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Overview

§ Food allergy 101
• Epidemiology, hygiene and tolerance

§ Cohort studies indirectly suggesting a role for the microbiome
§Building the case for the importance of the microbiome
• Association, Functional, Intervention (in progress)

§Why it matters and what the future may bring
• ‘Sutton’s Law’, Prevention, Secondary Prevention and Treatment

§Questions
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Food allergy 101: Epidemiology

IgE in the serum and the likelihood that a patient would react to a
specific food.28,29 Since then, numerous studies in different patient
populations have been undertaken in an attempt to refine the
diagnostic accuracy of quantitative serum food-specific IgE mea-
surements.30,31 More recently, the advent of quantitative IgE mea-
surements tomajor allergenic proteins within certain foods, e.g. Ara
h 2 in peanut32,33 and Cor a 9 and 14 in hazelnut,34,35 has further
improved the diagnostic accuracy of in vitro testing. In the mid-
1970's, May and Bock reported that prick skin test wheal diameters
less than 3 mm greater than the negative control were unlikely to
indicate symptomatic IgE-mediated food allergy and that OFCs
were necessary in patients with larger wheal diameters in order to
establish symptomatic food allergy.14,36 However, in 2000, Sporik
and colleagues reported that analogous to results with food-
specific IgE values, the larger the prick skin test wheal diameter,
the greater the likelihood that a patient would experience allergic
symptoms to a food and suggested wheal diameter cut-off values
that were highly predictive of positive OFCs.37 However, given the
variability in skin test extracts, methods and interpretation, and the
selected high-risk populations used in Sporik's and subsequent
studies, the generalizability of these values have to be interpreted
with caution.38 Three decades ago few allergists performed oral

food challenges, whereas today oral food challenges are the
accepted “gold standard”27,39 and efforts have been made to stan-
dardize the procedure worldwide.15

For decades allergists and clinicians have been aware that many
young infants “outgrow” their food allergies, especially to foods
such as milk, egg, soy and wheat, whereas allergies to other foods,
e.g. peanuts, tree nuts and seafood, are more likely to persist
throughout life. However, it was not until the late 1990's when
investigators began mapping allergenic (IgE-binding) epitopes on
food proteins that an immunologic mechanism underlying this
phenomenon became more apparent. These studies showed that
childrenwho outgrew their egg ormilk allergy, i.e. about 80% of this
population, produced IgE antibodies primarily to conformational
(3-dimensional) epitopes whereas those with persistent (lifelong)
allergy also generated significant quantities of IgE antibodies to
sequential (linear) epitopes,40,41 suggesting different phenotypes of
IgE-mediated food allergy in children. In contrast, most children
with peanut allergy, who typically do not outgrow their peanut
allergy, i.e. 80%e85%, make large quantities of IgE antibodies to
sequential epitopes. In addition it was shown more recently that
the greater a patient's IgE-binding diversity to allergenic epitopes
on peanut proteins, i.e. the more different allergenic epitopes

Fig. 1. The percentage of children 0e17 years of age in the United States with a reported allergic condition in the past 12 months; 1997e2011. From Jackson KD et al. National Child
Health Services Data Brief #121; May 2013.

Fig. 2. Food-induced hospital anaphylaxis admissions in Australia by age group from 1994 to 2005. From WK Liew et al. J Allergy Clin Immunol 2009; 123:434e42.
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6

IgE in the serum and the likelihood that a patient would react to a
specific food.28,29 Since then, numerous studies in different patient
populations have been undertaken in an attempt to refine the
diagnostic accuracy of quantitative serum food-specific IgE mea-
surements.30,31 More recently, the advent of quantitative IgE mea-
surements tomajor allergenic proteins within certain foods, e.g. Ara
h 2 in peanut32,33 and Cor a 9 and 14 in hazelnut,34,35 has further
improved the diagnostic accuracy of in vitro testing. In the mid-
1970's, May and Bock reported that prick skin test wheal diameters
less than 3 mm greater than the negative control were unlikely to
indicate symptomatic IgE-mediated food allergy and that OFCs
were necessary in patients with larger wheal diameters in order to
establish symptomatic food allergy.14,36 However, in 2000, Sporik
and colleagues reported that analogous to results with food-
specific IgE values, the larger the prick skin test wheal diameter,
the greater the likelihood that a patient would experience allergic
symptoms to a food and suggested wheal diameter cut-off values
that were highly predictive of positive OFCs.37 However, given the
variability in skin test extracts, methods and interpretation, and the
selected high-risk populations used in Sporik's and subsequent
studies, the generalizability of these values have to be interpreted
with caution.38 Three decades ago few allergists performed oral

food challenges, whereas today oral food challenges are the
accepted “gold standard”27,39 and efforts have been made to stan-
dardize the procedure worldwide.15

For decades allergists and clinicians have been aware that many
young infants “outgrow” their food allergies, especially to foods
such as milk, egg, soy and wheat, whereas allergies to other foods,
e.g. peanuts, tree nuts and seafood, are more likely to persist
throughout life. However, it was not until the late 1990's when
investigators began mapping allergenic (IgE-binding) epitopes on
food proteins that an immunologic mechanism underlying this
phenomenon became more apparent. These studies showed that
childrenwho outgrew their egg ormilk allergy, i.e. about 80% of this
population, produced IgE antibodies primarily to conformational
(3-dimensional) epitopes whereas those with persistent (lifelong)
allergy also generated significant quantities of IgE antibodies to
sequential (linear) epitopes,40,41 suggesting different phenotypes of
IgE-mediated food allergy in children. In contrast, most children
with peanut allergy, who typically do not outgrow their peanut
allergy, i.e. 80%e85%, make large quantities of IgE antibodies to
sequential epitopes. In addition it was shown more recently that
the greater a patient's IgE-binding diversity to allergenic epitopes
on peanut proteins, i.e. the more different allergenic epitopes

Fig. 1. The percentage of children 0e17 years of age in the United States with a reported allergic condition in the past 12 months; 1997e2011. From Jackson KD et al. National Child
Health Services Data Brief #121; May 2013.

Fig. 2. Food-induced hospital anaphylaxis admissions in Australia by age group from 1994 to 2005. From WK Liew et al. J Allergy Clin Immunol 2009; 123:434e42.

H.A. Sampson / Allergology International 65 (2016) 363e369 365

Sampson HA. Allergol Int. 2016 Oct;65(4):363–9.

Jackson KD et al. National Child Health Services Data Brief #121; May 2013 Liew WK et al. J Allergy Clin Immunol 2009; 123:434e42 



Food allergy 101: Epidemiology

7

Lieberman J, et al.Ann Asthma All Immunol; 2018121(5):S13.cohort, and higher than Sicherer  et al’s20 national estimate of 1.4% in 2008. Although our data suggest that the burden of childhood peanut allergy has increased over the past decade, the authors of a recent study demonstrated that introducing peanut-containing foods alongside typical complementary foods between 4 and 11 months can achieve relative reductions in peanut allergy risk of up to 80%13 among high-risk infants. Consequently, the National Institute of Allergy and Infectious Diseases–sponsored 2017 “Addendum Guidelines for the Prevention of Peanut Allergy” were released, which  guide clinicians in promoting early peanut introduction for primary peanut allergy prevention.35 Therefore, if the “Prevention of Peanut Allergy” guidelines are broadly implemented, the age-specific peanut allergy prevalence estimates reported in this study may provide important baseline reference points for future work.Although double-blinded placebo-controlled oral food challenges remain the current “gold standard” 

for FA diagnosis, such methods were not employed in the current study because of their expense, impracticality, and concerns about nonparticipation bias. As in past work20 to strengthen the rigor of our parent-reported questionnaire, stringent criteria were established in collaboration with an expert panel to exclude FAs where corresponding symptom report was not consistent with immunoglobulin E–mediated FA. Nevertheless, by relying exclusively on parent-report and not directly observing symptoms immediately after allergenic food protein consumption, misestimation of true FA prevalence and symptomatology remains possible. However, it is important to recognize the use of survey-based approaches given their ability to capture patients with FAs who may not receive formal evaluations or diagnoses.
CONCLUSIONSThese data suggest that childhood FA is a significant public health 

issue resulting in relatively high rates of severe allergic reactions and ED use. Previous findings of racial differences in FA prevalence were also supported here with elevated rates identified among non-Hispanic African American children. Overall, these findings provide critical epidemiologic information that improves understanding of the public health impact of childhood FA.
ACKNOWLEDGMENTSWe thank Michael Dennis, PhD, and Nada Ganesh, PhD, of NORC at the University of Chicago; Ozge Nur Aktas, MD, Lauren Kao, MA, and the members of our expert panel.

ABBREVIATIONSCI:  confidence intervalEAI:  epinephrine autoinjectorED:  emergency departmentFA:  food allergyOAS:  oral allergy syndromeOR:  odds ratioSSI:  Survey Sampling International
GUPTA et al10

FIGURE 3
Comparing rates of parent-reported versus convincing versus physician-confirmed FAs.

Gupta RS, et al. Pediatrics. 2018 Dec;142(6):e20181235.
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In this contemporary cohort study of 7310 FIA- related ED visits in chil-
dren younger than 18 years, the most frequent ED visits were among 
children younger than 3 years, followed by 3-  to 6- year- olds. Over the 
10- year study time frame, ED visits for pediatric FIA increased four-
fold in adolescents aged 13- 17 years (413%). Among specified foods, 
peanuts accounted for the highest rates of FIA- related ED visits, fol-
lowed by tree nuts/seeds. To our knowledge, this is one of the first 
studies to provide a comprehensive analysis of FIA- related ED visits 
in US children by analyzing specific triggers and healthcare utilization 
outcomes among children in multiple age- groups.

We found increasing rates of FIA ED visits, in contrast to a study 
by Clark et al,13 who reported stable trends from 2000 to 2009. 
However, our findings agree with more recent data citing increases 
in FIA- related ED visits.14 Given that our study concerned rates from 
2005 to 2014, the increase in FIA- related ED visits most likely rep-
resents a relatively recent change. The increasing rates of ED visits 
related to FIA may be due to a combination of factors, including an 
increasing prevalence of food allergy, an increased awareness of the 
diagnosis, and a lower threshold for seeking acute medical care.15

In our cohort, whereas rates of FIA- related ED visits increased, 
overall proportions of inpatient and ICU admissions decreased. In a 
recently published study, Parlaman et al16 conducted a retrospective 
cohort study from 37 children’s hospitals from 2007 to 2012 and sim-
ilarly did not find any increase in the proportion of ED patients hospi-
talized or admitted to the ICU despite increasing rates of FIA- related 
ED visits. These findings suggest that most pediatric FIA ED cases are 
self- limited and do not require routine hospital admission. This agrees 
with guidelines that advise the observation period be individualized 
on the basis of factors that include reaction severity, access to care, 
and patient reliability.17 Future studies examining FIA- related ED out-
comes are necessary to ensure proper healthcare delivery.

The decrease in proportions of inpatient and ICU admissions 
is likely due to increased utilization of ED observation units or in-
patient observation status. In their study, Parlaman et al16 did not 
examine rates of patients sent to observation units. Although not 
specifically demonstrated in that study, the important role of obser-
vation units in managing anaphylaxis has been highlighted in other 
studies. In a study in an Australian pediatric ED, Braganza et al18 re-
ported results similar to ours: 39% of children were observed in an 
observation unit, compared with 7% who were admitted to a general 


 ��&!� �ƑՊPediatric food- induced anaphylaxis emergency department visit rates by trigger, 2005- 2014 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Food allergy 101: The Hygiene Hypothesis

chemical findings stable. The packed cell volume was
0 27. With hypertonic peritoneal dialysis his weight
decreased by 1 6 kg, but blood pressure remained
raised at 230/130 mm Hg, and the next day he suffered
two generalised seizures. Packed cell volume was 0-35.
Phenytoin was started. He was discharged on 17
December, normotensive with no neurological sequelae,
and taking no antihypertensive medication. Phenytoin
was subsequently withdrawn. He had a cadaveric renal
transplant in 1987 and remained well with a blood
pressure of 130/80 mm Hg.

Comment
Neither patient had previously suffered seizures. In

both fitting occurred after a sudden rise in blood
pressure in association with normal fundi and com-
puted tomograms and in the context of recent blood
transfusion and increase in packed cell volume. These
features closely resemble those of seizures reported in
patients treated with erythropoietin while undergoing
dialysis.2 As with erythropoietin, the factors precipitat-

ing fits in these patients remain unclear. In case 1 the
haemoconcentration associated with haemodialvsis
may have been relevant. The second patient was not
fluid overloaded at the time of the first seizure but was
at the time of the second, when rapid fluid removal by
peritoneal dialysis might have contributed. Perhaps a
rapid rise in packed cell volume resulted in both
increased blood viscosity and a loss of hypoxic vaso-
dilatationt and thus a rise in vascular resistance. These
events, superimposed on a possibly abnormal cerebral
vasculature, may have resulted in hypertensive
encephalopathy.4

I Raine AEG. Hypertcnsion, blood viscosity and cardiovascular morbidity ill
renial f'ailturc: implicationis of'crythropoictin therapy. Lancet 1988;ii:97-9.

2 Edmunds ME, Walls J, Tucker B, et al. Seizures in haemodialysis patients
treated with recombinant human erythropoietin. Nephrologv, I)ialvsis,
Transplantation in prcss

3 Neff MS, Kim KE, Persoff Mi, Onesti G, Swartz C. Hemodynamics of turemic
anemia. Circulation 1971;43:876-83.

4 Bvrom FB. IPathogcnesis of hypertensive cncephalopathy and its relation to the
malignanit phase of' hypertension: experimental cvidence from the hyper-
tensive rat. Iancct 1954;ii:201-1 1.
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Hay fever, hygiene, and
household size

David P Strachan

Hay fever has been described as a "post industrial
revolution epidemic,"' and successive morbidity
surveys from British general practice suggest that its
prevalence has continued to increase over the past 30
years.) Other evidence suggests a recent increase in the
prevalence of asthma2 and childhood eczema.3 This
paper suggests a possible explanation for these trends
over time.

Subjects, methods, and results
I studied the epidemiology of hay fever in a national

sample of 17 414 British children born during one week
in March 1958 and followed up to the age of 23 years
(the National Child Development Study). Three
outcomes were investigated: (a) self reported "hay
fever during the past 12 months" at age 23; (b) parental

report of "hay fever or allergic rhinitis in the past
12 months" at age 11; (c) parental recall of "eczema in
the first year of life" elicited when the child was 7.
Cross tabulations were performed with the SAS
statistical package, and multiple logistic regression
models were fitted with the LR program in the BMDP
statistical package.
Of the 16 perinatal, social, and environmental

factors studied the most striking associations with hay
fever were those for family size and position in the
household in childhood. The table shows that at both
11 and 23 years of age hay fever was inversely related to
the number of children in the household at age 11
(when it is assumed most families were complete).
When prevalence figures were adjusted by multiple
logistic regression for other significant determinants of
hay fever in this cohort (see table) the associations with
numbers ofolder and younger children in the household
persisted. These trends in adjusted prevalence were
independent of one another and each was significant
(p<001, see table), but the trends by number of older
children were significantly steeper (X2=11 6, df=I,
p<001 at age 1;x2= 195, df= 1, p<001 at age 23). A
further analysis of hay fever occurring at 23 by birth

Prevalence ofhayfever and ofeczema in infancy by position in the household. Numbers in parentheses

Prevalence of hay fever in previous year Prevalence of eczema in first year of life

At age 23 At age II

Crude* Crudet Ad'ustedt y' Crude* Crudet Adjustedl X'% Crude* Crudet Ad'ustedt XW)

No of older children (under 21) in household at age I 11I:
0 204 205 204 96 100 100 60 62 6-1

<,910/4470) t810/3942 /542/5622) (389/3895/ (308/5 096) (245/3 952)
1 15 7 15 5 15 0 84 8-3 79 52 5 3 5 2

/583/3 703) t515/3 323) (398/4 721) /273/3 286) (225/4 331) 177/3 320)
2 116 121 125 80X0 54 40 50 554 39 44 46 125

(172/1 478) (157/1 301) (106/1 953) (62/1 290) (68/1 757) (57/1 298)
3 96 92 106 3.7 3.3 40 36 3-3 3.7

(58/606) (48/520) 129/777 17/51 1) 25/692) (17/517)
4+ 6-5 6 7 8-6 281X9 2-6 2-1 2-2 2-8

1,21/322) /18/270) 12/436) /5/268/ /8/381/ /6/273)
No of younger children in household at age I lI|:

0 17 2 17 1 17 9 8-8 8-6 8 9 5-1 5 2 5 3
i,643/3 746, 1575/3 354A, (422/4 770) ,286/3 319/ (221/4 366)/ 174/3 356)

I 17 7 17 7 169 8 8 8.8 8 3 5 7 5.9 5.7
2626/3 544) /559/3 151) (387/4414) 1273/3 120) (228/4 030) (/16/3 145)

2 160 16 3 15 7 134 7 3 7 5 7-3 10(7 5 3 5-4 5 3 1119
(303/1 898) /273/1 678) ('179/2 436) 125/1 657) (118/2 222/ (91/1 686)

3 13 9 130 13-4 5-9 6 6-5 40 4 3 46
1 17/841/ 93/714,) 167/1 144) /43/707/ 40/997) 131/715)

4A 100 10 5 12 3 4 3 4 3 5 4 42 4-4 5 3
55/550) 48/459. /32/745/ 19/447. 27/642/ 20/458/

Total 16 5 16 5 8 0 0-1 5 2 5.4
/1 744,110 579. 548/9 356i 1 087/13 509, /746/9250, i634/12 257) 502/9 360/

*Using all available information.
tFor subjects svith complete covariate data included in the multiple logistic regression.
tAdjusted by multiple logistic regression for the other f'actor in the table, pILIs f:ather's social class, housing tenure and shared hotusehold amenities in childhood, breast feeding, region of birth, and cigarette-smoking at 23.
§Test for linear trend (df= () from the multiple logistic regression model.
|llncludes childreni of the family living away from home in 1969.

BMJ VOLUME 299 18 NOVEMBER 1989 1259
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“Over the past century declining 
family size, improvements in 
household amenities, and higher 
standards of personal cleanliness 
have reduced the opportunity for 
cross infection in young families.” 



Food allergy 101: The Hygiene Hypothesis (Plus)P E R S P E C T I V E

1078 VOLUME 18 NUMBER 10 OCTOBER 2017 NATURE IMMUNOLOGY

Humoral immune regulation in response to allergens
Few studies have addressed the effects of a Western lifestyle and 
chronic infections on humoral immunity. Healthy or ‘tolerant’ individ-
uals often produce high amounts of allergen-specific IgG4 and/or IgA, 
and IgA-deficient individuals are at risk of developing an allergy51. 
Recently, it was shown that children who respond to allergens with a 
positive serum IgE count but a negative skin test have higher titers of 
allergen-specific IgG, which suggests that the presence of IgG can sup-
press tissue inflammation caused by allergens41. This reduced skin-
test reactivity to allergens is also seen in helminth-infected allergic 
children. Through polyclonal expansion of IgE-secreting B cell popu-
lations, helminth infections increase the total serum IgE concentra-
tion, which might increase competition with allergen-specific IgE for 
binding to the high-affinity receptors on mast cells and basophils52. 
Helminth infections also induce high concentrations of IgG4, which 
can intercept an allergen before it binds to IgE and can cross-link the 
inhibitory receptor FcGRIIb, shutting down FcERI signaling and thus 
reducing skin-test reactivity and clinical symptoms of allergy41,53,54. 
Recent protein-sequence analyses have shown that a large number 
of allergens have linear and conformational epitopes that are highly 
similar to helminth-derived proteins55,56. Chronic exposure to these 

cross-reactive antigens in helminth-infected people may, in the long 
run, lead to tolerance, similar to what is observed with allergen immu-
notherapy, which is also associated with IgG4 responses57.

Allergen cross-reactive antibodies directed to selected microbes of 
the gut and lung microbiome have also been described recently. An 
antibody to A-1,3-glucan-bearing Enterobacter cloacae was shown 
to cross-react with the cockroach allergen Bla g 2. Neonatal, but not 
adult, mice immunized with E. cloacae were protected from cock-
roach-induced asthma, and this protection was found to depend on 
IgA-producing plasma cells that accumulated in the lungs58. HDM 
allergen contains phosphorylcholine (PC) epitopes shared with PC of 
Streptococcus pneumoniae. Neonatal mice immunized with formalin-
inactivated PC-bearing S. pneumoniae were found to be protected 
from HDM-driven asthma, and this response was dependent on the 
presence of PC in the bacterium and accumulation of PC-specific 
B cells in the lungs. PC-specific antibodies were able to block the 
uptake of HDM allergen by DCs and subsequent induction of TH2 
cell immunity in vitro and in vivo59. Along the same lines, antibodies 
cross-reactive to polysaccharides on group A streptococci, as well as 
immunization with these streptococci, suppress respiratory allergy 
to chitin and Aspergillus spores in neonatal mice60. Strikingly, all of 
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Figure 1 Protective and risk factors for allergy development in early life. Many of the risk factors for allergic disease affect the microbiome of the skin, 
nasopharynx, lung and gut, particularly in a critical window in the early postnatal period when these organs, as well as the immune system, are still 
developing. Infections can have both protective and detrimental effects on allergy. Often these factors occur together, so the absence of one protective 
factor does not necessarily mean that allergic disease will ensue. Also, many risk factors are associated. Antibiotic use is hard to disentangle from 
infection history. 10

Lambrecht BN, Hammad H. Nat Immunol. 2017 Sep 19;18(10):1076–83.



§ MICROBIOME: The sum of microbes and their 
genomic elements in a particular 
environment. 

§ SHORT-CHAIN FATTY ACID: Fatty acids with 
fewer than 6 carbon atoms. 

§ RORɣt+ Treg CELLS: Also referred to as type 3 
regulatory T (Treg) cells, these Foxp3+ Treg
cells are generated in response to the 
intestinal microbiota and are essential for 
suppression of type 2 immunity. 

§ PROBIOTIC: Live microorganisms with 
beneficial effects on the host. 

§ PREBIOTIC: Nondigestible substrates that 
promote the growth, function, or both of 
beneficial microorganisms. 

§ DYSBIOSIS: A state of imbalance in a 
microbial ecosystem.

Food allergy 101: Glossary
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Modified from Renz H, et al. Food allergy. Nat Rev Dis Primers. 2018 Jan 4;4:17098–20.

Food allergy 101: The tolerance paradigm

allergic responses to foods; studies have shown that the 
level of microbial diversity is a critical determinant of 
B cell isotype switching to IgE in the intestinal mucosa, 
with more-complex microbial systems suppressing 
IgE responses106. In addition to microbial diversity, the 
presence of specific microbial species seems to be pro-
tective. For example, in murine models, commensal 
bacteria isolated from genetically food allergy-prone 
animals confer susceptibility to allergic sensitization 
when transferred into wild-type (normally tolerant) 
recipients107. Reconstitution with microbiota enriched 
for certain Clostridium species promotes Foxp3+ Treg 
cell formation106. Some of these species influence the 
intestinal cytokine milieu, enhancing levels of tolero-
genic IL-10 and TGFβ108. In humans, the intestinal 
micro biota present at birth influences the risk of aller-
gic sensitization and disease in childhood, with some 
evidence that the high diversity of the microbiota as 
well as the presence of certain species of the genus 
Clostridium are protective against food allergy3,4,109. 
However, the role of Clostridium spp. or other specific 
classes of bacteria requires further evaluation as studies 
on this topic are still scarce. Additionally, a wide range 

of factors is thought to influence the composition of 
the infant microbiota, including the route of delivery 
( vaginal or caesarian section), the environment (rural or 
urban), diet, perinatal and postnatal antibiotic exposure, 
 infection with viral pathogens and others105.

In addition to expressing PAMPs, intestinal micro-
organisms produce immunomodulatory compounds 
that include short-chain fatty acids, which bind to 
G protein-coupled receptors (GPCRs) to modulate 
intestinal epithelial permeability and the induction of 
Treg cells110–113. Mast cells express a number of GPCRs 
that bind to known endogenous mediators, including 
prostaglandins, cysteinyl leukotrienes, complement C3a, 
sphingosine-1-phosphate and antimicrobial peptides114. 
Some of these GPCRs also bind to as-yet undefined lig-
ands115. One recently characterized GPCR, mas-related 
G-protein-coupled receptor member X2, is specific for 
peptides and quinolone compounds and can induce 
mast cell degranulation in the absence of any specific 
IgE116. Dietary nutrients might exert influences on the 
composition of the gut microbiome; GPCRs and other 
receptors might sense compounds present in the intes-
tinal lumen and absorbed across the epithelium (such as 

Figure 5 | Immune tolerance and breakdown of tolerance to ingested antigens. a | Under normal conditions, food 
antigens in the gastrointestinal lumen pass into the intestinal mucosa or into Peyer patches (small masses of lymphatic 
tissue in the ileum) by transiting between enterocytes or by active transport through enterocytes, microfold (M) cells or 
goblet cells. Antigens can also be sampled by specialized CX3C-chemokine receptor 1 (CX3CR1)+ macrophages that 
GZVGPF�FGPFTKVGU�DGVYGGP�GPVGTQE[VGU�CPF�KPVQ�VJG�NWOGP�QT�D[�%&���+ dendritic cells in the lamina propria. These cells 
induce regulatory T (Treg��EGNNU�
XKC�+.����RTQFWEVKQP�D[�OCETQRJCIGU�CPF�VTCPUHQTOKPI�ITQYVJ�HCEVQT�β (TGFβ) production 
by dendritic cells). b�̂ �6QNGTCPEG�DTGCMU�FQYP�KP�UKVWCVKQPU�KP�YJKEJ�FCPIGT�UKIPCNU�CTKUG��UWEJ�CU�KP�VJG�UGVVKPI�QH�GZRQUWTG�
VQ�EGTVCKP�RCVJQIGP�CUUQEKCVGF�OQNGEWNCT�RCVVGTPU�
2#/2U��QT�HQNNQYKPI�GRKVJGNKCN�FCOCIG�
YJKEJ�NGCFU�VQ�VJG�GZRTGUUKQP�
QH��HQT�GZCORNG��+.�����+.����CPF�VJ[OKE�UVTQOCN�N[ORJQRQKGVKP�
65.2����7PFGT�VJGUG�EQPFKVKQPU��OWEQUCN�FGPFTKVKE�EGNNU�
CESWKTG�C�RJGPQV[RG�VJCV�HCXQWTU�6|JGNRGT���
6H2) cell priming when induced by the food antigens (now, allergens). In turn, 
TH2 cells produce IL-4 that stimulates many aspects of the allergic response, including the induction of immunoglobulin E 

+I'��KUQV[RG�UYKVEJ�TGEQODKPCVKQP�KP�NQECN�$|EGNNU��OCUV�EGNN�GZRCPUKQP�CPF��KP�CP�CWVQETKPG�NQQR��VJG�HWTVJGT�GZRCPUKQP�QH�
the TH2 pool. IL-4 also suppresses the function of tolerogenic Treg cells and can reprogramme these cells to produce IL-4 
VJGOUGNXGU��EQPXGTVKPI�VJGO�VQ�C�RCVJQIGPGVKE�RJGPQV[RG��6[RG|��KPPCVG�N[ORJQKF�EGNNU�
+.%�U���YJKEJ�CTG�6H2-like cells 
without antigenic specificity, provide another source of IL-4 as well as IL-13 that block Treg cell function. In the setting of 
TGEWTTGPV�HQQF�GZRQUWTG�CPF�GOGTIKPI�HQQF�CNNGTIGP�URGEKHKE�+I'�TGURQPUGU��CNNGTIGP�CEVKXCVGF�OCUV�EGNNU�TGUKFKPI�KP�VJG�
gastrointestinal mucosa become an important local source of IL-4. Animal studies indicate that this mast cell-derived IL-4 
KU�ETKVKECN�HQT�VJG�EQPUQNKFCVKQP�CPF�GZRCPUKQP�QH�VJG�HQQF�CNNGTIGP�URGEKHKE�6H2 response in the lamina propria and 
draining mesenteric lymph nodes32,���. FcεRI, high-affinity immunoglobulin ε receptor (also known as FCER1).
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Overview

§ Food allergy 101
• Epidemiology, hygiene and tolerance

§ Cohort studies indirectly suggesting a role for the microbiome
§Building the case for the importance of the microbiome
• Association, Functional, Intervention (in progress)

§Why it matters and what the future may bring
• ‘Sutton’s Law’, Prevention, Secondary Prevention and Treatment

§Questions
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Observational cohort studies (allergy generally)

§ Prenatal maternal exposure to pets
§Birth by vaginal versus cesarean section delivery
§Growing up in rural environment (close contact with animals)
§Growing up with pets (or older siblings)

14

Aichbhaumik N, et al. Clin Exp Allergy 2008;38:1787-94. 

Bager P, et al. Clin Exp Allergy 2008;38:634-42. 

von Mutius E, Radon K. Immunol Allergy Clin North Am 2008;28:631-47

Ownby DR, et al. JAMA 2002;288: 963-72. 

Kim H, et al. Curr Allergy Asthma Rep 2019;19:22. 



Observational cohort studies specific to food allergy
outcomes. Overall, delivery by c-section was associated
with a significantly increased summary OR of food
allergy/food atopy, allergic rhinitis, asthma, and hospita-
lized asthma, whereas there was no association with

inhalant atopy or eczema/atopic dermatitis. Taking
into account the significant heterogeneity between the
study-specific relative risks for asthma (Po 0.01), and
hospitalization for asthma (Po 0.01) using the ran-

Fig. 1. Selected study characteristics, and relative risks according to category of allergic outcome(s) reported in the 26 studies included in the meta-
analyses. For each study the reference number, first author (or reference number if the reference is repeated), population size, and proportion of persons
delivered by c-section are shown (left side) along with (right side) the allergic outcome, age at outcome, and prevalence of outcome. Age at allergic
disease was defined as the range from birth to maximum age at ascertainment of life-time occurrence of allergic disease, or the age(s) at ascertainment of
diagnoses or current allergic disease. Ref., reference; n, population size; CS, caesarean section; Prop., proportion; Phy, physician-diagnosed; Rep,
Parent- or self-reported; Hosp, Hospital admission; SPT, skin-prick test for allergens; IgE, specific IgE to allergens; NA, not available (e.g. due to a
case–control design).

!c 2008 The Authors
Journal compilation !c 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 38 : 634–642

Caesarean delivery and risk of atopy and allergic disesase 637
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Observational cohort studies specific to food allergy
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and survival analyses, P values for significance were calculated using
the Wald test, with a priori levels of significance set at P < .05.
Group comparisons were performed using c2, Mann-Whitney U,
and Kruskal-Wallis rank sum tests of significance as appropriate.
Sensitivity analysis was performed by repeating the logistic regression
analyses to assess alterations in the primary and secondary outcomes
specified above when combining the questionable FPIAP cases with
the FPIAP cases.

RESULTS
Characteristics of the GMAP cohort

Of the 1162 infants approached, 1003 (86%) enrolled in the
GMAP study (Figure 1). After exclusion of siblings, subjects
with inadequate data through 6 months, and FPIAP cases not
meeting research criteria, 903 infants were included in the final
analysis (Figure 1). Over the course of the study, 80 (9%) in-
fants withdrew participation, 55 (69%) of whom relocated or
left the pediatrics practice and 25 (31%) of whom chose to no
longer participate. We found no statistically significant differ-
ences between infants who withdrew before 6 months and the
remainder of the cohort across any of our exposures of interest
(not shown).

Of the main cohort of 903 infants, most were white, with a
slight male predominance (Figure 2). Most were born at term
(89%), delivered vaginally (68%), and 50% were exposed to

intrapartum maternal antibiotics, whereas a small proportion
(9%) were directly exposed to antibiotics postnatally (Figure 2).
The median age at enrollment was 8 days (interquartile range
[IQR], 5-14). At their first pediatrics visit, most infants (62%)
were being fed only breast milk, 7% only formula, and 32% a
mixed diet (both breast milk and cow’s milkebased formula).
Forty-seven percent were first-born children and 41% had pets
living in their home at birth; 45% had first-degree family
members with atopic diseases and 15% had first-degree relatives
with food allergies.

Cumulative incidence of FPIAP
Of the 903 healthy infants included in the final analysis, 169

of them were diagnosed with FPIAP and 153 met the pre-
specified inclusion criteria (Figure 1). This identifies a cumula-
tive incidence of FPIAP of 17% over 3 years in this healthy
unselected population. The median age at symptom onset was 26
days (IQR, 14-34) and the median age at FPIAP diagnosis was
35 days (IQR, 26-81).

Risk factors for FPIAP development
A family history in a first-degree relative of food allergy (odds

ratio [OR], 1.9; 95% confidence interval [CI], 1.2- 2.8; P ¼
.005), bloody stools (OR, 4.5; 95% CI, 2.7-7.4; P < .001), and
diet intolerance (OR, 3.5; 95% CI, 2.3-5.4; P < .001) were risk
factors for the development of FPIAP, all of which were assessed

FIGURE 2. Early life risk factors for FPIAP development. EoE, Eosinophilic esophagitis. *HR reference group for polytomous variables.
Reference group chosen was the largest by default, except for infant initial diet for which, given our a priori hypothesis that any breast
milk would be protective, formula is the appropriate reference.
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Observational cohort studies: GMAP

at the time of enrollment (before disease onset). FPIAP was also
associated with a history of eczema (OR, 1.5; 95% CI, 1.1-2.2;
P ¼ .02) and pets in the home at birth (OR, 1.5; 95% CI, 1.01-
2.1; P ¼ .043). We did not find mode of delivery or perinatal
antibiotic exposure to be risk factors for the development of
FPIAP (Figure 2). FPIAP development was also not associated
with sex, race or ethnicity, gestational age, siblings, family history
of atopy, or family history of eosinophilic esophagitis. Sensitivity
analysis using more (grossly bloody stools, n ¼ 63) or less (all
MD diagnosed, n ¼ 169) case definitions confirmed the findings
above, with the exception of the association with pets, which was
lost with either more or less stringent criteria.

Lower rates of FPIAP in infants fed both breast milk
and formula

In the initial logistic regression analysis of baseline variables,
there was a trend toward association between an initial diet
(infant diet reported at first visit) of mixed feeding (breast milk
and cow’s milkebased formula) and decreased rates of FPIAP
compared with formula alone (OR, 0.5; 95% CI, 0.3-1.1; P ¼
.07) (Figure 2). This association was present for those FPIAP
cases with documented grossly bloody stools as well (n ¼ 63;
mixed feeding, OR, 0.3; 95% CI, 0.1-0.8; P ¼ .02). Recog-
nizing that infant diet can change throughout infancy, we used
survival analyses to explore the effect of infant diet over time on
the development of FPIAP. Infants initially fed both breast milk
and cow’s milkebased formula were 61% less likely to develop
FPIAP and those who were fed only breast milk were 53% less
likely to develop FPIAP compared with those exclusively
formula-fed over the first 2 months (hazard ratio [HR], 0.39;
P ¼ .005; HR, 0.47; P ¼ .01) (Figure 3, A). Infants fed both
breast milk and formula at any point during the first 4 months
were 56% less likely than infants fed exclusively formula and
38% less likely than infants fed exclusively breast milk to develop
FPIAP (HR, 0.44; P ¼ .005; HR, 0.62; P ¼ .0497) (Figure 3,
B). Exclusively formula-fed infants developed FPIAP at the
highest rates (Figure 3) and at younger ages (median, 15 days vs
26 days; P < .001) than those who received breast milk.

Clinical presentation, treatment, and resolution of
FPIAP

Of the 153 cases of FPIAP, 63 (41%) had gross blood in their
stool (either by physician documentation or by parent report)
and 56 (37%) had gross mucus in their stool (either by physician
documentation or by parent report) in addition to microscopic
blood (physician documented), meaning that 119 (63 þ 56) or
78% had either gross blood or mucus in their stool as one of
their presenting symptoms. The remaining 34 had other symp-
toms (eg, irritability, feeding difficulty, gagging, vomiting, and
diarrhea), which prompted and revealed positive occult blood
testing and resulted in diagnosis of FPIAP by their treating
clinician. Compared with unaffected infants, parents of infants
diagnosed with FPIAP were more likely to report irritability,
gagging, food refusal, and blood or mucus in the stool (see
Figure E1 in this article’s Online Repository at www.jaci-
inpractice.org). Infants with FPIAP were also significantly more
likely than those unaffected to have been treated with proton
pump inhibitor or histamine H2-receptor antagonist medications
(45% vs 14%; P < .001) for symptoms of reflux (Figure E1).
Those symptoms and the use of acid suppression were signifi-
cantly different even when a post hoc stricter definition of FPIAP
was used, requiring gross mucus or blood in the stool (see
Table E1 in this article’s Online Repository at www.jaci-
inpractice.org). The median age of infants at the time of symp-
tom resolution was 123 days (IQR, 63-174), with a median time
to documented resolution (days from diagnosis to symptom
resolution) of 50 days (IQR, 31-99). Of the 87 infants (57% of
FPIAP cases) whose FPIAP resolved with maternal dietary re-
strictions, 41 (47%) resolved with maternal diet restriction of
milk alone, 35 (40%) resolved on maternal elimination of milk
and soy, and 11(13%) resolved on maternal elimination of milk,
soy, and egg. Of the 62 infants (41% of FPIAP cases) with
FPIAP who resolved while consuming formula, either exclusively
or mixed feeding with breast milk, 48 (77.4%) resolved on
extensively hydrolyzed formulas and 14 (22.6%) resolved on
amino acidebased formulas. Twenty resolved with a combina-
tion of maternal diet elimination and hypoallergenic formula. Of
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FIGURE 3. Effect of infant diet on FPIAP development. (A) Kaplan-Meier curves of time to FPIAP diagnosis by infant initial diet.
(B) Kaplan-Meier curves of time to FPIAP diagnosis by infant diet as a time-varying covariate over the first 4 months (during
which 95% of FPIAP cases presented).
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Hierarchy of Evidence

subjects, the 19 infants with milk allergy studied had a
higher Shannon diversity index and gut microbial
community structures dominated by Lachnospiraceae and
Ruminococcaceae.14 Differences in the implicated taxa
across these studies of egg and milk allergies might have
been due to the individual food allergies targeted in each study,
although additional explanations include differences in
population characteristics, phenotyping approach, and/or
analytic methodology. The characterization and comparison
of microbial profiles of individual food allergies remains an
area for continued exploration.

GUT MICROBIOTA ARE ASSOCIATED WITH THE
CLINICAL TRAJECTORY OF FOOD ALLERGY

Sequencing-based studies of gut microbiota in children with
food allergy have shown that gut microbiome composition is
associated with the clinical trajectory of food allergy, and the
timing of host-microbe interactions in early life appears to be
important. The gut microbiome changes during the course of life,
with the most rapid changes occurring in early life.32

To examine the relationship between the infant gut
microbiome and the clinical course of food allergy,
investigators studied 226 infants with milk allergy (strictly
defined based on OFC results, a convincing history,
and positive allergy test results or flare of atopic
dermatitis associated with milk ingestion and milk sIgE level
>_5 kUA/L) from the multicenter Consortium for Food Allergy
Research, whose clinical courses were followed longitudinally
up to age 8 years.8 The investigators found that taxa from the

Firmicutes phylum, including Clostridia, were enriched in the
gut microbiome of infants with milk allergy age 3 to 6 months
whose milk allergy later resolved by age 8 years, whereas this
was not the case in infants with milk allergy of the same age
who continued to have persistent milk allergy.8 Among
infants with milk allergy older than 6 months, there was
no association between gut microbiome composition and
later milk allergy resolution.8 Based on these results, it is
possible that (1) early infancy (ie, age 3-6 months) is a
specific developmental window during which gut microbiota
can shape the course of food allergy, and gut microbiota at
later ages (eg, >6 months age) have little to no effect on
food allergy course; and/or (2) gut microbiome composition
might be associated with food allergy course later in life as
well, but factors that appear during these older ages obscure
this signal.

Separately, a study of 56 Japanese infants found evidence that
the gut microbiota at age 2 months is associated with the
development of self-reported food allergy by age 2 years.
Specifically, among 14 infants with egg, cow’s milk, soy, and/or
wheat allergy based on questionnaire by age 2 years, the
investigators found that the genera Leuconostoc, Weissella, and
Veillonella were underrepresented in their fecal samples
compared to 27 of their counterparts who did not develop any
food allergies by age 3 years.33 We note that although
self-reported and/or questionnaire-based assessments of food
allergy are often used in studies of food allergy, they are limited
by the likelihood of reporting inaccuracy, and supervised oral
challenge–based assessments of food allergy remain the gold
standard for accurate diagnosis.34
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FIG 1. Pathways to the development of microbial therapeutics for food allergy. Evidence for an important
contribution of the gut microbiota to the pathogenesis of food allergy is derived from observational studies
of distinct microbial composition in allergic and healthy human cohorts, and in mice with susceptibility
versus resistance to food allergy. Evidence that changes in microbial composition lead to meaningful
changes in host immunity come from studies using FMT into germ-free mice with susceptibility to food
allergy. Additional functional evidence can be derived from in vitro culture systems examining the effect of
stool extracts on immune phenotype. Based on the weight of this preclinical evidence, clinical trials using
defined microbial transfer, probiotics, prebiotics, synbiotics, and FMT are in process to determine the
efficacy of microbial therapeutics for the treatment of food allergy.
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Egg allergy and egg sensitization

Fazlollahi M, et al. Allergy. 2018 Jul;73(7):1515–24.



Egg allergy and egg sensitization

Egg sensitization

Fazlollahi M, et al. Allergy. 2018 Jul;73(7):1515–24.



Clostridiales

The IL4raF709 OVA model

Noval Rivas M, et al. J Allergy Clin Immunol. 2013 Jan;131(1):201–12.



Persistent vs transient milk allergy

No associations with mode of delivery, antibiotics, breast-feeding, AD

Bunyavanich S, et al. J Allergy Clin Immunol. 2016 Oct;138(4):1122–30.
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subjects, the 19 infants with milk allergy studied had a
higher Shannon diversity index and gut microbial
community structures dominated by Lachnospiraceae and
Ruminococcaceae.14 Differences in the implicated taxa
across these studies of egg and milk allergies might have
been due to the individual food allergies targeted in each study,
although additional explanations include differences in
population characteristics, phenotyping approach, and/or
analytic methodology. The characterization and comparison
of microbial profiles of individual food allergies remains an
area for continued exploration.

GUT MICROBIOTA ARE ASSOCIATED WITH THE
CLINICAL TRAJECTORY OF FOOD ALLERGY

Sequencing-based studies of gut microbiota in children with
food allergy have shown that gut microbiome composition is
associated with the clinical trajectory of food allergy, and the
timing of host-microbe interactions in early life appears to be
important. The gut microbiome changes during the course of life,
with the most rapid changes occurring in early life.32

To examine the relationship between the infant gut
microbiome and the clinical course of food allergy,
investigators studied 226 infants with milk allergy (strictly
defined based on OFC results, a convincing history,
and positive allergy test results or flare of atopic
dermatitis associated with milk ingestion and milk sIgE level
>_5 kUA/L) from the multicenter Consortium for Food Allergy
Research, whose clinical courses were followed longitudinally
up to age 8 years.8 The investigators found that taxa from the

Firmicutes phylum, including Clostridia, were enriched in the
gut microbiome of infants with milk allergy age 3 to 6 months
whose milk allergy later resolved by age 8 years, whereas this
was not the case in infants with milk allergy of the same age
who continued to have persistent milk allergy.8 Among
infants with milk allergy older than 6 months, there was
no association between gut microbiome composition and
later milk allergy resolution.8 Based on these results, it is
possible that (1) early infancy (ie, age 3-6 months) is a
specific developmental window during which gut microbiota
can shape the course of food allergy, and gut microbiota at
later ages (eg, >6 months age) have little to no effect on
food allergy course; and/or (2) gut microbiome composition
might be associated with food allergy course later in life as
well, but factors that appear during these older ages obscure
this signal.

Separately, a study of 56 Japanese infants found evidence that
the gut microbiota at age 2 months is associated with the
development of self-reported food allergy by age 2 years.
Specifically, among 14 infants with egg, cow’s milk, soy, and/or
wheat allergy based on questionnaire by age 2 years, the
investigators found that the genera Leuconostoc, Weissella, and
Veillonella were underrepresented in their fecal samples
compared to 27 of their counterparts who did not develop any
food allergies by age 3 years.33 We note that although
self-reported and/or questionnaire-based assessments of food
allergy are often used in studies of food allergy, they are limited
by the likelihood of reporting inaccuracy, and supervised oral
challenge–based assessments of food allergy remain the gold
standard for accurate diagnosis.34
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FIG 1. Pathways to the development of microbial therapeutics for food allergy. Evidence for an important
contribution of the gut microbiota to the pathogenesis of food allergy is derived from observational studies
of distinct microbial composition in allergic and healthy human cohorts, and in mice with susceptibility
versus resistance to food allergy. Evidence that changes in microbial composition lead to meaningful
changes in host immunity come from studies using FMT into germ-free mice with susceptibility to food
allergy. Additional functional evidence can be derived from in vitro culture systems examining the effect of
stool extracts on immune phenotype. Based on the weight of this preclinical evidence, clinical trials using
defined microbial transfer, probiotics, prebiotics, synbiotics, and FMT are in process to determine the
efficacy of microbial therapeutics for the treatment of food allergy.
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Food allergic infants: human to murine model

§ 56 infants with food allergy*
§ 98 age-matched non-allergic controls
§ Sampled at multiple timepoints from 1 to 30 months

§ 16S but with higher resolution OTU picking
§ Functional studies by fecal transplantation

* ‘to at least one of the major food allergens including milk, soy, egg, tree nuts, fish, shellfish, wheat, or peanuts’

Abdel-Gadir A, et al. Nat Med. 2019 Jul;25(7):1164–74.



Food allergic infants: human to murine model

Lachnospiraceae Other Clostridales
Subdoligranulum

Abdel-Gadir A, et al. Nat Med. 2019 Jul;25(7):1164–74.



Food allergic infants: human to murine model 2

§ 4 infants with milk allergy
§ 4 age-matched non-allergic controls
§ Sampled once during infancy

§ 16S but with high resolution OTU picking
§ Functional studies by fecal transplantation

Feehley T, et al. Nat Med. 2019 Mar;25(3):448–53.



Food allergic infants: human to murine model number 2

Feehley T, et al. Nat Med. 2019 Mar;25(3):448–53.



Food allergic infants: human to murine model number 2
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Clinical trials

§ Probiotics for Cow’s Milk Allergy
• 119 infants with CMA, L. casei and B. lactis did not accelerate tolerance
• 55 infants with EHCF and L rhamnosus GG (LGG) did resolve sooner
• 220 infants with EHCF and LGG resolved CMA at higher rates during follow 

up to 3 years
• Response associated with changes in frequency of butyrate producing 

organisms
§ LGG as adjuvant to peanut OIT (Tang et al): at 4 years follow up, 67% v 

4% actively consuming peanut
• Larger follow up study with OIT alone arm in progress
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Clinical trials

§NCT02960074 Boston Children’s Hospital, Rima Rachid
§NCT03936998 MGH-Vedanta Biosciences, Wayne Shreffler
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Clinical trials

LETTER
doi:10.1038/nature12331

Treg induction by a rationally selected mixture of
Clostridia strains from the human microbiota
Koji Atarashi1,2,3*, Takeshi Tanoue1,2*, Kenshiro Oshima4,5*, Wataru Suda5, Yuji Nagano1,2, Hiroyoshi Nishikawa6, Shinji Fukuda1,7,
Takuro Saito6, Seiko Narushima1, Koji Hase1,3, Sangwan Kim5, Joëlle V. Fritz8, Paul Wilmes8, Satoshi Ueha9, Kouji Matsushima9,
Hiroshi Ohno1, Bernat Olle10, Shimon Sakaguchi6, Tadatsugu Taniguchi2, Hidetoshi Morita4,11, Masahira Hattori5

& Kenya Honda1,2,4

Manipulation of the gut microbiota holds great promise for the
treatment of inflammatory and allergic diseases1,2. Although numer-
ous probiotic microorganisms have been identified3, there remains
a compelling need to discover organisms that elicit more robust thera-
peutic responses, are compatible with the host, and can affect a specific
arm of the host immune system in a well-controlled, physiological
manner. Here we use a rational approach to isolate CD41FOXP31

regulatory T (Treg)-cell-inducing bacterial strains from the human
indigenous microbiota. Starting with a healthy human faecal sample,
a sequence of selection steps was applied to obtain mice colonized with
human microbiota enriched in Treg-cell-inducing species. From these
mice, we isolated and selected 17 strains of bacteria on the basis of
their high potency in enhancing Treg cell abundance and inducing
important anti-inflammatory molecules—including interleukin-10
(IL-10) and inducible T-cell co-stimulator (ICOS)—in Treg cells upon
inoculation into germ-free mice. Genome sequencing revealed that
the 17 strains fall within clusters IV, XIVa and XVIII of Clostridia,
which lack prominent toxins and virulence factors. The 17 strains
act as a community to provide bacterial antigens and a TGF-b-rich
environment to help expansion and differentiation of Treg cells.
Oral administration of the combination of 17 strains to adult mice
attenuated disease in models of colitis and allergic diarrhoea. Use of
the isolated strains may allow for tailored therapeutic manipulation
of human immune disorders.

CD41FOXP31 Treg cells are present most abundantly in the intest-
inal mucosa at steady state, and contribute to intestinal and systemic
immune homeostasis4–7. In germ-free mice, the frequency of colonic Treg

cells and levels of IL-10 expression by Treg cells are markedly reduced4–7.
We have shown previously that a combination of Clostridia strains
isolated from conventionally reared mice potently affect the number
and function of CD41FOXP31 Treg cells in mouse colonic lamina
propria4. In an attempt to enable clinical translation of our previous
findings, we aimed to identify Treg-cell-inducing bacterial strains
derived from the human microbiota (see Supplementary Fig. 1 for a
summary of the procedure).

We obtained a human stool sample from a healthy Japanese volun-
teer. Because we previously reported that the chloroform-resistant
fraction of mouse gut microbiota was enriched in Treg-cell-inducing
species4, the stool sample was either untreated or treated with chlo-
roform and orally inoculated into IQI/Jic germ-free mice. Each group
of ex-germ-free (exGF) mice was separately housed for 3–4 weeks in
vinyl isolators to avoid further microbial contamination. Although a
recent study showed that the human microbiota had no impact on the

immune responses in the mouse small intestine8, we observed a signifi-
cant increase in the percentage of FOXP31 Treg cells among CD41

T cells in the colons of exGF mice inoculated with untreated human
faeces compared with germ-free mice (Fig. 1a and Supplementary Fig. 2).
Notably, a more pronounced increase was observed in the colons
of exGF mice inoculated with chloroform-treated human faeces
(Fig. 1a). These findings suggest that the human intestinal microbiota
contains Treg-cell-inducing bacteria, and that they are enriched in
the chloroform-resistant fraction. We also examined the effects of human
faeces inoculation on colonic IL-17- and IFN-c-expressing CD41

cells (TH17 and TH1 cells). In exGF mice inoculated with untreated or
chloroform-treated human faeces, the frequency of TH1 cells was
unchanged compared with germ-free mice (Fig. 1b). By contrast, there

*These authors contributed equally to this work.

1RIKEN Center for Integrative Medical Sciences (IMS-RCAI), 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama, Kanagawa 230-0045, Japan. 2Department of Immunology, Graduate School of Medicine, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 3PRESTO, Japan Science and Technology Agency, 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan. 4CREST, Japan Science and
Technology Agency, 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan. 5Graduate School of Frontier Sciences, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8561, Japan.
6Experimental Immunology, Immunology Frontier Research Center, Osaka University, 3-1 Yamadaoka, Suita, Osaka 565-0871, Japan. 7Institute for Advanced Biosciences, Keio University, 246-2 Mizukami,
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Figure 1 | Treg cell accumulation in germ-free mice induced by inoculation
with human microbiota. a–e, The percentages of FOXP31, IL-171 and IFN-c1

cells within the CD41 cell population in the colon lamina propria of the indicated
mice are shown (see also Supplementary Fig. 2). Circles represent individual
animals. The height of the black bars indicates the mean. All experiments were
performed more than twice with similar results. Error bars indicate s.d.
**P , 0.01; NS, not significant. 1hu, exGF mice inoculated with untreated
human faeces; 1huChlo, exGF mice inoculated with chloroform-treated human
faeces. (See the main text for further definitions of x-axis labels.)

2 3 2 | N A T U R E | V O L 5 0 0 | 8 A U G U S T 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

37

Atarashi K, et al. Nature; 2013 Jul 30;500(7461):232–6.

was a significant accumulation of TH17 cells in the colons of exGF mice
inoculated with untreated human faeces (Fig. 1c and Supplementary
Fig. 2). Notably, the capacity of human faeces to induce TH17 cells was
greatly diminished after treatment with chloroform (Fig. 1c). These
results indicate that the chloroform-sensitive bacterial fraction in the
human stool tested contained TH17-cell-inducing bacteria, whereas
the chloroform-resistant bacteria preferentially promoted Treg cell
accumulation in the colon.

To investigate whether Treg cell induction by the chloroform-resistant
fraction of human intestinal bacteria is transmissible, adult germ-free
mice were co-housed with exGF mice inoculated with chloroform-
treated human faeces for 4 weeks. Co-housed mice showed a signifi-
cant increase in the frequency of colonic Treg cells (Fig. 1d). In addition,
the progeny of exGF mice inoculated with chloroform-treated human
faeces also showed increased numbers of Treg cells (Fig. 1d). Therefore,
Treg cell induction by human intestinal bacteria is horizontally and
vertically transmissible. Oral inoculation of germ-free mice with
2 3 104-fold diluted caecal samples from exGF mice inoculated with
chloroform-treated human faeces fully induced the accumulation of
Treg cells in the colon lamina propria, suggesting that abundant rather
than minor members of the intestinal microbiota in exGF mice inocu-
lated with chloroform-treated human faeces drive the observed induc-
tion of Treg cells (Fig. 1e). The Treg-cell-inducing microbiota in mice
inoculated with the 2 3 104-fold diluted sample (12 3 104 mice) was a
stable community, because serial oral inoculation of caecal contents

from these mice equally induced the accumulation of Treg cells in
secondary (123104-re mice) and tertiary recipients (123104-re-
re mice) (Fig. 1e). To minimize nonessential components of the micro-
biota for Treg cell induction, the caecal contents of 12 3 104 mice were
again diluted 2 3 104-fold and orally inoculated into another set of
germ-free mice (1(2 3 104)2 mice). The 1(2 3 104)2 mice had a
marked accumulation of Treg cells in the colon (Fig. 1e). These results
suggested that we succeeded in obtaining mice colonized with a rela-
tively restricted and stable community of bacterial species enriched for
Treg cell inducers.

The composition of the gut microbiota in mice treated with human
samples was analysed by 16S ribosomal RNA (rRNA) gene amplicon
sequencing using a 454 sequencer. Quality filter-passed sequences
(3,000 reads for each sample) were classified into operational taxo-
nomic units (OTUs) based on sequence similarity (.96% identity).
The numbers of detected reads and closest known species for each
OTU are shown in Supplementary Table 1, and the relative abundance
of OTUs in each caecal sample is shown in Fig. 2a. As expected, the
OTU profiles of mice treated with human faeces were quite different
from those of conventional specific pathogen-free (SPF) mice (Sup-
plementary Fig. 3). In mice inoculated with untreated human faeces,
OTUs belonging to Bacteroidetes accounted for about 50% of the
caecal microbial community (Fig. 2a). By contrast, most OTUs in
exGF mice inoculated with chloroform-treated human faeces were
related to Clostridia species. Most bacteria in 12 3 104, 12 3 104-re
and 1(2 3 104)2 mice had 16S rRNA gene sequence similarities with
about 20 species of Clostridia, listed in Fig. 2b.

To isolate bacterial strains with Treg-cell-inducing capabilities, we
cultured caecal contents from 12 3 104, 12 3 104-re and 1(2 3 104)2

mice in vitro and picked 442 colonies. BLAST searches of 16S rRNA
gene sequences of the isolated colonies revealed that 31 strains in total
were present, all of which were Clostridia (Supplementary Fig. 4). Of
the 31 strains, we selected 23 that had less than 99% 16S rRNA gene
sequence identity to any of the other 30 strains (Supplementary Fig. 4).
We then individually cultured the 23 strains, mixed them in equal
amounts, and orally inoculated the mixture into germ-free IQI mice
(123-mix mice). Numerous rod- and round-shaped bacteria were
observed by scanning electron microscopy (SEM) on the epithelial cell
surface in 123-mix mice (Fig. 2c), and the size and appearance of the
caeca were quite different from those in germ-free mice, indicating
successful colonization (Supplementary Fig. 5a). Pyrosequencing of
16S rRNA genes revealed that the caecal microbiota composition in
123-mix mice was quite similar to that in 1(2 3 104)2 mice (Fig. 2a).
In 123-mix mice, we observed efficient induction of Treg cells in the
colonic lamina propria (Fig. 2d). The magnitude was comparable to
that observed in exGF mice inoculated with chloroform-treated
human faeces and much higher than that in mice colonized with
Faecalibacterium prausnitzii, a human Clostridia strain well known
for enhancing regulatory cell functions9 (Fig. 2d). Most Treg cells in
123-mix mice expressed low levels of Helios (also known as IKZF2),
indicating antigen-experienced cells (Fig. 2e, Supplementary Fig. 5b
and ref. 10).

Only 17 strains listed in Fig. 2b and Supplementary Fig. 4 were
detected in 123-mix mice by 16S rRNA gene sequencing, indicating
that these 17 strains may be sufficient to induce Treg cells. Indeed, we
found that the mixture of 17 strains (17-mix) induced FOXP31 Treg
cells to a similar extent as the 23-mix (Fig. 3a). The increase in Treg cells
induced by the 17-mix was reproducibly observed in exGF mice of
different genetic backgrounds (IQI, BALB/c and C57BL/6) (Fig. 3a).
Moreover, the mix was effective in other rodents: the frequency of colonic
Treg cells in exGF rats inoculated with 17-mix was significantly higher
than that in germ-free rats and comparable to that in SPF rats (Fig. 3a).
The colonization with 17-mix induced a significant increase in the fre-
quency of IL-101 and/or ICOS1 cells within the Treg cell population, as
revealed by analysis of exGF IL-10 reporter mice (Il10Venus mice, ref. 4)
colonized with the 17-mix (Fig. 3b). Furthermore, IL-101 Treg cells in
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Figure 2 | Assessment of microbiota composition and isolation of Treg-cell-
inducing strains. a, b, Pyrosequencing of 16S rRNA genes was performed on
caecal contents from the indicated mice. Relative abundance of OTUs (%) in
the caecal bacterial community in each mouse (a), and the closest species/strain
in the database and the corresponding isolated strain number for the indicated
OTU (b) are shown. c, SEM showing the proximal colon of 123-mix mice.
Original magnification, ,320,000. d, e, The percentages of FOXP31 cells
within the CD41 cell population (d) and Helios2 cells in CD41FOXP31 cells
(e) in the colon of the indicated mice. Circles represent individual animals. All
experiments were performed more than twice with similar results. Error bars
indicate s.d. **P , 0.01.
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Clinical trials: NCT03936998

Active
(10)

Placebo
(10)

VE416
x 6 
wks

E
nt

ry
 D

B
P

C
FC

 (1
43

 m
g)

 P
ha

se
 

II 
In

cl
us

io
n:

 <
10

0 
m

g
VE416 + 
PNOIT

D
B

P
C

FC
1 

(5
03

0 
m

g)

PNOIT: 
300 mg daily

Ad lib: 1 peanut 
at least three times 

a week D
B

P
C

FC
2 

(5
03

0 
m

g)

Age 12-55*

Inclusion: tolerates at least 
300 mg (430 mg cumulative)

(à randomized 1:1)

--- 7 weeks --- --- 6 -10 w build up ---- -------- 10 w maint ------1 wk 1 wk 1 wk

---------------------------------------------------------------------------- 55 weeks ---------------------------------------------------------------------------------------

------ 24 weeks --------

Step Dose 
(mg)

Sum Dose 
(mg)

1 3
2 10 13
3 30 43
4 100 143

Step Dose 
(mg)

Sum Dose 
(mg)

1 30 30
2 100 130
3 300 430
4 600 1030
5 1000 2030
6 3000 5030

PNOIT maintenance 
(40 mg) + VE416

Phase Ib Phase II Post-Phase II Maintenance

Vanc
x5d

PBO
PBO 
x 6 
wks

VE416 Phase Ib/II in Peanut Allergy- Plan Final 

Vanc
x5d

VE416 + 
PNOIT

PBO + PNOIT PBO

PBO

PBO
PNOIT maintenance 

(40 mg) + PBO

PNOIT maintenance 
(40 mg) + PBO

PBO + PNOIT 

PNOIT maintenance 
(40 mg) + VE416

Step Dose 
(mg)

Sum Dose 
(mg)

1 30 30
2 100 130
3 300 430
4 600 1030
5 1000 2030
6 3000 5030

Cohort 1
(10)

Cohort 2
(10)

Cohort 3
(10)

Cohort 4
(10)

(10 / group)
Age 12-55

(3
0)

* Extension of inclusion down to age 12 after interim safety review

38



Wait! What about the skin??

����� � /RQJLWXGLQDO WUDMHFWRULHV RI HF]HPD VHYHULW\� GXUDWLRQ� DQG DIIHFWHG ERG\�UHJLRQ SUHGLFW ULVN RI
IRRG DOOHUJ\ LQ FRPELQDWLRQ ZLWK ILODJJULQ JHQH PXWDWLRQV

<OHVFXSLGH]� $O\VVD � 'X 7RLW� *HRUJH � 6DODYRXUD� .DWHULQD � %URXJK� +HOHQ � 5DGXORYLF� 6X]DQD �
%DKQVRQ� +HQU\ 7 � /DFN� *LGHRQ

%DFNJURXQG
7KH GXDO�DOOHUJHQ H[SRVXUH K\SRWKHVLV SRVWXODWHV WKDW HSLFXWDQHRXV DOOHUJHQ VHQVLWL]DWLRQ WKURXJK D
G\VIXQFWLRQDO VNLQ EDUULHU FDXVHV SHGLDWULF IRRG DOOHUJ\ �)$�� ,Q RUGHU WR DVVHVV WKH UROH RI D EURNHQ VNLQ
EDUULHU LQ WKH GHYHORSPHQW RI )$� ZH SHUIRUPHG GHWDLOHG ORQJLWXGLQDO FOLQLFDO DVVHVVPHQWV RI WKH VNLQ
EHWZHHQ � PRQWKV DQG � \HDUV RI OLIH�

0HWKRG
&ODVVLILFDWLRQV UDQJLQJ IURP KHDOWK\ VNLQ� WR PLOG EDUULHU G\VIXQFWLRQ �H�J� GU\ VNLQ�� WR VHYHUH HF]HPD
�H�J� 6&25$' EHWZHHQ �� DQG ��� ZHUH DVVHVVHG ORQJLWXGLQDOO\� ,Q D VXEVHW RI SDUWLFLSDQWV� )LODJJULQ
JHQH PXWDWLRQV ZHUH DQDO\]HG DQG GHWDLOHG VNLQ DVVHVVPHQWV RI �� VSHFLILF UHJLRQV RI WKH ERG\ ZHUH
WUDFNHG IRU � \HDUV LQ RUGHU WR LQYHVWLJDWH HF]HPD SKHQRW\SHV� )XUWKHUPRUH� WR FKDUDFWHUL]H HF]HPD
SKHQRW\SHV� ZH FODVVLILHG HDFK ERG\�UHJLRQ EDVHG RQ LWV SRWHQWLDO IRU H[SRVXUH WR WKH HQYLURQPHQW�
$OOHUJ\ LPPXQH PDUNHUV� LQFOXGLQJ IRRG VSHFLILF ,J( DQG 637 PHDVXUHPHQWV ZHUH DOVR FROOHFWHG DW
PXOWLSOH WLPH�SRLQWV� DQG SHDQXW DOOHUJ\ �3$� ZDV DVVHVVHG E\ RUDO IRRG FKDOOHQJH��

5HVXOWV
/RQJHU HF]HPD GXUDWLRQV� KLJKHU HF]HPD VHYHULW\ VFRUHV� DQG VSHFLILF SKHQRW\SHV RI HF]HPD �H�J�
HF]HPD�DIIHFWHG UHJLRQV EHLQJ WKRVH W\SLFDOO\ H[SRVHG WR WKH HQYLURQPHQW� ZHUH SRVLWLYHO\ DVVRFLDWHG
ZLWK DQ LQFUHDVHG ULVN RI )$ DQG DOOHUJLF LPPXQH PDUNHUV� 8VLQJ D PXOWLYDULDEOH ELQDU\ ORJLVWLF
UHJUHVVLRQ PRGHO� VLJQLILFDQW HIIHFWV ZHUH REVHUYHG IRU GXUDWLRQ DQG VHYHULW\ RI HF]HPD� )RU H[DPSOH�
FKLOGUHQ WKDW KDG PLOG HF]HPD �6&25$' ���� DQG DQ HF]HPD GXUDWLRQ RI OHVV WKDQ ��� PRQWKV KDG
DSSUR[LPDWHO\ D �� ULVN RI SHDQXW DOOHUJ\ �3$� LQ WKH ILUVW \HDU RI OLIH� ZKHUHDV� FKLOGUHQ ZLWK VHYHUH
HF]HPD �6&25$' ! ��� WKDW SHUVLVWHG IRU ORQJHU WKDQ ��� PRQWKV KDG DSSUR[LPDWHO\ D �� WLPHV KLJKHU
ULVN RI 3$ ������ )LODJJULQ JHQH PXWDWLRQV LQWHUDFWHG ZLWK HF]HPD VHYHULW\ WR SURGXFH D VLJQLILFDQWO\
�S������ KLJKHU ULVN RI 3$�

&RQFOXVLRQ
8VLQJ ORQJLWXGLQDO VNLQ DVVHVVPHQWV IURP ZHOO FKDUDFWHUL]HG FRKRUWV� HYLGHQFH IRU WKH GXDO�DOOHUJHQ
H[SRVXUH K\SRWKHVLV LV HYDOXDWHG DQG VKRZQ WR H[SODLQ D ODUJH SURSRUWLRQ RI IRRG DOOHUJ\�
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Other research

§Basic mucosal immunology and food science
• The mechanisms of sensing the diet are complex and poorly understood 

with myriad sensors utilized by specialized epithelial cells, immune cells 
and neuronal cells all likely sensing both bioactive components of food and 
metabolites of the microbiome

§Non-IgE-mediated food allergies, such as FPIES, EoE and FPIAP
§Role of microbiome in shaping the immune repertoire and metabolizing 

food proteins
§ Impact of OIT on microbiome and relationship to outcomes
§Much more to come!!
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Potential impact: does the Willie Sutton rule apply?

§ The most obvious intervention would seem to be the one that is most 
likely to address the tolerance paradigm

§ Prevention, Secondary Prevention and Treatment
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Evidence of Treg induction by OIT to food Ag

Syed A, et al. J Allergy Clin Immunol. 2014;133(2):500–10. Varshney P, et al. J Allergy Clin Immunol. 2011;127(3):654–60.



Overview

§ Food allergy 101
• Epidemiology, hygiene and tolerance

§ Cohort studies indirectly suggesting a role for the microbiome
§Building the case for the importance of the microbiome
• Association, Functional, Intervention (in progress)

§Why it matters and what the future may bring
• ‘Sutton’s Law’, Prevention, Secondary Prevention and Treatment

§Questions
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Ryan JF, et al. PNAS USA. 2016 Mar 1;113(9):E1286–95.
Wambre E, et al. Sci Transl Med. 2017 2;9(401):eaam9171.

Frischmeyer-Guerrerio PA, et al. J Allergy Clin Immunol. 2017

Evidence of Treg induction by OIT to food Ag – or not?



Patil SU, et al. J Allergy Clin Immunol. 2019 Aug 1.

A key role for neutralizing antibodies
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Question & 
Answer



The FARE Patient Registry 
connects people living with 
food allergies to researchers 

seeking answers.

JOIN TODAY at FAREregistry.org

YOUR Food Allergy Story Drives Research Forward

Join in 3 easy steps:
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