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1. Introduction

1.1 The changing scenario of food allergy

Food allergy (FA) is an adverse health effect arising from a specific immune response that
occurs reproducibly on exposure to a given food (1). It is one of the most common allergic
disorders in the pediatric age, and it has been recognized as a global health problem,
particularly in industrialized countries. Studies have suggested that the epidemiology of FA
has changed during the last two decades, with a dramatic rise in the prevalence, severity of
clinical manifestations, and risk of persistence into later ages, leading to an increase in
hospital admissions, medical visits, treatments, burden of care on families and to an important
economic impact, with significant direct costs for the families and healthcare system (2-4). In
Europe, around 7 million of people suffer from challenge-proven FA. If this prevalence is
projected onto the world’s population of 7 billion, it translates into 63 million-1.16 billion of
potential food-allergic people, with a greater incidence in children (5-8%) than in adults (1-
2%) (5). Furthermore, about 8% of people suffering from FA are exposed to the risk of
potentially life-threatening allergic reaction resulting in death, mainly amongst children aged
0-14 years. According to the most recent epidemiological data, time trend analysis showed up
to 7-fold increase in hospital admissions for food severe allergic reactions in children in the
UK, USA, Italy and Australia over the last 10 years (6-10). Although more than 170 foods
have been identified as triggers of FA, there is rather short list of foods account for most of
the more serious disease burden, namely peanut, tree nuts, fish, shellfish, egg, milk, wheat,
soy, and seeds, with national and geographical variations concerning the most common FA

(1,11-16).

1.2 New insights in the pathogenesis of food allergy
FA derives from a breakdown of immune tolerance (17). Induction and maintenance of

tolerance to food antigens requires active generation of food antigens specific regulatory T



cells (Tregs), which are influenced by the resident microbiome (18,19). Current knowledge
suggests that the epidemiology of FA might be influenced by genetics and genome-
environment interactions leading to immune-system dysfunction, mediated at least in part by
epigenetic mechanisms (20,21). Many factors have been postulated to contribute to the onset
of FA. Among the multiple immutable risk factors that could influence FA onset, there are the
male sex, ethnicity (increased risk among Asian and black children compared with white
children), and genetics (familial associations, HLA, and specific genes) (22-26). In addition,
there are other risk factors that can be potentially addressed to reduce/prevent FA. These
factors are related (mode of delivery, breast milk, use of acid-suppressive medications or
antibiotics, use of antiseptic agents, rural environment, junk food-based and/or low fibers/high
fat diet, consumption of unpasteurized milk or fermented foods, exposure to pets) or unrelated
(comorbid atopic dermatitis, vitamin D insufficiency, reduced consumption of omega-3-
polyunsaturated fatty acids or antioxidants, timing and route of exposure to foods) to an

influence on gut microbiota development and function (27-30).

1.3 Natural history of food allergy

Many subjects with FA naturally outgrow it over time; however, the natural course highly
depends on the causative allergen. Cow’s milk allergy (CMA), hen’s egg and wheat allergy
approximately resolve in 50% of children by the age of 5-10 years. Other FAs (including
peanut, tree nut, fish) have low rates of resolution or are considered persistent (31). In
addition, many forms of FA, including CMA, may be associated with later development of
other allergic diseases such as asthma, oculorhinitis, urticaria, and atopic dermatitis (the so
called “Atopic March”) (32), as well as other diseases such as functional gastrointestinal
disorders (FGIDs) (33), inflammatory bowel diseases (IBD) (34), and psychiatric disorders,

such as attention deficit hyperactivity disorder (ADHD), autistic spectrum disorders (ASD)



and obsessive-compulsive disorder (OCD) (35). The pathogenesis of these events is still
largely unknown, but increasing evidence suggest that perturbation of gut microbiota, leading
to alterations in immune system and gut-brain axis, could influence the occurrence of FA and

FA-related conditions later in the life (Figure 1).

1.4 Gut microbiota features in food allergy: investigating the metagenomic and
metabolomics features

The knowledge and awareness of the role the gut microbiota and metabolites in the balance
between health and disease is rapidly increasing. This is mainly due to the advance in
technology and the availability we currently have of high sensitivity means to study microbial
communities in any type of ecosystem. It is important for the clinicians and researchers
dedicated to the FA field to know potential and limits of these technologies to better
understand the value and significance of the findings reported in literature. Thanks to the
power of genome DNA sequencing, we have learned much about the composition of gut
microbial communities. In addition, the potential of transcriptomics, proteomics and
metabolomics are enlarging our understanding of the gut microbiota role in human health.
Until the 1990s, knowledge of the gut microbiota was limited because the only technique used
to study and characterize the composition of gut microbiota was bacteriological culture.

Since the 1990s, there were advances in culture-independent techniques. These new
techniques are fast, facilitate high throughput, identify organisms that are uncultured to date
and enable enumeration of organisms present in the gut microbiota. In the last decade, the
composition of the gut microbiota was described by next generation sequencing of 16S
ribosomal RNA genes. Lately, it is widening the amount of information that can be retrieved
by studying metagenomes from human samples, with the capability to infer the abundance of
genes and potential metabolic pathways that characterize a microbial community. It is

possible to describe the taxonomic composition of the microbiota and also to study the



potential functions in a given system. Such methodological background is fundamental to
investigate associations between microbiota structure and health as well as other
environmental factors (36) and also to observe the changes of the gut microbiota in response
to disease or perturbations in diet or lifestyle. An advanced technique to investigate gut
microbiota at deep level is shotgun sequencing that represents a massive parallel sequencing
of the whole genome. This is done by massive parallel sequencing of the mixed DNA sample.
Shotgun sequencing involves random fragmentation of DNA, sequencing of DNA fragments
and reconstruction of overlapping sequences to assemble them into a continuous sequence
(37). Metabolomics represents one of the meta-omic approach to study gut microbiota
function. Metabolomics uses high throughput techniques to characterize and quantify small
molecules in several biological samples such as feces, urine, plasma, serum, saliva (38). The
use of metabolomics is considered a powerful top-down systems biology approach, and it is
essential to reveal the genetic-environment-health relationship, as well as the clinical
biomarkers of diseases (39). Currently, the rapid development of several analytical platform,
including Gas Chromatography Mass Spectrometry (GC- MS), liquid chromatography (LC),
high pressure LC (HPLC), ultra pressure LC (UPLC), Fourier transform infrared spectroscopy
(FTIR), ion cyclotrone resonance-FT (ICR-FT), capillary electrophoresis (CE) coupled to
mass spectrometry (MS), and nuclear and proton nuclear magnetic resonance spectroscopy
(NMR-1H-NMR), allowed to separate, detect, characterize and quantify metabolites and their
metabolic pathways (40). What is needed is a transition from descriptive research to
understanding the ways the microbiome interacts with the host and plays a role in health and
disease. In this frame, controlled clinical interventions are of utmost importance to establish
microbiota causative involvement and are the basis to implement approaches of personalized
medicine (41,42). The study of the relationship between microbiota and FA may start from

association and be translated to causation and clinical practice with appropriate advances in



knowledge. An initial wide screening of microbial diversity in gut microbiota of patients with
a sure diagnosis of FA, including a well-matched control population, may identify useful
signatures in the microbiota that are specific for certain types of FA (43,44). If the wide
screening included cohorts of patients with different dietary style or ethnicity, the common
microbial signatures would be even stronger and provide a solid indication of the microbial
biomarkers of FA. A further mapping of the genomic features associated to FA maybe
inferred by metagenomics and metabolomics, which may inform on the functional microbial
signatures that can be recognized in FA patients.

Biomarkers strains or defined microbial systems may be tested in gnotobiotic or humanized
animal models to observe the development of the disease, and beneficial vs detrimental
microbial metabolites can be recognized and used as final target of microbiome-targeted
personalized interventions. The identification of bacterial metabolites, that affect positively
the immune tolerance network, may be an interesting strategy against FA using a post-biotic

approach.

1.5 Evidence on gut microbiota dysbiosis in food allergy

There is mounting evidence that the alterations of gut microbiota composition (dysbiosis)
early in life play a key role in early host immunological development and represents a critical
factor underlying FA and occurrence of other allergic and not allergic diseases later in the life
(28,30,45,46). Many epidemiologic data suggest a link between environmental factors able to
influence gut microbiota composition and function, and the occurrence of FA (Figure 2). But
these data only support the notion that several factors potentially influencing gut microbiota
may be key risk modifiers for the development of FA. Unfortunately, data characterizing the
microbiota of patients with FA are still preliminary. Table 1 summarizes main evidences on

FA-associated gut microbiota features. Heterogeneity in study design, including sampling



time points, methods used to characterize the gut microbiota, and different allergic
phenotypes under study, make it difficult to establish a causal relation between specific
bacterial taxa and development of FA. Despite these limitations at least 4 relevant
observations on FA-associated gut microbiota can be raised:

- Dysbiosis precedes the FA onset;

- Microbial community structure early in life, in particular in the first 6 months of life, is

more relevant in FA development;

- No specific bacterial taxa could be consistently associated with FA onset, with a broad
range of microbes that could have positive or negative influence on tolerogenic

mechanisms;

- Dysbiosis could influence not only the occurrence, but also the disease course of FA

(46).

1.6 Targeting gut microbiota in food allergy: the importance of the diet-gut microbiota
axis

Advances in metagenomics and metabolomics implicate diet and gut microbiota (the diet-gut
microbota axis) as key modulators of the maturation of the immune system. Findings from a
recent systematic review further support the relationship between maternal diet during
pregnancy and lactation and allergic sensitization to food during childhood (47). Diet during
the first 1000 days of life, from conception up to the first 24 months of age, may influence the
risk of developing FA (48-50). A recent study examining the influence of dietary patterns on
the development of FA at the age of 24 months suggests that a healthy child diet with high

levels of fruits, vegetables, and home-made foods is associated with less FA (51).
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The role of maternal and infant diet in the development of food allergy has been a major focus
of research throughout this period. Allergen exposure can potentially occur in utero could
impact on food allergy development. Early introduction of peanut has been shown to be
protective against the development of peanut allergy in high-risk children with the body of
evidence suggesting the same is true for egg allergy (52). One cohort reported that the delayed
introduction of rice/wheat cereal (>6 months of age) was associated with a lower risk of food
allergy (53). In addition to allergenic food introduction, postnatal vitamin D status and
prebiotic and/or probiotic supplementation has been suggested to be associated with the
development of food allergy. Zhang et al. (54) recently performed a meta-analysis of
randomized controlled trials about probiotic supplementation during pregnancy and/ or
infancy and their effects on atopy in children. They found that administering probiotics
prenatally to pregnant mothers and postnatally to the child both could reduce the risk of food
sensitization. Based on a review of the literature, the World Allergy Organisation guideline
panel suggests using prebiotic supplementation in infants who are not exclusively breastfed,
but not for exclusively breastfed infants (55).

Several studies reported that nutrients impact the gut microbiota and the bacterial metabolites
production (56,57). The Mediterranean diet (MD) is highly regarded as a healthy balanced
diet. It is characterized by high consumption of assorted fruits, vegetables, cereals, legumes,
olive oil, and nuts; moderate consumption of fish, poultry, and red wine; and a lower intake of
dairy products, red meat, processed meat and sweets. It has been demonstrated that adherence
to MD during pregnancy and early life has a protective effect on allergic disease in children
(58). These effects could derive from the high intake of non-digestible dietary carbohydrates
(NDC), the beneficial fatty acid profile that is rich in omega-3, the high levels of polyphenols
and other antioxidants (59). Non-digestible dietary carbohydrates represent the primary

nutrient source for the gut bacteria and their fermentation leads to the production of short
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chain fatty acids (SCFA) (60). It has been demonstrated that reduced availability of NDC
lowered the concentration of fiber-degrading bacteria and increased mucin degrading bacteria
(61). De Filippis et al. observed a significant association between degree of adherence to the
MD and increased levels of SCFAS, Prevotella bacteria, and other Firmicutes (62).

The immunomodulatory mechanisms stimulated by SCFAs represent one of the strongest
connections between diet, gut microbiota, and allergic diseases (63). SCFAs are 2-carbon to
5-carbon weak acids, including acetate, propionate, butyrate and valerate (64). SCFAs-
producing bacteria represent a functional group, including Bacteroidetes phylum that are good
producers of acetate and propionate, whereas Faecalibacterium prausnitzii, which belongs to
the Clostridium leptum cluster (or clostridial cluster 1V), and Eubacterium rectale/Roseburia
spp., which belong to the Clostridium coccoides cluster (or clostridial cluster X1Va) of
Firmicutes bacteria are efficient butyrate producers (65). SCFAs are major energy source for
colonocytes and influence gene expression necessary for the expression of epithelial barrier-
forming molecules and mucin production defense functions and regulation of immune cells,
such as macrophages, neutrophils, DCs, T and B-cells (66-72). They are absorbed by
colonocytes and other cells via transporters (SLC16al and SLC5a8), via simple diffusion or
through G-protein coupled receptors (GPCRs), such as GPR43, GPR41, GPR109A and
OIfr78 (73-76). GPR43 and GPR41 are highly expressed by intestinal epithelial cells (77).
Neutrophils, macrophages and DCs, express GPR43 and GPR109A, but T- and B-cells do not
express these SCFA receptors (78-82).

Among SCFAs, butyrate exerts a pivotal role in immune tolerance induction. It is able to
regulate DCs, reducing pro-inflammatory cytokines and chemokines production and
enhancing retinoic acid (RA) expression and subsequent generation of RA-regulated

tolerogenic DCs (83).
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It has been found that SCFA individually or in combination (SCFA mix) are able to increase
colonic Treg frequency and number and that this effect coincide with increased luminal
SCFA. Furthermore, SCFA are able to increase also CD4+ T cell frequency and number but
did not alter colonic Thl or Th17 cell numbers (84). In vitro treatment of colonic Tregs from
germ free mice with propionate significantly increased FoxP3 and IL-10 expression, a key
cytokine in Treg-mediated suppression suggesting that SCFA specifically induce FoxP3+ IL-
10-producing Tregs (85). In a mouse model, it has been demonstrate that butyrate, facilitated
generation of colonic Treg cells, acting as to HDAC-inhibitory and enhance acetylation of the
Foxp3 locus, induced a decrease of proinflammatory cytokine expression within DCs to
stimulate colonic Tregs (86).

The mechanisms are multiple and involve a strong epigenetic regulation of gene expression
through the inhibition of histone deacetylase (HDAC). Butyrate promoting B-cell
differentiation and increasing IgA and IgG production through their HDAC inhibitory activity
(87). It has been demonstrated that butyrate suppresses CD4+ T-cell proliferation and increase
colonic FoxP3* Tregs, potentially through their HDAC inhibitor activity (88-90). The
inhibition of HDAC 9 and 6 increases FoxP3 gene expression, as well as the production and
suppressive function of Tregs (91).

Butyrate deficiency has been observed in allergic patients (92). Bacteria-produced SCFAs
have been implicated in the regulation of both the proportions and functional capabilities of
Tregs, which, in some studies, has been specifically attributed to butyrate production by
spore-forming Clostridiales. It has been observed an enrichment of taxa from the Clostridia
class and Firmicutes phylum in human subjects with faster CMA resolution (92). Altogether
these evidences suggest the potential of a “post-biotic” approach, based on the use of butyrate
against FA. In this light, data from our laboratory showed that oral butyrate induces a

dramatic inhibition of acute allergic skin response, anaphylactic symptom score, body
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temperature decrease, intestinal permeability increase, anti-f lactoglobulin (BLG) IgE, I1L-4
and IL-10 production in a murine model of CMA, suggesting a protective role of butyrate
against FA (93). We evaluated the direct effects of butyrate on peripheral blood mononuclear
cells (PBMCs) from children affected by challenge-proven IgE-mediated CMA. PBMCs were
stimulated with BLG in the presence or absence of butyrate. Preliminary results showed that
butyrate stimulates IL-10 and IFN-y production and decreases DNA methylation rate of these
two cytokines. Same effective butyrate dose induces FoxP3 promoter region demethylation
and HDAC6/HDAC9 expression down-regulation (93,94).

Additional potential mechanisms by which diet could exert pro-tolerogenic effects in the gut
are related to the production of immunoregulatory metabolites, which interact with the host
immune cells to promote non-responsiveness to innocuous luminal antigens (95). Tryptophan
is essential amino acid which cannot be synthesized independently by humans, thus, need to
be ingested with the diet. A part of tryptophan is utilized to synthesize protein, the other
portion is catabolized to produce variety bioactive compounds, such as kynurenine, serotonin,
melatonin. Tryptophan absorbed by intestinal epithelial cells directly activates the mTOR
pathway by intracellular tryptophan receptors through a PI3K/AKT-independent mechanism
(96,97). As we known, mTOR plays an important role in connecting metabolism and immune
system. During an inflammatory process, tryptophan is metabolized through the kynurenine
(Kyn) pathway. Kyn is an active metabolite and its biological activity is mediated by aryl
hydrocarbon receptor (AhR) (98). The bond of Kyn to AhR receptor (99) lead to the
inhibition of dendritic cells (DCs) maturation (100) and the proliferation of Th17 cells and
Treg, increasing IL-22 and IL-10 production (101,102). Indole, indole 3-propionic acid (IPA)
and indole-3-aldehyde (I3A) are produced by catabolism of tryptophan through intestinal
commensal bacteria. A study demonstrated that Peptostreptococcus anaerobius CC14N and

three strains of Clostridium cadaveris utilizing tryptophan to produce IPA. Another study
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suggested that IPA could promote the intestinal barrier function via PXR and TLR4 pathway.
Tryptophan can be also catabolized by lactobacilli to I3A. This metabolite protects gut
mucosa against inflammation through AhR recognition (103).

It has been demonstrated that indole-3-carbinole (13C), an AhR ligand, was able to boost oral
tolerance in ovalbumin (OVA)-sensitized mouse model. Mice fed 13C showed lower titers of
anti-OVA 1gG1 antibodies and higher number of CD103*MHC-I1I* tolerogenic DCs compared

to normal chow-fed control mice (104).

1.7 The role of breastfeeding in food allergy

Breastfeeding has important health benefits for infants and represents the gold standard of
nutrition for infants (105). However, the role of human milk (HM) in the primary prevention
of FA (10) are still undefined. One birth cohort from Taiwan reported exclusive or partial
breastfeeding for 6 months was associated with reduced milk sensitization at ages 1 and 1.5
years compared with formula feeding (106). An influence of breast milk on the development
of disease in offspring may also be explained by the composition of breast milk. Mothers’ diet
during lactation can alter the composition of breast milk, which might have an impact on
allergic outcomes. A small cohort study (FARMFLORA) in Sweden showed mothers
consuming more margarine, margarine and oils and low-fat milk during pregnancy and were
more likely to have pediatrician-confirmed allergic children (107). HM is a complex living
nutritional fluid that contains antibodies, enzymes, and hormones, all of which have health
benefits (108). It has been demonstrated a pivotal role of breast-milk antibodies for the
development immature immune system of a newborn (109). Breast-milk antibodies that
transfer in the newborn’s gut can help to determine the composition of microbes that colonize
the intestine, and thereby prevent excessive immune responses to non-pathogenic microbes

(109,110). Yet despite this maternally provided immune protection, an infant still faces an
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extremely sensitive period in early life when the progressive microbial colonization of
internal and external body surfaces occurs concurrently with the development and maturation
of the immune system (111). In addition to passive immunity (from bioactive components
such as secretory IgA and 1gG), human milk also contains factors that actively stimulate the
infant immune system (112). Accumulated data suggests that a wide range of bioactive
factors: such as proteins, polyunsaturated fatty acids, oligosaccharides, microbial content,
metabolites, lipids and micronutrients present in HM can influence the infant’s gut immune
maturation (113). Milk lipids is the main source to supply energy for newborns such that it
comprises ~50% of the energy that they need (114). Milk lipids provide essential nutrients,
which are needed, as structural elements, for all cell membranes and, as integral constituents
of neural tissues, for rapidly growing infants (115-117). Among fatty acids, human milk has
been examined as a potential source of the major SCFAs butyrate for neonates, with a
different content of SCFASs than infant formula (118). However, butyrate levels in HM are not

well established.

1.8 Engineering gut microbiota with probiotics in food allergy

Immune tolerance is a major therapeutic target in FA. Evidence support the concept that
probiotics, defined as live microorganisms which when ingested in adequate amounts confer
a beneficial effect on the host (119), could act at different level on immune tolerance network
in FA: modulating gut microbiota composition and function (increased production of
butyrate) (43); interacting with enterocytes with subsequent modulation of non-immune (gut
permeability and mucus thickness) (120-123) and immune tolerogenic mechanisms
(stimulation of slgA and B-defensins production) (124); modulation of cytokines response by
immune cells (125-128). Main pre-clinical evidence on the probiotics activity against FA are

summarized in Table 2. In the last decades, a number of experimental investigations have
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been developed in order to characterize those organisms could be used to modulate the gut
microbiota for FA. Stimulation of human peripheral blood mononuclear cells (PBMCs) with
selected probiotic strains is a commonly used experimental tool for the investigation of the
effect of these microorganisms on immune cells. The incubation of PBMCs with

lactic acid bacteria (LAB) strains (such as L.plantarum and B.adolescentis) resulted in an
increased production of the regulatory cytokine IL-10 by monocytes and dendritic cells, and
to an enhance of IFN-y production by T cells (129-131). The addition of probiotics mixture
(L.acidophilus W55, L.casei W56, L.salivarius W57, L.lactis W58, B infantis W52, B.lactis
W18 and B.longum W51) to PBMCs from children with FA resulted in increased T cell
proliferation with enhanced production of Thl and regulatory cytokines. An increase in T and
B cells proliferation and a reduction in IgE production were also observed in PBMCs from
children with FA treated for 3 months with the same probiotic mixture (132). Using a 3D co-
culture model of intestinal epithelial cells and PBMCs as an in vitro model of the intestinal
mucosal immune system, Ghadimi et al demonstrated that the probiotics B.breve and
L.rhamnosus GG (LGG) inhibit activation of inflammatory IL-23 and IL-17 cytokines,
thereby reducing histone acetylation and simultaneously enhancing DNA methylation (133).
The limitation of studying the effect of probiotics in vitro lies in the extrapolation of the
results to in vivo benefits. For that reason, another commonly used experimental tool in this
area is based on the use of animal model of FA. Differential effects in relation to molecular
action of oral administration of three LAB strains (B. coagulans 09.712, L.plantarum 08.923
and B.infantis 11.322) in alleviating Th2-driven intestinal inflammation and other symptoms
associated with food-induced anaphylaxis were demonstrated in a murine model induced by a
major shrimp allergen, ST. In particular, oral supplementation with B.coagulans 09.712 and
L.plantarum 08.923 significantly ameliorates anaphylaxis symptoms and increases the

population of CD4* CD25"FoxP3" T cells in ST-sensitized mice through mTORC inhibition,
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FoxP3 up-regulation and GATA-3 down-regulation (134). Zang et al investigated the
preventive and therapeutic effects of oral C.butyricum on anaphylactic symptoms in FA mice
model induced by a  -lactoglobulin (BLG) as allergen, a well-established model of CMA.
The authors observed that the oral treatment with C.butyricum significantly ameliorated
anaphylaxis symptoms and increased sIgA and CD4* CD25" FoxP3*Treg cell in spleen from
BLG-sensitized mice (135). Neonatal monocolonization of germ-free mice by L.casei BL23
modulated the allergic sensitization to cow’s milk proteins, developed higher 1gG responses
against caseins, elicited by L.casei that was able to hydrolyze insoluble caseins into soluble
immunogenic peptides (136). Using OVA-sensitized murine model, it was demonstrated that
oral administration of B.infantis ameliorated allergic symptoms, reducing OV A specific-IgE,
and -1gG1 levels in the serum, and Th2 cytokines release in spleen. Moreover, gut microbiota
analysis showed that the probiotics-mediated protection was conferred by up-regulation of the
relative abundance of Coprococcus and Rikenella at genus level (137). Similar results was
obtained by others that observed a decrease of concentrations of IgE, IL-4 and IL-13
following administration of B.infantis CGMCC313-2 in BLG-sensitized mice (138). Oral
administration of VSL#3 (a mixture of Streptococcus thermophilus BTO1, B. breve

BB02, B.longum BLO03, B.infantis BI04, L.acidophilus BAO5, L.plantarum BP06, L.paracasei
BPO7, L.delbrueckii subsp. bulgaricus BD08) to sensitized mice significantly reduces Th2
immune responses and protects against anaphylactic reactions in a mouse model of FA. Also
the incubation of mouse spleen cells from sensitized mice with probiotic mixture reduced
allergen-stimulated IL-5 and IL-13 production and increased of IFN-y and IL-10 production
(139). An immunoregulatory action by LGG has been demonstrated in a murine model of
CMA. LGG administration was able to suppress of Th2 responses such as reduced
hypersensitivity scores and lowered serum CMP-specific 1gG1 while promoting Thl

responses by causing elevated IFN-y and CMP-specific 1gG2a levels (140). Similar results
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have been reported by our group in a BLG-sensitized mice model, in which we found that the
administration of LGG added to the extensively hydrolyzed casein formula (EHCF) elicited a
significantly reduction of allergic reaction, and of IL-4, IL-5, IL-13 and specific IgE
production (141). Clinical studies have investigated the efficacy of selected probiotic strains
against FA. The effect appears strain-specific and more evident in the pediatric age. In a
randomized double-blind placebo-controlled trial, it has been demonstrated that the
administration of L.casei CRL431 and B.lactis BB12 added to hypoallergenic formula for

12 months did not affect the acquisition of immune tolerance to cow’s milk proteins in infants
with CMA (142). Whereas, using a similar study design we have demonstrated that the
addition of the probiotic LGG to EHCF is able to accelerate immune tolerance acquisition in
infants with CMA. Infants (aged 1-12 months), consecutively referred for suspected CMA
(IgE- or non-1gE-mediated), but still receiving cow’s milk proteins, were invited to participate
in the study. Subjects were randomly allocated to one of the two groups of dietary
interventions: control group, received an EHCF; and active group, received an EHCF
containing LGG (at least 1.4x10” CFU/100 mL). After 12 months, the double-blind placebo-
controlled food challenge was negative in 15 of 28 control infants (53.6%) and in 22 of 27
infants receiving EHCF with LGG (81.5%, p = 0.027) (143). The results were confirmed in a
subsequent trial, when the effect of 5 different dietary strategies was investigated: EHCF,
EHCF + LGG, partially hydrolyzed rice formula, soy formula or amino acid-based formula, in
children affected by IgE- or non-IgE-mediated CMA. After the treatment period of 12
months, the proportion of children acquiring immune tolerance to cow’s milk proteins was
significantly higher in the group receiving EHCF+ LGG (78.9%) than in other groups (144).
At the 3-year follow-up of another pediatric cohort, a further confirmation of a greater rate of
resolution of IgE-mediated CMA as well as a lower incidence of other atopic manifestations

was described after treatment with EHCF+LGG (145). These effects could derive at least in
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part by a modulation elicited by selected LGG components on immune functions through
different pathways including enterocytes, monocytes, mast cells, DCs and Tregs (146-149),
and by an expansion of butyrate-producing gut microbiota (43). Accordingly, studies in
infants with eczema and/or CMA who received EHCF supplemented with LGG showed
benefits in decreasing gastrointestinal symptoms and inflammation (107,150). Probiotics has
been also proposed to reinforce the effectiveness of immunotherapy (151). Oral food
immunotherapy (OIT) is currently the most investigated approach for persistent FA and it is
based on the concept that repeated oral/intestinal exposures to antigens normally leads to
tolerance. Tang et al. performed a randomized double-blind placebo-controlled trial with the
probiotic L.rhamnosus CGMCC 1.3724 and peanut OIT (PPOIT) in 62 children with peanut
allergy. Subjects received a fixed dose of probiotic (or placebo) together with peanut OIT (or
placebo) once daily for a total of 18 months. Sustained unresponsiveness (SU), determined by
DBPCFC conducted 2 to 5 weeks after discontinuation of treatment, was achieved in 82.1%
of patients receiving PPOIT compared with 3.6% of those receiving placebo, the highest rate
of SU reported for any food immunotherapy treatment evaluated in a randomized controlled
study to date. PPOIT also induced high rates of desensitization (90%) and was associated with
reduced peanut skin test reactivity, decreased peanut-specific IgE, and increased peanut-
specific 1gG4 levels. PPOIT was well tolerated with no participants withdrawing because of
adverse reactions (6 participants withdrew for reasons unrelated to PPOIT treatment); this is
in stark contrast to OIT whereby 10% to 30% of participants withdraw because of adverse
reactions. At approximately 4 years after the study ended, 67% were still consuming peanut,
and only 58% of the 12 participants who stopped peanut ingestion for 8 weeks demonstrated
sustained unresponsiveness. Importantly, no OIT control group was evaluated to determine if
the probiotic itself had any effect on SU (152). Further studies comparing peanut OIT with

probiotic with peanut OIT with placebo will be required to evaluate this strategy further.
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1.9 Epigenetics regulation of food allergy

Epigenetic modifications are biochemical changes of the chromatin, in other words, DNA or
histones, that are functionally relevant, but do not affect the nucleotide sequence of the
genome. DNA methylation, a covalent addition of a methyl group, occurs at the cytosine
nucleotide belonging to CpG dinucleotide (called ‘CpG site’), which is a DNA sequence
where a cytosine nucleotide (C) is directly followed by a guanine nucleotide (G). CpG sites
frequently cluster to form ‘CpG islands’, typically located in the elements of a gene
regulatory element with impact on its transcription, for example, promoters or enhancers
(153,154). High DNA methylation levels in the CpG island of a promoter are usually
associated with lower gene expression up to full gene silencing. The reaction of DNA
methylation is catalyzed by DNA methyltransferases (DNMTSs), including DNMT1 and
DNMT3A and DNMT3B (156-159). The best-characterized post-translational histone
modifications include phosphorylation, ubiquitination, acetylation and methylation, the last
two of which are the most extensively studied (160,161). Histone acetylation occurs at the
lysine residues and it is catalyzed by histone acetyltransferases, while the opposite reaction by
histone deacetylases (HDACs). Histone acetylation independent of the position of the lysine
amino acid generally correlates with potentially active genes or gene regulatory elements
(162,163). DNA methylation and histone modifications mutually interact (164). MicroRNAS
(miRNAS) represent post-transcriptional control elements, important epigenetic regulators of
gene expression (165;166). These approximately 22-nt noncoding RNA molecules are highly
abundant, with more than 2500 mature miRNA molecules characterized in humans. To exert
its function, mature miRNAs become incorporated into the RNA-induced silencing complex.
The RNA-induced silencing complex is in turn guided by miRNAs to specifically target
MRNAS. This leads to the cleavage or degradation of the bound mRNA molecule or

suppression of its translation by reducing the speed of the ribosomal machinery (165-170).
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Considering their biological importance, miRNAs have been involved in multiple human
pathologies (167). These include also allergic diseases, in which the role of miRNAs has been
rather extensively studied (171-175). It is also worth mentioning that the mechanism of RNA-
mediated silencing of gene expression has been utilized in biomedical research as a powerful
laboratory tool (176) and in therapeutic applications as one of the possible antisense
approaches (177). Connections between miRNAs and DNA methylation/histone
modifications have also been described (165,167,169,170, 178). Several studies provide direct
evidence linking epigenetics and FA (179-184). Martino et al. investigated whether variation
in DNA methylation underscores the suboptimal neonatal CD4+ T-cell gene expression
associated with the development of FA (179), including impaired T-cell expansion and
reduced IFN- y production (185-188). In a follow-up study, it was examined the genome-wide
DNA methylation profiles in CD4+ T-cells from 12 children with FA and from 12 non-
allergic controls at birth and again at 12 months. The authors found that the dysregulation of
DNA methylation at MAPK signaling-associated genes during early CD4+ T-cell
development may contribute to T lymphocyte responses in early childhood associated with
the development of FA (179). Further linking epigenetics and FA, the first genome-wide
association study (GWAS) of FA in 2759 US participants revealed the important role of
differential DNA methylation in mediating identified genetic risk factors for peanut allergies.
(189). Syed et al demonstrated that subjects who acquired immune tolerance to peanuts after 3
months of immunotherapy had higher numbers of Tregs with higher levels of FoxP3
demethylation, compared to non-tolerant and healthy subjects (180). Recent study
demonstrated that naive CD4+T cells from children with FA exhibit an intrinsic molecular
defect during the early state of priming and depressed capacity for proliferation, which is
related to epigenetic changes in metabolic (RPTOR, PIK3D, MAPK1, FOXO1) and

immunological genes (IL1R, IL18RAP, CD82). Furthermore, the authors found that children
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who fail to resolve FA in later childhood exhibit cumulative increases in epigenetic disruption
at T cell activation genes and a decrease of CD4+ T cells proliferative responses compared to
children who resolved FA (190). Preliminary cross-sectional studies have suggested that
Th1/Th2 cytokine genes DNA methylation pattern and selected miRNAs expression change
significantly during CMA disease course (182-184). In particular, we demonstrated a
potential role of miR-193a-5p in regulation of Th2 response in children with IgE-mediated
CMA (184). Different demethylation rates in Treg-specific-demethylation region (TSDR) of
FoxP3 have been also demonstrated comparing CMA children with active disease with those
with recent evidence of immune tolerance acquisition (183). Dietary factors exert a pivotal
role in the regulation of epigenetic mechanisms (191). Previous observations suggest that
formula choice for CMA treatment could influence these mechanisms. Specifically, we
observed a significant difference in DNA demethylation rate in TSDR of FoxP3, and in the
promoter region of T helper (Th)1/Th2 cytokine genes in children who acquired immune
tolerance after treatment with extensively hydrolyzed casein formula containing the probiotic
Lactobacillus rhamnosus GG (EHCF+LGG) compared to subjects who received other
formulas (182-184).

The study of epigenetics in FA is a promising avenue that may lead to a better understanding
of the mechanisms underlying FA etiology. It has been shown that both genetics and
environmental factors can alter epigenetic profile (192-193). Thus, epigenetics may be the

missing piece to understanding environmental-genetic interactions and FA risk.

23



2. Aim

The aim of our study was to evaluate butyrate concentrations in HM and to see whether these
butyrate concentrations can exert protective actions against FA, exploring several immune
and non-immune tolerogenic mechanisms in different experimental models:

1. CD4+ T cells from healthy controls and children with IgE-mediated FA

2. human enterocytes cell lines, HT-29 and Caco-2

3. mouse model of FA
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3. Materials and Methods

3.1 Donors and collection of human milk samples

Mothers who participated in the study were enrolled after full-term, singleton births, with all
mothers intending to breastfeed infants for at least 75% of feedings for 3 months from the
Villa Betania Evangelic Hospital (Naples, Italy) in accordance with the Research Ethics
Committee of the University of Naples “Federico II”. All donors were healthy, aged 21-42
years and HM samples were donated at 3 days (colostrum) and during the first 5 months post-
partum. Written informed consent was obtained from all participants. HM samples were
collected by either manual or electric breast pump expression into 2 mL a sterile milk tubes.
Samples were immediately frozen and then stored at —80°C. For each enrolled subject,
anamnestic, demographic, clinical and laboratory data were recorded in a data collection
sheet. 3-days dietary diary before the collection of HM samples was obtained. The sampling
procedures applied ensured that breastfeeding had been well established and that the baby was

thriving.

3.2 Determination of butyrate concentration in human milk samples

Butyrate extraction from HM was performed as previously described (Clinica Chimica Acta,
78 (1977) 243-250 Pretreatment methods prior to gaschromatographic analysis of volatile
fatty acids from faecal samples J.B.Zijlstra, J.Beukema, B.G.Wolthers, B.M.Byrne, A.Groen,
J.D.Anker). 0.5 ml of HM were acidified with 20 pl of 85% (w/v) ortophosphoric acid and
0.5 ml of ethyl acetate, mixed, centrifuged (12,000 x g) for 1 h and extracted in duplicate.
About 0.5 ml of extract containing 3mmol/L of 2-ethylbutyric acid (internal standard) was
transferred into a 2 ml glass vial and loaded onto an Agilent Technologies (Santa Clara, CA,
USA) 7890 gas chromatograph (GC) system with automatic loader/injector. The GC column

was an Agilent J&W DB-FFAP (Agilent Technologies) of 30 m, internal diameter 0.25 mm
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and film thickness 0.25 um. The GC was programmed to achieve the following run
parameters: initial temperature 90°C, hold 0.5 min, ramp of 20°C min—1 up to a final
temperature of 190°C, total run time 8.0 min, gas flow 7.7 ml min—1 split less to maintain
3.26 p.s.i. column head pressure, septum purge 2.0 ml min—1. Detection was achieved using a
flame ionization detector. Peaks were identified using a mixed external standard and

quantified by peak height/internal standard ratio.

3.3 Peripheral blood mononuclear cells stimulation and measurement of IL-4, IL-5, IL-
13, IL-10, and IFN-y culture media concentration

Two healthy children (Caucasian male, age 24 months with negative clinical history for any
allergic conditions and not at risk for atopic disorders), referred to the Pediatric Department of
the University of Naples “Federico II”” because of minimal surgical procedure, and six
children with challenge-proven FA (2 cow’s milk allergy, 2 peanut allergy, 2 egg allergy; all
Caucasian male, age 24 months) were recruited. Patients and control subjects donated a
venous blood samples in heparin tubes (8 ml), after written informed consents. Peripheral
blood mononuclear cells (PBMCs) were isolated using the Ficoll-Paque (Sigma-Aldrich, St.
Louis, MO, USA) method, as described previously (183). PBMCs cells were stimulated with
beta-lactoglobulin (BLG;100ug/ml), peanut extract (PN;100ug/ml) or ovalbumin
(OVA;100pg/ml) in the presence or absence sodium butyrate (Sigma-Aldrich, Darmstadt,
Germany) at dose of 0.75mM for 24h. After stimulation, the supernatants were collected and
the cells were washed and harvested for CD4+T cells isolation. The concentrations of I1L-4
and IL-10 were measured in supernatants with a Human IL4/IL10 Enzyme immunoassay Kit
(Boster Biological Technology, Ltd., Fremont, CA, USA) according to the type of stimulation
and stimulant. Human IL-5, IL-13 and IFN-y ELISA, High Sensitivity (BioVendor, Brno,

Czech Republic) were used to detect the IL-5, IL-13 and IFN-y concentrations. Absorbance
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was read at 450 nm. The minimum detection concentrations were 15.6 pg/ml for IL-4, 7.8

pg/ml for IL-5, and IL-10, 1.6 pg/ml for IL-13, and 0.78 pg/ml for IFN-y.

3.4 DNA and RNA extraction from CD4+ T-cells

CD4+ T-cells were obtained by negative selection using the CD4+ T-Cell Isolation Kit 11
(Miltenyi Biotec, Bergisch Gladbach, Germany) from stimulated PBMCs. Non-target cells
were labeled with a cocktail of biotin-conjugated monoclonal antibodies (MicroBead
Cocktail, Miltenyic Biotec) and the magnetically labeled non-target T cells were retaining on
a column in the magnetic field of a separator (Miltenyi Biotec). This protocol produces >95%
pure CD4+ T cells, as tested by fluorescence-activated cell sorting analysis. Cells were
resuspended at 2x10° cells/ml in RPMI-1640 cultur medium (Gibco) supplemented with 10%
fetal bovine serum, penicillin/streptomycin (1%) (Lonza), L-glutamine (1%), sodium pyruvate
(1%) (Lonza) and NEAA (1%) (Lonza). Cells were cultured at 37°C in complete medium at
concentrations of 2x10°cells/ml in 24-well plate (Nunc, Roskilde, Denmark). CD4* T-cells
obtained were processed for DNA and RNA extraction. All experiments were performed in

triplicate and repeated twice.

3.5 DNA methylation analysis

One microgram of DNA, extracted from CD4"T cells, was modified with sodium bisulfite to
convert all unmethylated, but not methylated-cytosines to uracil. Bisulfite conversion was
carried out using the EZ DNA Methylation Gold Kit (ZYMO Research Co., Orange, CA,
USA), according to the manufacturer’s instructions. The converted DNA was stored at —20°C
until used. Fully methylated and fully unmethylated DNA (Merck Millipore, Darmstadt,
Germany) were used as controls for the optimization of the assay conditions and to calculate

the percent of methylation (0% to 100%). The primers used for DNA methylation analysis of
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IL-4, IL-5, IL-13, IL-10, IFN-gamma and FoxP3 TSDR are reported elsewhere (182,183).
High-resolution melting real-time PCR for methylation analysis was performed as described
previously (182,183). The results of methylation analysis were verified by direct sequencing
(using the Sanger method modified as follows: ddNTPs labeled with four different
fluorophores) and analyzed by capillary electrophoresis (the analytical specificity and
sensitivity of the test was >99 %). Real-time PCR was performed with the LightCycler® 480
instrument (Roche Applied Science, Penzberg, Germany) using 96-well plates (Roche

Applied Science).

3.6 Human enterocytes cell line

Human enterocytes cell line Caco-2 and HT-29 were used (American Type Culture
Collection, Teddington, Middlesex TW11 OLY, UK). Caco-2 cells were grown to confluence
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Berlin, Germany) supplemented
with 10% fetal calf serum (Lonza, Visp, Switzerland), 1% L-glutamine (Lonza), 1%
nonessential amino acids, and 1% penicillin/streptomycin (Lonza). HT-29 cells were grown to
confluence in RPMI medium 1640 (Gibco, Berlin, Germany) supplemented with 10% fetal
calf serum (Lonza, Visp, Switzerland) 1% L-glutamine (Lonza) and 1%
penicillin/streptomycin (Lonza). Cells were cultured at 37°C in a water-saturated atmosphere
consisting of 95% air and 5% CO2, and the medium was changed every 2 days. All

experiments were performed in triplicate and repeated twice.

3.7 Immune and non-immune biomarkers analysis on human enterocytes
At full confluence (15 days), when a human enterocytes monolayer was obtained from Caco-2
and HT-29 in six-well plates (Falcon, Heidelberg, Germany), cells were stimulated for 48h

with or without sodium butyrate at different doses (0.1; 0.5; 0.75; 1; 2 mM). Afterward, the
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supernatants were harvested and stored at —80°C for further use. Cells were used for RNA
extraction to perform real-time PCR experiments. The concentration of [-defensin 3 (HBD-
3) in the supernatants was measured using a commercially available ELISA kit specific for
human HBD-3 (MyBioSource, San Diego, CA, USA) with a detection limit of 11.3 pg/ml.
The ELISA was conducted according to the manufacturer’s recommendations. For ZO-1,
Occludin, Muc2 and Muc5AC and FoxP3 expression analysis, total cellular RNA was
extracted from cells with TRIzol reagent (Gibco BRL, Paisley, Scotland). RNA (1 pg) was
reverse transcribed at 37°C in cDNA with a High-Capacity RNA-to-cDNA™ Kit (Life
Technologies, Waltham, MA, USA) according to the manufacturer’s instructions.
Complementary DNA (¢cDNA) was stored at —20°C until use. Quantitative real-time PCR
(QRT-PCR) analysis was performed with the TagMan miRNA assay kit and the TagMan gene
expression assay Kit, respectively (both from Applied Biosystems, Grand Island, NY, USA)
according to the manufacturer’s instructions. Samples were run in duplicate at 95°C for 15
seconds and 60°C for 1 minute using an ABI Prism 7900 HT Sequence Detection System
(Applied Biosystems). After a hot start, the amplification protocol was 40 cycles of 30 sec of
denaturation at 95°C, 30 sec of annealing at 60°C, and 1 min of elongation at 72°C. Data
analysis was performed with the comparative threshold cycle (CT) method. We used the
GAPDH gene to normalize the level of MRNA expression.

For measurement of the mucus thickness, human enterocytes cell lines were seeded onto
polycarbonate membranes (0.4 um pore size) from TranswellTM (Corning Inc., New York,
US) at 37°C in an atmosphere with 95% humidity and 5% CO2. At full confluence (14 days),
the cells were stimulated for 24, 48 and 72 h with or without butyrate. A pair of membranes
cultured under the same conditions were embedded immediately in an optimal cutting
temperature compound (BioOptica, Milan, Italy) to avoid mucus damage during processing.

Five-micrometre frozen sections of each sample were cut, and after rinsing in 3% acetic acid
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(Merck, Germany), the cells were stained with 1% Alcian Blue (Merck, Germany) and
oxidized in 1% periodic acid (Merck, Germany). Finally, sections were counterstained with
Mayer's haematoxylin and mounted with Aquamount (BDH, Poole, UK). Measurement of the
mucus thickness was performed in the middle of the membrane using the ruler tool provided

by the Zeiss Axio Observer/ApoTome.

3.8 HDAC activity assay

To assess HDAC activity, HT-29 cells were treated with 10 nmol/L trichostatin A (TSA,
Sigma-Aldrich) and with butyrate (0.1; 0.5; 0.75; 1; 2 mM) for 48 hours. HT-29 cells nuclear
extracts (3x107 cells/well in 10 mL of culture medium) were prepared by using the Nuclei EZ
Prep kit (Sigma-Aldrich) and quantified by with the Micro BCA Protein Assay Kit. HDAC
activity was measured with the EpiQuik HDAC Activity/Inhibition Assay Kit (Epigentek,

Farmingdale, NY), according to the manufacturer’s instructions.

3.9 Food allergy animal model

For all experiments three week-old female C3H/HeJ mice were purchased from Charles River
Laboratories (Calco, Lecco, Italy). Mice were housed in the animal facility under a 12L.:12D
lighting cycle, 20-24°C range of ambient temperature and 40-70% of relative humidity. The
mice were acclimated to their environment for 1 week before experiments. Each experiment
was littermate controlled and mice were cohoused throughout manipulations. All procedures
involving the animals were carried out in accordance with the Institutional Guidelines and
complied with the Italian D.L. no.116 of January 27, 1992 of the Italian Ministry of Health
and associated guidelines in the European Communities Council Directive of November 24,

1986 (86/609/ECC) and they were approved by the Institutional Committee on the Ethics of
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Animal Experiments (CSV) of the University of Naples “Federico II”” and by the Ministero

della Salute (protocol n0.2012-0024683).

3.10 Food allergen sensitization and challenge

The experimental design is reported in Figure 4. Briefly, two weeks prior to sensitization,
mice were given 30 mg/kg/day of butyrate by oral gavage and continued during the whole
study. The control animal received only PBS. After 14 days, mice were sensitized orally using
a blunt needle on day 0, 7, 14, 21, 28 with 20 mg of B-lactoglobulin (BLG) (Sigma-Aldrich,
Steinheim, Germany) or 1 mg of ovalbumin (OVA) (Sigma-Aldrich, Steinheim, Germany) or
12 mg of peanut extract (kindly provided by Prof. Nagler) mixed with 10 pg cholera toxin
(CT) as adjuvant. The control mice receive CT only.

One week after the final sensitization, two doses of 50 mg BLG or 5 mg OVA or 36 mg PN
each were administered via intragastric gavage 30 minutes apart. Core body temperature was
measured prior to allergen challenge and every 5 minutes after the first challenge until at least
30 minutes after the second challenge using a rectal probe (Mitutoyo, Lainate, Italy).
Anaphylaxis symptoms were scored by an investigator blind to the study group assignment 1
hour after oral challenge, as previously described [16]: 0 = no symptom; 1 = scratching and
rubbing around the nose and head; 2 = reduced activity; 3 = activity after prodding and
puffiness around the eyes and mouth; 4 = no activity after prodding, labored respiration, and
cyanosis around the mouth and the tail; and 5 = death. Serum was collected 1 hour after the
second challenge to measure mMMCP-1 levels. Spleen and serum were collected 24 hours after

challenge for splenocyte culture and antibody measurements.
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3.11 ELISAs

mMCP-1 was quantified in serum collected 1 hour after challenge according to the
manufacturer’s protocol (eBioscience). BLG/PN-specific ELISAs were performed using
protocols modified from ref X. Briefly, plates were coated overnight at 4°C with 100pg/mL
BLG/PN in 100mM carbonate-bicarbonate buffer (pH 9.6). Plates were blocked for 2 hours at
room temperature with 3% BSA. Samples were added in 1% BSA and incubated overnight at
4°C. Assays were standardized with BLG/PN-specific antibodies (IgE) purified from mice
immunized with BLG+alum or PN+alum on a CNBr-Sepharose affinity column(X).
Secondary antibody (biotin-anti-IgE, BD Pharmingen) was added at a 1:500 dilution
overnight at 4°C. On the third day, the plate was incubated with streptavidin-HRP
(ThermoFisher) for 1 hour at room temperature and developed with TMB (Sigma) and 15 min
were allowed for the development of colorimetric reactions. Absorbance were read at a
wavelength of 450 nm in a microplate reader. OVA-specific IgE were measured using

commercially ELISA kit (eBioscience).

3.12 Spleen culture and cytokine measurement

Single-cell suspensions were prepared from spleens harvested 24 h after challenge. Cells were
plated at 2x10°cells per well with media alone, 1 ug/mL anti-CD3 (clone 2C11), or 200
png/mL BLG/OVA/PN and incubated at 37 °C for 72 h. After 72 h, plates were frozen at —20
°C. IL-4, IL-13, IL-10, and INF-y concentrations in supernatants were measured using

commercially ELISA kit (eBioscience).

3.13 Preparation of isolated mitochondria and polarographic measurement of

respiration
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After removal, the livers were finely minced and washed in a medium containing 220 mM-
mannitol, 70 mM sucrose, 20 mM -N’-(2-hydroxyethyl)piperazine-N-2-ethanesulfonic acid
(HEPES) (pH 7.4), 1 mM-EDTA, and 01 % (w/v) fatty-acid-free bovine serum albumin
(BSA). Tissue fragments were homogenised with the above medium (1:4, w/v) in a Potter
Elvehjem homogeniser (Heidolph, Kelheim, Germany) set at 500 rpm (4 strokes/min). The
homogenate was centrifuged at 1000 gav for 10 min and the resulting supernatant fraction
was again centrifuged at 3000 gav for 10 min. The mitochondrial pellet was washed twice and
finally re-suspended in a medium containing 80 mM-KCI, 50 mM-HEPES (pH 7.0), 5 mM
KH2PO4, and 0.1% (w/v) fatty-acid-free BSA. The protein content of the mitochondrial
suspension was determined by the method of Hartree (1972) using BSA as the protein
standard. Isolated mitochondria were then used for the determination of respiratory
parameters. Mitochondrial O2 consumption was estimated by a Clark type electrode (Yellow
Springs Instruments, Yellow Springs, OH, USA), maintained in a water-jacketed chamber at
30°C. Hepatic mitochondria (0.5 mg protein) were incubated in a medium (3 ml) containing
80 mM KCI, 50 mM HEPES, 1 mM EGTA, 5 mM KH2PO4 (pH 7.0), and 0.1% (w/v) fatty-
acid-free BSA. The substrates used for liver respiration were 10 mM succinate + 3.75 uM-
rotenone or 40 uM-palmitoyl-carnitine + 2.5 mM-malate for the determination of fatty acid
oxidation rate. State 3 measurements were performed in the presence of 0.6 mM ADP. State 4
respiration was measured in the absence of ADP in isolated mitochondria. The ratio between
state 3 and 4, called the respiratory control ratio, was calculated according to Estabrook

(1967).

3.14 Determination of mitochondrial enzymatic activities and H2O; release
Total activity of the Carnitine Palmitoyl-CoA Transferase (CPT) was followed

spectrophotometrically as CoA-sH production by the use of 5,5'-dithiobis (nitrobenzoic acid)
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(DTNB) and as substrate palmitoyl CoA. The medium consisted of 50 mM KCI, 10 mM
Hepes (pH 7.4), 0.025% Triton X-100, 0.3 mM DTNB, and 10-100 pg of mitochondrial
protein in a final volume of 1.0 ml. Two cuvettes were used, both containing the same
medium as that used in the mitochondrial samples. In addition, the sample cuvette contained 1
mM L-carnitine. The reaction was started by simultaneous addition of acyl-CoA to both
cuvettes, and the change in absorbance difference between the two cuvettes was followed at
412 nm. Enzyme activity was calculated from E412 = 13,600/(M X cm). The temperature
was thermostated to 25°C. (Alexson 1988). Mitochondria (40—60 ug) were solubilized in 1%
Triton X-100. Aconitase specific activity was measured in a medium containing 30 mmol/I
sodium citrate, 0.6 mmol/l MnCl, 0.2 mmol/l NADP, 50 mmol/l Tris-HCI, pH 7.4, and 2
units isocitrate dehydrogenase, and the formation of NADPH was followed
spectrophotometrically (340 nm) at 25°C. (Hausladen, 1996). The rate of mitochondrial H20-
release was measured at 30°C following the linear increase in fluorescence (exicitation at
320nm, emission at 400 nm) due to oxidation of homovanillic acid by H20- in the presence of
horseradish peroxidase in a computer controlled Jasco fluorometer equipped with a
thermostatically controlled cell-holder. The reaction mixture consisted of 0.4 mg of
mitochondrial proteins and succinate (0.6M) added at the end to stat the reaction in the same
incubation buffer used for measurements of Oz consumption. Known concentrations of H20:
were used to establish the standard concentration curve (Barja, 1998).

3.15 Statistical Analysis

The Kolmogorov-Smirnov test was used to determine whether variables were normally
distributed. To evaluate the differences among continuous variables, the independent

sample t-test was performed.. The level of significance for all statistical tests was 2-sided, p <
0.05. All analyses were conducted by a statistician, using SPSS version 19.0 for Windows

(SPSS Inc., Chicago, IL, USA) and Graph Pad Prism 5.0.
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4. Results

4.1 Butyrate concentration in human milk

100 healthy lactating women were consented to participate in the study and provided HM
samples during the first 5 months of lactation. Butyrate concentrations in colostrum and in
mature HM are reported in Figure 5. Butyrate concentration resulted significantly higher in
mature HM than in colostrum starting from the 0.5 to 0.75 mM in the 2 °© month of lactation,
and remain stable until the 5° month of lactation. This result was in line with previous study
in which HM has been examined as a potential source of butyrate for neonates (194). Median
butyrate concentration in mature HM was 0.75 mM. This means that a breastfed infant could

receive a daily dose of butyrate of about 30 mg/Kg body weight.
4.2 Effects of butyrate on CD4" T cells

To investigate immunological effects of butyrate, we performed time-course and dose
response experiments on PBMCs from healthy children. Butyrate was able to stimulate I1L-10
production, with a maximal effect at 0.75 mM after 24 hours of incubation. No modulation
was observed for IL-4, IL-5, IL-13 and IFN-y production (data not shown). PBMCs from IgE-
mediated FA patients, stimulated with BLG, OVA, PN in absence of butyrate, resulted in a
significant increase in Th2 cytokines production: IL-4, IL-5 and IL-13. Co-incubating the
cells with 0.75 mM, butyrate induced a significant inhibition of these effects (Figure 6). This
effect was independent on a methylation of the promoter region of the IL-4, IL-5 and IL-13
genes. Instead, butyrate stimulated the tolerogenic cytokines IL-10 and IFN-y production
through a demethylation of respective genes at 0.75 mM dose. This effect paralleled with a

modulation of TSDR FoxP3 demethylation and its expression (Figure 6).
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4.3. Effects of butyrate on human enterocytes

The direct regulatory action elicited by butyrate on human enterocytes in the regulation of
non-immune tolerogenic mechanisms is depicted in Figure 5. Butyrate stimulated the
expression of tight junction (TJ) proteins, ZO-1 and occludin in Caco-2 cells. The maximal
effective dose was 0.75 mM. The same butyrate dose was also able to up-regulate Muc2 and
Muc5AC expression, in HT-29 and Caco-2 cells, respectively (Figure 7). Accordingly, 0.75
mM butyrate was able to increase the enterocyte mucus layer thickness (from 0.0 to 52 um,
NT vs 0.75 mM, p<0.05). We also investigated the butyrate effect on the innate immune
peptide synthesis, HBD-3, that is involved in Foxp3+ T cells induction (195). As shown in
Figure 7, butyrate elicited a significant effect on HBD-3 synthesis by human enterocytes with

maximum effective dose of 0.75 mM.

To determine whether butyrate acts as an HDAC inhibitor in HT-29 cells, we analyzed the
HDAC activity in comparison with TSA, a well-established HDAC inhibitor. We observed
that HDAC activity was reduced in a dose-dependent manner in HT-29 cells treated with

butyrate (Figure 7).

4.4 Effects of butyrate in FA animal model

BLG-, OVA- and PN- sensitized mice showed a significantly higher anaphylactic symptoms
score and body temperature decrease, compared to control animals. Exposing the animal to
oral butyrate caused a significant inhibition of these parameters of allergic response (Figure

8).

To determine whether the butyrate administration was effective in reducing local mucosal
mast cell degranulation in sensitized mice, mMCP-1 serum concentrations were measured

after oral challenge. Serum mMCP-1 concentration was significantly increased in BLG-,
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OVA- and PN- sensitized mice compared to the control animals. Whereas, oral butyrate
caused a significant reduction in mMCP-1 concentration compared to control mice.
According with these data, butyrate administration also caused a reduction in specific IgE

concentrations compared to control group (Figure 8).

To study the mechanism underlying the effect of butyrate in reducing allergic response,
splenocytes cytokines production was investigated. BLG-, OVA- and PN- sensitized mice
showed a significant increase in Th2 cytokines production (IL-4 and IL-13) and a significant
decrease in Thl cytokines production (IL-10 and IFN-gamma) compared to control animals.

These effects were significantly inhibited by butyrate administration (Figure 8).

4.5 Effects of butyrate on hepatic mitochondrial oxidative capacity and hepatic oxidative

stress

Pivotal role for hepatic mitochondrial dysfunction, and consequent excessive generation of
ROS, ina murine model of FA has been recently demonstrated (196). H>O> yield and ROS-
induced damage on aconitase activity were measured in hepatic mitochondria. The increased
ROS production was proven by the higher mitochondrial H2O; yield and the lower basal/total
aconitase ratio in all sensitized animals when compared to the control group. Butyrate
administration efficiently modulated the oxidative stress as demonstrated by the lower H20>
release and by the reactivation of the aconitase enzyme in all treated groups when compared

to control animals (Figure 9).
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5. Discussion

The results of our study demonstrate that HM butyrate stimulates a wide range of immune and
non-immune tolerogenic mechanisms able to protect against FA. Immune tolerance is a state
of active non-responsiveness to ingested soluble antigens mediated by gut-associated
intestinal lymphoid tissue. Inducible FoxP3* CD4" Treg cells are central to the maintenance of
immune homeostasis and tolerance throughout the body, particularly in the gut. Other
evidence suggests also a role for the complex interaction between gut microbiota and immune
and non-immune cells in shaping immune tolerance. The presence of both diet-and microbe-
induced populations of Treg cells is required for oral tolerance to food antigens (197). In our

study, we observed that butyrate is able to modulate these mechanisms of oral tolerance.

We evaluated the direct effects of butyrate on CD4" T cells isolated from PBMCs from
children affected by challenge-proven IgE-mediated FA. CD4* T cells were stimulated in
vitro with different allergens, BLG, PN and OVA, in the presence or absence of butyrate.
Butyrate stimulated, in a dose-dependent manner, tolerogenic cytokines, such as IL-10
production, through a demethylation of respective gene. We found also that butyrate induced
a FoxP3 demethylation and a concomitantly increase of its expression. The mechanisms of
action of butyrate are multiple, many of these involve an epigenetic regulation of gene
expression through the inhibition of histone deacetylase (HDAC) (198). It has been
demonstrated that the inhibition of HDAC 6 and 9 is responsible for the increase in FoxP3
gene expression and increase of Tregs (199). Acetylation of Foxp3 is an important
posttranslational mechanism that affects Foxp3 abundance, because it protects Foxp3
proteasomal degradation (200). This is a signature mechanism of action of several HDACs in

Tregs (201-205).

We also explore the direct effects of butyrate on human enterocytes. Our data suggest that

SCFA butyrate contribute to mucosal homeostasis through the induction of Treg cells and the
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regulation of epithelial barrier integrity. Loss of epithelial integrity in the gut increases
antigen uptake and promotes secretion of epithelial-derived cytokines IL-33, thymic stromal
lymphopoietin, and IL-25 (206). These cytokines promote Th2-type allergic response by
activation of ILC2s, mast cells, basophils, and DCs (207). Activation of ILC2s stimulates
production of IL-4—, IL-5—, and IL-13—promoting Th2-type allergic responses (208). Overall,

the state of the epithelial barrier is thought to be important for sensitization to food antigens.

The positive modulation of gut mucosa integrity by butyrate is supported by the up-regulated
expression of TJ proteins, which in turn are involved in the tuning of epithelial permeability.
These results are in line with previous observations demonstrating that butyrate is able to
maintain epithelium barrier integrity through an increase of ZO-1 and occludin expression

(209).

A significant increase of Muc2, Muc5AC expression and mucus layer thickness was also
observed after stimulation of human enterocytes with butyrate. Similarly, Gaudier et al.
demonstrated that butyrate differently stimulates the expression of various mucin genes in the
colon, with maximum effects on Muc2 expression (210). The mucus layer, covering the
gastrointestinal mucosa, is considered as the first line of defense against mechanical,
chemical, or microbiological aggressions arising from the luminal contents (211). The mucus
layer does not merely form a nonspecific physical barrier, but also constrains the
immunogenicity of gut antigens by delivering tolerogenic signals (212). In the colon, the
mucus layer is directly in contact with the butyrate produced by gut microbiota, representing

the major energy source for colonocytes (213).

Moreover, butyrate stimulates the HBD-3 synthesis, an innate immune peptide, involved in

induction of FoxP3+ T cells (195).

To confirm the butyrate immune and non immune effects demonstrated in vitro, we

performed an in vivo model of FA. In a murine model of FA, the results of anaphylactic
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symptom score and body temperature decrease demonstrated that butyrate administration
inhibits allergic response. Accordingly, butyrate administration caused a significant reduction
in mMMCP-1 concentrations, which reflects a reduction in mast cell degranulation, and a

reduction in sIgE concentrations compared to control group.

To study the mechanism underlying the effects of butyrate administration in reducing allergic
response, cytokine production by T-cells in the spleen was studied and a modulation of
Th1/Th2 cytokine expression was observed. We found an enhancement in IL-10 expression, a
major immune-regulatory cytokine that maintains mucosal homeostasis and limits excessive

immune responses against dietary and bacterial antigens present in the intestinal lumen.

We found liver mitochondrial dysfunction in FA sensitized mice. After sensitization with
three antigens, a significant decrease in mitochondrial state 3 respiration rates was observed in
PN and BLG sensitized animals when compared to control animals, while butyrate
administration improved mitochondrial respiration rates in treated animals. Instead, butyrate
administration efficiently modulated the oxidative stress as demonstrated by the lower H20>
release and by the reactivation of the aconitase enzyme in all treated mice groups.
Mitochondrial dysfunction and elevated ROS have been reported in allergic disease (214-
217). The involvement of liver in FA is emerging (218). Studies in a murine model suggest
that the liver could act as a source of helper CD4" T cells and could play an important role in
the IgE response to dietary antigens (219). As demonstrated in the airway epithelium of
asthma animal model, mitochondrial dysfunction precedes allergic inflammation, where prior
to antigen exposure, mitochondrial dysfunction exacerbates allergen-induced accumulation of
eosinophils, mucin levels, and airway hyperresponsiveness (220).

Interestingly, the most effective butyrate dose is similar to mean butyrate concentration in
HM. Data generated from Global Exploration of Human Milk (GEHM) study suggests that

butyrate concentration in HM through the first year of lactation are consistent across regions,
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but that factors such as maternal diet or microbiome could influence overall levels given
butyrate’s association with individual donor (221). From the analysis of 3-days dietary diary
of the lactating mothers, we observed a significant correlation between their daily fiber intake
and HM butyrate concentration. As more dietary fibers are ingested, SCFAs production
increases (222). New evidence show that maternal SCFA levels during pregnancy can directly
influence the health of infants. Thorburn et al. observed that when a high-fiber diet was
consumed during pregnancy, maternal serum acetate levels were higher (223). Lower serum
levels of acetate during pregnancy were associated with wheeze in infants. In a follow-up
murine model experiment, feeding dams acetate during pregnancy and the immediate
postpartum period reduced the development of allergic airway inflammation in offspring. In
the field of FA, we know that an infant diet consisting of high levels of fruits, vegetables, and
home-prepared foods is associated with less FA by the age of 2 years (224). The finding that
high fiber diet protects mice against peanut allergy through diverse cellular pathways supports
these data. Tan et al. find that this effect involves reshaping of the gut microbiota as well as
increased levels of SCFASs and activity of their receptors. High fiber feeding also increased
tolerogenic CD103* DCs activity, leading to increased Treg cells differentiation (225). The
results from our work suggest that the dietary fiber intake of the lactating mothers could
influence the HM butyrate concentration, with multiple protective effects against FA. This
could be relevant for future research, because all the observed effects were dose dependent.
Our data open the possibility of using butyrate as a supplement in the formulas of non-
breastfed children for preventing FA in early life. A limitation of our study is that we are
unable to determine where the butyrate present in HM derives. Considering that there are
bacterial species in the HM, we cannot rule out that it derives from these ones or from
maternal intestinal microbiota. Another limitation of our study is that HM contains a wide

range of bioactive factors in addition to butyrate: such as proteins, polyunsaturated fatty acids,
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oligosaccharides, microbial content, metabolites, and micronutrients that can influence the

infant’s gut immune maturation.
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6. Conclusion

Gut microbiota could be a promising target for innovative preventive and therapeutic
strategies against FA. Studies are promising, but more data are needed to better define the
potential of modulating the diet-gut microbiota—immune system axis to fight FA. We are
approaching a new era where we can regulate immune system development and function
through dietary intervention and measure the clinical impact through gut microbes and their
metabolites. Given the current gaps in the investigational approaches, and data analysis and
interpretation, we need more scientific evidence that can be translated in clinical practice.
Understanding how nutrients and metabolites, or probiotics could influence gut bacteria
communities and the immune system will contribute to build up a precision medicine

approach for FA care (Figure 10).

43



7. References

1. Boyce JA, Assa’ad A, Burks AW, et al. Guidelines for the diagnosis and management of
food allergy in the United States: report of the NIAID-sponsored expert panel. J Allergy Clin
Immunology (2010);126:1105-18.

2. Skripak JM, Matsui EC, Mudd K, et al. The natural history of IgE-mediated cow’s milk
allergy. J Allergy Clin Immunology (2007);120:1172-7.

3. McBride D, Keil T, Grabenhenrich L, et al. The EuroPrevall birth cohort study on food
allergy: baseline characteristics of 12,000 newborns and their families from nine European
countries. Pediatr Allergy Immunology (2012);23:230-9.

4. Gupta R, Holdford D, Bilaver L, et al. The economic impact of childhood food allergy in
the United States. JAMA Pediatr (2013);167:1026-31.

5. Fiocchi A, Brozek J, Shunemann H, et al. World Allergy Organization (WAOQO) Diagnosis
and Rationale for Action against Cow’s Milk Allergy (DRACMA) Guidelines. World Allergy
Organ J (2010);3:57-161.

6. Berni Canani R, Nocerino R, Cosenza L, Troncone R. Hospital admissions for food-
induced anaphylaxis in Italian children. Clin Exp Allergy (2012);42:1813-4

7.Turner PJ, Gowland MH, Sharma V, et al. Increase in anaphylaxis-related hospitalizations
but no increase in fatalities: an analysis of United Kingdom national anaphylaxis data, 1992-
2012. J Allergy Clin Immunol (2015);135:956-63.e1.

8. Mullins RJ, Dear KB, Tang ML. Time trends in Australian hospital anaphylaxis admissions
in 1998-1999 to 2011-2012. J Allergy Clin Immunol (2015);136:367-75.

9. Nocerino R, Leone L, Cosenza L, et al. Increasing rate of hospitalizations for food-induced
anaphylaxis in Italian children: An analysis of the Italian Ministry of Health database. J

Allergy Clin Immunol (2015);135:833-5.

44


http://www.ncbi.nlm.nih.gov/pubmed/?term=McBride%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22192443
http://www.ncbi.nlm.nih.gov/pubmed?term=Gupta%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24042236
http://www.ncbi.nlm.nih.gov/pubmed/24042236

10. Mullins RJ, Wainstein BK, Barnes EH, et al. Increases in anaphylaxis fatalities in
Australia from 1997 to 2013. Clin Exp Allergy (2016);46:1099-110.

11. Sicherer SH, Munoz-Furlong A, Godbold JH, et al. US prevalence of self-reported peanut,
tree nut, and sesame allergy: 11-year follow-up. J Allergy Clin Immunol (2010);125:1322-6.
12. Ben-Shoshan M, Harrington DW, SollerL, et al. A population-based study on peanut, tree
nut, fish, shellfish, and sesame allergy prevalence in Canada. J Allergy Clin Immunol
(2010);125:1327-35.

13. Chafen JJ, Newberry SJ, Riedl MA, et al. Diagnosing and managing common food
allergies: a systematic review. JAMA (2010);303:1848-56.

14. Osborne NJ, Koplin JJ, Martin PE, et al. Prevalence of challenge-proven IgE-mediated
food allergy using population-based sampling and predetermined challenge criteria in infants.
J Allergy Clin Immunol (2011);127: 668-676.e2.

15. Gupta RS, Springston EE, Warrier MR, et al. The prevalence, severity, and distribution of
childhood food allergy in the United States. Pediatrics (2011);128:€9-17.

16. National Academies of Sciences, Engineering and Medicine. Finding a path to safety in
food allergy: assessment of global burden, causes, prevention, management, and public policy

(2016). Washington (DC) National Academies of Sciences, Engineering and Medicine.

16. Sicherer SH, Sampson HA. Food allergy: A review and update on epidemiology,
pathogenesis, diagnosis, prevention, and management. J Allergy Clin Immunol.
(2018).141:41-58.

17. Noval Rivas M, Burton OT, Wise P, et al. A microbiota signature associated with
experimental food allergy promotes allergic sensitization and anaphylaxis. J Allergy Clin
Immunol. (2013);131:201-12.

18. Stefka AT, Feehley T, Tripathi P, et al. Commensal bacteria protect against food allergen
sensitization. Proc Natl Acad Sci U S A. (2014); 9;111:13145-50.

45


../../../pubmed/%3fterm=Sicherer%20SH%5bAuthor%5d&cauthor=true&cauthor_uid=29157945
../../../pubmed/%3fterm=Sampson%20HA%5bAuthor%5d&cauthor=true&cauthor_uid=29157945
../../../l
../../../pubmed/%3fterm=Noval%20Rivas%20M%5bAuthor%5d&cauthor=true&cauthor_uid=23201093
../../../pubmed/%3fterm=Burton%20OT%5bAuthor%5d&cauthor=true&cauthor_uid=23201093
../../../pubmed/%3fterm=Wise%20P%5bAuthor%5d&cauthor=true&cauthor_uid=23201093
../../User/AppData/Local/Temp/Temp1_MODIFICHE%20BIBLIOGRAFIA%20REVIEW.zip/l
../../User/AppData/Local/Temp/Temp1_MODIFICHE%20BIBLIOGRAFIA%20REVIEW.zip/l
../../../pubmed/%3fterm=Stefka%20AT%5bAuthor%5d&cauthor=true&cauthor_uid=25157157
../../../pubmed/%3fterm=Feehley%20T%5bAuthor%5d&cauthor=true&cauthor_uid=25157157
../../../pubmed/%3fterm=Tripathi%20P%5bAuthor%5d&cauthor=true&cauthor_uid=25157157
../../User/AppData/Local/Temp/Temp1_MODIFICHE%20BIBLIOGRAFIA%20REVIEW.zip/l

20. Berni Canani R, Gilber JA, Nagler CR. The role of the commensal microbiota in the
regulation of tolerance to dietary allergens. Curr Opin Allergy Clin Immunol (2015);15:243-
9.

21. Paparo L, Aitoro R, Nocerino R, et al. Epigenetic Regulation of Early Nutrition on
Immune System. Editors Preedy VR, Patel VB. Handbook of Nutrition, Diet, and Epigenetics
(2018); doi: 10.1007/978-3-319-31143-2_54-1.

22. Sicherer SH, Allen K, Lack G, et al. Critical issues in food allergy: a National Academies
Consensus Report. Pediatrics (2017); pii: €20170194.

23. Allen KJ, Koplin JJ. Prospects for prevention of food allergy. J Allergy Clin Immunol
Pract (2016);4:215-20.

24. du Toit G, Sampson HA, Plaut M, et al. Prevention of food allergy. J Allergy Clin
Immunol (2016);137:998-1010.

25. Hong X, Hao K, Ladd-Acosta C, et al. Genome-wide association study identifies peanut
allergy-specific loci and evidence of epigenetic mediation in US children. Nat Commun
(2015);6:6304.

26. Gupta RS,Walkner MM, Greenhawt M, et al. Food allergy sensitization and presentation
in siblings of food allergic children. J Allergy Clin Immunol Pract (2016);4:956-62.

27. Savage JH, Lee-Sarwar KA, Sordillo J, et al. A prospective microbiome-wide association
study of food sensitization and food allergy in early childhood. Allergy (2018); 73(1):145-52.
28. Huang YJ, Marsland BJ, Bunyavanich S, et al. The microbiome in allergic disease:
current understanding and future opportunities. J Allergy Clin Immunol (2017);139:1099-110.
29. Sicherer SH and Sampson HA. Food allergy: A review and update on epidemiology,
pathogenesis, diagnosis, prevention, and management. J Allergy Clin Immunol

(2018):141:41-8.

46


https://www.ncbi.nlm.nih.gov/pubmed/?term=Marsland%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=28257972
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bunyavanich%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28257972

30. Prince, B.T, Mandel MJ, Nadeau K, et al. Gut microbiome and the development of food
allergy and allergic disease. Pediatric Clin North Am (2015);62:1479-92.

31.Savage J, Sicherer S, Wood R. The natural history of food allergy. J Allergy Clin Immunol
Pract (2016);4:196-203.

32. Hill DA,Spergel JM. The atopic march: Critical evidence and clinical relevance. Ann
Allergy Asthma Immunol (2018); 120:131-7.

33. Saps M, Lu P, Bonilla S. Cow's-milk allergy is a risk factor for the development of
FGIDs in children. J Pediatr Gastroenterol Nutr (2011); 52(2):166-9.

34. Virta LJ, Kautiainen H, Kolho KL. Symptoms suggestive of cow’s milk allergy in infancy
and pediatric inflammatory bowel disease. Pediatr Allergy Immunol (2016); 27: 361-7.

35. Topal E , Catala F, Soylu N, et al. Psychiatric disorders and symptoms severity in pre-
school children with cow's milk allergy. Allergol Immunopathol (Madr) (2016);44:445-9.

36. Gilbert JA, Blaser MJ, Caporaso GJ, et al. Current understanding of the human
microbiome. Nature Medicine (2018); 24:392-400.

37. Fraher MH, O’Toole PW, Quigley EMM. Techniques used to characterize the gut
microbiota: a guide for the clinician. Nat Rev Gastroenterol Hepatol (2012); 9:312-2.

38. Nicholson JK, Lindon JC. Systems biology: metabonomics. Nature (2008); 455:1054-6.
39. Moco, S, Collino, S, Rezzi, S, Martin FPJ. Metabolomics perspectives in pediatric
research. Pediatr Res (2013);73:570-6.

40. Vernocchi P, Del Chierico F, Putignani L. Gut Microbiota Profiling: Metabolomics Based
Approach to Unravel Compounds Affecting Human Health. Front Microbiol (2016); 7:1144.
41. De Filippis F, Vitaglione P, Cuomo R, et. al.Dietary Interventions to Modulate the Gut
Microbiome—How Far Away Are We From Precision Medicine. Inflamm Bowel Dis (2018);

doi: 10.1093/ibd/izy080

47


https://www.ncbi.nlm.nih.gov/pubmed/?term=Vernocchi%20P%5BAuthor%5D&cauthor=true&cauthor_uid=27507964
https://www.ncbi.nlm.nih.gov/pubmed/?term=Del%20Chierico%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27507964
https://www.ncbi.nlm.nih.gov/pubmed/?term=Putignani%20L%5BAuthor%5D&cauthor=true&cauthor_uid=27507964
https://www.ncbi.nlm.nih.gov/pubmed/27507964
https://www.ncbi.nlm.nih.gov/pubmed/29668914

42. Bashiardes S, Godneva A, Elinav E, et al. Towards utilization of the human genome and
microbiome for personalized nutrition. Curr Opin Biotechnol (2018); 51:57-63.

43. Berni Canani R, Sangwan N, Stefka AT, et al. Lactobacillus rhamnosus GG supplemented
formula expands butyrate producing bacterial strains in food allergic infants. ISME J
(2016);10:742-50.

44. Fieten KB, Totté JEE, Levin E, et al Fecal Microbiome and Food Allergy in Pediatric
Atopic Dermatitis: A Cross-Sectional Pilot Study. Clin Allergol (2018); 175:77-84.

45. Azad MB , Konya T, Guttman DS, et al. CHILD Infant gut microbiota and food
sensitization: associations in the first year of life. Clin Exp Allergy (2015);45:632-43.

46. Bunyavanich S, Shen N, Grishin A, et al. Early-life gut microbiome composition and milk
allergy resolution. J Allergy Clin Immunol (2016);138:1122-30.

47. Garcia-Larsen V, lerodiakonou D, Jarrold K, et al. Diet during pregnancy and infancy risk
of allergic or autoimmune disease: A systematic review and meta-analysis. PLoS Med (2018);
28:15.e1002507.

48. Barker DJP. Developmental origins of chronic disease. Public Health (2012);126:185-9.
49. Netting MJ, Middleton PF, Makrides M. Does maternal diet during pregnancy and
lactation affects outcomes in offspring? A systematic review of food-based approaches.
Nutrition (2014);30:1225-41.

50. Wopereis H, Oozeer R, Knipping K et al. The first thousand days — intestinal
microbiology of early life: establishing a symbiosis. Pediatr Allergy Immunol (2014);25:428—
38.

51. Grimshaw KEC, Maskell J, Oliver EM, et al. Diet and food allergy development during
infancy: birth cohort study findings using prospective food diary data. J Allergy Clin

Immunol (2014);133: 511.

48


https://www.ncbi.nlm.nih.gov/pubmed/?term=Azad%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=25599982
https://www.ncbi.nlm.nih.gov/pubmed/?term=Konya%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25599982
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guttman%20DS%5BAuthor%5D&cauthor=true&cauthor_uid=25599982
https://www.ncbi.nlm.nih.gov/pubmed/?term=CHILD%20Study%20Investigators%5BCorporate%20Author%5D
https://www.ncbi.nlm.nih.gov/pubmed/25599982

52 Yichao Wanga, Katrina J. Allena, and Jennifer J. Koplina Dietary intervention for
preventing food allergy in children.Curr Opin Pediatr (2017); 29:000-000-9.

53 Kumar R, Caruso DM, Arguelles L, et al. Early life eczema, food introduction, and risk of
food allergy in children. Pediatr Allergy Immunol Pulmonol (2010); 23:175-182.

54 Zhang GQ, Hu HJ, Liu CY, et al. Probiotics for prevention of atopy and food
hypersensitivity in early childhood: a PRISMA-compliant systematic review and meta-
analysis of randomized controlled trials. Medicine (Baltimore) (2016); 95:62562.

55 Cuello-Garcia CA, Fiocchi A, Pawankar R, et al. World Allergy OrganizationMcMaster
University guidelines for allergic disease prevention (GLAD-P): prebiotics. World Allergy
Organ J (2016); 9:10.

56. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev
Immunol (2016);16:341-52.

57. Ma N, Guo P, Zhang J et al. Nutrients Mediate Intestinal Bacteria-Mucosal Immune Cross
talk. Front Immunol (2018); 9:5.

58. Castro-Rodriguez JA and Garcia Marcos L. What are the effects of a Mediterranean diet
on allergies and asthma in children? Front Pediatr (2017);5:72.

59. Castro-Rodriguez JA, Ramirez-Hernandez R, Padilla O, et al. Effect of foods and
Mediterranean diet during pregnancy and first years of life on wheezing, rhinitis and
dermatitis in preschoolers. Allergol Immunopathol (2016);44:400-9.

60. Ramakrishna BS. Role of the gut microbiota in human nutrition and metabolism. J
Gastroenterol Hepatol (2013); 28(Suppl 4):9-17.

61. Desai MS, Seekatz AM, Koropatkin NM, et al. A dietary fiber-deprived gut microbiota
degrades the colonic mucus barrier and enhances pathogen susceptibility. Cell (2016);

167(5):1339.

49



62. De Filippis F, Pellegrini N, Vannini L et al. High-level adherence to a Mediterranean diet
beneficially impacts the gut microbiota and associated metabolome. Gut (2016);65:1812-21.
63. McKenzie C, Tan J, Macia L, et al. The nutrition-gut microbiome-physiology axis and
allergic diseases. Immunol Rev (2017);278:277-95.

64. Berni Canani R, Di Costanzo M, Leone L, et al. Potential beneficial effects of butyrate in
intestinal and extraintestinal diseases. World J Gastroenterol (2011);17:1519-28.

65. Louis P, Flint HJ. Diversity, metabolism and microbial ecology of butyrate-producing
bacteria from the human large intestine. FEMS Microbiol Lett (2009);294:1-8.

66. Schauber J, Svanholm C, Termen S, et al. Expression of the cathelicidin LL-37 is
modulated by short chain fatty acids in colonocytes: relevance of signaling pathways. Gut
(2003); 52:735-41.

67. Peng L, Li ZR, Green RS et al. Butyrate enhances the intestinal barrier by facilitating tight
junction assembly via activation of AMP-activated protein kinase in Caco-2 cell monolayers.
J Nutr (2009);139:1619-25.

68. Kim M, Kim CH. Regulation of humoral immunity by gut microbial products. Gut
Microbes (2017);8:392-9.

69. Kasubuchi M, Hasegawa S, Hiramatsu T et al. Dietary gut microbial metabolites, short-
chain fatty acids, and host metabolic regulation. Nutrients (2015);7:2839-49.

70. Ohira H, Fujioka Y, Katagiri C et al. Butyrate attenuates inflammation and lipolysis
generated by the interaction of adipocytes and macrophages. J Atheroscler Thromb
(2013);20:425-42.

71. Nastasi C, Candela M, Bonefeld CM et al. The effect of short-chain fatty acids on human
monocyte-derived dendritic cells. Sci Rep (2015);5:16148.

72. Fontenelle B, Gilbert KM. n-Butyrate anergized effector CD4*T cells independent of

regulatory T cell generation or activity. Scand J Immunol (2012);76:457-63.

50



73. Brown AJ, Goldsworthy SM, Barnes AA, et al. The Orphan G protein-coupled receptors
GPR41 and GPR43 are activated by propionate and other short chain carboxylic acids. J Biol
Chem (2003); 278:312-9.

74. Nilsson NE, Kotarsky K, Owman C, Olde B. Identification of a free fatty acid receptor,
FFAZ2R, expressed on leukocytes and activated by short-chain fatty acids. Biochem Biophys
Res Commun 2003;303:1047-52.

75. Thangaraju M, Cresci GA, Liu K, et al. GPR109A is a G-protein-coupled receptor for the
bacterial fermentation product butyrate and functions as a tumor suppressor in colon. Cancer
Res (2009);69:2826-32.

76. Pluznick JL, Protzko RJ, Gevorgyan H, et al. Olfactory receptor responding to gut
microbiota-derived signals plays a role in renin secretion and blood pressure regulation. Proc
Natl Acad Sci USA (2013);110:4410-5.

77. Kim MH, Kang SG, Park JH, et al. Short-chain fatty acids activate GPR41 and GPR43 on
intestinal epithelial cells to promote inflammatory responses in mice. Gastroenterology
(2013); 145:¢1-10.

78. Brown AJ, Goldsworthy SM, Barnes AA, et al. The Orphan G protein-coupled receptors
GPR41 and GPR43 are activated by propionate and other short chain carboxylic acids. J Biol
Chem (2003); 278:312-9.

79. Nilsson NE, Kotarsky K, Owman C, Olde B. Identification of a free fatty acid receptor,
FFAZ2R, expressed on leukocytes and activated by short-chain fatty acids. Biochem Biophys
Res Commun (2003);303:1047-52.

80. Le Poul E, Loison C, Struyf S, et al. Functional characterization of human receptors for
short chain fatty acids and their role in polymorphonuclear cell activation. J Biol Chem

(2003); 278:481-9.

51



81. Park J, Kim M, Kang SG, et al. Short-chain fatty acids induce both effector and regulatory
T cells by suppression of histone deacetylases and regulation of the mTOR-S6K pathway.
Mucosal Immunol (2015);8:80-93.

82. Nakajima A, Nakatani A, Hasegawa S, et al. The short chain fatty acid receptor GPR43
regulates inflammatory signals in adipose tissue M2- type macrophages. PLoS One
(2017);12:e0179696.

83. Goverse G, Molenaar R, Macia L, et al. Diet-derived short chain fatty acids stimulate
intestinal epithelial cells to induce mucosal tolerogenic dendritic cells. J Immunol
(2017);198:2172-81 .

84. Patrick M. Smith, Michael R. Howitt, Nicolai Panikov, et al. The microbial metabolites,
short chain fatty acids, regulate colonic Treg cell homeostasis Science. (2013); 341:6145.
85. Patrick M. Smith, Michael R. Howitt, Nicolai Panikov, et al. The microbial metabolites,
short chain fatty acids, regulate colonic Treg cell homeostasis Science. (2013); 341:6145.
86. Nicholas Arpaia, Clarissa Campbell, Xiying Fan, et al. Metabolites produced by
commensal bacteria promote peripheral regulatory T-cell generation. Nature(2013); 50
4:451.

87. Kim M, Qie Y, Park J, et al. Gut microbial metabolites fuel host antibody responses. Cell
Host Microbe (2016);20:202-14.

88. Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites, short-chain fatty
acids, regulate colonic Treg cell homeostasis. Science (2013);341:569-73.

89. Arpaia N, Campbell C, Fan X, et al. Metabolites produced by commensal bacteria
promote peripheral regulatory T-cell generation. Nature (2013);504:451-5.

90. Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived butyrate induces the

differentiation of colonic regulatory T cells. Nature (2013); 504:446-50.

52



91. Tao R, de Zoeten EF. Deacetylase inhibition promotes the generation and function of
regulatory T cells. Nat Med (2007);13:1299-307.

92. Sandin A, Braback , Norin E, et al. Faecal short chain fatty acid pattern and allergy in
early childhood. Acta Paediatr (2009);98:823-827.

93. Aitoro R, Paparo L, Di Costanzo M, et al. Breast milk butyrate as protective factor against
food allergy. Dig Liver Dis (2015);e237-e276.

94. Paparo L, Nocerino R, Aitoro R et al. Epigenetic mechanism elicited butyrate in
peripheral blood mononuclear cells from children with IgE-mediated cow milk allergy. Dig
Liver Dis (2015); e237-e276.

95. Nowak-Wegrzyn A, Chatchatee P. Mechanisms of Tolerance Induction. Ann Nutr

Metab (2017);70:7-24.

96.Wang H, Ji Y, Wu G, et al. I-tryptophan activates mammalian target of rapamycin and
enhances expression of tight junction proteins in intestinal porcine epithelial cells. J Nutr
(2015);145:1156-62.

97. Hashimoto T, Perlot T, Rehman A, et al. ACE2 links amino acid malnutrition to microbial
ecology and intestinal inflammation. Nature (2012);487:477-81.

98. Bessede A, Gargaro M, Pallotta MT, et al. Aryl hydrocarbon receptor control of a disease
tolerance defense pathway. Nature (2014);511:184-90.

99. Pilotte L, Larrieu P, Stroobant V, et al. Reversal of tumoral immune resistance by
inhibition of tryptophan 2,3- dioxygenase. Proc Natl Acad Sci USA (2012);109:2497-502.
100. Fallarino F, Grohmann U, Vacca C, et al. T cell apoptosis by tryptophan catabolism. Cell
Death Differ (2002); 9:1069-77.

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

nomenclature. Nat Rev Immunol (2013);13:145-9.

53


https://www.ncbi.nlm.nih.gov/pubmed/?term=Mechanisms+of+Tolerance+Induction+Anna+Nowak
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mechanisms+of+Tolerance+Induction+Anna+Nowak

102. Lanis JM, Alexeev EE, Curtis VF, et al. Tryptophan metabolite activation of the aryl
hydrocarbon receptor regulates IL-10 receptor expression on intestinal epithelia. Mucosal
Immunol (2017);10:1133-44.

103. Venkatesh M, Mukherjee S, Wang H, et al. Symbiotic bacterial metabolites regulate
gastrointestinal barrier function via the xenobiotic sensor PXR and Toll-like receptor 4.
Immunity (2014);41:296-310.

104. Hammerschmidt-Kamper C, Biljes D, Merches K, et al. Indole-3-carbinol, a plant
nutrient and AhR-Ligand precursor, supports oral tolerance against OVA and improves
peanut allergy symptoms in mice. PLoS One (2017);12:e0180321.

105. Eidelman Al, Schanler RJ, Johnston M, et al. Breastfeeding and the use of human milk.
Pediatrics 2012;129:e827-41.

106. Chiu CY, Liao SL, Su KW, et al. Exclusive or partial breastfeeding for 6 months Is
associated with reduced milk sensitization and risk of eczema in early childhood: the PATCH
birth cohort study. Medicine (Baltimore) (2016); 95:e3391.

107. Jonsson K, Barman M, Moberg S, et al. Fat intake and breast milk fatty acid composition
in farming and nonfarming women and allergy development in the offspring. Pediatr Res
(2016); 79:114-123

108. Hoddinott P, Tappin D, Wright C. Breast feeding. BMJ (2008);336:881-7.

109. Rogier EW, Frantz AL, Bruno ME, et al. Proc. Natl Acad. Sci. USA (2014); 111: 3074—
3079.

110. Koch MA, Reiner GL, Lugo KA, et al. Cell (2016)1;65:827-841.

111 Macpherson AJ and Ganal-Vonarburg SC. Checkpoint for gut microbes after birth.
Nature (2018); 560: 436-438.

112 Friedman NJ and Zeiger RS. The role of breast-feeding in the development of allergies

and asthma. J Allergy Clin Immunol (2005); 115: 1238-48

54


https://www.ncbi.nlm.nih.gov/pubmed/?term=Hammerschmidt-Kamper%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28666018
https://www.ncbi.nlm.nih.gov/pubmed/?term=Biljes%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28666018
https://www.ncbi.nlm.nih.gov/pubmed/?term=Merches%20K%5BAuthor%5D&cauthor=true&cauthor_uid=28666018
https://www.ncbi.nlm.nih.gov/pubmed/28666018
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rogier%20EW%5BAuthor%5D&cauthor=true&cauthor_uid=24569806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Frantz%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=24569806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bruno%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=24569806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Koch%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=27153495
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reiner%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=27153495
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lugo%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=27153495
https://www.nature.com/articles/d41586-018-05861-z
http://www.nature.com/nature

113. Munblit D, Peroni DG, Boix-Amoros A, et al. Human Milk and Allergic Diseases: An
Unsolved Puzzle. Nutrients (2017);9.

114. Gartner LM, Morton J, Lawrence RA, et al. Breastfeeding and the use of human milk.
Pediatrics 2005;115: 496-506

115. Picciano MF. Nutrient composition of human milk. Pediatr Clin North Am
(2001);48:53-67. 116. Innis SM. Human milk: Maternal dietary lipids and infant
development. Proc Nutr Soc (2007);66:397-404;

117. Koletzko B. Human milk lipids. Ann Nutr Metab (2016);69 Suppl 2:28-40.

118. Jiang Z, Liu Y, Zhu Y, et al. Characteristic chromatographic fingerprint study of short-
chain fatty acids in human milk, infant formula, pure milk and fermented milk by gas
chromatography—mass spectrometry. Int J Food Sci Nutr. (2016); 67:632-640.

119. Hill C, Guarner F, Reid G, et al. The International Scientific Association for Probiotics
and Prebiotics consensus statement on the scope and appropriate use of the term probiotics.
Nat Rev Gastro Hepat (2014);11:506-14.

120. Sudo N, Sawamura S, Tanaka K, et al. The requirement of intestinal bacterial flora for
the development of an IgE production system fully susceptible to oral tolerance induction. J
Immunol . (1997);159:1739-45.

121. Isolauri E, Arvola T, Sutas Y, et al. Probiotics in the management of atopic eczema. Clin
Exp Allergy (2000); 30:1604-10.

122. Malin M, Verronen P, Korhonen H, et al. Dietary therapy with Lactobacillus GG, bovine
colostrum or bovine immune colostrum in patients with juvenile chronic arthritis: evaluation
of effect on gut defense mechanism. Inflammopharmacology (1997);5:219-36.

123. Kaila M, Isolauri E, Soppi E, et al. Enhancement of the circulating antibody secreting
cell response in human diarrhea by a human Lactobacillus strain. Pediatr Res (1992);32:141-

4.

55


https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhenzuo+Jiang%2C+Yanan+Liu%2C+Yan+Zhu%2C+Jing+Yang%2C+Lili+Sun%2C+Xin+Chai+%26+Yuefei+Wang+(2016)+Characteristic+chromatographic+fingerprint+study+of+short-chain+fatty+acids+in+human+milk%2C+infant+formula%2C+pure+milk+and+fermented+milk+by+gas+chromatography%E2%80%93mass+spectrometry%2C+International+Journal+of+Food+Sciences+and+Nutrition

124. Hardy H, Harris J, Lyon W, et al. Probiotics, Prebiotics and Immunomodulation of Gut
Mucosal Defences: Homeostatis and Immunopathology. Nutrients (2013);5:1869-12.

125. Kim JY, Choi YO and Ji GE. Effect of oral probiotics (Bifidobacteriumlactis AD011 and
Lactobacillus acidophilus AD031) administration on ovalbumin-induced food allergy mouse
model. J Microbiol Biotechnol (2008);18:1393-400.

126. Torii A, Torii S, Fujiwara S, et al. Lactobacillus acidophilus strain L-92 regulates the
production of Thl cytokine as well as Th2 cytokines. Allergol Int (2007);56:293-301.

127. Niers LE, Timmerman HM, Rijkers GT, et al. Identification of strong interleukin-10
inducing lactic acid bacteria which down-regulate T helper type 2 cytokines. Clin Exp Allergy
(2005);35:1481-89.

128. Takahashi N, Kitazawa H, lwabuchi N, et al. Oral administration of an
immunostimulatory DNA sequence from Bifidobacterium longum improves Th1/Th2 balance
in a murine model. Biosci Biotechnol Biochem (2006);70:2013-7.

129. Cross ML, Gill HS. Can immunoregulatory lactic acid bacteria be used as dietary
supplements to limit allergies? Int Arch Allergy Immunol (2001);125:112-9.

130. Karlsson H, Larsson P, Wold AE, et al Pattern of cytokine responses to Gram-positive
and Gram-Negative commensal bacteria is profoundly changed when monocytes differentiate
into dendritic cells. Infect Immun (2004);72:2671-8.

131. Mohamadzadeh M, Olson S, Kalina WV. et al. Lactobacilli activate human dendritic
cells that skew T cells toward T helper 1 polarization. Proc Natl Acad Sci USA
(2005);102:2880-5.

132. Flinterman AE, Knol EF, Van leperen AG. et al. Lactobacilli Have a Different
Immunomodulatory Potential in vitro versus ex vivo upon Oral Administration in Children

with Food Allergy Int Arch Allergy Immunol (2005);143:237-44.

56



133. Ghadimi D, Helwig U, Schrezenmeir J, et al. Epigenetic imprinting by commensal
probiotics inhibitis the 1L-23/1L-17 axis in a vitro model of the intestinal mucosal immune
system. J Leukoc Biol (2012);92:895-911.

134. Linglin F, Jixiang P, Shushu Z, et al. Lactic acid bacteria-specific induction of
CD4*Foxp3*T cells ameliorates shrimp tropomyosin induced allergic response in mice via
suppression of mMTOR signaling. Sci Rep (2017);7:1987.

135. Juan Z, Hui S, Qiuhong L, et al. Oral administration of Clostridium butyricum
CGMCCO0313.1 inhibits B-lactoglobulin-induced intestinal anaphylaxis in a mouse model of
food allergy. Gut Pathog (2017);9:11.

136. Maiga MA, Morin S, Bernard H, et al. Neonatal mono-colonization of germ-free mice
with Lactobacillus casei enhances casein immunogenicity after oral sensitization to cow’s
milk. Mol Nutr Food Res (2017); 61.

137.Yang B, Xiao L, Liu S, et al. Exploration of the effect of probiotics supplementation on
intestinal microbiota of food allergic mice Am J Transl Res (2017);9:376-85.

138. Liu MY, Yang ZY, Dai WK, et al. Protective effect of Bifidobacterium infantis
CGMCC313-2 on ovalbumin-induced airway asthma and b-lactoglobulin induced intestinal
food allergy mouse models. World J Gastroenterol (2017);23:2149-58.

139. Schiavi E, Barletta B, Butteroni C, et al. Oral therapeutic administration of a probiotic
mixture suppresses established Th2 responses and systemic anaphylaxis in a murine model of
food allergy. Allergy (2011);66:499-508.

140. Thang CL, Baurhoo B, Boye JI, et al. Effects of Lactobacillus rhamnosus GG
supplementation on cow's milk allergy in a mouse model. Allergy Asthma Clin Immunol

(2011):6:7-20.

57



141. Aitoro R, Simeoli R, Amoroso A, et al. Extensively hydrolyzed casein formula alone or

with L. rhamnosus GG reduces B-lactoglobulin sensitization in mice. Pediatr Allergy

Immunol (2017);28:230-7.

142. Hol J, van Leer EH, ElinkSchuurman BE, et al. The acquisition of tolerance towards
cow’s milk through probiotic supplementation: a randomized controlled trial. J Allergy Clin
Immunol (2008);121:1448-54.

143. Berni Canani R, Nocerino R, Terrin G, et al. Effect of Lactobacillus GG on tolerance
acquisition in infants with cow’s milk allergy a randomized trial. J Allergy Clinimmunol
(2012);129:580-2.

144. Berni Canani R, Nocerino R, Terrin G, et al. Formula Selection for Management of
Children with Cow Milk Allergy Influences the Rate of Acquisition of Tolerance: A
Prospective Multicenter Study. J Pediatr (2013);163:771-7.

145. Berni Canani R, Di Costanzo M, Bedogni G. et al. Extensively hydrolyzed casein
formula containing Lactobacillus rhamnosus GG reduces the occurrence of other allergic
manifestation sin children with cow’s milk allergy: 3-year randomized controlled trial. J
Allergy Clin Immunol (2017);139:1906-13.

146. Pan SJ, Kuo CH, Lam KP. Probiotics and allergy in infants -an update review. Pediatr
Allergy Immunol (2010);21:e659-66.

147. Ghadimi D, Fdlster-Holst R, de Vrese M, et al. Effects of probiotic bacteria and their
genomic DNA on TH1/TH2-cytokine production by peripheral blood mononuclear cells
(PBMCs) of healthy and allergic subjects. Immunobiology (2008);213:677-92.

148. Donato KA, Gareau MG and Wang YJ. Lactobacillus rhamnosus GG attenuates
interferon-y and tumor-necrosis factor-a- induced barrier dysfunction and pro-inflammatory

signaling. Microbiology (2010);156:3288-97.

58


https://www.ncbi.nlm.nih.gov/pubmed/?term=Aitoro%20R%5BAuthor%5D&cauthor=true&cauthor_uid=27992668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Simeoli%20R%5BAuthor%5D&cauthor=true&cauthor_uid=27992668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Amoroso%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27992668
https://www.ncbi.nlm.nih.gov/pubmed/27992668
https://www.ncbi.nlm.nih.gov/pubmed/27992668

149. Mileti E, Matteoli G, lliev D, et al. Comparison of the immunomodulatory properties of
three probiotics strains of Lactobacilli using complex culture systems: prediction for in vivo
efficacy. PLoS One (2009);4:e7056.

150. Baldassarre M.E, Laforgia N, Fanelli M, et al. Lactobacillus GG improves recovery in
infants with blood in the stools and presumptive allergic colitis compared with extensively
hydrolyzed formula alone. J Pediatr (2010);156:397-401.

151. Rachid R, Keet CA Current Status and Unanswered Questions for Food Allergy
Treatments. J Allergy Clin Immunol Pract (2018);6:377-382.

152. Tang ML, Ponsonby AL, Orsini F, et al. Administration of a probiotic with peanut oral
immunotherapy: a randomized trial. J Allergy Clin Immunol (2015);135:737-44.

153 Tost J. DNA methylation: an introduction to the biology and the disease-associated
changes of a promising biomarker.Mol. Biotechnol. (2010);44: 71-81.

154 Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. (2002); 16:6-21
155. Schubeler D. Function and information content of DNA methylation. Nature (2015);
517: 321-326.

156 Moore LD, Le T, Fan G. DNA methylation and its basic function.
Neuropsychopharmacology (2013);38: 23-38.

157 Smith ZD, Meissner A. DNA methylation: roles in mammalian development. Nat. Rev.
Genet. (2013);14:204-220.

158 Robertson KD. DNA methylation, methyltransferases, and cancer. Oncogene (2001);
20:3139-3155.

159. Jurkowska RZ, Jeltsch A. Mechanisms and biological roles of DNA methyltransferases
and DNA methylation: from past achievements to future challenges. Adv. Exp. Med. Biol.
(2016); 945:1-17.

160. Kouzarides T. Chromatin modifications and their function. Cell (2007); 128:693-705.

59



161. Rothbart SB, Strahl BD. Interpreting the language of histone and DNA modifications.
Biochim. Biophys. Acta (2014); 1839: 627—643.

162. Ernst J, Kellis M. ChromHMM: automating chromatin-state discovery and
characterization. Nat. Methods (2012); 9, 215-216.

163. Hoffman MM, Ernst J, Wilder SP et al. Integrative annotation of chromatin elements
from ENCODE data. Nucleic Acids Res. (2013); 41: 827-841.

164. Jin B, Li Y, Robertson KD. DNA methylation: superior or subordinate in the epigenetic
hierarchy? Genes Cancer (2011); 2:607-617.

165. Saetrom P, Snove O Jr., Rossi JJ. Epigenetics and microRNAs. Pediatr. Res. (2007);
61(5 Pt 2), R17-R23.

166. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell. Biol.
(2014);15:509-524.

167. Piletic K, Kunej T. MicroRNA epigenetic signatures in human disease. Arch. Toxicol.
(20169; 90:2405-2419.

168. Eulalio A, Mano M. MicroRNA screening and the quest for biologically relevant targets.
J. Biomol. Screen. (2015);20:1003-1017.

169. Kala R, Peek GW, Hardy TM, Tollefsbol TO. MicroRNAS: an emerging science in
cancer epigenetics. J. Clin. Bioinform. (2013);3: 6.

170. Chuang JC, Jones PA. Epigenetics and microRNAs. Pediatr. Res. (2007);61(5 Pt 2),
R24-R29.

171. Liang Y, Chang C, Lu Q. The genetics and epigenetics of atopic dermatitis-filaggrin and
other polymorphisms. Clin. Rev. Allergy Immunol. (2016);51: 315-328.

172. Bin L, Leung DY. Genetic and epigenetic studies of atopic dermatitis. Allergy Asthma

Clin. Immunol. (2016);12:52.

60



173. Brook PO, Perry MM, Adcock IM, Durham AL. Epigenome-modifying tools in asthma.
Epigenomics (2015);7:1017-1032.

174. Moheimani F, Hsu AC, Reid AT et al. The genetic and epigenetic landscapes of the
epithelium in asthma. Respir. Res. (2016); 17:119.

175. Perry MM, Adcock IM, Chung KF. Role of microRNAs in allergic asthma: present and
future. Curr. Opin. Allergy Clin. Immunol. (2015);15:156-162.

176. Miller JA, Witherow DS, Carson S. A laboratory-intensive course on RNA interference
and model organisms. CBE Life Sci. Educ. (2009); 8: 316-325.

177. Potaczek DP, Garn H, Unger SD, Renz H. Antisense molecules: a new class of drugs. J.
Allergy Clin. Immunol. (2016); 137:1334-1346.

178. Sato F, Tsuchiya S, Meltzer SJ, Shimizu K. MicroRNAs and epigenetics. FEBS J.
(2011);278: 1598-16009.

179. Martino D, Joo JE, Sexton-Oates A, et al. Epigenome-wide association study reveals
longitudinally stable DNAmethylation differences in CD4+ T cells from children with IgE-
mediated foodallergy. Epigenetics (2014);9:998-1006.

180. Syed A, Garcia MA, Lyu SC, Bucayu R, Kohli A, Ishida S, et al. Peanut
oralimmunotherapy results in increased antigen-induced regulatory T-cellfunction and
hypomethylation of forkhead box protein 3 (FOXP3). J AllergyClin Immunol
(2014);133:500-10.

181. Hong X, Hao K, Ladd-Acosta C, et al. Genome-wideassociation study identifies peanut
allergy-specific loci and evidence ofepigenetic mediation in US children. Nat Commun
(2015);6:6304.

182. Berni Canani R, Paparo L, Nocerino R, et al. Differences in DNA methylation profile of
Thland Th2 cytokine genes are associated with tolerance acquisition in children with IgE-

mediated cow’s milk allergy. Clin Epigenetics. (2015);7:38.

61



183.Paparo L, Nocerino R, Cosenza L, et al. Epigenetic features of FoxP3 in children with
cow’s milk allergy. Clin Epigenetics. (2016);8:86.

184.D'Argenio, V., Del Monaco, V., Paparo, L., et al. Altered miR-193a-5p expression in
children with cow's milk allergy. Allergy (2018); 73:379-86129.

185. Kondo N, Kobayashi Y, Shinoda S, et al. Cord blood lymphocyte responses to food
antigens for the prediction ofallergic disorders. Arch Dis Child (1992);67:1003-7.

186. Prescott SL, Macaubas C, Smallacombe T, et al. Reciprocal age-related patterns of
allergen-specific T-cell immunity in normalvs. atopic infants. Clin Exp Allergy (1998);28
S5:39-44.

187. Tang ML, Kemp AS, Thorburn J, Hill DJ. Reduced interferon-gamma secretionin
neonates and subsequent atopy. Lancet (1994);344:983-5.

188. Martino DJ, Bosco A, McKenna KL, et al. T-cell activation genes differentially
expressed at birth in CD4+ T-cells fromchildren who develop IgE food allergy. Allergy

(2012);67:191-200.

189. Hong X, Hao K, Ladd-Acosta C, et al. Genome-wide association study identifies peanut

allergy-specific loci and evidence ofepigenetic mediation in US children. Nat Commun

(2015):6:6304.

190. David Martino, Melanie Neeland, Thanh Dang, et al. Epigenetic dysregulation of naive

CD4+ T-cell activation genes in childhood food allergy. Nature communications (2018);
9:3308.

191. Paparo L, Aitoro R, Nocerino R, et al. Epigenetic Regulation of Early Nutrition on
Immune System. Eds. PreedyV.R. Patel V.B. Handbook of Nutrition, Diet, and Epigenetics.

(2017).doi: 10.1007/978-3-319- 31143-2_54.

62



192. Drong AW, Nicholson G, Hedman AK, et al. The presence of methylation quantitative
trait loci indicates a direct geneticinfluence on the level of DNA methylation in adipose
tissue. PL0oS One (2013);8:55923.

193. Liu Y, Li X, Aryee MJ, et al. GeMes, clusters of DNA methylation under genetic
control, can inform genetic and epigenetic analysis of disease. Am J Hum Genet
(2014);94:485-95.

194. Spevacek AR, Smilowitz JT, Chin EL et al. J Nutr (2015);145:1698-708.

195. Navid F, Boniotto M, Walker C, et al. Induction of regulatory T cells by a murine -
defensin. J Immunol. (2012);188:735-43.

196. Trinchese et al Nutriens 2018

197. O Pabst and A M Mowat. Oral tolerance to food protein Mucosal Immunol. (2012); 5:
232-239.

198. Paparo L, Di Costanzo M, Di Scala C, et al. The influence of early life nutrition on
epigenetic regulatory mechanisms of the immune system. Nutrients. (2014);6:4706-19.
199. Beier UH, Wang L, Han R, et al. Histone deacetylases 6 and 9 and sirtuin-1 control
Foxp3+ regulatory T cell function through shared and isoform-specific mechanisms. Sci
Signal. (2012);5:ra45.

200. van Loosdregt J, Brunen D, Fleskens V, et al. Rapid temporal control of Foxp3 protein
degradation by sirtuin-1. PLoS ONE. (2011);6:19047.

201. Tao R, de Zoeten EF, Ozkaynak E, et al. Deacetylase inhibition promotes the generation
and function of regulatory T cells. Nat Med. (2007);13:1299-1307.

202. Beier UH, Wang L, Bhatti TR, et al. Sirtuin-1 targeting promotes Foxp3+ T-regulatory
cell function and prolongs allograft survival. Mol Cell Biol. (2011);31:1022—-1029.

203. van Loosdregt J, Brunen D, Fleskens V, et al. Rapid temporal control of Foxp3 protein

degradation by sirtuin-1. PLoS ONE. (2011);6:€19047;

63


https://www.ncbi.nlm.nih.gov/pubmed/?term=Smilowitz%20JT%5BAuthor%5D&cauthor=true&cauthor_uid=26041675
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chin%20EL%5BAuthor%5D&cauthor=true&cauthor_uid=26041675
https://www.ncbi.nlm.nih.gov/pubmed/?term=Navid%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22174455
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boniotto%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22174455
https://www.ncbi.nlm.nih.gov/pubmed/?term=Walker%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22174455
https://www.ncbi.nlm.nih.gov/pubmed/22174455
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pabst%20O%5BAuthor%5D&cauthor=true&cauthor_uid=22318493
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mowat%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=22318493
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3328017/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paparo%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25353665
https://www.ncbi.nlm.nih.gov/pubmed/?term=di%20Costanzo%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25353665
https://www.ncbi.nlm.nih.gov/pubmed/?term=di%20Scala%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25353665
https://www.ncbi.nlm.nih.gov/pubmed/25353665

204. Li B, Samanta A, Song X, et al. FOXP3 interactions with histone acetyltransferase and
class 11 histone deacetylases are required for repression. Proc Natl Acad Sci U S A.
(2007);104:4571-4576.

205. Tao R, de Zoeten EF, Ozkaynak E, et al. Histone deacetylase inhibitors and
transplantation. Curr Opin Immunol. (2007);19:589-595.

206. Sharon Chinthrajah R, Hernandez JD, Boyd SD, et al. Molecular and cellular
mechanisms of food allergy and food tolerance. (2016); 137:984-997.

207. Hammad H and Lambrecht BN. Barrier Epithelial Cells and the Control of Type 2
Immunity. Immunity. (2015); 43: 29-40.

208. Li-Ping Thio C, Po-Yu Chi, Alan Chuan-Ying Lai, and Ya-Jen Chang. Regulation of
type 2 innate lymphoid cell-dependent airway hyperreactivity by butyrate. J Allergy Clin
Immunol 2018 doi: 10.1016/j.jaci.2018.02.032.

209. Chen G, Ran X, Li B, et al. Sodium Butyrate Inhibits Inflammation and Maintains
Epithelium Barrier Integrity in a TNBS-induced Inflammatory Bowel Disease Mice Model.
EBioMedicine (2018);30:317-325.

210. Gaudier E, Rival M, Buisine MP, et al. Butyrate enemas upregulate Muc genes
expression but decrease adherent mucus thickness in mice colon. Physiol Res. (2009);58:111-
9.

211. Corfield AP1, Myerscough N, Longman R. Mucins and mucosal protection in the
gastrointestinal tract: new prospects for mucins in the pathology of gastrointestinal disease.
Gut. (2000);47:589-94.

212.Shan M, Gentile M, Yeiser JR, et al. Mucus enhances gut homeostasis and oral tolerance
by delivering immunoregulatory signals Science. (2013);342:447-53.

213. Roediger WE. Utilization of nutrients by isolated epithelial cells of the rat colon.

Gastroenterology. (1982);83(2):424-9.

64


javascript:void(0);
javascript:void(0);
javascript:void(0);
https://www.jacionline.org/issue/S0091-6749(16)X0003-6
https://www.sciencedirect.com/science/article/pii/S1074761315002745#!
https://www.ncbi.nlm.nih.gov/pubmed/?term=Corfield%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=10986224
https://www.ncbi.nlm.nih.gov/pubmed/?term=Myerscough%20N%5BAuthor%5D&cauthor=true&cauthor_uid=10986224
https://www.ncbi.nlm.nih.gov/pubmed/?term=Longman%20R%5BAuthor%5D&cauthor=true&cauthor_uid=10986224
https://www.ncbi.nlm.nih.gov/pubmed/10986224
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shan%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24072822
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gentile%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24072822
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yeiser%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=24072822
https://www.ncbi.nlm.nih.gov/pubmed/24072822
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roediger%20WE%5BAuthor%5D&cauthor=true&cauthor_uid=7084619
https://www.ncbi.nlm.nih.gov/pubmed/7084619

214. Aguilera-Aguirre L. and Bacsi A. Mitochondrial dysfunction increases allergic airway
inflammation. J Immunol (2009); 183:5379-87.

215. Kim, S.R. and Kim, D.l. NLRP3 inflammasome activation by mitochondrial ROS in
bronchial epithelial cells is required for allergic inflammation. Cell Death Dis (2014),
5:e1498.

216. lyer, D., Mishra, N. Mitochondrial Function in Allergic Disease. Curr Allergy Asthma
Rep (2017), 17:29.

217. Qi, S., Barnig, C. Effect of nasal allergen challenge in allergic rhinitis on mitochondrial
function of peripheral blood mononuclear cells. Ann Allergy Asthma Immunol (2017), 118:
367-369.

218. Mitsui, M., Shoda, T. Factors Associated with Development of Food Allergy in Young
Children after Liver Transplantation: A Retrospective Analysis of 10 Years' Experience. J
Allergy Clin Immunol Pract (2017);5:1698-1706.

219 Watanabe, T., Katsukura, H. Helper CD4+ T cells for IgE response to a dietary antigen
develop in the liver. J Allergy Clin Immunol (2003);111:1375-85.

220. Aguilera-Aguirre, L., Bacsi, A. Mitochondrial dysfunction increases allergic airway
inflammation. J Immunol (2009);183:5379-87.

221. Sarah Maria, Stephanie P. Shu, Judy K et al. Longitudinal analysis of butyrate in human
milk: a GEHM study of three global cohorts through the first year of lactation ESPGHAN
(2015).

222. Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. From Dietary

Fiber to Host Physiology: Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell.

(2016);165:1332-1345

65


https://www.ncbi.nlm.nih.gov/pubmed/27259147
https://www.ncbi.nlm.nih.gov/pubmed/27259147

223. Thorburn AN, McKenzie CI, Shen S, et al. Evidence that asthma is a developmental
origin disease influenced by maternal diet and bacterial metabolites. Nat Commun.
(2015);6:7320.

224.Grimshaw KE, Maskell J, Oliver EM, et al. Diet and food allergy development during
infancy: birth cohort study findings using prospective food diary data. J Allergy Clin
Immunol. (2014);133:511-9.

225. Jian Tan, Craig McKenzie, Peter J.Vuillermin, et al. Dietary Fiber and Bacterial SCFA
Enhance Oral Tolerance and Protect against Food Allergy through Diverse Cellular Pathways.
Cell Reports. (2016); 15: 2809-2824.

226. Bjorksten B, Naaber P, Sepp E, et al. The intestinal microflora in allergic Estonian and
Swedish 2-year-old children. Clin Exp Allergy (1999);29:342—6.

227. Thompson-Chagoyan OC, Vieites JM, Maldonado J, et al. Changes in faecal microbiota
of infants with cow’s milk protein allergy — a Spanish prospective case—control 6-month
follow-up study. Pediatr Allergy Immunol (2010);21:e394—-e400.

228. Thompson-Chagoyan OC, Fallani M, Maldonado J, et al. Faecal Microbiota and Short-
Chain Fatty Acid Levels in Faeces from Infants with Cow‘s Milk Protein Allergy. Int Arch
Allergy Immunol (2011);156:325-32.

229. Nakayama J, Kobayashi T, Tanaka S, et al. Aberrant structures of fecal bacterial
community in allergic Infants profiled by 16S rRNA gene pyrosequencing. FEMS Immunol
Med Microbiol (2011); 63:397-406.

230. Ling Z, Li Z, Liu X, et al. Altered Fecal Microbiota Composition Associated with Food
Allergy in Infants. App Environ Microbiol (2014);80:2546-54.

231. Chen CC, Chen KJ, Kong MS, et al. Alterations in the gut microbiota of children with

food sensitization in early life. Pediatr Allergy Immunol (2016);27:254—-62.

66


https://www.ncbi.nlm.nih.gov/pubmed/26102221
https://www.ncbi.nlm.nih.gov/pubmed/26102221
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grimshaw%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=23891269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Maskell%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23891269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oliver%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=23891269
https://www.ncbi.nlm.nih.gov/pubmed/23891269
https://www.ncbi.nlm.nih.gov/pubmed/23891269
https://www.ncbi.nlm.nih.gov/pubmed/23891269
https://www.sciencedirect.com/science/article/pii/S2211124716306301#!
https://www.sciencedirect.com/science/article/pii/S2211124716306301#!
https://www.sciencedirect.com/science/article/pii/S2211124716306301#!

232. Inoue R,Sawai T, Sawai C, et al. A preliminary study of gut dysbiosis in children with
food allergy. Biosci Biotechnol Biochem (2017);81:2396-9.

233. Kourosh A, Luna RA, Balderas M, et al. Fecal microbiome signatures are different in
food- allergic children compared to siblings and healthy children. Pediatr Allergy Immunol
(2018); doi: 10.1111/pai.12904.

234. Fazlollahi M,Chun Y, Grishin A, et al. Early-life gut microbiome and egg allergy.
Allergy (2018);73:1515-4.

235. Sutas Y, Hurme M, Isolauri E. Down-regulation of anti-CD3 antibody-induced IL-4
production by bovine caseins hydrolysed with Lactobacillus GG-derived enzymes. Scand J
Immunol (1996); 43:687-9.

236. Maassen CB, van Holten-Neelen C, Balk F, et al. Strain-dependent induction of cytokine
profiles in the gut by orally administered Lactobacillus strains. Vaccine (2000);18:2613-23.
237. Smits HH, Engineering A, van der Kleij D, et al. Selective probiotic bacteria induce IL-
10-producing regulatory T cells in vitro by modulating dendritic cell function through
dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin. J Allergy Clin
Immunol (2005); 115:1260-7.

238. Braat H, van den Brande J, van Tol E, et al. Lactobacillus rhamnosus induces peripheral
hyporesponsiveness in stimulated CD4+ T cells via modulation of dendritic cell function. Am
J Clin Nutr. (2004);80:1618-25.

239. Borthakur A, Gill RK, Tyagi S, et al. The probiotic Lactobacillus acidophilus stimulates
chloride/hydroxyl exchange activity in human intestinal epithelial cells. J Nutr
(2008);138:1355-9.

240. Borchers AT, Keen CL, Gershwin ME, et al. The influence of yogurt/Lactobacillus on

the innate and acquired immune response. Clin Rev Allergy Immunol (2009); 22:207-30.

67


https://www.ncbi.nlm.nih.gov/pubmed/?term=Inoue+R.+%2C+Sawai+T.%2C+Sawai+C.+%2C+Nakatani+M.%2C+Romero-P%C3%A9rez+G.A.+%2COzeki+M.+%2C+Nonomura+K.+%26+Tsukahara+T.+A+preliminary+study+of+gut+dysbiosis+in+childrenwith+food+allergy.

8. Tables and Figures

Table 1: Main gut microbiota features in food allergy

OTUs DIVERSITY TECHNOLOGY MAIN FEATURES REFERENCES

Thompson-Chagoyan + R. Bacterial culture A Lactobacilli
OCetal. 2010 Bifidobacteria
(n=46:FA)

Nakayama J et al. 16srRNA
2011 (n=11: FA) sequencing Bacteroides,Propionibacterium

Klebsiella
Acinobacterium, Clostridium

Azad MB et al. 2015 v 16srRNA v Enterobacteriaceae,
(n=12: FS) sequencing Bacteroidaceae

Berni Canani et al. * R. 16srRNA Ruminococcaceae,
2016 (n=39; FA) sequencing Lachnospiraceae
Bifidobacteriaceae,
*Streptococcaceae,

Enterobacteriaceae

Inoue R et al. 2017 R. R. 16s rRNA

4 Lachnospira, Veillionella,
(n=4: FA) sequencing

Suterella
Dorea, Akkermansia

Fazlollahi M. et R. R. 16s rRNA +Lachnospiraceae,
al.2018 (n=141; FA) sequencing Streptococcaceae,
Leuconostocaceae

Abbreviations: FA= food allergy; FS= sensitization to food antigens; OTUs = operational taxonomic units;

N.R.= not reported
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Table 2. Main preclinical evidences on the probiotics role against food allergy

Biological effects Bacterial strains References

Th1/Th2 response balance: Thl stimulation B.lactis/bifidum/ infantis; L. acidophilus/reuteri; 127,128,236

L.rhamnosus GG

Immune system regulation: Tregs development B.bifidum/infantis/lactis; L.acidophilus/reuteri/casei;L. 235,236

rhamnosus GG

Immune system regulation: tolerogenic DCs B.bifidum;L.reuteri/casei; L.rhamnosus GG 237,238

development

Epigenetic modulation of Th1/Th2 genes B.breve;L. rhamnosus GG

expression

Increase in the population of CD4*FoxP3* T cells,  L.plantarum;B. coagulans
up-regulation of FoxP3 and down-regulation of

GATA-3

Improvement of anaphylaxis symptoms and C.butyricum
increase of sIgA and CD4+ CD25+ FoxP3Treg
cell
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Figure Legends

Figure 1. The food allergy pyramid

Children with FA present an increased risk to develop later in the life other conditions such as
allergic disorders (atopic march), inflammatory bowel diseases (IBD), functional
gastrointestinal disorders (FGIDs), and neuropsychiatric disorders. Several genetic factors are
implicated in the pathogenesis of these conditions, but recent evidence suggest the pivotal role
of gut microbiota dysbiosis (induced by environmental factors). Emerging evidence support
the hypothesis of dyshiosis as the first hit in the development of alterations in intestinal
barrier and immune system function (responsible for the occurrence of FA and atopic march)
and dysregulation of the brain-gut endocrine-immune system axis (responsible for the
occurrence of FGIDs, IBD and neuropsychiatric disorders), at least in part through an

activation of epigenetic mechanisms.

Figure 2. Gut microbiota as a target of intervention against food allergy

Several genetic, environmental and dietary factors could modulate the gut microbiota-immune
system axis influencing the occurrence of FA. For instance, increased family size, exposure to
pets and/or rural environment, healthy diet (full of fibers, fermented foods, antioxidants,
omega-3), breastfeeding and use of probiotics are associated with protection to FA.
Conversely, C-section, prenatal and early-life exposure to antibiotics/gastric acidity
inhibitors/antiseptic agents, unhealthy diet (low fibers/high saturated fats and junk foods) may
increase the risk for the development of FA. All these environmental factors act mainly on a
modulation of gut microbiota composition and function which in turn could be responsible for

the epigenetic regulation of genes involved in immune tolerance.

Figure 3. The structure of the gut microbiota-immune system axis
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Within the gut microbiota-immune system axis the cross talk between microbes and the
immune system may occur directly through microbial components or indirectly through the
action of metabolites, such as SCFAs. A positive modulation of this axis can counteract the
pathogenesis of FA by promoting epithelial integrity, gut permeability, mucus production,
CD103" tolerogenic DCs, Treg differentiation, cytokines production and slgA release from

plasma cells.

Figure 4. The experimental design of food allergy mouse model

Four-weeks-old female C3H/HeJ mice were used in FA animal model. Two weeks before first
sensitization, oral gavage with 30 mg/kg/d of butyrate was started and continued during the
whole study. Mice were sensitized orally on day 0, 7, 14, 21, 28 with 20 mg of BLG or 1 mg
of OVA or 12 mg of PE mixed with 10 ug cholera toxin (CT) as adjuvant. Control mice
receive CT only. On day 35 mice were challenged by gavage with BLG (50mg) or OVA
(5mg) or PE (36mg). Anaphylaxis score and rectal temperature were assessed for 1 h after
challenge and blood samples were collected to measure mMMCP-1 and sIgE. After 24h, mice

were sacrificed; colon, ileum and spleen were collected.

Figure 5. Butyrate breast milk concentrations during first 5 months of lactaction.

(A) butyrate concentrations increase in mature HM compared to colostrum.

(B) resulted significantly higher in mature HM than in colostrum starting from the 0.5 to 0.75
mM in the 2 ° month of lactation, and remain stable until the 5° month of lactation. Data were

analyzed with independent sample t-test. *p<0.05.

Figure 6. Modulation of Th1 /Th2 response and FoxP3 expression in PMBCs and CD4*T

cells from children affected by food allergy stimulated with butyrate
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PBMCs from children with IgE-mediated FA were stimulated with BLG, OVA,PN (100
pl/well) and butyrate (0.75 mM) for 24h and a significant increase of IL-4,1L-5, 1L-13
production were observed. A significant inhibition of IL-4, IL-5 and IL-13 production was
observed with 0.75 mM butyrate. Butyrate stimulated, at the some dose, 1L-10 and IFN-y
production and FoxP3 expression, through a demethylation of respective gene. Data were
analyzed with independent sample t-test. NT= untreated cells; BLG= B-lactoglobulin; OVA=

ovalbumin; PN = peanut extract. *p<0.05; **p<0.01.

Figure 7. Immune and non immune effects and HDAC activity of butyrate effects on
human enterocytes.

Dose-response direct effects of butyrate on HBD-3, Muc5AC, Muc2 and tight junctions
expression levels on HT-29 cells. Butyrate acts as an HDAC inhibitor in a dose-dependent
manner. Data represent the mean (£ standard deviation; represented by vertical bars) of two
independent experiments, each performed in triplicate; Data were analyzed with independent
sample t-test. HBD-3= B-defensin 3; Muc5AC=mucin 5AC; Muc2=mucin 2; ZO-1= zonula
occludens 1; GUS = glucuronidase; TSA=trichostatin A. *p<0.05; **p<0.001vs untreated

cells.

Figure 8. Evidence on effective sensitization to food allergy in the animal model and Th2
and Th1 response in spleen from mice sensitized to food allergens.

Pre-treatment with 30 mg/kg/day of butyrate in a BLG-, OVA-, PN- sensitized mice
significantly reduced anaphylactic score, serum MCP-1 and sIgE levels.

Cells from spleen were stimulated 1 pg/mL anti-CD3 (clone 2C11), or 200 pg/mL
BLG/OVA/PN and incubated at 37 °C for 72 h. Butyrate stimulated IL-10 and IFN-y (E)

production and inhibited IL-4 and IL-13 production in BLG-, OVA-, PN- sensitized mice.
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Data are reported as means £ SEM from duplicate analyses. Data were analyzed with
independent sample t-test. CTRL= control mice; BLG= mice sensitized with p-lactoglobulin;
OVA= mice sensitized with ovalbumin; PN = mice sensitized with peanut extract. *p<0.05;

**p<0.01; ***p<0.001

Figure 9. Evidence of hepatic mitochondrial dysfunction in mice sensitized to food
allergens.

The mitochondrial H20; yield and the basal activity of the aconitase were reported. Data are
reported as means £ SEM from duplicate analyses. Data were analyzed with independent
sample t-test. Control = control mice; BLG= mice sensitized with B-lactoglobulin; OVA=
mice sensitized with ovalbumin; PN = mice sensitized with peanut extract. * p<0.05 vs

control* p<0.05 vs sensitized group.

Figure 10. Toward a gut microbiota-based precision medicine against food allergy
We are approaching an era where the metagenomic and metabolomic evaluation of gut
microbiota in children at risk for FA will drive personalized intervention to preserve or restore

an “eubiosis” state based on nutritional counseling and educational programs.

73



9. Publications in the last 3 years

SCIENTIFIC REPg}RTS

OPEM

Gut microbiota composition and
butyrate productionin children
affected by non-IgE-mediated
cow’s milk allergy

Rob esto Barni Camani | 54+, Franceso De Filippiso**, Rita Mocmrino !, Lorells Papaso?,
‘Carmeen Dn Scala?, Linds Cos enza’, Giesy Della Gatta™® | Antonio Calignanc®, Camman De Caro®,
Manclo Leiole®, Jack A Gibert' & D aniba Ercolini*

Cow's milk allargy ({0MA) is ona of tha sarfiest and mest commos food allangy and can ba alicited by
Bath k- or san-IgE-medisted machasism. Wa previously describad dyabiosinin <ild higE-
-&bdm-ndﬂ-ﬁ-d.u!ﬁhw with va by B rdrolyzed caain formula EHCF)
dlerm oo i ool U b drvcdlori s Muﬁh&nﬂuwﬁ-mﬂu
gut microbiota in IgE-madisted CMA remain usch izmd. inthis stedy wa svalusted gut

Beceread 34 Jarmnry 2014
repied: 17 by 2018
Fubhshed andine: 20 Augaa HIE

i = zaitian and facal b levals in chitdren affacted by non-igE-medistad CMA_Wa
Srend @ gut micrebiots dyabiosi in non-lgE-madisted (M4, driven by an ssricement of Soce mile and
.u.n-,_ hmmgﬁ--nnﬁm&ﬂmmhnbﬁ.ﬁmdﬂ‘nﬂlﬁrmd%

g i the grot micrabists & of i
n,Em-r.b.ur_uAd.u.. ind by @ pregroasie i Btaraican s ....|,E.
justa. EHCF cota LI o s bl v s ol s o
and o | d te what obearend in childns trasted with EHCF wlane.
h@ﬂuﬂm:ﬁ.ﬁ-dﬂdmn-ﬁ%wlmrﬁm&mr—hgutm&mdﬂ—n
zould ba a relevast target for ' q igE-meadinted CMA

Fezd allemgy 1FA} somalia From = snormal immane - medated rescson agiro ied anfigens, nch wcowa=ilk
protcim! < Dhar o i cacly introdactios, o milk allengy (OB A] @ onc of the carlio and mos commen AL
“The e =echumiam of CMA can be F-medisied or non-lgE-medaind (o] medaind) s it & recognizd
v Eratind of u dy il immune = the prdistric age®. In G, :In.d.r:l.l'l:l:dl.-r{!d.h
mﬁzﬁ:rrnrxb:hv:mlmﬂmlbﬂ:m:ﬂmlbp mussfemations in thes later e, u wdlo
iber cheomic demn much awindk yborweed discase”. Thencior, wmdortmding CHA
Faihogemexi x impartam in order io elfectively provent s=d manage S Sacane and i e G conmequemces
“The iztcatinal microbicta plays s critical rk in the and conti o the hoat immuse
mytern. Fridence v thext nebected Bacterial specien and thir metsboio Som bralthy gt microbicta, i=
particule fhe sori-ches ity acd beiyaic, may possvdy modulsic immune inksance scchaeam® . O
comizary, cmengsy dats sapgest that gat macmbints dystscsn, charscicrized by imhalancod com lio=
ol ol ek :Euldbc azicd in S dovd il .l“‘l.'lnll:nlnzp:::u
bicka fealizres in FA scem 2l peckminary Berame fhe poseral sl surmber of charrvatioas, difiorence in the
.::n.-r:mu]l:-oh maod, poor charsciorizabion. of |Iud’.-nbiu.—aa:d I.-d.-nl'ul:E:.‘ e muiched contreb ™. We
me=ihy d thal gui micrsisictuin IgE- inSmiy o Hgn iy higher vty than

Wepartm et of Tramls Sonal e dical o nos, Liniser ity of Mage Federcol], Naghs, iy, Euopanl sboetay
for thelrve st igaton of Food-induced Dissnn, Liniveray of Mgl Pedericoil, M g, Baly YEINGE Advancd
Bctschnoioge, Lnier ity of Mg Federics ||, Magles, (Sl 7ok Forcs on Microhiome S5 den, Univer ity of
Pl P e i I, Ml 12y Dl i i o gy it aldcmn o, L v iy of Magden Fadericol), Particy, (2aly.
g ariment of Fhamm acy, Lnvenity of Magleaf sderco I, Mage, by Deaion of Biowce s, Argoone Mesonal
Labormiory Linsver wiyof Chicago, thirags, 1L, U4 fcberto Sem Canam, Francenos Oe Fllpges snditits Moosno
ot s o sl by € o o chers o s s il e s vl s k| e ek sl B8 (e - i )
t arDE. femaik e ozl mm g

TETS | OB E M0 | DO:L 120 1S - B- 304 T 8- 1




. nutrients rﬁ‘iﬂ

Artide
Hepatic Mitochondrial Dysfunction and Immune
Response in a Murine Model of Peanut Allergy

Giovanna Trinchese 1, Lorella Papara 2t Rosita Attore ™ Carmela Flerro 2 Michela Varchebta 2.
Rita Mocerine . Marta Pina Mellica 7 and Roberto Bernd Canant 3% 3= 5

T Department of Bislygy, Univessity of Napkes “Fedisice (17, B35 Mapks, by
giewanina trinehesBoten = (0T Menepe molbee@uting s (M EM ]
* Departient of Trenslationa] Medicsl Seeno: —Padiatsic Section, Uisvenity of Naphes “Redenss 07,
031 Mapkes, hily; pipanc encllifigmasl com (L E; siborarosslymasl cem (AL
e b erod Wi L ovetn (T FL); ovvie wanchact el b e s e it (MO | mitanocerinolalios it (RM)
¥ Huripean Laboratory for the Drnssigation of Food- oo Disees (HLFT
Uity of Miphss “Rediniin 117, B0 Mapks, Ikl
CHIMGE Adwanasd Bk cheologies, Univensty of Maphs * Federioa [7, SI1% Napkes, laly
'Ihl Fonas o Micruliane: Stulis, Uséwevity of Neples “Federioo 17, 80131 Mphes Laly
i =5; Tl + 79 0517462680
Tl'l:l: J'I.lnﬁ‘mnl cofitribroed egually bo the work

- P e

chedk bir
Fueariwak 27 A peil H1; Acoephedt 6 fume 2005; Publishd: 8 Jume 3018 updme

Abstract Beckground: Bvidenor sagpsts o redevont rale fior bver and mibochond ol dysfusction
in allergic discase. Howsever, the robe of hepatic mitochondrial funeticn in foed allergy is kogpely

witkivnen. We aimed 1o i bigate hepatic sitochondrial dysfundion i o putine mode of
et alkengy Muthoads Thuse-week-odd C3H HelOh] meor wene sersitized by the oral route with
preisial e bract (FNT)L W avvestigatd- 1 the of efliect wmw’[‘lq.'xu]}hn“
acube albengic skin nesporie, snaphylactic synspbans soos, body & ., S

cell proieaee-1 (mMCP-1) and ants- PNT isnemenoglobalin E (IgE) quh.l}npﬂu: n'l.-ah'unrnthv
Mmﬁmhrhﬁim -5, IL-13, IL-10 and IFN-y mENAnPcnnn-n, !.}u-ptli.mm'ul.ha]
coidatican rakes and effsciency by polarography, and hypdrogen peroide (HaOg) yidd, aconita
nndnrupdmu!u dysnmbae activities by spectrophotosmety Femlie Sensatization ta PNT was
e trated by acute all i ukaiy F n-mpm-h.h. ymploms soon sy e ratuse
decmean, serum mMCOE ] and arli-pararnat IgE beveds. Liver imvabyement was d:murﬁ-lul:d by

i sigrifirand incheis of hipatic Th2 eytakines [ILd.,H.Sn'ul]LU]mRNAnpm‘n. Mot cwdhvend il

s Bt s o stradid by Doser chate 3 I'*-mm.nr}.- af e, e and
hﬂ}'h‘:iﬂ--"" i the | af palmiteyl camitine, mcacaued yiedd of ROS proven by the
wmdmmuﬂmnﬂb&m%mmﬂm Comnchusions We provide
wvidere of hepatic milochondrial dysfusction in o i o of pranat allergy. These data

conabd opuien thee vy o the ickentification ef new onibochendrial tangets for insovative prev ative and
Ehe ragrutic strabepges against fvod kg

hw‘l& w&w et 1 1§ ¥, - aks b .m"-_f‘ L
L Intreductien

Food alkergy (FA), definuad as an adn i e ponniia Be fooad profeng, i a major public
hszalth fasas i Wheskern s duse b i ; in, e abers ared severily i well e thee capabive

w..ln-h.'lm;l-unlilg.' al Efs and eedical cane costs [1]. Feanat alkengy (PA) i oo of the owost comenon
I.'_I.'Pﬂﬂfﬁ\ [Z] The wmdﬁm&uﬁmhlﬂiﬂmmmw inhpul
10 pears, mmm&%l!lhmtmmmﬂmmﬁmd}q@bmmuﬂy

Natriete 2008, T 7; chee Do) e O wewew. et e fouml e

75



VRS WP WV T Y R T IO B L DS UL S D S - MIONO A L CIE I S0 U A - S IO R LMV A AOOmEE LIS L IsLn

Beneficial Microbes, 247 onilne ARTICLE IN PRESS

@_u—_
Fobllabhars

Direct effects of fermented cow’s milk product with Lactobacillus paracasei CBA LT4
on human enterocytes

L. Pnp.l.r\o", E.Abtnnrn", H. Nnm'ilﬂ], C. l-_lermnl', C. Bruno! and R. Berni Canani!%¥

rﬂrpmm.!rr of Tramslational Medical Sciemce, University of Naples Federico 0] via & Pansini 5, 80131 Naples, Ttaly;
*Furopean Laboratory for the Investipation of Feod-induced Diseases, University of Naples Federico IT; via 5. Parnsing 5,
80131 Naples, ltaly; }CEINGE Advanced Biotechnolagies, University of Naples “Federice 117 via 5, Pansini 5, 80131 Naples,
Ttaaly; bermi@aming it

Received: 23 March 2017 / Accepted: & August 2017
© 2017 Wageningen Academic Publishers

RESEARCH ARTICLE
Abstract

Cow's milk fermented with Lactobacillies poracaser CRA LT4 (FM-CEALTA) exerts a preventive effect against infectious
diseases in children. We evaluated if this effect is at least in part related toa direct modulation of non-immune and mmune
defence mechanisms in human enterocytes. Homan enterocytes (Caco-2) were stimulated for 48 h with FM-CBAL7S at
different concentrations. Cell growth was assessed by colarimetric assay; cell differentiation (assessed by lactase expression),
tight junction proteins (zorla occludens] and occluding, mocin 2, and toll-like receptor (TRL) pathways were analysed
by real-time PCR; innate immunity peptide synthesis, beta-defensin-2 (HBD-2) and cathelicidin (LL-37) were evalmted
by ELISA. Mucus layer thickness was analysed by histochemistry. FMCBA L74 stimulated cell growth and differentiation,
tight junction proteins and mucin 2 expression, and mocus layer thickness in a dose-dependent fashion. A significant
stimulation of HED-2 and LL-37 synthesis, associated with 2 modulation of TLE pathway, was also observed FM-CBALTS
regulates non-immune and immune defence mechanisms through a direct interaction with the enterocytes. These effects
could be invalved in the preventive action against infections diseases demonstrated by this fermented product in children.

Keywords: infectious diseases, fermented foods, innate immunity, gut mucosa, intestinal permeability

1. Introduction

Common infectious diseases (CIDs) affecting the
respiratory and gastrointestinal tract are a common
problem for young children attending day-care centres
ar schools (Maldonado et al, 2017). Thess conditions are
exacerbated by a general immatarity of the immune system
and of respiratory and gastrointestinal tract functions
{Maldonada et al,, 2012). Evidence suggests that functional
fonds, derived from the fermentation of cow's milk with
probiotics, could be an effective distary strategy to prevent
infectious diseases in children, but data are sl mnﬂu:t.mg
{Agostoni et al, 2007; Brunser &t al., 1989; Campeotio
et al, 201 1; Merenstein of al, 2000 Muollié et o, 2004;
Magata et al, 2011; Thibault et al, 3004). Differences in
the experimental design, study populations, and in bacterial
strains used in the preparation of the fermented products
could be responsible for these discrepancies (Agostoni

ef al, 2007; Brunser ef af , 1080 Campeatho ef al, 2001;
Merenstein of al, 3010 Mullié e o, 2004; MNagata et al,
2011; Thibanlt =t al., 2004). Another limitation derives from
the still largely undefined mechanisms of action elicited
by fermented foods against infectious diseases (Shafi e
al., 2014). The protective properties of fermented foods
could be strain specific and dose-dependent. They could
also derived from the activity of the probiotics (Hill et al.,
2014} and/or of food components produced during the
fermentation process (Tamang et al, 2016). In a double-
blind, randomised, placebo-controlled trial, we found thae
fermented cow's milk product with Lactobacillus paracaser
CBA L74 (FM-CBALTA) efficiently protects schooled
children against Cllbs and that this protective effect is
associated with a significant stimulation of both innate
(a- and B-defensins and cathdlicidin (LL-37)) and acquired
[secretary immuanoglobulin A) immunity (Mocering et al,
2017
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Altered miR-193a-5p expression in children with cow's milk
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Abstract

Background: Cow's milk allegy (CMA] & one of the moit common food allergies in
children. Epigenstic mechanisms have been suggested to play a roe in CMA patho-
genest. We have shown that DNA methylstion of Th1/Th2 cytokine genes and
FemP3 affects CMA diserie cowse Prefiminary evidence suggests thal e the miR-
Mame amuld be implated in the pathagenesis of allergy. Main sudy outcome was
to comparatively evaluate miRName in children with OMA and in healthy controls.
Methads Peripheral blood dear calls were obtained fram children aged 4-
18 monthi: 10 OMA patients, 9§ CMA mtients who outgres OMA, and 11 healthy
controb Smal RMA lbrares were ssquenced (ming a next-generaBion sequencing-
based approach. Funclional assessment of IL-4 expression was also performed.
Resilts: Among the miRhAs differently exprested, 2 wers upregulsted and 14 were
dowrmreguilated in children with active CMA compared to healthy controls miR-
1932-5p resufted the moit dosmnregulated miRMA in children with active OhA com-
pared to heslthy controls. The predicted targets of miR-193a-5p resulbed upnegu-
lated in CMA patients compared to healthy controls. Pedipheral blood CD4° T cells
transfected with a mR1934-5 inhibitor showed a Sgnificant upregulation of IL-4
mRMA and s proted opression. Childs who autgrew OMA showsd miRhA-
1932-5p level, and its related targets expression, similar to that observed in healthy
controls.

Condchusions: Owr results sugpest that miR-1935-5p & a post-transeriptional seguls-
tor of IL-1 expressian and could have a rode in |gE-medisted CMA. This miRN&
could be a novel disgnostic and therapsutic target for this common form of food
allergy in childhood.
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Specific Signatures of the Gut Microbiota
and Increased Levels of Butyrate in
Children Treated with Fermented Cow's
Milk Containing Heat-Killed Lactobacillus
paracasei CBA L74
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ABSTRACT ‘We recently demonsirated that cow's milk fermentad with the problotic
Loctobachius porocosel CHA L74 (FMACHALTS) reduces the Incldence of raspiratory
and gastrointestingl tract Infections In young children attanding school. This effed
apparently derives from a complex ragulation of non-mmune and IMMUne protec-
tive mechanisms. We Investigated whesher FM-CEALTS could reguiats gut mikrobd
ota compasition and butyrats production. We randomiy selected 20 hazithy chikiren
{12 to 43 months) from the previous ranoomized controlled trial, bafore §i0) and ar-
ter 3 months (t3) of dietary treatment with FM-CEAL74 [FM) or placebo (PL. Fecal
microblota was profiled sing 165 TAMA gene amplicon sequendng, and the fecal
butyrate concentration was atso measured. Microblal alpha and betz diversitles were
nat significantly different betwean groups prior to treatment. FM-CEALTS but not PL
treatment Increzsed the relative abundance of Lochobecilus. Individual Biutia, Aoss-
burig, and Foecaibocierium oligotypes were assoclabad with FM-CEALTY freaiment
and demonstrated cormelative assoclations with Immune biomarkers. Accordingly,
PICRUSE analysls predicied an Increase In the proportion of genes Involved In bu-
tyrate production pathways, consktent with an Incresse In facal butyrate observed
anly In the FM group. Dietary supplementation with FM-CBALTS Induces specdhc sig-
natures In gut microbikata composltion and stimutates butyrate production. Thess af-
fects are assoclated with [rﬂ'lgE'E In Innate and Iql.-'E{l |I'I"II'I1IJI'IT,'.

IMPORTANCE The use of 3 fermented milk product containing the hest-kilied protiatic
straln Loctobadius pamcassl CBALT4 Induces changes In the gut micobiots, prometing

the development of butyrate producers. These changes In the gut migobiota composk
tion coeTelste with Increased levels of INNate and acquired IMMUAILY DiOTEKEers.

KEYWORDS gut microbiota, Immune system, el butyrate

ommon Infectious diseases, affecting the respiratory and gastrointesting tracts, are
an Important probiem for young children attending preschodl or day care cenbers
{1 Young children are espacially prone b Infection, and this susceptibility Is thought
0 be driven by immaturity in organ function, Immune responssa, and lse potentially In
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Abstract The gut microbiota plays a pivotal rebe i imenene system dev elopment end function
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Abstract Background: Rermunted foods have baen propossd to poeent infectioos de
(CIDs) in childnen attending day cane of preschool. Objectives: To investigate the efficacy of dactary
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Backgrond: DMNA methlation o the Th] and Th2 cfloline genes & atesd during cows milk allengy (OMAL
Foainesd bom transcrigtion Botor 3 (Foaf3) & essential for the develogrment and function of reguistosy Toell
(Teegs) and & nwobeed 0 oral tolesance acquisiiion. We aisessed wihether odesnce arpuisiton in dhildréen with
lgErradisted CMA B succimed with DA dermethyltion of Se Teeg-ipeibe demethylsted region (TS of Ffaxbl,
Resulte Foay children [aged 3-18 months) were enmlled: 10 childen with actve Igfmedisted CMA igraup 1), 10
chiltren who cutgrew CMA sfter distary Faaliment with an eensvely hydaobyzed caein lbomula contanng the
proficdc ladobadiis tamnous GG igaoup 2, 10 childen who outgees DWA after trestment with ofher formuls
(grou 3L and 10 healthy contmobs igroup £L FonF TEDA demethylation and eqresion were messusd in
rromcnuciear cells pused fom pengheral blood of the lur grougs of chiltren. FoxP? TSDR demathylition wes
signilficantly bower in childeen with active IgE-me disted CMA than in either dhildren who outigeew CMA o in
ety childeen Formula selection nfluenced the FoaP? TSDA dermetiylation grofle The FoaP3 TSDA

Condchutions: Taerane scquistion in childen with lgEme disted CMA invaves epigenetic equlsion of the FavP3
gene This lesture oould e & new Lagel o peventive and heraeic sraeges sgams CMA
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Background

Epigenetic mechanismes have been implicated in the patho-
gmesis of food allergy (1] We proviously demonstrated
that tolerance acquisition in children with IgE-medisted
wwh milk allergy (CMA ) is driven by epigenstic modula-
tion of the Thl and Th2 gitokine genes (2] A regulatory T
«ll (Treg) suppressive phenntype characterinsd by sthls
expression of the transcription foinr “Forkhead box Pro-
fein 57 [FaxP3) playsa pivotal rode in food toleanae [3-7]
FoxP3 mesenger BNA (mRNA) expression is lower in
children with atopic ssthma or IgE-medised food adlegy
than in healthy children [8] FoxP3 stable expression ne-
quires full CpG demethyation of its transcriptonal
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regulatory regions [, 10], and, moresover, ypermethylaton
af the FoxP3 gene has been associated with reduced Treg
function and allergy |7, 111

DMNA methybtion is 2 biclogically and chemically
stable epigenatic modification that locks in long-term
gene expression patemns [12, 15). The demethylation
statie of FoxP3 at a highly conserved region within the
region, located on the Ind conserved non-mding
sequence of FaxP3 ((N52) is restricted to Tregs [14, 15].
Transcriptional adivity of the TSDR is essentially deter-
mined by its methyltion status: it is compleely inactive
in its methylated sate, but when the TSDER is demethy-
lated, tamscripbon fachors such as Ets-1 and Creb can
bind to the TSDR [16] TSDR demethylated and open
chromatin conformation in the Fuged loos leads to sahle
phenotype differentisied Foxpd+ Treg [17. 18], Fac/3
TSDR demethylation in peripheml blood monomclear
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prevent infectious diseases in children: A randomized controlled trial
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Abstract
Exchishwly tewast-Ed mSmts cam axbibit chear signs of I5E or non IgF-pedited cow's milk
allarsy. Hoaoose, fhe dafixtte chametorieotion of distary cow's milk proisizs (C8F) that sencie
the pevtormal dipsstve tract o be absorbed mto the blood 2nd secrered imo breant odlk
Tamzizs pissing. Farein, we aimed of assessing possdble ChP-derhed peptides in breast milk.
ws conypared the peptide faction of breast milk from 12 domors, among wiich § donk 2 oop of
ik deily 2 & e om siict diary-fiee diet.
Wa identified two boving [Hlackegcbulin (P-Lg, I out § sanmples) and ooe ., casein (1 ot §
samplos]) Smpon: i breast moilk from mothors meohing 2 cop of bovine milk daily. Thews ChIP-
darived fagmants, namsahy p-Tg (22-$), (#22-37) and oy -casein (£1 30-197), wers shsoat = poilk
Erom modars: oo dairy-See dist. In comtranst, sedthar viact nor bydrolyzed |1-Lg was detected by
Wastern blot and competittos ELTSA in ame broast milk sample. Fight addtsiemal boving mrilkc-
darived papsides identfed bry softwars-sd sted B% warn moet Hosly fales positive. The meults of
this study demncostras that CMP-derived peptides rachar them intact CMP mary sensitize or elicit
allargic msponses in the noomyts troegh matar's milk . Trmmelogicalky acthe: paptides fmons the
el dist could be mebeed in prizwng the newhom's imeams syviee:, driving tolerogenic
TREpOR.
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Chapter 14

Food Allergies: Novel Mechanisms and Therapeutic
Perspectives

Margherita Di Costanzo, Lorella Paparo, Linda Cosenza, Carmen Di Scala,
Rita Nocerino, Rosita Aitoro, and Roberto Berni Canani

Abstract

Childhood food allergy (FA) rates have rapidly increased with significant direcr medical costs for the health
care system and even larger costs for the families with a food-allergic child. The possible canses of food
allergy become the target of intense scrunny in recent vears. Increasing evidence underhne the imporeance
in early life of gur microbiome in the development of allergic diseases. There are a range of facoors in the
modern environment that may be associaved with changes wo both the gur microbiome and risk of FA, such
as mode of delivery, antibiotic exposure, infant feeding practices, farming environment, and country of
orgin. Knowledge of the reladonship berween early life gur microbiome and allergic diseases may facilitane
development of novel preventive and trearment strategies. Based on our current knowledge, there are no
currently available approved therapies for food allergy. More studies are needed to evaluate the safety and
efficacy of allergen-specafic and allergen-nonspecific approaches, as well as combination approaches.

Key words Immunotherapy, Probiotics, Intestinal microflora, Immune system, Tolerance acquisicion

1 Introduction

Food allergy (FA) is a major health issue in Western countries with
a subsrantal effect on guality of life of both padents and their rela-
dves. On the basis of numerous studies, food allergy likely affects
nearly 5 % of adults and 8 % of children, with growing evidence of
an increase in prevalence [1]. Although any food can provoke a
reaction, relatvely few foods are responsible for the vast majority
of significant food induced allergic reactons: cow’s milk (2.2 %),
peanuts (1.8 %), and tree nuts (1.7 %) are the most common aller-
gens in children, and shellfish (1.9 %), fruits (1.6 %), and veger-
bles (1.3 %) are the most common allergens in adults. Recent
publications focusing on peanut allergy indicated increases with a
doubling (UK) or mipling (USA) in diagnoses [2, 3]. In general,
childhood FA to milk, egg, wheat, or soy typically resolves during
childhood, whereas allergies to peanut, tree nuts, fish, and shellfish

Mania Cristina Cutun and gnacin Anegon jsds.), SLppression and Reguiation of Immuns Aespanzas: Methods and Protocois, oims I,
Msthods In Molscular Biology, vol. 1371, DOI 10.1007/876-1-4566-3138-2_14, & Springer Sclence-+Eusiness Medla New York 2016
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Dietary hiesvenBion with erienskoely caseh formuls s ppkemvanted Wit Lactobacillis
rhamnosus G0 |BHCFLGG) qum. ants with cow's il alisrgy
(CHW). Wo amamined whehur Bil eliect ks aliruintds. of loand In pad io an inlusnce on the

Facal samgles rom healfhy controls n=20) and from QWA Ihiants {n=15) below and
after lﬂ-ﬂ‘mulhph'l!]ﬂ_ullprr?] with LGG
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Introduction

The prevalence of akagic responses io food has hoen
m-%mhg an mprecedenied incmase in devel-
aped societies, rising by as much as 20% in & recent
]ﬂ;?.u' periad (Branum and Lokacs, 3009; Oshomae
_, 2011; Wang and Sampson, 3011 Prescct et al,
201 3L Cemetl varlation alme mnnot aconumt for a
dramatic increase in discase prevalmeos over such a
slm:ﬂ time frame. Emerging evidence suggests that
firat contury emvironmental  inferventons,

1:rr_'h.| ing widesprand antdhiotic use, comsumpton

¥ demc: LA Cidhaet, D offumpery. 1 of
H mzm:hm-;hd m-- Chaoapn, L, 887, USA
g

T mbos comishied -F-IIJ-n&.l
oncwrrwd 16 Al 200 % ovviwd & by 2005; q-dll_h]:r AN
b bufnd onlbem 22 Sapfentee 2015

afa high-Bt/low fiber diet, el imnat on of previously
comman entenamthogens thdumﬁl Helimbarter
pyian and helminthic parasites], ] e o T
to inkctons dismse, Cassarean birth, and frmuls
foeding, may have pesturhad the motmally benefical
interactions estahlished over millions of years of m-
evoliion with the hactera that comprise owr
commaersal micrabiot Cha and Blaser, 2012]. This
dyshinits mn predipose genetically susceptihble
individmls a0 & discase (reviewed in ref
Feshley ot af., 2012 CGow's milk allergy (CMA] is
ana of the most common food alkegies of infancy
and aarly childhood withan estimated prevalenoes of
2-5% worldwide [Sicherer, 3011). We have demeon-
strafed that distary managament with a formula
contaning an exensively hydrlyad form of the
cow’s milk protain casein [EHCF], supplkmentod
with the iotie loctvhaciffus rhamnasus GG
(LGG), results in a higher e of tolerance acquisl-
tion in infints with CMA than in those treated with
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Differences in DNA methylation profile of Th1 and
Th2 cytokine genes are associated with tolerance
acquisition in children with IgE-mediated cow’s

milk allergy
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genes. W Iresigaed wheer mieance acquisigan in dhilden with mmuncgiotuln E Jg8-madiaed cow's milk
allengy (CMA) & damcwedzed bya spedfic Dt metyiaton pofleof Th (L-4 15 and Thi (L 10, IF-yrasodaed
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e acguined Toemnce 1o oov's milk proneines dgeoun 2) and In Fealiy childeen (geoup 31 Farsy childeen (24 boys,
aged 3 o 1Eman e wiere ennolied: 106N geowp 1, 2000 goun 2, and 10 In e comod groen. The: D84 mesagon
proflies deardy senamaed actve (WA paentsfom FenlEhy conmols We olrered an opposae pamen ComEng
subjers with acTe IgE-mediatad CMA wish helthy conmalsand gaoun 2 childien wha cumgeew (WAL The L4
and IL-5 DMK metylaton was significantly iower, and IL-10 and 18-y DR mesyidon was higher In acie

g mediaed CMA paens. Gene promoser DRA methdaion mres of all opokines and respacve senum levels
were stongly comdaed. Formula sdecion sgnifiaindy infiuenoed cyiokine DA mesyiagon profiies in goup 2.
Conchsbone Toloanceamusiton in dhiden with ige-medianed CWA & characedtzed bya distnc Th and Th
ayokine gene DMA metwiaton mnem. These resuls suggest thar DA mefyiaion may be 2 orget for (MA

Keywords Enigenetos, Inmedauicrr4, insedakin-5, inesdewidn-10, Imedenney, Food dlengy, B svy hydmbaed
| msan fiorrmiula, Laon macillus famnoss GG, Hypoaleng anic formulae

Badoground

Corw's il allergy ICMA) i o of the mesl aoem an
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Abatfract

Fmdﬂemﬂrl]unmwbedlhmfwchdﬁminngmmummﬂm At this time the only proven
tment for FA & diminslson of offender sntigen from the diet It is becoming clear that the devedopment of
gl.l: microhiota cxerts & profound infloence on immune system maturstion and tolerance sequisition. Incressing
evidemecr suggests thal pertarbations in gut microbéola composition of infants are implicated in the pathogenesis
of FA. These findings have unveiled new strategies Lo prevent and treat FA using probictics bacleris or bacterial
substanoe bo limit T-helper [Th)"Tha baas, which changes during the dxesse course. Selortod probiotics sdmimistered
diring nfmey may heve 2 mile in the prevention snd trestment of FA. Lartsbanillus shammasus GG [LGE) i the
most studicd probeotic in ths ficdd. Adminstrabion of LGG mul'lyh[nhwtmlcmFApmrmh.mPrdJmmy
nﬂmﬂﬁmlhﬂLGﬂm!ermumlldammnmmﬂﬂn@mﬂm%m
the mechanzms elicited by LG snd metsbalites il i sensitization. A deeper definitson of
mmmmummmmmmumﬂhmhﬂ hrﬂ&mﬂmhtrFﬂlhﬂmdﬁnmlly

limit the disesse burden

Keywords: gt mizrobiols, short chen ftty seids, butyrate, coeems, cow's milk sllergy, oral inlerance

1. Infrodwetion

Food allergy [FA) 15 sn moreasing public beslth problem
[Berin snd Sampsom, 2013). Cow's milk allergy [CMA)
uumd&cmﬂmrﬁmuﬂydﬂﬂhﬂmm
&N I ranging between 2 snd 3%
Ln&.nls[ﬁmuﬂmml During the lest decade,
w observed o chenging pattern m FA with incressed
prevalence, severity of clinical manifestations and sk
of persistence unil liter ages. The Centors for Disease
Comtrol and Prevention docsmented an 18% Increase
smong children in the USA between 1997 and 207, In
e same coumitry, FA acroumis for shout 30,000 emergency

oo visis snd 150 deaths per year (hitpef foodalienyy o).
Stmilarly, in bsly we observed thet the mamber of hospits]
sdmimions for food-mduced anaphylsxis doubled in only

5 years, snd that cow milk proteins were the leading food
allerpens (Hemi Camand of ail, 20123, There &5 eridence et
reschation rales bave slowed for allerges thet have been

oulgrows, such as those to milk, cgg, wheat and
woy. For exmmple, Ebror ef al [2007) ina populstion. Based
sindy reporied thst only 5745 of CMA children resobved
thear slergy at 5 poars of age. FA hss deleterious dfects
o family sconomics, social mieractions, schood and werk
attendance, snd health-related quality of life; it can be
costly in lerms of medical vists and trestments (Sicdherer
and Sampson, 2014). Given the morhidity resultsng from
Fh, there i considerabie interest m genersting efficiont
approsches that may stimolite crsd ioleranee sequisition
and muntensmer. Rising disease provalenoe over o short

period of Bme cannot be explained by genetic vanation
alome, renewing interest in the role of the environment in
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 9
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