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Abstract

Allergic diseases are among the most common chronic childhood diseases and a
leading cause of hospitalization. Exposure to certain environmental contaminants has
been hypothesized to be a risk factor for childhood allergies and asthma. Scientific
understanding regarding the effect of prenatal contaminant exposure on fetal immune
system development and subsequent susceptibility to allergic disease is limited.
Elevated levels of Immunoglobulin E (IgE), interleukin-33 (IL-33), and thymic
stromal lymphopoietin (TSLP) are implicated in inflammatory responses and early
life manifestations of allergic disease. TSLP and IL-33 have not been measured in
neonates. It is not known whether prenatal environmental contaminant exposure is
associated with elevated levels of these biomarkers at birth. The specific objectives
of this research were to 1) assess the levels of, correlation among and predictors of
IgE, IL-33, and TSLP in umbilical cord blood and 2) determine the association
between prenatal exposure to environmental contaminants and elevated levels of IgE,
TSLP and IL-33. Concentrations of metals, phthalates, bisphenol A, pesticides, and
polychlorinated biphenyls were measured in maternal urine, blood or plasma. IgE,
IL-33 and TSLP were measured in umbilical cord blood samples. This study utilized
prenatal exposure and socio-demographic data collected in the Maternal-Infant
Research on Environmental Chemicals (MIREC) Study, a trans-Canada cohort study
0f 2,001 pregnant women recruited from 10 sites between 2008 and 2011. TSLP and
IL33 were highly correlated with each other but neither was strongly correlated with
IgE. Elevated levels of TSLP and IL-33 were significantly associated with maternal
characteristics indicative of inflammatory responses. None of the environmental
contaminants were associated with elevated immune system biomarker levels. These
findings support the mechanistic hypothesis that IL-33 and TSLP are both operational
in early life inflammatory pathways. Determination of whether the observed absence
of environmental exposure-induced immunotoxicity persists into childhood requires
follow-up in a cohort of children.
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Chapter One. Introduction

Allergic disease, including atopic dermatitis, allergies and asthma, are among the
most common chronic childhood diseases and leading causes of hospitalization. It is
estimated that 11% of girls and 16% of boys living in Canada have been diagnosed with
asthma (1). Established risk factors, such as genetics and environmental tobacco smoke
exposure, are likely involved in less than one half of childhood allergic disease cases
(2,3). Exposure to environmental contaminants has been hypothesized to be responsible
for some portion of childhood allergic disease (4,5). There is insufficient evidence to
describe the nature and magnitude of the possible association between environmental
contaminant exposure and childhood allergic disease. A notable gap is the lack of focus
on exposure during periods of vulnerability (6,7).

The intrauterine time period is a critical window of immune system development
and vulnerability to the potential adverse effects of environmental exposures. A number
of common environmental contaminants have been hypothesized to exhibit
developmental immunotoxic properties (8—10). There are few epidemiological
investigations of the association between prenatal environmental contaminant exposure
and childhood allergic disease. There are also few studies that explore whether the
immunotoxic effects of in utero environmental contaminant exposure manifest at birth.
In addition to strengthening etiological knowledge, determining whether immune system
changes manifest at birth may facilitate identification of high risk individuals and
implementation of prevention strategies prior to sensitization.

The present research aimed to determine the association between prenatal

exposure to multiple individual environmental contaminants and levels of newborn



immune system biomarkers. Environmental contaminants studied in this research
include those that are in current use (phthalates, bisphenol A) as well as those that have
been phased out (polychlorinated biphenyls, organochlorine pesticides). Chemicals that
have been phased out continue to pose health concerns due to their persistence in the
environment and potential for human exposure. Many chemicals in current use such as
phthalates, bisphenol A and perfluorinated compounds are ubiquitous in our
environment (11,12).

This research, which is conducted from exploratory and etiological perspectives,
fits within the second step of the research cycle (etiology or causation) illustrated in
Figure 1.1 (13). The burden of allergic disease (step one on the research cycle) is
discussed in chapter two. Chapter two also reviews literature relevant to the exposure
and outcome biomarkers used in this research. Chapter three outlines the objectives.
Chapter four discusses the sources of data. Chapters five through seven are individual
manuscripts that have been or are in the process of being submitted for publication. The
public health context of the present findings is discussed in chapters six and seven.
Chapter eight discusses the process of translating etiological knowledge (step 2 of the
research cycle) into interventions and recommendations (steps 3-5). Existing evidence
regarding the potential health effects of exposure to many currently used environmental
contaminants is insufficient to support health based guidelines (14). In light of the lack
of guidelines, chapter eight discusses some of the challenges inherent in the regulatory
process. Conclusions are offered in chapter nine. Though efforts have been made to
minimize repetition and ease readability, there is some overlapping content between

chapters due to the manuscript based nature of this thesis.
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Figure 1.1 The Research Cycle. Source (13), p. 340.



Chapter Two. Literature Review

This chapter provides an overview of the epidemiology and fetal origins of
childhood allergic disease. The chapter concludes with a discussion of the outcome

biomarkers and environmental chemicals examined in this thesis.
Allergic Disease Epidemiology

The umbrella term “allergic disease” will be used in this thesis to encompass
diagnoses that are characterized by an imbalance in the production of infection-fighting
(T helper 1 (Thl)) and inflammatory (T helper 2 (Th2)) cytokines and are associated
with atopy. Typically, individuals with allergic diagnoses have excess production of
IgE and Th2 cytokines (15,16) and give positive skin prick tests to environmental
allergens. These include conditions such as atopic eczema, asthma, rhinitis, and food
allergy. In addition to shared physiologic mechanisms, onset of these conditions often
occurs in a temporal manner, known as the allergic march. Allergic individuals
commonly develop atopic dermatitis in the first year of life, followed by the

development of allergies and/or asthma in childhood as depicted in Figure 2.1 (15,17).

\ Asthma
The Allergic March
Rhinitis
Food Allergy
Eczema
. § ¥ L ¥ b
£ 4 & & & & &£
Typical Age of Onset

Figure 2.1 The Allergic March. Source (18)



There has been a global rise in the prevalence of allergic disease in recent decades
(4,7,19). This trend has occurred at a rate that cannot be explained by alterations in the
gene pool (7). Among children in North America, the prevalence of asthma, allergic
rhinitis, and atopic dermatitis has been estimated at 13.4% (1), 40.0% (20) and 20.0%
(17) respectively. The prevalence of wheezing, allergic rhinitis, and atopic eczema
among Canadian adolescents is estimated to range from 13.7 to 33.3%, 14.6 to 22.6%,
and 8.2 to 10.4% respectively (21). It is also estimated that 13.4% and 15.5% of
children (ages 0 to 11 years) in Canada and the Atlantic Provinces, respectively, were
diagnosed with asthma in 2000. Prevalence of asthma is typically higher among boys in
childhood (1). The prevalence of food allergy among Canadian children (< 18 years) has
been estimated to be 7% (22,23).

The growing public health burden of allergic disease has paralleled the increasing
prevalence. The economic burden of allergic disease, including direct and indirect costs
of care, poses challenges to patients, caregivers, and government. Costs of uncontrolled
asthma in Canada are reported to be $162 million annually (24) and the direct costs of
atopic dermatitis in the US range between $364 million and $3.8 billion (25).
Uncontrolled asthma places additional strain on health care resources as a result of extra
emergency room visits, unscheduled physician visits, and ambulance rides (24).

Though considerable research has examined risk factors for childhood allergy,
uncertainty regarding etiology and the recent temporal trends remains (6). Allergic
disease results from a complex interplay between preexisting susceptibilities and
exposure to risk factors, particularly during windows of vulnerability (6,7). Family

history is one of the few well established risk factors for allergic disease (19). Though



no single gene can predict allergic disease, Bisgaard and Bonnelykke (6) state that the
most well established genetic risk factor for eczema is a variant in the gene for the skin
barrier protein filaggrin. This gene has also been implicated in asthma exacerbations
and sensitization (26). Prenatal and postnatal tobacco smoke exposure is another well
established risk factor for asthma and wheeze (6,27). A recent systematic review
reported that prenatal tobacco smoke exposure increases the risk of childhood wheezing
and asthma by at least 20% (28). Moreover, elevated cotinine levels have been
associated with a decreased forced expiratory volume and peak expiratory flow (29).
Though sometimes examined in combination with environmental tobacco smoke
exposure, maternal exposure to air pollutants (e.g. particulate matter, NO2) has been
shown to be an independent risk factor for allergies and asthma (19,30).

Sensitization to allergens early in life may also be a risk factor for childhood asthma,
particularly when combined with other pre-existing susceptibilities (e.g. genetics, co-
exposure to other allergens). Allergens derived from house dust mites, cockroaches,
airborne particulates, traffic emissions, pets, and molds are possible sensitization
triggers (6). Sensitization to these allergens may occur in utero (31). Other prenatal
factors that may increase risk of childhood asthma and allergy include maternal stress,
antibiotic use, and Cesarean section (4,7). Prenatal nutrient intake, specifically fish oil
(4,7) and vitamin D (4), has been shown to protect against risk of childhood allergic
disease.

The potential role of early life viral and bacterial exposures in allergic disease has
received considerable attention but the exact relationship remains elusive. Respiratory

syncytial virus infection among infants has been associated with childhood asthma,



wheezing, and reduced pulmonary function (6,32,33) though this effect may diminish
with age (32). It is not clear whether the virus promotes asthma development or if pre-
existing asthma exacerbates the viral response. In contrast, studies have shown that
early life exposure to infections via presence in day care or a large family may be
protective against allergies and asthma (19,34). The role of bacteria as a risk factor is
similarly complex. Exposure to endotoxin, a gram negative bacteria, during infancy and
childhood, has been shown to be inversely related to risk of childhood asthma (35,36)
but positively associated with asthma in later life (5).

One of the gaps in this body of literature is the effect of prenatal exposure to
environmental contaminants, other than tobacco smoke, on childhood allergic disease.
Given the ubiquity of exposure and hypothesized immunotoxic properties,

environmental contaminant exposure are plausible risk factors (37-39).

Fetal Origins of Allergic Disease

There is a growing body of evidence suggesting that allergic disease has fetal
origins. This literature is rooted in Barker’s investigation into the association between
fetal undernutrition and risk of adult cardiovascular disease (40). Recent research has
provided further evidence to support the hypothesis that chronic diseases (41-43),
including asthma, have fetal origins (43,44). This literature is backed by knowledge that
the fetal time period is a critical window of immune system development (45,46). For
example, airway development occurs primarily in utero (47). Moreover, the fetal time
period is a window of enhanced susceptibility to exogenous exposures. In contrast to
observed effects in adults, adverse effects of exposures in fetuses may manifest at

concentrations lower than expected, differently than expected, or after a temporal delay



(48). This enhanced susceptibility may stem from 1) the physiology of pregnancy and
2) the developmental plasticity of the fetus.

Pregnancy is characterized by a Th2 skewed immune system response to protect the
fetus from potentially damaging Th1 immune responses (49). As a result, newborns
must realign their immune systems postnatally to achieve an appropriate balance
between Th1 and Th2 responses. This realignment is likely regulated by cytokines of
the innate immune system. Newborn immune systems may be susceptible to the adverse
effects of immunotoxic chemicals prior to and during this critical window of
realignment (5,50). For example, in utero and early life exposures to developmental
immunotoxicants may trigger infant airways to undergo changes that promote allergen
sensitivity and airway hyper-responsiveness (5,50).

In response to environmental disruptions (pollutant, infection, undernutrition), fetal
organs adapt and establish an altered phenotype that is designed to suit the needs of later
life (5). This developmental plasticity (51) may, however, result in subsequent
increased dysfunction and disease (51,52). Epigenetic changes are a major underlying
mechanism in this process (53). Other potential mechanisms include direct or indirect
promotion of cytokine microenvironment, alterations in hematopoiesis or antigen
presentation. These changes may occur as a consequence of immunotoxic effects of
alarmins or tissue degradation products. Briefly, epigenetic changes are non-heritable
changes to DNA that result in altered gene expression via DNA methylation or histone
modification. These changes can determine whether a certain gene is activated or
silenced. For example, epigenetic changes to genes that regulate differentiation of naive

Th cells into Th1 and Th2 cells may disrupt the Th2/Th1 balance by promoting excess



Th2 cell production. Epigenetic mechanisms have been identified in the relationship
between asthma-like immune system changes and exposure to particulate matter,
tobacco smoke, dust mites, and endotoxin (5).

Despite some understanding of the particular susceptibility of the fetal time period,
there is relatively little known about intra-uterine influences on childhood asthma risk
(54), specific windows of vulnerability and key pollutants (45). In contrast to the
traditional emphasis on dose as a determinant of risk, there is a need for greater
emphasis on exposure during periods of vulnerability, such as the time of fetal
development (55). In recognition of the potential fetal origins of childhood allergic
disease, the present investigation sought to explore fetal susceptibility to immunotoxic
effects of prenatal environmental contaminant exposures by examining biomarkers of 1)
maternal environmental contaminant exposure and 2) fetal immune system status. These

biomarkers are detailed in the following section.

Immune System and Environmental Exposure Biomarkers

A biomarker is defined as:
‘a characteristic that is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes or pharmacological response to a therapeutic

intervention’ (56) (p.91).

or
‘a cellular or molecular indicator of exposure, health effects, or susceptibility.
Biomarkers can be used to measure internal dose, biologically effective dose, early

biological response, altered structure of function and susceptibility’ (57) (p. 17).



Well known examples of biomarkers include liver enzymes, blood pressure,
cholesterol levels, and blood levels of heavy metals such as lead. Recently, biomarkers
have played an increasingly prominent role in molecular, genetic and environmental
epidemiology (58). Technology has facilitated the ability to detect increasing numbers
of chemicals at increasingly lower levels of detection. Biomonitoring studies, however,
face significant challenges regarding the use and interpretation of such data. In the
report Human Biomonitoring of Environmental Contaminants, the US National Research
Council states that ‘the ability to detect chemicals has outpaced the ability to interpret
health risks’ (59) (p.9). Thus, careful consideration of the appropriate use,
interpretation and challenges inherent to biomonitoring studies is warranted.

Biomarkers can serve as indicators of exposure, effect, or susceptibility (Figure 2.2).
Each of these biomarkers provides a snapshot on the exposure-disease continuum. The
maternal concentrations of environmental contaminants in this thesis are biomarkers of
exposure which serve to reflect internal dose and/or biologically effective dose. Internal
dose indicates the level of the contaminant absorbed whereas biologically effective dose
reflects the dose at the site of toxic action or receptor site (60). Interpretation of these
biomarkers of exposure is challenged by the degree to which they are accurate
reflections not only of biologically effective dose but also of exposure during the target
window. Measurements of contaminants with short-half lives (e.g. phthalates) may
represent immediate exposure levels and are not necessarily reflective of average levels
during the critical window of target organ development. The influence of this issue on

internal validity is discussed further in the manuscript chapters.

10



The immune system biomarkers of interest were examined as indicators of
susceptibility to the potential adverse effects of the environmental exposures. The target
organ(s) in the present research is the developing fetal immune system. Pinpointing the
target window of immune system development is a challenge. The immune system is
comprised of multiple different organs (e.g. thymus, lung). Each stage of immune
system maturation may be uniquely susceptible to different contaminants. For example,
though lead has been shown to be immunotoxic throughout gestation, limited
experimental evidence suggests that third trimester exposure may be more likely to
promote Th2 responses than exposure earlier in pregnancy (61).

Another overriding challenge relevant to all biomarker analyses are the
limitations of expense and practicality. This thesis benefitted from a comparatively rich
set of exposure data collected as part of the Maternal-Infant Research on Environmental
Chemicals (MIREC) study. Previous large biomonitoring studies (e.g. the US National
Health and Nutrition Examination survey (NHANES), Canadian Health Measures
Survey) did not focus on pregnant women. Considering the susceptibility of the
developing fetus to environmental toxicants, obtaining baseline data on environmental
contaminant concentrations and examining potential health effects have notable public
health relevance. Cost and practicality limitations, however, precluded the ability to
analyze serial measurements of chemicals, such as phthalates, with short half-lives
throughout pregnancy. The immune system biomarker data was analyzed specifically
for this thesis research. Financial and practical issues precluded the ability to assess a
wider panel of immune system cytokines. For example, $10,000 was raised for this

thesis research to fund the purchase of ELISA (enzyme linked immunoassay) kits, lab
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supplies, and shipping costs. Analyzing more cytokines would increase not only the
cost but also the time required to conduct this analysis. Further challenges relevant to

the specific immune system biomarkers of interest are discussed below.
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Figure 2.2 Exposure-disease continuum. Source: (62), p. 717.

IMMUNE SYSTEM BIOMARKERS

Biomarkers of immunotoxicity provide information on the structure and/or
function of the immune system and potential alterations in normal structure and function
(63). The immune system biomarkers of interest in this thesis are immunoglobulin E
(IgE), and two cytokines, interleukin-33 (IL-33) and thymic stromal lymphopoietin
(TSLP) (Table 2.1). Briefly, IgE and these cytokines play critical roles in the
pathophysiology of allergic disease (64,65). Elevated levels of IgE are a hallmark sign
of an allergic reaction. Levels of this antibody are typically higher in atopic than non-
atopic individuals. Antigen recognition of IgE on mast cells results in the cardinal

features associated with an allergic reaction (ranging from minor pruritus and
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inflammation to anaphylactic shock) (16). This research assessed umbilical cord blood
levels of IL-33 and TSLP as these cytokines have been the subject of recent attention in
the immunological literature and are known to establish a microenvironment favorable
for a Th2 response, IL-33 and TSLP (64,66—-69). Recent experimental studies have
demonstrated that TSLP and IL-33 play a critical role in the development of food allergy
(64,65). These cytokines have also been implicated in atopic dermatitis, a form of
allergic disease that often presents within the first year of life (70,71).

Efficient production of these cytokines stems primarily from epithelial cells,
rather than T-cells, and is not dependent on the presence of a mature acquired immune
system (67). Epithelial cells comprise the interface between internal immune system
responses and exogenous stimuli. Whereas it was previously thought that this barrier
was inert, the dynamic role of epithelial cells in atopic dermatitis (70) and asthma (69)
has recently been recognized. Exogenous stimuli, particularly allergens, viruses,
pollutants, can induce epithelial cell production of 1L-33 and TSLP (72,73). For
example, diesel exhaust has been shown to promote epithelial cell production of TSLP
(74). 1L-33 and TSLP can also be released from epithelial cells in response to infection
or tissue damage (75). These cytokines can promote inflammatory responses by
stimulating a cascade of events in the immune system. Briefly, IL-33, via production of
group 2 innate lymphoid cells (ILC2), can induce production of inflammatory
interleukins, such as IL-5 and IL-13, and subsequently promote B-cell production of IgE
(75,76). TSLP may enhance production of Th2 cytokines through its effect on dendritic
cells, an immune system cell that acts as a messenger between innate and adaptive

immune system responses (66). In addition, there is mechanistic data suggesting that
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IL-33 and TSLP can operate together to induce mast cell production of IgE (77).
Investigation into levels of these biomarkers at birth is a biologically plausible means of
assessing the susceptibility of the fetal immune system to the potentially immunotoxic
effects of prenatal exposures, particularly given the lack of available clinical data in

early life.
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Table 2.1 Immune system biomarkers used in this thesis

Biomarker

Description

Relationship with Allergic Disease

Immunoglobulin E

(IgE)

Antibody that attaches to mast
cells in the skin, respiratory
and intestinal tract that plays a

major role in allergic reactions.

(78)

Elevated levels of serum IgE are
hallmark sign of atopy.

Interleukin-33
(IL-33)

Epithelial produced cytokine
Member of IL-1 family (67)

Released as a result of cell
death and may act as an
alarmin to the immune system
by promoting local
inflammation (69,79)

IL-33 induces expression of Th2
cytokines, activates eosinophils and
mast cells (80,81) and is important for
the development of food allergy (64)

Elevated IL-33 levels in patients with:
Atopic dermatitis (82)
Allergic asthma (83)

Experimental study reported critical
role of IL-33 in mechanisms
underlying house dust mite allergic
asthma and peanut allergy (64)

Thymic Stromal
Lymphopoietin (TSLP)

Produced by epithelial cells in
response to allergens,
pollutants, and viruses

Member of IL-2 family
Structurally related to IL-7.
(84)

Expressed in skin, gut, lung,
and thymus (85)

TSLP stimulates hematopoietic cells
and dendritic cells to promote
production of Th2 cytokines (IL4,IL-5,
IL-9, IL-13). Over -expression in lung
leads to airway inflammation

Hypothesized to play role in
mechanisms underlying both atopic
dermatitis and asthma (85)

Elevated TSLP levels in patients with:
Atopic dermatitis

(adults, (86), children (87))
Asthmatics (88)

Eosinophilic esophagitis (89)

Children treated with anti-TSLP
antibodies had less bronchoconstriction
and airway inflammation following
allergen challenge than controls (68)

Experimental study reports role of
TSLP in allergen specific IgE
production and anaphylaxis after
cutaneous allergen sensitization (65)
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One of the challenges relevant to interpreting the immune system biomarker
data is that elevated levels in umbilical cord blood are not established predictors of
childhood allergic disease. There are no prospective data examining TSLP and 1L-33
levels at birth and subsequent development of allergic disease.

Literature examining the value of cord blood IgE levels in predicting childhood
allergic disease has shown that IgE has fairly low sensitivity (24-38%) but reasonable
specificity (71-90%) (90-96). Despite this low sensitivity, elevated levels of IgE at
birth have been associated with statistically significantly elevated odds of childhood
allergic disease in four studies (Table 2.2). The low sensitivity of cord blood IgE in
predicting childhood allergy has raised questions regarding the clinical relevance of this
biomarker (97). In utero sensitization is biologically feasible. The developing fetus
may be exposed to allergens and maternal IgE that are present in amniotic fluid. The
primary means of fetal allergen exposure is likely via ingestion of amniotic fluid. The
fetal gut has mature immune cells, including the presence of IgE receptors, as early as
16 weeks of gestation (98). Moreover, the fetus produces IgE from the 11" week of
gestation onward (99,100). This potential in utero sensitization may prime the fetal
immune system towards future allergic disease. The lack of clear relationship between
cord blood IgE and childhood allergic disease may be explained by the complex
trajectory from fetal immune system development to ultimate diagnosis of childhood
atopic disease. This trajectory is influenced by changes in maternal immune system
physiology during pregnancy (31), early life exposure to allergic disease protective and
risk factors, and the intricate interaction between multiple immune system biomarkers

including antibodies (IgE), cytokines, and T-regulatory cells (101).
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In recognition of the limitations of using these biomarkers as predictors, the

present thesis does not aim to predict future allergic disease risk. The focus is on

examining the snapshot of the exposure-disease continuum from prenatal exposures to

the time of birth.

Table 2.2 Reported sensitivity, specificity, and unadjusted odds ratios in studies
examining the association between cord blood levels of IgE and allergic sensitization

IgE Level Type of Outcome Odds Ratio

Reference (kU/L) (Age of Dx) Sensitivity  Specificity  (95% CI)
Pesonen 2009 (90) 0.5 Skin prick test 38 84 4.6.(1.7-12.7)

5y
Odelram 1995 0.5 Atopy 25 74 1.0 (0.4-2.4)
()] (18 mon)
Hansen 1993 0.5 Atopic disease 25 87
92) 5y
Hansen 1993 0.3 Atopic disease 67 71
(92) 5y)
Bergmann 1997 Atopic dermatitis 1.0 (0.8-1.4)
(102) 0.35 2y
Edenharter 1998 Sensitization 44 78 2.4 (1.7-3.6)
(102) 0.5 (12 mon)
Tariq 1999 0.5 Acroallergen 24 90 2.6 (1.7-4.1)
(95) sensitization

(4y)
Ferguson 2009 0.5 Allergen -- -- 2.6 (1.4-4.8)
(103) sensitization

(7y)
Kaan 2000 0.5 Skin prick test -- -- 1.3 (0.7-2.4)
(96) (12 mon)
Sadeghnejad 2004 0.5 Allergic -- -- 2.4 (1.5-3.6)
(104) sensitisation

(4y)

Abbreviations: Dx=diagnosis, mon=months, y=years, CI = confidence interval

Another potential challenge with cord blood samples is potential contamination

with maternal blood. Cord blood IgE measurements are largely representative of fetal

rather than maternal IgE production because maternal IgE does not cross the placenta

(105). Some maternofetal transfer of IgE during pregnancy and delivery and subsequent

contamination of umbilical cord blood samples may still be possible. To address this
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challenge, the present study analyzed levels of immunoglobulin A (IgA) in cord blood.
This approach is a reliable means of assessing contamination as IgA is typically not
produced in utero (106). Samples with IgA concentrations greater than 10 pg/L were,
therefore, excluded to minimize the potential influence of contamination from maternal
blood (106).

Though ELISA is the gold standard for analyzing these molecules, this technique
does have limitations. This method does not distinguish reliably between intact,
bioactive molecules and molecules that are degraded, aggregated or otherwise
inactivated. Standard curves are used in ELISA as a means of calibrating wavelengths
to estimated concentrations. Accurate estimation is reliant on the assumption that the
molecules to be measured are not bound to other proteins in the plasma or polymerized
into a larger molecules that might lead to an over or under estimation by ELISA
methods. The use of similar diluents for samples and standard curves can minimize this
type of issue. A number of quality assurance practices were employed in this research to

minimize bias and inter and intra-assay variation; these are detailed in Appendix A.

BIOMARKERS OF ENVIRONMENTAL EXPOSURES

The environmental exposures of interest in the present research include metals,
phthalates, perfluorinated compounds, polychlorinated biphenyls (PCBs), pesticides, and
bisphenol A. As described in chapter four, maternal concentrations of these
contaminants were analyzed as part of a national birth cohort study. Literature relevant
to the association between prenatal environmental contaminant exposure and measures

of childhood allergic disease is also discussed in the corresponding manuscript chapters.
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Many of these chemicals are ubiquitous in the environment and have been widely
detected in humans (12,107,108). Exposure occurs from chemicals that are currently in
production (e.g. phthalates, bisphenol A) and from reservoirs of lipophilic, persistent
chemicals that are either decreasing in production or being phased out (e.g.,
perflourinated compounds, organochlorine pesticides, PCBs). Maternal exposure to
these chemicals creates direct exposure to the developing fetus as the majority of these
chemicals can pass through the placenta into fetal circulation (48,109,110). Chemicals
such as cadmium, that do not directly enter fetal circulation, can potentially have
adverse effects on the fetus by accumulating in the placenta and altering normal

placental processes and function (109).

METALS

Exposure to metals can occur via their natural presence in the environment as
well as via by-products of industrial processes. Primary sources of exposure to the

metals of interest are outlined in Table 2.3.

Table 2.3 Metals studied in this thesis and common sources of exposure

Metal Sources of Exposure

Lead Water pipes, imported ceramics & toys
Historical: paint, gasoline, batteries

Mercury Seafood, dental fillings

Arsenic Drinking water, rice

Cadmium Cigarette smoking, shellfish

Results from toxicological studies demonstrate that metals can exert
immunosuppressive effects at high concentrations and immune system enhancement
effects at lower concentrations (48). Moreover, toxicological evidence has demonstrated
that the heavy metal lead exhibits developmental immunotoxic properties (8,111).
Intrauterine levels of lead that were not observed to adversely affect adults resulted in
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changes to the fetal newborn immune system (increased IgE, altered cytokine
production). These changes persisted into adulthood (111). Rabinowitz first
hypothesized an association between lead exposure and childhood asthma over twenty
years ago (112). Epidemiological evidence has since demonstrated that elevated levels
of lead exposure are associated with increased levels of serum IgE (113—115). In one of
the few investigations examining prenatal lead exposure, authors of a Polish birth cohort
study reported that frequency of atopy diagnosed at five years of age was statistically
significantly associated with cord blood but not blood lead levels at age five years;
suggesting the critical role of early life exposures in disease etiology (116). Though
limited, toxicological and epidemiological studies suggest there may be immunotoxic

properties of arsenic (117—119), mercury (55,120) , and cadmium (48).

PHTHALATE METABOLITES

Phthalates are a group of chemicals widely used in the manufacture of plastics
and consumer products due to their plasticizing properties. High molecular weight
phthalates are commonly used in the manufacture of vinyl products whereas low
molecular weight phthalates are frequently used in personal care products (121). The
phthalate metabolites of interest are outlined in Table 2.4. Phthalate exposure can result
from dermal absorption or inhalation of phthalate-laden products such as cosmetics and
fragrances, or ingestion of contaminated foods (122). Phthalate exposure has been
hypothesized to exhibit reproductive toxicity (e.g. hypospadias, cryptorchidism,
reduced anogenital distance) (121). The potential allergy-related role of phthalate
exposure is less well established. Experimental studies have shown that phthalates may

induce IgE production and enhance sensitization by acting as adjuvants in predisposed
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individuals (123,124). The relationship between phthalate exposure and allergy has
been examined in cross-sectional (125,126) and case-control studies (127). Though
results were suggestive of a positive association, the cross-sectional study design and/or
lack of objective exposure measures hinders interpretation of the results. More recently,
the potential role of prenatal phthalate exposure in childhood allergy has been examined
in birth cohort studies (Table 6.5). Due to the number of phthalate metabolites measured
and diversity in outcome measures, summarizing this literature is not straightforward.
However, prenatal exposure to MBzP was significantly associated with an increased risk
of both eczema (128) and asthma (129) among a population of African American and
Dominican women residing in New York city. Replication of these findings in other

populations with differing ethnicities and risk profiles for asthma are warranted.

Table 2.4. Phthalate parent compound and metabolites studied in this thesis and common
sources of exposure (121)

Phthalate Type = Parent Compound  Metabolites Exposures Sources
Low Molecular di-n-butyl phthalate Mono butyl phthalate Personal care products
Weight Compounds  (DnBP) (MBP)
Diethyl phthalate Mono ethyl phthalate Personal care products
(DEP) (MEP)
Benzyl butyl phthalate  Mono benzyl phthalate Vinyl Flooring
(BBzP) (MBzP) Personal Care Products
High Molecular Non-specific HMW Mono-3-carboxypropyl Plastics (Food packaging)
Weight Compounds phthalate (MCPP) Medical tubing
Di(2-ethylhexyl) Mono-(2-ethyl-5- PVC plastics in household
phthalate (DEHP) hydroxyhexyl) phthalate  products
(MEHHP)
Mono-2-ethylhexyl (Toys, flooring, walls)
phthalate (MEHP)

Mono-(2-ethyl-5-
oxohexyl) phthalate
(MEOHP)

BISPHENOL A (BPA)
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BPA is a chemical widely used in the production of plastics, dental sealants, food
and beverage packaging. Individuals are primarily exposed to BPA through diet though
dermal absorption from paper products is also thought to influence urinary BPA
concentrations (130,131). Toxicological evidence suggests that BPA exposure can
induce asthmatic symptoms in mice (132,133). The limited epidemiological evidence of
the association between prenatal BPA exposure and childhood allergy has reported both

positive (134) and inverse associations (135).

PERFLUORINATED COMPOUNDS

Also known as perfluoroalkyl acids, these compounds are widely used in the
production of carpet, clothing, and cookware for their water and oil repellant properties
(136). Perfluorinated compound exposure can result from ingestion of contaminated
food (e.g. seafood) and water (137). Degradation of perfluorinated compounds applied
to household products (carpet, upholstery) can result in the accumulation of
perfluorinated compounds in household dust, another source of exposure (138).
Production of PFOA and PFOAS has been curtailed within the last decade due to
recognition of potential health effects to wildlife and humans and persistence in the

environment. Table 2.5 lists the perfluorinated compounds of interest to this research.

Table 2.5 Perfluorinated compounds studied in this thesis and common sources of
exposure (136)

Compound Exposure Sources

Perfluorohexane sulfonate(PFHxS) Surfactants; water/stain protective coating
Perfluorooctanoic acid (PFOA) Material used in transformers
Perfluorooctane sulfonate (PFOS) Surfactant, emulsifier

Toxicological evidence has suggested that exposure to perfluorinated compounds

enhances IgE responses (139). These chemicals have been observed to alter
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inflammatory responses and cytokine production in animal models at levels consistent
with those experienced by exposed humans (10).

A study of the association between perfluorinated compounds and immune
system responses in a Japanese birth cohort reported that prenatal exposure to PFOA
was associated with a significantly decreased level of cord blood IgE levels in girls
though no significant associations were observed between prenatal exposures and
maternal-reported atopic disease at 18 months (140). In a birth cohort study of
Taiwanese children, Wang reported that elevated cord blood levels of IgE were
correlated with cord blood levels of perfluorinated compounds in boys but that the

compounds were not associated with atopic dermatitis at age two years (141).

POLYCHLORINATED BIPHENYLS (PCBS)

PCBs were used widely in North America prior to the 1970s in the transformers
and capacitors of electrical equipment for their insulating and heat resistant properties.
Manufacture of PCBs ceased in the late 1970s after recognition of their persistence in
the environment and health effects. As there are no natural sources of PCBs, current
exposure occurs from existing reservoirs of PCBs in the environment, particularly waste
disposal sites. The International Agency for Cancer (IARC) has declared PCBs as
probably carcinogenic to humans though uncertainty remains regarding other health
effects of PCBs in adults and children (142). PCBs are hypothesized to alter immune
system function by shifting T helper cell 2 responses (143). Epidemiologic literature
suggests both positive (144,145) and inverse (55,146) associations between prenatal
PCB exposure and measures of childhood allergy. The congeners studied in this thesis

are listed in Table 2.6.
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Table 2.6 PCBs congeners studied in this thesis and common sources of exposure

PCB 118 Historical use from industrial settings, waste disposal sites (for
PCB 138 all congeners)

PCB 153

PCB 180 No current production in North America

(142)

ORGANOCHLORINE AND ORGANOPHOSPHATE PESTICIDES

Organochlorine pesticides are persistent chemicals that were widely used as
insecticides in the post World War II era. In the late 1970s and early 1980s, use was
banned in the US and Canada due to persistence in the environment and potential
carcinogenic effects (147,148). Despite the lack of current production and use within
Canada, individuals may be exposed through direct use or ingestion of contaminated
food. Due to their lipophilic nature and persistence, these contaminants bioaccumulate
and can remain in the environment for decades (149). Although the potential
carcinogenic effects of organochlorines have received a considerable amount of
attention, this class of pesticides is associated with a range of other health outcomes
including immunotoxicity (149). The underlying immunotoxic mechanism may be an
enhanced production of Th2 cytokines (150). Epidemiologic literature is limited and
inconsistent and has shown both positive (151-153) and null findings (144). Table 2.7

lists the organochlorine pesticides examined in the present research.

Table 2.7 Organochlorine pesticides studied in this thesis and common sources of
exposure

Contaminants Exposures Sources

Trans-nonachlor Historical use of pesticides in agricultural
Dichlorodiphenyldic-hloroethylene  settings

(DDE)

Hexachlorobenzene

Oxychlordane
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Organphophate pesticides are still widely used as insecticides in the agriculture
industry. Individuals can be exposed via ingestion of food or in household dust
(154,155). Examples of currently used organophosphate pesticides include azinphos and
dichlorvos. In contrast to the organochlorine pesticides, these pesticides are metabolized
relatively quickly and are not persistent in the environment (156). Organophosphate
metabolites, rather than the parent compound, are used as a biomarker of exposure as
these chemicals are metabolized and excreted in urine (Table 2.8). One of the primary
health effects of concern from exposure to these pesticides is neurotoxicity because
these chemicals irrerversibly inactivate acetylcholinesterase, a critical enzyme in neural
transmission (157). Limited experimental and epidemiologic evidence has demonstrated
that there may be an association between exposure to this class of chemicals and allergic

disease (158-160).

Table 2.8 Organophosphate pesticides metabolites studied in this thesis and common
sources of exposure

Parent compound  Non-Specific Metabolites Exposures Sources

Chlorpyrifos, Diazinon Dimethylphosphate (DMP) Ingestion of food treated with
Dimethylthiophosphate pesticides
(DMTP)
Dimethyldithiophosphate
(DMDTP)
Diethyldithiophosphate
(DEDTP)
Diethylthiophosphate (DETP)
Diethylphosphate (DEP)

25



Chapter Three. Study Objectives

The specific objectives of this research are as follows:
1) Determine the levels of and correlation among IL-33, TSLP and IgE in the
plasma of umbilical cord blood samples.
2) Determine the association between maternal and neonatal characteristics and
elevated umbilical cord blood concentrations of IL-33, TSLP and IgE
(Manuscript #1).
3) Determine the association between prenatal exposure to environmental
contaminants and elevated umbilical cord blood concentrations of I1L-33, TSLP
and IgE. The specific environmental classes of interest include; phthalates, BPA,
perfluorinated compounds, polychlorinated biphenyls, metals, organochlorine

pesticides, and organophosphorous pesticide metabolites (Manuscripts #2-3).

As levels of TSLP and IL-33 had not been previously measured in umbilical cord
blood, one manuscript was dedicated to this component of the thesis. The existing
experimental and epidemiological literature regarding the potential immunotoxic
properties of the environmental contaminants of interest provides rationale for the third
objective. Due to the limited literature specific to the association between the
environmental chemicals and the immune system biomarkers of interest, this research
was conducted from an exploratory perspective.

Chemical classes that exhibited a high degree of correlation were analyzed in
manuscript #2 using a Bayesian hierarchical model. The remaining chemical classes
were analyzed in manuscript #3 using a maximum likelihood estimation method to

account for those samples with values below the limit of detection.
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Chapter Four. Sources of Data

This research has used data from the Maternal-Infant Research on Environmental
Chemicals Study (MIREC), a trans-Canadian birth cohort study of 2,001 pregnant
women that were recruited during their first trimester between 2008 and 2011. Briefly,
the primary objectives of the MIREC study were to determine whether non-occupational
exposure to metals, such as lead, was associated with gestational hypertension or fetal
growth restriction and to measure contemporary biomarkers of exposure (in utero and
lactational) to priority chemicals (161). Study sites included Vancouver, Edmonton,
Winnipeg, Sudbury, Toronto, Hamilton, Ottawa, Kingston, Montreal and Halifax. Each
of these sites had established clinical research infrastructure.

Women were eligible for inclusion in the study if they were at least18 years of
age, less than 14 weeks of gestation, planning on delivering at a local hospital, and able
to consent and communicate in French or English. The exclusion criteria included a
history of medical complications (renal disease, epilepsy, collagen disease, systemic
lupus erythematosus, scleroderma, liver disease, heart disease, pulmonary disease,
cancer, haematological disorders), threatened spontaneous abortion, and illicit drug use
(161).

Questionnaires were administrated by trained research staff during first and third
trimester to obtain demographic, life style, and medical history. Clinical maternal and
neonatal data were obtained from chart review. Participants were seen during each
trimester, at delivery, and postpartum to collect biospecimens (blood, urine, cord blood,
meconium, breast milk, hair) for laboratory analysis of environmental chemicals,

nutrients, genetic polymorphisms, and oxidative stress biomarkers. All chemical
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analyses were conducted at the Toxicology Laboratory, in the Institut national de Sante
publique du Quebec, accredited by the Standards Council of Canada. The chemicals
selected for analysis in the MIREC study were identified as priority chemicals in Health
Canada’s Chemical Management Plan (161). Priority substances are those that are
determined to be ‘persistent, bioaccumulative in the food chain, inherently toxic to the
environment, and are known to be in commerce in Canada; and/or a high hazard to
humans with a high likelihood of exposure to individuals in Canada’ (162).

In addition to providing consent for participation in the MIREC study and
collection of laboratory data, study participants provided separate consent to have
additional biospecimens collected and stored for use in future research in the MIREC
Data and Biological Specimens Bank (161). This research accessed umbilical cord
blood samples from the MIREC Biobank for the analysis of the immune system
biomarkers. As noted in Chapter Two this analysis was undertaken by J. Ashley-Martin
with assistance from the technical staff of Dr. Marshall’s lab at the Department of
Microbiology and Immunology at Dalhousie University. The protocol that was
developed for the analysis of the cord blood samples is provided in Appendix A.

This thesis received ethical approval from Health Canada, St. Justine’s Hospital
(Montreal, QC), and the IWK Health Centre (Halifax, NS). In addition, approval was
granted from the MIREC Biobank Management Committee to access the cord blood

biobank samples.
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Chapter Five. Umbilical cord blood levels and predictors of Interleukin-33,
Thymic Stromal Lymphopoietin and Immunoglobulin E

As of the writing of this thesis, this manuscript was submitted to Pediatric Allergy and
Immunology.

J. Ashley-Martin performed the ELISA analysis of umbilical cord blood samples,
conducted the statistical analysis, and wrote the manuscript. L. Dodds provided
supervisory input regarding the cohort, statistical analysis and critical feedback on the
manuscript. T. Arbuckle, co-principal investigator of the MIREC study, provided
guidance on the study cohort as well as reviewed and edited the manuscript. A. Levy
assisted in structuring and writing the manuscript. R. Platt reviewed the statistical
methods. J. Marshall provided lab space, materials, and technical support to facilitate
the completion of the ELISA analysis and critically reviewed early versions of the
manuscript. All authors were involved with the study design and methodology.
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Umbilical cord blood levels and predictors of Interleukin-33, Thymic Stromal
Lymphopoietin and Immunoglobulin E

Ashley-Martin J, Dodds L, Arbuckle TE, Levy AR, Platt RW, Marshall JS.
Pediatr Allergy Immunol

Abstract:

Background: The fetal immune system is a critical window of development. The
epithelial cell derived cytokines thymic stromal lymphopoietin (TSLP) and interleukin-
33 (IL-33) have received attention for their role in allergic responses but not been
studied during this critical window. The objectives were to assess correlations among
IL-33, TSLP and IgE in umbilical cord blood samples and identify prenatal predictors of
these biomarkers.

Methods: This study utilized data and banked cord blood collected in the Maternal-
Infant Research on Environmental Chemicals (MIREC) Study, a trans-Canada cohort
study of 2001 pregnant women. Our analytic sample comprised the 1254 women with a
singleton, term birth with a cord blood sample. Spearman correlation coefficients (SCC)
and logistic regression models were used to examine associations between biomarkers
and identify potential predictors of elevated biomarker levels.

Results: TSLP and IL-33 were more strongly correlated with each other (SCC=0.75,
P<0.0001) than with IgE (IL-33 SCC=0.14, TSLP SCC= 0.21). Maternal allergy, self-
reported exposure to heavy street traffic and elevated birth weight were significantly
associated with jointly elevated TSLP and IL-33 levels, whereas maternal age and
female infant sex were inversely associated with elevated IgE.

Conclusions: In this population of Canadian women and infants, TSLP and IL-33 were
detectable in cord blood, more strongly correlated with each other than with IgE, and
associated with maternal characteristics indicative of inflammatory responses. This
study motivates investigation into the value of cord blood IL-33 and TSLP levels as
childhood allergy predictors and raises interesting questions regarding in utero
coordinated regulation of these cytokines.

Key words: allergy, immunoglobulin E, interleukin-33, thymic stromal lymphopoietin,

umbilical cord blood
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Introduction

The fetal time period is a critical window of immune system development
(45,50,163). In utero perturbations to the regulation of immune responses and
inflammatory mediators may underlie susceptibility to childhood allergic diseases. This
susceptibility may manifest as alterations in fetal antibody and cytokine levels (98).
Previous research into biomarkers of childhood allergic disease has primarily focused on
elevated levels of cord blood immunoglobulin E (IgE) and T cell derived cytokines
(90,102,103,164). Recent research has demonstrated that the epithelial cell produced
cytokines, thymic stromal lymphopoietin (TSLP) and interleukin-33 (IL-33) contribute
to inflammatory related conditions (77). TSLP has been implicated in atopic dermatitis
(165), eosinophilic esophagitis (89), and allergic airway disease (68). A recent clinical
trial of children treated with anti-TSLP antibodies demonstrated that, compared to
controls, treated children had less bronchoconstriction and airway inflammation
following an allergen challenge test (68). IL-33 has been implicated in atopic dermatitis
(166), asthma (83), and inflammatory bowel disease (167). Neither TSLP nor IL-33,
however, has been studied in neonates.

Though most research has examined the independent roles of these cytokines, the
interaction between TSLP and IL-33 can exacerbate inflammatory responses.
Specifically, IL-33 can induce TSLP and sensitize mast cells to TSLP. TSLP can, in
conjunction with IL-33, induce mast cell production of Th2 cytokines (77). Despite this
experimental evidence, there is a lack of knowledge regarding the correlation of these
cytokines in the developing immune system. Investigation into this correlation may

provide insight into early life origins of IL-33 and TSLP cross-regulation. Mechanistic
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interaction between these cytokines in utero could potentially promote an allergic
phenotype in childhood.

In recognition of evidence regarding 1) the inflammatory roles of TSLP and IL-33
and 2) the fetal time period as a critical window of immune system development, we
sought to explore the nature of these cytokines at birth. The specific objectives of this
exploratory analysis were to: 1) determine umbilical cord blood levels of and
correlations among IL-33, TSLP and IgE and 2) identify statistical associations between
maternal and infant characteristics and elevated cord blood levels of IL-33, TSLP, and
IgE. Given the lack of evidence explaining the higher prevalence of allergic diseases,
including asthma, among boys (168) a secondary objective was to determine whether

these statistical associations differed by infant sex.

Method
STUDY DESIGN

Biospecimens and data for this study were from the Maternal-Infant Research on
Environmental Chemicals (MIREC) Study Biobank, a trans-Canada cohort study of
2001 pregnant women from ten Canadian cities during 2008 to 2011, as previously
described (169). Briefly, women were eligible for inclusion if they were < 14 weeks
gestation at time of recruitment, > 18 years of age, able to communicate in French or in
English, and planning on delivering at a local hospital (169). Participants included in
the present investigation were mothers who had a singleton, live, term birth (=37 weeks)
and a cord blood sample suitable for analysis. Cord blood samples (n=5) with
immunoglobulin A (IgA) levels > 10 pg/mL were excluded to minimize the possibility

of contamination from maternal blood (106). Ethical approval was obtained from
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Health Canada, Sainte Justine’s Hospital (Montreal, QC), and the IWK Health Centre

(Halifax, NS).

DATA COLLECTION

Trained research staff interviewed participants during the first and third trimester
to obtain data on maternal lifestyle, medical history, demographics, and ambient
environment characteristics. Clinical data on the mother and infant were obtained from
chart review.

Immune system biomarkers were measured in the plasma of umbilical cord
blood samples in the Department of Microbiology & Immunology, Dalhousie
University, Halifax, NS using specific ELISAs. TSLP concentrations were assessed
using a commercial kit (Biolegend, San Diego, CA, USA). IL-33 concentrations were
assessed an R & D systems duoset (Minneapolis, MN, USA). ELISA kits (EBioscience,
San Diego, CA, USA) were also used to assess both total IgE and IgA concentrations.
ELISA assays were performed according to manufacturer’s instructions with the
exception that plates were coated with sodium bicarbonate buffer (pH 8.3-8.5) and
blocked with 2% BSA in PBS instead of manufacturer’s coating and blocking buffers.
Extended standard curves were used to improve sensitivity. The inter-assay and intra-
assay coefficients of variation (CVs) for IL-33 were 5.9% and 11.3% respectively; for
TSLP inter-assay and intra-assay CVs were 6.0% and 8.1% respectively. The inter-
assay and intra-assay CVs were 3.2% and 6.5% respectively for IgE and 5.2% and

10.4% respectively for IgA.
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STATISTICAL ANALYSIS

Ambient maternal exposures, reproductive and medical history characteristics as
well as newborn characteristics determined a priori to be potential determinants of
childhood allergic diseases were included in statistical models (20, 25). Maternal age,
household income, self-reported exposure to street traffic, parental smoking, ownership
of at least one pet, pre-pregnancy body mass index (BMI) (170), maternal allergy,
parity, mode of delivery, infant sex, and fetal growth were included in the analysis.

The association between maternal fever and infection and elevated biomarker
concentrations was examined to assess the potential influence of underlying infection-
related processes.

Descriptive statistics for the immune system biomarkers were calculated using
medians and interquartile ranges (IQR) due to the skewed distribution of the data.
Spearman correlation coefficients (SCC) were calculated to determine correlation among
continuous measures of TSLP, IL-33, and IgE. Due to the high percentage of samples
below the limit of detection (LOD), each biomarker was categorized into a binary
variable. The 80 percentile was used to identify the subset of samples with elevated
concentrations of TSLP (572 pg/mL) and IL-33 (942 pg/mL) due to the lack of
established cut-off points. This cut-off was used instead of the detection limit because
the objective was to assess prenatal predictors of elevated cytokine levels. A composite
variable was developed to identify samples with elevated concentrations of both TSLP
and IL-33. A sensitivity analysis was conducted to examine TSLP and IL-33 as binary
variables defined at their respective LODs (TSLP=63 pg/mL; IL.-33=45 pg/mL). The
cut-off percentile for IgE was defined at 1.2 ng/mL (0.5 kU/L) (171,172), a cut-off point

previously used in studies of cord blood IgE (90,102). A bivariate analysis of all prenatal
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predictors and elevated IL-33, TSLP and IgE was conducted using logistic regression.
All variables with a P-value of <0.1 in this analysis were assessed for inclusion in a
multivariate logistic regression model using stepwise logistic regression with a P-value
criteria of 0.1 for variable inclusion and retention. To assess whether the relationship
between prenatal predictors and immune system biomarkers differed by infant sex, the
P-value of the product term was assessed and sex-stratified analysis were conducted.

All analyses were done using SAS software v. 9.2 (SAS Institute, Cary, NC, USA).

Results

Of the 2001 women recruited into MIREC, 18 withdrew and asked that their data
and biospecimens be destroyed. Of the remaining 1983 subjects, 1363 women had
provided a cord blood sample. Of these 1363 samples, 104 were excluded for a high
IgA concentration, pre-term birth (< 37 weeks), multiple birth, or samples that were
inadequate for analysis, leaving 1259 subjects for the present study.

The percentages of TSLP, IL-33 and IgE samples above the limit of detection
were 42%, 52%, and 18%, respectively. The median and inter-quartile ranges of the IL-
33 (pg/mL), TSLP (pg/mL), and IgE (ng/mL) were 50.7 (425.3), 63.0 (236.0), and 0.30
(2.4), respectively. The percentage of samples with IgE concentrations that exceeded
1.2 ng/mL was 16%. As shown in table 5.1, the correlation between TSLP and IL-33
(SCC=0.75, p<0.0001) was stronger than the correlations between IgE and either TSLP
(SCC=0.21) or IL-33 (SCC=0.14). Eighty percent of samples that were categorized as
having a high TSLP value had a high IL-33 value.

Maternal allergy and birth weight were associated with elevated TSLP

concentrations in a bivariate analysis (P-value of <0.1). Household income, maternal
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allergy, and birth weight were associated with elevated IL-33. The following variables
were associated with jointly elevated TSLP and IL-33: household income, self-reported
exposure to street traffic, maternal allergy, parity, and birth weight (Table 5.2).
Maternal age, household income, traffic exposure, and infant sex were associated with
elevated IgE. There were no significant associations between either maternal fever or
maternal infection and any of the tested biomarkers (data not shown).

Birth weight was the only variable that remained in the multivariate analysis of
elevated IL-33 while maternal allergy and birth weight remained in the analysis of
elevated TSLP (Table 5.3). In the multivariate analysis of jointly elevated TSLP and IL-
33, significant predictors were maternal allergy (OR=2.1; 95% CI: 1.1-3.9 vs no
allergy), self-reported exposure to traffic (heavy traffic OR=1.8; 95% CI: 1.2-2.8 vs no
traffic), and birth weight (>4000g OR=2.2; 95% CI: 1.2-4.0 vs <3000). A significant
dose-response relationship between birth weight (test for trend p=0.001) and jointly
elevated TSLP and IL-33 was observed (Table 5.3). The relationships between birth
weight, traffic and maternal allergy and jointly elevated TSLP and IL-33 did not differ
by sex as evidenced by a non-statistically significant product term and comparable
magnitudes of effects (Figures 5.1-5.3). In the sensitivity analysis using LOD rather than
the 80", birth weight was the only variable significantly associated with detectable
concentrations of either TSLP or IL-33. In the multivariate IgE model, maternal age
(test for trend P-value= 0.02) (maternal age >35 OR=0.5; 95% CI: 0.3-1.0 vs <24) and
female sex (OR=0.8; 95% CI:0.6-1.0 vs male sex) were inversely related to elevated

IgE levels. The association between maternal age and IgE did not differ by infant sex.
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Discussion

In this prospective cohort study of Canadian women, we observed several novel
findings. First, IL-33 and TSLP levels were detectable at birth and highly correlated
with each other. Second, elevated levels of the composite TSLP and IL-33 variable
were significantly and positively associated with maternal allergy, birth weight, and self-
reported exposure to traffic. The magnitudes of these associations were greater in the
joint IL-33 TSLP model than in the independent cytokine models. Further, cord blood
IgE levels were associated with maternal age and female sex, but not the presence of
maternal allergy, in a multivariate model.

The observed strong correlation between TSLP and IL-33 provides preliminary
evidence that TSLP and IL-33 may be operating in a dependent manner in the
developing immune system. These speculations require further investigation to clarify
whether the observed levels of TSLP and IL-33 persist into childhood and promote
inflammatory responses that manifest as allergic disease. The link with higher birth
weight might also suggest an early inflammatory component involving TSLP and IL-33
that is linked to adiposity. The observed dose-response relationship between birth weight
and elevated cytokine levels in the primary and sensitivity analysis is consistent with
evidence of common phenotypes among both childhood asthma and obesity (173,174).
The observed association raises the question of whether a childhood asthma - obesity
association is rooted in fetal development

Though, to our knowledge, there are no published investigations of TSLP or IL-
33 levels in cord blood, the present findings are consistent with evidence regarding
allergic disease determinants. The observed statistically significant association between

maternal allergy and joint elevation of levels of TSLP and IL-33 suggests that maternal
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allergy has an influence on these biomarkers that is detectable at birth. This finding
builds upon evidence of a genetic component to childhood allergic disease (175). The
lack of significant association in the sensitivity analysis may indicate that the subset of
infants with elevated cytokine levels have a different risk profile that than those with
detectable concentrations.

The finding between self-reported street traffic exposure and jointly elevated
TSLP and IL-33 levels, though lacking a strong dose-response relationship, is supported
by toxicological evidence that air pollution, specifically diesel exhaust and particulate
matter, can induce inflammatory processes including epithelial cell production of TSLP
(74). The lack of dose-response relationship may be explained by the potential
challenge in differentiating between ‘low’ and ‘medium’ levels of traffic exposure and
resulting exposure misclassification (176). Given the coherence between the present
results and the literature on allergic disease determinants, further investigation is
warranted to elucidate: 1) the mechanisms underlying the observed statistical
associations; 2) the long term implications of elevated cord blood levels of TSLP and
IL-33 s and 3) whether immune system sequelae are enhanced when TSLP and IL-33 are

elevated.

Consistent with the present study, a US-based study reported that both maternal
age and female sex were inversely related to elevated cord blood IgE (177). The same
study reported that residence in low income areas, Hispanic ethnicity, and maternal total
IgE were associated with elevated cord blood IgE levels (177). The MIREC study did

not measure maternal total IgE as it was not part of the original cohort analyses.
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Moreover, the MIREC study population is primarily urban, Caucasian and of higher
household income levels than the general population (23).

The present study benefited from the relatively large sample size and comparatively
rich covariate data. The sample size exceeds any previous analysis of either TSLP or IL-
33 in humans. The MIREC study population represents multiple geographic regions
within the country. We were able to restrict the analysis to cord blood samples not
contaminated by maternal blood by excluding samples with elevated IgA concentrations.
We were also able to rule out the role of underlying inflammatory responses in
promoting high biomarker concentrations. This study was, however, subject to at least
four limitations common to observational studies. First, as data on childhood allergic
diagnoses were not available in the MIREC study, we were not able to examine these
outcomes. Second, both maternal allergy and traffic were self-reported. Given that the
estimated allergy prevalence in the MIREC study (4.3%) is lower than other national
estimates of allergy medication use (4-9%) (178), it is unlikely that any resulting bias
from the self-reported nature of the variable overestimated allergy prevalence.
Furthermore, the available data on traffic exposure in the MIREC study does not capture
time or duration of exposure. Third, the study sample included higher income, more
educated women, who were less likely to smoke than the general population. Though
this potential selection bias is unlikely to have influenced the observed associations,
which operate independently of socioeconomic status, it does restrict examination of
certain prenatal characteristics. Fourth, the influence of residual confounding on the
observed associations from unmeasured variables such as maternal stress or vitamin D

cannot be ruled out. There are also unmeasured factors, such as endogenous
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corticosteroids and other inflammatory cytokines, which could modify IL-33 and TSLP
simultaneously. For example, the epithelial derived cytokine IL-25 (IL-17E) and IL-17
family member has received attention for interacting with IL-33 and TSLP to enhance
inflammatory responses (77).

In conclusion, the present findings suggest that neonates with elevated cord blood
levels of TSLP and IL-33 may represent an immunologically distinct subset. These
cytokines were associated with maternal and infant characteristics that reflect underlying
inflammation and/or increased risk of allergic disease development. Thus, cord blood
levels of TSLP and IL-33 warrant further investigation as potential predictive factors for
inflammatory and allergic disease. Given what is known regarding the integral role of
TSLP and IL-33 in allergic disease and inflammatory processes, the present findings
also raise interesting questions regarding in utero coordinated regulation of these

cytokines and motivate further research on this topic.
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Figure 5.1 Adjusted odds ratios (95% CI) of birth weight and elevated TSLP and
IL-33 stratified by infant sex
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Figure 5.2 Adjusted odds ratios (95% CI) of traffic exposure and elevated TSLP
and IL-33 stratified by infant sex
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Figure 5.3 Adjusted odds ratios (95% CI) of maternal allergy and elevated TSLP

and IL-33 stratified by infant sex
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Table 5.1 Spearman rank correlation (p-value) among umbilical cord blood levels of IL-33,
TSLP and IgE, MIREC Study, Canada, 2008-2011 (n=1259)

Biomarker TSLP IL-33 IgE
(pg/mL) (pg/mL) (ku/L)

TSLP 1.0 0.75 0.21

<.0001 <.0001

1L-33 0.75 1.0 0.14

<.0001 <.0001

IgE 0.21 0.14 1.0
<.0001 <.0001
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Table 5.2 Unadjusted odds ratios (95% CI) of prenatal predictors and umbilical cord blood
levels of high TSLP (280%) (pg/mL), IL-33 (280%) (pg/mL), and IgE (20.5 ku/L), MIREC
Study, Canada, 2008-2011

Characteristic High TSLP High IL33 High IL33/ High IgE
OR (95% OR (95% TSLP OR (95%

N (%) CD CD OR (95% CI) CI)

Maternal Demographic, Reproductive & Medical History

Maternal Age

<24 60 4.8 1.0 1.0 1.0 1.0

25-29 270 (21.5)  1.0(0.5-1.9) 0.7 (0.4-1.3) 0.8 (0.4-1.5) 0.8 (0.4-1.6)

30-34 453 (36.0) 0.7 (0.4-1.9) 0.7 (0.4-1.2) 0.6 (0.3-1.2) 0.7 (0.4-1.4)

>35 476 (37.8)  0.8(0.4-1.5) 0.7 (0.4-1.2) 0.7 (0.3-1.3) 0.6 (0.3-1.1)*

Pre-Pregnancy BMI

Underweight (<18.5) 27 23) 1.0 1.0 1.0 1.0

Normal (18.5 to 24.9) 719 (60.5)  1.1(0.4-3.0) 1.1(0.4-2.9) 1.1(0.4-3.3) 0.5(0.2-1.2)

Overweight (25 to 272 (229) 1.1(04-3.1) 1.1 (0.4-3.0) 1.1 (0.4-3.3) 0.6 (0.2-1.5)

29.9) 171 (144)  0.9(0.3-2.5) 1.0 (0.3-2.8) 0.9 (0.3-2.8) 0.4 (0.2-1.1)

Obese (< 30)

Maternal Allergy’

No 1205 957 1.0 1.0 1.0 1.0

Yes 54 43) 19(1.1-34)* 1.8 (1.0-3.2)* 2.1(1.1-3.9) * 1.5 (0.8-3.0)

Parity

Nulliparous 527 419) 1.0 1.0 1.0 1.0

Primiparous 513 (40.8)  1.1(0.8-1.5) 1.1 (0.8-1.5) 1.3 (0.9-1.8) 0.9 (0.7-1.3)

Multiparous 217 (17.3)  0.7(0.4-1.0) 0.7 (0.5-1.1) 0.7 (0.4-1.1) * 1.0 (0.7-1.6)

Mode of Delivery

Spontaneous 900 (71.5) 1.0 1.0 1.0 1.0

Caesarean 359 (25.5)  1.0(0.7-1.3) 1.0 (0.7-1.4) 0.9 (0.7-1.3) 1.0 (0.7-1.4)

Household Income

<30,000 90 74 1.0 1.0 1.0 1.0

30,001-50,000 117 9.7  1.7(0.8-3.3) 2.8 (1.3-6.0)* 2.6 (1.1-5.8)* 1.2 (0.6-2.4)*

50,001-100,000 515 (42.6)  1.0(0.5-1.9) 1.5 (0.8-3.0) 1.5(0.7-3.1) 0.7 (0.4-1.2)

>100,000 488 (40.3)  1.2(0.7-2.0) 1.9 (0.6-3.6) 1.8 (0.9-3.7) 0.7 (0.4-1.2)

Ambient Maternal Exposures

Traffic?

Light 860 (684) 1.0 1.0 1.0 1.0

Medium 250 (19.9)  0.8(0.6-1.2) 0.9 (0.7-1.4) 0.9 (0.6-1.3) 1.0 (0.7-1.5)

Heavy 147 (11.7)  1.3(0.9-2.0) 1.5 (1.0-2.2) 1.7 (1.1-2.6)* 1.7 (1.1-2.6) *

Parental Smoking *

No 1009 (80.1) 1.0 1.0 1.0 1.0

Yes 250 (19.9)  1.1(0.88-1.5) 1.2 (0.9-1.7) 1.2 (0.8-1.7) 1.2 (0.9-1.8)

Pet Ownership

No 560 (44.5) 1.0 1.0 1.0 1.0

Yes 699 (55.5) 1.1 (0.8-1.5) 1.1 (0.8-1.4) 1.0 (0.7-1.3) 0.8 (0.6-1.1)

! Defined by the self-reported use an anti-allergen medication
% Defined as self-reported residential street traffic intensity
3 Defined as yes if either the mother or father smoked during the pregnancy,

* P-value <0.1
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Table 2 (cont’d)

Characteristic N (%) High TSLP High IL33 High IL33/ High IgE
OR (95% OR (95% TSLP OR (95%
CI) CI) OR (95% CI) CI)

Infant Characteristics

Infant Sex

Male 673 (535) 1.0 1.0 1.0 1.0

Female 585 (46.5) 1.2(0.9-1.6) 1.0 (0.8-1.3) 1.1(0.8-1.5) 0.8 (0.6-1.0)*

Birth Weight (g)

<3000 138 (11.0) 1.0 1.0 1.0 1.0

3000-<3500 479 (38.1)  0.9(0.6-1.3) 1.0 (0.6-1.8) 1.1(0.7-1.9) 1.0 (0.6-1.7)

3500-<4000 450 (35.7) 1.3(0.8-2.1) 1.2 (0.8-2.0) 1.4 (0.8-2.4) 1.3 (0.8-2.2)

> 4000 192 (15.3) 1.9 (1.1-3.2)* 1.7 (1.0-3.0)* 2.1(1.2-3.9)* 1.2 (0.6-2.2)
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Table 5.3 Adjusted odds ratios of prenatal predictors and umbilical cord blood levels of
high IL-33 (280%) (pg/mL), TSLP (280%) (pg/mL), and IgE ( 20.5 ku/L), MIREC Study,
Canada, 2008-2011*

Characteristics High IL-33 High TSLP High IL-33 IgE High
&TSLP OR (95% CI)
OR (95% CI)

Maternal Reproductive & Medical History

Maternal Age

<24 -- -- -- 1.0

25-29 0.8 (0.4-1.6)
30-34 0.7 (0.4-1.4)
>35 0.5 (0.3-1.0)
Test for trend 0.02

Maternal Allergy
No -- 1.0 1.0
Yes 1.8 (1.0-3.3) 2.1 (1.1-3.9) -

Parity

Nulliparous -- -- -- -
Primiparous

Multiparous

Household

Income

<30,000 -- -- -- --
30,001-50,000

50,001-100,000

>100,000

Test for trend

Ambient Maternal Exposures

Traffic

Light -- -- 1.0 --
Medium 0.9 (0.6-1.3)

Heavy 1.8 (1.2-2.8)

Test for trend 0.04

Infant Characteristics

Sex

Male - - - 1.0

Female 0.8 (0.6-1.0)
Birth Weight (g)

<3000 1.0 1.0 1.0 --
3000-<3500 1.0 (0.6-1.5) 0.9 (0.6-1.3) 1.1 (0.6-1.9)

3500-<4000 1.2 (0.8-2.0) 1.3 (0.8-2.1) 1.5 (0.8-2.6)

>4000g 1.7 (1.0-3.0) 1.9 (1.1-3.2) 2.2 (1.2-4.0)

Test for trend 0.006 0.001 0.001

*Models adjusted for those variables identified as having p<0.1 based on findings in Table 2. IL-33 model
adjusted for birth weight, TSLP model adjusted for allergy and birth weight, IL-33/TSLP model adjusted
for allergy, traffic, and birth weight, IgE model adjusted for maternal age and sex.
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Chapter Six. Prenatal Exposure to Phthalates, Bisphenol A and
Perfluorinated Compounds and Cord Blood Levels of IgE, TSLP and IL-33
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Abstract:

The fetal time period is a critical window of immune system development and resulting
heightened susceptibility to the adverse effects of environmental exposures.
Epidemiologists and toxicologists have hypothesized that phthalates, bisphenol A (BPA)
and perfluorinated compounds have immunotoxic properties. Immunotoxic effects of
chemicals may manifest in an altered immune system profile at birth. Immunoglobulin
E, thymic stromal lymphopoietin (TSLP), and interleukin-33 (IL-33) are integral in the
etiology of childhood allergy and detectable at birth. The objective of this study was to
determine the relationship between maternal levels of phthalates, bisphenol A (BPA), and
perfluorinated compounds and elevated umbilical cord blood levels of IgE, TSLP, and
IL-33. This study utilized data collected in the Maternal-Infant Research on
Environmental Chemicals (MIREC) Study, a trans-Canada cohort study of 2,001
pregnant women. Of these women, 1258 had a singleton, term birth and cord blood
sample. A Bayesian hierarchical model was employed to determine associations between
log-transformed continuous variables and immune system biomarkers while adjusting for
potential confounding from correlated environmental contaminants. Inverse, nonlinear
associations were observed between maternal urinary MCPP levels and elevated levels of
both IL-33/TSLP and IgE and between maternal urinary BPA levels and elevated levels
of IL-33/TSLP. In this primarily urban Canadian population of pregnant women and
their newborns, maternal urinary and plasma concentrations of phthalate metabolites,
BPA, and perfluorinated compounds were not associated with immunotoxic effects that
manifest as increased odds of elevated levels of IgE, TSLP or IL-33. Determining
whether this absence of effect persists into childhood requires follow-up in a cohort of
children.

5 Key words: phthalates, bisphenol A, perfluorinated compounds, immunoglobulin E,
cytokines

Word count ~ 3800
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Introduction”

The fetal time period is a critical window of immune system development and
heightened susceptibility to the adverse effects of environmental exposures (45,50,163).
This susceptibility stems from the immaturity of fetal organ systems and undeveloped
detoxification systems (109). Exposure to environmental contaminants during this time
can promote permanent, irreversible changes to immune system development and
increase risk of an allergic phenotype (8,53,179). Exploration of in utero exposures that
may precipitate these changes is, therefore, critical to understanding the etiology of
childhood allergic disease (180).

Epidemiologists and toxicologists have hypothesized that phthalates (124,181),
bisphenol A (BPA) (133) and perfluorinated compounds (10,182) may have immunotoxic
properties. These contaminants are ubiquitous in the environment; the majority of adults
have detectable concentrations in their urine or plasma (183—185). Moreover, maternal
urinary or plasma concentrations of phthalates, BPA, and perfluorinated compounds
results in fetal exposure as these contaminants are known to cross the placenta (186—188).

Despite the ubiquity of these contaminants and potential for immunotoxic effects,
the epidemiologic literature regarding the association between prenatal exposure to these
contaminants and childhood allergic diagnoses is limited (128,134,135,140,189).
Moreover, the validity of studies that examine childhood allergic diagnosis is challenged
by: 1) confounding from childhood exposures to allergy risk factors and 2) outcome

misclassification inherent in the diagnosis of childhood allergic disease (190-192).

4 TSLP=thymic stromal lymphopoietin, IL-33=interleukin-33, IgE-=immunoglobulin E
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The immunotoxic effects of in utero environmental contaminant exposure may
manifest in altered levels of immune system biomarkers at birth. An altered immune
system profile at birth is a risk factor for childhood allergy (46,53,98,180). The immune
system biomarkers, immunoglobulin E (IgE), interleukin-33 (IL-33) and thymic stromal
lymphopoietin (TSLP), are detectable in cord blood (193). Elevated levels are associated
with inflammatory processes and allergic disease in later life (16,69,194). Cord blood
IgE levels have been previously used as a means of assessing the immunotoxic effects of
in utero environmental contaminant exposure (140,141,195). TSLP and IL-33 have
recently been recognized for their etiologic role in atopic dermatitis, the earliest
manifestation of childhood allergy (70,87). Unlike other cytokines that are produced
from hematopoietic cells (196), epithelial cell production of TSLP and IL-33 is not
dependent on the presence of a functioning, developed immune system function (67).
Analysis of TSLP and IL-33 levels in cord blood provides a novel means for examining
the susceptibility of the newborn immune system to the potential adverse effects of in
utero exposure to environmental contaminants.

The objective of this study was to determine the relationship between maternal
levels of phthalates, bisphenol A (BPA), and perfluorinated compounds and elevated
umbilical cord blood levels of IgE, TSLP, and IL-33 in Canadian birth cohort. Given that
childhood allergy prevanelce differs according to infant sex (168), a secondary objective
was to determine how relationships may differ by infant sex. Due to the co-occurrence of
phthalate metabolites within common household products (e.g. cosmetics, plastics),
individuals are routinely exposed to multiple phthalate metabolites simultaneously (107).

The concentrations of multiple perfluorinated compounds in household dust have been
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shown to be correlated (138). We employed an analytical approach to account for the

potential effects of correlated exposures.

Methods
STUDY POPULATION AND DATA SOURCES

This study used data and biospecimens from the Maternal-Infant Research on
Environmental Chemicals (MIREC) Study Biobank, a trans-Canada cohort study of 2,001
pregnant women from ten Canadian cities recruited during 2008-2011 (169). The target
population was pregnant women and their newborns who reside in these ten urban
regions and surrounding catchment areas. Approximately 6% of study participants lived
in a rural area according to postal forward sortation area. Study participants were
contacted throughout pregnancy at pre-specified time points to obtain data and
biospecimens. Briefly, women were eligible for inclusion if they were < 14 weeks
gestation at time of recruitment, > 18 years of age, able to communicate in French or
English, and planning on delivering at a local hospital (169). The population in the
present investigation was mothers who had a singleton, live, term birth (=37 weeks) and a
cord blood sample suitable for analysis. Cord blood samples (n=5) that were determined
to be contaminated with maternal blood based on an elevated immunoglobulin A (IgA)
level (> 10 ng/mL) were excluded from the analysis (Ownby, et al, 19961996). This
study received ethical approval from Health Canada, St. Justine’s Hospital (Montreal,
QC), and the IWK Health Centre (Halifax, NS) and all participants signed informed

consent forms.

ENVIRONMENTAL CONTAMINANT EXPOSURE
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BPA and eleven phthalate metabolites were measured in maternal urine collected
during the 1* trimester as shown in Table 6.1 and as previously described (197). Briefly,
chemical analysis of urine samples was carried out at the Laboratoire de Toxicologie,
Institut National de Santé Publique du Québec (Québec, QC, Canada), accredited by the
Standards Council of Canada. Phthalates in urine were analyzed by LC-MS/MS with an
Ultra Performance Liquid Chromatography (UPLC) coupled with a tandem mass
spectrometer and Quattro Premier XE following enzymatic deconjugation. Total BPA
in urine were measured with a GC-MS-MS instrument with a GC Agilent 6890 N
(Agilent Technologies; Mississauga, ON, Canada) coupled with a tandem mass
spectrometer Quattro Micro GC (Waters; Milford, Massachusetts, USA). An enzymatic
hydrolysis freed the conjugated compounds in the urine, the samples were then
derivatized and the derivatives extracted and analyzed. Perfluorinated compounds were
measured in study participant 1% trimester plasma using a Water Acquity UPLC-MS-MS

operated in the MRM mode with an electrospray ion source in negative mode.

FETAL MARKERS OF IMMUNE SYSTEM FUNCTION

Immune system biomarkers were measured in the plasma of umbilical cord blood
samples in the Department of Microbiology & Immunology, Dalhousie University,
Halifax, NS using ELISA. TSLP concentrations were determined using a commercial
antibody kit (Biolegend; San Diego, CA, USA). IL-33 concentrations were assessed
using antibodies from an R & D systems duoset (Minneapolis, MN, USA). ELISA kits
(EBioscience; San Diego, CA, USA) were also used to assess both total IgE and IgA
concentrations. ELISA assays were performed according to manufacturer’s instructions

with the exception that plates were coated with sodium bicarbonate buffer (pH 8.3-8.5)
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and blocked with 2% BSA in PBS instead of using the manufactures coating and
blocking buffers. The inter-assay and intra-assay CVs for IL-33 were 5.9% and 11.3%
respectively; for TSLP inter and intra-assay CVs were 6.0% and 8.1% respectively. The
inter-assay and intra-assay CVs were 3.2% and 6.5% respectively for IgE and 5.2% and

10.4% respectively for IgA.

STATISTICAL ANALYSIS

Due to the high percentage of samples below the limit of detection (LOD), each
immune system biomarker was categorized into a binary variable. A composite variable
was developed to identify samples with elevated concentrations of both TSLP and IL-33
(IL-33/TSLP) as these cytokines are highly correlated (spearman correlation
coefficient=0.8). Elevated levels of TSLP and IL-33 were defined as samples that
exceeded the 80™ percentile for both cytokines (TSLP=554 pg/mL; IL-33=879 pg/mL)
because there are no pre-existing thresholds. Elevated IgE samples were defined as those
that exceeded 1.2 ng/mL (0.5 kU/L) (171,172), a cut-off point previously used in studies
of cord blood IgE (90,104).

Maternal urinary measures of eleven phthalate metabolites and BPA collected
from a spot urine sample in the 1% trimester were available in the MIREC study (Table
6.1). Four phthalate metabolites (MCHP, MOP, MNP, MMP) were not examined in
multivariate analysis due to the low proportion of values above the limit of detection (%
>LOD MCHP=7.4, MOP=3.0, MNP=1.1, MMP=14.0). Three of the phthalate
metabolites are primary (MEHP) and secondary (MEHHP, MEOHP) metabolites of the
parent compound Di(2-ethylhexyl)phthalate (DEHP) (198). Considering the high
correlation (Pearson correlation coefficient=0.9) between these metabolites, they were
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not analyzed as individual metabolites. Rather, metabolite concentrations were summed
to create an index of DEHP metabolite exposure as previously reported (199). Maternal
measures of three perfluorinated compounds were collected from 1% trimester plasma
(Table 6.2). All values less than the LOD were imputed as LOD/2.

As the distribution of the environmental contaminants was non-normal, chemical
concentrations were log-transformed to calculate descriptive statistics and perform
multivariate analysis. Geometric means and standard deviations were calculated for the
all environmental contaminants according to high and low levels of the immune system
biomarkers. Concentrations of phthalate metabolites and bisphenol A were adjusted for
urinary specific gravity according to the following formula Pc= P; [(SGm- 1)/(SGi - 1)]
where: P.= SG adjusted metabolite concentration (ug/ml), Pi = observed metabolite
concentration, SG; = specific gravity of the urine sample, and SGn = median SG for the
cohort (200).

The Pearson correlation coefficients of log-transformed phthalate metabolites and
bisphenol A ranged from 0.3 (between MEP and BPA) to 0.6 (between MBP and DEHP
metabolites). The correlation coefficients of the log-transformed perfluorinated
compounds ranged from 0.5 (between PFOA and PFHxS) to 0.6 (between PFOA and
PFOS). Bayesian hierarchical logistic regression models were employed to estimate
odds ratios (OR) and 95% credible intervals (CI) for the association between the
environmental contaminants and immune system biomarkers. The outcome variables
were elevated IL-33/TSLP and elevated IgE (as defined above). This approach facilitates
inclusion of correlated exposures and is not subject to the challenges of convergence and

unstable estimates faced by maximum likelihood regression models (201). A separate
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hierarchical model was developed for each chemical class (e.g. phthalates, perfluorinated
compounds) and outcome (IL-33/TSLP and IgE). As the correlation between BPA and
phthalate metabolites was comparable to the within-phthalate correlation (e.g. MBP-BPA
correlation coefficient = 0.5), BPA was included in the phthalate model.

The Bayesian model was run with three chains and 5,000 iterations per chain with
the first 500 iterations discarded as a burn-in period. We used a normal distribution (0,
®) as prior for the parameters, with @ assumed to follow a half-normal distribution (with
the underlying normal having mean=0, variance=100) (202). This uninformative prior
distribution was chosen to reflect lack of prior knowledge regarding the association
between these chemicals and newborn immune system development. The distribution is
uninformative due to the large variance. In comparison to models that apply a fixed
variance and resulting fixed degree of estimate shrinkage toward the prior mean, this
approach allows the degree of shrinkage to vary depending on how closely the data fit the
prior distribution (201). Model convergence was assessed by visual assessment of trace
plots and by convergence diagnostic tests (Gelman-Rubin convergence test <1.05; R-
hat=1)(203). Details on the model are provided in Appendix 1.

Prior to inclusion in the hierarchical models, the linearity of each contaminant-
immune system biomarker relationship was assessed using restricted cubic spline models
(204) with knots set at the 5™, 50", and 95 percentiles. Environmental contaminants
that met the criteria for linearity were log-transformed and those that did not were
modeled with a quadratic term.

Potential confounders were identified using a hypothesized causal model (205). The

causal models were constructed using evidence regarding predictors of the exposures
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(197,206) and predictors of the immune system biomarkers (193,207). The minimal
adjustment sets for confounding were identified using DAGitty (208). Specific gravity
was forced into the adjusted phthalate/BPA model to account for heterogeneity in urinary
dilution (197). As childhood allergy prevalence differs by sex (168), analyses were also
stratified by sex.

Descriptive statistics were performed in SAS V.9.2 (Cary, NC). Bayesian
modeling was performed using R v.3.0.3 (The R Foundation for Statistical Computing)

and Openbugs (v 3.2.1 Members of OpenBUGS Project Management Group).

Results

Of the 2,001 women recruited, 18 withdrew and asked that all their data and
biospecimens be destroyed. Of the remaining 1983 subjects, 1363 women had a cord
blood sample. Of these 1363 samples, a total of 104 samples were excluded for a high
IgA concentration, pre-term birth (< 37 weeks), multiple birth, or samples with
insufficient sample for analysis, and no chemical data for either phthalates, BPA and the
perfluorinated compounds leaving 1258 subjects for inclusion in the statistical analysis.
An additional 121 women did not have maternal urinary measurements of phthalates and
an additional 16 women did not have maternal plasma measurements of perfluorinated
compounds.

Table 6.1 depicts geometric mean concentrations of phthalates and perfluorinated
compounds according to categories of the immune system biomarkers. Maternal
demographic, reproductive, and infant characteristics are depicted in Table 6.2. The
majority of study participants were greater than 30 years of age, had a household income

greater than $50,000, were non-smokers, and of normal BMI.
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Significant non-linear associations were observed between the phthalate metabolite
MCPP (P-value=0.008 test for linearity; P-value =0.01 test for association) and BPA (P-
value test for linearity=0.02, P-value test for association 0.05) and odds of elevated IL-
33/TSLP (Figures 6.1-6.2). MCPP was also observed to have a significant, non-linear
relationship with odds of elevated IgE (P-value linearity = 0.01, P-value
association=0.02) (Figure 6.3). Thus, quadratic terms for both MCPP and BPA were
included in the IL-33/TSLP model and a quadratic term for MCPP was included in the
IgE model. There were no significant non-linear associations between the perfluorinated
compounds and either IL-33/TSLP or IgE.

Tables 6.3 and 6.4 depict results of the Bayesian hierarchical models. The quadratic
term for maternal urinary BPA concentrations was inversely associated with odds of
elevated IL-33/TSLP (aOR=0.8; 95% CI: 0.5-1.0) (Table 6.3). The quadratic term for
MCPP was inversely associated with odds of elevated IgE (aOR=0.7; 95% CI: 0.5-1.0)
(Table 6.5). Credible intervals for all other phthalates and perfluorinated compounds
included the null value (Tables 6.3-6.4). Results were similar among male and female

infants in all statistical models (Supplementary tables 6.1.1-6.1.4).

Discussion

In this study, we sought to determine the relationship between maternal levels of
phthalates, BPA, and perfluorinated compounds and elevated umbilical cord blood levels
of IgE, TSLP and IL-33. This question was motivated by the fact that in utero
environmental contaminant exposure may alter newborn immune system development
and promote risk of an allergic phenotype (8,53). Consistent with the inverted U-shaped

curve observed in the restricted cubic spline analyses, we found an inverse, non-linear
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association between maternal urinary MCPP levels and elevated levels of both IL-
33/TSLP and IgE in the Bayesian hierarchical model. An inverse, non-linear association
was also observed between maternal urinary BPA levels and elevated levels of IL-
33/TSLP in the Bayesian hierarchical model, similarly consistent with the association
observed in the restricted cubic spline analysis. We did not observe any associations
between the contaminants of interest and elevated levels of IgE, or IL-33/TSLP where the

credible interval did not include the null.

PRENATAL EXPOSURE TO PHTHALATE METABOLITES AND MEASURES OF CHILDHOOD ALLERGY

The potential role of phthalate exposure in childhood allergy etiology is supported
by experimental evidence demonstrating that these chemicals exhibit adjuvant-like
properties (181). Epidemiological evidence regarding prenatal phthalate exposure is,
however, equivocal. To our knowledge, authors of two birth cohort studies in New York
(128,129) and Taiwan (189) have examined the association between prenatal phthalate
exposure and measures of childhood allergy. The Taiwanese birth cohort reported no
statistically significant associations between phthalate metabolites and cord blood IgE
(189). Investigators of the New York city cohort reported a significant association
between maternal urinary phthalate metabolite (MBzP) concentrations and eczema at two
but not five years of age (128). In a later follow-up of this cohort, authors report a
significant association between prenatal MBzP exposure and childhood asthma diagnosed
between the ages of 5 and 11 (129). Considering that the present study also identified a
slight positive association between cord blood IgE levels and MBzP exposure (OR=1.2
95% CI: 0.9-1.7), further investigation into the role of this metabolite in childhood
allergy etiology is warranted. Divergence in other results among the New York (128),
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Taiwanese (189) and present study may be explained by the heterogeneity in target

populations, exposure levels, or outcome measures (Table 6.5).

PRENATAL EXPOSURE TO BPA AND MEASURES OF CHILDHOOD ALLERGY

Experimental evidence has demonstrated that BPA may induce an asthmatic
phenotype by elevating IgE levels and promoting eosinophilic inflammation (132,133).
However, epidemiological literature regarding prenatal BPA exposure and childhood
allergy is limited and inconsistent. A birth cohort study from the mid-west US (134)
reported a positive association between maternal urinary BPA levels and childhood
wheeze whereas the NY birth cohort investigators (135) reported an inverse association.
In contrast, in the present study we identified a non-linear relationship between BPA and
elevated IgE. In addition to differences outlined in Table 6.5, a possible explanation for
the heterogeneity in results is exposure misclassification. The short half-life (130),
complexity of metabolism (209), and potential contamination of urinary samples with
external sources of BPA (e.g. laboratory equipment) (210) create material challenges to

accurately estimating fetal BPA levels.

PRENATAL EXPOSURE TO PERFLUORINATED COMPOUNDS AND MEASURES OF CHILDHOOD ALLERGY

In experimental models, perfluorinated compounds have been shown to induce
immune system profile changes indicative of an allergic phenotype (10,139). Two
previous birth cohort studies reported that the relationship between gestational
perfluorinated compound exposure and cord blood IgE levels differed by infant sex
(Table 6.5) (140,141). These findings may be explained by the fact that PFOA has a

longer half-live and slower renal clearance in males (206). The lack of notable
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differences by sex in the PFOA and IgE model in the present study may be due to the

relatively low percentage of cord blood samples with levels of IgE above 0.5 ku/L.

STRENGTHS AND LIMITATIONS

This study benefited from the relatively large sample size in the MIREC study,
the comparatively rich covariate data, and the use of novel immune system biomarkers.
The study population was predominantly from urban regions in Canada. We employed
analytical methods to control for correlated exposures (201) and assess non-linear
relationships. Furthermore, by shrinking effect estimates towards each other, Bayesian
hierarchical models lower the likelihood of identifying a significant association by
chance (211).

This study was subject to at least three limitations common to observational
studies. First, the short half life and rapid elimination of phthalates and BPA creates a
source of potential misclassification bias as the body burden of these chemicals may vary
on a daily basis (130,212-214). In pregnant women, the reported intraclass correlation
(ICCs) for BPA has been very low, ranging from 0.11 to 0.24 (212,215-217). The
phthalate metabolite MCPP was reported to have considerable within person variability
based on an ICC of 0.20 in a study of serial measurements in pregnant women (218).
Considering, however, that 1) that exposure misclassification is non-differential and 2)
this study employed continuous rather than polytomous exposure variables, any potential
misclassification bias likely attenuated effect estimates towards the null (58,219).
Reproduction of the present findings in cohort studies with serial phthalate and BPA
measurements would be valuable to further investigate the influence of this potential
information bias.
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Second, the MIREC study population was of higher income and more educated
than the target population. This potential selection bias is unlikely to have biased the
observed associations because the associations did not seem to be confounded by income
or education. The socioeconomic characteristics of the MIREC population did, however,
preclude our ability to assess associations among certain population subgroups including
low income women with minimal secondary education. Third, the influence of residual
confounding cannot be ruled out. We did not have information on certain risk factors for
childhood allergy such as vitamin D (220) and maternal stress (221). Considering that a
relationship between these variables and exposure to the contaminants of interest is not
well established, we have no reason to believe our observed associations are invalidated

by lack of control for these variables.

PUBLIC HEALTH INTERPRETATIONS

Due to the lack of Canadian health-based biomonitoring guidelines for the
contaminants of interest, interpretation of the present findings within a public health
context is a challenge. On average, the phthalate and BPA exposure levels observed
within the MIREC study are lower than other birth cohorts discussed (Table 6.5) and
consistent with the temporal trend of declining body burden levels of many phthalates
and BPA (183,222). Health Canada recently took regulatory action to minimize
exposure levels of BPA and certain phthalates to children (223,224). Though these
actions are unlikely to directly affect prenatal exposure levels in the current study, the
regulations may promote heightened consumer awareness and subsequent attempts to

minimize use of BPA and phthalate-laden products.
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Plasma concentrations of PFOA and PFOS have also been decreasing over time,
but concentrations of other perfluorinated compounds (e.g. perfluorononanoic acid
(PFNA)) have been on the rise (183,225,226). The decrease in PFOA and PFOS
concentrations is explained by the cessation of PFOA and PFOS production within the
last ten years (227,228). The persistent nature and long half-life of these compounds
(206) explains the continued presence of detectable concentrations of these chemicals in
maternal plasma. The second cycle of the Canadian Health Measures Study reported
that the majority of Canadians have detectable concentrations to some of these less
common compounds such as PFNA (185). As such, continuing biomonitoring efforts
are warranted to determine trends in levels and sources of exposure as well as
investigate potential health effects.

The novel finding of a non-linear relationship between MCPP, BPA and the
immune system biomarkers of interest in this study is consistent with evidence that
endocrine disrupting chemicals may operate in a non-monotonic manner (229). Further
elucidation of these dose-response relationships and underlying biological mechanisms
will be a valuable contribution to the development of health based biomonitoring

guidelines for these contaminants.
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Figure 6.1 Restricted cubic spline curve of association between maternal urinary log1o
MCPP concentrations and high IL-33/TSLP cord blood concentrations (MIREC study, 2008-
2011)
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interval, dots represent knots defined at the 5%, 50, and 95" percentiles.
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Figure 6.2 Restricted cubic spline curve of association between maternal urinary logio
MCPP urinary concentrations and high IgE cord blood levels (MIREC study, 2008-2011)
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Figure 6.3 Restricted cubic spline curve of association between maternal urinary log1o
BPA concentrations and high IL-33/TSLP cord blood concentrations (MIREC study, 2008-
2011)
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Table 6.1 Geometric mean of environmental contaminants (ug/L) by categories of TSLP, IL-33, and IgE (MIREC study, 2008-2011)

€L

IL33-TSLP IgE
(pg/mL) (ku/L)

Chemical LOD* %> >80% <80% > 0.5 ku/LL <0.5ku/L
(ng/L) LOD

Geometric Geometric Geometric Mean Geometric

Mean (SD) Mean (SD) (SD) Mean (SD)
Phthalate Metabolites & BPA
(n=1137)
Mono-ethyl phthalate (MEP) 0.5 99.8 339 (3.9 39.0 4.1) 324 (3.8) 393 4.1)
Mono-n-butyl phthalate (MBP) 0.2 99.7 12.6 (2.5) 13.3 (2.3) 129 (24) 13.2 (2.3)
Mono-benzyl phthalate (MBzP) 0.2 99.5 5.5 (2.8) 6.0 (2.7 6.4 (3.0 5.9 (2.6)
Mono- 3-carboxypropyl (MCPP) 0.2 83.9 0.9 (2.6) 1.0 (3.0 0.9 (2.7 1.0 (3.0)
Mono-2-ethylhexyl phthalate (MEHP) 0.2 98.3 2.5 (2.6) 27 (25 26 (2.9 2.6 (2.5)
Mono-(2-ethyl-5-hydroxyhexyl) 0.4 99.3 94 (2.6) 10.7 (2.5) 10.4 (2.7) 10.6 (2.4)
(MEHHP)
Mono-(2-ethyl-5-oxohexyl) (MEOHP) 0.2 99.7 6.8 (2.5 7.5 (2.3) 74 (2.5) 74 (2.3)
Bisphenol A (BPA) 0.2 86.6 0.9 (2.6) 09 (2.8) 09 (2.6) 0.9 (2.8)
Mono cyclohexyl phthalate (MCHP) 0.2 7.4
Mono-n-octyl phthalate (MOP) 0.6 3.0
Mono-isononyl phthalate (MNP) 0.4 1.1
Mono-methyl phthalate (MMP) 5.0 14.0
Perfluorinated Compounds (n=1242)
Perfluorooctanoic acid (PFOA) 0.3 99.8 1.7 (1.9 1.7  (1.8) 1.7 (1.9) 1.6(1.8)
Perfluorooctane sulfonate (PFOS) 0.1 99.8 4.7 (1.9 45 (1.8) 46 (1.9 4.6 (1.8)
Perfluorohexane sulfanoate (PFHxS) 0.3 96.0 1.0 (2.2) 1.0 (2.3) 1.0 (24) 1.0 (2.3)

*LOD=limit of detection
®Geometric means and standard deviations are adjusted for specific gravity



Table 6.2 Maternal demographic characteristics, MIREC Study, Canada,
2008-2011 (n=1258) @

Characteristic N (%)

Maternal Demographic

Maternal Age (yrs.)

<=24 60 (4.8)

25-29 270 (21.5)
30-34 452 (35.9)
>35 476 (37.8)
Household Income ($CAD)

<30,000 90 (7.4)
30,001-50,000 117 9.7)
50,001-100,000 515 (42.6)
>100,000 487 (40.3)

Parental Smoking®

No 1008 (80.1)
Yes 249 (19.9)
Pet Ownership

No 560 (44.5)
Yes 698 (55.5)

Maternal Reproductive & Medical History

Pre-Pregnancy BMI¢

Underweight (<18.5) 27 2.3)
Normal (18.5 to 24.9) 718 (60.4)
Overweight (25 to 29.9) 272 (22.9)
Obese (> 30) 171 (14.4)
Maternal Allergy?

No 1204 (95.7)
Yes 54 4.3)
Parity

Nulliparous 526 (41.9)
Primiparous 512 (40.8)
Multiparous 217 (17.3)

Infant Characteristics

Infant Sex

Male 672 (53.5)
Female 585 (46.5)
Birth Weight (g) 138 (11.0)
2500 479 (38.1)
2500-3000 449 (35.7)
3500-4000 192 (15'3)
>4000 ’

@ Subgroup total may not equal 1258 due to missing data® Defined as either the mother or father smoking
during pregnancy ¢ World Health Organization Classification (WHO, 2006)
4 Defined as use of maternal allergy medication
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Table 6.3 Bayesian odds ratios of elevated (280%) cord blood IL-33/TSLP (pg/mL) and
maternal concentrations of logio environmental contaminants (ug/L)
(MIREC study, 2008-2011)

Contaminant Unadjusted OR Adjusted OR ®
(95% CI) (95% CI)
Phthalates & BPA* (n=1137)
MEP 0.9 (0.7-1.1) 0.9 (0.7-1.1)
MBP 1.0 (0.6-1.4) 1.0 (0.7-1.4)
MBzP 1.0 (0.7-1.3) 0.9 (0.7-1.3)
MCPP 0.9 (0.7-1.2) 0.9 (0.7-1.2)
MCPP*MCPP 0.8 (0.5-1.0) 0.8 (0.5-1.1)
> DEHP 0.9 (0.6-1.2) 0.9 (0.7-1.3)
BPA 1.0 (0.7-1.3) 1.0 (0.7-1.3)
BPA*BPA 0.8 (0.5-1.0) 0.8 (0.5-1.0)
Perfluorinated compounds** (n=1242)
PFOA 1.1 (0.6-1.9) 1.1 (0.6-1.8)
PFOS 1.1 (0.6-1.9) 1.1 (0.6-1.9)
PFHxS 1.0 (0.7-1.4) 1.0 (0.7-1.4)

adjusted for maternal age, specific gravity
b adjusted for maternal age, sex,

Table 6.4. Bayesian odds ratio of elevated (20.5 ku/L) cord blood IgE (ku/L) and maternal
concentrations of log1o environmental contaminants (ug/L) (MIREC study, 2008-2011)

Contaminant Unadjusted OR Adjusted OR
(95% CI) (95% CI)

Phthalates & BPA“(n=1137)

MEP 0.8 (0.6-1.0) 0.8 (0.6-1.0)
MBP 1.0 (0.6-1.4) 0.9 (0.6-1.3)
MBzP 1.3 (0.9-1.8) 1.2 (0.9-1.7)
MCPP 0.8 (0.6-1.1) 0.8 (0.6-1.1)
MCPP*MCPP 0.7 (0.5-1.0) 0.7 (0.5-1.0)
> DEHP 1.0 (0.7-1.4) 1.0 (0.7-1.5)
BPA 1.0 (0.8-1.4) 1.0 (0.7-1.3)
Perfluorinated compounds® (n=1242)

PFOA 1.1 (0.6-2.0) 1.1 (0.6-1.9)
PFOS 1.1 (0.6-2.0) 1.1 (0.6-1.9)
PFHxS 1.0 (0.7-1.4) 1.0 (0.7-1.4)

adjusted for maternal age, specific gravity

badjusted for maternal age, sex
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Table 6.5 Birth cohort studies examining the association between prenatal exposure to phthalates, BPA or perfluorinated
compounds and measures of childhood allergy

Study

Target Population

Maternal Exposure
Concentrations
(Median)

Outcome Measures

Major Finding

MIREC

Primarily Caucasian, urban
women residing in Canada

BPA =0.8 ug/L
MBzP =5.0 ug/L
MCPP = 0.9 ug/L

PFOA=1.7 ug/L,
PFOS=4.6 ug/L,
PFHxS=1.0 ug/L

Cord blood IgE, TSLP,

IL-33

Whyatt 2014

Dominican African American
women residing in New York
city

MBzP =13.6 ug/L
MnBP =37.5 ug/L

Diagnosed asthma

MBzP asthma
RR =1.17 95% CI:1.01-1.35
MnBP asthma
RR=1.25 95% CI:1.04-1.51

Just et al., 2012

Dominican African American

MBzP =13.6 ug/L

Atopic eczema ages 2,5

MBZzP and eczema age 2

Donohue et al., 2013 women residing in New York  BPA =1.8 ng/mL Wheeze in childhood RR=95% CI:1.2-1.9
city
BPA and wheeze age 5
OR=0.7 95% CI:0.5-0.9
Spanier et al., 2012 Mid-West US BPA =2.2 Wheeze BPA and wheeze birth to age 3
ug/g creatinine OR=1.2 95% CI:1.0-1.5
Okada et al., 2012 Japanese PFOS=5.2 ng/mL Cord Blood IgE PFOA and IgE
PFOA= 1.3 ng/mL Males B (95% CI) = 1.3 (-2.2,4.7)
Females B (95% CI)=-3.1(-5.4- -0.7)
Wang et al., 2011 Taiwanese PFOA = 1.7 ng/mL, Cord Blood IgE PFOA and IgE

PFOS = 5.5 ng/mL
PFHxS = 0.055 ng/mL

Males B (p-value)=0.2(0.02)
Females B (p-value)=0.06(0.9)




SUPPLEMENTARY TABLES

Table 6.1.1 Bayesian odds ratios of elevated IL-33/TSLP and maternal urinary

concentrations of logio phthalate metabolites and Bisphenol A by sex (MIREC study, 2008-

2011)
Males (n=604) Females (n=532)
Contaminant Unadjusted Adjusted OR Unadjusted Adjusted OR
OR (95% CI) (95% CI) OR(95% CI) (95% CI)
MEP 1.0 (0.8-1.4) 1.0 (0.7-1.4) 0.8 (0.6-1.1) 0.8 (0.6-1.1)
MBP 1.1 (0.7-1.6) 1.1 (0.7-1.6) 0.9 (0.5-1.4) 0.9 (0.5-1.4)
MBzP 1.1 (0.7-1.6) 1.1 (0.7-1.6) 0.8 (0.5-1.2) 0.8 (0.5-1.2)
MCPP 0.8 (0.5-1.1) 0.8 (0.5-1.1) 1.1 (0.7-1.6) 1.1 (0.7-1.7)
MCPP*MCPP 0.8 (0.5-1.1) 0.8 (0.5-1.1) 0.9 (0.5-1.3) 0.9 (0.5-1.3)
> DEHP 0.9 (0.6-1.3) 0.9 (0.6-1.3) 1.0 (0.6-1.4) 0.9 (0.6-1.4)
BPA 1.0 (0.6-1.4) 1.0 (0.6-1.4) 1.0 (0.7-1.4) 1.0 (0.7-1.4)
BPA*BPA 0.7 (0.4-1.1) 0.7 (0.4-1.1) 0.9 (0.5-1.3) 0.9 (0.6-1.3)

*adjusted for maternal age, specific gravity,

Table 6.1.2 Bayesian odds ratio of elevated IgE and maternal urinary concentrations of
log1o phthalate metabolites and Bisphenol A by sex (MIREC study, 2008-2011)

Males (n=604)

Females (n=532)

Contaminant Unadjusted Adjusted OR Unadjusted Adjusted OR
OR (95% CI) OR (95% CI)
(95% CI) (95% CI)
MEP 0.8 (0.6-1.1) 0.8 (0.6-1.1) 0.9 (0.6-1.2) 0.9 (0.6-1.2)
MBP 1.2 (0.7-1.7) 1.1 (0.7-1.7) 0.8 (0.4-1.2) 0.8 (0.4-1.2)
MBzP 1.2 (0.8-1.8) 1.2 (0.8-1.7) 1.2 (0.8-1.9) 1.2 (0.8-2.0)
MCPP 0.8 (0.5-1.1) 0.8 (0.5-1.2) 1.0 (0.6-1.4) 0.9 (0.6-1.4)
MCPP*MCPP 0.7 (0.5-1.0) 0.7 (0.5-1.0) 0.8 (0.5-1.2) 0.8 (0.5-1.2)
> DEHP 1.0 (0.6-1.5) 1.0 (0.7-1.5) 1.0 (0.6-1.6) 1.0 (0.7-1.6)
BPA 1.0 (0.7-1.5) 1.0 (0.7-1.5) 1.0 (0.6-1.4) 1.0 (0.6-1.4)

*adjusted for maternal age, specific gravity

Table 6.1.3 Bayesian odds ratio of elevated IL-33/TSLP and maternal plasma

concentrations of log1o perfluorinated compounds by sex (MIREC study, 2008-2011)

Males (n=664 )

Females (n= 578)

Contaminant Unadjusted OR Adjusted OR Unadjusted OR Adjusted OR
(95% CI) (95% CI) (95% CI) (95% CI)
PFOA 1.1 (0.5-2.0) 1.1 (0.5-2.0) 1.1 (0.5-2.1) 1.1 (0.5-2.1)
PFOS 1.1 (0.5-2.1) 1.1 (0.4-2.0) 1.1 (0.5-2.1) 1.1 (0.7-2.1)
PFHxS 1.3 (0.8-2.1) 1.2 (0.8-2.0) 0.8 (0.4-1.2) 0.8 (0.2-1.2)

*adjusted for maternal age, sex

Table 6.1.4 Bayesian odds ratio of elevated IgE and maternal plasma concentrations of
log1o perfluorinated compounds by sex (MIREC study, 2008-2011)

Males (n=664)

Females (n=578)

Contaminant Unadjusted OR Adjusted OR Unadjusted OR Adjusted OR
(95% CI) (95% CI) (95% CI) (95% CI)
PFOA 1.2 (0.6-2.1) 1.2 (0.6-2.3) 1.0 (0.5-1.9) 1.0 (0.5-1.9)
PFOS 1.2 (0.6-2.3) 1.2 (0.7-2.3) 1.0 (0.5-1.9) 1.0 (0.4-1.9)
PFHxS 1.2 (0.7-1.8) 1.1 (0.7-1.7) 0.9 (0.5-1.4) 0.9 (0.5-1.4)

*adjusted for maternal age, sex
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Appendix 1. Bayesian methods

Hierarchical Model
k

Yilgj ~ N i, )
J=1

B~N(0, @)
@2~ N (0,0.01)

The model was a logistic regression model of the form as described in Maclehose (2009):
Logit Pr(Yi= 1|xil +xi2 +xi3...) =po + Blxil + f2xi2..)

The Bayesian hierarchical model was run using OpenBUGS version 322 and R v. 3.0.3. The
R20penBUGS package was used in R to run OpenBUGS from R. The hierarchical model was run with the
following OpenBUGS code.

model

{

for (iin 1:n) {

# Linear regression on logit

logit(p[i]) <- alpha + b[1]*x1[i] + b[2]*x2[i] + b[3]*x3[i] + b[4]*x4[i] + b[5]*x5[i] + b[6]*x6[i]

# Likelihood function for each data point
yli] ~ dbern(p[i])

i

for jin 1:J) {

b[j] ~ dnorm (0,phi) } # Prior for betas
alpha ~ dnorm(0.0,0.01) # Prior for intercept
phi ~ dnorm(0,0.01)1(0,)

#Calculate odds ratios for three betas
ORx1<-exp(b[1])

ORx2<-exp(b[2])

ORx3<-exp(b[3])

ORx4<-exp(b[4])

ORx5<-exp(b[5])

ORx6<-exp(b[6])}
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Abstract

The fetal time period is a critical window of immune system development and resulting
heightened susceptibility to the adverse effects of environmental exposures.
Epidemiologists and toxicologists have hypothesized that persistent organic pollutants,
pesticides and metals have immunotoxic properties. Immunotoxic effects may manifest
as an altered immune system profile at birth. Immunoglobulin E, thymic stromal
lymphopoietin (TSLP), and interleukin-33 (IL-33) may be implicated in the etiology of
childhood allergy and detectable at birth. The objective of this study was to examine the
potential relationship between maternal levels of metals, persistent organic pollutants,
and pesticides and elevated umbilical cord blood levels of IgE, TSLP, and IL-33 in a
Canadian birth cohort. This study utilized data collected in the Maternal-Infant Research
on Environmental Chemicals (MIREC) Study, a trans-Canada cohort study of 2,001
pregnant women. Of these women, 1258 had a singleton, term birth and cord blood
sample. Logistic regression was used to determine associations between log-transformed
continuous variables and immune system biomarkers. A trend towards an inverse
association between lead and elevated levels of IL-33/TSLP was observed. No
significant associations were observed between any of the other environmental
contaminants and the immune system biomarkers of interest. In this primarily urban
Canadian population of pregnant women and their newborns, maternal blood or urine
concentrations of persistent organic pollutants, pesticides, and metals were not associated
with immunotoxic effects that manifest as increased odds of elevated levels of IgE, TSLP
or IL-33.

Key words: persistent organic pollutants, metals, pesticides, immunoglobulin E, thymic

stromal lymphopoietin, interleukin-33, pregnancy, cohort

Word count: 3200

80


mailto:l.dodds@dal.ca

Introduction

The fetal immune system is susceptible to the adverse effects of environmental
contaminants due to the immaturity of detoxification enzymes and fetal organ systems
(109). Immunotoxic effects of environmental contaminants occur at lower doses in
fetuses than adults (230). In utero exposures to certain contaminants can trigger
permanent, irreversible changes to the developing immune system. These changes may
promote the persistence of skewed immune system responses and subsequent increased
risk of an allergic phenotype (5,8,179).

Toxicologists and epidemiologists have hypothesized that metals (8,48,111),
pesticides (150,231), and polychlorinated biphenyls (PCBs) (37,143) have immunotoxic
properties. Anthropogenic and biogenic sources of metals result in detectable blood
concentrations in the majority of North American individuals (183,232).
Organophosphate pesticide exposure is common, even in urban populations, due to
ingestion of pesticide residues on treated food (154) and presence in household dust
(155). Due to regulatory changes enacted in the 1970s, use of persistent organic
pollutants (POPs) including polychlorinated biphenyls (PCBs) (233) and certain
organochlorine pesticides (149) has curtailed in many developed countries. Many adults,
however, still have detectable concentrations of these chemicals due to their lipophilic
and persistent nature (183).

The epidemiologic literature regarding associations between in utero exposure to
the aforementioned contaminants and measures of childhood allergy is limited and
inconsistent. Investigations that have explored the role of environmental contaminants in

childhood allergic disease etiology are challenged by the transient nature of certain
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diagnoses, such as wheeze, and resulting misclassification (234,235). Disentangling the
confounding effects of childhood from in utero environmental exposures poses yet
another challenge.

Determining the nature of the relationship between prenatal environmental
contaminant exposures and fetal immune system biomarkers may facilitate insight into
the susceptibility of the fetal immune system to potential immunotoxicants. The effects
of in utero environmental contaminant exposure may manifest in altered levels of
immune system biomarkers at birth. An altered immune system profile at birth is a risk
factor for childhood allergy (20-22,23). Specifically, elevated cord blood levels of
certain inflammatory T helper 2 (Th2) cytokines have been found to be predictors of
infantile atopic dermatitis (236). The immune system biomarkers, immunoglobulin E
(IgE), interleukin-33 (IL-33) and thymic stromal lymphopoietin (TSLP), have been
detected at birth (193) and are integral in the mechanisms underlying allergic responses
(16,69,194). Cord blood IgE levels have been previously used as a means of assessing
the immunotoxic effects of in utero environmental contaminant exposure
(55,140,141,195). TSLP and IL-33 have recently been recognized for their etiologic role
in atopic dermatitis, the earliest manifestation of childhood allergy (70,87). Moreover, a
recent clinical trial demonstrated that children treated with anti-TSLP antibodies had less
bronchoconstriction and airway inflammation following an allergen challenge test than

children who did not receive the treatment (68).

In response to the lack of epidemiologic evidence regarding 1) intrauterine
influences on childhood asthma risk (54) and 2) determinants of cord blood levels of

TSLP and IL-33, we sought to examine fetal immune system susceptibility to in utero
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environmental contaminant exposure. Specifically, the objective of the present study was
to examine the association between maternal levels of pesticides, PCBs, and metals and
elevated cord blood levels of IgE, TSLP, and IL-33 using data from a Canadian birth
cohort. As childhood allergy prevalence differs by sex (57,28,30), a secondary objective

was to assess whether these associations differed by infant sex.

Materials and Methods
STUDY POPULATION

Data and biospecimens were obtained from the Maternal-Infant Research on
Environmental Chemicals (MIREC) Study, a trans-Canada cohort study of 2,001
pregnant women from ten Canadian cities recruited between 2008 and 2011 (169). The
target population and exclusion criteria for the MIREC study and present analysis have
been described previously (169,193). Cord blood samples that were determined to be
contaminated with maternal blood based on an elevated immunoglobulin A (IgA) level (>
10 pg/mL) were excluded from the analysis (106). As pre-term and multiple birth infants
had lower cord blood samples of the immune system biomarkers and may have a
differing allergic disease risk profile (237,238), these samples were excluded. This study
received ethical approval from Health Canada, St. Justine’s Hospital (Montreal, QC), and

the IWK Health Centre (Halifax, NS) and all participants provided consent.

ENVIRONMENTAL CONTAMINANT EXPOSURE

In the present investigation, four organochlorine pesticides, four PCB congeners,
five organophosphate pesticides metabolites, and four metals were analyzed. These

organochlorine pesticides and PCB congeners were measured in first trimester plasma
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(Table 7.1). The non-dioxin like PCB congeners 138, 153, and 180 were summed to
create an index of PCB exposure. Plasma samples were enriched with internal standards
and halogenated organic compounds were retrieved by liquid-liquid extraction with a
mixture of ammonium sulfate: ethanol:hexane (1: 1: 3). The extracts were concentrated,
automatically purified on florisil column, and then analyzed by gas chromatography
coupled to a mass spectrometer (Agilent 68§90N/5973 GC-MS). Measurements of ions
generated after negative chemical ionization were performed in selective ion mode
(SIM).

The organophosphate pesticide metabolites were measured in first trimester urine
(Table 7.1). Index measures of the dimethyl alkylphosphate (DMAP) and diethyl
alkylphosphate (DEAP) metabolites were calculated by summing the respective
metabolites on a molar basis (239). As only 2% of samples had detectable concentrations
of the organophosphate metabolite DEDTP, this metabolite was not analysed. Chemical
analysis of organophosphate metabolites in urine samples was carried out at the
Laboratoire de Toxicologie, Institut National de Santé Publique du Québec (Québec, QC,
Canada), accredited by the Standards Council of Canada. Organophosphate metabolites
in urine were measured with a GC-MS-MS instrument with a GC Agilent 6890 N
(Agilent Technologies; Mississauga, ON, Canada) coupled with a tandem mass
spectrometer Quattro Micro GC (Waters; Milford, Massachusetts, USA).

Metals (lead, mercury, arsenic, and cadmium) were measured in whole blood
collected from the first and third trimesters. These two measurements were averaged to

create an index of exposure throughout pregnancy. Metal concentrations were analyzed
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using inductively coupled plasma mass spectrometry (PerkinElmer ELAN ICP-MS DRC

).

FETAL MARKERS OF IMMUNE SYSTEM

Immune system biomarkers were measured in the plasma of umbilical cord blood
samples in the Department of Microbiology & Immunology, Dalhousie University,
Halifax, NS using ELISA. TSLP concentrations were determined using a commercial
antibody kit (Biolegend, San Diego, CA, USA). IL-33 concentrations were analyzed
using antibodies from an R & D systems duoset (Minneapolis, MN, USA). ELISA kits
(EBioscience, San Diego, CA, USA) were also used to assess both total IgE and IgA
concentrations. ELISA assays were performed according to manufacturer’s instructions
with the exception that plates were coated with sodium bicarbonate buffer (pH 8.3-8.5)
and blocked with 2% BSA in PBS instead of using the manufacture’s coating and
blocking buffers. The inter-assay and intra-assay CVs for IL-33 were 5.9% and 11.3%,
respectively; for TSLP inter and intra-assay CVs were 6.0% and 8.1%, respectively. The
inter-assay and intra-assay CVs were 3.2% and 6.5%, respectively, for IgE and 5.2% and

10.4%, respectively, for IgA.

STATISTICAL ANALYSIS

For the descriptive statistics, urinary concentrations of the organophosphate
metabolites were adjusted for specific gravity to account for heterogeneity in urinary
dilution according to the following formula P. = P; [(SGm- 1)/(SG;j - 1)], where: P.=SG
adjusted metabolite concentration (ng/ml), Pi = observed metabolite concentration,, SG;

= specific gravity of the urine sample, and SGm = median SG for the cohort (200).
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Due to the high percentage of cord blood samples below the limit of detection
(LOD), each immune system biomarker was categorized into a binary variable. A
composite variable was developed to identify samples with elevated concentrations of
both TSLP and IL-33 (IL-33/TSLP) as these cytokines are highly correlated (Spearman
correlation coefficient=0.8) and known to interact in experimental models (77). Elevated
levels of TSLP and IL-33 were defined as samples that exceeded the 80™ percentile for
both cytokines (TSLP=554 pg/mL; IL.-33=879 pg/mL) because there are no pre-existing
thresholds. Elevated IgE samples were defined as those that exceeded 1.2 ng/mL (0.5
kU/L) (171,172), a cut-off point previously used in studies of cord blood IgE (90,104).

Logistic regression was employed to estimate the association between log-
transformed continuous variables and elevated levels of IgE and IL-33/TSLP with the
exception of hexachlorobenzene. Due to the high percentage of samples below the LOD
for this chemical, a binary variable categorized at the LOD was created. For all other
chemicals, maximum likelihood estimation was used, assuming a log-normal distribution
for sample concentrations. This method of accounting for samples with values below the
LOD is less prone to bias than substitution methods that use LOD/2 or LOD/N2 (240).
For environmental contaminants with 2 LODs (e.g. mercury, DETP), all values less than
the higher LOD were treated as below the limit of detection. For the summary measures
of PCBs congeners and organophosphate metabolites, a value was treated as less than the
LOD if each of the individual metabolite values were undetectable.

Potential covariates were identified using hypothesized causal models (205). The
causal models were constructed using evidence regarding predictors of the environmental

contaminant exposures (organochlorine pesticides (241), organophosphorous pesticides
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(242), PCBs (243), metals (244-246)) and predictors of the immune system biomarkers
(193,207). The minimal adjustment sets for confounding were identified using DAGitty
(208). Maternal blood lipid levels were included in the organochlorine and PCB models
to account for the lipophilic nature of these chemicals and intra-individual heterogeneity
in lipids (247). Maternal urinary specific gravity was included into the organophophate
pesticide metabolite models to account for heterogeneity in urinary dilution (197). The
linearity of the relationship between each environmental contaminant and immune system
biomarker was assessed using restricted cubic splines (204). Exposures that did not meet
the criteria for linearity (P <0.05) were modeled with a quadratic term. To assess
whether relationships differed by infant sex, the P-value of the sex*exposure interaction
term was assessed and sex-stratified analyses were conducted. If the upper or lower
confidence limit was equal to one, an additional analyses using tertiles of exposure was

conducted. This was done for ease of interpretation and visualization of results.

Results

Of the 2,001 women recruited, 18 withdrew and asked that all their data and
biospecimens be destroyed. Of the remaining 1,983 subjects, 1,363 women had a cord
blood sample. Of these 1,363 samples, 107 were excluded for missing chemical exposure
data, a high IgA concentration, pre-term birth (< 37 weeks), multiple birth, or samples
with insufficient sample for analysis.

Table 7.1 shows descriptive statistics of the environmental contaminants. The
percentage of samples above the limit of detection ranged from 29.7% for
hexachlorobenzene to 100% for lead. Maternal demographic, reproductive, and infant

characteristics are depicted in Table 7.2. The majority of study participants were 30
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years or older, had a household income greater than $50,000, were non-smokers, and of
normal BML

As no chemical met the criteria for non-linearity, all exposures were entered into
the model as continuous variables without a quadratic term. Results of the IL-33/TSLP
and IgE models are presented in Tables 7.3 and 7.4 respectively. All models were
adjusted for age and, depending on the specific chemical, specific gravity or lipids. A
significant inverse association was observed between prenatal blood lead levels and
elevated concentrations of IL-33/TSLP in the unadjusted model (OR=0.7, 95% CI: 0.5-
0.9) but not the adjusted model (OR=0.7, 95% CI: 0.5-1.0). No significant associations
were observed between any of the other environmental contaminants and elevated cord
blood levels of either IL-33/TSLP or IgE in the adjusted models. There was no observed
effect modification by sex or material differences in the sex-stratified analysis (data not
shown).

Tables 7.5 and 7.6 depict the results of the tertile analysis for those chemicals
with borderline significant associations. Results are consistent with the analysis of
continuous exposures. Though a suggestion of an inverse finding was observed, none of

the effect measures were statistically significant.

Discussion

In this study, we sought to characterize the association between prenatal exposure
to PCBs, pesticides and metals and elevated levels of IgE, IL-33 and TSLP. We observed
that there was no significant association between any of the environmental contaminants
and the immune system biomarkers of interest in the multivariate models. We also

observed that these associations did not differ by sex. These findings suggest that

88



contemporary maternal levels of these environmental contaminants do not induce
developmental immunotoxic effects as detected by elevated levels of the immune system
biomarkers of interest. Due to the lack of literature specific to the immune system
biomarkers, comparison with previous results is not possible. As detailed below, the
present findings are globally consistent with studies that have demonstrated an absence of
an effect between prenatal environmental contaminant exposures and measures of
childhood allergy. Divergence across this broad body of literature is likely explained by

heterogeneity in timing and type of exposure and outcome measurements.

STUDIES OF PRENATAL METAL EXPOSURE AND CHILDHOOD ALLERGY

Experimental evidence has demonstrated that gestational lead exposure may
elevate IgE levels (111,248) and enhance Th2 cell responses (249). A significantly
elevated risk of childhood atopy was observed among children with elevated maternal
and cord blood lead levels in a Polish birth cohort (250). In addition, significant
correlations between childhood lead levels and both elevated IgE (114,115,251) and
atopic dermatitis (252) have been identified in cross-sectional analyses. In light of these
previous findings, the observed lack of association between lead and IgE and trend
towards an inverse association between lead and IL-33/TSLP in the present study was
unexpected. The present findings may be explained by the relatively low level of
maternal lead exposure among MIREC study participants. Average lead levels in the
MIREC study (geometric mean = 0.88 pg/dL) were lower than observed in the Polish
birth cohort (geometric mean = 1.60 pg/dL).

Epidemiologic evidence on the other metals of interest is limited. The relatively

few studies of the association between childhood allergy and mercury (31,68 ,73),
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arsenic (119,254), and cadmium (255) are not suggestive of an association between metal

exposure and immune system changes consistent with allergic disease.

STUDIES OF PRENATAL PCB EXPOSURE AND CHILDHOOD ALLERGY

There is experimental evidence that PCBs may enhance production of Th2 cell
cytokines involved in allergic responses (143). Similar associations have not, however,
been consistently observed in epidemiologic studies. For example, consistent with the
present findings, a meta-analysis of ten European cohort studies concluded that prenatal
PCB-153 exposure was not associated with infant wheeze or bronchitis (153).
Conversely, authors of a recent Dutch cohort study reported a positive association
between PCB-153 and allergy after twenty years of follow-up. A limitation of this study
is that allergy diagnosis was based on self-reported medication use between the ages of 6
and 20. Thus, there is no ability to pinpoint the timing of outcome or examine early life
outcomes (144). Maternal concentrations of PCB-153 were notably higher in the Dutch
cohort study (median=1.37 pg/L) (144) than in the MIREC study (median=0.04 pg/L).
The difference in exposure levels and resulting effect estimates is likely explained by the
differences in timing of recruitment. Study participants in the Dutch cohort study were
recruited during the early 1980s, prior to the complete cessation of PCB manufacture in

Europe (256).

STUDIES OF PRENATAL ORGANOCHLORINE PESTICIDE EXPOSURE AND CHILDHOOD ALLERGY

Experimental evidence has demonstrated that organochlorine pesticide exposure,
specifically DDE, may also induce allergic type responses via enhanced production of

Th2 cytokines (150). Evidence from epidemiologic studies is not strongly suggestive of a
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positive association. Though positive associations between prenatal DDE exposure and
measures of childhood allergic disease have been reported in two birth cohort studies (61
,62), a meta-analysis of 10 cohort studies reported that this association was limited to
children less than 18 months old (153). In addition, authors of the Dutch cohort study
reported no significant association between prenatal DDE exposure (median = 2.47
ng/mL) and asthma medication use (144). The present finding of a trend towards an
inverse relationship between DDE and elevated IL-33/TSLP levels may be explained by

the low exposure levels (median DDE = 0.3 pg/L) in MIREC study participants.

STUDIES OF PRENATAL ORGANOPHOSPHATE PESTICIDE EXPOSURE AND CHILDHOOD ALLERGY

While no study has examined the association between organophosphate
metabolites and childhood allergy, authors of the US Agricultural health study report that
these pesticides are associated with an increased risk of adult-onset asthma and wheeze
(Hoppin et al., 2009; Hoppin et al., 2006). Moreover, exposure to common
organophosphate pesticides has been shown to exacerbate atopic dermatitis and increase

IgE levels in experimental models (158).

STRENGTHS & LIMITATIONS

This study benefited from the relatively large sample size and the comparatively
rich covariate data. Considering the relatively long-half for the persistent organic
pollutants, there is unlikely to be considerable within-person variability in exposure
throughout pregnancy. We employed an analytical method to model samples with
concentrations below the LOD. This approach is prone to less bias than substituting a

constant (e.g. LOD/2) for undetectable samples (240).
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It is worth exploring whether the lack of significant associations in the present
study may be due to an actual absence of effect or are a result of the following study
limitations. First, the MIREC study population was of higher income and more educated
than the target population of primarily urban Canadian women. This potential selection
bias is unlikely to have biased the observed associations because the associations did not
seem to be confounded by income or education. Second, we did not have information on
certain risk factors for childhood allergy such as maternal vitamin D (220) and stress
(221). Considering that a relationship between these variables and exposure to the
contaminants of interest is not well established, it is unlikely that our observed
associations are invalidated by lack of control for these variables. The trend towards an
inverse relationship between some of the environmental contaminants (e.g. lead, DDE)
and cord blood immune system biomarkers raises questions regarding the potential role
of confounding due to other unmeasured protective factors for allergic disease. Third,
though the persistent organic pollutants and metals have long half-lives and, therefore,
little expected variation throughout pregnancy, the organophosphorous metabolites have
relatively short half-lives (156) and may vary during pregnancy (257). Furthermore, first
trimester urinary measures may not be representative of exposure levels during critical
windows of immune system development. It is likely that any resulting bias is non-
differential and may attenuate effect estimates towards from the null (219).

The observed absence of effect is not necessarily reflective of an absence of
developmental immune system toxicity. It is possible that the immunotoxicity of the
environmental chemicals of interest do not manifest as elevated levels of cord blood

levels of IgE, TSLP or IL-33. Future studies that assess serial measurements of a wider
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panel of immune system biomarkers and include clinical allergic diagnosis data would
have the capacity to assess whether immunotoxic effects appear in different outcomes

and at different time points.

PUBLIC HEALTH CONTEXT

Manufacture and use of DDT, PCBs, and hexachlorobenzene was curtailed three
decades ago (149,233,258). Thus, the residual exposure levels observed in the MIREC
population largely represent historical use. Given the lack of Canadian biomonitoring
guidelines for these contaminants, interpretation of the health implications of the
observed values is challenging. The lower levels of maternal exposure in the MIREC
study compared to more historical cohorts (116,144) suggests that exposure levels have
been declining since the cessation of production.

In contrast to these POPs, contemporary sources of exposure to metals exist. All
MIREC study participants had detectable concentrations of lead but these levels were
notably lower than the Canadian blood lead intervention level of 10 ug/dL (259).
Moreover, the median value in this study (0.62 pg/dL) is lower than 1 to 2 ug/dL, values
which have recently been reported to be associated with adverse health effects (259).
Similarly, the median level of blood mercury concentration in the MIREC study
population (0.70 ug/L) is also well below 20 ug/L, the current Canadian guideline for
blood mercury concentrations in adults (260). Though there are no Canadian
biomonitoring guidelines for blood levels of cadmium, median values in the MIREC
population are lower than reported in the Canadian Health Measures Survey (232) and

comparable to that reported in the US NHANES (183). Median blood arsenic levels in
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the MIREC study are slightly higher than those measured in the Canadian Health

Measures Survey (12).

Conclusions
In this primarily urban Canadian population of pregnant women and their

newborns, maternal concentrations of persistent organic pollutants, pesticides, and metals
were not associated with potential immunotoxic effects manifested as increased odds of
elevated IgE, TSLP or IL-33. Future studies that examine the trajectory of these
biomarkers from birth to childhood will complement the present findings. It is possible
that any immunotoxic effect of prenatal exposure to these chemicals manifests in a
different manner or is delayed until later in life. Determination of whether the observed
absence of effect at birth persists into childhood requires follow-up in either a nested

case-control study or a cohort of children with clinical assessment of allergic disease.
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Table 7.1 Descriptive statistics of environmental contaminants (MIREC study, 2008-2011)

Chemical %

(ng/L) N LOD >LOD Min Median Max IQR
Pesticides

Organochlorine Pesticides (plasma)

Trans-nonachlor 1232 0.01 84.58 LOD 0.02 0.23 0.01
DDE 1233 0.09 99.19 LOD 0.30 26.00 0.28
Hexachlorobenzene 1232 0.04 29.71 LOD 0.02 0.61 0.02
Oxychlordane 1231 0.005 92.04 LOD 0.01 0.13 0.01
Organophosphate Pesticide Metabolites

(urine)?

Dimethylphosphate (DMP) 1229 1.00  79.55 LOD 3.25 43.33 4.44
Dimethylthiphosphate (DMTP) 1227 0.60 80.49 LOD 3.44 141.82 7.22
Diethyldithiophosphate (DEDTP) 1230 030 2.27 LOD 0.15 4.02 0.18
Diethylthiophosphate (DETP) 1229 0.6 5292 LOD 0.65 31.89 0.85
Diethylphosphate (DEP) 1230 1.00 76.64 LOD 2.38 2104.76 2.90
Polychlorinated biphenyls (plasma)

PCB 118 1233 0.01 7445 LOD 0.01 0.22 0.02
PCB 138 1233 0.01 93.19 LOD 0.03 0.28 0.02
PCB 153 1233 0.01 99.19 LOD 0.04 0.53 0.04
PCB 180 1233 0.01 92.70 LOD 0.03 0.77 0.03
Metals (whole blood)

Lead (pg/dL) 1241 0.10 100.00 0.17 0.62 4.14 0.41
Cadmium 1241 0.04 97.42 LOD 0.20 5.06 0.17
Arsenic 1241 0.22 93.63 LOD 0.82 34.46 0.66
Mercury 1241 0.12 90.57 LOD 0.70 10.03 1.02

dadjusted for specific gravity (200)



Table 7.2 Maternal demographic characteristics, MIREC Study, Canada, 2008-2011 (n=1256)2

Characteristic N %
Maternal Demographic

Maternal Age (yrs.)

<=24 60 4.8
25-29 270 21.5
30-34 450 35.8
>35 476 379
Household Income ($CAD)

<30,000 90 7.5
30,001-50,000 116 9.6
50,001-100,000 514 42.6
>100,000 487 40.4

Parental Smoking ®

No 1006 80.1
Yes 250 19.9
Pet Ownership

No 559 44.5
Yes 697 55.5

Maternal Reproductive & Medical History

Pre-Pregnancy BMI ¢

Underweight (<18.5) 27 2.3
Normal (18.5 to 24.9) 717 60.5
Overweight (25 to 29.9) 272 22.9
Obese (> 30) 170 14.3
Maternal Allergy ¢

No 1202 95.7
Yes 54 43
Parity

Nulliparous 526 41.9
Primiparous 512 40.8
Multiparous 216 17.2

2

Infant Characteristics

Infant Sex
Male 671 53.5
Female 584 46.5

Birth Weight (g)

<2500 }ég 11.0
2500-3000 448 38.1
3500-4000 192 35.7
>4000 15.3

2 Subtotals may not sum to total due to missing data, ° defined as either the mother or father smoking during pregnancy,
¢ World Health Organization Classification (WHO, 2006), ¢ Defined as maternal use of allergy medication
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Table 7.3 Odds ratio of logio maternal contaminant concentrations and elevated (280%)
cord blood levels of IL-33/TSLP

Chemical N Unadjusted Adjusted
(ng/L) OR OR

(95% CI) (95% CI)
Pesticides
Organochlorine Pesticides*
Trans-nonachlor 1232 0.8 (0.6-1.1) 0.8 (0.5-1.1)
DDE 1233 0.8 (0.6-1.0) 0.8 (0.6-1.0)
Hexachlorobenzene (binary) 1232 0.8 (0.6-1.1) 0.8 (0.6-1.1)
Oxychlordane 1231 0.8 (0.6-1.1) 0.8 (0.5-1.1)
Organophosphate Pesticide
Metabolites”
Dimethylphosphate (DMP) 1229 0.9 (0.7-1.0) 0.9 (0.7-1.0)
Dimethylthiphosphate (DMTP) 1227 1.0 (0.9-1.1) 1.0 (0.8-1.1)
Diethylthiophosphate (DETP) 1229 0.9 (0.8-1.1) 1.0 (0.7-1.2)
Diethylphosphate (DEP) 1230 0.8 (0.7-1.0) 0.7 (0.7-1.0)
>DMP&DMTP 1226 0.9 (0.8-1.0) 0.9 (0.8-1.1)
>DEP&DETP 1229 0.8 (0.7-1.0) 0.9 (0.7-1.0)
Polychlorinated biphenyls”
PCB 118 1233 0.8 (0.6-1.0) 0.7 (0.4-1.0)
PCB 138 1233 0.8 (0.7-1.0) 0.9 (0.6-1.1)
PCB 153 1233 0.9 (0.7-1.0) 0.9 (0.7-1.1)
PCB 180 1233 0.9 (0.7-1.0) 0.9 (0.7-1.0)
>PCB (non-dioxin — 138,153,180) 1233 0.9 (0.7-1.1) 0.9 (0.7-1.1)
Metals*
Lead 1241 0.7 (0.5-0.9) 0.7 (0.5-1.0)
Cadmium 1241 0.9 (0.7-1.1) 0.9 (0.7-1.1)
Arsenic 1241 0.9 (0.7-1.1) 0.9 (0.7-1.2)
Mercury 1241 0.9 (0.8-1.1) 1.0 (0.8-1.1)

2adjusted for age and lipids, *adjusted for age and specific gravity
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Table 7.4 Odds ratio of log1c maternal contaminant concentrations and elevated (20.5 ku/L)

cord blood levels of IgE

Chemical N Unadjusted Adjusted
(ng/L) OR OR

(95% CI) (95% CI)
Pesticides
Organochlorine Pesticides*
Trans-nonachlor 1232 0.8 (0.6-1.0) 0.9 (0.5-1.2)
DDE 1233 0.9 (0.8-1.1) 1.0 (0.8-1.2)
Hexachlorobenzene (binary) 1232 0.9 (0.6-1.2) 0.9 (0.6-1.3)
Oxychlordane 1231 0.8 (0.6-1.1) 1.0 (0.6-1.4)
Organophosphate Pesticide
Metabolites”
Dimethylphosphate (DMP) 1229 1.0 (0.8-1.1) 1.0 (0.8-1.2)
Diethylphosphate (DEP) 1230 0.9 (0.8-1.0) 0.9 (0.7-1.1)
Dimethylthiphosphate (DMTP) 1227 1.0 (0.9-1.1) 0.9 (0.8-1.1)
Diethylthiophosphate (DETP) 1229 1.0 (0.8-1.1) 1.0 (0.7-1.2)
>DMP&DMTP 1226 1.0 (0.8-1.1) 1.0 (0.8-1.1)
>DEP&DETP 1229 1.0 (0.8-1.1) 0.9 (0.7-1.0)
Polychlorinated biphenyls”
PCB 118 1233 1.0 (0.7-1.2) 1.1 (0.7-1.5)
PCB 138 1233 0.9 (0.7-1.1) 1.1 (0.8-1.4)
PCB 153 1233 0.9 (0.7-1.1) 1.0 (0.8-1.3)
PCB 180 1233 0.9 (0.7-1.1) 1.1 (0.8-1.3)
>PCB (non-dioxin — 138,153,180) 1233 1.0 (0.7-1.2) 1.1 (0.8-1.3)
Metals*
Lead 1241 0.9 (0.6-1.2) 1.0 (0.7-1.3)
Cadmium 1241 0.9 (0.7-1.1) 0.9 (0.7-1.1)
Arsenic 1241 1.2 (0.9-1.4) 1.1 (0.9-1.4)
Mercury 1241 1.0 (0.8-1.1) 1.0 (0.8-1.1)

2adjusted for age and lipids, ® adjusted for age and specific gravity
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Table 7.5 Odds ratios of tertiles of exposure and elevated (280%) cord blood levels of IL-
33/TSLP for contaminants with borderline significant associations using continuous
exposure variables

Contaminant Tertiles Adjusted OR (95% CI)
DDE® (ug/L) <0.23 1.0
(n=1233) 0.24-0.39 0.8 (0.5-1.1)
>0.39 0.7 (0.5-1.0)
DMP (ug/L) <0.1.60 1.0
(n=1229) 1.61-4.70 0.8 (0.6-1.2)
>4.70 0.7 (0.5-1.1)
>DEP&DETP® (ug/L) <12.59 1.0
(n=1229) 12.7-26.89 0.8 (0.5-1.2)
>26.89 0.9 (0.6-1.4)
PCB 180° (ug/L) <0.02 1.0
(n=1233) 0.03-0.04 0.9 (0.6-1.4)
>0.04 0.8 (0.5-1.3)
PCB 118 (ug/L) <0.01 1.0
(n=1233) 0.01-0.02 0.8 (0.6-1.2)
>0.02 0.7 (0.5-1.1)
Lead® (ug/dL) <0.68 1.0
(n=1241) 0.69-1.08 0.8 (0.6-1.2)
>1.08 0.8 (0.5-1.1)

2 adjusted for age, ° adjusted for age and lipids, ¢ adjusted for age and specific gravity

Table 7.6 Odds ratios of tertiles of exposure and elevated cord blood levels of elevated
(20.5 kulL) IgE for contaminants with borderline significant associations using continuous
exposure variables

Contaminant Tertiles Adjusted OR (95% CI)
YDEP&DETP® (ug/L) <12.59 1.0
(n=1229) 12.7-26.89 0.9 (0.6-1.3)

>26.89 0.9 (0.5-1.4)

¢ adjusted for age and specific gravity
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Chapter Eight. Public Health Context

The ultimate goal of such work shall be to inform regulatory decisions and reduce
risks associated with chemical exposures. To position this investigation within the
entirety of the research cycle (Figure 1.1), this chapter will provide an overview of the
process involved in translating epidemiologic research into public health guidelines and
some of the inherent challenges.

Public health guidelines are developed and implemented through the processes of
risk assessment and risk management. The US National Research Council formalized
these processes in 1983 in an effort to bridge the gap between scientific knowledge and
government regulation. Risk assessment is defined as the synthesis of scientific evidence
to understand potential human health effects resulting from exposure to hazardous
materials and situations (261). The fundamental question of interest to risk assessors is
‘What is the risk of disease Y in the presence of agent X relative to the risk of disease Y
in absence of X?’ (262). The ability to answer this question requires an understanding of
the toxicity (hazard) of the agent as well as the likelihood of population exposure to the
agent. The aforementioned National Research Council Report outlined four steps to risk
assessment; hazard identification, dose-response assessment, exposure assessment, and
risk characterization (261).

Risk management combines the results of risk assessment with economic, social
and technological considerations to develop policy recommendations (263). The goal of
risk management is not to completely eliminate risks but to establish levels of risk that
are considered acceptable based on a balance of economic, social, political and

technological considerations. This is well exemplified by the ALARA principle
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commonly used in assessing risk to ionizing radiation which states that the exposure must
be ‘As Low As Reasonably Achievable’ while accounting for social and economic
benefits and availability of existing technology. Risk management approaches include
source control, point-of-use control, educational strategies, legally enforceable limits,
regulations, standards, operating targets, guidelines and a request for further research

(264).

Hazard Identification

Hazard identification, the first stage of risk assessment, attempts to answer the question
of ‘What adverse health effects are associated with exposure (developmental toxicity,
neurotoxicity, cancer)?’ by incorporating available toxicological and epidemiological
data to create an assessment of hazards resulting from exposure. Epidemiological studies
offer valuable contributions to this step through the capacity to 1) assess the range of
exposures of interest in real-life settings 2) incorporate genetic diversity and 3) assess
effect modification and resulting health effects in susceptible populations (265). Though
regulatory agencies such as Health Canada, the US Environmental Protection Agency
(EPA), International Agency for Research on Cancer (IARC) and Institute of Medicine
(IOM) may each undertake a slightly different approach to hazard identification, the
typical result is a qualitative weight of evidence narrative and corresponding descriptor.
For example, the [ARC Monographs on the Evaluation of Carcinogenic Risks to Humans
(2006) conclude with a narrative discussing the methodological strengths and weaknesses
of the scientific evidence, the length of time studies were conducted, routes of exposures,

biological modes of action and severity of effects. Based on an evaluation of the strength
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of evidence, the substance is then categorized into one of the following groups
(266):Group 1: The agent is carcinogenic to humans
Group 2A: The agent is probably carcinogenic to humans
Group 2B: The agent is possibly carcinogenic to humans
Group 3: The agent is not classifiable as to its carcinogenicity to humans.
Group 4: The agent is probably not carcinogenic to humans

The process undertaken to synthesize this diverse body of literature and choose an
appropriate descriptor is largely qualitative. While the IARC notes that the descriptor
should be reviewed in conjunction with the corresponding narrative, it is quite likely that
the final concluding descriptor receives the bulk of attention. A recent report examining
the environmental risks of breast cancer similarly conducted a qualitative review of
literature and noted the limitations inherent in this process (267). Determination of
causality in this manner is, to some degree, a judgment call (263). A similarly
challenging process applies to determining immunotoxicity. Determination of
developmental immunotoxicity, in particular, is not routine for pharmaceuticals or
environmental contaminants despite consistent evidence of the sensitivity of the
developing immune system to xenobiotics (46). One of the barriers to establishing
immunotoxicity may be the diversity of immune system mediated diseases and
underlying physiological processes.

In addition to the challenges of synthesizing epidemiological and toxicological
literature, risk assessment relies on appropriate interpretation of epidemiological results.
Due to the potential role of chance, bias, confounding, exposure misclassification and

lack of power, null results from epidemiological analyses can be difficult to interpret and
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cannot be used to prove the absence of toxic effects (265). The null results from the
present thesis provide an example. The observed null findings do not necessarily reflect
an absence of effect. It is possible that immunotoxic effects may have been observed
with other biomarkers, observed effects may not be detectable until childhood, or the

study was underpowered to detect an association.

Reliance on Animal Models

Due to ethical considerations as well as the duration of time and resources
required to assess human health effects of substances, contributions from epidemiological
studies to hazard identification are often limited. The resulting reliance on animal models
results in either an inability to classify substances or a classification that is characterized
by considerable uncertainty. Of the 942 agents that have been classified according to
carcinogenicity by the IARC, the majority (508) are classified as Group 3 ‘not
classifiable’ (266) .

In the face of insufficient human data, the process of risk assessment relies on
default options, invoked by regulatory agencies when human data is lacking. An US
EPA example of a default states that positive effects in animal cancer studies indicate that
the chemical of interest is carcinogenic to humans. Conversely, if cancer effects are not
identified in animal studies and epidemiological data is lacking, the default option is that
the agent of interest does not exhibit carcinogenic potential (268). The IARC follows a
similar approach in determining carcinogenicity to humans in the absence of adequate
human data (262). While these options do provide guidance in situations of insufficient
data, they are clearly limited by the reliance on extrapolating results from animal models

to humans (268).
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Challenges related to use of animal data manifest in the creation of regulatory
reference doses as well. Reference doses are calculated for substances determined to
have a threshold level for adverse health effects. The reference dose represents:

‘an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral
exposure to the human population (including sensitive subgroups) that is likely to be
without appreciable risk of deleterious effects during a lifetime’(269).

Reference doses, such as a tolerable daily intake (TDI) are calculated by applying
uncertainty factors, usually ranging from 1 to 10, to account for interspecies variations,
inadequacies in the database, or potential interaction with other chemical substances, to
the no-observed adverse effect level (NOAEL) or lowest observed adverse effect level
(LOAEL) (270). The goal of this approach is to determine whether application of the
uncertainty factor provides sufficient protection to vulnerable populations from the
potential adverse effects of environmental exposures. Limited evidence suggests an
uncertainty factor of 10-fold would be insufficient to protect the developing fetus from

adverse immune system related effects of dioxin (46).

Dose-Response Assessment

The goal of the second step of risk assessment, dose-response, is to determine the
health effects of different doses and to determine whether there is a threshold below
which no adverse effects occur. The two steps employed in assessing the dose-response
relationships are 1) to model the dose-response relationship and 2) to extrapolate from
observed data to exposures within the range of human experiences. Dose-response
models have traditionally assumed the presence of a threshold point, below which no
adverse effects occur, for non-cancer outcomes. Development and interpretation of dose-
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response relationships have also traditionally hinged on the assumption that the nature,
number, severity and incidence of effects are positively associated with increases in the
dose, duration and frequency of exposure (271). Both of these assumptions have recently
come under scrutiny.

The assumption that carcinogenic and mutagenic endpoints have no threshold was
based on the theory that carcinogenesis occurs when a small number of molecules can
lead to changes in cells and resulting, uncontrolled cellular proliferation. In contrast, it is
assumed that individual homeostatic, compensatory and adaptive mechanisms must be
overcome in order for systemic endpoints (e.g. neurodevelopmental toxicity,
immunotoxicity) to occur. Authors of the National Research Council Report ‘Science
and Decisions, Advancing Risk Assessment’ have recently advocated an approach to dose
response assessment that does not distinguish between carcinogenic and non-
carcinogenic outcomes (272). The rationale for this unified approach is backed by recent
research examining the non-cancer health outcomes associated with exposure to agents
such as particulate matter, ozone and lead. The Canadian blood lead intervention level
(10 pg/dL) for blood lead levels was established in 1994 by Health Canada based on
evidence of adverse health effects occurring between 10-15 pg/dL (273). Recent
research suggests that adverse health effects (neurotoxic, cardiovascular, renal, and
reproductive) occur at levels as low as 1 pg/dL. In fact, the slope of the dose-response
curve may be steeper at levels below the accepted guidelines of 10 pg/dL (274,275). The
recent ‘Final Human Health State of the Science Report on Lead’ authored by Health
Canada concludes that there is no evidence of a threshold below which no adverse effects

from lead exposure occur (273).
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Traditional approaches to risk assessment that rely on monotonically increasing
adverse outcomes with increasing exposure are similarly being revisited in the face of
evidence regarding non-linear dose-response relationships. Endocrine disruptors have
been shown to be associated with adverse health effects in a non-linear fashion and to
have effects at low doses (276). Moreover, inverted U-shaped dose response curves have
been observed between exposure to certain environmental contaminants (e.g. lead) and
changes to the immune system (277). Results from the present thesis similarly suggest
that certain phthalates and BPA may not operate in a linear fashion. There is also
evidence to suggest that the toxic effect of contaminants may plateau at higher
concentrations when the physiological compensatory mechanisms become saturated.
This phenomenon is depicted in Figure 8.1. A doubling in hormone concentration results
in a 50% increase in hormone receptor occupancy from 0-50% whereas an increase from
4- to 5-fold results in only a four percent increase (78-82%) (229). This evidence
provides further impetus to lessen the emphasis on the traditional adage ‘the dose makes
the poison.” Specifically, careful investigation of dose-response relationships that are not

reliant on the assumptions of linearity and the presence of a threshold is necessary.
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Figure 8.1. Characteristics of Hormones Source: (229), p.385

Chemical mixtures

Understanding the health effects of chemical mixtures is of critical importance
due to the potential additive and/or synergistic relationships between chemicals.
Furthermore, exposure to multiple chemicals is the exposure scenario of reality. From a
risk assessment perspective, the fundamental goal for exploring the human health effects
of chemical mixtures is to understand whether the uncertainty factors provide sufficient
public health protection from cumulative effects. Figure 8.2 illustrates the potential
effect that co-exposures and biological susceptibility can have on the percent of the
population with adverse outcomes. By examining the health effects of one chemical
without consideration for underlying biological susceptibilities, traditional risk
assessment approaches may be underestimating the percentage of the population that
incur health effects from environmental exposures (278). The effect of phthalate
exposure on the development of the male reproductive system is an example where
cumulative risk assessment has been determined to be necessary to accurately understand
the magnitude of the relationship between phthalate exposure and male reproductive

toxicity (279). Current approaches to risk assessment, however, have little ability to
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accurately account for co-exposures. The challenges of understanding the health effects
of multiple exposures are substantial. Specifically, methodology and application is
challenged by lack of knowledge regarding 1) the magnitude, duration, frequency and
timing of cumulative exposure, 2) whether chemical mixtures are characterized by
antagonist, synergistic, or additive relationships, and 3) mechanisms of interaction (280) .
One example of regulatory efforts to address this challenge are the ‘Interaction
Profiles’ produced by the US Agency for Toxic Substances and Disease Response
(ATSDR). Examples of final interaction profiles include ‘Persistent chemicals found in
breast milk,” ‘Persistent chemicals found in fish,” and ‘Arsenic, chromium, cadmium, and
lead’. Given the paucity of epidemiological data and methodology targeted at chemical
mixtures, the predominant type of evidence and methodology employed in these
interaction profiles are toxicology and in vitro studies (281). In order to provide
substantial contributions to public health policy, epidemiological analysis of interactions
between chemicals is necessary. Toxicological evidence, as outlined in cumulative risk
assessment or interaction profiles, provides a reasonable foundation for epidemiologic

investigation into synergy between chemicals.

108



EXHIBIT 5

The Effect Of Biological Susceptibility And Co-exposure To Other Chemicals On The Relationship Between Individual
Chemical Exposure And Adverse Health Outcomes

Those with non-adverse response Those with adverse response

® No Co-exposures or
susceptibility

® Co-exposures,
no susceptibility

® Co-exposures and
biological susceptibility

MNumber in population

\

Value of physiological parameter, or health status

source Woodruff TJ, Zeise L, Axelrad DA, Guyton KZ, Janssen 5, Miller M, et al. Meeting report: moving upstream—evaluating adverse
upstream end points for improved risk assessment and decision-making. Environ Health Perspect. 2008;116(11):1568-75.

Figure 8.2. Biologic Susceptibility and co-exposure to other chemicals on the
relationship between individual chemical exposure and adverse health outcomes
Source (278), p. 961.

The topic of chemical mixtures is of particular interest to this thesis because one of
the original objectives was to examine potential synergy between environmental
chemicals. Specifically, the thesis proposal objective was to determine whether those
individuals jointly exposed to two environmental chemicals were at a greater risk of
health outcome than an individual exposed to only one environmental chemical. This
objective was going to be achieved by calculating the relative excess risk due to
interaction between chemicals with a priori evidence of potential interaction based on
toxicological studies. However, this objective was intentionally not carried out for the
reasons noted below.

First, as there were no statistically significant effects observed between the chemicals

of interest and the immune system biomarkers, detecting a statistically significant joint
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effect is unlikely. When two chemicals have a weak effect, the interaction effect will be
similarly weak on both an additive and a multiplicative scale (282). Second, considering
the paucity of toxicological data and the vast number of exposures, evaluating interaction
between two specific chemicals was determined to be reductionist and overly simplistic.
The Bayesian hierarchical model was an alternative approach to account for co-exposure
to highly correlated chemicals. Though a hierarchical model and an assessment of
synergism address different research questions, the former approach was deemed to be a
methodologically sound and appropriate method for dealing with multiple exposures.
Interaction analyses are also subject to challenges beyond those relevant to the
present research. First, the power required to detect an association in interaction analysis
is estimated to be an order of magnitude below the power required to detect main effects
(283). It is not uncommon for true interactions to not be identified. Greenland (283)
suggests addressing this issue by establishing subgroups a priori and attempting to
develop sample sizes large enough to assess interactions (283). Funding and resource
limitations, however, frequently trump the goal of achieving an adequate sample size.
The MIREC study is one of the larger birth cohorts with prenatal exposure data. When
missing data are accounted for, subgroup sample size is notably underpowered to detect
an interaction. For example, in the present analysis there were 604 male infants with
available prenatal MBzP exposure. Based on this sample size, this study would have 5%
power to detect a main effect risk ratio of 1.3 based on 25% of the population being
‘exposed.’ This calculation is a notable underestimate due to reliance on an arbitrary
definition of ‘exposure’ and a categorical rather than continuous exposure variable.

Moreover, the notion of statistical power, as defined in a frequentist setting, cannot be
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applied to Bayesian analysis. Despite these differences, this example does illustrate that
the challenges of small sample size are exacerbated when attempting to detect interaction.
Second, both differential and non-differential measurement error can further exacerbate
the probability of identifying spurious interactions and not identifying true interactions
(283). Third, epidemiology, by design, examines rates of diseases rather than individual-
level susceptibilities (58). As such, epidemiologic assessment of interaction can only be
done at the population level. Understanding the physiological mechanisms underlying
interaction requires inclusion of experimental evidence.

Given the vast challenges in identifying interaction between chemicals in interaction
analysis, alternative methodological approaches for dealing with chemical mixtures are
warranted. Some of these measures have been applied in the present research including
using approaches to account for the correlated nature of co-exposures and summing
metabolites where there is supporting biologic rationale. Interaction analyses are likely
not warranted unless there is adequate evidence of a strong main effect. Last, continued
efforts among and collaboration between toxicologists, epidemiologists, statisticians and
risk assessors is necessary to continue to develop approaches for examining chemical

synergy and to translate these findings into risk assessment processes.

Concluding Thoughts & Recommendations

Despite the aforementioned challenges, there have been notable successes in the
regulation of environmental contaminants. Emissions of key air pollutants, including
cadmium, lead, mercury, hexachlorobenzene, and dioxins, have declined between 1985
and 2012 in Canada. These trends are primarily due to reduced emissions from industrial
sources (284). Under the goals set out under the Chemicals Management Plan
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established in 2006, Canada aims to continue to identify priority chemicals and
implement necessary measures to reduce health risks (285). Recommendations that may
further enhance risk assessment have been outlined in recent commentaries (272,278).
Briefly, these recommendations include a unified approach to dose-response, transparent
characterization of uncertainty, use of default options to avoid inaction in the face of
uncertainty, and a focus on vulnerable populations (272,278). In addition, a growing
body of evidence has highlighted the need for and potential benefits of developmental
immunotoxicity testing (DIT) of chemicals (46,61,163,286). Current risk assessments of
the immunotoxic properties of chemicals are largely derived from adult models.
Characterizing risks in adults does not have the capacity to sufficiently identify risks in
early life given the immaturity and resulting vulnerability of the developing immune
system (287). Moreover, the traditional focus on immunotoxicity testing has been on
immunosuppression not hypersensitivity or inflammatory responses (288). Details of the
methods involved in DIT testing, which is beyond the scope of this chapter, are reviewed
elsewhere (289). The present research has attempted to identify immunotoxic effects in
the developing immune system subsequent to exposure. Testing for developmental
immunotoxicity may provide an additional tool for identifying chemicals, particularly
new substances, with severe immune system related toxicity prior to exposure. This
approach may ultimately reduce exposure to immune system toxicants and minimize the

public health burden of chronic diseases such as childhood allergic disease.
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Chapter Nine. Conclusions

This thesis made contributions to original knowledge in the fields of immunology
and perinatal/environmental epidemiology. The present research offers the first evidence
of TSLP and IL-33 in cord blood samples. By demonstrating that these cytokines are
detectable and correlated at birth, the present findings provide motivation for further
research into the value of these cytokines in predicting childhood allergic disease. These
findings also raise interesting questions regarding the mechanistic interaction between
these cytokines in early life. The observed dose-response relationship with birth weight
suggests that these cytokines may have a shared inflammatory component with adiposity
in early life. This thesis was the first assessment of the relationship between prenatal
exposure to multiple environmental contaminants and elevated levels of IL-33, TSLP,
and IgE. Determining whether the observed absence of effect is the result of
confounding, bias, or random error requires confirmation in future studies.

These findings are presented in light of the limitations that have been raised in the
discussion section of the manuscript chapters. I will reiterate the primary limitations here
that pertain to the thesis as a whole. First, as this thesis presents the first measurement of
TSLP and IL-33 at birth, it is not known whether these biomarkers are accurate predictors
of childhood allergic disease. Given that this thesis focused on the snapshot of time from
prenatal exposures to birth, the lack of prospective data in childhood does not invalidate
this thesis research. Second, this thesis analyzed multiple chemical exposures. The
challenge associated with multiple comparisons was addressed by using a Bayesian
hierarchical model in the phthalate and perfluorinated compound analysis. The analysis

of metals, pesticides and PCBs was subject to an increased probability of finding a
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significant association by chance due to the number of statistical tests conducted. Given
that no significant associations were observed, it is unlikely that our results are
invalidated by type 1 error. In addition, statistical associations of individual chemicals
rather than chemical mixtures were examined. Though this approach may be limited in
its ability to examine potential confounding effects of multiple exposures, it was deemed
appropriate due to the exploratory nature of this research.

This thesis provides motivation for further investigation into 1) the trajectory of
TSLP and IL-33 from birth to childhood 2) the role of TSLP and IL-33 in childhood
allergic diseases and 3) the potential role of prenatal exposure to these contaminants in
childhood allergic disease etiology. When combined with these complementary
investigations, this research will offer notable contributions to etiological knowledge of

childhood allergic disease.
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Appendix A. ELISA Protocol

Generic ELISA protocol (modified for Jillian's analysis):

Reagents:
A) 0.1M Sodium Bicarbonate Coating Buffer:

50 mL ddH20
0.42g NaHCO:s
1.46g NaCl
- pH to 8.3- 8.5.
- Make once every week.

B) Washing buffers
i.0.05% Tween 20 in PBS

C) Blocking Buffer:
2% BSA in PBS

D) Assay Buffer:
0.1% Tween-20, 0.2% BSA, in PBS. (do a 1/10 dilution of Blocking buffer with PBS
before adding Tween-20).

TOTAL Assay buffer required for 8 plates= samples (40 ml) + standards (20 ml) + 2nd
Ab (48 ml) + HRP Avidin (only used for 4 plates) (24 ml) = 132 ml

H) Stop solution
-2 N H2S804
- add acid slowly to water as it is a strong acid and generates a lot of
heat; DO NOT ADD WATER TO ACID.
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ELISA PROTOCOL:

Day one

1. Make coating buffer. For 3 runs of 8 plates/run, at 6 ml/plate, 24*6=144 ml.
Make 200 ml total — quadruple above recipe to be:

200 mL ddH-20
1.68 g NoHCOs3
5.84g NaCl make in 2 100 ml bottles

2. Coat ELISA plate with 50ul 1st AB (coating buffer is the diluent) over night
at +4°C. Gently tap sides of plate to ensure even coating of wells. Seal
plate with para-film.

Antibody  Stock Des. Calc. Volume/1 Volume/2
Conc. Conc. plate plates

IL-33 144 ug/mL  0.4ug/mL 16.67 ul 33.3 ul

TSLP 1:200 30 ul 60 ul

[e]= 1:250 24 ul 48 ul

IgA 1:250 24 ul 480l

*(vol. (6 mL) *Des Conc.))/stock conc.) add to 6 mL coating buffer, mix,
and add 50 ul/well (assuming 1 plate)

* For running 8 plates, add 12 ml of coating buffer to each 15 ml tubes,
then add corresponding amount of 1st antibody. Vortex briefly.

*Determine what samples will be analyzed during run. Create plate layout sheets of
samples. Print out elisa layout sheets with all sample ids to mark on during elisa runs.
Keep all layout sheets in binder on Yisong's desk
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Day two

—_

Make 2% BSA/PBS. Yisong will make 500 ml 2% BSA/PBS, filter it, then
aliqguot them to 50 mL tubes to keep at 4° C.

2. Wash plate with 0.05% Tween 20 /PBS 3 times. (wash plates in batches of
4 at a time, fill all then dump)

3. Block plate with 100ul 2% BSA/PBS blocking buffer for 1-2 hr at R/T.

4. Dilute remaining 2% BSA/PBS to 0.2% and add 0.1% Tween 20. Give
Yisong at least 70 ml 0.2% diluents for standard and sample dilution. Keep
remainder for 2nd Ab dilution on day 3.

5. See Yisong's protocol for CBMC sample dilution. Wash plate with 0.05% Tween 20

/PBS 3 tfimes
Antibody Stock Conc. Jilution  0.2% 0.2% Highest Calc. Serial Total
STANDARD diluent diluent  Conc. Volume fransfer diluents
fo add fo add std. add  volume vol.
foTube  to Tube to Tube (LV.TUBE needed
A B-H A h BLK)
IL-33 1 ug/mL 1:2 2000 ul 500 ul 1000 2 ul 500 ul 4.5 ml
pg/mL
TSLP 75 ng/MI 1:2 1000 ul 500 ul 250 3.3 ul 500 ul 4.5 ml
(new lot # pg/mL
B60293)
30 ng/mL 8.3 ul
(lot# B149882)
IgE 1000 ng/mL 1:2 875 ul 500 ul 125 125 ul 500 ul 4.375 ml
ng/mL
IgA 200 ng/mL 1:2 350 700 ul 100 500 ul 332.5 ul 3.2mL
ng/mL

Add 50 ul fo columns 1-2

Day three
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1. Wash plates with 0.05% Tween 20 /PBS 3 fimes. Dump contents of plate into 10%
bleach solution in basin in sink.

2. Add 50ul 2nd Ab (biotinylated) (0.2% BSA/PBS assay buffer with 0.1% Tween 20 is the
diluent) to plate. Incubate plate at R/T for 1 hr.

Antibody Stock Conc. Des.Conc. Calc. Volume/2
Volume/1 plates
plate

IL-33 36 ug/mL 50 ng/mL 8.3 ul 16.6

TSLP 1:200 30 ul 60 ul

IgE 1:125 48 ul 96 ul

IgA 1:250 24 ul 48 ul

3. Wash plate with 0.05% Tween 20 /PBS 3 fimes.

4. Amplification system differs for IgE/IgA and TSLP/IL-33.
Start development for TSLP/IL-33 plates first since they take longer.
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Development Plan

Starting Time
9:00

9:30

10:00

10:30

11:00

11:30

12:00

TSLP/IL-33

TSLP /IL33
Job
Prepare 2nd
Ab, wash
plates, load
2nd Ab
Incubation

Wash plates,
prepare and
load Avidin-
HRP (4 plates
—24 ml)
Incubate

Wash plates,
load substrate

Incubate in
dark

Stop

Duration
30 Min.

1 hr

30 min.

30 min.

30 min.

15 minutes —
Watch until
blue turns dark

READ on Gene V Wavelength 450

Starting Time

9:30

10:00

10:30

11:00

11:30

12:00

IgE/IgA
Job

Prepare 2nd
Ab, wash
plates, load
2nd Ab
Incubate

Wash plates,
load substrate
Incubate

Stop

Duration

30 min.

1 hr

30 min.

15 minutes IgA
room T

30 minutes IgE
37 degrees

5. Dilute Avidin-HRP in diluent (0.2% PBS/BSA w/ Tween 20) (1:1000).

For two plates, dilute 12 ul HRP in 12 ml diluent.

For four plates, dilute 24 ul HRP in 24 diluent.

6. .Add 50 ul of Avidin-HRP to TSLP and IL-33 plates. Incubate for 30 minutes.

7. Wash with wash buffer.

8. Add 50 ul TMB substrate solution and incubate in the dark for 15 minutes.
For 2 plates, 12 ml required, For 4 plates, 24 ml required.

9.Add 50 ul stop solution. Read at 450 nm.

IgE/IgA

4.Add 50 ul of kit Substrate solution. Incubate 15 minutes.
For 2 plates, 12 ml required, for 4 plates, 24 ml required.
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5. Add 50 ul of stop solution. Read at 450 nm.
Analysis

Use GeneV softwar
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Determination of Limits of Detection for ELISA curves:
The lower limit of detection of IL-33 and TSLP was set to the lowest point on the standard
curve. IL-33 = 63 pg/ml TSLP = 45 pg/mL

To extend the sensitivity of the IgE curve, detectable samples were defined as all
samples that were statistically different (95%) from zero. This was determined by the
following formula.

[(sample mean) - 2*(sample SD)] - standard curve mean concentration at 0.0001

| used the standard concentration that corresponded to each sample. Many times even
though the standard is defined as 0.001, the software gives a very low concentration
e.g. 0.4 - so | standardized each sample to be 2 SDs above whatever concentration was
given for 0.0001. All samples with one duplicate <0.0001 were excluded because an SD
can't be calculated with one value.

Quality Assurance Practices

» Storage/Freeze-thaw
» Allsamples stored at -80° C
» All biomarkers analyzed simultaneously to minimize freeze-thaw cycles
» Analysis done over condensed fime period

» Inter-assay Variation
» 1 technician diluted and loaded all samples
» Analysis done over condensed time period

» Intra-assay Variation
» Allsamples run in duplicate
» Standard curve and sample control run in duplicate on every plate
» All plates analyzed using reference wave length

» CV=Coefficient of Variation= (Mean SD/Mean Conc)*100

» Inter (between plates): CV values from standard curve
» Infra (within plates): CV values from sample control duplicates
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