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Traditional farming lifestyle has been shown to be protective against asthma and allergic
diseases. The individual factors that appear to be associated with this “farm-life effect”
include consumption of unpasteurized farm milk and exposure to farm animals and
stables. However, the biomarkers of the protective immunity and those associated with
early development of allergic diseases in infancy remain unclear. The “Zooming in to Old
Order Mennonites (ZOOM)” study was designed to assess the differences in the lifestyle
and the development of the microbiome, systemic and mucosal immunity between
infants born to traditional farming lifestyle at low risk for allergic diseases and those
born to urban/suburban atopic families with a high risk for allergic diseases in order to
identify biomarkers of development of allergic diseases in infancy. 190 mothers and their
infants born to Old Order Mennonite population protected from or in Rochester families
at high risk for allergic diseases were recruited before birth from the Finger Lakes Region
of New York State. Questionnaires and samples are collected from mothers during
pregnancy and after delivery and from infants at birth and at 1–2 weeks, 6 weeks, 6,
12, 18, and 24 months, with 3-, 4-, and 5-year follow-up ongoing. Samples collected
include maternal blood, stool, saliva, nasal and skin swabs and urine during pregnancy;
breast milk postnatally; infant blood, stool, saliva, nasal and skin swabs. Signs and
symptoms of allergic diseases are assessed at every visit and serum specific IgE is
measured at 1 and 2 years of age. Allergic diseases are diagnosed by clinical history,
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exam, and sensitization by skin prick test and/or serum specific IgE. By the end of
the first year of life, the prevalence of food allergy and atopic dermatitis were higher
in ROC infants compared to the rates observed in OOM infants as was the number
of infants sensitized to foods. These studies of immune system development in a
population protected from and in those at risk for allergic diseases will provide critical
new knowledge about the development of the mucosal and systemic immunity and lay
the groundwork for future studies of prevention of allergic diseases.

Keywords: infant immunity, farming lifestyle, human milk, microbiome, atopic dermatitis, food allergy, birth cohort

INTRODUCTION

Allergies and asthma have been growing global issues in
industrialized nations/regions, rising in prevalence with
diagnosis in early infancy/childhood. Asthma and allergies have
increased exponentially over recent decades of industrialization
and urbanization. Atopic diseases, including food allergy (FA),
atopic dermatitis (AD), rhinoconjunctivitis and asthma, are the
most common chronic medical conditions affecting children in
the United States and are recognized as a global public health
concern (1). Heredity is a strong determinant of an allergic
constitution, but such rapid increases in disease prevalence
are likely attributed to changes in environmental, dietary, and
microbial exposures associated with a Western lifestyle (2). The
“atopic march” starts shortly after birth with AD and sensitization
to foods developing in the first year of life and allergic asthma
and rhinoconjunctivitis developing as children reach school age.
Despite major initiatives for prevention, no strategies have thus
far succeeded in substantially decreasing morbidity.

Development of specific IgE to food allergens indicating
sensitization is an important marker for the potential
development of clinical FA, both of which are often preceded by
AD suggesting a causal relationship (3). Further, the more severe
and the earlier the onset of AD, the more likely is development
of FA. Emerging evidence suggests that epicutaneous allergen
sensitization occurs more readily through an impaired skin
barrier, as seen in AD. This increases allergen permeability,
leading to the production of proinflammatory cytokines, such as
IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) from the
epithelial cells. These alarmins initiate an allergic inflammatory
cascade, leading to allergic sensitization, food allergy and other
atopic diseases. However, biomarkers of food allergy are lacking,
despite the emerging strategies for prevention that call for need
to identify those at risk.

While genetics is a contributor to allergy development,
it is unlikely to explain the rapid increase in prevalence of
allergic diseases (4). It is hypothesized that the rapid rise
in allergy prevalence is, in part, due to the gradual loss of
microbial exposures as nations/regions have transitioned into
industrialization. Studies from Europe (5) (ALEX, GABRIELA,
and PASTURE) and in North America among the religious
agrarian communities, such as Amish, Old Order Mennonites
(OOM) and Hutterites (6–8), suggest that living on farms is
associated with a significant reduction in the rates of asthma and
atopic diseases. Protection against allergy has been attributed to

several factors of the farming lifestyle including consumption
of unpasteurized farm milk and exposure to farm animals
and their stables (5, 7) and enriched bacterial diversity in
home dust (9). Regulatory T cells, B cells, and innate cells
appear to be targets of farming lifestyle exposures (7, 10–
12). Children who live on farms also have reduced numbers
of medically attended respiratory illnesses in the first 2 years
of life (13). Furthermore, alterations in the gut microbiome
have been suggested to contribute to the development of atopic
disease (14–19). These studies have focused on asthma at
school-age. However, farm lifestyle studies on AD and FA that
commonly precede development of respiratory allergies in a so-
called “atopic march” are less studied. Recent data from the
PASTURE birth cohort demonstrated that compared to non-
farming infants, those exposed to a farming lifestyle harbored
a more mature microbiome at 12 months characterized by
increased abundance of SCFA producing bacteria, Coprococcus
and Roseburia (19). Similarly, fecal butyrate and propionate
concentrations and abundance of butyryl-CoA:acetate CoA-
transferase (BCoAT), the gene encoding for the major enzyme
in butyrogenesis, were lower among children who developed
asthma. However, no single bacterial genus was associated with
protection against asthma, suggesting that collective metabolic
capacity of the bacteriome or species/strain dependent variation
in SCFA production are important. Data from our studies
demonstrate a divergent gut microbiome among OOM infants, in
particular the enrichment of Bifidobacterium longum subspecies
infantis (20). Presence of this subspecies has been suggested to
induce an immunoregulatory/anti-inflammatory phenotype and
be protective against allergy (21).

While there are several lines of evidence suggesting factors
associated with the protective “farm-life effect,” the biomarkers
associated with protection from allergic diseases in infancy
remain unclear. Similarly, the biomarkers of development of
allergic diseases in early life are scarce, with the exception of
the specific IgE which indicates that sensitization has already
occurred. Thus, we embarked on our “Zooming in to Old Order
Mennonites (ZOOM)” study – a comprehensive longitudinal
study to identify microbiome composition and biomarkers of the
development of allergic diseases and those of protection against
allergic diseases. Our two populations of interest are the OOM
from the Finger Lakes region of New York who live a traditional
agrarian lifestyle with low risk of allergic diseases and infants
from the urban/suburban Rochester, New York (ROC) born to
atopic families, who are at high risk for allergic diseases (8, 22).
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This report is a description of our ZOOM birth cohort study,
including the premise, study design, biospecimen collection,
initial demographic, lifestyle and exposure information, and
allergic outcomes by 12 months of age. These studies of
immune system development in a population “protected” from
allergic diseases will provide critical new knowledge about the
development of the mucosal and systemic immunity and lay the
groundwork for future studies on prevention of allergic diseases.

METHODS AND ANALYSIS

Study Populations and Recruitment
ZOOM is a prospective birth cohort study of infants at low-
and high- risk for allergic diseases, which was enrolled between
June 2017 and June 2020. The low-risk OOM are Groffdale
Conference Mennonites of Swiss-German ancestry and reside
predominately in Penn Yan, New York, 65 miles southeast of
Rochester with a community size of about 5,000 people. Findings
from our earlier studies assessing rate of allergic diseases and
food introduction in this population using survey data (22) and
our cross-sectional study has been published (20, 23). For the
purposes of this longitudinal cohort study, pregnant mothers
were recruited by a midwife or birth attendant during prenatal
visits and by word-of-mouth prior to giving birth. High-risk
ROC urban and suburban infants come from families with a first
degree relative with allergic diseases diagnosed by physician or
self-report. They were recruited among pregnant women who

were seen or whose children were seen in the allergy practices in
the greater Rochester area including our allergy practices at the
University of Rochester Medical Center (URMC), or the Allergy,
Asthma, Immunology and Rheumatology of Rochester private
group and the Allergy Clinic at the Rochester Regional Hospital.
These practices take care of the majority of the pediatric allergy
patients in the area (estimated at least 2,000 families with food
allergy per year). Additional recruitment also occurred among
local pediatric and OBGYN practices and through social media.

We recruited mother-infant pairs prenatally and are collecting
numerous samples and questionnaire information across the
first 5 years of childhood, as well as assessing five clinical
outcomes of: (1) food allergy (FA), (2) atopic dermatitis
(AD), (3) allergic rhinitis (AR), (4) recurrent wheeze/asthma,
and (5) allergic sensitization. We also collected samples and
information from their mothers including stool, blood, and
breast milk for microbial and immunological analyses and self-
reported questionnaires as several aspects of maternal lifestyle
and physiology could potentially influence infant risk for
allergy development.

Screening and Eligibility Criteria
The study schematic is shown in Figure 1. Pregnant women
were recruited during 2nd or 3rd trimester of gestation with the
exception of the two infants recruited postnatally by 6 weeks of
life. Women needed to be healthy and free of chronic infection,
chronic inflammatory disease and known immunodeficiency. In
the ROC cohort, they needed to be carrying a fetus with a first

FIGURE 1 | Overall study schematic. Pregnant Old Order Mennonite (OOM) and Rochester women carrying fetuses at risk for allergic disease were enrolled
prenatally to a longitudinal birth cohort of infants to assess development of microbiome, systemic and mucosal immune system as well as allergic diseases. Visit and
sample collection time points are shown. Specific IgE to select food and aeroallergens are measured at 1 and 2 years of age. Allergy evaluation is performed as
indicated by any allergic symptoms throughout the follow up.
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degree biologic relative with allergic disease (atopic eczema, food
allergy, allergic rhinitis or asthma diagnoses physician-diagnosed
or symptoms by self-report). In OOM community all families
irrespective of the family history of allergic diseases were eligible.
Eligibility criteria were reviewed during the first contact either by
phone or in-person. To be eligible for enrollment into the study,
infants needed to be born full term (>36 weeks of gestation),
weigh >2,000 g at birth, and be generally healthy. The IRB
protocol (RSRB52971) was approved by the Institutional Review
Board of the University of Rochester Medical Center. Informed
consent was provided by the mother prior to enrollment and on
behalf of the infant right after birth.

Study Visit Schedule
The schedule of bio sample collection during pregnancy and the
first 2 years of life is shown in Table 1. Mothers had a baseline
prenatal visit at enrollment, and visits at 1–2 weeks, 6 weeks,
and 4–6 months postpartum. Infants had cord blood collected at
birth and in-person visits at home or in the clinic at 1–2 weeks,
6 weeks, and 6, 12, and 18 months with 24-month follow-up
ongoing. Permitted window of visits is ±1 week at 6 weeks and
−1 month to +3 months for later visits. Follow up at 3, 4, and

5 years is by telephone or by answering survey alone with no
in-person contact.

Questionnaires
In addition to collecting research samples, we also administer
multi-page questionnaires at prenatal visits, 6 weeks, 4–6, 12,
18, and 24 months, and at 3, 4, and 5 years. The questionnaires
are administered online, on paper, or through direct interview
with one of the parents, and include questions about allergic
symptoms such as vomiting, eczema, abdominal pain/colic,
cough, wheeze and symptoms suggestive of food allergy
with specific foods (skin rash, hives, difficulty breathing,
wheezing/cough, itching/swelling of lips/mouth/throat, throat
closing, abdominal pain/vomiting/diarrhea/bloody stools
and anaphylaxis). We also queried physician-diagnosis
of eczema, food allergies, allergic rhinitis/hay fever, and
wheezing/whistling in the chest, asthma, or cough, runny, stuffy
or itchy nose or watery eyes without cold. Where possible
standardized questions were drawn from instruments such
as the Household Environment and Lifestyle Survey (24)
and Multidimensional Scale of Perceived Social Support (25).
Questionnaire domains and administration timeline are shown

TABLE 1 | Sample collection schedule.

Prenatal Birth 1–2 weeks 6 weeks 6 months 12 months 18 months 24 months Currently planned assays

House dust* x x x x x

Maternal stool* x x Microbiome (shotgun
metagenomics)

Maternal blood* x x Targeted metabolomics, Total
and antigen specific antibody

responses

Maternal saliva* x x

Maternal nasal swabs x

Maternal skin swab* x x

Maternal urine x

Placenta x

Cord blood x Immunophenotyping, specific
antibody responses, BCR

Rep-Seq

Breast milk x x x x HMOs, fatty and organic acids,
untargeted metabolomics

Child buccal swab x Host genetic analyses

Child stool x x x x x x Microbiome (shotgun
metagenomics)

x x x Targeted/untargeted
metabolomics, IgA-Seq

Child blood x x x x Immunophenotyping, total and
antigen specific antibody

responses, cytokines, BCR
Rep-seq

Child saliva x x x x x x Antigen specific antibody
responses

Child nasal swabs x x x x x

Child skin swab x x x x x x Microbiome (16S rRNA
analysis)

Bolded “x” denotes the time points at which the outlined assays have been planned. *denotes samples that were only collected one time but may have been collected at
different time points among subjects. HMO, human milk oligosaccharide. rRNA, ribosomal RNA. BCR, B cell receptor. Rep-Seq, repertoire sequencing.
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in Supplementary Table 1. A 3-day food diary was collected
from mothers at screening/prenatal and/or 6 weeks and are
also collected from children at 12 and 24 months, and 3, 4,
and 5 years. Subjects declining certain questionnaires will
still be included.

Assessment of Clinical Outcomes
In addition to allergy symptoms assessed in surveys (see
above), the investigator and/or sub-investigators query signs
and symptoms of rash or concern for food allergy/intolerance
during study visits, by questionnaires and take photographs.
Those with concerns are discussed and photos are reviewed
with the study physician (KMJ), and follow is up done by
a video call, phone call and/or in their home or the office.
Any children in both cohorts who display symptoms of allergic
disease, such as chronic rash, food reactions, wheeze/persistent
cough and chronic rhinitis, are evaluated by the study physician,
and allergen-specific IgE tests (ImmunoCAP) and skin prick
tests are performed guided by these symptoms. Skin prick tests
are performed using standard allergen extracts (Greer), allergen
diluents as the negative control and histamine (10 mg/ml) as
positive control. Occasionally subjects are referred to an allergist
outside of our clinic, dermatologist or gastroenterologist by
their own primary care physician (PCP), in which case PCP
and/or specialist records are requested and diagnoses reviewed.
In addition, serum specific IgE testing is performed at 1 and
2 years of age in every subject.

The diagnosis of AD is based on recurring or chronic
red, pruritic rash in a distribution age-typical for atopic
dermatitis. FA is diagnosed based on the NIAID sponsored
Expert panel guidelines on diagnosis and management of FA
(26). Accordingly, IgE-mediated FA is defined as a history of an
immediate-onset reaction [hives, swelling of the lips/eyes/tongue,
cough/wheezing/hoarse voice, vomiting within 1–2 h of ingestion
of specific food and lasting no longer than 24 h and either
(1) presence of specific IgE > 0.35 kU/L, or a wheal 3 mm
or greater than that elicited by the saline control on skin
prick testing or (2) a positive oral food challenge]. Among
the non-IgE-mediated FA, allergic proctocolitis is diagnosed
by medical history of visible specks or streaks of blood in
stool in a generally healthy infant and resolution of symptoms
when causative food is eliminated and recurrence following food
challenge. Lack of systemic symptoms, vomiting, diarrhea and
growth failure which differentiate it from other gastrointestinal
FA disorders, food protein-induced enterocolitis syndrome
(FPIES) and eosinophilic gastrointestinal disorders (EGID)
diagnosed based on NIAID guidance (26). Food or aeroallergen
sensitization is defined by a positive skin test or specific IgE.
Allergic rhinitis/conjunctivitis (ARC) is defined by recurring
or chronic rhinitis symptoms (discharge, congestion, sneezing,
and itching) after specific allergen exposure or associated with
positive aeroallergen specific IgE testing. Diagnosis of wheezing
illness/asthma is a clinical one in children <6 years of age due
to inability to assess pulmonary function. Recurrent wheeze is

FIGURE 2 | Old Order Mennonite (OOM) and Rochester (ROC) cohort recruitment through the first year of life. Follow up with the infants will continue at 18 and
24 months, as well at 3, 4, and 5 years of age. MSUD, maple syrup urine disease.
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TABLE 2 | Parent demographic characteristics.

Characteristic N (%) OR MEAN (95% CI)

Rochester
(n = 79)

OOM (n = 78) P-value

Maternal age at
enrollment (years)

31.8 (31.0, 32.7) 27.9 (26.8, 29.0) <0.0001

n/a 0 1

Paternal age at
enrollment (years)

33.8 (32.3, 35.4) 28.4 (27.4, 29.4) <0.0001

n/a 6 6

Maternal pre-pregnancy
BMI (kg/m2 )

25.4 (24.1, 26.6) 25.8 (24.5, 27.1) 0.53

n/a 6 5

Maternal race, Caucasian 71 (0.90) 78 (1) 0.007

Residence during
pregnancy

<0.0001

City 51 (0.70) 0 (0)

Village 13 (0.18) 0 (0)

Farm 9 (0.12) 73 (1)

n/a 6 5

Maternal TDAP
vaccination in past year1

56 (0.81) 3 (0.04) <0.0001

n/a 10 1

Maternal influenza
vaccination in past year1

54 (0.78) 0 (0) <0.0001

n/a 15 1

Maternal antibiotic use
since delivery1

17 (0.14) 10 (0.26) 0.09

n/a 13 6

Maternal medication use
(current)1

31 (0.48) 16 (0.21) 0.001

n/a 14 1

Maternal infection
requiring antibiotics since
study enrollment1

11 (0.17) 2 (0.03) 0.006

n/a 14 2

Maternal atopic diseases
(self-report)2

Asthma (ever) 27 (0.35) 2 (0.03) <0.0001

n/a 2 3

Seasonal allergies
(current)

52 (0.69) 7 (0.12) <0.0001

n/a 4 4

Eczema (ever) 24 (0.31) 2 (0.03) <0.0001

n/a 2 3

Food allergy (ever) 21 (0.28) 7 (0.09) 0.006

n/a 4 3

Paternal atopic diseases
(self-report)

Asthma (current) 10 (0.14) 1 (0.01) 0.009

n/a 6 6

Seasonal allergies
(current)

27 (0.67) 13 (0.18) <0.0001

n/a 39 60

Eczema (current) 9 (0.13) 2 (0.03) 0.06

n/a 7 6

Food allergy (current) 11 (0.15) 3 (0.04) 0.05

n/a 7 6

Maternal exposures

Dogs 41 (0.53) 58 (0.74) 0.008

Cats 20 (0.26) 24 (0.31) 0.59

Horse 2 (0.03) 62 (0.80) <0.0001

Cow 2 (0.03) 38 (0.49) <0.0001

Pig 1 (0.01) 6 (0.08) 0.12

(Continued)

TABLE 2 | (Continued)

Characteristic N (%) OR MEAN (95% CI)

Rochester
(n = 79)

OOM (n = 78) P-value

Poultry 3 (0.04) 43 (0.55) <0.0001

Unpasteurized cow’s milk 0 (0) 54 (0.69) <0.0001

n/a 1 0

Paternal exposures

Horse 2 (0.03) 63 (0.81) <0.0001

Cow 2 (0.03) 41 (0.53) <0.0001

Pig 1 (0.01) 5 (0.06) 0.21

Poultry 2 (0.03) 41 (0.53) <0.0001

n/a 1 0

Data were derived from the baseline questionnaire completed during pregnancy
unless otherwise noted. For all data, besides age and BMI, Fisher’s exact test was
used to determine statistical significance. For age and BMI, a Mann–Whitney U
test was used. ROC, Rochester. OOM, Old Order Mennonite. N/A, individuals for
which data are missing. BMI, body mass index. 1Data derived from 6-week survey.
2Ever = current diagnosis or childhood diagnosis that has been outgrown. Bold
values indicate significant p-values (p < 0.05).

defined as parental report of at least 2 wheezing episodes (with
whistling or wheezing sound in the chest). Wheezing illness is
defined as (1) physician-diagnosed wheezing at an office visit,
or (2) wheezing episode for which controller medication (beta-
agonists and/or leukotriene inhibitors) was prescribed, or (3)
a diagnosis of wheezing illness, bronchiolitis, reactive airway
disease, or asthma. Asthma in this age is a clinical diagnosis and
is defined as at least 2–3 episodes of wheezing in the setting of AD
or more episodes without AD.

Here we report atopic diseases and sensitization by 12 months
of age. The children who have been enrolled in the study may
develop allergic diseases past the first 12 months of age. Subjects
from both cohorts will continue to be followed by questionnaires
and phone interviews as well as clinic visits when indicated based
on allergic symptoms at 2, 3, 4, and 5 years for development
of additional atopic outcomes including FA, AD, ARC and
wheezing illness/asthma.

Assessment of Specific IgE
At 12 and 24 months of age, presence of specific IgE is
measured by ImmunoCAP (Thermo Fisher) from plasma
after heparin blood was diluted 1:2 in phosphate buffered
saline (PBS) to cow’s milk, hen’s egg white, peanut,
cat, dog, and house dust mite. Results are expressed as
kU/L, with 0.3 kU/L as the lowest level of detection after
multiplication with 3 to account for dilution factor. We are
collecting these data also from 24-month visit, but data are
not yet complete.

Study Endpoints and Outcomes
The primary endpoint is the incidence of physician-diagnosed
FA at 1 and 2 years of age. The secondary endpoints are
the incidence of physician-diagnosed AD at 1 and 2 years of
age, incidence of physician-diagnosed ARC at 1 and 2 years,
incidence of physician-diagnosed wheezing illnesses/asthma,
incidence of sensitization to food and aeroallergen at 1
and 2 years of age. Exploratory endpoints are the following
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parameters between those with and without any atopic
diseases or FA or AD: stool microbiome analysis (microbial
composition), stool metabolic profiling, cord and peripheral

TABLE 3 | Home and lifestyle characteristics.

Characteristic N (%) OR MEAN (95% CI)

ROC (n = 79) OOM (n = 78) P-value

Number of older
children

1.3 (1.0, 1.6) 2.5 (2.0, 3.0) <0.0001

n/a 6 3

Private water source 3 (0.04) 65 (0.93) <0.0001

n/a 8 8

Pesticide use

Inside home 10 (0.16) 29 (0.48) 0.0002

n/a 17 17

Outside home 30 (0.45) 57 (0.84) <0.0001

n/a 12 10

Anti-bacterial
household cleaner use

48 (0.75) 26 (0.46) 0.001

n/a 15 21

Anti-bacterial
dishwashing soap use

35 (0.55) 15 (0.32) 0.02

n/a 15 30

Daily use of hand
sanitizer

33 (0.43) 4 (0.05) <0.0001

n/a 3 0

Bleach use 31 (0.44) 26 (0.38) 0.50

n/a 8 9

Transportation used
outside of the home

Bicycle 7 (0.12) 54 (0.79) <0.0001

n/a 18 10

Walking 26 (0.39) 44 (0.66) 0.003

n/a 12 11

Horse and buggy 1 (0.02) 59 (0.98) <0.0001

n/a 17 9

Car/truck/bus/van
(job-related)

40 (0.62) 24 (0.37) 0.005

n/a 13 12

Car/truck/bus/van
(not job-related)

68 (0.97) 68 (0.99) 1

n/a 8 9

Food used regularly in
the home

Dairy 63 (0.83) 75 (0.96) 0.008

Egg 62 (0.82) 78 (1) <0.0001

Wheat 65 (0.86) 72 (0.92) 0.2064

Soy 33 (0.43) 16 (0.21) 0.0031

Peanuts 59 (0.78) 72 (0.92) 0.0128

Tree nuts 45 (0.59) 56 (0.72) 0.1270

Fish 43 (0.57) 39 (0.50) 0.4247

Shellfish 24 (0.32) 5 (0.06) <0.0001

Seeds (sesame,
sunflower, etc.)

40 (0.53) 49 (0.63) 0.2534

n/a 3 0

For all data Fisher’s exact test was used to determine statistical significance. ROC,
Rochester. OOM, Old Order Mennonite. N/A, individuals for which data are missing.
Bold values indicate significant p-values (p < 0.05).

blood biomarker profiling/immune cell immunophenotyping,
and fecal calprotectin.

Sample Size
Cohort size was powered to have clinical outcomes significantly
different between OOM and ROC groups with clinical FA being
of primary interest. The published data on the prevalence of
food allergies in high-risk inner city United States population at
12 months suggests a rate of 5% of confirmed FA and on top
of this twice the rate of possible FA (27). Rate of AD in this
population was 30% (28). With known familial aggregation of
food allergies and sibling having an increased rate of FA (OR
2.6), we estimated the rate of FA in our ROC very-high risk
population (having a sibling with FA) to be 15%. We calculated
that a sample of 72 in each cohort arm would provide 80% power
to detect a statistically significant difference in incidence of FA as
a primary outcome and a sample of 47 in each arm for AD as a
secondary outcome. We planned to account for 15% dropout rate
but after seeing a sizable prematurity rate in Rochester, expanded
enrollment throughout the study to secure at least 72 in each arm
at 12 months of age.

Sample Collection and Processing
Sample collection utilizes pre-assembled collection kits that
consist of barcoded collection vials and all necessary items
required for sample collection. All plasticware and solutions
that are included in sample collection kits are UV irradiated to
eliminate contaminations of bacterial DNA.

Blood
Maternal blood was drawn from a vein in the arm in a
quantity of no more than 50 mL by a trained phlebotomist
or research coordinator. Adult blood was collected in 8 ml
sodium heparin anticoagulated vacuum tubes. Discarded cord
blood samples were collected after the placenta was delivered
and separated from the baby. For cord blood, collection
tubes supplemented with an additional 150 USP of sodium
heparin were used to ensure clot-free sample preparation. Blood
samples are drawn by venipuncture from infants/toddlers by
a phlebotomist or research coordinator with experience in
pediatric/infant blood draws using 2 ml sodium heparin vacuum
tubes. No more than 3 ml per kg body weight of infant
blood is drawn. Samples are collected at minimum 4 weeks
post-vaccination to eliminate the impact of vaccinations on
immune cells. Samples are diluted with two-fold volume of
PBS and are processed with density centrifugation (Ficoll-
Paque method) to separate and harvest plasma and peripheral
blood mononuclear cells (PBMC). PBMCs are cryopreserved
by programmed cooling (1◦C/min) in 10% dimethyl sulfoxide
in low endotoxin fetal calf serum and subsequently stored
in liquid nitrogen. Initial sample volume as well as cell
counts at the conclusion of PBMC prep are obtained and
recorded. Any samples more than 24 h past collection or
with visible signs of clotting at the onset or during processing
are discarded. Samples are stored at −80◦C or at liquid
nitrogen as appropriate.
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TABLE 4 | Infant demographics and exposures in the first year of life.

Characteristic N (%) OR MEAN (95% CI)

Rochester
(n = 79)

OOM (n = 78) P-value

Vaginal delivery 50 (0.63) 74 (0.95) <0.0001

n/a 10 2

Hospital birth 68 (0.86) 16 (0.21) <0.0001

n/a 9 2

NICU stay 7 (0.11) 1 (0.01) 0.02

n/a 14 1

Caucasian 70 (0.89) 78 (1.0) 0.0031

n/a 2 0

Male 35 (0.44) 49 (0.63) 0.0252

n/a 1 0

Birth weight (lbs) 8.4 (7.8, 9.0) 8.0 (7.8, 8.3) 0.7320

Birth height (in) 20.5 (20.1,
20.9)

20.6 (20.4,
20.8)

0.9273

Breastfeeding

Any HM at 6 months 63 (0.80) 75 (0.96) 0.0242

n/a 5 0

Exclusive HM
6 months

28 (0.35) 51 (0.65) 0.0011

n/a 5 0

Any HM at 12 months 47 (0.59) 52 (0.67) 0.7302

n/a 6 1

Exclusive HM
12 months

2 (0.03) 2 (0.03) 1.0000

n/a 3 1

Animal exposures

At least one pet lives in
house

48 (0.63) 7 (0.09) <0.0001

n/a 8 2

Dogs 38 (0.48) 65 (0.83) <0.0001

Cats 18 (0.23) 31 (0.40) 0.0385

Horse 1 (0.01) 64 (0.82) <0.0001

Cow 1 (0.01) 38 (0.49) <0.0001

Pig 1 (0.01) 14 (0.18) 0.0006

Poultry 1 (0.01) 44 (0.56) <0.0001

Smoking exposure in
home

3 (0.04) 0 (0) 0.1201

n/a 3 1

Attends daycare 28 (0.34) 0 (0) <0.0001

n/a 3 0

Bathe ≤ 2x/week 20 (0.25) 60 (0.77) <0.0001

n/a 11 2

Infant antibiotics 20 (0.25) 8 (0.10) 0.0112

n/a 5 0

Infant medications 11 (0.15) 1 (0.01) 0.0020

n/a 5 1

Illnesses diagnosed ever

Ear infection 17 (0.22) 4 (0.05) 0.0020

Colic 3 (0.04) 0 (0) 0.1178

Reflux 8 (0.11) 1 (0.01) 0.0170

RSV 3 (0.04) 0 (0) 0.1178

n/a 3 0

Reported GI symptoms

6 weeks 13 (0.17) 11 (0.14) 0.6610

6 months 14 (0.18) 8 (010) 0.1717

12 months 4 (0.05) 5 (0.06) 1.0000

n/a 3 0

(Continued)

TABLE 4 | (Continued)

Characteristic N (%) OR MEAN (95% CI)

Rochester
(n = 79)

OOM (n = 78) P-value

Reported respiratory
symptoms

6 weeks 9 (0.12) 5 (0.06) 0.2740

6 months 15 (0.20) 7 (0.09) 0.0673

12 months 16 (0.21) 8 (0.10) 0.0774

n/a 3 0

Reported constitutional
symptoms

6 weeks 7 (0.09) 6 (0.08) 0.7791

6 months 5 (0.07) 2 (0.03) 0.2730

12 months 3 (0.04) 5 (0.06) 0.7194

n/a 3 0

Data was derived from 12-month surveys unless otherwise stated. For all data,
besides birth weight and birth height, the Fisher’s exact test was used in order
to determine statistical significance. For birth weight and birth height, a Mann–
Whitney U test was used. ROC, Rochester. OOM, Old Order Mennonite. NICU,
neonatal intensive care unit. HM, Human Milk. RSV, respiratory syncytial virus. N/A,
individuals for which data are missing. Bold values indicate significant p-values (p <

0.05).

Stool Samples
Mothers were provided instructions and a stool collection kit
including a stool hat for adult collection and diaper liners for
the infants and toddlers. Once infant/toddler stool is passed,
the sample is transferred to a sterile tube using a sterile,
disposable spatula and immediately frozen in the home freezer
and transported frozen to the laboratory by courier or study
coordinator where it is then stored at−80◦C.

Placenta
Placenta was transferred to the laboratory immediately after
delivery, and three biopsies of approximately 0.2 ml by volume
from both decidual (maternal) and chorionic villous (fetal) sides
of the placenta were collected. Samples were transferred to
conical tubes, preserved in RNAlater (Invitrogen), and frozen at
−80◦C.

Breast Milk
After not breastfeeding for at least 30 min, mothers were
instructed to wash hands with soap and water, and clean breast
with a castile soap towelette. Next, subjects collected 10–30 mL
of milk using a manual breast pump with breast shield and
transferred milk into 1–3 sterile 15 mL tubes. Samples were
placed in the home freezer and stored at −80◦C upon receipt
in the laboratory.

Saliva
For infant/child saliva samples, parent or study coordinator holds
one end of a cotton swab and gently encourages the child to
suck on the swab. Swab is held in the mouth for 60–90 s until
saturated and then placed in a sterile tube. Mothers were asked
to gently spit 2 mL of saliva into a sterile container. Samples are
transported to the laboratory and stored at −80◦C upon receipt
in the laboratory.
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Nasal Samples
For infants/toddlers, study coordinator rubs the right nostril
gently but with moderate pressure using a flocked swab for
5 s. Next, a nasal wash is performed using physiological saline
to collect mucus. Nasal brush samples are also collected from
infants/toddlers by rotating a cytology brush to cover all surfaces
of the nostril for 5 s. Only a nasal swab was collected from
mothers. Swabs are clipped into individual sterile tubes. Samples
are transported back to laboratory and subsequently stored at
−80◦C.

Urine
After allowing a small amount of urine to be voided, mothers
collected 1–2 ounces of urine using a sterile specimen container.

TABLE 5 | Infant vaccinations.

Vaccine N (%)

Rochester
(n = 79)

OOM (n = 78) P-value

Vaccinated at all 76 (0.96) 20 (0.26) <0.0001

DTAP <0.0001

3 doses on time* 68 (0.87) 6 (0.08)

Partial (<3 doses) 7 (0.09) 13 (0.17)

Not vaccinated 3 (0.04) 58 (0.75)

Hepatitis B <0.0001

≥2 doses on time* 70 (0.90) 10 (0.13)

Partial (<2 doses) 3 (0.04) 1 (0.01)

Not vaccinated 5 (0.06) 66 (0.86)

MMR <0.0001

≥1 dose on time† 57 (0.73) 9 (0.12)

Not vaccinated 21 (0.27) 68 (0.88)

PCV <0.0001

3 doses on time* 66 (0.85) 4 (0.05)

Partial (<3 doses) 5 (0.06) 6 (0.08)

Not vaccinated 7 (0.09) 67 (0.87)

IPV <0.0001

≥2 doses on time† 66 (0.85) 15 (0.19)

Partial (<2 doses) 0 (0) 0 (0)

Not vaccinated 12 (0.15) 62 (0.81)

Rotavirus (2 or 3 days) <0.0001

2 doses on time* 65 (0.83) 0 (0)

Partial (<2 doses) 1 (0.01) 0 (0)

Not vaccinated 12 (0.15) 77 (1.0)

Varicella <0.0001

1 dose on time† 37 (0.47) 5 (0.06)

Not vaccinated 41 (0.53) 72 (0.94)

Hib <0.0001

3 doses on time* 56 (0.72) 1 (0.01)

Partial 10 (0.13) 8 (0.10)

Not vaccinated 12 (0.15) 68 (0.88)

Influenza (≥1 dose on
time*)

49 (0.63) 0 (0) <0.0001

n/a 1 1

For all data Fisher’s exact test was used in order to determine statistical
significance. ROC, Rochester. OOM, Old Order Mennonite. N/A, individuals for
which data are missing. *On time = by 12 months of age. †On time = by
18 months of age. Bold values indicate significant p-values (p < 0.05).

Samples are placed in the home freezer and stored at−80◦C upon
receipt in the laboratory.

Skin Swabs
After dampening swab in sterile PBS, study coordinator rolls
swab up and down and side to side on the subject’s inner forearm
in a 2′′ square. The swab is then clipped into 2 mL of PBS. Samples
are transported to the laboratory and stored at−80◦C.

Buccal Swab
Parents gently rubbed a Copan flocked swab up and down
the inner side of the infant’s cheek with moderate pressure for
5 s while also slightly brushing the mucosa. Swabs were cut
into a sterile tube and transferred to a −80◦C upon receipt
in the laboratory.

House Dust
We collected house dust from randomly selected families. A Dust
stream collector (Indoor Biotechnologies) sample extractor was
used to collect dust from home living room next to the couch
by vacuuming for a minute. Settled house dust samples were
collected via electrostatic dust collectors placed in living room
bookcase for a recorded period. Exposure of adults to house dust
will be assessed using personal dust samplers. Home dust will be
collected once at any visit before the end of study.

Statistical Analysis
For categorical variables, Fisher’s exact test was used to determine
statistical significance between OOM and ROC groups. A Mann–
Whitney U test was used for continuous variables, which all
followed a non-normal distribution as assessed by a Shapiro–
Wilk test. All analysis was conducted in Prism 9.0.

Survey data from the 12-month visit surveys were combined
to reduce the collinearity among the variables. Variables with
more than 80% missing data were excluded from the analysis.
Multiple Correspondence Analysis (MCA) was conducted on this
data using grouping of OOM vs. Rochester and allergic diseases
vs. no allergic diseases outcomes (by physician diagnosis). The
analyses were conducted using the FactoMineR package in R.

RESULTS

Status of the Cohort and Follow-Up
Altogether, 90 OOM and 98 ROC dyads were initially recruited
(Figure 2). However, by the end of the 12-month follow-up,
78 OOM and 79 ROC dyads were still enrolled. Reasons for
withdrawal from the study included lack of interest, loss to
follow-up, preterm birth, family was too busy, infant diagnosed
with Maple Syrup Urine Disease (MSUD), stillbirth, infant
death, COVID fear, infant colic, family move. To date, all
the infants have completed the 18-month follow-up visit; the
oldest are 4.5 years old. An inventory of samples collected to-
date can be found in Supplementary Table 2. Children were
initially recruited for a follow-up until 24 months of age; at
that point they are asked to enroll for annual telephone follow-
up until the age of 6 years. During the annual contact, allergic
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symptoms, vaccinations, and other health outcomes are queried,
and either medical records regarding visits for allergic symptoms
are reviewed or children are referred to the study allergist for
evaluation on a clinical basis.

Family Characteristics and Exposures
Data from study questionnaires demonstrate that both OOM
mothers and fathers were younger than ROC parents at baseline
(Table 2). At 6 weeks postpartum, less OOM mothers reported
influenza or Tdap vaccination in the previous year; fewer
OOM mothers also reported infection requiring antibiotics since
study enrollment, antibiotic use since delivery, and current
medication use. Data on perinatal antibiotic use was not available.
However, OOM mothers have low rates of cesarean sections
and high rates of home births, which do not include Group
B Streptococcus screening; therefore, their perinatal antibiotic
use was presumably very low. Similar to results from our pilot
study in these populations (20), OOM parents had significantly
lower rates of asthma, seasonal allergies, and FA at enrollment.

OOM mothers also had lower rates of eczema compared to ROC
mothers; however, this was only a trend among fathers. Both
OOM mothers and fathers had higher rates of exposure to various
farm animals, and OOM mothers also had increased exposure to
dogs and unpasteurized cow’s milk. Data on paternal exposures to
household pets and unpasteurized cow’s milk was not available.
In terms of home and lifestyle characteristics, OOM families
had a greater number of older children. OOM were more likely
to have a private water source and use pesticides inside and
outside of their home (Table 3). However, fewer OOM used anti-
bacterial cleaning agents. Significantly more OOM households
utilized bicycles, walking, and horse and buggy as means of
transportation. Lastly, OOM families regularly used dairy, egg,
and peanuts in the home whereas ROC families had higher usage
of soy and shellfish.

Infant Characteristics and Exposures
According to study questionnaires, there was a higher rate of
vaginal, home births in the OOM population compared to

TABLE 6 | Food introduction.

Food N (%) Mean months (95% CI)

Rochester
(n = 71)

OOM (n = 70) P-value Rochester
(n = 71)

OOM (n = 70) P-value

Fruits/vegetables 68 (1.0) 67 (0.97) n/a 6.1 (5.7, 6.4) 7.7 (7.2, 8.3) <0.0001

Infant cereal (rice,
oat)

59 (0.87) 39 (0.57) 0.0001 6.0 (5.6, 6.3) 8.5 (7.6, 9.4) <0.0001

Peanut 61 (0.90) 39 (0.57) <0.0001 7.8 (7.1, 8.4) 9.8 (9.0, 10.7) <0.0001

Meat 63 (0.93) 60 (0.87) 0.3686 8.0 (7.4, 8.6) 9.8 (9.2, 10.5) <0.0001

Milk yogurt/pudding
(store bought)

54 (0.79) 40 (0.58) 0.0096 8.2 (7.3, 9.1) 7.7 (6.9, 8.5) 0.9263

Milk yogurt/pudding
pasteurized
(homemade)

13 (0.19) 15 (0.23) 0.1226 8.6 (6.5, 10.7) 7.0 (6.7, 9.3) 0.9162

Milk yogurt/pudding
unpasteurized
(homemade)

3 (0.04) 38 (0.55) <0.0001 6.7 (3.8. 9.5) 7.6 (6.9, 8.4) 0.5007

Egg in baked
products

56 (0.82) 44 (0.64) 0.0204 7.5 (6.9, 8.1) 9.0 (8.2, 9.7) 0.0008

Scrambled egg 59 (0.87) 62 (0.90) 0.6056 8.0 (7.4, 8.7) 8.9 (8.2, 9.7) 0.0553

Dairy in baked
products

57 (0.84) 43 (0.62) 0.0067 8.4 (7.7, 9.0) 9.0 (8.3, 9.7) 0.1255

Kefir (store bought) 3 (0.04) 3 (0.04) 1.0000 6.3 (4.9, 7.8) 6.0 (1.0, 11.0) >0.9999

Kefir (homemade) 0 (0) 1 (0.01) 1.0000 n/a 11.0 n/a

Cow’s milk
pasteurized

41 (0.60) 10 (0.14) <0.0001 11.6 (10.9, 12.3) 11.3 (9.9, 12.7) 0.0753

Cow’s milk
unpasteurized

1 (0.01) 42 (0.61) <0.0001 14.0 11.3 (10.4, 12.2) n/a

Goat’s milk
pasteurized

4 (0.06) 1 (0.01) 0.2084 8.5 (3.7, 13.3) 11.0 n/a

Goat’s milk
unpasteurized

1 (0.01) 6 (0.09) 0.1154 6.0 9.0 (7.5, 10.5) n/a

Fish 48 (0.71) 12 (0.17) <0.0001 9.4 (8.6, 10.3) 10.0 (8.4, 11.7) 0.4649

Seeds 38 (0.56) 11 (0.16) <0.0001 10.1 (9.0, 11.2) 11.8 (9.7, 13.9) 0.0999

TREE NUTS 45 (0.66) 9 (0.13) <0.0001 8.4 (7.5, 9.3) 13.2 (11.3, 15.2) <0.0001

SHELLFISH 29 (0.43) 1 (0.01) <0.0001 9.2 (8.1, 10.4) 8.0 n/a

SOY 36 (0.53) 1 (0.01 <0.0001 8.4 (7.3, 9.4) 16.0 n/a

N/A 3 1 3 1

Fisher’s exact test was used to determine statistical significance of number of infants that had food introduced by 18 months of age. Mann–Whitney U test was used to
determine statistical significance of age (months) food was introduced. ROC, Rochester. OOM, Old Order Mennonite. N/A, individuals for which data are missing. Bold
values indicate significant p-values (p < 0.05).
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ROC, and fewer OOM infants spent any time in the neonatal
intensive care unit (NICU) after birth (Table 4). At 6 months
of age, OOM infants were more likely to be breastfed, but
this difference did not hold at 12 months of age. Similar to
OOM mothers and fathers, OOM infants had an increased
exposure to farm animals. However, OOM families had less pets
living inside the home. ROC infants were more likely to attend
daycare, suggesting increased exposure to other children outside
of the home. Additionally, the ROC lifestyle was associated
with more frequent bathing of infants in comparison to OOM.
Interestingly, OOM infants were less likely to be diagnosed
with ear infection or reflux in the first year of life. However,
self-reported gastrointestinal (vomiting, diarrhea, reflux, and
abdominal pain/colic), respiratory (runny nose/cold and cough),
or constitutional (fever and irritability) symptoms did not differ
between the groups. ROC infants had a higher rate of antibiotic
and overall medication usage within the first year of life and
were more likely to receive recommended vaccinations, such
as diphtheria, tetanus, and whooping cough (DTAP), measles,
mumps, and rubella (MMR), hepatitis B, pneumococcus (PCV),
poliovirus (IPV), rotavirus, varicella, Haemophilus influenzae
type B (Hib), and influenza, on schedule (Table 5).

Infant Diet
Fruits, vegetables, infant cereal, peanuts, meat, tree nuts, and eggs
in baked products were more likely to be introduced later in
infancy for OOM infants (Table 6). Similarly, there is a trend
for OOM infants to be introduced to scrambled egg (p = 0.0553)
later in infancy. Furthermore, OOM infants were more likely to
be introduced to unpasteurized milk products by 18 months of
age compared to ROC infants. Of the OOM infants introduced
to unpasteurized cow’s milk by 18 months of age, the average age
of introduction was 11.3 months. However, infants were exposed
to unpasteurized milk yogurt/pudding even earlier at 7.6 months.
In comparison to OOM infants, ROC infants were exposed to a
greater variety of foods, such as infant cereal, peanuts, fish, seeds,
tree nuts, shellfish, and soy by 18 months of age.

Infant Allergic Sensitization and Allergic
Disease Outcomes
In Rochester cohort, 20 infants (25%) were diagnosed with AD, 9
infants (11%) with IgE-mediated FA, 3 infants (4%) with allergic
proctocolitis, 2 infants (3%) with ARC, and 1 infant (1%) with
recurrent wheeze by 12 months of age; in OOM cohort, 2 infants

FIGURE 3 | Atopic disease outcomes and sensitization at 12 months of age. Numbers on top of bars in (A–C) refer to the absolute number of children represented.
(A) Proportion of ROC and OOM children with physician-diagnosed allergic diseases. (B) Proportion of ROC children diagnosed with IgE-mediated FA. No OOM
children were diagnosed with FA. (C) Proportion of ROC (n = 46–49) and OOM (n = 50) children with sensitization to select food and aeroallergens measured by
ImmunoCAP using two different cutoffs (≥0.35 kU/L and ≥0.7 kU/L). (D) Specific IgE levels in ROC (n = 46–49) and OOM (n = 50) children. Levels not detectable are
displayed as half of the detection limit (0.15 kU/L). For categorical variables, Fisher’s exact test was used to determine statistical significance between OOM and
ROC groups. A Mann–Whitney U test was used for continuous variables, which all followed a non-normal distribution as assessed by a Shapiro–Wilk test. ROC,
Rochester. OOM, Old Order Mennonite.
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(3%) were diagnosed with AD (Figure 3A). All three infants
diagnosed with FA or AP were among the ROC population, 2
of which were diagnosed with both FA and AP (see Table 7
for specifics of the atopic outcomes). Among infants with IgE-
mediated FA, 6 were allergic to egg, 1 to egg and peanut, 1 to egg
and sesame, and 1 to milk and tree nut (Figure 3B). These data
suggest that both groups indeed can be used as a model of either
protective or predisposing immune development.

As previously discussed, we are continuing to follow up with
these cohorts past 12 months of age and collect data on allergic
outcomes on a rolling basis. To date, 74 ROC and 76 OOM
subjects are still enrolled in the ongoing study and undergoing
follow-up. Our study was powered based on expected rates of

15% FA and 30% of AD. By 12 months of age, the rates of
atopic disease in our study are consistent with those anticipated
rates with additional diagnoses to be made through out the
ongoing follow-up.

At 12 months of age, specific IgE levels to food and
aeroallergens were measured by ImmunoCAP. An IgE level
≥0.35 kU/L was used as the cutoff to include low-level
sensitization, and 0.7 kU/L was used as a cutoff for moderate-
level sensitization (Figures 3C,D). A greater proportion of
ROC infants were sensitized to egg white. Additionally, there
was an increased proportion of ROC children sensitized
to milk and peanut, though the difference did not reach
statistical significance. No OOM infants were sensitized to

TABLE 7 | Description of atopic outcomes displayed by 12 months of age.

Group-ID AD
(age of onset)

IgE-mediated FA
(age of onset1)

Proctocolitis
(age of onset1)

Food SPT Food-specific IgE
levels (kU/L)

FA symptoms Allergic rhinitis,
wheezing

OOM-24 + (2–3 months)

OOM-52 + (1.5 months)

ROC-209 + (9 months)

ROC-213 + (11 months) Milk (11 months)
Cashew (24 months)

Milk (1 months) Milk (+)
Cashew (+)
Brazil nut (+)
Hazelnut (+)

Milk: 1.07 Hives upon milk
ingestion; rash with

cashew

ROC-220 + (3 months) Egg (15 months) Egg (+) Egg: 5.55 Eyelid swelling upon
ingestion of baked egg

ROC-221 + (9 months)

ROC-223 + (5 months)

ROC-225 + (10 months) Peanut (9 months)
Egg (9 months)

Peanut (+)
Egg (+)

Peanut: 1.2
Egg: (<0.35)

OFC with peanut: nasal
congestion, sneezing,
cough; OFC with egg:
hives and congestion

Allergic rhinitis symptoms
with dog; later

sensitization with cat and
dog.

ROC-229 + (6 months)

ROC-240 + (6 months)

ROC-241 + (2 months)

ROC-242 + (5 months)

ROC-246 + (6 months)

ROC-256 + (4 months)

ROC-261 + (12 months) Egg (6 months) Egg (+) Egg: 3.07 Hives upon egg ingestion

ROC-264 + (12 months) Egg (12 months)
Pistachio sensitization

(12 months)

Egg (+)
Pistachio (+)

Egg: 2.9 Immediate vomiting upon
egg ingestion, never
ingested pistachio

ROC-270 + (4 months) Egg (5 months)
Sesame (5 months)

Egg (+)
Sesame (+)

Egg: 0.58
Sesame: 0.46

Hives upon egg and
hummus ingestion

Allergic rhinitis and
sensitization to dog

ROC-271 Egg sensitization (10 mo) Milk (3 months) Egg (+) Milk, egg: (<0.35) Never ingested egg,
deferred OFC

Wheezing illness

ROC-280 + (6 months) Egg (6 months) Egg (+) Egg: 2.55 Delayed vomiting (4 h)
repeatedly with
scrambled egg

ROC-281 + (6 months)

ROC-284 Beef-derived products,
egg, milk, soybean

(5 months)

ROC-286 + (12 months) Egg (6 months)
Almond sensitization

(8 months)

Egg (+)
Almond (+)

Egg: 4.87 Hives upon skin contact
to scrambled and raw
egg (never ingested);
almond tolerated at

16 months

ROC-288 + (8 months)

ROC-293 + (12 months) Egg (11 months) Egg (+) Egg: 5.18 Hives upon egg ingestion

1Symptoms later confirmed as food allergy via clinical examination and allergy testing. AD, atopic dermatitis; FA, food allergy; SPT, skin prick test; OOM, Old Order
Mennonite; ROC, Rochester; OFC, oral food challenge.
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peanut or dog, while no ROC infants appeared sensitized to
house dust mites. Not only was sensitization more prevalent
among ROC infants, they also appeared to have higher
levels of sensitization to allergens compared to sensitized
OOM counterparts.

Multiple Correspondence Analysis
To investigate the impact of multiple categories in the survey
data simultaneously we performed Multiple Correspondence
Analysis (MCA). The MCA analysis separated OOM and ROC
cohorts (Figure 4A). However, MCA analysis did not separate
atopic and non-atopic infants (Figure 4B). Percent variance
was primarily explained by 3 dimensions (Figure 4C). Overall
ROC cohort has more variation than OOM with few outliers
represented by dimension 1 (d1) of MCA. Groups with the
d1 was dominated by allergy related observations (Figure 4D).
Interestingly, most of the variation between two cohorts was
observed across dimension 2 (d2), (Figure 4E). The d2 was
dominated by exposure to soy, shellfish and farm animals.
Among other variables which had higher weights on d2 were use
of sanitizer, daycare and immunization. The third dimension was

dominated by exposure to specific foods and upper respiratory
symptoms (Figure 4F).

DISCUSSION

There is clearly a divergence in lifestyle between ROC and
OOM impacting several aspects of infant diet and exposures.
Furthermore, the early allergic manifestations of FA and AD
were robustly present in ROC infants, providing further evidence
for utility of OOM and Rochester high-risk populations as
model populations for protection or high risk for development
of atopic diseases, respectively. Through our vast longitudinal
biospecimen collection we will evaluate the biomarkers relating
to development of the infant microbiome, systemic and
mucosal immunity in both populations. Results from these
study can be used as an initial training set for biomarker
discoveries. By comparing high risk vs. low-risk populations,
the proposed research will investigate for example whether
accelerated development of regulatory T cells and IgA responses
are biomarkers for “protective” immune development, and

FIGURE 4 | Multiple correspondence analysis (MCA). (A) Scatter plot depicting OOM vs. ROC cohort, (B) scatter plot depicting physician diagnosis of allergic
disease by clinical diagnoses (not parental report in surveys). (C) Scree plot depicting % variation explained by each dimension and the 15 variables with largest
contribution in dimension (D) one, (E) two, and (F) three.
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whether T cell effector populations are associated with early
phases in allergic sensitization. Furthermore, our studies will
identify differences in gut microbiome and fecal bacteria
inducing IgA responses, and assess the association of specific
IgA immune responses with clinical tolerance, i.e., protection
from early-onset AD and FA. Additionally, in our study we
also have the opportunity to evaluate the maternal influence
(breast milk, microbiome, and immunity) on infant immune
development and predisposition toward allergic sensitization.
Our overall hypothesis is that both maternal and infant
lifestyle influence the development of the infant gut, skin
and airway microbiome, skin barrier function, and mucosal
immunity contributing to the risk of allergy development
(Figure 5).

The rate of atopic diseases in ROC infants at 12 months
was high but in line with predetermined estimates based on
literature in inner city and western populations and family
history of atopic disease in this population. Surprisingly, the
age of food introduction in OOM infants was higher and the
diversity of foods was lower, although their rate of food allergic
diseases was lower. This may appear opposite to recent reports
on early age of introduction and higher diversity of foods

being associated with lower rate of allergies to foods (29–33).
However, this finding may indicate that farming/OOM lifestyle
is significantly protective against atopic diseases irrespective of
other dietary and lifestyle factors. Understanding the biomarkers
of such powerful protection can be important for future
interventional strategies.

Biomarker discovery requires pre-diagnostic samples from
cases that are not available in traditional case–control studies,
but can be collected in prospective designs. In biomarker studies
utilizing large cohorts, however, the task of understanding
individual differences and relationships to the clinical phenotype
is only possible with deep phenotyping of these clinical correlates,
which is resource intensive (34). E.g., immunophenotyping with
multiparameter flow cytometry of a large population-based
cohort may not be possible due to high cost. An alternative
approach is nested case-control setup within a larger cohort
study. This pre-selection of the patient population on the
basis of their clinical outcome can aid the identification of
prognostic factors thereby increasing the power of the study
(less samples are used to identify an effect) (35). For example,
instead of selecting a random cohort of patients from the
patient population, one could select a group of patient who

FIGURE 5 | Farm lifestyle impact on development of allergy in early life. Differential diet and microbial exposures due to the farm lifestyle can influence several
aspects of infant well-being. Moreover, aspects of the maternal lifestyle can additionally contribute during pre- and postnatal periods, ultimately modulating infant
immune function and risk for the development of allergy.
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have developed the disease in question (those developing
allergy), and a group of patients who have not developed the
disease in question (those who have not developed allergy),
as extreme sample selection. Our approach here proposes
recruitment of high risk and low risk infants at birth as
examples of extreme phenotypes as a first step. Such results
can provide a “quick and dirty” model for logical checking
of hypotheses, but is not appropriate for prognostic modeling
(35). To avoid spurious findings, validation and replication
studies are required.

The strengths of the study include access to a truly unique
agrarian, religious population whose lifestyle represents that of
about 100 years ago. Therefore, it provides an unprecedented
opportunity to assess the development of infant systemic and
mucosal innate and adaptive immunity and early atopic diseases
in conditions that mirror those seen prior to the sharp rise
in allergic disease. It complements the ongoing Wisconsin
Infant Study Cohort (WISC), which is a prospective birth
cohort study of infants exposed or not exposed to farm
environments with the primary outcome being respiratory
viral illness burden in the first 2 years and secondary
outcome being allergic sensitization, allergic disease and antiviral
innate immune maturation (36). More importantly, we have
longitudinal assessment of these infants over time, which can
reveal associations between early infant exposures, diet and
microbiome and later trajectory of immune function, which
can infer causal relationships. Diagnoses of atopic disease have
been performed by study physicians during in-person study
visits using standard criteria of history, physical exam, skin
prick and specific IgE measurement as well as oral food
challenges for those in whom major food groups (milk, egg,
and peanut) have not been introduced but there is evidence
of sensitization.

Limitations include homogenous genetic background of the
OOM, especially when contrasted with the ROC diverse high-
risk population, with the possibility of an impact of genetic
factors on allergy susceptibility. However, because this study
was designed to assess the biomarkers of protective immunity
and biomarkers of early allergic sensitization process, the many
differences in lifestyles or potential differences in genetics of
the populations is of less importance. The populations were
selected based on likely different rates of atopic disease as
examples of extreme populations, in which the initial biomarker
discoveries can be made. This study was not designed to assess
the factors or mechanisms responsible for or contributing to the
differences in the incidence of allergic diseases. Furthermore,
the remarkable increase within the last few decades suggests
that the lifestyle or microbiome changes are responsible for
the rapid increase in allergic disorders, and it is not due to
genetics. This is further supported by European lifestyle studies
(5, 37, 38) and those in the North America (7, 39) that
have identified the farming lifestyle to be protective against
allergic diseases and asthma. Assessment of possible genetic
differences will be performed in this study using buccal swabs
collected to assess susceptibility genes between the populations
in order to understand gene-environment interactions. Lastly,
the population where the biomarkers are intended to be utilized

should also serve as the population where they are being
developed. This speaks for the choice of a high-risk population
when assessing markers of sensitization as this group would
benefit the most from screening for risk of development of
allergic diseases in order to trial the efficacy of prevention
strategies in the future.

These studies of immune system development in a population
protected from and in those at risk for allergic diseases will
provide critical new knowledge about the development of the
mucosal and systemic immunity and lay the groundwork for
future studies of prevention of allergic diseases.
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