations influence Treg abundance, host Treg-microbiota balance may be co-
regulatory [66,67] promoting tolerance towards some populations while controlling
pathobionts through IgA secretion[68,69]This is reflected in the fact that IgA deficiency is
commonly associated with atopy and autoimmune disorders but is not a key driver of severe
infection[70]. Patients with atopic dermatitis and asthma both show reduced levels of local

slgA [71,72] and studies in infant cohorts suggests that reduced IgA responses to the gut



microbiome precede the development of asthma and allergic disease[73]. Thus, dysbiosis
may be an initiating factor in atopic individuals through loss of Treg homeostasis and an
associated reduction in systemic slgA capacity. This would also explain observational
studies linking early life antibiotic use with food allergy[74,75] and inflammatory bowel
disease[76]. In the context of commensal and pathobiont - pathological (disease-causing)
organism -balance, a seminal study looking at the colon microbiome in discordant twins,
found that an abundance of Ruminococcus gnavus was associated with respiratory allergies
[77] Mice fed R. gnavus developed respiratory inflammation characterised by Th2 biased
immune reactions in the colon and lung [77]. Further immune characterisation of these
models may provide insight into how alterations in the intestinal microbiota may lead to

systemic manifestations of atopic and allergic disease.

See Figure 1.

5. Inflammatory Bowel Disease and Atopy

Inflammatory bowel diseases (IBD) is an extremely heterogeneous group of diseases
manifesting as chronic inflammation of the Gl tract [78]. Of the different IBD endotypes,
Crohn’s disease is broadly driven by Th1/Th17 immune responses while ulcerative colitis
has features reflective of Th2 and Th17 pathology. Both diseases are associated with an
imbalance in the intestinal microbiota [79,80] and immune responses against the microbiota
are considered an underlying feature of both diseases.

Like food allergy, there is evidence that early life use of antibiotics is a risk factor for early
onset IBD[76,81]. This risk is greater with pre-partum use of antibiotics, suggesting that
colonisation of a newborn and subsequent establishment of the microbiota is a critical factor
in developing immune health[76]. Parallel to this, there is a strong association between IBD
and the development of extra-intestinal atopic disease, including atopic dermatitis[82] and
asthma[83,84], both of which themselves are linked to dysbiosis[73]. Given the evidence
from germ free animals suggesting that a microbiota is essential for development of a
healthy immune system[57], both IBD and atopy may be linked through under-development
or defects in the immune system arising from early life dysbiosis. Recent reports of gut-lung
trafficking of immune cells[49,85] may shed light on the mechanisms that drive asthma and
allergic disease outside of the Gl tract of IBD patients. Of note, is the finding that ILC2,
active in the lungs and circulatory system, may arise from resting cell populations in the Gl
tract[49]. ILCs play broadly analogous roles to adaptive T cells. In particular, ILC2s, like their
Type 2 T helper cell counterparts, secrete type-2 cytokines including IL-5 and IL-13. ILC2

populations have been identified in patients with asthma, allergic rhinitis and atopic



dermatitis[86] and IL-33, an epithelial cytokine broadly associated with allergic disease is a
potent activator and mobiliser of ILC2s[87,88]. Whether disturbances in the Gl tract interfere
with the homeostasis of gut-resident ILC2s remains to be determined, but systemic
dissemination of gut bacteria, common in IBD[85], may be a causal factor. The associations
between IBD and atopic disease are also bidirectional with both asthma and atopic
dermatitis associated with an increased risk of subsequent IBD diagnosis[89,90]. In the case
of lung disease, clinical and small animal studies suggest that reduced lung capacity can
drive bowel dysfunction through systemic ischemia[85,91],which in turn promotes increased

intestinal permeability and inappropriate angiogenesis which predisposes to IBD.

6. Food Allergy

The Gl tract operates in a state of homeostasis, surveilling the lumen for potential threats
while maintaining active tolerance, as it is exposed to a vast array of food and microbial
antigens. This tolerance is largely facilitated by mucosal T cell populations, which produce
IL-10 and TGF-B maintaining Treg populations, IgA production and ultimately driving anergy
[92]. Food allergy occurs due to a poorly understood breakdown of this immune tolerance,
and in many respects, the immunology of food allergy shares similarities to other Gl
diseases such as eosinophilic oesophagitis, and the functional Gl disorders (FGIDs);
functional dyspepsia and the irritable.bowel syndrome. All of these conditions are associated
with traditionally type-2 immune responses [93] and a breakdown of immune homeostasis in
the intestinal mucosa. Immunologically, food allergy is facilitated by expansion of allergen-
specific Th2 cells that produceinterleukin IL-4 and IL-13, promoting B-cell class switching to
allergen-specific IgE which mediates mast cell, basophil and eosinophil degranulation and
thereby allergic disease. The activation of Th2 cells leads to release of IL-25 and IL-33,
which are potent activators of eosinophils and ILC2s [94]. Here again, ILC2s play an
important role and recent mechanistic studies suggest that IgE production drives expansion
of intestinall ILC2 reserves[95] Once activated IL-4 secreted from ILC2s enhance mast cell
activity[95] and actively supress Tregs[96], augmenting the allergic response. It is unclear
what causes the initial sensitisation to food antigens, but alterations in the microbiota,
commonly associated with food allergies, may hold the key[97]. Because the microbiome
accounts for enzymes responsible for the digestion of certain proteins and absorption of
dietary components that otherwise would not be digestible [98,99] loss of key digestive
enzymes through microbial alterations may promote increased exposure to antigenic
moieties on otherwise harmless foods. For example, gliadin, the immunogenic gluten
derivative involved in the pathogenesis of coeliac disease, is not readily digestible by host

enzymes, but is readily degraded by intestinal microbes[24]. Thus impaired microbial



digestion, as a result of dysbiosis, could facilitate food allergies and related disorders such

as non-coeliac wheat sensitivity.

7. Functional Gastrointestinal Disorders

Functional Gl disorders (FGIDs) are a group of unexplained chronic gastrointestinal
conditions which manifest with no obvious structural or biochemical pathology. The two most
common forms of FGIDs are functional dyspepsia and the irritable bowel syndrome,
although these two conditions manifest heterogenous symtoms and likely represent:several
distinct conditions[101,102]. There is growing consensus that FGIDs are a result of low-
grade intestinal inflammation, or loss of immune homeostasis, as increases in mast cells,
eosinophils and gut homing T cells are observed in these conditions, accompanied by
regional changes in the microbiota corresponding to where the symptoms manifest. While a
Th2 response has been associated with the pathophysiology of FGID, largely due to the
presence of mast cells, eosinophils and ex vivo cell stimulation assays[103], there is little in
vivo evidence for this and very poor consensus on the immune endotypes involved in FGIDs
[104].

There is significant overlap between FGID and atopic/diseases, most commonly eczema,
asthma, allergic rhinitis and allergic conjunctivitis [25]. In addition, IBS patients are 10-times
more likely to suffer from pulmonary hypersensitivity than healthy individuals [105].
Epidemiological studies support a link'between FGIDs and atopy, with a study of over
23,000 patients in primary care demonstrating a 25% overlap between atopy and FGID [25].
Observations of increased duodenal eosinophil numbers in FGID patients presenting with
dyspepsia and post-infectious IBS may offer insight into the link between atopy and
FGIDs[106-108] although the clinical significance and link to atopic disease remains to be
determined.

While there is'a clearlink between FGIDs and atopy, it is unclear whether FGIDs promote
allergic disease, or vice versa. A recent case study highlighting a case of “atopic IBS”
occurring with severe asthma, reported that ongoing treatment with omalizumab, an anti-IgE
monoclonal antibody, not only reduced the burden of asthma symptoms, but also maintained
complete remission from IBS symptoms for 4 years[109]. A subsequent study in a Japanese
cohort identified a population of IBS patients with diarrhoea, characterised by an IgE-
mediated serological food hypersensitivity[110]. There has been some suggestions that
FGIDs, or at least some FGID subtypes may represent a mild allergic or hypersensitivity
reaction to food[33,111,112]. While FGIDs may be managed by dietary intervention
[113,114], reports of elevated IgE are surprising sparse and FGIDs have largely been

considered distinct from food allergy.



Nevertheless, there is sufficient evidence to suggest that a proportion of FGID patients are
subject to an atopic phenotype and distinguishing these groups will be important in the

overall understanding and management of FGIDs.
8. Genetics, Atopy and Gastrointestinal Disease

The concept of atopy as a heritable genetic disorder presenting with dysregulation of allergic
effector responses has led to the search for shared genetic and other pathways in Gl
disease[2]. It is apparent from genome wide association studies that there is overlap of
genetic linkage of autoimmune disorders, asthma and inflammatory bowel disease —
common gene loci for example include DENN Domain Containing 1B (DENND1B), Mothers
against decapentaplegic homolog 3 (SMAD3) and Solute carrier family 22,;members 4 and 5
(SLC22A4/5 (5q31/IBD5)) present in both asthma and Crohn’s disease[115] and in the case
of SLC22A4, also coeliac disease [116]. Genetic factors are implicatedin food allergy and
associations with variations and mutations in the Filaggrin (FLG) gene and HLA haplotypes
are important and there is a complex interplay with genetics'and the microbiome[117].
Recently identified associations of HLA-C1 genotype associations with Crohn’s disease in
separate Korean and Spanish populations [118;119]are of particular interest given that
genome wide association studies have previously associated HLA-C region genotypes with
psoriasis [120], asthma[121] and IgE regulation:[122]. Linking single nucleotide
polymorphisms to biological dysfunction is not always straightforward, but these studies do

at least suggest that common pathways may be involved across disorders.

Expert Opinion

The burden of both Gl disease and atopy, which may be environment dependent, is
increasing in society. It is now well established from recent epidemiology studies, that there
are links with atopy and Gl disease particularly in eosinophilic oesophagitis with food
allergies and also the functional Gl disorders functional dyspepsia and irritable bowel
syndrome, . These and other Gl diseases are also linked to dysbiosis of the microbiome with
subsequent or independent immune dysregulation. In addition, there is genetic
predisposition to these diseases, - for example, coeliac disease only occurs in those with a
permissive genetic profile.

Accurate diagnosis of disease is all-important for effective treatment — it must become the
norm to take a holistic approach to patients as currently for symptoms and examination. In
future microbiome and genetic profiling and assessing serology biomarkers for disease and
disease biotype, as occurs in eosinophilic versus neutrophilic asthma will become all

important. It is known that childhood treated asthma and coeliac disease are significantly



associated and therefore coeliac disease in asthmatics should be considered and vice versa
with coeliac disease, family history being important here also. Overlap in disease of different
specialities must be addressed sensibly. Recognition of the vulnerability to overlap is
important as early recognition may prevent lasting damage.

The treatment of functional Gl disease is rarely successful, based on alleviation of symptoms
and not cure. The current hope is that there may be overlap of successful atopy treatments
with that can improve therapy for functional Gl disorders, trials of this approach are
warranted. Targeted treatments in this area may alleviate for example, atopic IBS and allow
understanding of duodenal eosinophilia — is this “asthma of the duodenum”?

Common immune pathways in atopy and Gl disease are recently described and innate
lymphoid cells (ILCs) residing in the Gl tract play critical roles in maintaining-intestinal
homeostasis, driving inflammatory pathology promoting allergic responses, these cells likely
provide an immunological link between Gl dysfunction and atopy.

The microbiota actively contributes to maintaining immune homeostasis, a fine balance
which when disrupted by overgrowth or loss of diversity can promote disease, for example
loss of key digestive enzymes through microbial alterations may promote increased
exposure to antigenic moieties on otherwise harmless foods. Targeting the microbiome to
modulate immune atopic reactions is an exciting prospects as new technologies delve
deeper into identifying all the microbes present in the gut and which -or more likely which
combinations and which species - are specifically linked to Gl diseases and atopy. If the
microbiome is mapped out alongside genetic profiling for Gl disease and atopic tendencies,
we can personalise an individuals’ proclivities and possibly avert Gl and atopic disease
expression from an early stage. Genetics, atopy and Gl disease are known to be linked and
genome wide association studies show overlap of genetic linkage of autoimmune disorders,
asthma and inflammatory bowel disease. There is- a strong association between IBD and
the development of extra-intestinal atopic disease, including atopic dermatitis and asthma
both of which themselves are linked to dysbiosis. Associations between IBD and atopic
disease are bidirectional as asthma and atopic dermatitis are associated with an increased

risk of subsequent IBD diagnosis

Five year view

Atopic Gl disease and disease are both rising in prevalence and the evidence linking these
two conditions should continue to make them a priority issue for Health Services. A
continuing search for cost effective therapeutic measures must continue, including
immunomodulation and likely antibiotic/ probiotic microbiome manipulation for exploration.

Finding effective approaches to reprogram Gl immune systems may prevent future gut



diseases, however in the short-term attention to healthier diets and curtailing antibiotic

exposures may optimize public health in terms of atopic disease risk [123].
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Legend to Figure 1

Figure 1: Immune mechanisms linking Gl Disease and Atopy:

Intestinal dysbiosis can lead to loss of Regulatory T cell (T.eq) populations and may result in
loss of systemic Immunoglobulin A (IgA) production. Dysbiosis also influences type 3 innate
lymphoid cell (ILC3) homeostasis, leading to an increase in interleukin (IL-) 17 at the
expense of IL-22. T helper (Th) 17 responses facilitated by IL-17, may, in the presence of
granulocyte-macrophage colony-stimulating factor (GM-CSF) recruit eosinophils. Interplay
between mast cells and eosinophils, facilitated by IL-25 and IL-33 or by IgE, can drive the
expansion of type 2 ILCs (ILC2s), which in turn, can further enhance eosinophil recruitment.
IL-4 secretion from ILC2s can supress T4 populations, while extra-intestinal signalling can

recruit expanded ILC2 populations from the gastrointestinal tract to distal organs.

References



Papers of special note have been highlighted as:

* of interest

** of considerable interest

2.

Johansson SG, Bieber T, Dahl R et al. Revised nomenclature for allergy for global
use: Report of the Nomenclature Review Committee of the World Allergy
Organization, October 2003. The Journal of allergy and clinical immunology, 113(5),
832-836 (2004).

Lyons JJ, Milner JD. Primary atopic disorders. J Exp Med, 215(4), 1009-1022 (2018).

** key review updating definitions

3.

Tanno LK, Calderon MA, Smith HE et al. Dissemination of definitions. and concepts of
allergic and hypersensitivity conditions. World Allergy Organ J, 9, 24 (2016).

Tanno LK, Calderon MA, Demoly P, Allergy A. Optimization and simplification of the
Allergic and Hypersensitivity conditions classification for the ICD-11. Allergy, 71(5),
671-676 (2016).

Pearce N, Ait-Khaled N, Beasley R et al. Worldwide trends in the prevalence of
asthma symptoms: phase Il of the International Study of Asthma and Allergies in
Childhood (ISAAC). Thorax, 62(9), 758-766 (2007).

Uphoff EP, Bird PK, Anto JM et al. Variations in the prevalence of childhood asthma
and wheeze in MeDALL cohorts in Europe. ERJ Open Res, 3(3) (2017).

Ferrante G, La Grutta S. The/Burden of Pediatric Asthma. Front Pediatr, 6, 186
(2018).

Valdes AM, Walter J, Segal E, Spector TD. Role of the gut microbiota in nutrition and
health. BMJ, 361, k2179 (2018).

** axcellent review on microbiome

9.

10.

11.

Burbank'‘AJ, Sood AK, Kesic MJ, Peden DB, Hernandez ML. Environmental
determinants of allergy and asthma in early life. The Journal of allergy and clinical
immunology, 140(1), 1-12 (2017).

Walker MM, Powell N, Talley NJ. Atopy and the gastrointestinal tract--a review of a
common association in unexplained gastrointestinal disease. Expert Rev
Gastroenterol Hepatol, 8(3), 289-299 (2014).

Shaheen NJ, Mukkada V, Eichinger CS, Schofield H, Todorova L, Falk GW. Natural
history of eosinophilic esophagitis: a systematic review of epidemiology and disease
course. Dis Esophagus, 31(8) (2018).



12.

13.

14.

15.

16.

Gonzalez-Cervera J, Arias A, Redondo-Gonzalez O, Cano-Mollinedo MM,
Terreehorst |, Lucendo AJ. Association between atopic manifestations and
eosinophilic esophagitis: A systematic review and meta-analysis. Ann Allergy Asthma
Immunol, 118(5), 582-590 €582 (2017).

Durrani SR, Mukkada VA, Guilbert TW. Eosinophilic Esophagitis: an Important
Comorbid Condition of Asthma? Clin Rev Allergy Immunol, 55(1), 56-64 (2018).
Vernon N, Shah S, Lehman E, Ghaffari G. Comparison of atopic features between
children and adults with eosinophilic esophagitis. Allergy Asthma Proc, 35(5), 409-
414 (2014).

Nwaru BlI, Hickstein L, Panesar SS et al. Prevalence of common food allergies in
Europe: a systematic review and meta-analysis. Allergy, 69(8), 992-1007 (2014).
Sicherer SH, Sampson HA. Food allergy: A review and update.on epidemiology,
pathogenesis, diagnosis, prevention, and management. The Journal of allergy and
clinical immunology, 141(1), 41-58 (2018).

*recent and good review on this subject

17.

18.

19.

20.

21.

22.

23.

24.

Virta LJ, Ashorn M, Kolho KL. Cow's milk allergy, asthma, and pediatric IBD. J
Pediatr Gastroenterol Nutr, 56(6),649-651 (2013).

Kuenzig ME, Bishay K, Leigh.R, Kaplan GG, Benchimol El, Crowdscreen SRRT. Co-
occurrence of Asthma and the Inflammatory Bowel Diseases: A Systematic Review
and Meta-analysis. Clin Transl Gastroenterol, 9(9), 188 (2018).

Kim HS, Unalp-Arida. A, Ruhl'CE, Choung RS, Murray JA. Autoimmune and Allergic
Disorders are More Common in People With Celiac Disease or on a Gluten-free Diet
in the United States. J Clin Gastroenterol, (2018).

Ludvigsson JF, Hemminki K, Wahlstrom J, Almqvist C. Celiac disease confers a 1.6-
fold increasedrisk of asthma: a nationwide population-based cohort study. The
Journal of allergy and clinical immunology, 127(4), 1071-1073 (2011).

Wi ClI, Park MA, Juhn YJ. Development and initial testing of Asthma Predictive Index
for.a retrospective study: an exploratory study. J Asthma, 52(2), 183-190 (2015).
Patel B, Wi Cl, Hasassri ME et al. Heterogeneity of asthma and the risk of celiac
disease in children. Allergy Asthma Proc, 39(1), 51-58 (2018).

Canova C, Pitter G, Ludvigsson JF et al. Coeliac disease and asthma association in
children: the role of antibiotic consumption. Eur Respir J, 46(1), 115-122 (2015).
Potter MDE, Walker MM, Jones MP, Koloski NA, Keely S, Talley NJ. Wheat

Intolerance and Chronic Gastrointestinal Symptoms in an Australian Population-



25.

based Study: Association Between Wheat Sensitivity, Celiac Disease and Functional
Gastrointestinal Disorders. Am J Gastroenterol, 113(7), 1036-1044 (2018).

Jones MP, Walker MM, Ford AC, Talley NJ. The overlap of atopy and functional
gastrointestinal disorders among 23,471 patients in primary care. Aliment Pharmacol
Ther, 40(4), 382-391 (2014).

*study from primary care on atopy and FGIDs

26.

Koloski N, Jones M, Walker MM et al. Population based study: atopy and
autoimmune diseases are associated with functional dyspepsia and irritable bowel

syndrome, independent of psychological distress. Aliment Pharmacol Ther, (2019).

*study from general populaton on atopy and FGIDs

27.

28.

29.

30.

31.

32.

Meyer R, Fox AT, Chebar Lozinsky A, Michaelis LJ, Shah N. Non-IgE-mediated
gastrointestinal allergies-Do they have a place in a new model of the-Allergic March.
Pediatr Allergy Immunol, (2018).

Shaw DE, Sousa AR, Fowler SJ et al. Clinical and inflammatory characteristics of the
European U-BIOPRED adult severe asthma cohort. Eur Respir J, 46(5), 1308-1321
(2015).

Hait EJ, McDonald DR. Impact of Gastroesophageal Reflux Disease on Mucosal
Immunity and Atopic Disorders. Clin Rev Allergy Immunol, (2018).

Jones MP, Walker MM, Attia JR. Understanding statistical principles in correlation,
causation and moderation in human disease. Med J Aust, 207(3), 104-106 (2017).
Ludvigsson JF, Bai JC, Biagi F et al. Diagnosis and management of adult coeliac
disease: guidelines from the British Society of Gastroenterology. Gut, 63(8), 1210-
1228 (2014).

Dellon ES, Liacouras CA, Molina-Infante J et al. Updated International Consensus
Diagnostic Criteria for Eosinophilic Esophagitis: Proceedings of the AGREE

Conference. Gastroenterology, (2018).

**the most recent and comprehensive guidelines in the field

33.

34.

35.

Potter MDE, Walker MM, Keely S, Talley NJ. What's in a name? 'Non-coeliac gluten
or wheat sensitivity": controversies and mechanisms related to wheat and gluten
causing gastrointestinal symptoms or disease. Gut, (2018).

Yun HD, Knoebel E, Fenta Y et al. Asthma and proinflammatory conditions: a
population-based retrospective matched cohort study. Mayo Clin Proc, 87(10), 953-
960 (2012).

Spits H, Artis D, Colonna M et al. Innate lymphoid cells--a proposal for uniform

nomenclature. Nature reviews. Immunology, 13(2), 145-149 (2013).



36.

37.

Licona-Limon P, Kim LK, Palm NW, Flavell RA. TH2, allergy and group 2 innate
lymphoid cells. Nat Immunol, 14(6), 536-542 (2013).

Goldberg R, Prescott N, Lord GM, MacDonald TT, Powell N. The unusual suspects--
innate lymphoid cells as novel therapeutic targets in IBD. Nat Rev Gastroenterol
Hepatol, 12(5), 271-283 (2015).

** an excellent review of this subject

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hepworth MR, Monticelli LA, Fung TC et al. Innate lymphoid cells regulate CD4+T-
cell responses to intestinal commensal bacteria. Nature, 498(7452), 113-117(2013).
Qiu J, Guo X, Chen ZM et al. Group 3 innate lymphoid cells inhibit T-cell-mediated
intestinal inflammation through aryl hydrocarbon receptor signaling and regulation of
microflora. Immunity, 39(2), 386-399 (2013).

Keely S, Foster PS. Stop Press: Eosinophils Drafted to Join the Th17 Team.
Immunity, 43(1), 7-9 (2015).

El-Behi M, Ciric B, Dai H et al. The encephalitogenicity of T(H)17 cells is dependent
on IL-1- and IL-23-induced production of the cytokine GM-CSF. Nat Immunol, 12(6),
568-575 (2011).

Griseri T, Arnold IC, Pearson C et al. Granulocyte Macrophage Colony-Stimulating
Factor-Activated Eosinophils Promote.Interleukin-23 Driven Chronic Colitis.
Immunity, 43(1), 187-199 (2015).

Lefrancais E, Duval A, Mirey E et al. Central domain of IL-33 is cleaved by mast cell
proteases for potent activation of group-2 innate lymphoid cells. Proc Natl Acad Sci U
S A, 111(43), 15502-15507 (2014).

Nussbaum JC, Van Dyken SJ, von Moltke J et al. Type 2 innate lymphoid cells
control eosinophil homeostasis. Nature, 502(7470), 245-248 (2013).

Roediger B, Weninger W. Group 2 innate lymphoid cells in the regulation of immune
responses. Adv Immunol, 125, 111-154 (2015).

ZhuJ. T helper 2 (Th2) cell differentiation, type 2 innate lymphoid cell (ILC2)
development and regulation of interleukin-4 (IL-4) and IL-13 production. Cytokine,
(2015).

Molofsky AB, Van Gool F, Liang HE et al. Interleukin-33 and Interferon-gamma
Counter-Regulate Group 2 Innate Lymphoid Cell Activation during Immune
Perturbation. Immunity, (2015).

Spencer SP, Wilhelm C, Yang Q et al. Adaptation of innate lymphoid cells to a
micronutrient deficiency promotes type 2 barrier immunity. Science, 343(6169), 432-
437 (2014).



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Huang Y, Mao K, Chen X et al. S1P-dependent interorgan trafficking of group 2
innate lymphoid cells supports host defense. Science, 359(6371), 114-119 (2018).
Alegre ML, Mannon RB, Mannon PJ. The Microbiota, the Immune System and the
Allograft. American Journal of Transplantation, 14(6), 1236-1248 (2014).

Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell development by a
commensal bacterium of the intestinal microbiota. Proceedings of the National
Academy of Sciences, 107(27), 12204-12209 (2010).

Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses
during health and disease. Nature reviews. Immunology, 9(5), 313-323.(2009).

Wu H-J, Wu E. The role of gut microbiota in immune homeostasis and auteimmunity.
Gut Microbes, 3(1), 4-14 (2012).

Dimmitt RA, Staley EM, Chuang G, Tanner SC, Soltau TD, Lorenz RG. The Role of
Postnatal Acquisition of the Intestinal Microbiome in the Early Development of
Immune Function. Journal of pediatric gastroenterology and nutrition, 51(3), 262-273
(2010).

Manichanh C, Rigottier-Gois L, Bonnaud E et al. Reduced diversity of faecal
microbiota in Crohn’s disease revealed by a'metagenomic approach. Gut, 55(2), 205-
211 (2006).

Geuking Markus B, Cahenzli J, Lawson Melissa AE et al. Intestinal Bacterial
Colonization Induces Mutualistic Regulatory T Cell Responses. Immunity, 34(5), 794-
806 (2011).

Goodman AL, Kallstrom G, Faith JJ et al. Extensive personal human gut microbiota
culture collections characterized and manipulated in gnotobiotic mice. Proceedings of
the National Academy of Sciences, 108(15), 6252-6257 (2011).

Penders J, Thijs C; van den Brandt PA et al. Gut microbiota composition and
development of atopic manifestations in infancy: the KOALA Birth Cohort Study. Gut,
56(5), 661-667 (2007).

Foliaki'S, Pearce N, Bjorkstén B, Mallol J, Montefort S, von Mutius E. Antibiotic use
in infancy and symptoms of asthma, rhinoconjunctivitis, and eczema in children 6 and
7 years old: International Study of Asthma and Allergies in Childhood Phase IlI.
Journal of Allergy and Clinical Imnmunology, 124(5), 982-989 (2009).

Johnson CC, Ownby DR, Alford SH et al. Antibiotic exposure in early infancy and risk
for childhood atopy. Journal of Allergy and Clinical Immunology, 115(6), 1218-1224
(2005).

Adlerberth |, Lindberg E, Aberg N et al. Reduced Enterobacterial and Increased
Staphylococcal Colonization of the Infantile Bowel: An Effect of Hygienic Lifestyle?
Pediatr Res, 59(1), 96-101 (2006).



62. Atarashi K, Tanoue T, Shima T et al. Induction of Colonic Regulatory T Cells by
Indigenous Clostridium Species. Science, 331(6015), 337-341 (2011).

63. Jarchum |, Pamer EG. Regulation of innate and adaptive immunity by the commensal
microbiota. Current Opinion in Immunology, 23(3), 353-360 (2011).

64. Stefka AT, Feehley T, Tripathi P et al. Commensal bacteria protect against food
allergen sensitization. Proceedings of the National Academy of Sciences, 111(36),
13145-13150 (2014).

65. Smith PM, Howitt MR, Panikov N et al. The microbial metabolites, short-chain fatty
acids, regulate colonic Treg cell homeostasis. Science, 341(6145), 569-573 (2013).

*unravelling complex T cell - microbiome relationships in the colon

66. Macpherson AJ, Gatto D, Sainsbury E, Harriman GR, Hengartner H, Zinkernagel
RM. A Primitive T Cell-Independent Mechanism of Intestinal Mucosal'lgA Responses
to Commensal Bacteria. Science, 288(5474), 2222-2226 (2000).

67. Li M, Wang B, Zhang M et al. Symbiotic gut microbes modulate human metabolic
phenotypes. Proceedings of the National Academy of Sciences, 105(6), 2117-2122
(2008).

68. Kaetzel CS. Cooperativity among secretory IgA, the polymeric immunoglobulin
receptor, and the gut microbiota promotes host—microbial mutualism. Immunology
Letters, 162(2, Part A), 10-21.(2014).

69. Brandtzaeg P. Secretory IgA:Designed for Anti-Microbial Defense. Frontiers in
Immunology, 4, 222 (2013).

70. Fadlallah J, El Kafsi H, Sterlin D et al. Microbial ecology perturbation in human IgA
deficiency. Sci Transl Med, 10(439) (2018).

71. Imayama S, Shimozono Y, Hoashi M et al. Reduced secretion of IgA to skin surface
of patients with atopic dermatitis. The Journal of allergy and clinical immunology,
94(2 Pt 1), 195-200 (1994).

72. Kim:WJ, Choi IS, Kim CS, Lee JH, Kang HW. Relationship between serum IgA level
and allergy/asthma. Korean J Intern Med, 32(1), 137-145 (2017).

73. Dzidic M, Abrahamsson TR, Artacho A et al. Aberrant IgA responses to the gut
microbiota during infancy precede asthma and allergy development. The Journal of
allergy and clinical immunology, 139(3), 1017-1025 1014 (2017).

74. Love BL, Mann J, Hardin JW, Amrol D. Antibiotic Exposure and the Risk of Food
Allergy in Young Children. Journal of Allergy and Clinical Immunology, 131(2), AB331
(2013).



75.

76.

77.

Wang J-Y, Liu L-F, Chen C-Y, Huang Y-W, Hsiung CA, Tsai H-J. Acetaminophen
and/or antibiotic use in early life and the development of childhood allergic diseases.
International Journal of Epidemiology, 42(4), 1087-1099 (2013).

Ortqvist AK, Lundholm C, Halfvarson J, Ludvigsson JF, Aimqvist C. Fetal and early
life antibiotics exposure and very early onset inflammatory bowel disease: a
population-based study. Gut, (2018).

Chua HH, Chou HC, Tung YL et al. Intestinal Dysbiosis Featuring Abundance of
Ruminococcus gnavus Associates With Allergic Diseases in Infants.
Gastroenterology, 154(1), 154-167 (2018).

** A seminal work

78.
79.

80.

81.

82.

Podolsky DK. Inflammatory bowel disease. N Engl J Med, 347(6), 417-429 (2002).
Bonfrate L, Tack J, Grattagliano |, Cuomo R, Portincasa P. Microbiota‘in Health and
Irritable Bowel Syndrome: Current Knowledge, Perspectives and Therapeutic
Opinions. Scand J Gastroenterol., 48(9), 995-1009 (2013).

De Cruz P, Prideaux L, Wagner J et al. Characterization of the gastrointestinal
microbiota in health and inflammatory bowel disease. Inflammatory bowel diseases,
18(2), 372-390 (2012).

Theochari NA, Stefanopoulos A, Mylonas KS; Economopoulos KP. Antibiotics
exposure and risk of inflammatory bowel disease: a systematic review. Scand J
Gastroenterol, 53(1), 1-7 (2018).

Kim M, Choi KH, Hwang SW, Lee YB, Park HJ, Bae JM. Inflammatory bowel disease
is associated with an.increased risk of inflammatory skin diseases: A population-
based cross-sectional study. J Am Acad Dermatol, 76(1), 40-48 (2017).

* a comprehensive guideline to recognition and management of this difficult area

83.

84.

85.

86.

Harbord M, Annese V, Vavricka SR et al. The First European Evidence-based
Consensus on Extra-intestinal Manifestations in Inflammatory Bowel Disease. J
Crohns Colitis, 10(3), 239-254 (2016).

Bernstein CN, Wajda A, Blanchard JF. The clustering of other chronic inflammatory
diseases in inflammatory bowel disease: a population-based study.
Gastroenterology, 129(3), 827-836 (2005).

Mateer SW, Mathe A, Bruce J et al. IL-6 Drives Neutrophil-Mediated Pulmonary
Inflammation Associated with Bacteremia in Murine Models of Colitis. Am J Pathol,
188(7), 1625-1639 (2018).

McKenzie AN. Type-2 innate lymphoid cells in asthma and allergy. Ann Am Thorac
Soc, 11 Suppl 5, S263-270 (2014).



87.

88.

89.

90.

Stier MT, Zhang J, Goleniewska K et al. IL-33 promotes the egress of group 2 innate
lymphoid cells from the bone marrow. J Exp Med, 215(1), 263-281 (2018).

Xu H, Xu J, Xu L et al. Interleukin-33 contributes to ILC2 activation and early
inflammation-associated lung injury during abdominal sepsis. Immunol Cell Biol,
96(9), 935-947 (2018).

Schmitt J, Schwarz K, Baurecht H et al. Atopic dermatitis is associated with an
increased risk for rheumatoid arthritis and inflammatory bowel disease, and a
decreased risk for type 1 diabetes. The Journal of allergy and clinical immunology,
137(1), 130-136 (2016).

Kuenzig ME, Barnabe C, Seow CH et al. Asthma |s Associated With Subsequent
Development of Inflammatory Bowel Disease: A Population-based Case-Control
Study. Clin Gastroenterol Hepatol, 15(9), 1405-1412 1403 (2017).

** systematic review confirming the link of IBD and atopy

91.

92.

93.

94.

95.

96.

97.

98.

99.

Rutten EPA, Lenaerts K, Buurman WA, Wouters EFM. Disturbed intestinal integrity in
patients with COPD: effects of activities of daily living. Chest, 145(2), 245-252 (2014).
Chafen JJ, Newberry SJ, Riedl MA et al. Diagnosing and managing common food
allergies: a systematic review. JAMA, 303(18), 1848-1856 (2010).

Walker MM, Salehian SS, Murray CE et al. Implications of eosinophilia in the normal
duodenal biopsy - an association with allergy and functional dyspepsia. Aliment
Pharmacol Ther, 31(11), 1229-1236 (2010).

Lam M, Hull L, Imrie A et.al. Interleukin-25 and interleukin-33 as mediators of
eosinophilic inflammation.in chronic rhinosinusitis. Am J Rhinol Allergy, 29(3), 175-
181 (2015).

Burton OT, Medina Tamayo J, Stranks AJ et al. IgE promotes type 2 innate lymphoid
cells in murine food allergy. Clin Exp Allergy, 48(3), 288-296 (2018).

Noval'Rivas M; Burton OT, Oettgen HC, Chatila T. IL-4 production by group 2 innate
lymphoid cells promotes food allergy by blocking regulatory T-cell function. The
Journal of allergy and clinical immunology, 138(3), 801-811 €809 (2016).

Lunjani N, Satitsuksanoa P, Lukasik Z, Sokolowska M, Eiwegger T, O'Mahony L.
Recent Developments and Highlights in Mechanisms of Allergic Diseases:
Microbiome. Allergy, (2018).

D’Argenio V, Salvatore F. The role of the gut microbiome in the healthy adult status.
Clinica Chimica Acta, 451, Part A, 97-102 (2015).

Hooper LV, Midtvedt T, Gordon JI. How host-microbial interactions shape the nutrient

environment of the mammalian intestine. Annu Rev Nutr, 22, 283-307 (2002).



100.

101.

Hooper LV, Midtvedt T, Gordon JI. How host microbial interactions shape the nutrient
environment of the mammalian intestine. Annual Review of Nutrition, 22(1), 283-307
(2002).

Tack J, Corsetti M, Camilleri M et al. Plausibility criteria for putative
pathophysiological mechanisms in functional gastrointestinal disorders: a consensus
of experts. Gut, 67(8), 1425-1433 (2018).

*FGIDs aand immune dysregulation

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Holtmann GJ, Talley NJ. Inconsistent symptom clusters for functional gastrointestinal
disorders in Asia: is Rome burning? Gut, 67(11), 1911-1915 (2018).

Kindt S, Van Oudenhove L, Broekaert D et al. Inmune dysfunction in‘patients with
functional gastrointestinal disorders. Neurogastroenterol Motil, 21(4), 389-398 (2009).
Burns G, Carroll G, Mathe A et al. Evidence for Local and Systemic Immune
Activation in Functional Dyspepsia and the Irritable Bowel Syndrome: A Systematic
Review. Am J Gastroenterol, (2018).

Yazar A, Atis S, Konca K et al. Respiratory symptoms and pulmonary functional
changes in patients with irritable bowel syndrome. Am J Gastroenterol, 96(5), 1511-
1516 (2001).

Fan K, Talley NJ. Functional dyspepsia and duodenal eosinophilia: A new model. J
Dig Dis, 18(12), 667-677 (2017).

Walker MM, Potter M, Talley NJ. Eosinophilic gastroenteritis and other eosinophilic
gut diseases distal to the oesophagus. Lancet Gastroenterol Hepatol, 3(4), 271-280
(2018).

Holguin L, Gallego-Yepes C, Toro Y, Diez-Zuluaga LS, Mopan J, Chinchilla C.
[Epidemiological, clinical and diagnostic characterization of children with eosinophilic
gastroenteropathy. A retrospective study of three high complexity health institutions].
Rev Alerg Mex, 65(2), 148-159 (2018).

Pearson JS, Niven RM, Meng J, Atarodi S, Whorwell PJ. Immunoglobulin E in
irritable bowel syndrome: another target for treatment? A case report and literature
review. Therap Adv Gastroenterol, 8(5), 270-277 (2015).

Katsumata R, Ishii M, Lee S et al. Cytokine Profile and Immunoglobulin E-mediated
Serological Food Hypersensitivity in Patients With Irritable Bowel Syndrome With
Diarrhea. J Neurogastroenterol Motil, 24(3), 415-421 (2018).

Lind R, Berstad A, Hatlebakk J, Valeur J. Chronic fatigue in patients with unexplained
self-reported food hypersensitivity and irritable bowel syndrome: validation of a
Norwegian translation of the Fatigue Impact Scale. Clin Exp Gastroenterol, 6, 101-
107 (2013).



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Lillestol K, Helgeland L, Arslan Lied G et al. Indications of 'atopic bowel' in patients
with self-reported food hypersensitivity. Aliment Pharmacol Ther, 31(10), 1112-1122
(2010).

Rajilic-Stojanovic M, Jonkers DM, Salonen A et al. Intestinal microbiota and diet in
IBS: causes, consequences, or epiphenomena? Am J Gastroenterol, 110(2), 278-
287 (2015).

Duncanson KR, Talley NJ, Walker MM, Burrows TL. Food and functional dyspepsia:
a systematic review. J Hum Nutr Diet, 31(3), 390-407 (2018).

Vutcovici M, Brassard P, Bitton A. Inflammatory bowel disease and airway:diseases.
World J Gastroenterol, 22(34), 7735-7741 (2016).

Ryan AW, Thornton JM, Brophy K et al. Haplotype variation at the IBD5/SLC22A4
locus (5q31) in coeliac disease in the Irish population. Tissue Antigens, 64(2), 195-
198 (2004).

Li J, Maggadottir SM, Hakonarson H. Are genetic tests.informative in predicting food
allergy? Curr Opin Allergy Clin Immunol, 16(3), 257-264 (2016).

Jung ES, Cheon JH, Lee JH et al. HLA-C*01 is.a Risk Factor for Crohn's Disease.
Inflammatory bowel diseases, 22(4), 796-806 (2016).

Diaz-Pena R, Vidal-Castineira JR, Moro-Garcia MA, Alonso-Arias R, Castro-Santos
P. Significant association of the KIR2DL3/HLA-C1 genotype with susceptibility to
Crohn's disease. Hum Immunol, 77(1), 104-109 (2016).

Carlen L, Sakuraba K, Stahle M, Sanchez F. HLA-C expression pattern is spatially
different between psoriasis.and eczema skin lesions. J Invest Dermatol, 127(2), 342-
348 (2007).

Hinds DA, McMahon G, Kiefer AK et al. A genome-wide association meta-analysis of
self-reported-allergy-identifies shared and allergy-specific susceptibility loci. Nat
Genet, 45(8), 907-911 (2013).

Yatagai Y, Sakamoto T, Masuko H et al. Genome-wide association study for levels of
total serum IgE identifies HLA-C in a Japanese population. PLoS One, 8(12), e80941
(2013).

Talley NJ, Walker MM. The Rise and Rise of Eosinophilic Gut Diseases Including
Eosinophilic Esophagitis Is Probably Not Explained by the Disappearance of
Helicobacter pylori, so Who or What's to Blame? Am J Gastroenterol, 113(7), 941-
944 (2018).



Immune mechanisms linking Gl Disease and Atopy

’ e =3 Intestinal Dysbiosis
e °%% o -
g~

. 2.5‘ Homeostasis-regulating spp

- Thi7cells --.

Extra-intestinal
O O migration

Figure 1

Mast cells

Figure 1





