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SUMMARY

Asthma—defined by reversible expiratory airflow obstruction-- is the most common
chronic disease of childhood in the United States. While many triggers (e.g. bacteria,
viruses, allergens, and pollution) have been identified as causative agents of asthma,
there is no single etiology that drives reversible obstruction children. The pathogenesis of
childhood asthma likely stems from an individual x environment interaction that is highly
complex. The focus of the studies of the Finn-Perkins lab described here was to identify
microbial exposures and immunological differences at birth that are predictive of asthma
development, asthmatic response to triggers, and severity of asthmatic symptoms.

Although there is no known single etiologic agent, children with asthma have
demonstrable skewing of T-cell responses toward Thz or “allergic” processes. Using an
unbiased approach, we assessed relationships between perinatal microbial exposure and
Th2 responses to common air-borne allergens that are known asthma triggers. We
identified a specific phyla of Gram negative organisms, Proteobacteria, with negative
associations with Thz responses. Further, increased abundance of Proteobacteria was
significantly associated with reduced risk of wheezing childhood. Together, this is
suggestive of a protective role of early exposure to Proteobacteria.

While Thz responses are a hallmark of childhood asthma, it is not clear what
predisposes to this immunologic skewing later in childhood. There are many risk factors
for childhood asthma that have been identified, and many of these are discernable at birth
(e.g. sex, mode of delivery, gestational age...). We demonstrated that the pre/perinatal
risk factors have additive effects and in using an unbiased approach, we were able to

identify a transcriptional signature associated with pre/perinatal risk stratification.

Xiv



Additionally, we determined that umbilical cord serum PGLYRP-1 concentrations were
predictive of this transcriptional signature, current asthma at 7 years old, and FEV1/FVC
at 12 years old. The concentration of PGLYRP-1 was associated with perinatal exposure
to Proteobacteria and several Proteobacteria genera. Collectively, this suggests that early
exposure to Proteobacteria enhances innate immunity and, through enhanced innate
immunity, may protect against future development of asthma. Additionally, these findings
demonstrate that accurate prediction of asthma risk may be capable at birth using a

serological marker, PGLYRP-1.
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CHAPTER 1

BACKGROUND
* This chapter’s text, tables, and figures contain portions of work that is reprinted from:
Ozturk AB, Turturice BA, Perkins DL, Finn PW. The Potential for Emerging Microbiome-
Mediated Therapeutics in Asthma. Curr Allergy Asthma Rep. 2017 Aug 10;17(9):62. doi:
10.1007/s11882-017-0730-1.
And
Turturice BA, Theorell J, Koenig MD, Tussing-Humphreys L, Gold DR, Litonjua AA,
Oken E, Rifas-Shiman SL, Perkins DL, Finn PW. Perinatal granulopoiesis and risk of

pediatric asthma. Elife. 2021 Feb 10;10:e63745. doi: 10.7554/elLife.63745. PMID:
33565964; PMCID: PMC7889076.

A. Childhood Asthma

A.i. Clinical Features and Epidemiology

Asthma is one of the most common chronic diseases childhood, specifically in
developed countries, and is defined by reversible expiratory airflow limitations. This
airflow limitation is driven by chronic inflammation of the bronchi and produces symptoms
such as wheezing and coughing (1). Asthma exacerbations, times of severe airflow
limitation, are medical emergencies and can be life threatening (2). This obstructive
physiology can be reversed by the use of medications targeting smooth muscle
relaxation, such as albuterol (B-adrenergic agonist) and ipratropium (muscarinic
cholinergic antagonist), and usually leads to abatement of symptoms. Long term
management of asthma is maintained with inhaled corticosteroids to limit chronic
inflammation (3). This reversibility differentiates asthma from other obstructive lung

diseases of childhood like bronchopulmonary dysplasia and cystic fibrosis.



Reversible expiratory airflow limitation in children is largely assessed by
auscultation of the lungs during times when symptoms are present and absent (4). This
determination remains somewhat subjective as there are many different etiologies of
wheezing in children. This is different from expiratory assessments of asthmatics in adults
where airflow can be measured accurately by spirometry and specific diagnostic tests
(e.g. bronchodilator reversibility and bronchial provocation) (4). This subjectivity and
inability to perform validated testing leads to challenges in diagnosing children with
asthma where many children are likely misdiagnosed or their symptoms are disregarded
as being caused by another pathology, such as viral illness (5). The difficulty in asthma
diagnosis of children is reflected in the epidemiology of the disease.

Childhood asthma is highly prevalent worldwide, and in the U.S alone there are
approximately 9 million children who have been diagnosed with asthma. There are less
children, approximately 6 million that report currently having asthma, which may be due
to resolution or misdiagnosis (6). The prevalence of childhood asthma increased
drastically, approximately 10 fold, from the 1960s into the 2000s in many developed
countries around the world, although recently this trend has appeared plateau and may
even be declining slightly (7). This rapid increase in prevalence is far too rapid to be
explained solely by genetic factors, and it is believed that this increase is due to changing

environments and exposures that substantially impact risk.

A.ii. Clinical Determinants of Risk

Asthma is a disease that does not have known origin of pathogenesis. Yet, there

are many known factors that predispose an individual to higher risk of developing asthma



in childhood (8). These risk factors can be roughly grouped as genetic, pre/perinatal, and
postnatal. Genetic risk factors that have been identified are largely restricted to single
nucleotide polymorphisms (SNPs), have a dependence on ancestral background (e.g.
Northern European vs. African descent), and remain under-explored in relationship to
environmental interactions (9). Pre/perinatal risk factors are discernable differences that
can be determined before or around the time of birth and are mostly in utero exposures
(e.g. maternal smoking) and demographic differences at birth (e.g. mode of delivery, birth
weight, etc). Postnatal risk factors occur throughout childhood—though tend to cluster
around early infancy—and include environmental exposures (e.g. pollution, smoke, and
allergen exposure) or life style differences (e.g. diet and sedentary lifestyles).

Genetic risk has been extensively studied in children who have an ancestral
background of Northern European descent (9). While there have been over 100 SNPs
associated with childhood risk of asthma, the effect of these individual SNPs is relatively
small. Through meta-analysis only several loci have been identified having significant (p-
value < 5e1077) associations with childhood onset of asthma: IL18R1, IL33, IL13, GSDMA,
GSDMB (10). None of these SNPs were associated with later onset of asthma. Reflecting
the small effect size seen in most SNPs, the highest confidence association (GSDMB, p-
value = 6.4e102%) only reduced the odds of asthma 25% (10). GSDMA and GSDMB are
located on the 17921 locus, which has been the most extensively studied with regards to
asthma risk in children (11). This locus displays lower linkage disequilibrium, along with
smaller effect sizes that are more inconsistent when assessing phenotype associations
in populations of African descent (12-14). Additionally, this locus has been shown to

interact with environmental exposures such tobacco smoke, viral infections, and animal



dander (15-18). While asthma has been predicted to have moderate heritability, the
interaction between one’s genetic ancestral background, environment, and specific SNPs
have made it hard to assess an individual’s risk for childhood asthma based on genetics.

Many of the demographic factors that have been associated with childhood asthma
risk can be determined at the time of birth. Several of these are related to differences in
birth characteristics: birth weight, gestational age at birth, and mode of delivery. In several
meta-analyses assessing the risk factors stated above, the risk of childhood asthma
associated with these factors approximately ranged from a 10-40% increase (19-22).
Notably, these risk factors tend be correlated with each other; for example, individuals
born pre-term are more likely have lower birth weights. This likely confounds individual
assessment of these risk factors. Other pre/perinatal risk factors—such as a child’s sex
and race-- are identified from birth but likely have effects that extend throughout
childhood. In the United Stated, approximately 9.5% of males under the age of 18 are
asthmatic compared to 7.3% of females being asthmatics (6). Additionally, 12.8% those
who are Black or African American are asthmatics compared to the population average
of 8.4% (6). The effect of these pre/perinatal risk factors is likely mediated through a
complex interaction between biology and socio-economics.

Postnatal risk factors are most closely associated with specific exposures that
occur in the first several years of life. These include protective exposures such as
breastfeeding and exposure to farm animals, whereas harmful exposures include viral
infections, exposure to pollution/ tobacco smoke, and increased exposure to allergens
(23-27). The current literature suggests that postnatal exposures likely influence immune

tolerance and inflammatory response to foreign antigens (28). It is likely that postnatal



exposures interact with an individual’s genetic and pre/perinatal susceptibility as a risk

determinant for asthma.

B. Current Risk Prediction Strateqies

Prediction of asthma remains an important and difficult issue to address. Early
identification of individuals who are at elevated risk for asthma may allow for appropriate
interventions that could alleviate the morbidity associated with asthma, whereas
misdiagnosis could expose children to harmful effects of pharmacologic interventions,
such as stunted growth due corticosteroids (29). The most well studied prediction model
is the modified Asthma Predictive Index (mAPI). This test is meant for children under the
age three with four or more wheezing episodes per year. Positive tests must include one
major criterion (parent with asthma, child with eczema, or child with sensitivity to inhaled
allergens) or two minor criterion (wheezing unrelated to infections, eosinophils = 4% on
complete blood count, or patient with a food allergy). The test is reported to have high
specificity (>90%) but low sensitivity (<25%) (30). Thus the use of this test likely prevents
the misdiagnosis of non-asthmatics but would lead to a large group of asthmatic children
remaining undiagnosed. In a systematic review of current risk prediction models, twelve
additional high quality prediction models were identified (31). Similar issues were noted
in each of these risk prediction models. A large tradeoff between sensitivity and specificity
was seen across these models. Additionally, pre-test probability of asthma appears to
heavily influence many of these models. The use of clinical tests such as blood draws,
skin prick tests, or exhaled nitric oxide were required for 8 of 12 models as well as for the

mAPI (31). All of these clinical tests assess inflammation or immunity that is generated



through Th2 mediated processes which only represents one phenotype of asthma. These
factors can potentially limit the clinical utility of these test in different populations,

especially those with different socio-economic status or in different geographic locations.

C. Impaired Immunity in Asthmatics

C.i. Inflammation of Asthmatics Airways of Children

Inflammation and immunity are critical to the pathophysiology of asthma. The
symptoms of asthma are due to an underlying chronic inflammatory state in the bronchi.
In childhood, the most common source of this inflammation is Thz CD4* T-cells that
secrete cytokines IL-4, IL-5, and IL-13 (32). The effect of these cytokines is pleiotropic in
nature, as they enhance features of asthma such as mucus hyper-secretion, goblet cell
hyperplasia, increased bronchial smooth muscle tone, eosinophil survival, and class
switching of immunoglobulins to the epsilon heavy chain (32). Additionally, a recent
murine study has pointed to IL-13" CD4* T-cells as being critical to development of airway
hyper-reactivity (AHR) in young mice whereas these cells were dispensable to induction
AHR in adult mice (33). This mimics what is seen in humans where early onset of asthma
iS more associate with Thz inflammation and adult onset is associated with non-Th2
inflammation (32). Importantly, many new biologic therapeutic options target these
specific cytokines, their receptors, or their end products. These include monoclonal
antibodies that target IL-5 signaling (mepolizumab and benralizumab), IgE (omalizumab),
and IL-4/13 signaling (dupilumab and lebrikizumab) (34). Notably, these biologics are only
effective in individuals experiencing signs of Tnh2 inflammation: increased peripheral

eosinophils, increased serum IgE, or increased serum periostin (a protein only expressed



in epithelium exposed to IL-13) (34). All of these therapies are reserved for individuals
who fail first line treatment with inhaled corticosteroids (ICS) and currently, only
omalizumab is approved for individuals under the age of 12 (35). Together, development
of asthma during childhood leads to predominately Th2 mediated airway inflammation
which offers a therapeutic target for those with advanced and difficult to control disease.

C.ii. Development of Asthmatic Inflammation

Asthmatic symptoms are generally identified around age three to five, but the
inflammation associated with diseases is hypothesized to begin years earlier. A previous
study from the Finn-Perkins lab demonstrated that some individuals are predisposed at
birth to lymphoproliferation and Th2 cytokine responses in response to allergen
stimulation. This predisposition was associated with risk factors for asthma such as
maternal allergy, in utero smoke exposure, and African American race (36, 37). This
suggests that there may be immunologic differences at birth that alter risk for
development of asthma later in childhood.

Hematopoiesis, the generation of cellular components of blood, begins late the first
trimester (38). The maternal and fetal immune system during pregnancy is highly biased
towards Thz and immune-tolerant responses to foreign antigens (39-41). Additionally,
throughout the majority of gestation, hematopoiesis mainly generates lymphoid and
erythroid lineages. Towards term gestation there is a shift towards generating cells in the
myeloid lineages (e.g. neutrophils) (42). This phenomenon is evident clinically, as pre-
term (<36 weeks gestation) infants have higher lymphocyte to neutrophil ratios compared
to those born near term (=36 weeks gestation) (43). The myeloid compartment produces

several cytokines and co-stimulatory molecules that shift CD4* T-cells towards Th1



response, including IL-18 whose receptor carries SNPs associated with asthma (10, 44).
The lack of this switch towards the generation of Thi responses is associated with
susceptibility to infections, such as lower respiratory illnesses (45). Moreover, differential
methylation of promoter region of RUNX1, a critical regulator of myelopoeisis, in cord
blood mononuclear cells (CBMCs) is associated with asthma in children (46).

Protective myeloid expansion has been reported later in childhood. A seminal
study examining two genetically similar populations identified shifts towards increased
neutrophil expansion and eosinophil contraction in the population with reduced rates of
asthma (26). Concordantly, several meta-analyses of methylation in peripheral blood from
children who develop asthma identified differential methylation in many eosinophil related
genes (46, 47). Interestingly, several studies suggest that changes in myelopoeisis are

caused by environmental exposures, mainly microbes (26, 48).

D. The Role of the Microbiome in Childhood Asthma

Microbial exposure has long been hypothesized to play an important role in many
inflammatory diseases but the impact of the absence of microbial exposure in modern
environments was first hypothesized by David Strachan and coined the “hygiene
hypothesis”. The idea of the “hygiene hypothesis” has now taken on many different forms
that generally resemble “the lack of microbe(s) x drives some immunological changes
associated with disease y” (49). The diseases that this hypothesis is generally applied to
show similar epidemiologic trends to asthma and include other allergic disease (e.g.
atopic dermatitis, food allergy), autoimmune diseases (e.g. type | diabetes, multiple

sclerosis), and certain cancers (e.g. acute myelogenous leukemia) (50). With regards to



childhood asthma, the evidence of microbes playing a critical role in disease development
has become increasingly compelling.

Overcrowding, unhygienic conditions, and larger family size are postulated to be
associated with a lower prevalence of allergy and asthma. Postulates have been raised
that exposure to microorganisms and/or their components during early life may provide
protection against asthma and allergic disease (51, 52). A low prevalence of allergies and
asthma in the children of farmers suggest that environmental exposure to a diverse array
of microbiota may provide a protective role against allergies and asthma (26, 52, 53). In
contrast, exposure to pathogenic species do not prevent, but rather are highly associated
with exacerbations in asthmatics, such as acute upper respiratory infections with
respiratory viruses (e.g., RSV and HRV-C) and Chlamydia pneumonia (54, 55). The
stimulation of the immune system by exposure to different microbes via pattern
recognition receptors may mediate skewing toward specific T-cell phenotypes associated
with health and/or disease (26, 51). Additionally, the composition of colonizing microbes
is highly influenced by behaviors that have associations with asthma development, such
as cesarean section, breast feeding, and diet (56).

An individual’s microbiota varies across body sites in an anatomic specific manner
(57). Prior studies of human microbiota have focused on feces as means to assess the
gut microbiome. Notably, the composition of the gut microbiota also varies in a time-
dependent manner, such that microbiome changes drastically over the first few years of
life before stabilizing and becoming adult-like in composition. The initial composition of
the gut microbiome is influenced by mode of birth (e.g., cesarean section vs. vaginal

delivery), whereas early life exposure to antibiotics and breastfeeding alter the selection



of which microbes can colonize (56). More than 1000 species-level phylotypes can be
found in the gut microbiota and only 400 bacterial species are culturable outside the
gastrointestinal (Gl) environment. In the Gl tract, the majority of the bacterial species are
anaerobes and most common genera are Bacteroides, Bifidobacterium, Lactobacillus,
Eubacterium, Fusobacterium, and Clostridium (58). Breastfeeding is highly associated
with larger abundances of the bacteria belonging to the genera Bifidobacterium and
Lactobacillus, considered probiotic bacteria. Low abundance of Lactobacillus has also
been implicated in the development of allergies. Populations that have low abundance of
Bifidobacterium at early ages have a higher risk of developing asthma (59). This may
explain the preventative effect of breastfeeding against the development of allergies and
asthma in some instances (60). Additionally, these bacteria may allow for short-chain fatty
acid producing bacteria to grow as well, which can stimulate T-regulatory cell
development, known to suppress immune responses (61, 62).

In addition to the microbiota found in the gut, some of the first studies that provided
strong evidence were those examining environmental exposures to microbes. The
seminal studies, Prevention of Allergy Risk factors for Sensitization In children related to
Farming and Anthroposophic Lifestyle (PARSIFAL) and A Multidisciplinary Study to
Identify the Genetic and Environmental Causes of Asthma in the European Community
(GABRIELA), identified that increasing diversity of microbes in mattress dust are
associated with reduced risk of asthma and allergy. Notably there is geographic variation
in this diversity, such that those living on farms are exposed to much higher levels of
microbial diversity, which coincides with the prevalence of asthma and allergy being much

lower in rural settings (63). These findings have now been replicated and expanded upon
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with specific phylogenetic diversity (Gammaproteobacteria), bacterial components
(endotoxin), and species derived from animals (Acinetobacter iwoffi) being recognized as
protective environmental exposures (53, 64-66).

The mechanism behind this protection appears to be directly related to endotoxin
exposure. Previous work by the Finn-Perkins lab demonstrated increased endotoxin
exposure is associated with reduced Th2 and proliferative responses of peripheral blood
mononuclear cells (PBMCSs) in children (51). In murine models of asthma, the Lipid A
component of endotoxin could be used to decrease markers of Tnh2 inflammation, including
bronchoaveolar lavage (BAL) eosinophils, serum total IgE, and BAL IL-13 (67). This has
now been replicated using dust from houses of Amish (low prevalence of asthma) and
Hutterites (high prevalence of asthma) where the levels of endotoxin significantly differ.
Dust from Amish houses when co-administered with ovalbumin in murine models of
asthma reduced AHR and was dependent on the presence of the adaptor proteins for
TLR4 signaling, MYD88 and TRIF (26).

Along with effect of environmental microbiota, endogenous microflora produce
endotoxin. Notably, not all endotoxin is equivalent in structure and can vary in poly-
saccharide structure (O-antigen), phosphorylation of sugars, or number/ structure of fatty
acids (68). In population studies of three geographically similar locations that vary in
autoimmune and atopy prevalence believed to be due to different levels of westernization,
differences were found in the predominant source of endotoxin in children’s fecal
microbiomes. In high risk areas, the predominant source of endotoxin was Bacteroides

species. Bacteroides species were shown to have a different endotoxin structure (lacking
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phosphate group and altered fatty acid side chains) that did not induce robust cytokine
production, endotoxin tolerance, or protect form autoimmune disease (69).

Interestingly, CD4* T-cells do express TLR4, the pattern recognition receptor for
endotoxin, but endotoxin exposure does not alter Thi or Th2 cytokine secretion in CD4* T-
cells although it may alter other cytokines such IL-17 and adhesion related molecules (70,
71). This suggest an intermediary between endotoxin exposure and changes in Th2 driven
inflammation. In comparing peripheral blood granulocyte populations, Amish children had
higher percentages of neutrophils whereas Hutterites had higher percentages of
eosinophils, suggesting that differences in myelopoiesis may be associated with
differential risk of asthma (26). Myeloid cells secrete IL-12 and IL-18, two critical cytokines
necessary for the induction of Th1 responses (72, 73). IL-12 and IL-18 act synergistically
to induce IFN-y with IL-12 responsible for the induction of IFN-y mRNA and IL-18
responsible stabilization of transcripts and proliferation through MAPK and NFkB
signaling (74). Together this suggest a strong role for microbial regulation on human

immunity that can suppress or accentuate risk for asthma in childhood.

E. Hypothesis and Aims of Study

The current literature suggests that microbial exposure likely influences risk of
asthma through altered immunity. Most of the literature has focused on microbial
exposures in the early postnatal period, yet it is known that some individuals have
differential cytokine and proliferative responses to allergens at birth. We hypothesize that
differences in microbial exposure and immunity at birth are predictive of asthma in

childhood. The aims of this study are to investigate pre/peri-natal microbial exposures
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associated with cytokine responses known allergens, identify novel differences in
immunity at birth that are associated with risk, and determine which microbial exposures

are associated with differences in immunity at birth.
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CHAPTER 2
MATERIALS AND METHODS
* This chapter’s text, tables, and figures contain portions of work that is reprinted from:

Turturice BA, Ranjan R, Nguyen B, Hughes LM, Andropolis KE, Gold DR, Litonjua AA,
Oken E, Perkins DL, Finn PW. Perinatal bacterial exposure contributes to IL-13
aeroallergen response. Am J Respir Cell Mol Biol 2017 Oct;57(4):419-427. doi:
10.1165/rcmb.2017-00270C.

And

Turturice BA, Gold DR, Litonjua AA, Oken E, Rifas-Shiman S, Perkins DL, Finn PW.
Lower perinatal exposure to Proteobacteria is an independent predictor of early childhood
wheezing. J Allergy Clin  Immunol. 2019 Jan;143(1):419-421.e5. doi:
10.1016/j.jaci.2018.06.051. Epub 2018 Sep 8.

And
Turturice BA, Theorell J, Koenig MD, Tussing-Humphreys L, Gold DR, Litonjua AA,
Oken E, Rifas-Shiman SL, Perkins DL, Finn PW. Perinatal granulopoiesis and risk of

pediatric asthma. Elife. 2021 Feb 10;10:e63745. doi: 10.7554/elLife.63745. PMID:
33565964; PMCID: PMC7889076.

A. Study Populations and Subject Recruitment

A.i. Project VIVA

The current study was approved by the University of lllinois at Chicago IRB
(#2016-0326). Volunteers were recruited from the eastern Massachusetts general
population. The exclusion criteria were multiple gestation, inability to answer questions in
English, gestational age = 22 weeks at recruitment, and plans to move away before
delivery. The cohort profile was previously described by Oken and colleagues (75).

A.ii. University of lllinois Hospital Cohort
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The current study was approved by the University of lllinois at Chicago IRB
(#2015-0353). Volunteers were recruited from the University of lllinois Hospital and
Health Services System (UIHHSS).

Inclusion criteria is as follows: obtaining prenatal care from UIC; planning to deliver
at UIHHSS; 17-45 years of age; parity between 0-3; spontaneous/natural conception;
singleton pregnancy; 26-33 weeks gestation; and willing to: a) fast at least 1 %2 hours at
the baseline visit, b) ingest a naturally occurring stable iron isotope, c) refrain from iron
and prenatal supplements for 1 day (24 hours) before the baseline visit, d) attend two
research visits at UIC, e) undergo 3 venipunctures, f) allow biopsy of the placenta after
delivery, and g) allow cord or placental blood collection. Able to read and write English,
have access to a phone to inform the research team of admittance to UIC Labor and
Delivery, live in Chicago or surrounding suburbs, be obese (pre-pregnancy BMI = 30
kg/m2 - 50 kg/m2) or lean (pre-pregnancy BMI: 18.5 — 24.9 kg/m2) ; gestational diabetes
is acceptable, but not necessary for inclusion. Lastly, over the course of the pregnancy,
women must meet the minimum weight gain recommendations from the Institute of
Medicine based on their pre-pregnancy BMI (normal weight: 25 Ibs; obese weight: 11 Ibs),
and starting at 23/24 weeks of gestation normal weight women must be gaining at least
0.8 Ibs weekly and obese weight women must be gaining at least 0.4 Ibs weekly.

Exclusion criteria is as follows: Live birth or another pregnancy (including ectopic
and molar pregnancies) in the previous 12 months; autoimmune disorder; current or
previous premature rupture of membranes or chorioamnionitis; previous premature birth;
current bacterial or viral infection; receiving steroid or anti-inflammatory treatment;

previous bariatric surgery; malabsorptive condition; current hyperemesis; hematologic
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disorder (i.e., sickle cell disease, sickle cell trait or hemochromatosis); or preeclampsia

since these factors may influence the biological markers.

B. Specimen Collection, Cellular Isolation, and Storage

Umbilical cord blood was obtained by venipuncture shortly after time of delivery.
Blood (approximately 5 mL per tube) was drawn into Red Top Serum Plus and Green Top
Sodium Heparin 95 USP Units Blood Collection Tubes (BD Vacutainer). Red Tops were
allowed to stand upright at room temperature for 30 min prior centrifugation at 1500x g
for 10 minutes at room temperature. Supernatants (serum) were collected, aliquoted, and
stored at -80C until further processing. Heparinized blood obtained in Green Tops was
diluted 1:1 in 1x Phosphate Buffered Saline, pH 7.4 (PBS) and overlaid onto Ficoll-
Paque™ Plus (GE Healthcare) density gradients. Density gradients were centrifuged at
400x g for 30 minutes at room temperature without brake. Upper phase (diluted plasma)
was drawn off, aliquoted, and stored at -80C. Buffy coats (CBMCs) were drawn off,
washed twice with 10 mL of 1x PBS, aliquoted and stored in 500 mL of RNAlater (Qiagen)
or 1 mL of 10% DMSO in Fetal Bovine Serum (FBS) at 5x10° per mL. Viability and number
of cells isolated was determined by diluting cellular suspensions 1:1 with Trypan Blue
Solution 0.4% (w/v) in PBS (Corning) and counting live/dead cells >7 uM using a TC20™
Automated Cell Counter (Biorad). The average viability of isolated cells was >90%. Time
from delivery to storage was recorded for every sample. Maternal Feces were collected
during the third trimester visit using fecal isolation kits. Feces was aliquoted and stored -

80C.
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C. DNA Isolation

C.i. Circulating DNA

Experiments related to Chapter 3: DNA was extracted from 1 mL of cord blood
serum using QIAmp DNA Blood Midi Kit (Qiagen). All extractions were carried out under
sterile conditions. Each extraction was recorded for kit lot number and time of extraction
to test for any effect on our analysis. No effect was observed for lot number or date of
extraction. To control for any possibility of bacterial DNA contamination introduced in our
procedure, we used 1 mL of molecular-grade water through our extraction protocol as a
negative control. Our negative control showed both a minimum 5-cycle time difference
assessed by quantitative PCR from any sample and did not yield a 16S rRNA amplicon
library. DNA concentration and base-pair size were quantified from all samples using
Qubit dsDNA High Sensitivity Dye (Invitrogen) and on 2100 Bioanalyzer using High
Sensitivity DNA kit (Agilent).

Experiments related to Chapter 5: To quantitate the abundance of 16s rRNA
fragments in serum, we used a quantitative approach previously described (76). Prior to
extraction of DNA synthetic spike-in 16s rRNA amplicons were added at 2.5x10% 2.5x103,
2.5x10?, 2.5x10* copies per mL for EC5501, EC5001, CA5501, and BV5501 amplicons
respectively. DNA was extracted from 0.4 mL of cord blood serum or molecular grade
water (Negative Control) using MagMAX™ Cell-Free DNA Isolation Kit (Applied
Biosystems). All extractions were carried out under sterile conditions. Each extraction
was recorded for lot number on the kit and time of extraction and tested for any effect in

our analysis. DNA concentration and base-pair size were quantified from all samples
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using Qubit dsDNA High Sensitivity Dye (Invitrogen) and on 2100 Bioanalyzer using High
Sensitivity DNA kit (Agilent).

C.ii. Fecal Microbial DNA

Approximately 100 mg of stool was transferred to an Eppendorf safe lock tube and
processed with a PowerSoil DNA isolation kit (MO BIO Laboratories) using the method
as described previously (77). The quality and quantity of the DNA was accessed using a
spectrophotometer (NanoPhotometer Pearl, Denville Scientific, Inc), agarose gel
electrophoresis, and fluorometer (Qubit® dsDNA High Sensitivity and dsDNA Broad

Range assay, Life Technologies Corporation).

D. Metagenomic DNA Libraries

D.i. 16s rRNA Amplicon Libraries

For experiments in Chapter 3: V1-V3 regions of the 16s rRNA gene were amplified
using the NEXTflex 16s V1-V3 Amplicon-Seq Kit (BIOO Scientific) with an initial 10-cycle
step of 16s rRNA V1-V3 amplification followed by a 20-cycle step for amplification and
barcoding. Libraries were pooled at equal molar concentrations and size selected for
amplicons between 550 and 700 base pairs (bp) using Pippin Prep 1.5% Agarose Dye-
Free Pippin Gel Cassette (Sage Science) to remove any nonspecific amplicons. The
guality and quantity of all the DNA libraries were analyzed with an Agilent DNA 1000 Kit
on the 2100 Bioanalyzer Instrument and Qubit.

For experiments in Chapter 5: V4 region of the 16s rRNA gene was amplified using
a previously described two-step PCR protocol and previously designed primers 515F-

806R and their barcoded counterparts (78, 79). Libraries were pooled at equal molar
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concentrations and size selected for amplicons between 350 and 450 base pairs (bp)
using Pippin Prep 2.0% Agarose Dye-Free Pippin Gel Cassette (Sage Science) to remove
any nonspecific amplicons. The quality and quantity of all the DNA libraries were analyzed
with an Agilent DNA 1000 Kit on the 2100 Bioanalyzer Instrument and Qubit.

D.ii. Shotgun Metagenomic Libraries

500 ng metagenomic DNA was mechanically sheared to average 450 bp
fragments using a Covaris S220 instrument (Covaris). Fragmented metagenomic DNA
was end-repaired and 3'-adenylated, ligated with Illumina adapters, and PCR enriched
with lllumina sequencing indexes (barcodes) using the NEBNext Ultra DNA library prep
kit for lllumina (New England BioLabs Inc). The quality and quantity of all the DNA libraries
were analyzed with a DNA 1000 Kit on the 2100 Bioanalyzer Instrument (Agilent) and

dsDNA Broad Range Kit and Qubit (Invitrogen).

E. RNA Isolation and mRNA Libraries

Total RNA was extracted from CBMCs using RNeasy kits (QIAGEN) following
manufacturers protocol except for switching 70% ethanol for 100% ethanol. The quality
and quantity of all the DNA libraries were analyzed with a RNA 6000 Nano Kit on the 2100
Bioanalyzer Instrument (Agilent) and ssRNA High Sensitivity Kit and Qubit (Invitrogen).
RNA quality for samples was >8.5 RIN and showed two equally prominent peaks
corresponding to the 18s and 28s rRNA. 500 ng of RNA was used for mMRNA enrichment,
fragmentation, conversion into cDNA, and construction into barcoded libraries using the

TruSeq Stranded mRNA Library Prep Kit (lllumina).
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F. High throughput Sequencing

F.i. 16s rRNA Amplicon Sequencing

For the experiments in Chapter 3: the pooled libraries were further diluted to 15
pM and 5% PhiX was added to increase the diversity, and sequenced for a paired-end
301 read length. The DNA libraries were sequenced on lllumina’'s MiSeq platform using
MiSeq Reagent v3-600 cycle kit, following manufacturer's protocol.

For the experiments in Chapter 5: the pooled libraries were further diluted to 5 pM
and 10% PhiX was added to increase the diversity, and sequenced for a paired-end 251
read length. The DNA libraries were sequenced on lllumina's MiSeq platform using MiSeq
Reagent v2-500 cycle kit. Previously described read 1, indexing, and sequencing primers
were diluted into wells 12, 13, and 14 of cartridge (80).

F.ii. Shotqun Metagenomic Seguencing

DNA libraries were pooled in equimolar concentration and were sequenced
following manufacturer’s protocol by multiplexing on lllumina MiSeq using the v3-600 kit
for 301 paired-end read length and included an additional 12 cycles for the index.

F.iii. mMRNA Library Seqguencing

The pooled libraries were further diluted and sequenced for a paired-end 151 read
length. The DNA libraries were sequenced on Illumina's HiSeq X Ten platform using

HiSeq Reagent v2.5 kit, following manufacturer's protocol.

G. Metagenomic Annotation

G.i. Operational Taxonomic Annotation (OTU)
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For OTU annotation, we used the QIIME pipeline (81). Sequences were aligned to
Greengenes Core reference alignment (82-84). Chimeric sequences were removed by
UCHIME, and OTUs were picked by USEARCH (85, 86). Taxonomy was assigned using
the Greengenes database, and a phylogenetic tree was constructed using FastTree 2.1.3
for the determination of UniFrac distances (87, 88).

G.ii. Amplicon Nucleotide Variant (ANV)

For ANV quality trimming and filtering of reads, chimera removal, and annotation
we used the dada2 pipeline (89). ANV sequences were annotated against the curated
SILVA v132 data base that was modified to include the synthetic spike-in sequences (90).

G.iii. Contiguous Read Assembly and Annotation of Shotqun Metagenomics

The produced metagenomic sequencing reads were processed with our custom
data analysis pipeline “WEVOTE” that is hosted on the UIC supercomputer “Extreme”.
First, the sequences were quality controlled by filtering out all low-quality reads (<25 on
Phred quality score), short reads (<100 bp), or any human reads. High-quality microbial
reads were then assembled into longer contigs using MetaVelvet (91). For each sample,
the microbial taxonomic profile was constructed using WEVOTE (92). Since WEVOTE is
an ensemble classifier, we used Kraken, Clark, and BLASTN as base classifiers for

WEVOTE (93-95).

H. mRNA Annotation

The sequences were quality controlled by filtering out all low-quality reads (<25 on

Phred quality score), short reads (<50 bp). Transcripts were annotated using salmon
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v0.12.0 and Ensembl Homo sapiens Genome Assembly GRCh38.12 (96). Transcript

counts were aggregated in gene level counts using the tximport package in R (97).

|. Multiplex Cytokine Assay

Serum was centrifuged at 10,000 x g for 10 minutes to clear any cellular debris.
The serum was then assessed for concentrations of IFN-y, -4, -5, and -13 using Bio-Plex
Pro Human assays (Bio-Rad). Concentrations were determined using the Bio-Plex 200

system.

J. Enzyme-linked Immunosorbent Assays

PGLYRP-1 and slL6Ra were assessed using Human PGLYRP1/PGRP-S DuoSet Elisa
and Human IL-6 R alpha DuoSet Elisa (R&D Systems). Serum was diluted with 1% BSA
in PBS, pH 7.2-7.4, 0.2 micron filtered at 1:100 for PGLYRP-1 and 1:300 for sIL6Ra.
ELISAs were performed according to manufacturer’s protocol. Optical Densities were

assessed at 450 and 540 using a Spectra Max M5 (Molecular Devices).

K. Statistical Analysis

K.i. Chapter 3 Statistical Analysis

All statistical analysis was performed in R. The Mann—Whitney U test was used in
all two-group comparisons unless otherwise stated. Permutational multivariate ANOVA
was used to assess group differences in B diversity. Linear regression was used to
correlate IL-13 and IFN-y concentrations after stimulation with Der f1 or Bla g2 with

bacterial family abundances, and P is the probability that the slope was nonzero. P <0.05
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was considered significant in all situations. Linear and logistic regression was used to
correlate  1L-13 and IFN-y concentrations after stimulation with media,
phytohemagglutinin, Der f1, or Bla g2 with the log ratio of Moraxellaceae to
Proteobacteria.

Mann-Whitney U test was used in all 2-group comparisons unless otherwise
stated. For testing associations between demographic data and cfoDNA composition,
samples were normalized using median sum-scaling, pairwise sample distances were
calculated using the weighted UNIFRAC method, ordinated using principal-component
analysis, and tested for associations using the vegan envfit function (87, 98, 99). Maternal
atopy was assessed by interview response to “Has a health professional ever told you
that you have asthma, hay fever, or eczema?” Phylum-level abundances were calculated
by combining normalized reads of each OTU assigned to each phylum. Proteobacteria
abundance was dichotomized into low and high on the basis of normalized counts below
or above the median, respectively. To determine associations between Proteobacteria
abundance and early wheezing (response to annual questionnaire “Has your child had
wheezing within the last 12 months?”) we assessed the time to first reported wheeze in
univariate Cox-proportional hazards model and Cox-proportional hazards model
adjusting for maternal atopy. To account for missing questionnaire responses, missing
data were imputed using the following method: subjects not reporting at any time point
were not assessed, missing data for wheezing in annual questionnaires years 1 through
7 were imputed 500 times with a larger subset of subjects from Project Viva (n = 293)

using Amelia, models were estimated for each of the imputed data sets, and multiple
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imputation model parameters were inferred using the method described by Rubin (100,
101).

K.ii. Chapter 4 Statistical Analysis

All statistical analysis was performed in R. Categorical outcomes were modeled
using logistic regression. Continuous outcomes were modeled using linear regression.
For regression models, PGLYRP-1 was logl0 transformed and standardized. Subset
analysis was performed by splitting the full data set by categorical variables and modeling
outcomes as function of PGLYRP-1 in each subset.

To identify datasets studies used in the meta-analysis NCBI's Gene Expression

Omnibus (https://www.ncbi.nlm.nih.gov/geo) was searched using the search “(cord

blood) AND “Homo sapiens”[porgn:_txid9606]” and was limited to study types that
included expression profiling by array. This search yielded 352 studies that were further
examined for cell types assessed and metadata reported. 17 studies were included on
the basis of reporting metadata regarding one pre/perinatal risk factor and expression
data from either whole cord blood or cord blood mononuclear cells. Expression data and
metadata was extracted using geoquery (102). If expression data was non-normalized, it
was quantile normalized and log2 transformed. Six studies were excluded due to no
variability in metadata (i.e. only males) or data quality, leaving 605 unique cord blood
gene expression samples. To assess associations between gene expression and
pre/perinatal risk factors, univariate, inverse variance weighted, random effects models
were constructed for genes using the GeneMeta package (103). Fetal sex, maternal pre-
pregnancy BMI, gestational age, and birthweight were assessed as pre/perinatal risk

factors.
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The z-statistic for each gene from each univariate test was oriented such that low
risk was negative and high risk was positive. z-statistics were averaged and if a gene was
not assessed in a univariate test the z-statistic was assumed to be 0 for that univariate
test. The averaged z-statistic was used as pre-ranked list for gene set enrichment
analysis for GO biologic processess using GSEA (104). Gene sets with p-values <0.05
and FWER<O0.1 were considered significant and were used in leading edge analysis.
Leading edge networks for genes and gene sets were constructed using Kullback-Leibler
divergence. Network metrics closeness centrality and neighborhood connectivity were
determined using igraph (105).

For analysis of mMRNAseq expression, gene expression was modeled as function
of the number of pre/perinatal risk factors using DESeq2 (98). Four models were
constructed to determine gene associated with risk. Replication between meta-analysis
and mRNAseq was assessed by comparing z-statistics through spearman’s correlation
and non-parametric ranking method. For ranking replicating genes we multiplied the two
z-statistics together. Genes with non-parametric rank greater than two were said to be
replicating. GO term enrichment of high and low risk gene sets was performed using
DAVID (106). P-value < 0.05 and Benjamini-Hochberg adjusted p-value <0.1 was
considered statistically significant for GO term enrichment.

Bacterial taxa counts were normalized using the RLog transformation, DESeq2
(98). Taxa were tested as independent predictors for PGLYRP-1 concentration and
eigenvalue of gene signature using generalized linear models. P-value <0.05 and Group
Benjamini-Hochberg < 0.1 were considered statistically significant where groups were

defined by a taxa’s Genus (107).
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K.iii. Chapter 5 Statistical Analysis

All statistical analysis was performed in R. To quantitate bacterial taxa, samples
were first filtered on the detection of the spikes EC5001, EC5501, and CA5501. Next,
spike counts were used to build model predicting known spike-in copy numbers. A mixed-
effects model was used, where Y is the known spike-in logl0 copy number that is
modeled by the fixed effects Bobs and Bobs:sample--Which are overall effect estimate of log10
observed count and log10 observed count interaction with each individual sample--and
Zsample, & random sample specific intercept. Samples with an absolute Bobs:sample greater
than 0.20 were removed from further analysis as these samples likely have under gone
non-linear amplification. Removal of batch effect was performed using limma (108). To
test associations between composition and demographic covariates, Euclidean distances
were calculated between samples and then sub-grouped by demographic data to
compare with-in and between group distances. Kruskal-Wallis and post-hoc Dunn’s Test
were used to test for statistical significance, p < 0.05 was considered significant. To test
for associations with the concentration of umbilical cord blood serum PGLYRP-1,
PGLYRP-1 was logl0 transformed. Copy number and Phyla were test using linear
models as predictors of PGLYRP-1 concentration, p < 0.05 was considered significant.
Due to non-linear distributions of taxa at lower phylogenetic levels, spearman’s correlation
was used to determine relationships with PGLYRP-1, Stimulation Index, 1L-13, and IFNy.
Spearman’s rho and complete linkage hierarchical clustering was used to cluster taxa in

their relation to immune response to stimulation and serum PGLYRP-1.
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CHAPTER 3

INDENTIFICATION OF BACTERIAL TAXA ASSOCIATED WITH PERINATAL T-CELL
Tz RESPONSES AND CHILDHOOD WHEEZING

* This chapter’s text, tables, and figures contain portions of work that is reprinted from:
Turturice BA, Ranjan R, Nguyen B, Hughes LM, Andropolis KE, Gold DR, Litonjua AA,
Oken E, Perkins DL, Finn PW. Perinatal bacterial exposure contributes to IL-13
aeroallergen response. Am J Respir Cell Mol Biol 2017 Oct;57(4):419-427. doi:
10.1165/rcmb.2017-00270C.
And
Turturice BA, Gold DR, Litonjua AA, Oken E, Rifas-Shiman S, Perkins DL, Finn PW.
Lower perinatal exposure to Proteobacteria is an independent predictor of early childhood
wheezing. J Allergy Clin  Immunol. 2019 Jan;143(1):419-421.e5. doi:
10.1016/j.jaci.2018.06.051. Epub 2018 Sep 8.
A. Rationale

Atopic asthma is characterized by obstruction of air flow through the bronchial tree in
response to specific aeroallergens, generally beginning early in life. Sensitization to
common aeroallergens, such as those from the house dust mite (HDM) and cockroach,
has been recognized as an important predictor of decreased pulmonary function and
increased airway hyperresponsiveness (109, 110). Specifically, children sensitized to
HDM allergens have an increased risk for respiratory infections, chronic wheeze, and the
development of asthma and atopy that persist into adulthood (111-113). This sensitization
is associated with higher levels of HDM allergen—specific IgE (113). An important
relationship exists between altered immune responses to aeroallergens and the
development of asthma and atopy in childhood.

Interestingly, many of these disordered immune responses, such as increased IgE

levels, lymphoproliferation, and altered cytokine production in response to aeroallergen

stimulation, are detected as early as the perinatal time period (36, 37, 45, 114, 115). Along
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with altered immune responses, differential environmental exposure to microbes and
colonization of mucosal sites by microbes early in life have been linked to the
development of asthma (63, 116). This has led to postulations that early-life interactions
between hosts and microbes are essential for development of the normal immune system,
and perturbations of these interactions can lead to disordered immune responses such
as those seen in asthmatics (117).

Recent examinations of mucosal sites other than the airways, such as the gut, have
shown that the differential growth of specific bacteria is related to asthma development
(61). Additionally, environmental factors (e.g., breastfeeding) can influence bacterial
colonization of mucosal surfaces early in life (56). Airway colonization by certain bacterial
pathogens, such as Streptococcus, Moraxella, and Haemophilus, in early life can
enhance susceptibility to both upper and lower respiratory infections from bacteria and
virus (118). Along with altered immune responses to aeroallergens, individuals who are
sensitized to specific allergens (e.g., HDM allergens) also show disordered humoral
recognition of bacterial antigens (119). Thus, there is a relationship between bacterial
colonization and host immune recognition, and differential recognition may be involved in
allergen sensitization and asthma development.

In addition to the traditional sites of bacterial colonization, such as the gut and the
upper airways, there have been reports of bacteria and bacterial nucleic acids at solid
tissue sites and in the blood stream. With the use of traditional techniques for bacterial
detection and identification (e.g., Gram’s staining and culture-independent techniques),
several studies have detected both bacteria and bacterial DNA within placental tissue,

and correlated the detection of nucleic acids derived from different bacterial species with
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disease states, including urinary tract infections, preeclampsia, and preterm birth (120-
123). In murine models, specific bacteria are capable of being enriched within the
placental tissue (124). Along with potential fetal exposure to bacteria, many bacterial
metabolites and cellular products appear capable of traversing the placental barrier (125,
126). Thus, exposure to microbial antigens and products may occur before birth and may
influence the development of the immune system.

Along with localization within solid tissues, bacterial DNA has been reported to
circulate in the blood stream of healthy individuals (127). The detection of bacterial DNA
in blood does not appear to be limited only to adults, and can also be isolated from
umbilical cord blood (128). The amount and composition of bacterial DNA in blood have
been linked to several disease states in both adults and newborns (129, 130); however,
the relation of the bacterial DNA in circulation to development of the immune system and
asthma outcomes remains largely unexplored. The hypothesis for this study was that
specific patterns of bacterial exposure are associated with umbilical cord blood
mononuclear cell (CBMC) lymphoproliferation and cytokine production in response to

allergen stimulation, along with specific features of asthma.

B. Bacterial 16S rRNA fragments circulate in perinatal umbilical cord blood and are
derived from multiple taxonomic families

Consistent with previous reports, we isolated 10-100 ng of fragmented DNA from
human serum. We were able to quantitate the 16S rRNA fragments (base pairs 926—
1062) from all samples using universal bacterial 16S rRNA primers by gPCR assay, and

all samples amplified with a minimum five-cycle difference compared with negative
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controls (131, 132). Along with prior reports of bacterial DNA in adult peripheral blood,
our results indicate that human umbilical cord blood contains bacterial DNA (127).

To assess the bacterial source of these fragments, we amplified the V1-V3 region
(~500-700 bp) of the bacterial 16S rRNA from the isolated DNA. We successfully
amplified DNA libraries of 16S rRNA amplicons in 27 out of 38 samples (71%). We
speculate that we were not able to generate libraries in all of our samples due to the larger
amplicon size compared with our gPCR reactions (~600 versus 140 bp) and because we
started with DNA that contained fragments smaller than 600 bp. From each library we
generated an average of ~560,000 paired-end reads per sample. These reads were
assigned to 846 unique OTUs. The overwhelming majority (>99%) of reads assigned to
OTUs were derived from four core phyla that were detected in a minimum of one read in
= 60% of all samples: Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria
(Figure 1A). Notably, we observed that a large portion of the bacterial families were
sparsely distributed (minimum of one read in < 30% of all samples) and that only 13
families were identified as the core bacterial families in our samples (Figure 1B). Taken
together, these results indicate that bacterial DNA is present in the circulation during the

perinatal time period and derived from multiple bacterial sources.
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Figure 1. Phylogenetics of bacterial DNA in umbilical cord blood. A) Unrooted
phylogenetic tree displaying all operational taxonomic units (OTUSs). The line weighting is
proportional to the percentage of samples in which one read was mapped to an OTU.
Four core phylum (Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes) are
displayed by color (green, blue, red, and purple, respectively). B) Dendrogram of core

bacterial families, colored by phylum, with size proportional to the normalized counts in
each sample.
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C. The IL-13 cytokine response to common aeroallergens Is related to the taxonomic
structure and diversity of bacterial DNA

We previously found that peripheral and CBMCs exposed to aeroallergens (cockroach
[Bla g2] and HDM [Der f1]) produce differential lymphoproliferative and Th1/Th2 cytokine
responses, and that these responses are related to risk factors for the development of
asthma (36, 37). Here, we assessed whether these allergen-specific responses
correspond to unique signatures of bacterial DNA in the circulation. First, to categorize
the samples, each sample with a known lymphoproliferative response was clustered by
stimulation index to Bla g2 and Der f1. Similarly, to categorize the cytokine response,
samples were grouped by the type of cytokine produced in response to Bla g2 and Der
f1, and whether they produced detectable IL-13 or IFN-y.

To identify differences in taxonomic structure, sample-wise distances were calculated
using weighted unique fraction metric (UniFrac) distances, and group medoids were
compared. Only the presence (responder [R]) or absence (nonresponder [NR]) of IL-13
production after allergen stimulation identified groups with significantly different medoids
(Figure 2A). There were no significant differences between groups of low- and high-
stimulation index or groups of IFN-y responders and nonresponders, although there was
a trend (P < 0.1) of different medoids categorizing IFN-y. Thus, our data indicate that
there is a relationship between allergen-specific IL-13 responses and the composition of
bacterial DNA. Based on this observation, we focused our remaining analysis on the
specific relationship between the IL-13 response and bacterial DNA.

We next examined the a diversity of each sample by calculating Fisher’'s a parameter
for each sample. This parameter was selected because the majority of samples displayed

logarithmic distributions on rank-abundance curves, which fits Fisher's model. When we
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compared IL-13 nonresponders with responders, we observed a significant increase in
Fisher's a parameter in responders (Figure 2B). By assessing sample-wise UniFrac
distances, we showed that changes in family abundance (weighted UniFrac) were present
when IL-13 nonresponders were compared with responders. Additionally, we found that
IL-13 responders had an increased evenness of OTU abundances, and that
nonresponders had significantly increased representation by fewer OTUs. These results
indicate that Th2 responses to common aeroallergens are related to the source of bacterial
DNA, and not simply to the presence of microbial DNA.

To identify taxonomic differences in the composition of bacterial DNA between
nonresponders and responders, we compared each group’s normalized counts of the four
core phylum. Only the bacterial abundance of Proteobacteria was increased in
nonresponders (Figures 2C, D). The additional core bacterial phylum, Actinobacteria,
Bacteroidetes, and Firmicutes, showed no significant differences between groups (Figure

2D).
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Figure 2. Bacterial DNA diversity and composition differ in the IL-13 response to
aeroallergens. A) Principal component (PC) analysis plot (first and second components)
of weighted UniFrac distances between IL-13 nonresponders (NR, solid square) and
responders (R, open circle) as defined by detectable IL-13 after Bla g2 or Der f1 exposure.
Significance (P < 0.05) was determined by permutational multivariate ANOVA. B) a-
Diversity measurements between IL-13 nonresponders and responders, displayed by
Fisher's a of individual samples. C) Relative abundances of core phyla and sparse phyla
(other) between IL-13 nonresponders (NR) and responders (R). D) Normalized counts of
Proteobacteria between IL-13 nonresponders (NR) and responders (R). Groups are
shown as median with interquartile range. Counts were logl0 transformed with a
pseudocount of one added for visualization of samples with zero counts. *P < 0.05, Mann—
Whitney U test. PCoA, principal coordinates analysis.
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D. The common aeroallergen IL-13 response Is related to specific bacterial family
abundances

Interestingly, when we examined the abundances of core bacterial families, we found
three families that had significantly increased abundances in responders:
Micrococcaceae, Moraxellaceae, and Rhodobacteraceae, the latter two of which are of
the phylum Proteobacteria (Figure 3A). Although there was an overall increase in the
abundance of Proteobacteria-derived DNA in samples with no response to aeroallergens,
samples with Th2-skewed responses to aeroallergens had increased DNA derived from
specific families of Proteobacteria, notably the human pathogens in the family
Moraxellaceae. Additionally, there was a trend (P = 0.08) toward increased abundance of
sequences derived from Corynebacteriaceae in responders (Figure 3A). All other core
bacterial families displayed no change in abundance between groups.

E. Circulating bacterial DNA in the perinatal time period correlates with IL-13 production
in response to common aeroallergens

To assess whether differentially abundant families of bacterial DNA in the perinatal
circulation are predictive of the quantity of IL-13, we correlated core bacterial families that
had increased abundances in responders with the amount of IL-13 that was produced
after Der f1 or Bla g2 stimulation. For two of the increased bacterial families in the
responders, Corynebacteriaceae and Moraxellaceae, the DNA abundance significantly
correlated with increased IL-13 production after Der fl stimulation (Figure 3B).
Interestingly, both of these bacterial families (Corynebacteriaceae and Moraxellaceae)
are known to be colonizers and pathogens of the skin, oropharynx, and upper and lower
respiratory tracts (118). There were no significant correlations between any of the four

bacterial families tested with Bla g2—induced IL-13 production.
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There was also a trend (P = 0.08) toward increasing IL-13 production after Der f1
stimulation in Rhodobacteraceae, and no significant correlation with Micrococcaceae
(Figure 3B). Additionally, there were no significant correlations with any of these bacterial
families and the production of IFN-y. This is consistent with previous reports that
increasing IL-13 production in CBMCs does not alter IFN-y production after allergen

stimulation (36).
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Figure 3. Specific bacterial family abundances are increased with the IL-13
response to aeroallergens. A) Normalized counts of bacterial families, with significant
differences between IL-13 nonresponders and responders. Groups are shown as median
with interquartile range. Counts were log10 transformed with a pseudocount of one added
for visualization of samples with zero counts. *P < 0.05, Mann—-Whitney U test. B) Scatter
plots of normalized counts of bacterial families with corresponding cord blood
mononuclear cell IL-13 production after allergen stimulation. Only samples with an IL-13
response to Der f1 (solid square) or Bla g2 (open square) are displayed. Linear regression
of IL-13 responders is shown as a solid line, and 95% confidence intervals are shown as
dashed lines for Der f1 (black) or Bla g2 (gray) response. *P < 0.05.
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F. The Moraxellaceae to Proteobacteria ratio Is predictive of the IL-13 response to
aeroallergens

To combine our findings into a predictive model of response, we compared the
Moraxellaceae/Proteobacteria ratio with the quantity and presence of an IL-13 response.
Moraxellaceae is a family within Proteobacteria, a diverse phylum of gram-negative
bacteria, and this ratio represents the percentage of Proteobacteria that is derived from
the family Moraxellaceae. The Moraxellaceae/Proteobacteria ratio was chosen to
reconcile the fact that Proteobacteria was increased in IL-13 nonresponders, yet
Moraxellaceae was increased in abundance in IL-13 responders and its abundance
correlated positively with 1L-13 production.

We found that the Moraxellaceae/Proteobacteria ratio was positively correlated with
IL-13 production after Der fl1 or Bla g2 exposure. Additionally, an increasing
Moraxellaceae/Proteobacteria ratio was significantly associated with a greater probability
of an IL-13 response after Der f1 exposure, and there was a trend (P < 0.1) toward greater
probability after Bla g2 exposure. These associations were specific to aeroallergen
exposure and the IL-13 response. We observed no significant associations when we
assessed for IFN-y response or IL-13 production after exposure to media or
phytohemagglutinin (Table 1). We observed that there were two genera that composed
the reads annotated in Moraxellaceae: Acinetobacter and Enhydrobacter. In IL-13
nonresponders and responders, 7 of 12 and 9 of 9 samples with detectable
Moraxellaceae, respectively, had > 50% of the Moraxellaceae reads assigned to

Acinetobacter (P < 0.05, Fisher’s exact test).
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B Cl [95%] R? D
TIFN-y
Media -3.483 - 9.155t0 2.189 0.060 0.217
PHA 1.5e3 - 1038 to 4162 0.058 0.228
Bla g2 46.91 - 41.61to 135.4 0.045 0.285
Der f1 298.8 - 199.7 to 797.3 0.057 0.228
fIL-13
Media 6.509 - 2.797 to 15.82 0.077 0.162
PHA -102.1 - 1350 to 1146 0.001 0.868
Bla g2 7.667 1.085 to 14.25 0.187 0.024
Der f1 19.96 5.595 to 34.33 0.247 0.008
B SE p
HIFN-y
Media 0.320 1.619 0.843
PHA 3.240 3.038 0.286
Bla g2 0.821 1.894 0.665
Der f1 0.116 1.898 0.951
tL-13
Media 2.362 1.892 0.212
PHA < 0.001 >1.0e5 1.000
Bla g2 13.57 8.093 0.093
Der f1 5.550 2.503 0.026

Table 1. Association of Moraxellaceae to Proteobacteria ratio with cytokine
production determined by univariate linear regression and logistic regression. T
Concentrations of cytokines treated as continuous variables and modeled using linear
regression. TT Concentrations of cytokines treated as dichotomous variables and modeled

using logistic regression.
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G. Serum DNA microbial diversity Is associated with serum IL-13 cytokine concentrations

To assess the effect of the serum DNA microbial composition on in vivo Th1 and Th2
cytokine concentrations, we correlated the Moraxellaceae/Proteobacteria ratio with IL-4,
-5, -13, and IFN-y. We did not observe any significant associations between the cytokines
and the Moraxellaceae/Proteobacteria ratio. To determine whether there is an association
between diversity and cytokine concentrations, we correlated IL-4, -5, -13, and IFN-y with
Fisher's a parameter. Similar to our previous findings with allergen-stimulated CBMCs,
IL-13 concentrations were significantly associated with Fisher's a parameter. There was
also a trend (P = 0.08) toward an association between IL-4 and Fisher's a parameter.
There were no significant associations between IL-5 or IFN-y and Fisher's a parameter.

H. Lower perinatal exposure to Proteobacteria is an independent predictor of early
childhood wheezing

We postulated that perinatal risk factors for asthma would be associated with early
exposure to bacteria or bacterial products. To do so, we assessed circulating-free
bacterial DNA (cfoDNA) in umbilical cord blood from mother-child pairs from Project Viva,
a longitudinal study from birth through childhood (75). To assess cfbDNA we utilized 16s
rRNA sequencing of the V1-3 region from circulating DNA isolated from umbilical cord
blood serum. Of the 27 individuals in the cohort only four subjects reported doctors
diagnosis of asthma, therefor we chose to assess association between cfbDNA
composition, common risk factors for asthma, and asthma associated physiologies. We
assessed associations between clinical features and cfbDNA composition. Of the
demographcics tested, only maternal atopy was associated (P = 0.07, R? = 0.17) with the

composition of cfoDNA (Fig. 4A). The four top abundant phyla were compared between
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children of atopic and non-atopic mothers. Of these four phyla, only circulating
Proteobacteria DNA was significantly different. Specifically, children of non-atopic
mothers demonstrated increased Proteobacteria DNA as compared to children of atopic
mothers (P < 0.05) (Fig. 4B).

Two lines of evidence suggest that abundance of Proteobacterial cfbDNA is related
to risk of asthma; lower abundance is associated with offspring of atopic mothers (shown
in this study) and with offspring who have increased likelihood of Th2 responses to
common aeroallergens. Children who had at least one response to annual questionnaire
were assessed for Proteobacteria abundance. Proteobacteria was dichotomized by
greater or less than the median and its association with wheezing within the first seven
years after birth using Cox proportional hazards models (Table 2). Lower exposure to
Proteobacteria was associated with an increased risk of wheezing in a univariate model
(HR (95%Cl) = 3.60 (1.70-7.64), P < 0.001). To assess if this association was
independent of maternal atopic status, we adjusted for maternal atopy. Lower exposure
to Proteobacteria was associated with an increased risk of wheezing in the multivariate
model (aHR (95%CIl) = 2.80 (1.46-5.36), P < 0.01). Children were evaluated by pulmonary
function tests at mid-childhood follow up (median age 8.0 years, n = 9), and exposure to
lower Proteobacteria trended towards an association with increased bronchodilator

responses at mid-childhood (P = 0.06).
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Figure 4. Maternal atopy is associated with composition of cfoDNA and lower
Proteobacteria cfoDNA. A) unique fraction method (UNIFRAC) pairwise distances are
shown for distances between children with atopic mothers and those without (between),
and the within-group distances for children of atopic mothers (atopic, n = 9) and those of
nonatopic mothers (nonatopic, n = 17). P < .05 was considered statistically significant,
Kruskal-Wallis pre hoc test or Dunn's post hoc test. B) Abundance of Proteobacteria
displayed as normalized counts for samples from nonatopic and atopic mothers. P < .05
was considered statistically significant, Mann-Whitney U test.
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B SE P 95%CI Rt

Imputed*
Univariate 1.283 0.383 0.001 (0.533, 2.032) 0.433
Adjusted? 1.030 0.331 0.002 (0.381, 1.679) 0.511
No Missing Data**
Univariate 1.466 0.956 0.125 (-0.407, 3.339)
Adjusted? 1.382 1.058 0.191 (-0.692, 3.496)
Imputed Wheeze'
Univariate 0.910 0.496 0.066 (-0.061, 1.881)
Adjusted*  0.793 0.523 0.129 (-0.230, 1.815)
Imputed Non-Wheeze”
Univariate 1.619 0.625 0.010 (0.395, 2.843)
Adjusted*  1.309 0.662 0.048 (0.011, 2.607)

Table 2. Associated risk for low Proteobacteria cfoDNA exposure and time to first parental
reported wheezing event. T R is estimated relative increase in variance due to nonresponse. t
Adjusted for maternal atopy. * Only subjects with complete questionnaire responses from year 1
to 7. N = 6 and N = 5 for Proteobacteria > and Proteobacteria < the median, respectively. T All
missing data was reported as wheezing event. # All missing data reported as non-wheezing event.
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CHAPTER 4
DETERMINING PERINATAL IMMUNE MEDIATORS OF CHILDHOOD ASTHMA RISK
* This chapter’s text, tables, and figures contain portions of work that is reprinted from:
Turturice BA, Theorell J, Koenig MD, Tussing-Humphreys L, Gold DR, Litonjua AA,
Oken E, Rifas-Shiman SL, Perkins DL, Finn PW. Perinatal granulopoiesis and risk of
pediatric asthma. Elife. 2021 Feb 10;10:e63745. doi: 10.7554/eLife.63745. PMID:
33565964; PMCID: PMC7889076.
A. Rationale

While Th2 driven inflammation has been recognized as important to pathogenesis
of asthma in childhood, asthma is highly heterogeneous disease with regards to the
physiology, inflammation, and severity (1). It has been recognized that not all individuals
have signs of Thz inflammation (32). These individuals usually display later onset asthma,
yet this does not preclude children with asthma from showing signs of non-Thz
inflammation. Importantly, even with Th2 type asthmatics there are further delineations
between those with more eosinophilic asthma and those mediated by the effects of IL-
4/13 on the bronchial epithelium (32).

With regards to childhood asthma, there is limited understanding in which
pathways lead to asthma and not just Th2 or allergic inflammation. Many of the strongest
genetic associations with risk have been shown in genes that exist outside the Th2
pathway, such IL18R1, GSDMA, GSDMB, and SMAD3 (10). Additionally, a large
proportion of asthma risk factors can be determined at or around the time of birth. Meta-
analysis of CBMC methylation has indicated that differences exist in methylation of non-

Th2 associated genes (46). This indicates that there are likely immunologic differences at
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birth between individuals who will or will not develop asthma in childhood, and that these
differences largely exist outside Thz inflammation.

We hypothesize that assessing transcriptomic changes in CBMCs will allow for the
identification of pathways, cell types, and genes that are associated with childhood
asthma. A naive approach would be to assess transcription differences between a child
that does or does not develop asthma. This assumption ignores that there are many
postnatal risk factors for asthma that may influence development of disease. The
approach taken here focuses on identifying transcription differences that are associated
with pre/perinatal risk profiles. This will allow for the elucidation of transcriptional

differences that are associated with susceptibility to asthma.

B. Pre/perinatal risk factors for childhood asthma are additive in effect

To elucidate whether the simplistic view that greater number of pre/perinatal risk
factors corresponds to greater risk for childhood asthma, questionnaire responses
ascertaining whether a physician provided a diagnosis of asthma within the first 7 years
of life were assessed in relationship to the number of risk factors in mother-child dyads
from Project Viva, a longitudinal study from birth (75). Risk factors assessed were as
follows: cesarean section, pre-term birth, small for gestational age, maternal smoking
during pregnancy, race (black or Hispanic), maternal atopy, and maternal pre-pregnancy
obesity. As expected, with increasing number of risk factors there was an increasing
proportion of individuals who were diagnosed with asthma during childhood (Figure 5A).

The odds of having asthma was linearly associated with the number of risk factors,
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indicating that risk factors have an additive effect and potentially share a common
mediator of risk (Figure 5B).

A common mediator of risk was hypothesized to be differences in the immune
system and was assessed as changes in peripheral leukocyte populations at birth.
Specifically, cord blood mononuclear cells (CBMCs) were assessed, as these have been
thoroughly studied with regards to cytokine production and DNA methylation in
relationship to later development of asthma (36, 37, 45, 46, 114). To increase power and
generalizability, a meta-analysis was performed of existing CBMC transcriptomic profiles
and used as a comparator with a cohort collected at University of lllinois Hospital (referred
here after as UIH cohort) (Figure 5C). This approach was hypothesized to reveal

transcriptional changes associated with low or high risk of asthma.
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Figure 5. Pre/Perinatal risk factors for childhood asthma produce additive effect
and approach for mediator discovery. A) Bar plot displaying the percentage of
individuals reporting a physician’s diagnosis of asthma within years 1-7 after birth
(childhood asthma) in relation to number of pre/perinatal risk factors. B) Odds Ratio for
childhood asthma corresponding to number of pre/perinatal risk factors. Pre/perinatal risk
factors assessed were as follows: preterm, small for gestational age, race (Black or
Hispanic), maternal pre-pregnancy obesity, maternal atopy, maternal smoking during
pregnancy, male, and Cesarean-section mode of delivery. C) Overview of approach used
to discover mediators of risk in cord blood mononuclear cells.
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C. Meta-analysis of CBMCs identifies transcriptional changes in nuclear and innate
immunity genes are associated with asthma risk profile

NCBI's Gene Expression Omnibus database was queried and 17 data sets that
contained relevant metadata, including information about pre/perinatal risk factors, were
identified (Table 3). Univariate random effects models were used to assess transcriptional
changes with regards to fetal sex, gestational age, newborn weight, and maternal pre-
pregnancy BMI. As expected several genes were identified to have large transcriptional
changes when comparing sex and gestational age. With regards to sex-associated
transcriptional changes, although there was no significant enrichment of genes located
on sex chromosome, several genes located on X (KDM5C, SMC1A, TXLNG, and
KDM6A) and Y (KDM5D and EIF1AY) sex chromosomes had the largest effect sizes
along with the most significant differences (Figure 6A). In addition to expected sex-
associated transcriptional changes, HBE1, a hemoglobin subunit associated with fetal
erythropoiesis, was significantly associated with pre-term gestational ages (Figure 6B).
Differential expression was observed in 717, 361, 90, and 89 genes when comparing fetal
sex, gestational age, birthweight, and maternal pre-pregnancy BMI respectively (Figure

7A).
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Agilent-028004 SurePrint G3 Human GE 8x60K Sex, Gestational Age, Birth Transcriptome changes affecting hedgehog and cytokine signalling
GSE37100| GPL14550 Microarray (Probe Name Version) 38 weight Singapore in the umbilical cord in late pregnancy: implications for disease risk
cses3473| epL13667 [HG-U219] Affymetr:fr :lt;man Genome U219 128 Sex, Gestational Age Finland Standard of hygiene and immune adaptation in newborn infants
cse21342| cpLeoa7 lllumina HumanHT-12 V3.0 expression beadchip 37 Maternal PP_BMI USA Materna! |nf|uen_ces‘0n the tra‘nsmlssmn of leukocyte gene
expression profiles in population samples (mother and child)
csezeazsl cpLega7 lllumina HumanHT-12 V3.0 expression beadchip 8 Gestational Age, Birth weight USA Genome-wide analysis of gene expresspn levels in placenta and
cord blood samples from newborns babies
cse4s3sal cpLissss [HuGene-2_0-st] Affynr_]etrlx Human (_Bene 20ST a8 Sex, Gestathnal Age, Birth Mexico Prenatal_ arsenic exposure and the epigenome: altered gene
Array [transcript (gene) version] weight expression profiles in newborn cord blood
cses3seol  cpLos [HG-U133A] Aﬁymetri:r rHaL;/man Genome U133A 16 Excluded USA Fetal transcripts in maternal blood
[HG-U133_Plus_2] Affymetrix Human Genome Excluded Gene expression study reveals compromised Pattern Recognition
GSE29807| GPL570 U133 Plus 2.0 Array 12 India Receptors and Interferon Signaling in fullterm Low birth Weight
newborns
csesis46| cpL10558 lllumina HumanHT-12 V4.0 expression beadchip 12 Excluded Finland r;t;:;illl-tizl;etes induced gene expression changes in the
GsEz2420] epL570 [HG-U133_Plus_2] Affymetrix Human Genome 29 Excluded Slovakia Expression data from OMonth (New Born) Slovak Children with high
U133 Plus 2.0 Array PCBs exposure
cse7967 | epLs70 [HG-U133_Plus_2] Affymetrix Human Genome 65 Excluded Thailand Act|v§t|on of inflammation and nfkb signaling in infants born to
U133 Plus 2.0 Array arsenic exposed mothers
GSE25504] GPL570 [HG-U133_Plus_2] Affymetrix Human Genome 20 Sex United Kingdom Whole blood mRNA expression profiling of host molecular networks

in neonatal sepsis

Table 3. Gene Expression Omnibus Data Sets Identified for Use in
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Figure 6. Representative genes that have known associations with asthma risk
factors. Gene expression and forest plot of effect sizes from individual studies
demonstrating associations between A) EIF1AY — Fetal Sex and B) HBE1 — Gestational
Age.
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To identify biological processes enriched in genes with transcriptional changes
associated with higher or lower risk of asthma, the z-statistics from the meta-analysis
were averaged such that negative z-statistics were associated with lower risk (female,
older gestational ages, higher birthweights, and lower maternal pre-pregnancy BMI) and
positive z-statistics were associated with increased risk. This averaged z-statistic was
used as a pre-ranked list for gene set enrichment analysis, GSEA (Figure 7B) (104). GO
terms were assessed for enrichment, 41 and 31 GO terms were significantly enriched
(FWER adjusted p-value < 0.1) with regards to low and high risk profiles, respectively. To
identify pathways and genes that were most associated with the biological signal and
least redundant, mutual information networks for genes and GO terms was constructed
from leading edge genes and significantly enriched GO terms. Genes with the highest
closeness centrality and absolute z-statistics should correlate with GO terms that have
high neighborhood connectivity, thus allowing for identification of biological processes
associated with increased or decreased risk. Specifically, increased expression of
ribosomal proteins (RPS14, RPS27A and RPS15A) and RNA interacting proteins (DDX1,
TRMT112, MPHOSPH10, TSR2, and TARBP2) were associated with higher asthma risk
(Figure 7C). This matched the ranked importance of GO terms associated with higher
asthma risk, as GO terms involving translation and RNA modifying proteins were ranked
the highest (Figure 7D). Genes associated with the lower risk were related to innate
immune processes such TLR signaling and IL1 secretion (Figure 7C-D). Specifically
PYCARD, IL1B, and TLR2 are key components of these pathways. As confirmation that
these gene sets show associations with risk profiles and are not dependent on a single

risk factor, z-statistics of leading edge genes from each data set were compared in the
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meta-analysis. Low and high risk genes displayed similar behavior to the averaged z-
statistic, with the exception of the low risk genes when comparing z-statistics in the model
assessing maternal pre-pregnancy BMI (Figure 8A). These findings suggest that lower
risk individuals have increased expression of genes involved in innate immune signaling
and defense, whereas high risk individuals have increased expression of genes involved

in translation.
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Figure 7. Meta-Analysis identifies gene expression signatures related to childhood
asthma risk profile. A) Volcano plots displaying relationship between effect size and —
log1o(p-value). Points are colored by I? values (0-100%, blue-red). Each plot displays a
single univariate test for one risk factor. B) Gene specific Z-statistics for each univariate
were averaged to create gene association profile with high or low risk for childhood
asthma. Association profiles were assessed for enrichment of GO terms using GSEA. C)
Dot plot displaying to association of leading edge genes from significantly enriched GO
terms average Z-statistics and closeness centrality. D) Significantly enriched GO terms
ranked by their neighborhood centrality.
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D. Validation of meta-Analysis identifies neutrophil development signature associated
with asthma risk

To confirm the theoretical findings of gene expression changes associated asthma
risk stratification, z-statistics were compared from the meta-analysis with a cohort of
individuals in which common pre/perinatal risk factors were determined. Four different
regression models were compared to the meta-analysis to identify genes that replicated
between the meta-analysis and mRNAseq of the UIH cohort. Model 1 used maternal
obesity, male, low birth weight (< 3000 g), pre-term birth, maternal allergy/asthma,
caesarian section, and maternal smoking as risk factors. Model 2 used maternal obesity,
male, low birth weight, and pre-term birth as risk factors. Model 3 used the same
demographics as Model 1 minus maternal smoking as risk factors. Model 4 used the
same demographics as Model 1 plus ethnicity/race (Black or Hispanic) as risk factors.
We used a non-parametric statistic for ranking replication, the product of the z-statistic
meta-analysis and z-statistic mMRNAseq (Figure 8B). Genes with a replication score
greater than two were identified as significantly replicating. Of the four models, z-statistics
in model 2 had the strongest correlations between the UIC cohort and meta-analysis
(Figure 8C). This is consistent with model 2 assessing the same risk factors as the meta-
analysis, whereas the other models included other risk factors, such as maternal smoking
and atopy.

Across all four models tested there was a set of genes that replicated highly
(replication score > 3.5) with low risk (CEACAM8, CAMP, RNASE2, MS4A3, SRGN,
PGLYRP1, PTX3, CHI3L1, SLPI, and PADI4) and with high risk (MTURN, FANK1,
VPS28, ELOVL6, CNPPD1, and HBE1). There were several genes identified in the

network analysis that had high replication (TARBP2, LILRB2, TNFRSF1A, CXCL16,
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PYCARD, and C5AR1), thus validating the network analysis as an assessment tool. For
further analysis model 4 was used as a comparator to the meta-analysis (Figure 9A). To
test if the replicating genes were associated with the number risk factors, significantly
replicating genes were decomposed into an eigenvector, where negative eigenvalues
represent increased expression of low risk genes and positive eigenvalues represent
increase expression of high risk genes (Figure 9B, C). It was observed the eigenvalue of
the replicating genes was significantly associated (p-value < 0.01) with number of
pre/perinatal risk factors in the UIH cohort.

To evaluate which gene sets were enriched in significantly replicating genes, GO
term enrichment was performed. Top 10 significantly enriched (Bejamini-Hochberg
adjusted p-value < 0.1) GO terms for high and low risk replicating genes are displayed
(Figure 9D). Genes with increased expression in low risk individuals were highly enriched
for GO terms involved in early neutrophil development. The data used for assessment of
transcriptional changes is derived from pooled cell populations, therefore transcriptional

differences are likely driven by differences in cell populations.
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Figure 9. Replication identifies gene signature associated with early neutrophil
development. A) Dot-plot displaying replication between Meta-analysis and mRNAseq
Z-statistics. Red dots and labeled dots indicate those with non-parametric replication
score greater than two and 3.5 respectively. B) Heatmap showing gene expression,
displayed a z-scores, per sample. Samples a ranked from lowest to highest number of
risk factors and genes grouped by association with low or high risk (grey or black). C)
Correlation between number of risk factors and eigenvalue of gene signature. D)
Association between umbilical cord blood serum PGLYRP-1 abundance and eigenvalue
of gene signature. E) GO term enrichment associated with low and high risk genes.
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To determine if these changes are due to differences in neutrophil abundance,
CyTOF data published by Olin et al. underwent secondary analysis for neutrophil
abundance in relationship to number of pre/perinatal risk factors (133). Neutrophil
abundance significantly decreased with increasing number of risk factors (Figure 10A).
To confirm and expand on these findings, reported umbilical cord plasma protein
abundance data was correlated with number of risk factors. Genes that replicated with
low risk had, on average, negative correlations with number of risk factors (Figure 10B).
Several of the proteins (IL-18, PGLYRP-1, IL-6Ra, MMP-9, and OSM) had strong
correlations with both neutrophil abundance and number of risk factors (Figure 10B, C).
Umbilical cord serum PGLYRP-1 was significantly associated with eigenvalue of asthma
risk signature genes in the UIH cohort (Figure 10E). Thus, umbilical cord serum

PGLYRP-1 may represent novel biomarker for asthma risk and neutrophil development.
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Figure 10. Cellular and plasma proteomic differences associated with asthma risk
factors. All data are a re-analysis of publicly available data from Olin et al. (133). A)
Percentages of neutrophils in cord blood were transformed using centered log-ratios and
correlated with the number of risk factors. B) Pearson’s correlation coefficients, R, for
plasma protein concentration and number of risk factors displayed for low risk associated
proteins (blue) and all other proteins (red). Proteins with |R| > 0.5 are displayed with text.
C) Plasma proteins with R > 0.5 for correlations with cord blood neutrophil abundance
and R < -0.5 with risk factors for asthma.
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E. Umbilical cord serum PGLYRP-1 concentration is associated with odds of childhood
asthma and pulmonary function differences

PGLYRP-1 concentration in umbilical cord serum was evaluated in Project VIVA
to determine its relationship to longitudinal outcomes. The demographics of the subset of
individuals from Project VIVA in which umbilical cord serum was available demonstrated
a similar relationship between number of risk factors and proportion of individuals with
childhood asthma (Table 4). The distribution for the concentration of PGLYRP-1 was right
skewed, therefore it was log-transformed and scaled for the use in all regressions. There
were no differences in the distributions between plates or cohorts. Asthmatic individuals
within Project VIVA cohort were more often male (71 vs. 50%), pre-term (12 vs 2%),
exposed to smoking during pregnancy (10 vs. 5%), identified as Black or Hispanic (31 vs.
16%) and offspring of atopic (40 vs. 32%) and pre-pregnancy obese (17 vs. 13%)
mothers.

To evaluate if PGLYRP-1 was associated with specific risk factors, univariate
regressions were performed (Figure 11A). Males, preterm births and individuals born by
Cesarean section were associated with lower concentrations of PGLYRP-1. PGLYRP-1
was modeled as a predictor for physician diagnosed asthma and current asthma at mid-
childhood (median age ~7.7 years old) and early-teen (median age ~12.8 years old)
(Figure 11B, C). The abundance of PGLYRP-1 was significantly associated with
physician diagnosed asthma and current asthma at mid-childhood (aOR [95% CI]: 0.429
[0.265-0.693], p-value < 0.001 and 0.444 [0.267-0.737], p-value < 0.01, per 1SD
increase). PGLYRP1 was not associated with physician diagnosed asthma or current
asthma at early-teen (aOR [95% CI]: 0.720 [0.481-1.078], p-value = 0.110 and 0.628

[0.294-1.339], p-value = 0.220, per 1SD increase). To identify moderating co-variates,
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subset analysis was performed (Figure 11D). Small for gestational age and children
identifying as other race subset of individuals displayed significantly different associations
between PGLYRP-1 and mid-childhood asthma. Maternal smoking during pregnancy and
maternal race identifying as other trended to have different associations between
PGLYRP-1 and mid-childhood asthma. This suggest that PGLYRP-1’s effect or predictive
role in childhood asthma may be limited in populations with increased maternal smoking,
high rates of low birthweights, and races other than White, Black, or Hispanic.
PGLYRP-1 was measured as a predictor of pulmonary function, measured by
FEV1/FVC and bronchodilator response, at mid-childhood and early-teen follow-up time
points (Figure 11E, F). There was trend towards an association between PGLYRP-1
concentration and FEV1/FVC at mid-childhood (ap [SE]: 0.015 (0.007), p-value =0.055,
per 1SD increase). Similar to FEV1/FVC associations at mid-childhood, there was
significant association between PGLYRP-1 and FEV1/FVC at the early-teen follow up (a3
[SE]: 0.012 (0.005), p-value < 0.05, per 1SD increase). However, there was no
association with bronchodilator response at either time-point. These findings indicate that
the concentration PGLYRP-1 in umbilical cord serum is associated with probability of
asthma at mid-childhood and expiratory flow throughout childhood and early teenage
years. Umbilical cord serum slIL-6Ra, which was highly correlated with neutrophil
abundance, was significantly associated with PGLYRP-1 (a8 [SE]: 0.191 (0.055), p-value
< 0.001, per 1SD increase). Unlike PGLYRP-1, sIL-6Ra was not significantly associated
with asthma outcomes or pulmonary function tests at any time-point. Taken together with
the transcriptomic results, this suggest that the abundance of neutrophil vesicular proteins

in umbilical cord serum are the most directly associated with risk for asthma.
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No Response No Asthma Asthma

N 128 188 42

Mother

Pre-pregnancy BMI category, kg/m 2, %

. Underweight (<18.5) 7 0.05 7 0.04 1 0.02
. Normal (18.5-<25.0) 73 0.57 114 0.61 27 0.64
. Overneight (25.0-<30.0) 29 0.23 42 0.22 7 0.17
. Obese (>=30.0) 18 0.14 24 0.13 7 0.17
Pre-pregnancy BMI, kg/m ? 24.76 5.23 24.41 4,99 25.02 5.20
Race/ethnicity, %

. White 93 0.73 136 0.72 26 0.62
. Black 20 0.16 20 0.11 7 0.17
. Hispanic 6 0.05 7 0.04 6 0.14
. Other 7 0.05 25 0.13 3 0.07
>= college graduate, %

. No 53 0.41 59 0.31 16 0.38
. Yes 73 0.57 129 0.69 26 0.62
History of atopy, %

. No 78 0.61 128 0.68 25 0.60
. Yes 48 0.38 60 0.32 17 0.40
Any antibiotics during pregnancy, %

. No 81 0.63 137 0.73 32 0.76
. Yes 47 0.37 51 0.27 10 0.24
Pregnancy smoking status, %

. Never 82 0.64 141 0.75 30 0.71
. Former 21 0.16 35 0.19 8 0.19
. During pregnancy 25 0.20 9 0.05 4 0.10
Maternal smoking during pregnancy, 6m or 1y, %

. No 102 0.80 177 0.94 38 0.90
. Yes 26 0.20 11 0.06 4 0.10
C-section, %

. No 104 0.81 151 0.80 36 0.86
. Yes 24 0.19 37 0.20 6 0.14
Child

Gestational age, weeks, mean (SD)  39.59 1.29 39.83 1.52 39.18 2.30
Gestational age category, %

.<37w 4 0.03 4 0.02 5 0.12
. 37-<42 w 122 0.95 179 0.95 37 0.88
. >=42 w 2 0.02 5 0.03 0 0.00
BW for GA z-score, mean (SD) 0.24 0.90 0.30 0.95 0.35 0.95
Sex

. Male 67 0.52 94 0.50 30 0.71
. Female 61 0.48 94 0.50 12 0.29
Child race/ethnicity, %

. White 93 0.73 128 0.68 23 0.55
. Black 20 0.16 24 0.13 8 0.19
. Hispanic 6 0.05 6 0.03 5 0.12
. Other 7 0.05 30 0.16 6 0.14

Table 4. Demographics of Project VIVA cohort dichotomized for mid-childhood
asthma.
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Figure 11. Increased umbilical cord blood serum PGLYRP-1 is associated with
reduced odds of childhood asthma and increased FEV1/FVC. A) Regression effect
estimates between pre/perinatal risk factors and PGLRYP-1 abundance z-scores.
PGLYRP-1 concentration in umbilical cord blood serum in relationship to B) childhood
asthma and C) early-teen asthma. D) Subset analysis for all covariates used in regression
models. Odds ratios displayed for univariate association between PGLYRP-1 z-score and
childhood asthma. PGLYRP-1 concentration in umbilical cord blood serum in relationship
to FEV1/FVC and bronchodilator response at E) mid-childhood and F) early-teen.
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F. Pre/perinatal risk and Umbilical cord serum PGLYRP-1 concentration are associated
with reduced CBMC proliferative responses to common aeroallergens

CBMC proliferative response have previously been associated with cytokine
production in response to allergen stimulation, other risk predictors of asthma (e.g. poly-
unsaturated fatty acids), and risk of persistent wheezing (114). As expected, increasing
number of pre/perinatal factors was significantly correlated with proliferation in response
to Der f1 (o = 0.161, p-value < 0.05) and Bla g2 (o = 0.161, p-value < 0.05), but not to
phytohemagglutinin (PHA) or ovalbumin (OVA) stimulation (Figure 12A). PGLYRP-1
concentrations were significantly associated with CBMC proliferation after Der f1 (o = -
0.149, p-value < 0.05) stimulation (Figure 12B).

To expand on the finding that PGLYRP-1 concentrations were associated with
CBMC proliferative responses to a protein antigen, a cellular correlation network derived
from reanalysis of a previously published CyTOF data set from umbilical cord and
peripheral blood leukocyte populations at birth, 1 week, and 12 weeks after birth was
evaluated (133). There were strong negative correlations between myeloid populations
(e.g. neutrophils, CD14+ monocytes, plasmacytoid dendritic cells) and memory T-cell
populations (Figure 13A). Cord blood neutrophil abundances were significantly
associated with CD8+ effector memory abundance dynamics after birth, and individuals
with high abundances of neutrophils showed significantly reduced CD8+ effector memory
T-cell abundances at birth, 1 week, and 12 weeks after birth (Figure 13B). This suggests
myeloid populations present at birth are capable of suppressing adaptive immunity

several months after birth.

64



log2FC CPM over Media
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proliferation, as measured by H3-thymidine incorporation, in response to stimulation with
phytohemagglutinin, ovalbumin, Der f1, or Bla g2. B) Association between umbilical cord
blood serum PGLYRP-1 concentration and cellular proliferation, as measured by H3-
thymidine incorporation, in response to stimulation with phytohemagglutinin, ovalbumin,
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Figure 13. Cellular dynamics of peripheral leukocytes during early life. All data are a re-analysis of publicly available
data from Olin et al. (133). A) Heatmap of Peason’s correlation coefficients between whole blood cell populations at birth,
1, and 12 weeks. Red boxes are highlighting cell population’s interactions of interest. B) Samples were dichotomized by the
median abundance of cord blood neutrophils. Effector memory (EM) and central memory (CM) T-cell populations were
assessed at birth, 1, and 12 weeks in greater or less than median abundance of cord blood neutrophil groups. P < 0.05 was

considered statistically significant, Mann-Whitney U test.
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G. Bacterial taxa in the maternal third trimester fecal microbiome are associated with
umbilical cord serum PGLYRP-1 and neutrophil development signature in CBMCs

Difference in maternal fecal microbial compositions and diet, a major driver of gut
microbiome composition, have been associated with wheezing illness in children (126).
Fecal material in a subset of mothers in the UIH cohort was collected in the third trimester
and assessed for microbial composition. There were no significant associations between
a- or B-diversity and umbilical cord serum PGLYRP-1 or CBMC neutrophil development
signature. Abundance of individual taxa were tested for associations with umbilical cord
serum PGLYRP-1 and CBMC neutrophil development signature. Two genera of bacteria,
Clostridium and Ruminococcus, had significant associations (GBH adjusted p-value <
0.05) with the concentration of PGLYRP-1 (Figure 14A). Both genera had species that
had positive or negative associations with the concentration of PGLYRP-1. Highlighting
this finding are Rumininoccus albus and sp. SR1/5, which were both found to be highly
abundant and prevalent, yet had opposite associations with the concentration of
PGLYRP-1. In contrast, only one genera, Bacteroides, had significant associations (GBH
adjusted p-value < 0.05) with the neutrophil development signature (eigenvalue) identified
in CBMCs (Figure 14B). Both highly abundant species, Bacteroides vulgatus, and low
abundant species, Bacteroides uniformis, showed significant associations with increasing
eigenvalue. This indicates that the abundance of Bacteroides is associated with reduced

representation of mature neutrophil transcripts in CBMCs.
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Figure 14. Abundance of maternal third-trimester fecal Clostrdium, Ruminococcus,
and Bacteroides species have significant associations with PGLYRP-1 abundance
and neutrophil development signature. Species with significant, GBH adjusted p-value
< 0.05, association between bacterial abundance (rlog transformed counts) and A)
PGLYRP-1 concentration or B) eigenvalue of asthma risk gene signature. Representative
associations shown for PGLYRP-1 and eigenvalue.
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CHAPTER 5
ASSESSING THE RELATIONSHIP BETWEEN PERINATAL MICROBIAL EXPOSURE
AND IMMUNITY
A. Rationale

Recent literature suggests that exposure to microbial products may occur
throughout in utero development (48, 64, 125, 126). Previously, we have shown that there
is bacterial DNA that circulates in umbilical cord blood. The composition of this circulating
bacterial DNA is associated with Th2 responses to allergens and early childhood
wheezing. This data suggests that cfoDNA may have utility as biomarker for asthma in
childhood.

Compositional approaches such as current methods for 16s rRNA sequencing
have several limitations including that these approaches are not quantitative. Additionally,
there have been serious concerns about contaminating sequences and batch effects in
sequencing data that are erroneously associated with outcomes (134-136). There have
been several methods developed to quantitate 16s sequences, including those that
directly perform 16s rRNA gqPCR, spiking-in bacterial sequences expected not to occur in
the microbiome assessed, and spiking-in artificial bacterial sequences (76, 137). Unlike
novel approaches to quantitative methods, batch correction has remained an
underexplored area of sequencing methodologies. One study has identified a
methodology for case-control comparisons but it does appear applicable for other
analysis such as continuous variable or for multiple outcomes (138).

To address these issues, a quantitative spike-in approach using artificial bacterial

sequences was adapted to assess cfbDNA (76). In addition to the goal of quantitation,
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background contamination can be addressed by assessing negative controls with spike-
in fragments. These important modifications to the previously used cfbDNA extraction and
16s rRNA sequencing methods allow for a better estimation of true microbial exposures
at birth. Using the newly adapted method, we hypothesize that the quantitative
abundance of microbial exposures will associate with specific clinical demographics, the
concentration of PGLYRP-1, and risk of asthma in mid-childhood.

B. Synthetic spike-in amplicon approach allows for quantitation of femtogram quantities
of microbial DNA

To test the value of spiking-in synthetic sequences for quantitation of microbial
taxa, three synthetic spike-ins EC5001, EC55001, and CA5501 were mixed with the two
different mock libraries of concentrations varying between (5 ng to 5 fg) at 1000, 100, and
10 copies. The mock libraries contained 20 identical species but the distribution of the
composition between the two varies with one being evenly distributed (every species 5%
relative abundance) whereas the other has a staggered distribution (species vary from
18-0.8%).

The total amount of spike-in was observed to a negative log-linear relationship with
the starting material (Figure 15A). This indicates that as the starting concentration of
microbial DNA decreases there is increased representation of the spikes with composition
of 16s rRNA amplicon reads. It was observed that the 10 copy spike was inconsistently
detected (Figure 15B), indicating incomplete sampling of low abundant taxa/spikes,
which do not have a consistent sampling pattern, is not related to starting quantity. Most
importantly, compositional differences, assessed by unweighted and weighted UNIFRAC

distances, were maintained between the two mock libraries types (Figure 16).
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Unweighted UNIFRAC distances showed an overlap of the two mock libraries, indicating
that the same taxa made up their compositions, whereas weighted UNIFRAC
demonstrated two distinct compositions. In assessing UNIFRAC distances, both mock
libraries were easily distinguishable from negative controls. Although, the lowest dilution

(5 fg) was observed to more similar to the negative control that other dilutions.
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Figure 16. Compositional effects of dilution and spike-ins in mock library
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their starting concentration of mock library and shaped by their library type: even (E),
staggered (S), or negative (N).
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C. Clinical Determinants of Microbial Exposures

406 samples were sequenced that included 342 cord blood samples and 64
negative controls. Of the 406 samples 249 samples had a least 3 of spikes detected and
the spikes displayed log linear relationship. Notably, the majority of samples that were
exclude from further analysis were 56 negative controls, largely due to detection of only
one or two spikes suggesting that sampling lower concentration fragments in negative
controls and serum samples is not equivalent. After filtering samples we assessed the
prevalence and mean abundance of taxa detected in serum samples. The majority of taxa
detected were sparse distributed with prevalence less than 10% in all of samples. 41 taxa
were detected with a prevalence above 10% (Figure 17). These taxa represented 4
phyla, Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria. When assessing
the distribution of these 41 taxa among the 249 samples a concerning batch effect was
noted (Figure 18), with several taxa displaying batch associated distributions:
Stenotrophomonas, Shingobium, and Renibacterium. To correct for the batch effect, taxa
were quantitated using mixed model regression estimated by the spike distribution and
then batch corrected using limma (Figure 19). When assessing taxa distributions

afterward, the batch effect was removed (Figure 20).
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Analysis of Similarites (ANOSIM) was performed, assessing p-diversity associated
with different asthma risk factors, and asthma risk factors showed increased
dissimilarities within their risk categories. This indicates that there is not consistent
microbiome composition that is associated with specific risk factor demographics. It was
observed that vaginal delivery was associated with reduced within group B-diversity when
compared to between group and caesarian section dissimilarities (Figure 21). This

indicates that vaginal delivery is associated with specific microbial composition.
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D. Relationship between microbial exposures and umbilical cord serum PGLYRP-1

PGLYRP-1 was shown to be associated with several clinical risk factors for asthma
and a major predictor of asthma at mid-childhood and pulmonary function at mid-
childhood and early teenage years. PGLYRP-1 is believed to be produced predominately
in neutrophils and stimulation with microbial products enhances its release. We
hypothesized that the abundance of cfbDNA detected in umbilical cord blood is
associated with the concentration of PGLYRP-1.

The concentration of PGLYRP-1 was assessed in relationship to copy number of
16s rRNA amplicons. Copy Number was significantly associated with the concentration
of serum PGLYRP-1 (B [95% CI] = 0.12 [0.06-0.17], p <0.001) (Figure 22). This
association was driven by the abundance of Proteobacteria which was also significantly
associated with serum concentration of PGLYRP-1 (B [95% CI] = 0.13 [0.08-0.18], p
<0.001) (Figure 23). There were no significant associations between PGLYRP-1 and
Actinobacteria, Firmicutes, or Bacteroidetes. Further, genera were correlated with the
concentration PGLYRP-1, 6 of 9 genera with significant positive correlations (p < 0.05,
spearman’s correlation) were Proteobacteria: Roseateles, Pseudomonas, Ralstonia,
Delftia, Acinetobacter, and Cupriavidus. Cluster analysis was performed genera using
their spearman’s correlation coefficients with PHA, Der f1, and Bla g2 CBMC stimulation
proliferative and cytokine response, as well as serum concentration of PGLYRP-1 (Figure
24). A cluster of taxa consisting of Roseateles, Pseudomonas, Cupriavidus, and several
other gram negative taxa was identified as having moderate positive correlations serum

PGLYRP-1 and IFN-y concentrations after Der f1 and Bla g2 stimulation. Additionally, this
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cluster had negative correlations with lymphproliferation and IL-13 concentrations after
PHA, Der f1, and Bla g2 stimulation. This data is suggestive that microbial exposures at

birth are influencing Thi and Th2 skewing after foreign antigen exposure.
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Figure 22. Association between umbilical cord blood serum PGLYRP-1
concentration and estimated 16s rRNA copy number. Scatterplot of estimated 16s
rRNA copy number as predictor of PGLYRP-1 concentration in umbilical cord serum using
linear regression. Axis are on logl0 scales. Shaded grey is 95% confidence interval for
estimate.
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CHAPTER 6
DISCUSSION
* This chapter’s text, tables, and figures contain portions of work that is reprinted from:

Turturice BA, Ranjan R, Nguyen B, Hughes LM, Andropolis KE, Gold DR, Litonjua AA,
Oken E, Perkins DL, Finn PW. Perinatal bacterial exposure contributes to IL-13
aeroallergen response. Am J Respir Cell Mol Biol 2017 Oct;57(4):419-427. doi:
10.1165/rcmb.2017-00270C.

And

Turturice BA, Gold DR, Litonjua AA, Oken E, Rifas-Shiman S, Perkins DL, Finn PW.
Lower perinatal exposure to Proteobacteria is an independent predictor of early childhood
wheezing. J Allergy Clin  Immunol. 2019 Jan;143(1):419-421.e5. doi:
10.1016/j.jaci.2018.06.051. Epub 2018 Sep 8.

And

Ozturk AB, Turturice BA, Perkins DL, Finn PW. The Potential for Emerging Microbiome-
Mediated Therapeutics in Asthma. Curr Allergy Asthma Rep. 2017 Aug 10;17(9):62. doi:
10.1007/s11882-017-0730-1.

And

Turturice BA, Theorell J, Koenig MD, Tussing-Humphreys L, Gold DR, Litonjua AA,
Oken E, Rifas-Shiman SL, Perkins DL, Finn PW. Perinatal granulopoiesis and risk of
pediatric asthma. Elife. 2021 Feb 10;10:e63745. doi: 10.7554/elLife.63745. PMID:
33565964; PMCID: PMC7889076.

A. Summary of Results

Recently there has been an increasing understanding of the impact of microbial
exposures and myeloid cells on the development of many western diseases (e.g. asthma,
inflammatory bowel disease and multiple sclerosis). Many studies have assessed
differences that predate symptom development, particularly during the early childhood.
There does appear to be differences in childhood, generally increased environmental
exposure gram negative microbes as well as endogenous exposure to bacteria with more

immunogenic LPS. These exposures are hypothesized to produce increased innate
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imunnity through the production of antimicrobial peptides, increased neutrophils, and Th1
responses.

Interestingly, very few studies have assessed microbial exposures before or
around the time birth. In this study, microbial exposures and immunological differences
associated with asthma risk and asthma risk factors were detected. Increased exposure
to compositions high in Proteobacteria were associated with reduced probability of Th2
responses to common aeroallergens in CBMCs. Using high-throughput transcriptomic
techniques, increased development of early myeloid cells and specifically the
concentration of PGLYRP-1 in umbilical cord blood serum was associated with reduced
risk of asthma. Additionally, increased quantitative differences in Proteobacteria genera
were associated with increased concentration of PGLYRP-1 and Th1 responses to
common aeroallergens. These findings indicate that the differences in microbial
exposures and innate immunity that critical for asthma development can be identified at

birth which is prior to what the majority of the current literature suggests.

B. Exposure to Unigue Microbial Composition and Risk of Th2 responses to allergens and
childhood wheezing

We have demonstrated that a diverse array of bacterial DNA is present within the
perinatal circulation. The bacterial DNA is derived from four main phyla: Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria. Diversity of the taxonomy from which
these sequences were derived was related to whether or not CBMCs produced IL-13 in
response to Der f1 or Bla g2. Additionally, the ratio of Acinetobacter to Proteobacteria

DNA is predictive of IL-13 responses to common aeroallergens. Along with in vitro IL-13
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production in response to cytokines, IL-13 derived from serum significantly correlated with
the diversity of bacterial DNA in serum.

IL-13, an IgE-inducing cytokine, is regulated by environmental factors such as
microbial exposure at later time periods in childhood (139). Even as early as the perinatal
time period, exposure to microorganisms and their products may be important for
generating Th2 responses to foreign antigens, which is important for class switching to
IgE. Allergy to HDM aeroallergens is found in up to 85% of individuals with asthma (111).
In addition to the high prevalence of IgE due to HDM allergens in asthmatics, children
with higher levels of IgE due to HDM allergens are more likely to be susceptible to
respiratory viruses and the development of wheezing (113). Asthmatics have a differential
humoral response to bacterial antigens, specifically those that are induced by Th2
cytokines (e.g., IgE), as well as 1gG1 and IgG4 (119, 140, 141). We speculate that
detection of bacterial DNA may represent exposure to specific bacteria.

Increased HDM-induced IL-13 production was strongly correlated with the
abundance of Acinetobacter relative to Proteobacteria within a sample. Interestingly, in a
study by Fyhrquist and colleagues involving nonatopic individuals (age 13-20 yr),
exposure to Acinetobacter was associated with increased production of IL-10 and Th1
cytokines (142). In the same study, it was observed that in those with high IgE levels to
inhaled allergens, exposure and colonization with Acinetobacter was not associated with
IL-10 and immunoregulatory gene expression. In atopic individuals, Acinetobacter may
be inversely correlated with IL-10 production and expression (65, 142). Our model of the
IL-13 response to aeroallergens predicts that an increasing representation of

Acinetobacter within Proteobacteria enhances the likelihood and quantity of IL-13
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production in response to Der f1 or Bla g2. Thus, both the quantity of Acinetobacter and
the diversity of Proteobacteria are important for determining atopic-like responses to
common aeroallergens. Our observation is similar to a previous finding that in the skin
microbiome, Acinetobacter inversely correlates with IL-10 production, and there is
reduced diversity within Gammaproteobacteria in atopic individuals (65).

There were several limitations to our study that may be addressed in future work.
Future studies could include analyses of additional sites of interest (e.g., maternal serum
and placental tissue) that could provide insight into origins of the bacterial DNA that we
detected. Given our study’s sample size (n = 27), we chose to focus our analyses on the
most abundant bacterial families and phyla. Future work with a larger sample size may
allow for further analysis of rarer bacterial families. Although multiple cytokines may be of
interest in determining T cell phenotypes related to asthma, due to the limited sample
volume, we focused on clinically relevant Th2 (IL-4, -5, and -13) and Th1 (IFN-y) responses.
Although we did not directly detect bacteria, the sequencing of DNA for indirect detection
has been used in other situations, such as detection of fetal and tumor DNA, and bacterial
DNA in serum may represent exposure to those bacteria at other sites on the body (143-
145). Additionally, the detection of specific bacterial DNA within the circulation may be
associated with specific disease states (130).

We demonstrate that the composition and diversity of bacterial DNA in perinatal
cord blood serum correlates with the production of a Th2 cytokine during allergen
challenge to CBMCs and in serum. Notably, we observed stronger associations between
bacterial DNA and IL-13 with an in vitro allergen challenge than in serum. This may be

due to the many potential influences of T cells in vivo. The possible implications for health
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outcomes remain to be determined. For example, we have shown a decrease in diversity
and increase in Proteobacteria in nonresponders. There are differences in diversity and
the abundance of Proteobacteria in bronchoalveolar lavages between asthmatics and
healthy individuals (146-148). Our study adds to the growing picture that there is a
relationship between how individuals respond to allergens and how they are colonized
and respond to their own microbiota. Specific immune responses to allergens may be
predictive of a potential colonization of bacteria later in life and susceptibility to asthma
development. The importance of early-life exposure and interaction with bacteria as early

predictors of asthma and atopy later in life merits further investigation.

C. Decreased Perinatal Innate Immunity and Susceptibility to Childhood Asthma

Recent findings have suggested that immunologic differences are apparent early
in life—prior to the onset of symptoms-- between asthmatics and non-asthmatics (26, 46,
47, 119, 140). Our data suggests that the number of pre/perinatal risk factors is linearly
related to one’s odds of childhood asthma. Here we show that transcriptional changes
associated with pre/perinatal risk are apparent in CBMCs and that PGLYRP-1 umbilical
cord serological concentrations are predictive of childhood asthma. Umbilical cord serum
PGLYRP-1, a neutrophil granule protein, concentration was strongly associated with this
signature and significantly associated with odds of asthma at mid-childhood. Additionally,
PGLYRP-1 was associated with FEV1/FVC in the early-teenage years and trended to an
association at mid-childhood. These findings together suggest that impaired neutrophil

development in early life results in greater risk for asthma in childhood.
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We have identified differences involved in myeloid development as being related
to asthma risk. The gene signature we identified was likely due to differences in
neutrophil/ neutrophil precursor populations at birth. Notably, the key transcription factor
in granule development (CEBP¢), PADI4, (a gene shown to influence the transcription of
CEBP¢), and many neutrophil granule proteins were significantly associated with lower
number of pre/perinatal risk factors (149-152). Additionally, during neutrophil
development, there is a reduction in translational activity and nucleolar size (153). Genes
involved in the high risk signature were enriched for GO terms involved in translation.
Recent findings in meta-analysis of CBMC methylation studies identified a differentially
methylated region upstream of RUNX1, a regulator of CEBPe expression during
myelopoeis, as being associated with asthma development (46, 154). This suggest that
the differentiation state of neutrophils is associated with early-life risk of asthma.

In replicating our meta-analysis, we used a smaller sample size from individuals
living in an urban environment. There is potential that not all risk factors or their additive
effects may have been adequately captured. Though the sample size for validation was
small, PGLYRP1 would still have been identified as differentially expressed in regards to
asthma risk status (p-value < 0.001, BH adj p-value < 0.1) in the UIH cohort. Notably,
PGLYRP1 was associated with fetal sex (after false discovery rate correction), gestational
age, and birthweight in the meta-analysis. These findings were confirmed by assessment
of serum PGLYRP-1 which was found to associate with fetal sex and gestational age.
Additionally, it was observed in three independent cohorts that mode of delivery also
influences serum concentrations of PGLYRP-1. This result was not completely surprising

as umbilical cord blood neutrophil abundance has been previously associated with fetal
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sex, mode of delivery, and gestational age (43). It has been previously reported that
suppressive granulocytic populations, LOX-1+/CD15+, vary with regards to abundance
and function in relation to infant birthweight (155, 156). We observed LOX1 (OLR1) and
LTF replicated between the meta-analysis and the mRNAseq data. Conversely, other
genes associated with suppressive function in granulocytes, S100A9 and PTGS2 did not
replicate and were only associated with asthma risk in the meta-analysis (157).

Importantly, through subset analysis, we identified individuals where serum
PGLYRP-1 concentrations may not be predictive of asthma: small for gestational age,
infants exposed to smoking early in utero, or children who did not identify as White, Black,
or Hispanic. It has been shown that in utero exposure can change abundance and
function of CBMCs (158, 159). Small for gestational age infants are more likely to
experience neutropenia and infectious events (e.g. sepsis or necrotizing enterocolitis)
(160, 161). Thus, functional differences in neutrophils may be explain the lack association
between PGLYRP-1 and childhood asthma in these incidences.

It is not clear whether PGLYRP-1 has a direct casual role in asthma pathogenesis
or if it is merely a biomarker for risk. PGLYRP-1 has antimicrobial function, although the
concentration we observed in cord blood is far below those used for in vitro studies (162-
164). PGLYRP-1 works synergistically in vitro with other antimicrobials (e.g. lysozyme),
SO its potential benefit as antimicrobial cannot be ruled out (163-165). Interestingly,
mammalian PGLYRP-1 ortholog’s appear divergent from ancestral PGLYRPs which
contain enzymatic activity which is believed to be the mechanism of PGLYRPs
antimicrobial mechanism (166). PGLYRP-1 appears to contain some functional activity

as a cytokine as TREM-1 ligand even in the absence of peptidoglycan (167). Several
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mouse studies investigating PGLYRP-1 null mice have reported conflicting results with
regards to disease models. In asthma models null mice appear to be protected against
inflammation whereas atopic dermatitis and inflammatory bowel disease models null mice
seem to be more susceptible to disease (168-171). One potential confounder to the
PGLYRP null models is there appears to be compensatory changes in expression of the
other PGLYRPs when one of the other four is knocked out (168).

One limitation that could not be assessed in our study is the effect of environmental
exposures, which are known to influence the risk of IL-13 response to allergens, wheezing
in childhood, and asthma (26, 52, 53, 63, 65, 139, 142). The individuals from Project VIVA
and UIH were recruited from Urban Centers. From the meta-analysis, it was not clear the
exact recruitment locations for every study. Interestingly, we identified compositional
differences in maternal microbiome that were associated with PGLYRP-1 concentration
and the neutrophil development signature. We observed that increases in the Bacteroides
genera were associated with gene signature representing the immature neutrophil state.
As previously shown, microbiomes with increased Bacteroides are more susceptible to
allergy and mice experience immunomodulation in response to changes in Bacteroides
abundance (69, 172-174). Additionally, Clostridial species were associated with serum
concentrations of PGLYRP-1. Thus, there may be different factors regulating neutrophil
development and secretion of PGLYRP-1 that are environmentally controlled. It has been
observed that children growing up in environments with higher levels of endotoxin have
increased percentages of neutrophils and reduced prevelance of childhood asthma (26).

Thus, future work will need to assess environmental impacts, including the differences in
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microbiome, on umbilical cord serum concentrations of PGLYRP-1 and early neutrophil
development.

In conclusion, we have identified a neutrophil development gene signature that is
associated with pre/perinatal asthma risk. A soluble granule protein, PGLYRP-1, was
strongly associated with odds of asthma in childhood and pulmonary function in childhood
and early-teenage years. These differences were identified at birth. This indicates that in

utero/ perinatal granulopoiesis plays a major role in the development of childhood asthma.

D. Microbial exposure and the induction of innate immunity and Thi responses

The findings in recent years suggest that microbial exposures early in life as
important regulator of immunity (61, 64, 126). The most extreme of these findings is the
number of the immune-deficiencies observed in germ free animals (175). The reductionist
approaches of adding bacteria back into germ free mice have allowed for assessing
individual bacterial species on the immune system (176). Yet, the microbial systems that
colonize the surface of mucosal sites and the environments we are exposed to a complex
mixtures of microbes (177).

To assess individual components of complex mixtures, a spike-in technique was
adapted and utilized to determine microbial exposures at birth (76). The advantage of this
technique is that by assessing individual components as log-ratios of known quantities
allows for removal compositional effects and estimation of copy number of bacterial
fragments that an individual was exposed to at birth. When assessing compositional
exposures, there we no observed clustering of compositions. It was observed that for

most clinical risk factors for asthma there was increased with-in group diversity, indicating
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that there might be dysbiotic state associated with risk but it is not represented by a
specific compositional pattern. When assessing similarities, vaginally delivered neonates
were exposed to a more similar microbial pattern than those who were delivered via
cesarean section.

When determining the relationship of specific microbial genera with immune
responses to allergens and concentration of PGLYRP-1, Proteobacteria and several
genera of Proteobacteria were positively correlated with increased Thi responses to
allergens and PGLYRP-1 concentration. The neonatal immune system is polarized to
produce predominately Th2 responses and the switch towards Thi responses is believed
to be driven by exposure to microbes (39-41, 48, 64, 125). Increased exposure to
Proteobacteria was associated with Th1 responses in the Project VIVA cohort.
Proteobacteria contain the most immunogenic LPS that is usually hexa- or penta-acylated
and phosphorylated on both sugar groups which is thought to enhance its interactions
with CD14 and MD2 increasing its signaling potential (68, 69). This is opposed to
Bacteroidetes, also Gram negative, which have been reported to carry LPS with less than
5 acyl groups, are mono-phosphorylated, stimulate far less cytokine production and do
not induce LPS tolerance (69). In addition, LPS stimulation of neutrophils and neutrophil
precursors leads to release of granule contents. Proteobacteria was associated increased
concentrations of PGLYRP-1 in umbilical cord serum. This may be due to increase
granulopoeis or increased secretion of granule contents.

Proteobacteria may enhance the induction of Th1l and innate immunity. Increased
production of Th1 cytokines in CBMCs is associated with reduced risk of lower respiratory

illness (45). PGLYRP-1 concentration was associated with reduced risk of asthma.
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Increased Proteobacteria compositionally was shown to be associated reduced risk of
early wheezing. Thus increased Proteobacteria exposure at birth may enhance protection

against respiratory illnesses which may enhance susceptibility to asthma.

E. Limitations and additional considerations

This thesis work identified novel relations between known risk factors for asthma,
the neonatal immune system, and microbial exposures at birth that predictive of asthma
in childhood. Although these findings represent a substantial increase in our
understanding of the risk for childhood asthma, there are several limitations to these
findings. First, the study design for all sampling was cross-sectional in nature with
longitudinal follow-up in Project VIVA and no follow-up in other studies. Biological systems
are dynamic and sampling a single time-point might not reflect the underlying dynamics
of the system. To account for the sampling of single time point (birth), stimulation CBMCs
with mitogens or allergens allows for assessment of these cells under different conditions.
By assessing the microbial exposures, individuals that were studied were being assessed
under different immunostimulatory conditions. Future work will need to address the long
term effects immune outcomes in relation increased Proteobacteria exposure and
PGLYRP-1 concentration at birth. There are some hints from Olin et al. where neonates
were assessed at birth, 1, and 12 weeks. Importantly, increased cord myeloid populations
were associated with reduced CD4+ and CD8+ EM T-cell abundance at birth, 1, and 12
weeks.

Due to the nature of working solely with human subjects and primary cells, there

was limited potential to use reductionist techniques such as knockouts and over-
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expression of genes. The reason for choosing to work with humans was that the study’s
focus was on the pathogenesis of disease whereas almost all murine models artificially
induce asthma by the intratracheal installation of foreign antigens (26, 33, 64, 126, 170,
178-180). These murine models have been useful for studying the pathophysiology of
asthma but have not been as fruitful about the origins of the disease. Additionally with
concerns of microbial effects in mind, mice have been shown through fecal
transplantation studies capable of harboring a fraction of the microbes found in the human
intestine (181). Future work with longitudinal sampling of the microbiome and peripheral
immune populations should allow for identification of causal relationships.

High throughput sampling of cftbDNA does not directly infer live microbial exposure.
Circulating nucleic acids are sensitive to detecting even small biomasses of DNA such as
lysis of tumor cells or tissue rejection but they do not impart spatial information on the
origins of these nucleic acids (129, 131, 145). Thus, it is hard to infer more than that
individual was exposed to a bacteria. Future studies may focus on more rigorous
sampling of multiple mucosal sites where infants are exposed to microbes such as the
maternal vaginal canal or neonatal meconium. Unfortunately there are limited options
when trying to assess live bacterial exposure in high-throughput manner for multitude of
reasons such not understanding culture conditions to host immune suppression of growth.

Last, it is important going forward to consider necessary sample size to determine
effective power. Several issues plague power in human studies, including loss to follow-
up, low prevalence of cases, and heterogeneous populations. In the Project VIVA cohort
we estimated power curves for current asthma at mid-childhood and early-teen follow ups

(Figure 25). No significant associations were determined at early-teen years and this is
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believed to be due to low power at that time point. At early-teen follow up there are only
15 current asthmatics and 152 non-asthmatics (9% prevalence) whereas at mid-
childhood there are 35 asthmatics and 171 non-asthmatics (17% prevalence). This lower
prevalence at early-teen but not mid-childhood is noticeably different from the full cohort
(19% and 15%, mid-childhood and early-teen prevalence). This likely due to high loss
follow-up in the asthmatic group as 24 of the 35 (68%) where loss to follow up, whereas
only 46 of 171 (27%) of non-asthmatics were lost to follow-up. This lead to a reduction in
power at the early-teen follow-up time point. To address this issue future studies could
include larger sample sizes to account for drop out or focus efforts on high risk individuals
such as those with high number of risk factors or low serum concentrations of PGLYRP-

1.
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Figure 25. Power calculation for Project VIVA current asthma sample sizes. Loess
Splines of average power — effect size relationships generated from 5000 random
samples generated from a grid search of effect sizes 0.1 to 0.9 using logistic regression
with sample sizes equivalent to those at mid-childhood (red) and early-teen (red) follow-
ups. Dashed line is the effect size for mid-childhood and dotted line is the effect size for
earl-teen follow-up.
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F. Potential for therapeutic intervention in high risk children

Given data that supports the concept that the microbiome plays a fundamental role
in asthma, manipulation of the microbiota with specific microbial products or dietary
components may be a therapeutic strategy to enhance specific bacterial communities in
the gut and/or lung (182). A change in the gut microbiota induced by such therapies may
maintain a microbial balance that is a characteristic of healthy airways. Approaches vary
from dietary administration of single bacterial strains (probiotic, prebiotic) to fecal
transplantation. Further studies are needed to evaluate the impact of microbiota therapies
on the airway microbiota in asthma.

Observational studies report an association between a high fat/low-fiber
westernized diet and the prevalence of allergic disease, including asthma (183). On the
other hand, the Mediterranean diet has been suggested as a healthy dietary pattern that
may reduce the risk of asthma in both adults and children (184). The beneficial effect of
breastfeeding in the development of fetal airways and the immune system is well-known
(185). A recent systematic review provided evidence of negative associations between
asthma/wheeze and dietary intake of vitamins C, E, and D, fruits, and adherence to a
Mediterranean diet (184). In adults, increased intake of daily portions of fruits and
vegetables was found to be associated with a reduction in markers of airway inflammation
(184). The increased number of studies regarding microbiota and diet interactions in
asthma development focuses on diet, a potential key factor in microbiota-based therapies.
These studies are particularly carried out in pediatric populations and suggest that diet
modulation might alter gut microbiota toward the treatment of asthma. Diet strongly

influences the composition of the microbiome. Dietary fibers pass through the upper
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intestine and are fermented by large-bowel anaerobic microbiota to produce certain short-
chain fatty acids (SCFAs). SCFAs have some immune-modulating effects on the gut
mucosa (186). Therefore, a diet-altered microbiome may lead to asthma and food
allergies by the loss of SCFAs producing bacterial taxa in the gut. Murine studies support
the therapeutic potential of a high-fiber diet which increases the number of bacteria that
produce high levels of SCFAs (187). A reduced proportion of SCFAs has been
documented in the fecal samples of allergic children, suggesting that this therapy may
also be applicable for the treatment of atopic diseases and asthma (188). In a study by
Wu et al., fecal communities were clustered into enterotypes distinguished by the levels
of certain specific taxa. The enterotypes were strongly associated with protein and animal
fat-containing diets. The microbiome composition exhibits detectably within 24 h of
initiating a high-fat/low-fiber or low-fat/high-fiber diet (189). Prebiotics are non-digestible
food ingredients that stimulate the growth and/or activity of one or a limited number of
beneficial bacteria in the gut (190). There is limited data regarding the use of prebiotics
in asthma. A recent Cochrane review evaluated the effect of prebiotic use in infants for
the prevention of allergy (191). A meta-analysis of two studies found no significant
difference in infant asthma, although significant heterogeneity was found between the
studies. A meta-analysis of four studies found a significant reduction in eczema. Individual
studies have reported a significant reduction in asthma and eczema with supplementation
of prebiotics. Further studies are needed to clarify whether there is a protective role of
prebiotics in asthma.

TLRs are the PRR members expressed in airway cells. Activation of some TLRs

increases allergic sensitizations, while activation of other TLRs increases tolerance

101



toward aeroallergens (192). TLRs play roles in both innate immunity and adaptive
immunity. Two TLRs, TLR2 and TLR4, have been implicated in allergic responses (192).
TLR2 signaling may coordinate the Th1/Th2 balance (192). Murine asthma studies have
shown that TLR2 agonists can act as either allergenic or anti-allergic agents based on
the treatment schedule and materials (67, 178). TLR4 is the signaling receptor for
bacterial lipopolysaccharide (LPS) and is a potent receptor for maturation of dendritic cells
(67). TLR4 agonists can decrease and increase pulmonary allergic inflammation, in a
similar manner to TLR2 agonists (67). Targeting of TLR4 to modify asthma and allergy is
based on the use of TLR4 agonists as adjuvants in allergy vaccines. TLR4 agonists as
adjuvants in allergy vaccines induce tolerance and can alter the course of respiratory
allergy in either the upper or lower respiratory tract (193, 194). However, their effects were
not tested alone in the previous studies. Intranasal administration of TLR4 agonists lead
to a reduction in nasal symptoms in allergic rhinitis patients (195). Many synthetic TLR4
agonists have shown anti-asthmatic effects in murine models through the suppression of
Th2 cytokines, airway hyperreactivity, airway inflammation, and airway eosinophilia (178,
180). Further clinical studies in humans are needed to define the therapeutic usefulness

of TLR agonists in asthma.

G. Conclusion

Early life events are critical to determining our susceptibly to wide variety of
diseases. It is understood that early in infancy exposure to specific microbes can provide
environmental ques to the immune system. These ques are necessary for the

development of a functional immune system. Here we show that these microbial
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exposures are relevant at birth and modulate the expression of a novel biomarker for
childhood asthma. These findings suggest that prediction of high risk individuals for
childhood asthma with serological biomarkers can be performed at birth which is earlier

than most other currently used biomarkers.
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Abstract There are perinatal characteristics, such as gestational age, reproducibly associated
with the risk for pediatric asthma. Identification of biologic processes influenced by these
characteristics could facilitate risk stratification or new therapeutic targets. We hypothesized that
transcriptional changes associated with multiple epidemiologic risk factors would be mediators of
pediatric asthma risk. Using publicly available transcriptomic data from cord blood mononuclear
cells, transcription of genes involved in myeloid differentiation was observed to be inversely
associated with a pediatric asthma risk stratification based on multiple perinatal risk factors. This
gene signature was validated in an independent prospective cohort and was specifically associated
with genes localizing to neutrophil-specific granules. Further validation demonstrated that umbilical
cord blood serum concentration of PGLYRP-1, a specific granule protein, was inversely associated
with mid-childhood current asthma and early-teen FEV;/FVCx100. Thus, neutrophil-specific granule
abundance at birth predicts risk for pediatric asthma and pulmonary function in adolescence.

Introduction

Several risk factors for pediatric asthma can be ascertained in the perinatal period. These risk factors
include maternal characteristics (e.g., maternal atopy, maternal body mass index [BMI], race/ethnic-
ity), demographics (e.g., newborn sex), and birth characteristics (e.g., birthweight, gestational age at
birth, mode of delivery) (Bisgaard and Bennelykke, 2010). Meta-analyses have provided strong evi-
dence for associations between the variables stated above and risk for pediatric asthma
(Jaakkola et al., 2006; Mu et al., 2014; Thavagnanam et al., 2008; Xu et al., 2014). Many of these
risk factors co-occur (e.g., low birthweight and preterm birth), and it has yet to be discerned whether
their imparted risk is mediated through similar biologic processes.

Turturice et al. eLife 2021;10:€63745. DOI: https://doi.org/10.7554/eLife.63745
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