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ABSTRACT

Asthma is characterized by airway hyperreactivity, an abnormal tendency for
airways to constrict. Maternal asthma increases the risk of childhood asthma
more than paternal disease, suggesting intrauterine exposures contribute to
airway hyperreactivity. As airway hyperreactivity seldom returns to the normal
range despite intensive treatment, this suggests that structural alterations with in

utero origins impair lung function lifelong.

Airway innervation mediates airway hyperreactivity. Afferent epithelial sensory
nerves respond to inhaled stimuli and trigger activation of efferent
parasympathetic nerves. These efferent nerves activate parasympathetic ganglia
in the airways, releasing acetylcholine, which contracts airway smooth muscle.
Blocking this reflex with muscarinic antagonists improves lung function,

demonstrating the importance of airway innervation to asthma pathogenesis.

| hypothesized that airway hyperreactivity in offspring born to mothers with
asthma is established during development and results from increased lung
sensory innervation. Here | show that pregnant mice exposed to house dust mite,
a model of asthma, give birth to offspring with markedly increased lung sensory
innervation, long lasting increases in epithelial neurotrophins, and airway

hyperreactivity without changes in type 2 cytokines in the offspring.
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Eosinophils, a white blood cell, are recruited to the lungs after allergen exposure
where they interact with nerves to increase airway hyperreactivity. To test if
increased offspring airway innervation results from maternal interleukin-5, which
promotes eosinophil hematopoiesis, and fetal eosinophilia, | measured airway
innervation in wildtype offspring born to IL-5 transgenic mothers. Pregnant mice
with elevated IL-5 gave birth to offspring with airway hyperreactivity, increased
airway innervation, and increased epithelial neurotrophin expression that was
dependent on fetal eosinophilia. The fetal eosinophilia was due to maternal IL-5

crossing the placenta.

Neither offspring of house dust mite exposed mothers nor offspring of IL-5
transgenic mothers have airway inflammation as adults, demonstrating that
persistent airway hyperreactivity does not depend on continual inflammation.
However, when airway inflammation was induced in these animals, the
combination of inflammation with increased innervation caused severe, lethal

hyperreactivity.

Humans and mice are born with immature lungs with substantial structural
development continuing after birth. Airway innervation continues to develop after
birth and environmental insults during this critical period permanently increase
airway innervation to promote airway hyperreactivity. Here | also show that
airway parasympathetic ganglia continue to develop after birth and contain rare

populations of neurons that express substance P, nitric oxide synthase, and
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tyrosine hydroxlase. Increasing eosinophil influx into the lungs after birth arrests
parasympathetic ganglia development, resulting in fewer ganglia, less
heterogeneous neurotransmitter expression, and associated airway
hyperreactivity. Deletion of eosinophils prevents airway hyperreactivity, and
these animals have increased numbers of parasympathetic ganglia and

increased neurotransmitter heterogeneity.

These results demonstrate that airway hyperreactivity results from aberrant nerve
development, occurring in utero for afferent nerves and after birth for efferent
nerves. Perturbing the maternal immune system directly alters sensory
innervation of developing lungs and thus fetal exposure to maternal asthma or
increased IL-5 contributes to developmental origins of airway hyperreactivity.
During the postnatal period, eosinophils shape parasympathetic ganglia
development and environmental insults that increase eosinophils during this

critical window may permanently alter airway innervation.



CHAPTER 1. Introduction

A. Asthma Overview

A1. Definitions

Asthma is a chronic respiratory disease of global importance. Upwards of 300
million people have asthma and disease occurs irrespective of country of origin,
ethnic background, age or gender. Asthma prevalence is on the rise worldwide
driven by increases in urbanization, air pollution, and allergic sensitization’.
Patients with asthma present with respiratory symptoms such as shortness of
breath, wheezing, chest tightness and cough that vary in intensity, duration, and
triggers. Diagnostic criteria for asthma include the presence of respiratory
symptoms with documented airflow obstruction that is reversible or excessively

variable?.

By definition, asthma is a heterogeneous disease with divergent underlying
mechanisms and subsequent response to therapy. In attempts to improve
treatment, diagnostic criteria, along with genetic and environmental factors, were
used to define early clinical asthma phenotypes such as “early-onset” vs. “late-
onset” asthma. As research technologies advanced, phenotypes evolved to
incorporate the following pathologic features of asthma: airway inflammation,
remodeling, and hyperreactivity where the airways constrict excessively to
nonspecific stimuli. The combination of observable clinical characteristics with
pathologic, measurable features resulted in phenotypes such as “early-onset,

eosinophilic allergic asthma”. The need to identify pathobiologic mechanisms



with clinical utility led to the creation of asthma endotypes, which marries
molecular biomarkers with clinical characteristics, lung physiology,
histopathology, and treatment response3 in hope of creating improved,
personalized treatment options. Asthma remains an umbrella diagnosis clinically,
however the definitions and identification of asthma subtypes are rapidly

evolving.

A2. Physiology: Airway Hyperreactivity

Airway reactivity describes how the airways constrict in response to direct or
indirect stimuli. In clinical settings, airway responsiveness is assessed using
spirometry to measure exhaled airflow before and after exposure to an inhaled
contractile agonist, i.e. inhaled methacholine, histamine, or mannitol. Airways
constrict after step-wise increases in contractile agonist concentration, leading to
a fall in exhaled air. Reduced airflow is detected as a decrease in the volume of
exhaled air in 1 second (FEV1). In patients with asthma, the concentration of
contractile agonist that causes a 20% reduction in FEV1 is less than age- and
gender-matched ranges for individuals without asthma® and thus considered a

marker of airway hyperreactivity.

Spirometry also measures the total volume of forcibly exhaled air, termed the
forced vital capacity (FVC). When airflow obstruction is present at baseline,
irrespective of inhaling a contractile agonist, the FEV/ is reduced out of

proportion to the FVC. Thus, a FEV+/FVC ratio of 0.7 (70%) indicates obstructive



lung physiology. A bronchodilator can be inhaled (i.e. albuterol) after baseline
spirometry is measured to test if airflow obstruction is reversible. When the FEV
measured after inhalation of a bronchodilator increases >12% and 200 ml as
compared to the pre-bronchodilator FEV?, subjects are considered to have
reversible airflow obstruction. Reversibility of airflow obstruction is a hallmark of

asthmatic airway physiology.

Two components of airway hyperreactivity are important in asthma: the first is a
baseline, persistent responsiveness that reflects abnormal airway structures and,
with current treatments, is irreversible. The second component is acute
hyperreactivity due to airway inflammation* that is suppressed by inhaled
steroids, but seldom to the range of individuals without asthma®. Airway
hyperreactivity occurs in the absence® or after the resolution of airway
inflammation”?, again demonstrating a baseline component of airway
hyperreactivity. Thus, novel therapeutics designed to reduce hyperreactivity will

need to address both persistent and inflammation-induced hyperreactivity.

A3. Asthma Phenotypes and Endotypes

Asthma phenotypes and endotypes identify patients who will benefit from specific
therapies and offer insight into disease severity and progression. Asthma
phenotypes use observable clinical characteristics (ex: severity, age of onset,

etc.) and environmental factors (ex: symptom triggers) to define patients, while



endotypes are subcategories within phenotypes that incorporate specific

biomarkers and treatment response.

A3.1 Overview of “Type-2 High” Asthma

Most asthma biomarkers have been identified in patients with severe disease
and focus on airway inflammation. Immune responses to environmental
exposures have classically been defined by polarization of and cytokine secretion
from T lymphocytes and innate lymphoid cells. Type 1 lymphocytes secrete
interferon-gamma, interleukin-2, and tumor necrosis factor-beta. Activated Type
2 lymphocytes secrete interleukin (IL)-4, IL-5 and IL-13 in individuals with atopic
asthma® and this is broadly termed “type 2” inflammation. Interstitial innate
lymphoid cells are enriched at mucosal sites and follow the same cytokine and
inflammatory subtyping as T lymphocytes. Thus innate lymphoid cells that
secrete interferon-gamma are considered type 1 while type 2 innate lymphoid

cells secrete IL-5 and IL-13.

A primary method to distinguish patients, therefore, is degree of cytokine
expression, i.e. “type-2 high” versus “type-2 low” asthma'®. Many “type-2 high”
patients also have elevated eosinophils, prominent airway remodeling, and
airway hyperreactivitym. Allergen sensitization is common in patients with “type-2
high” asthma, however allergic asthma is defined by reactivity to allergens and
production of immunoglobulinE (IgE)”, and patients with non-atopic asthma can

»12

be either “type-2 high”'“ or “type-2 low”. Few reliable, targetable biomarkers have



been identified for “type-2 low” asthma, leading to a deficit of treatments options
for these patients. In contrast, “type-2 high” asthma has targetable biomarkers
(IL-5, IL-4, and IL-13) by definition, resulting in a rapid expansion of therapeutic

options and additional biomarkers as detailed below.

A3.2 Type 2 Cytokines

IL-5 stimulates eosinophil hematopoiesis, survival and activation and is secreted
by type 2 innate lymphoid cells and CD4+ T lymphocytes. Airway epithelial cells
secrete alarmin cytokines (IL-25, IL-33 and thymic stromal lymphopoetin) after
exposure to allergen or other damaging insults that signal to lung interstitial type
2 innate lymphoid cells to release IL-5". Dendritic cells process allergens, traffic
to draining lymph nodes, and after antigen presentation, induce CD4+ T
lymphocytes polarization and subsequent secretion of IL-5'*. Genetic deletion or
pharmacologic neutralization of IL-5 in animal models of asthma reduces airway

15-17

inflammation, remodeling and hyperreactivity and led to the development of

mepolizumab, reszilumab and benralizumab.

IL-4 and IL-13 share a common receptor subunit and thus have several
redundant, overlapping roles as well as unique functions in asthma
pathogenesis. IL-4 is secreted predominantly from CD4+ T lymphocytes and
amplifies type 2 polarization of the immune response, thus enhancing airway
eosinophilic inflammation and B cell derived IgE®. Consequently, genetic

deletion or pharmacologic neutralization of IL-4 in animal models of asthma



1920 and hyperreactivity?'. Type 2 innate lymphoid

reduces airway inflammation
cells secrete IL-13, but not IL-4, when exposed to the airway epithelial alarmin
cytokines (IL-25, IL-33 and thymic stromal Iymphopoetin)13. Antigen presentation
by dendritic cells and polarization of CD4+ T lymphocytes also leads to secretion
of IL-13". Independent of allergen exposure, IL-13 can induce eosinophilic lung
inflammation, IgE synthesis, airway hyperreactivity, and mucus production?.
After allergen exposure, blocking IL-13 can reduce allergen-induced airway
hyperreactivity, mucus production and inflammation?*%. The combined functions
of IL-4 and IL-13 led to the development of dupulimab, a receptor antagonist that

blocks signaling from both IL-4 and IL-13, as well as lebrikizumab that selectively

neutralizes IL-13.

A3.3 Eosinophils

Eosinophils are elevated in many patients with asthma and correlate with disease

2425 exacerbation frequency®, and lung function®”. Like many immune

severity
cells, subsets of eosinophils exist. Regulatory eosinophils reside in lungs under
normal conditions, but are IL-5 independent, don’t expand after allergen
exposure, and express genes important for tissue homeostasis and suppression
of inflammation?®. Allergen exposure robustly increases inflammatory eosinophil
recruitment to lungs. Inflammatory eosinophils are bone marrow derived®**,
suppressed by steroids®', IL-5-dependent, and express pro-inflammatory

genes?®. Anti-IL-5 therapies do not completely suppress airway eosinophils in

humans®, and treatment differentially affects surface marker expression on lung



versus newly recruited, circulating eosinophils®, suggesting multiple eosinophil

populations also exist in humans.

Eosinophils are not required for allergen sensitization®*, but genetic deletion of
eosinophils protects against airway hyperreactivity and remodeling after allergen
exposure®. Adoptive transfer of eosinophils restores reduced airway
hyperreactivity in allergen-exposed IL-5 knockout mice®® and recruitment of
eosinophils to the lung using IL-5 causes airway hyperreactivity and remodeling
without allergen exposure®”, demonstrating that eosinophils are both necessary
and sufficient to cause airway hyperreactivity. Eosinophils accumulate and
degranulate in lungs after allergen exposure®, releasing a host of granule
proteins (major basic protein and eosinophil peroxidase), chemokines, cytokines,
and growth factors***°. How and under what conditions individual eosinophil-
derived mediators promote airway hyperreactivity is an area of active research.
Eosinophil-specific deletion of IL-13, but not major basic protein or eosinophil
peroxidase*', inhibits eosinophil-induced airway hyperreactivity in the absence of
allergen in mice. The role of major basic protein after allergen exposure varies
by species, with potentiation of airway hyperreactivity in guinea pigs*? and no
effect on allergen-induced airway hyperreactivity in mice*®. The recent
development of selective knockout technology** will further clarify the role of

specific eosinophil-derived products in airway hyperreactivity.



A3.4 Additional Type-2 Biomarkers.

Additional biomarkers used to define asthma endotypes include IgE, periostin
and fractional exhaled nitric oxide. IgE is an allergen-specific antibody secreted
by B cells that induces mast-cell degranulation and identifies allergic or atopic
asthma phenotypes. Periostin is an extracellular matrix protein that is increased
by IL-13**® and measurable in peripheral blood. Serum periostin correlates with

sputum eosinophilia®’*®

and is used to phenotype patients with type 2
inflammation. Finally, epithelial cells release nitric oxide in response to
inflammatory insults and thus increase the fraction of exhaled nitric oxide; it is

generally considered another marker of type 2 immune responses.

A4. Treatments

Asthma treatments aim to reduce exacerbations, improve lung function, and
relieve symptoms by suppressing airway inflammation (inhaled steroids) and
reversing bronchoconstriction (32 adrenergic receptor agonists or muscarinic
receptor antagonists). Currently, there are no curative options or medications that
completely reverse airway remodeling and airway hyperreactivity. Inhaled
steroids reduce symptoms and improve lung function, however, many patients
remain symptomatic and require additional treatment. The introduction of asthma
endotyping based on molecular biomarkers has led to the rapid development of
novel biologic drugs including omalizumab, mepolizumab, reszilumab,

benralizumab, lebrikizumab and dupulimab.



A4.1 IgE Targeted Therapy

Omalizumab binds to and neutralizes IgE and was the first biologic therapy

49,50 and

brought to market for asthma. Omalizumab reduces exacerbations
improves lung function®’ of patients with asthma. Omalizumab is recommended
as add-on therapy for patients with poorly controlled disease despite receiving

inhaled steroids and long-acting 32 adrenergic receptor agonists.

A4.2 IL-5 Targeted Therapies

Mepolizumab is a monoclonal antibody that neutralizes IL-5 and reduces blood
and sputum eosinophils®. In clinical trials, mepolizumab improved asthma
symptoms, reduced exacerbations, and decreased steroid use in patients with
severe asthma®**°. Patients with high peripheral blood eosinophil counts
benefited most from mepolizumab therapy®®, thus it is approved for patients with
poorly controlled disease despite receiving inhaled steroids and long-acting 32
adrenergic receptor agonists and who have an eosinophilic phenotype. A similar
drug, reslizumab, also neutralizes IL-5 and decreases sputum eosinophils®’,

resulting in fewer exacerbations®’*®

and modestly improves lung function in
patients with an eosinophilic phenotypesg. Benralizumb targets the IL-5 receptor
and reduces airway sputum, submucosal, and blood eosinophils®. In clinical

6162 and steroid use® and

trials, benralizumab reduced exacerbation frequency
recently received approval for use in individuals with severe, eosinophilic asthma.

None of the anti-IL-5 drugs significantly improve lung function, but since asthma
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exacerbations accelerate lung function decline®, it is hopeful these medications

will preserve lung function in patients with asthma.

A4.3 1L-4 and IL-13 Targeted Therapies

Two biologics are currently under development that target IL-4 and IL-13
pathways. Lebrikizumab neutralizes IL-13 and modestly improves lung function in
patients with periostin high phenotypes®®®. However, lebrikizumab does not
consistently reduce exacerbations and improvements in lung function varied
across trials for specific biomarker-defined groups®’. Dupilumab is a monoclonal
antibody against the IL-4a receptor unit and thus blocks both IL-4 and IL-13
signaling. Dupilumab reduces exacerbations and improves lung function®.

Clinical trials for both lebrikizumab and dupilumab are ongoing.

B. Childhood Asthma

B1. Risk Factors

Asthma often begins in childhood with over half of adult patients reporting
symptoms during adolescence®®. Asthma decreases quality of life’® and imposes
significant burdens during childhood while profoundly impairing lifelong health.
Lung function trajectories from childhood through young adulthood are abnormal
in 75% of individuals with asthma’". Pediatric lung function strongly predicts adult

k73-75

lung function’? and asthma ris , emphasizing the need for management and

prevention of childhood asthma to optimize lifelong lung health.
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Invasiveness and requisite cooperation for pulmonary function tests makes the
diagnosis of asthma in young children difficult. Adult markers of disease, namely
symptomatic wheeze, and empiric treatment response are surrogates for
assessing childhood asthma. Episodic, early-onset wheeze is common in
children and often due to recurrent respiratory viral infections. Wheeze resolves

in most children before puberty”®””

and has little impact on long-term lung
function in non-atopic children’. Thus, persistent wheeze, independent of
respiratory infection, together with concomitant asthma risk factors and positive
treatment response are suggestive of asthma in young children. Important risk
factors for childhood asthma include parent atopy and smoking, male sex, low
birth weight, lower socioeconomic status’®, early life respiratory viral infections®

and prematurity®'. Early sensitization to house dust mites, airway hyperreactivity,

and female sex predict wheeze persistence®.

B2. Role of Maternal Asthma

B2.1 Overview

Parental asthma increases the risk of their child developing asthma®®*. Genetic
inheritance of risk alleles and shared environments explain only a part of this risk.
Maternal asthma imposes a greater risk for childhood asthma than paternal
asthma®®, suggesting a role for prenatal exposures in asthma susceptibility.
Mothers with severe, uncontrolled asthma give birth to children with a greater risk
of developing asthma than children from mothers with mild, controlled

86,87

asthma™"", raising the question whether maternal inflammation affects fetal
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airway development. Woman with asthma who are intensively managed during
pregnancy using fraction of exhaled nitric oxide, a marker of type-2 inflammation,
to guide therapy give birth to infants with reduced risk of respiratory illness®® and
asthma®®, compared to children born to mothers with symptom-only based care,
demonstrating that targeting maternal inflammation can reduce asthma risk in

children.

Maternal asthma may influence childhood asthma risk through multiple pathways
and at various time points. Airway reactivity varies at birth in healthy newborn
animals®, suggesting in utero programming of baseline airway reactivity.
Maternal atopy and asthma associate with impaired infant lung function®' and
airway hyperreactivitygz, independent of allergen sensitization at birth. This
neonatal airway hyperreactivity increases risk of asthma in adolescence®*,
demonstrating prenatal exposure to maternal asthma changes lung development
with functional, long-term consequences. In the postnatal environment, airway
hyperreactivity at baseline in children exposed to maternal asthma is augmented
by allergen sensitization. Airway hyperreactivity correlates with IgE levels in
children®® and allergen sensitization predicts the persistence of wheeze®.
Allergen sensitization requires immune cell activity. Infants born to parents with
asthma have heightened mononuclear proliferative responses to allergens at
birth®®, suggesting in utero exposure to maternal asthma reprograms

inflammatory cells. Genetic inheritance does not entirely explain altered immune

responses at birth as infants born to mothers with asthma who are exposed to
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cat dander develop wheeze, while children born to fathers with asthma or

mothers without asthma are protected®.

B2.2 Structural Remodeling and Epigenetics

The persistent effect of in utero exposures on postnatal lung function, in the
absence of genomic change, requires either structural change to developing
tissues or genome epigenetic modification. Impaired lung function and airway
hyperreactivity at birth suggest structural changes occur during development
when the fetus is exposed to maternal asthma. Bronchial biopsies from young
children at risk for asthma demonstrate epithelial basement membrane
thickening®™ and airway epithelium and sputum from children with asthma contain
more pro-remodeling factors than epithelium or sputum from children without
asthma'®®'" However, the influence of maternal asthma on structural

remodeling in the offspring lung has not examined.

Epigenetic modifications include methylation, acetylation, phosphorylation,
ubiquitylation, or sumolyation of DNA or histones, complexes that bundle DNA
and control transcription access. DNA methylation is the best understood, where
promoter hypomethylation increases expression and hypermethylation decreases
expression of a gene. DNA methylation is a dynamic process that is heritable but
also changes throughout life in response to environmental exposures. DNA
methylation is a powerful mechanism to transmit information to successive

generations, resulting in rapid biologic adaptation to environmental exposures.
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However, such a dynamic process makes it difficult to test how methylation of
specific genes contributes to asthma. Even more difficult is to identify cell types

with methylation differences that promote specific pathologic features of asthma.

Despite these limitations, differential methylation has been found in newborns
who develop asthma during adolescence compared with newborns who never
develop asthma'®?'%_ Additional studies identified epigenetic modifications in
children who already have asthma compared to children without asthma'®*"¢
However, such changes are usually not present at birth or predictive of

disease'®'%, demonstrating the influence of postnatal exposures'®, allergen

10112 and inflammatory cytokines''® in shaping DNA

sensitization and exposure
methylation. Clusters of differentially methylation genes associate with clinical
phenotypes'™'"* however it is unclear how methylation of a specific gene
promoter modifies expression that subsequently causes a pathologic feature of
asthma. How maternal asthma modifies this complex system is also not clear.
Infants exposed to maternal asthma have differentially methylated sequences in
whole blood compared to infants not exposed to maternal asthma''®, but with
unknown significance. Maternal asthma may modify how gene methylation
influences disease risk, such that methylation of specific genes is important for
asthma risk only in children born to mothers with asthma'®. Similarly, differential
methylation at birth may alter subsequent methylation changes in response to

116

allergen sensitization' °. Asthma risk and DNA methylation changes also persist

across generations, with documented inheritance in offspring from grandmothers
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exposed to environmental insults’’""°, further confounding the question whether

observed changes in children are due to maternal or grandmaternal factors.

B2.3 Maternal Inflammatory Cytokines

Transmission of asthma risk can occur independent of specific allergens in
mice'?°. Broadly targeting maternal inflammation reduces childhood asthma risk
in humans®®, suggesting maternal inflammatory responses to allergen exposure,
as opposed to the allergen itself, affect the developing fetus. Fetal sensitization

121 "and both allergen'?? and allergen-specific

to allergens in utero is possible
immunoglobulins'® are detectable in human cord blood. However,
lymphoproliferative responses to allergen at birth are not predictive of
sensitization and immune responses in adolescence'®, thus making fetal

responses directly to allergens an unlikely mechanism of enhanced asthma risk

in offspring exposed to maternal asthma.

Allergen exposure in pregnant mice augments offspring airway inflammation and
airway hyperreactivity after allergen exposure later in life'>'?*, Enhanced
offspring inflammation can be suppressed by exposing mothers to interferon-Y %

or lipopolysaccharide'?’

, Which increases secretion of many cytokines including
tumor necrosis factor-a (TNFa), IL-6, and IL-1B. Blocking maternal IL-4 before
maternal allergen exposure also reduces offspring airway hyperreactivity and

inflammation'?°. The balance between IL-4 and interferon-Y in human

pregnancies is associated with childhood atopy'?®, and maternal serum IL-5
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correlates with infant asthma-like symptoms'?°, suggesting excessive maternal
type-2 inflammation or an imbalance between type-2 and type-1 inflammation
may increase childhood asthma risk. Maternal cytokines could affect a
developing fetus directly, by passing through the placenta, or by modulating
placental function. Cytokine passage across placentas is variable®'*?, both
among human studies and possibly between species due to different placental

structures'>*'%_While blocking maternal IL-4 reduces offspring airway

135

inflammation in mice'®, IL-4 and IL-13 do not cross the murine placenta
suggesting an indirect role for IL-4 on offspring asthma risk. Placenta also

secrete cytokines'*®"3°

and proinflammatory cytokines expression increases after
lipopolysaccharide exposure'. Placentas from woman with asthma have
different cytokine expression'' than placentas from woman without asthma, thus

the source of inflammatory cytokines may either be systemic maternal circulation

or local production by placenta.

B2.4 Fetal Growth and Placental Morphology

The in utero environment shapes fetal growth, which impacts the risk for chronic
disease later in life™*?. Low birth weight is associated with reduced adult lung
function' and an increased risk of asthma'*, demonstrating a correlation
between intrauterine growth and asthma risk. Birth weight is positively correlated
with placental size and placental dimensions also predict the risk of adult chronic
disease'®, including asthma'**. Maternal asthma restricts fetal growth'® and low

birth weight is more common in children born to women with asthma compared to
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children born to woman without asthma’*’. Placentas from woman with asthma

are also morphologically different’*®

compared to placentas from woman without
asthma. Together these data suggest that impaired placentation and restricted
fetal growth contribute to increased asthma risk in children born to mothers with

asthma.

C. Airway Nervous System

C1. Nerve Anatomy Overview

Airway innervation is structurally and functionally complex, involving afferent and
efferent pathways, regulation by the central nervous system, and coordination of
sensory, parasympathetic, sympathetic, and nonadrenergic noncholinergic
(NANC) nerve subtypes. The following section describes adult lung innervation,
excluding discussion of the central nervous system. A subsequent section will

highlight nerve development.

C1.1 Sensory Afferent Nerve Populations

Three types of pulmonary sensory afferents exist and are defined by their
electrophysiologic properties: rapidly adapting stretch receptors, slowly adapting
stretch receptors, and C-fibers. Pulmonary afferents reside collectively in the
vagus nerve and have cell bodies located in the vagal ganglion at the base of the

skull.
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Rapidly adapting stretch receptors are myelinated nerve fibers that comprise
half of lung afferents, innervate tracheal and bronchial walls, and respond
rapidly with low thresholds to mechanical and hyperosmotic stimuli™°. Cell
bodies of these nerves are located in nodose ganglia'*®, which together with

jugular ganglia, constitute the vagal ganglia.

Slowly adapting stretch receptors are myelinated nerve fibers that comprise

49 and innervate large and small airways'*% "', Slowly

25% of lung afferents
adapting stretch receptors respond slowly with high thresholds to mechanical
stimuli and also depolarize when exposed to chemical stimuli™®. Cell bodies

of these nerves are large in diameter (>20um) and located in jugular

ganglia™®.

Remaining lung afferents are nociceptive, C-fibers that are unmyelinated,

respond vigorously to chemical stimuli**°

and densely innervate airway

epithelium'? and other lung compartments. Cell bodies of these nerves are
small in diameter (<20pm) and located in jugular ganglia'*®. Thoracic dorsal
root ganglia C-fibers also innervate the distal airways, but contribute less to

pulmonary physiology compared with vagal C-fibers.

C1.2 Efferent Nerve Populations

Efferent pulmonary nerves are largely defined by neurotransmitter content and

include parasympathetic, NANC and sympathetic nerves.
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Parasympathetic nerves control airway tone at baseline’*® and in response to
afferent nerve activation'*. Efferent parasympathetic nerves include
preganglionic nerve fibers arising from the brainstem that course to the airway
in the vagus nerve, clusters of ganglia embedded in trachea and bronchi, and
postganglionic nerve fibers that innervate smooth muscle and submucosal
glands. Individual neurons within airway ganglia have distinct electrical

1951% and synapse on other neurons’®, suggesting heterogeneity

properties
within and communication between ganglia. Interganglionic communication
likely gives rise to integration and filtering of preganglionic signals observed in
airway parasympathetic ganglia’>'®’. Activation of efferent nerves results in
acetylcholine release, which binds to Ms-muscarinic receptors and causes
smooth muscle contraction'®. M,-muscarinic receptors located on

159,160

postganglionic nerves inhibit further acetylcholine release. Genetic

deletion'® or pharmacologic inhibition'®°

of M>-muscarinic receptors
potentiates vagally mediated bronchoconstriction, demonstrating the

importance of feedback inhibition of acetylcholine in vivo.

NANC nerves are classified as either excitatory or inhibitory depending on
neurotransmitter expression. Nitric oxide and vasoactive intestinal peptide
identify inhibitory NANC nerves that cause bronchodilation. NANC nerve cell

161,162

bodies are predominantly located on the esophagus and send

projections to the airway, although some neurons in vagal ganglia'®® and
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airway parasympathetic ganglia'®*'%*

express nitric oxide synthesizing
enzymes as well. Depolarization of afferent sensory nerves by electrical field
stimulation or chemical stimuli causes local reflex activation of NANC nerves

to relax contracted smooth muscle'®®.

Expression of substance P identifies excitatory NANC nerves that cause
bronchoconstriction, increase plasma extravasation, and enhance
inflammatory cell recruitment. Most excitatory NANC nerves are actually
sensory afferents with cell bodies located in vagal ganglia. However,

activation of sensory afferents produces local axon reflexes'®*"%

, releasing
excitatory neurotransmitters in the periphery167. Excitatory NANC nerves thus
have both afferent and efferent functions. The specific function of substance

P is detailed in subsequent sections.

Sympathetic nerves secrete norepinephrine and have cell bodies located in
superior cervical, stellate, and paravertebral ganglia. Most sympathetic
nerves supplying the lung are largely restricted to pulmonary vasculature'®
with minimal smooth muscle innervation®®. However, smooth muscle robustly

expresses Pz-adrenergic receptors and relaxation occurs when exposed to

170,171 172

norepinephrine or Bz-adrenergic agonists '“.
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C2. Asthma

C2.1 Reflex Bronchoconstriction

Smooth muscle contraction constricts the airways and occurs after direct
exposure to contractile agonists, or indirectly, due to nerve activation and
subsequent release of acetylcholine. Inhaled or systemic agents can activate
efferent parasympathetic ganglia directly, leading to acetylcholine release and
bronchoconstriction, while reflex bronchoconstriction involves coordinated
activation of both afferent and efferent pathways. In reflex bronchoconstriction
(Figure 1), afferent epithelial sensory nerves with cell bodies located in the
nodose-jugular ganglia of the vagus respond to inhaled stimuli, synapse on
central nervous system circuits, and subsequently trigger activation of efferent
parasympathetic nerves. These efferent nerves activate parasympathetic ganglia
embedded within the lungs, releasing acetylcholine from postganglionic
parasympathetic nerves which contracts airway smooth muscle. Activation of
epithelial afferents also stimulates neighboring sensory nerves to release

neurotransmitters without central nervous system involvement.

Airway responses to methacholine'”>'"* histamine'”>'"®, bradykinin'’’,

180

capsaicin'’®, serotonin'’® and allergen'® all involve reflex bronchoconstriction

which is blocked by muscarinic antagonists (ipratropium'’® or atropine'”®'77:18%)

174-177,180

cutting the vagus nerves , or depleting afferent neurotransmitters'®’.

Reflex bronchoconstriction is heightened in individuals with asthma'** and
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blocking this reflex with muscarinic antagonists improves lung function in

182,183 184,185

adults and children with severe asthma.

C2.2 Neural Mechanisms of Airway Hyperreactivity

Heightened reflex bronchoconstriction and airway hyperreactivity suggests
airway nerves are dysfunctional in patients with asthma. Inflammation sensitizes
nerves, increases expression and release of neurotransmitters, and impairs

degradation and inhibitory feedback loops that limit further activity (Figure 2).

C2.2.1 Secreted Mediators

186

Afferent nerves are required for airway hyperreactivity =~ and allergen

sensitization and exposure increase sensory nerve sensitivity'®” % Airway

inflammation increases expression of many mediators that activate sensory

nerves, such as histamine'’®, serotonin'”®, adenosine triphosphate %%,

leukotrienes ', prostaglandins'®?, bradykinin'®*, neurotrophic factors (see

194,195 196-198
)

neurotrophic section below), protons , protease receptor agonists

199,200

interleukins , and TNFa®'. Eosinophil secretion of cationic protein, major

basic protein, and eosinophil peroxidase also activate pulmonary sensory C-
fibers?®2. These mediators can directly cause nerve depolarization, but many also

sensitize nerves to increase responses to subsequent stimuli'"196:201:203-205
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C2.2.2 Nerve Structure

Heightened airway innervation promotes airway reactivity to sensory afferent
stimulation®, suggesting structural alterations to nerves increase reflex
bronchoconstriction. Eosinophils increase airway innervation and reactivity in
vivo®® and promote neurite outgrowth and branching of cultured dorsal root

ganglia®®’

. Airway innervation is also increased in biopsies from humans with
eosinophilic asthma compared to individuals without asthma, demonstrating
eosinophils have similar effects on nerve structure in humans®®. Eosinophil-
nerve interactions are not isolated to lungs as patients with atopic dermatitis have
significant dermal eosinophilia with associated increases in sensory

innervation®®”. Mouse models of atopic dermatitis also have increased sensory

innervation and eosinophil-dependent itch?®.

C2.2.3 Substance P
Airway inflammation increases expression of substance P, a sensory

neurotransmitter that contributes to asthma pathology.

Innervation targets

210

Substance P is an 11 amino acid peptide“ - encoded by the preprotachykinin

gene, which also encodes two other tachykinins, neurokinin A and neurokinin
B2'"2'* and each bind to their corresponding receptors neurokinin-1 (NK1),
neurokinin-2 (NK2), and neurokinin-32">%'®. Substance P also binds Mas-related

g-coupled protein receptors B and A1 in addition to NK12'"2'8_Nerves that
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express substance P innervate airway epithelium, submucosal glands, smooth

muscle, vasculature, and parasympathetic ganglia?'®%?*. Most airway epithelial

P220 152,224.

nerves express substance with cell bodies residing in jugular ganglia

Few nerves located in airway smooth muscle express substance P??° with cell

bodies of these fibers likely originating from intrinsic airway ganglia®'®?%>2%

Dorsal root ganglia also express substance P and supply intrapulmonary

innervation?22:223.228

Regulation of expression, release, and degradation

Nerve growth factor (NGF) increases substance P expression??® and controls
development of substance P expressing sensory nerves®°. NGF is likely derived
from innervation targets as switching nerve receptor fields can increase or

decrease substance P expression®'?*. The inflammatory cytokines IL-18%* and

235,236
)

TNFa?**2% (via induction of IL-1B and leukemia inhibitory factor also

increase substance P expression. Substance P release from neurons occurs in
. - . . 237 .« 238 239
response to many stimuli, including potassium*’, capsaicin“", bradykinin*~,

serotonin®*, histamine®*!, protease-activated receptor®*?, acid-sensing ion

1194 243

channel , and transient receptor potential channel A1 channel®* activation.

Neutral endopeptidase and angiotensin-converting enzyme®** degrade

substance P and inhibition of either enzyme potentiates airway responses to

249,250

substance P?*>%*® Airway epithelium , vascular endothelium?®’, and immune

249,252

cells express neutral endopeptidase. Suppression of neutral endopeptidase
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activity contributes to airway hyperreactivity and occurs after viral infection®*?,

254,255

allergen and oxidant exposure®®%’. However, neutral endopeptidase also

degrades other neurotransmitters, such as neurokinin A% and bradykinin®*®,
thus potentiation of airway responses after inhibition of neutral endopeptidase

cannot solely be attributed to substance P.

Airway effects

Stimulation of airway sensory nerves causes local reflex release of substance

261-263 260,264,265
E)

P?%° that increases mucus secretion and vascular leakage

contributing to airway obstruction and edema. Plasma leakage induced by

substance P involves both mast cell-dependent and -independent

268-270

mechanisms?®?%”_ Substance P causes mast cell degranulation and mast

cell-dependent leakage depends on histamine®®. Substance P also recruits® """

and activates other immune cells. Substance P is not restricted to nerves as

275

eosinophils?”*, dendritic cells?’°and macrophages?’® express substance P.

Whether endogenous or nerve-derived, substance P causes immune cell

276-278 279

secretion of inflammatory cytokines , oxidized lipids®’®, granule proteins®?,

and augmentation of effector functions?®'.

Substance P causes bronchoconstriction, both directly by binding NK1 receptors

282

on airway smooth muscle”™, and indirectly, by potentiating nerve function.

283-286

Substance P contracts smooth muscle and increases airway resistance®’,

285,287

however it is less potent than other tachykinins in directly causing
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bronchoconstriction. Substance P expressing nerves innervate airway
parasympathetic ganglia and increase cholinergic bronchoconstriction?®® by

potentiating synaptic transmission through ganglia?®®®?®, depolarizing neurons®*,

and facilitating acetylcholine release?#2%.

Substance P and Asthma

Individuals with asthma have elevated substance P in airway lavage fluid?*>%%,

298
d

airway nerves®”’, and peripheral blood®*® compared to individuals without

asthma. Allergen exposure increases airway nerve substance P expression?%3%

and airway sensitivity to substance P?**. Exogenous NGF***3% in the absence of

allergen exposure, mimics allergen-induced increases in nerve substance P and

299

inhibition of nerve growth factor® or its receptor TrkA*® can prevent allergen-

induced substance P expression. Blocking substance P receptors prevents

306

allergen-induced airway hyperreactivity™" in animal models of asthma, however

a dual NK1/NK2 antagonist paradoxically worsened allergen-induced airway

307 Other peptides bind to NK1 receptors®®®

responses in patients with asthma
and Mas-related g-couple protein receptors cause airway hyperreactivity>*®, thus
it is presently unclear whether NK1 antagonists failed because the role of

substance P in human asthma differs from animal models or if substance P-

mediated airway hyperreactivity involves multiple pathways.
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C2.2.4 Calcitonin-gene related peptide

Substance P positive airway nerves co-express and co-release calcitonin-gene
related peptide (CGRP)*'**"" a neuropeptide with opposite effects on airway
physiology and immune cell function compared with substance P. Two isoforms

of CGRP exist, a and . Tissue-specific alternative RNA splicing of the calcitonin

312,313 314

gene regulates CGRP-a expression, while CGRP-3°"" is encoded by a

separate gene, but differs from the a form by only one amino acid. Most
laboratory techniques cannot distinguish between CGRP-a vs. -3, thus
subsequent sections will generically refer to CGRP with the notable assumption

that both isoforms behave similarly.

Innervation Targets, Expression, Release, and Degradation
Substance P and CGRP expressing nerves innervate similar targets and share

remarkably similar pathways regulating release and degradation. Airway C-fiber

311,315 315,316

nerves from both vagal ganglia and dorsal root ganglia express

313,315 315,317
)

CGRP, providing innervation of vasculature , epithelium and

parasympathetic ganglia®'®. Intrinsic airway ganglia and neuroepithelial bodies

(chemosensors in contact with the airway lumen) also express CGRP3"":317:319,

Secretion of CGRP occurs in response to potassium®?°, capsaicin®',
histamine??, bradykinin®??, prostaglandins®?®, or transient receptor potential
channel A13%432 gctivation and is inhibited by serotonin®¥%3%’_ CGRP binds a G

protein-coupled receptor, and in complex with an accessory protein required for

ligand specificity®?®, stimulates cyclic adenosine monophosphate production®?°33"
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and cAMP response element binding (CREB) phosphorylation®*?. Receptor

321,333 and mast cell

desensitization or degradation by neutral endopeptidase
tryptase®**3*® terminates CGRP signaling. TNFa>%, IL-1B337:338 and the
neurotrophic factors NGF??*3* and glial-cell line derived neurotrophic factor

(GDNF)** increase CGRP expression.

Airway Effects

Allergen sensitization and exposure increases airway lavage CGRP**', however
studies are mixed whether this reflects a depletion of stored CGRP**? or an
increase in CGRP synthesis®***. Stimulation of airway sensory nerves causes
local reflex release of CGRP, resulting in profound vasodilation®**34¢,
suppression of immune cell responses, and inhibition of bronchoconstriction.
CGRP does not cause vascular leakage, but can potentiate substance P-

mediated edema*’-34°

, presumably due to increased local blood volume and
competition for degradation by neutral endopeptidase. However, substance P
limits CGRP-induced vasodilation®**° by inducing mast cell degranulation and

subsequent degradation of CGRP by tryptase.

CGRP suppresses inflammation and allergen sensitization. CGRP inhibits
macrophage®" and dendritic cell antigen presentation®?3>*, thus reducing
allergen-induced T cell expansion. CGRP also promotes IL-10 secretion and
development of tolerogenic T regulatory cells**? to further suppress allergen-

induced inflammatory responses. In addition to airway nerves, alveolar type Il
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cells secrete CGRP>*°. Disruption of epithelial barriers after allergen exposure
increases dendritic cell access to antigens and epithelial cytokines promote
dendritic cell trafficking to lymph nodes. CGRP protects against epithelial injury356
and promotes epithelial cell proliferation®’, migration®*® and healing®®, and thus
may suppress allergen sensitization indirectly by maintaining epithelial barrier
integrity.

311,321,360

CGRP does not cause bronchoconstriction and actually blocks

serotonin®®*' or substance P-induced contraction®®2. Inhaled CGRP suppresses

342

allergen-induced airway hyperreactivity™"<, potentially by hyperpolarizing airway

318 and inhibiting acetylcholine release®*****. Paradoxically, genetic

ganglia
deletion of CGRP in mice also prevents allergen-induced airway
hyperreactivity365. However, CGRP knockout mice have higher sympathetic

activity>®°

at baseline, which could suppress airway hyperreactivity through
activation of Bz-adrenergic receptors. Inducible CGRP knockout mice will be

needed to further clarify the role of CGRP in airway hyperreactivity.

C2.2.5 M2 Muscarinic Receptors

Parasympathetic nerves control airway tone by releasing acetylcholine, which
binds to Ms-muscarinic receptors and causes smooth muscle contraction'®.
Released acetylcholine also binds inhibitory Mo-muscarinic receptors located on

postganglionic nerves'*®'® to limit further acetylcholine release. M, receptors are
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367,368

inhibited in individuals with asthma and after allergen sensitization and

42,369-372

exposure in animal models, thus increasing nerve-mediated

bronchoconstriction.

Eosinophils inhibit M2-muscarinic receptor function. Eosinophils cluster around
airway nerves in patients with asthma®’® and after allergen exposure*?*"3, Airway
nerves actively recruit eosinophils by releasing eotaxin-1°"?, a potent inducer of
eosinophil migration, and bind eosinophils through complementary integrin-cell
adhesion molecule interactions*”*. Eosinophils are enriched in major basic
protein, an allosteric antagonist of parasympathetic nerve M, receptors®’® and
degranulate after binding airway nerves®“. Decreasing airway eosinophils,
eosinophil recruitment®’%*"2 adhesion®’", or blocking major basic protein*?
protects My>-muscarinic receptor function and prevents allergen-induced airway

hyperreactivity.

C3. Neurotrophic factors

Neurotrophic factors are a large family of growth factors required for nerve
development, survival, and response to injury or inflammation. Two main groups
of neurotrophic factors exist, including the classic neurotrophin family comprised
of NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3 and
neurotrophin-4, and a second group comprised of GDNF and related members
neurturin, artemin and persephin. The following section highlights the role of

NGF, BDNF, and GDNF in asthma pathogenesis, focusing on how they affect the
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development of lung innervation, postnatal nerve function, and immune system

homeostasis.

C3.1 Nerve growth factor

NGF is required for sympathetic and nociceptive sensory nerve
development®’®*’" and is secreted by innervation targets during embryonic
development to promote neurite growth®®*%° and increase innervation
density*®"382_ After development, NGF maintains sensory and sympathetic nerve
phenotypes by supporting neurotransmitter expression®**%. NGF is synthesized
as a precursor’®* and proteolytically processed in both intracellular’®® and
extracellular compartments®®. Upon secretion, NGF binds two receptors®’ with
different affinities. The high-affinity TrkA receptor®®®>®° has tyrosine kinase

390

activity®*® and binding of NGF activates Ras/mitogen-activated protein kinase®"

393 Akt, or phospholipase C signaling cascades®*. The low-affinity p75NT<>2>%%

binds all neurotrophins and can activate NF-kB signaling397 as well as other

NTR
5

signaling pathways depending on interactions between p7 and co-

receptors®®®. NGF’s effect on neurons depends on the balance between TrkA

NTR
5

and p75"® expression and intracellular signaling®**“*%", the stage of nerve

development*®?4% and conversion of proNGF into mature NGF%°.

NGF is secreted by numerous cells in the lungs and affects non-neuronal tissues

in addition to its requirement for nerve development. The airway epithelium is the

F404,405

richest source of NG and expression increases in response to viral
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infection*®, allergen exposure®®, or the inflammatory cytokines IL-1p or TNFa**"

19 In addition to airway epithelium, infiltrating immune cells, fibroblasts, smooth
muscle, and blood vessels all secrete NGF*%*49°411412 NGF is increased in
serum and lung lavage of individuals with asthma compared to those without
asthma, and levels increase further after allergen exposure***405413-415 NGF

contributes to all defining features of asthma, including airway hyperreactivity,

inflammation, and structural remodeling.

NGF has both acute and chronic effects on airway hyperreactivity. Elevated NGF
in the absence of inflammation increases epithelial innervation and induces
airway hyperreactivitys. NGF causes airway hyperreactivity by promoting sensory
innervation during development and by sensitizing neurons to stimuli acutely.

NGF increases nerve excitation and airway contraction®*'®*'? likely by increasing

420-422 229,304,305

sensory nerve expression of both receptors and neurotransmitters

that contribute to airway hyperreactivity. NGF also augments synaptic
transmission in parasympathetic nerves*?, which ultimately control airway
smooth muscle contraction through release of acetylcholine. Thus, NGF
promotes airway hyperreactivity by affecting both afferent and efferent limbs of

airway innervation.

Targeting NGF or its receptors reduces airway hyperreactivity by suppressing

424-429

nerve excitation (detailed above), airway inflammation , and remodeling.

431,432

Mast cells**°, T lymphocytes , and eosinophils both secrete and respond to
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NGF. Mast cells release NGF after IgE receptor activation**® and respond to

434,435

NGF by releasing serotonin and histamine**® to activate airway nerves and

F437

smooth muscle. Eosinophils both secrete NG and augment epithelial NGF

438

secretion**®. After NGF exposure, eosinophil hematopoiesis increases**, cells

438,440 441

survive longer and degranulate to release eosinophil peroxidase™ . Airway
remodeling occurs in response to airway inflammation, but NGF directly
promotes subepithelial collagen deposition**? and smooth muscle proliferation**?,

causing increased baseline airway resistance and reduced lung compliance**.

C3.2 Brain-derived neurotrophic factor

BDNF is highly expressed in the central nervous system where it regulates the
development and function of several nerve populations. BDNF’s effects on the
central nervous system will not be reviewed here. It is important to note,
however, that in vitro studies evaluating how BDNF affects nerve function
predominantly use nerves isolated from the central nervous system. Similarly, in
vivo studies on the peripheral actions of BDNF occur in the context of significant
central nervous system dysfunction and it is difficult to dissociate the pathology

between the two systems.

While expressed at much lower levels in the periphery***, BDNF is required for

445-451 and |S

mechanoreceptor sensory nerve development of the viscera and skin
secreted by innervation targets to promote neurite growth**?. After development

BDNF increases survival of additional nerve populations, namely motor neurons,
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during injury or inflammation****°®. BDNF is synthesized as a precursor and

457

released in response to nerve activity**” and inflammation®®. proBDNF is

converted to mature BDNF by extracellular proteases**” and subsequently binds
TrkB**%*¢" and p75"""*®2, The high-affinity TrkB receptor has tyrosine kinase
activity and binding of BDNF activates Ras/mitogen-activated protein kinase, Akt,
or phospholipase C signaling cascades>®*. The low-affinity p75™'" binds all
neurotrophins and can activate NF-kB as well as other pathways depending on
interactions with co-receptors. BDNF’s effect on neurons depends on the balance

between TrkB and p75"'" expression and signaling*®®, expression of different

t465

TrkB isoforms*®*, stage of nerve development*®®, and conversion of proBDNF

into mature BDNF*57:463,

BDNF is secreted by numerous cells in the lungs and affects non-neuronal

tissues in addition to its requirement for nerve development. Respiratory

467 466,468

epithelium?®®®, smooth muscle*®’, and infiltrating immune cells are the

primary sources of BDNF and secretion of BDNF increases after exposure to

414,469

allergen or the inflammatory cytokine TNFa*®"#’°. BDNF is increased in

serum and lung lavage of individuals with asthma compared to those without*'

and levels correlate with asthma severity in both adults*”" and children*'2,

Unlike NGF, far less is known about how BDNF increases disease severity and
contributes to specific pathogenic features of asthma. Most data show that

airway smooth muscle both secretes and responds to BDNF. BDNF stimulates
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smooth muscle proliferation*’® and augments contractility*’**”>. Nerve activity

and intracellular calcium increase BDNF expression in neurons*’®*’®_ |t is

plausible similar mechanisms exist in airway smooth muscle to account for
enhanced BDNF expression in individuals with asthma*®’. However, TrkB
desensitization and down-regulation occurs with chronic BDNF exposure*’®, so it
is unclear how long-term elevations in BDNF contribute to smooth muscle

pathology.

There are sparse data on how BDNF affects airway hyperreactivity and

469,480-482

inflammation. BDNF increases expression of nerve ion channels , axon

483,484

arborization , and synapse formation*®* to promote excitation, potentiates

parasympathetic nerve synaptic action potentials*®

, and increases
neurotransmitter release*®®. However, the consequences of these effects with
regard to airway hyperreactivity are unknown. Similarly, how BDNF contributes to

airway inflammation is also unknown. Eosinophils secrete*®’

and respond to
BDNF with release of eosinophil peroxidase*®’, but the functional significance of

this interaction and whether BDNF affects other immune cells is unknown.

C3.3 Glial cell line-derived neurotrophic factor

GDNF is required for innervation of the gut*®®4%°

where it promotes nerve
precursor proliferation and differentiation***4°". After development GDNF

supports parasympathetic, sympathetic, motor and proprioceptive sensory
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nerves****%* GDNF binds the GFRa-1 receptor*®®*®® and initiates RET tyrosine

kinase signaling®®®*°".

The role of GDNF in asthma pathogenesis has not been studied. All sensory

neurons in the airways express the GFRa-1 receptor®®?

and GDNF can promote
parasympathetic lung innervation®®. Similar to BDNF, GDNF can increase
sensory nerve expression of neurotransmitters and receptors®**°% to promote
excitation and enhance neurotransmitter release®’. However, the functional
consequences of these changes are unknown. GDNF is also expressed in lung

homogenates®®, but it is unclear what cell types express it or how expression

and secretion is regulated in the airways.

D. Airway Nerve Development

Lung function trajectories are established during childhood and strongly predict
adult lung function and respiratory morbidity. Lungs are not fully mature at birth
and development continues until young adulthood, thus postnatal environments

strongly influence lung development and attainment of optimal lung function.

D1. Prenatal Airway Nerve Development

Lung development begins at day 9 of mouse gestation and day 28 of human
gestation, comprising five phases that are defined by morphological appearance
of lung parenchyma. Embryonic (mouse: E9.0-E12.5) lung development begins

when anterior foregut endoderm evaginates to form the trachea and lung buds,



37

and proceeds with tracheal separation from the esophagus and lung bud
enlargement. Initiation of a stereotyped branching program509 to generate
complex tree-like conducting airways defines pseudoglandular (E12.5-E16.5)
lung development. Airway branching ceases during cananicular (E16.5-E17.5)
lung development and terminal ends narrow to form terminal bronchioles.
Saccular (E17.5-P4) lung development involves formation of small sacs at the
end of terminal branches, along with respiratory bronchiole and alveolar duct
formation. Alveolarization (P4-P21) involves successive divisions of sacs into
smaller subunits to give rise to many thousands of alveoli and functional gas-

exchange units.

Parasympathetic ganglia appear during pseudoglandular development as flat

510511 and travel

patches of neural precursors that originate from neural crest cells
along extending vagal nerves®'#*"*. Ganglia form around nerve and airway
bifurcations and condense, enlarge, and become more spherical in appearance
throughout gestation®'?*'**1®_ Parasympathetic ganglia express detectable
choline acetyltransferase®'® and airways contract in response to electrical
stimulation®'"*'® during cananicular development, suggesting nerves are also
functional at this stage. Vagal afferent innervation, originating from both neural
crest cells (jugular ganglia) and epibranchial placodes (nodose ganglia)®*®,

develops in parallel with calcitonin-gene related peptide and substance P

expressing nerves detected during pseudoglandular development®2%°%",
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Molecular control of lung nerve development is poorly understood. What guides
neural precursor migration, proliferation, and subsequent parasympathetic
ganglia network formation in the lung is unclear. GDNF can guide neuron
migration in vitro®®, however mice deficient in GDNF exhibit no defects in lung
innervation®'". This sharply contrasts with neural crest cell development in the
gut, since gastrointestinal innervation fails to develop in mice deficient in GDNF,
suggesting organ specific molecular regulation of vagal innervation. Similarly,
netrin and deleted in colorectal cancer (Netrin/DCC) signaling guides neural crest
cells migration into the gut®?, but deletion of DCC has no effect on lung nerve
development®®, Target-derived NGF likely regulates sensory innervation and
expression of substance P and CGRP, but airway-specific deletion of NGF and

subsequent effects on innervation have not been studied.

D2. Postnatal Airway Nerve Development

Airway innervation continues to develop postnatally, with increases in sensory

524-528 529-531

innervation and sensitivity to contractile agonists , and decreases in
relaxant innervation®°°%*. Innervation comparable to adults is reached within a
few weeks after birth for mice. Environmental insults during this critical period
permanently alter airway innervation and promote airway hyperreactivity later in
life. Postnatal house dust mite or ozone exposure in infant rhesus monkeys
increases epithelial innervation at one year of age®® and is associated with
airway hyperreactivity at three years of age®**. Similarly, postnatal ovalbumin®®

536

or cigarette smoke®” exposure increases airway innervation with subsequent
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airway hyperreactivity in mice. Increased innervation after allergen or cigarette
smoke depends on neurotrophic factors that reach a peak in expression during
postnatal alveolarization®**>**". The postnatal period represents a particularly
sensitive time period, since environmental exposures later in life do not alter lung
innervation and cause persistent airway hyperreactivity as they do in

neonateg®26:529:536

Neonatal airway immune responses to environmental insults are intrinsically
skewed towards type 2 inflammation. The first breath of a neonate induces IL-33
secretion from airway epithelial cells with high constitutive secretion of IL-33
throughout the postnatal period®®. IL-33 secretion activates a cascade of airway
type 2 innate lymphoid cell expansion, IL-5 and IL-13 secretion, and recruitment
of peripheral eosinophils into the airway®**>*. This postnatal influx of eosinophils
and type 2 innate lymphoid cells occurs naturally and cells decline to adult levels
after a couple weeks in mice, however it creates a vulnerable window for
environmental insults to impact airway immunity and nerve function. Allergen
exposure increases cytokine production, type 2 lymphocyte polarization and
expansion, eosinophilia and IgE production more in neonates than in adults®**°%.
The above studies were conducted in mice and whether a similar influx of type 2
innate immune cells into human lungs occurs is unknown. Hospitalized
premature infants consistently develop postnatal peripheral eosinophilia®*'->*,

which is presumed to be pathologic, but could actually reflect normal maturation

and recruitment. The National Heart, Lung and Blood Institute recently funded a
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consortium (LungMAP)545 that is tasked with creating a molecular atlas of the
developing human lung, with a particular focus on postnatal alveolarization, and

will hopefully serve as a resource to answer such questions.

E. Summary

Reflex bronchoconstriction involves coordinated activation of afferent and
efferent nerves (Figure 1). Blocking this reflex with muscarinic antagonists
improves lung function in severe asthmatics, demonstrating the importance of
nerve function in asthma pathogenesis. Several mechanisms of nerve-mediated
airway hyperreactivity are known (Figure 2). Airway inflammation increases
cytokines, neurotrophic factors, and eosinophil-derived proteins that either cause
nerve depolarization directly or increase sensitivity to subsequent depolarizing
stimuli. Allergen exposure also increases expression of the neurotransmitter
substance P, which augments inflammatory responses and synaptic transmission
through efferent, parasympathetic ganglia. Finally, recruited eosinophils inhibit
M2 muscarinic receptors, thus potentiating acetylcholine release from efferent
nerves. All of these changes together cause nerve-mediated airway

hyperreactivity.

Maternal asthma increases the risk of childhood asthma. Children born to
parents with asthma have airway hyperreactivity at birth, suggesting in utero
development of airway responses. However, it is unknown whether maternal

asthma affects fetal airway nerve development.
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Figure 1. Schematic of reflex bronchoconstriction. Inhaled irritants activate
afferent epithelial sensory nerves with cell bodies located in the nodose-jugular
ganglia of the vagus. Efferent nerves contained within the vagal nerve synapse
on parasympathetic ganglia embedded within the lungs, releasing acetylcholine
(ACh) from postganglionic parasympathetic nerves which contracts airway
smooth muscle via Ms-muscarinic receptors (M3). Mo-muscarinic receptors (M2)
located on pre-synaptic postganglionic nerves inhibit further acetylcholine

release.
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Allergen Sensitization and Exposure
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Figure 2. Neural mechanisms of airway hyperreactivity. Airway inflammation
potentiates both afferent and efferent nerve activity to cause airway
hyperreactivity. Secreted mediators, such as inflammatory cytokines,
neurotrophic factors, and eosinophil-derived proteins, sensitize afferent sensory
nerves (red) and potentiate responses to inhaled stimuli. Allergen exposure
increases nerve substance P, which subsequently augments synaptic
transmission through efferent, parasympathetic ganglia. Not pictured above is
allergen-induced inhibition of neutral endopeptidase activity, which further
increases airway substance P. Recruited eosinophils secrete major basic protein,
which antagonizes M,-muscarinic receptors (M2), thus disrupting inhibitory

feedback loops and potentiating acetylcholine release.
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F. Hypothesis
| hypothesize that maternal allergen exposure causes structural and functional

changes in airway nerves of offspring that are mediated by eosinophils and lead

to airway hyperreactivity.
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CHAPTER 2. General Methods

A. Model Rationale

A1. House dust mite

The house dust mite (HDM), dermatophagiodes pteronyssinus, is allergenic®*®
and the majority of individuals with asthma are sensitized to it**’. Exposure to
house dust mite elicits robust eosinophilia, airway hyperreactivity, and type-2
cytokine production in animal models of asthma®*®. HDM is also more clinically
relevant than ovalbumin, thus, | chose HDM sensitization and exposure as a

model for type-2 high, eosinophilic atopic asthma.

A2. Serotonin-induced reflex bronchoconstriction

Methacholine'®'"* histamine'”>'"®, bradykinin'’’, capsaicin'’®, and serotonin’"®
all evoke reflex bronchoconstriction. Methacholine and high-dose histamine also
directly contract airway smooth muscle. Methacholine and serotonin
reproducibility cause reflex bronchoconstriction in a mouse, while results with

other contractile agents are variable®*°

or contain logistical challenges (ex:
capsaicin evokes cough in laboratory personnel). Thus, | chose serotonin to

study reflex bronchoconstriction in mice.

A3. Mice
| used C57BI/6 mice for all studies due to the ease of genetic manipulation (ex:
eosinophil knock-out), availability of reagents, equipment, and techniques (ex:

respiratory physiology), cost and resource burden, and ability to conduct
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transgenerational experiments in a reasonable timeframe. C57BI/6 mice have a
less “allergic” phenotype than BALB/c mice, with less IgE, IL-5, and IL-13

production after allergen exposure and reduced correlation between eosinophils
and airway hyperreactivity>**>*', but were required since eosinophil deficient [(-

)Eos] and IL-5 transgenic mice (IL5tg) are on a C57BI/6 background.

Hemizygous IL5tg mice express IL-5 under a CC10 promoter (this strain is more
commonly referred to as NJ1726) (11). Three models of elevated IL-5 exist. IL5tg
mice were chosen due to selective lung IL-5 expression, as opposed to dual
expression of IL-5 and eotaxin-2°°2. Mice with overexpression of IL-5 driven by a
T cell promoter®® have elevated peripheral IL-5, and would have been suitable
for fetal development studies (Chapter 3), but not for airway inflammation

phenotype studies (Chapter 5).

Eosinophil-deficient mice [(-)Eos] were generated by expressing diphtheria toxin
under the eosinophil peroxidase promoter (12). Five different eosinophil deficient
mice exist. (-)Eos mice (more widely known as PHIL mice) were chosen because
this is the best-characterized strain with selective and complete ablation of
eosinophils. Genetic deletion of both major basic protein and eosinophil
peroxidase leads to a selective and dramatic reduction in eosinophils, but not
complete ablation®*. Genetic deletion of IL-5 or the IL-5 receptor does not

completely ablate eosinophils and also impairs B cell development®®. GATA-1
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knockout mice®*® are also deficient in eosinophils, but have defective basophil

development®’.

A4. Comparison with human asthma

No animal model perfectly recapitulates human asthma, since few animals
naturally develop asthma (the exception being some horse and dog breeds).
Therefore, asthma models are best suited for studying specific symptoms or
components of disease, thus | focused on airway eosinophils and airway
hyperreacitivity. A few notable differences exist between mouse and human
airway physiology. Mouse lungs have fewer respiratory bronchioles and airway
generations, larger airway caliber, greater chest wall compliance, and a paucity
of submucosal glands compared with humans®®®. Mice also respond to fewer
contractile agents than humans. Bronchoconstriction in humans occurs after

559,560

exposure to histamine , methacholine®®, capsaicin'’®, bradykinin®®’,

leukotrienes®®, and serotonin (assessed with an antagonist, not directly)?.
Serotonin and methacholine produce consistent bronchoconstriction in mice,

while histamine, substance P, prostaglandins, and leukotrienes produce variable

responses®®’.

Mice are also born at an earlier stage of lung development than humans,
completing both the saccular stage and alveolarization in postnatal environments
compared with just alveolarization in humans. Airway nerve development is

poorly understood, thus it's unclear whether postnatal exposures at an earlier
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stage of lung development in mice impacts nerve function differently than the
same exposure in humans. What is clear is that early life insults in both

%3553 and humans®® leads to airway hyperreactivity later in life, but novel,

mice
noninvasive methodologies are needed to test if nerve changes observed in mice

also occur in humans.

A comprehensive review on the similarities and differences between mice and
human eosinophils has been published and covers cell surface markers, protein
expression, morphology, recruitment and activation signals, effector functions,
and regulation of survival vs. death®®®. Mouse and human eosinophils share
many similarities, but an important difference pertains to eosinophil-nerve
interactions in asthma. Airway biopsies and lavage fluid from humans with

asthma contain abundant major basic protein®®®°¢’

, evidence of extensive
eosinophil degranulation. Mouse eosinophils do not degranulate as easily or in
response to the same stimuli as human eosinophils. Degranulation is not
necessary to drive lung pathology in mice*' and little major basic protein is seen
in lungs from allergen exposed mice®®. Major basic protein is an allosteric
antagonist of M,-muscarinic receptors®’® and blocking major basic protein
prevents airway hyperreactivity in guinea pig models of asthma*2. However,
major basic protein knockout does not prevent airway hyperreactivity in mice

after allergen exposure®. Thus, mouse models do not perfectly recapitulate the

role of eosinophils in promoting airway hyperreactivity in humans.
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B. Transgenic Mice and Genotyping

The Oregon Health & Science University’s IACUC committee approved all animal
experiments. Mice were housed and bred at OHSU with ad libitum access to food
and water on a 12-hour light and dark cycle. All mice were on a C57BI/6J
background and both male and female mice were used for experiments per
National Institute of Health guidelines. Wild-type (WT) mice were purchased from
Jackson Laboratories and transgenic mice were a gift from Dr. James Lee (Mayo

Clinic, Scottsdale, Arizona).

Mice were genotyped by PCR and gel electrophoresis. Briefly, ear tissue was
collected from adult mice under 5% isoflurane anesthesia or the distal tail was
removed from fetuses. HotSHOT DNA extraction was performed with alkaline
lysis reagent (125 pL of 10N NaOH, 20 pL of 0.5M EDTA) followed by
neutralization buffer (325 mg Tris-HCI). After DNA extraction, EconoTaq PCR
master mix plus green (Lucigen Cat. 30033) was added to 1 yM (-)Eos and 0.1
MM 18s or 0.2 uM IL5tg and 0.2 yM 18s primers (see below) and run through a
PCR reaction using a 96 well Veriti Thermal Cycler (Applied Biosystems). After a
5 minute 94°C hot start, PCR denaturation started at 94°C for 30 seconds,
followed by annealing step at 53°C for (-)Eos or 56.5°C for IL5tg for 1 minute
duration, and extension at 72°C for 1 minute. Both PCR reactions were cycled 30

times, then ran on a 2% agarose gel.
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(-)Eos Primers:
Forward - 5'-AAG TAT GAT GGG GGT GTT TC-3'

Reverse - 5'-GAG CGG GTT TTC ATT ATC TAC-3'

IL5tg Primers:
Forward - 5'-CAG TGC TTG ACT TTA AAG AGG-3'

Reverse - 5'-TGG CAG TGG CCC AGA CAC AGC-3'

18s Control Primers:
Forward - 5'-GTA ACC CGT TGA ACC CCATT-3'

Reverse - 5'-CCA TCC AAT CGG TAG TAG CG-3'

C. Allergen sensitization and exposure

For maternal allergen exposure studies (Chapter 3), nulliparous female C57BI/6J
mice were sedated with 5% isoflurane and intranasally exposed to 25 ug HDM
(dissolved in 25 yL PBS; LPS content 83250 EU/vial; Greer Laboratories) or
vehicle (PBS) once daily, 5 days per week, for 4 weeks. At the end of the 4™
week of challenge, female mice were mated with male mice. On the 5™ week
until delivery, pregnant female mice were manually restrained and intranasally
exposed to 25 ug HDM (dissolved in 25 yL PBS) or vehicle (PBS). In pilot
experiments, daily isoflurane sedation caused fetal demise, thus manual restraint

without sedation was required for daily HDM or vehicle exposures.
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For offspring or adult mice allergen exposure (Chapter 3 and 5), mice >8 weeks
of age were anesthetized with 5% isoflurane and sensitized intranasally with

vehicle (PBS) or 50 ug of HDM (dissolved in 25 ul PBS) on protocol days 0 and
1, followed by challenge with vehicle or 25 yg HDM (dissolved in 25 yL PBS) on
days 14-17. Animals were sacrificed on day 18 for analysis. Inhaled anesthetics

%69.570 and can affect

(desflurane, isoflurane) activate sensory nerve ion channels
tachykinin physiology®”’, thus offspring studies include none sedated, none
exposed controls. For chronic allergen exposure (Chapter 5), mice were

anesthetized with 5% isoflurane and challenged with vehicle or 25 yg HDM

(dissolved in 25 yL PBS) five days per week for 8 weeks. Animals were sacrificed

on day 57 for analysis.

D. Airway physiology

Mice were sedated with ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.),
tracheotomized, and mechanically ventilated via a 21-gauge catheter. The
ventilator system consisted of a pneumotachograph to measure airflow (ML141,
AD Instruments), a pressure transducer, metering valves (inspiratory time 175
ms, expiratory time 300 ms), two expiratory water columns for positive end-
expiratory pressure (2 cm H20) and deep-inhalation (25 cm H20), in-line
nebulizer (AeroNeb) and LabChart Pro acquisition software. Mice were ventilated
with 100% oxygen at 125 breaths/min with a 0.2 mL tidal volume and paralyzed
with succinylcholine (10 mg/kg i.p.) to eliminate respiratory effort. Core body

temperature was maintained at 36.9°C with a homeothermic blanket. A 3-lead
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electrocardiogram monitored heart rate and rhythm and a pulse oximeter

recorded oxygen saturation.

Airway resistance was calculated as the difference between peak inspiratory
pressure and plateau pressure during an end inspiratory pause, divided by
airflow (Resistance = Ppeak-Ppiateau / flow). Baseline airway resistance was
measured in response to 10 pl nebulized PBS vehicle followed by escalating
concentrations of serotonin (10 - 1,000 mM). Resistance after each dose of

serotonin was expressed as fold change over resistance to aerosolized PBS.

E. Drugs
Drug information is summarized in table 1 and includes indication, dose and
route of administration, dissociation and inhibitory constants when known,

source, and relevant references.

E1. Muscarinic Agonist and Antagonists

Some mice were treated with the muscarinic antagonist atropine (1 mg/kg i.v. in
PBS), before inhaled serotonin to test if bronchoconstriction involved activation of
Ms; muscarinic receptors by acetylcholine. To test if Mo-muscarinic receptors were
functional, gallamine (an M,-muscarinic receptor antagonist; 1 mg/kg i.v.
dissolved in PBS) was administered to some mice before inhaled serotonin. For

methacholine experiments, both vagus nerves were isolated and cut bilaterally



52

before mice were exposed to escalating concentrations of inhaled methacholine

(1- 100 mM).

E2. Neurokinin Receptors Agonists and Antagonists

For NK1 experiments, the competitive NK1 antagonist CP99994 (1 ug i.p., 20 ug
i.p., 60 pgi.v., 20 yg inhaled., or 60 pg inhaled; dissolved in PBS) was given 15
minutes before measuring airway responses to serotonin. To test if NK1
activation caused bronchoconstriction directly, mice were administered
phosphoramidon (a neutral endopeptidase inhibitor, 2.5mg/kg iv) and captopril
(an angiotensin-converting enzyme inhibitor, 2.5mg/kg iv) and then exposed to
escalating concentrations of substance P (5 - 500 pg, i.v.) or the NK1 agonist
GR73632 (1 - 100 ug, i.v) and airway resistance recorded after each dose. For
NK2 experiments, the NK2 antagonist GR159897 (5 yg i.v., 50 pgi.v., 5 ygi.p.,
50 g i.p., or 10, 20 or 50 ug inhaled; dissolved in DMSO or 50% EtOH) or

vehicle was given 15 minutes before measuring airway responses to serotonin.

E4. Vagal Nerve Transection
For vagotomy experiments, both vagus nerves were isolated bilaterally and cut

with scissors immediately before measuring airway responses to serotonin.
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Table 1. Drugs used for in vivo studies. All drugs dissolved in sterile phosphate
buffered saline (pH 7.4) unless otherwise noted.

Dose and Pharmacology

Drug Indication Route 8 References Source
Sedatives and analgesics
Par
Ketamine + Sedation and 100 mg/kg ip Pharmaceuti
Xylazine analgesia 10 mg/kg ip cals Cos; Vet
One
Pentobarbital Euthanasia 300 mg/kg ip Vortech
Succinylcholine  Paralysis 10mg/kg ip Sigma
10 -
5-HT receptor .
Serotonin agonist; Reflex 1800LmM, Sigma
Bronchoconstriction ML
nebulized
Muscarinic Agonist and Antagonists
Muscarinic receptor . - 1000mM
Methacholine . PIOT 10 L Sigma
agonist .
nebulized
. Muscarinic receptor . .
Atropine antagonist 1 mg/kg iv Sigma
Gallamine M;-Muscarinic 1mg/kg iv Ref°’2°73 Sigma
receptor antagonist
Neurokinin-1 Agonists and Antagonists
Substance P NK1 agonist 5-500 g iv EZE%S”M; Sigma $6883
GR73632 NK1 agonist 1-100 ug iv EC50=2nM Tocris
CP99994 NK1 antagonist 1 Mg i.p. Ki=0.25nM Tocris
20 ug
inhaled
60 ug
inhaled
60 pgi.v.
20 ug
GR159897 NK2 antagonist ::hSaAf/f Ki=0.32nM Tocris
ethanol
20 ug
inhaled in
DMSO
S pugi.p.in
DMSO
Evans Blue Dye Vessel 30 mg/kgiv  Ref’® Sigma

permeability
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Ki=2nM;

Phosphoramidon NEP inhibition 2.5 mg/kg iv Ref075:576 Sigma
Captopril ACE inhibition 2.5 mg/kg iv LS;;’;ZO”M; Sigma
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F. Adult Tissue Collection

Animals were assigned numbers at sacrifice to blind myself to treatment groups.
If tissues were collected after airway physiology measurements, animals were
still sedated and anethesetized with ketamine and xylazine, thus euthanasia was
via exsanguination. If tisses were collected from nonventilated animals, mice

were euthanized with pentobarbital (300 mg/kg i.p. in PBS).

Blood was collected with a heparinized 1 mL syringe and 26 gauge needle via
the descending aorta. Blood was diluted 1:20 with 0.1N hydrogen chloride to lyse
red blood cells and total white blood cell counts determined with a
hemacytometer. Five pL of blood was smeared on a microscope slide, allowed to

dry, fixed in 70%, and differential counts obtained after Wright staining.

Mice were perfused with PBS via the right ventricle. Airways were lavaged via a
tracheal cannula with 500 pl PBS three times. Airway was then filled with 500 pl
Zamboni’s fixative, excised, and placed in 5 mL of Zamboni's fixative overnight
for quantification of airway nerve architecture or histology. In some groups, the
right inferior lobe was clamped to prevent infiltration of fixative, airways lavaged
with Zamboni’s, and the right inferior lobe removed and flash frozen. For vascular
extravasation studies (Chapter 5), the airway was removed after perfusion and
placed into 1 mL of formamide for 48 hours. Lavage fluid was centrifuged (2000
rom x 10 min), and supernatants were flash frozen in liquid nitrogen, and stored

at -80°C. Airway cell pellets were resuspended in PBS and total cell counts
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determined with a hemacytometer. Cells were cytospun, slides fixed in 70%

ethanol and differential counts obtained after Wright staining.

Spinal cord and vertebrea were transected at C7 and T12, spinal column
dissected free from surrounding muscularture, removed en bloc, and placed in
Zamboni’s overnight. The head was severed anterior to the ears. The remaining
superior spinal column and skull were dissected free and placed in Zamboni’s

overnight.

G. Fetal Tissue Collection

Pregnant WT, IL5tg, HDM, and vehicle exposed mice were sedated with
ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) at days 18-21 of gestation,
abdomen and uterus incised, and a 26-gauge needle inserted into the amniotic
sac. After collecting amniotic fluid, the amniotic sac was opened, fetus removed,
fetal and maternal blood collected for peripheral smears, and amniotic fluid flash-
frozen in liquid nitrogen. The fetal distal tail was removed for genotyping. Blood

differential counts were obtained after Wright staining.

H. Neonatal Tissue Collection

Mice were checked daily for pups and postnatal day 1 considered the first
morning pups were present. Pups were euthanized on postnatal day 1 and 7 by
decapitation and day 21 with pentobarbital. Airways from postnatal day 1 and day

7 pups were dissected free without prior systemic PBS perfusion and placed in
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Zamboni’s overnight. Postnatal day 21 pups were perfused via the right ventricle

with PBS, airways excised and placed in Zamboni’s overnight.

I. Lavage cytokine and neuropeptide analysis.
Lavage IL-5, IL-13, GDNF, BDNF, Substance P (all from R&D Systems), NGF
(Sigma), and CGRP (Phoenix Pharmaceuticals) were measured by ELISA.

Neutral endopeptidase activity was measured with a fluoremetric kit (AnaSpec).

J. Tissue Optical Clearing, Imaging, and Epithelial Nerve Modeling

Following overnight fixation, airways, dorsal root ganglia, or vagal ganglia were
dissected free of surrounding tissue. Whole-mount tissues were stained as
previously described?’. Fixed tissues were washed with TBS, blocked overnight
(4% normal goat [or donkey serum for choline acetyltransferase staining], 1%
Triton X-100, 5% powered milk in TBS pH 7.4), immunolabeled with antibody
overnight (Table 2 lists all antibodies, dilutions, species and manufacturer),
washed again with TBS, and then placed in secondary antibody overnight (see
Table 2). If two primary antibodies of the same species were used, tissues were
washed with TBS and blocked overnight with goat anti-rabbit 1IgG (1:100,
Jackson Immunoresearch). Tissues were then incubated in the second primary
antibody overnight, washed the next day with TBS, and incubated overnight one
final time in secondary. No primary and IgG controls were run in parallel.

Samples were then sequentially dehydrated with 50% and 100% ethanol, placed
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in benzylbenzoate:benzylalcohol (2:1) for optical clearing, and mounted in

Permount-sealed chambered slides.

Images were obtained with a 780 LSM confocal microscope. Entire tracheas
(complete anterior to posterior surface, vocal cords to 1500 ym inferior of the
carina into the main-stem bronchi) were tile-scanned at 10x and z-stacks
converted to maximum intensity projections. Total airway parasympathetic
ganglia were quantified by a blinded observer. Five 63x, 1.4N.A. z-stack images
extending from the posterior serosal surface through the luminal space were also
taken per animal in the carina of the trachea. For assessment of nerve structure,
substance P positive nerves or PGP9.5 positive nerves within the epithelial layer
were manually modeled and analyzed using Filaments function of Bitplane
Imaris. Each image was treated as a replicate and averaged together for one

value per animal.

K. Lung sectioning and NGF staining

Following Zambonis fixation and washing with PBS, left lungs were cut in half
and sent to the OHSU histopathology core for paraffin-embedding and sectioning
(7 uM thick). Slides were deparaffinized, rehydrated, treated with Antigen
Unmasking Solution (Vector H-3300), incubated in 3% hydrogen peroxide (1:10
in Methanol), washed with PBST (PBS with 0.05% Tween), and blocked (10%
Normal Goat Serum in PBST) for one hour at room temperature. Primary

antibody anti-mNGF (rabbit 1:500) was added overnight at 4°C, washed with
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PBST, and placed in secondary biotinylated anti-rabbit IgG antibody (goat 1:400)
for one hour at room temperature. Tissues were washed, treated with ABC
reagent (Vector PK-6100 Standard) for 30 minutes at room temperature, washed
with PBST, and then reacted with DAB (Vector SK-4105) for 30 seconds
following immediate immersion in dH20. Slides were dried, mounted with

Cytoseal, and imaged with Zeiss ApoTome2 on Axiolmager

L. Nodose-Jugular Ganglia Retrograde Tracing

Mice were anesthetized with 5% isoflurane and administered 25 pL of AlexaFluor
555 tagged wheat germ agglutinin intranasally (ThermoFischer, 10 mg/mL in
PBS). Mice were euthanized 16-20 hours later with pentobarbital, vagal ganglia
dissected free, and placed in Zamboni’s fixative overnight. Ganglia were washed
with TBS, mounted with VectaShield, and imaged with an 780 LSM confocal
microscope. Fluorescently labeled neurons were counted in 3-dimensional

images (Bitplane Imaris).
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Table 2. Antibodies used for immunofluorescence.

Target Species Dilution Source
Primary Antibodies
Choline acetyltransferase (CHAT) Goat 1:50 Millipore AB144P
Calcitonin-gene related peptide . ) .
(CGRP) Rabbit 1:100 Sigma C8198
Neuronal Nitric Oxide Synthase , _ .
("NOS) Rabbit 1:100 Cell Signal C7D7
Nerve Growth Factor (NGF) Rabbit 1:500 Alomone AN-240
Protein gene product 9.5 . ) - i
(PGP9.5) Rabbit 1:250 Millipore AB1761-I
Substance P Rat 1:500 BD Pharmigen 556312
Transient Receptor Potential . ) i
Vanilloid 1 (TRPV1) Rabbit 1:200 Alomone ACC-030
Tyrosine Hydroxylase (TH) Rabbit 1:500 Pel Freez P40101
Secondary Antibodies
Alexa Fluor 488 Goatanti- 41,1000 ThermoFisher
rabbit
Alexa Fluor 555 Goatant 111000  ThermoFisher
Alexa Fluor 555 Goat anti- 1:1000  ThermoFisher
rabbit
Alexa Fluor 555 ;)g;tkey ant- 41000 ThermoFisher
Alexa Fluor 647 Goatanti- 411000  ThermoFisher
rabbit
Goat anti-

Biotinylated anti-rabbit IgG 1:400 Vector

rabbit
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CHAPTER 3. Maternal allergen exposure increases offspring lung sensory

innervation and causes airway hyperreactivity
A. Abstract

Asthma is characterized by airway hyperreactivity, an abnormal tendency for
airways to constrict. Maternal asthma increases the risk of childhood asthma,
more so than paternal asthma, suggesting intrauterine exposures contribute to
airway hyperreactivity. Here we show that pregnant mice exposed to house dust
mite, and pregnant transgenic mice that overexpress interleukin-5 (IL-5), give
birth to offspring with markedly increased airway sensory innervation, long lasting
increases in airway neurotrophins, and airway hyperreactivity without changes in
Th2 cytokines. Our results demonstrate that fetal exposure to maternal asthma or

increased IL-5 contributes to developmental origins of airway hyperreactivity.

B. Introduction

Asthma affects 8.4% of US children and is characterized by airway inflammation,
airway hyperreactivity, and structural remodeling of the lung. Parental asthma
increases infant airway reactivity® and the risk of their child developing
asthma®*®. Genetic inheritance of risk alleles and shared environments explain
only part of this risk since maternal asthma imposes a greater risk for childhood
asthma than paternal disease®. Airway reactivity at birth is already variable®,
suggesting a role for prenatal exposures in in utero programming of airway

hyperreactivity.
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Airway nerves mediate airway hyperreactivity through a structurally complex
pathway. Afferent epithelial sensory nerves with cell bodies in the nodose-jugular
ganglia of the vagus nerve respond to inhaled stimuli, synapse on central
nervous system circuits, and trigger activation of efferent parasympathetic nerves
also contained within the vagus. These efferent nerves activate parasympathetic
ganglia in the airways, releasing acetylcholine, which contracts airway smooth
muscle by binding to M3 muscarinic receptors. Acetylcholine also activates pre-
synaptic inhibitory M2 muscarinic receptors located on efferent parasympathetic
nerves to limit further acetylcholine release’®. Blocking this reflex with
muscarinic antagonists, including tiotropium, improves lung function in

182,577

adults and children with asthma®’®, demonstrating the importance of airway

innervation to asthma.

Woman with asthma who are intensively managed during pregnancy using
fraction of exhaled nitric oxide guided therapy, a marker of type-2 inflammation,
give birth to infants with reduced risk of asthma compared to children born to
mothers who received symptom-only directed care®. The ratio between type-2
and type-1 cytokines is associated with childhood asthma in human
pregnancies579 and treating allergen exposed murine mothers with interferon-

Y'# or blocking maternal IL-4'%

reduces offspring airway hyperreactivity. These
data suggest that type 2 cytokines may influence in utero development of

offspring airway hyperreactivity. Many patients with asthma have eosinophil-
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predominant inflammation mediated by elevated interleukin-5, a cytokine
necessary for eosinophil hematopoiesis, survival, and recruitment. Eosinophils
are actively recruited to airway nerves®’? and there are increased nerve-
associated eosinophils in lungs of patients who died from asthma and after
allergen-challenge in animals®”>. Eosinophils promote nerve growth®’ and
secrete major basic protein, which inhibits M2 muscarinic receptor function***"°,
leading us to question whether maternal type-2 inflammation affects fetal airway
nerve development. Here we tested whether maternal house dust mite (HDM)

exposure or IL-5 increases airway sensory innervation in offspring to contribute

to airway hyperreactivity.

C. Results

C1. Allergen exposure during pregnancy increased airway inflammation but not
airway hyperreactivity in mothers

| exposed female mice to inhaled HDM or vehicle daily for 4 weeks before and
then for 3 weeks throughout pregnancy (Figure 3a). Reflex bronchoconstriction in
response to inhaled serotonin was the same between vehicle and HDM exposed
mothers after eight weeks of treatment (Figure 3b). Airway inflammation
increased in HDM exposed mothers (Figure 3c) compared to vehicle-exposed
mothers and consisted mostly of activated, vacuolated macrophages (Figure 3e;

quiescent airway macrophages in vehicle exposed mothers Figure 3d).
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C2. Maternal HDM increased offspring airway hyperreactivity and inflammation.

| exposed female mice to inhaled HDM daily for 4 weeks before pregnancy and
an additional 3 weeks throughout pregnancy (Figure 3a). When offspring reached
adulthood (=8 weeks), | sedated, mechanically ventilated and exposed them to
inhaled serotonin to induce reflex bronchoconstriction. | chose serotonin because
it causes consistent, reproducible bronchoconstriction in mice®*® via activation of
vagal sensory nerves'’®. Baseline airway resistance before serotonin was not
different between offspring of mothers exposed to vehicle vs. HDM. Untreated
offspring had negligible bronchoconstriction after inhaling serotonin (Figure 4b)
and sensitization and exposure to vehicle did not alter these responses (Figure
4c). | included both untreated and vehicle exposed animals since inhaled
anesthetics used during vehicle and HDM exposures activate sensory nerve ion

°69.570 " affect tachykinin physiology®’’, and mask neuron

channels
chemosensitivity®®°. However, since there was no difference in airway
physiology, only vehicle treated offspring were included in further studies. HDM
sensitization and challenge (as described in Figure 4a) caused airway
hyperreactivity in all offspring (Figure 4d), however, airway hyperreactivity was

much greater in offspring born to HDM exposed mothers than in offspring born to

vehicle-exposed mothers (Figure 4d).

Maternal HDM exposure during pregnancy is known to increase airway
inflammation and Th2 cytokines after HDM challenge of their offspring®®’. In my

study, there was no difference in lavage total inflammatory cells, eosinophils,
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macrophages, neutrophils (Figure 4e-h), or lymphocytes (none detected)
between vehicle treated offspring from mothers exposed to HDM compared with
vehicle. However, after HDM sensitization and challenge, offspring from HDM
exposed mothers had significantly more inflammatory cells in their airways than
offspring from vehicle-exposed mothers. Augmented inflammatory cell counts
and airway hyperreactivity occurred independent of changes in IL-5 and IL-13, as
both cytokines were similar in offspring from HDM vs. vehicle-exposed mothers
(Figure 4i-j). However, HDM exposure increased lavage eotaxin, an eosinophil-
specific chemoattractant, more in offspring from HDM exposed mother than

offspring from vehicle-exposed mothers (Figure 4k).
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Figure 3. HDM exposure during pregnancy increased airway inflammation but not
airway hyperreactivity. (a) Female mice were exposed to HDM or vehicle
intranasally for 4 weeks before and then for 3 weeks during pregnancy. Exposure
stopped once pups were born. Breeding continued in the absence of HDM
exposure and mice gave birth to a second litter (F1 post-challenge). (a) Maternal
airway reactivity was tested in mice that failed to become pregnant or that killed
their pups shortly after birth. Reflex bronchoconstriction in response to inhaled
serotonin was the same between vehicle (O, n=3) and HDM exposed mothers (
M, n=3) after 8 weeks of treatment. (b) Airway total cells, macrophages,
neutrophils, lymphocytes, but not eosinophils, increased in mothers exposed to
HDM compared to vehicle. (c) Alveolar macrophages looked normal in vehicle
exposed mothers (d) compared to vacuolated, enlarged macrophages in HDM
exposed mothers (e). Scale bar = 75 yM. Data graphed as mean + SEM. P

values represent two-tailed t-test.
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Figure 4. Maternal HDM exposure increased offspring airway hyperreactivity. (a)
Female mice were exposed to HDM (intranasal) for 4 weeks before and then
throughout pregnancy. Once offspring reach adulthood, physiology was
measured at baseline (b), after vehicle (c) and HDM exposure (d). Serotonin
caused minimal reflex bronchoconstriction in offspring at baseline (b, O=vehicle-
exposed mothers, n=8; LI=HDM exposed mother, n=8) or after vehicle
sensitization and exposure (c, .=vehicle-exposed offspring from vehicle-
exposed mothers, n=8; B= vehicle-exposed offspring from HDM exposed
mothers, n=8). Maternal HDM exposure potentiated airway hyperreactivity in
HDM exposed offspring (d, B, n=10) compared with HDM exposed offspring from
vehicle-exposed mothers (d, ®, n=8, p<0.0001, df=4, F=8.164). Maternal HDM
exposure increased offspring lavage total cells (e, p=0.0003, t=4.912, df=26),
eosinophils (f, p=0.0016, t=4.122, df=30), and macrophages (g, p=0.0578, df=30,
t=2.755), but not neutrophils (h), IL-13 (i), or IL-5 (j), after offspring HDM
exposure. Lavage eotaxin increased in all offspring after HDM exposure, but
more in offspring from HDM exposed mothers than in offspring from vehicle
exposed mothers (k, p=0.0371, t=2.939, df=30). Data presented as mean + SEM.
P values represent interaction term of repeated measure two-way ANOVA for
physiology data or Sidak post-test for lavage inflammatory cells and cytokines.
HDM treatment significantly increased all inflammatory cells and cytokines,
however P value not shown for clarity when maternal HDM exposure had

significant effect.
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C3. Maternal HDM exposure increased offspring airway innervation.

| next assessed epithelial sensory nerve structure and parasympathetic ganglia
number in whole-mount, optically cleared tracheas stained with substance P (a
sensory nerve marker) and PGP9.5 (a nonspecific, pan neuronal maker), using

confocal imaging and three-dimensional nerve models®?’ (

Figure 5a-h). | chose
to model tracheal innervation because sensory epithelial innervation is greatest
in the trachea, diminishes rapidly, and is rare to nonexistent beyond secondary
bronchi in mice®?’. Furthermore, stimulation of upper airway nerves initiates
reflex bronchoconstriction to contract distal bronchioles. Imaging the trachea also
permitted me to capture both parasympathetic ganglia and epithelial nerves in
the same tissue. Epithelial sensory nerves in offspring from HDM exposed
mothers were structurally more complex, with increased nerve length and
branching (Figure 5i-j), compared with offspring from vehicle-exposed mothers.
Parasympathetic ganglia were not structurally different between offspring
(number of ganglia from offspring from vehicle mothers, 9414 vs from offspring
from HDM mothers, 97+4), suggesting maternal HDM exposure largely affected
sensory nerve development.

6.503.335.382 and are elevated in patients

Neurotrophins increase airway innervation
with asthma*'®. | measured four neurotrophins, nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), glial cell derived neurotrophic factor (GDNF),

and neurotrophin-4 (NT-4) in lung lavage. BDNF (Figure 5k), but not NGF,



GDNF, or NT4 (Figure 5 I-n), was elevated in offspring from HDM exposed

mothers compared with offspring from vehicle-exposed mothers.
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Figure 5. Maternal HDM exposure increased offspring airway sensory
innervation. Whole trachea were stained with substance P and PGP9.5
antibodies, optically cleared, and imaged with laser scanning microscope (20x,
0.8 numerical aperture). Trachea z-stacks were compressed into maximum
intensity projections (a; black and white inverted to better highlight nerves) and
ganglia maps constructed for each trachea (b; each circle identifies location of
one ganglia). Higher magnification image (63x, 1.4 numerical aperture) of ganglia
‘C’ (c) and ‘D’ (d) denoted in panel b. Three 63x images per animal were then
taken in the midline carina, extending from the serosal surface through airway
lumen. Substance P positive epithelial and subepithelial nerves in optically
cleared, whole mount trachea. 63x, maximum intensity projection of z-stack
confocal image (e). 3D model of epithelial nerves with (f) and without (g)
fluorescent, full z-stack image oriented with line of site in z-plane. Same image
rotated around x-axis demonstrates epithelial location of nerve models (h).
Maternal HDM exposure increased offspring airway sensory nerve length (h,
p=0.0151, t=3.317, df=28 and p=0.0120, t=3.406, df=28), branching (I, p=0.0282,
t=3.067, df=28), and lavage BDNF (k, p=0.0290, F=5.319) compared to offspring
from vehicle-exposed mothers. Maternal HDM exposure did not change offspring
lavage NGF (I), GDNF (m), or NT4 (n). Data presented as mean + SEM. BDNF P
value represents main effect of maternal treatment after two-way ANOVA. Other
P values represent Sidak post-test after a two-way ANOVA. N=8 vehicle and n=8
HDM exposed offspring from vehicle exposed mothers. N=8 vehicle and n=10

HDM exposed offspring from HDM exposed mothers, except n=7 for offspring



from vehicle exposed mothers for nerve length and branch points. One vehicle
treated offspring from HDM-exposed mother had insufficient lavage fluid to run

NT4 in duplicate, thus n=7.
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C4. Maternal allergen exposure increases fetal innate immune cells

To test whether maternal HDM exposure elicited a fetal immune response, |
collected fetal blood between gestation days 18-20 of offspring from HDM and
vehicle-exposed mothers. In fetal blood smears, neutrophils, eosinophils,
basophilic cells (Figure 6a-c), and lymphocytes (remaining percentage) were
counted. Basophilic cells comprised several types of immune cells, likely mast
cell progenitors and basophils, but were difficult to distinguish without cell surface
markers and thus combined. Maternal HDM exposure increased fetal
eosinophils, basophilic cells, and neutrophils compared to fetuses from vehicle-

exposed mother (Figure 6a-c).
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Figure 6. Maternal HDM exposure increased circulating, fetal innate immune
cells. Eosinophils (a), basophilic cells (b), and neutrophils (c) were increased in
fetal blood from HDM exposed mothers (n=28 fetuses, n=3 pregnancies)

compared with vehicle exposed mothers (n=28 fetuses, n=3 pregnancies).
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C4. Maternal effect on offspring airway hyperreactivity persists into second
pregnancies and second generation without continued allergen exposure.
Airway inflammation due to allergen exposure resolves after 4 weeks in mice”*®.
Thus, | tested whether active allergen exposure was required for airway
hyperreactivity in offspring or if sustained maternal inflammation after allergen
exposure could increase airway hyperreactivity of offspring. Mothers that were
previously exposed to HDM or vehicle became pregnant with a second litter (as
described in Figure 3a) and offspring (F1 post-challenge) airway responses
measured. Sensitization and challenge with HDM caused greater airway
hyperreactivity in offspring born to mothers exposed to HDM before pregnancy
than in offspring born to mothers exposed to vehicle before pregnancy (Figure
7a). Airway hyperreactivity was completely blocked by the muscarinic antagonist
atropine (Figure 7b), demonstrating that a vagal reflex mediated serotonin-
induced bronchoconstriction. | tested nerve reflexes in offspring born to mothers
previously challenged with allergen by surgically cutting the vagus nerves.
Vagotomy markedly worsened airway hyperreactivity in offspring from mothers
exposed to vehicle before pregnancy (Figure 7c), but suppressed airway
hyperreactivity in offspring from mothers exposed to HDM before pregnancy
(Figure 7d). These data demonstrate that persistent maternal inflammation in the
absence of continued allergen exposure increases offspring airway

hyperreactivity.
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To test if maternal allergen exposure increased offspring airway hyperreactivity in
subsequent generations, allergen-naive first generation (F1) mice that were
developing during maternal (FO) HDM exposure were bred together to produce
second-generation (F2) mice. Once F2 mice reached adulthood, they were
allergen sensitized and challenged and airway responses to inhaled serotonin
measured. F2 mice descended from HDM-exposed mothers had greater airway
hyperreactivity than F2 mice descended from vehicle-exposed mothers (Figure
7e). Bronchoconstriction was so severe in F2 mice from HDM-exposed mothers
that only 3 mice survived the entire dose-response curve. These data
demonstrate that maternal allergen exposure causes offspring airway

hyperreactivity that is heritable across generations, likely via epigenetic changes.
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Figure 7. Maternal HDM exposure increased offspring airway hyperreactivity in
second pregnancies and second generations. Female mice were challenged with
HDM or vehicle during their first pregnancy (offspring denoted F1) and then
became pregnant again (offspring denoted F1 post-challenge). Mothers were not
exposed to HDM or vehicle during their second pregnancy. (a) Offspring born to
mothers exposed to HDM before pregnancy were hyperreactive (black squares,
n=10) compared to offspring born to mothers exposed to vehicle before
pregnancy (black circles, n=10). (b) Atropine blocked airway hyperreactivity in all
offspring regardless of prior maternal exposure (n=3 offspring from mothers
exposed to HDM before pregnancy, n=4 offspring from mothers exposed to
vehicle before pregnancy). (c) Vagotomy (grey circles, n=6) worsened airway
hyperreactivity in HDM challenged offspring born to mothers exposed to vehicle
before pregnancy. (d) Vagotomy (grey squares, n=3) reduced airway
hyperreactivity in HDM challenged offspring born to mothers exposed to HDM
before pregnancy. Offspring (F1) from vehicle and HDM-exposed mothers (FO)
were bred to generate second generation (F2) offspring. F1 mice were not
exposed to HDM or vehicle during pregnancy. (e) Increased airway

hyperreactivity persisted in F2 mice descended from HDM-exposed FO mothers

(e).
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C4. Maternal interleukin-5 increases offspring airway hyperreactivity and

inflammation

| next tested whether increased maternal IL-5 could increase offspring airway
innervation and promote offspring airway hyperreactivity. | utilized an interleukin-
5 transgenic (IL5tg)37 mouse that expresses IL-5 in lung epithelial cells to
independently test whether elevated maternal IL-5 caused offspring airway

hyperreactivity.

| bred hemizygous IL5tg female mice with wild-type (WT) male mice to produce
WT offspring exposed to maternal IL-5 in utero (Figure 8a). Once WT offspring
reached adulthood, they were mechanically ventilated and exposed to inhaled
serotonin to induce reflex bronchoconstriction. WT offspring from IL5tg mothers
had increased reflex bronchoconstriction compared to offspring born to WT
mothers (Figure 8b). Sensitization and exposure to vehicle suppressed reflex
bronchoconstriction in both groups (Figure 8c), thus both baseline and vehicle-
control mice were included in subsequent experiments. Sensitization and
challenge with HDM caused much greater airway hyperreactivity in offspring born
to IL5tg mothers than in offspring born to WT mothers (Figure 8d).
Bronchoconstriction was so severe in HDM exposed WT offspring from IL5tg

mothers that only one of eight offspring survived the full dose response curve.

At baseline, there was no difference in lavage total inflammatory cells,

eosinophils, neutrophils, macrophages, (Figure 8e-h), or lymphocytes (none
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detected) between offspring of mothers with different genotypes. However, after
HDM sensitization and exposure, offspring from IL5tg mothers had significantly
more eosinophils, neutrophils, and macrophages in their airways than HDM
exposed offspring from WT mothers (Figure 8e-h). Augmented inflammatory cell
counts again occurred independent of changes in Th2 cytokines, as IL-5, IL-13,
and eotaxin (Figure 8i-k) were similar in offspring from mothers with different

genotypes.
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Figure 8. Maternal IL-5 increased offspring airway hyperreactivity. Design of
elevated maternal IL-5 experiments. IL5tg = IL-5 transgenic mice. (-)Eos =
congenitally eosinophil deficient mice. (a). Exposure to maternal IL-5 increased
baseline reflex bronchoconstriction in WT offspring from IL5tg mothers (b; [,
n=6) compared with WT offspring from WT mothers (Q, n=6, p=0.0004, F=6.559,
df=4). Exposure to maternal IL-5 potentiated HDM-induced airway hyperreactivity
in WT offspring from IL5tg mothers (d; M, n=8) compared with WT offspring from
WT mothers. (d, ®, n=8, p=0.0477, F=3.398, df=2) (vehicle control in figure c; []
= vehicle exposed WT offspring from IL5tg mothers, n=7;O=vehicle exposed WT
offspring from WT mothers, n=8). Maternal IL-5 increased offspring lavage total
cells (e, p<0.0001, t=13.05, df=38), eosinophils (f, p=0.0018, t=4.289, df=38),
macrophages (g, p<0.0001, t=8.736, df=38), and neutrophils (h, p<0.0001,
t=6.124, df=38), but did not increase lavage IL-13 (i), IL-5 (j), or eotaxin (k) after
HDM exposure. Three HDM exposed offspring from WT mothers had insufficient
lavage fluid to measure IL-5 in replicate, thus n=5. Data presented as mean *
SEM. P values for physiology represent interaction term of repeated measure
two-way ANOVA and Sidak post-test comparisons for inflammatory cells and
cytokines. Statistics for figure d calculated only for 10-100 mM serotonin doses
(see methods for further clarification). HDM significantly increased all
inflammatory cells, however P values omitted for clarity where maternal genotype

had effect. nd = not detected.
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C5. Maternal IL-5 increased offspring airway innervation

Similar to offspring from HDM exposed mothers, WT offspring from IL5tg mothers
had increased epithelial sensory innervation, in both substance P expressing and
total epithelial nerves populations, compared to WT offspring from WT mothers
(Figure 9a-d) and again there was no difference in number of parasympathetic

ganglia (WT mother, 8414; IL5tg mother, 89+6).

In contrast to the HDM exposure model, WT offspring from IL5tg mothers had
elevated lavage NGF, in both airway lavage (Figure 9f) and airway epithelium
(Figure 10) compared with WT offspring from WT mothers, while there was no
difference in lavage BDNF (Figure 9e), GDNF (Figure 9g), or NT4 (Figure 9h). To
test whether increased nerve complexity represented structural changes in
individual neurons versus more neurons innervating the airway epithelium,
airway-specific neurons were retrograde labeled with inhaled fluorescent wheat
germ agglutinin and counted (Figure 9i-j). The number of vagal nodose-jugular
neurons innervating airway epithelium was the same in offspring from mothers
with different genotypes (Figure 9k), demonstrating that increased nerve length
and branching is due to structurally more complex neurons rather than increased

cells in the ganglia.

In addition to increasing nerve complexity, maternal IL-5 increased substance P
in lavage and in epithelial nerves at baseline (Figure 11a- b). In lavage, HDM

exposure additionally increased substance P in offspring from both WT and IL5tg
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mothers. In contrast, in epithelial nerves, substance P increased following HDM
exposure only in offspring from WT mothers suggesting that neuronal substance
P was already maximal in WT offspring from IL5tg mothers. Neuronal substance
P fluorescence within smooth muscle was unaffected by either maternal
genotype or by HDM exposure (data not shown), suggesting the effect of
maternal IL-5 on substance P expression was limited to nerves innervating the

epithelium.
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Figure 9. Maternal IL-5 increased offspring airway sensory innervation. Maternal
IL-5 increased offspring airway substance P positive nerve length (a, p<0.0001,
F=27.17, df=1), branching (b, p<0.0001, F=19.5, df=1), PGP9.5 positive nerve
length (c, p=0.0229, t=2.555, df=14) and branching (d, p=0.0080, t=3.087,
df=14), and lavage NGF (f, p=0.0106, F=7.283, df=1) compared to offspring from
WT mothers. Maternal IL-5 did not change offspring lavage BDNF (e), GDNF (g),
or NT4 (h). Wheat-germ agglutinin tagged with Alexa Flour 555 was administered
intranasally and nodose-jugular ganglia dissected free 16 hours later to identify
fluorescent, retrograde labeled neurons (i; yellow arrowheads point to individual
neurons). Negative control nodose-jugular ganglia from mouse that did not
receive fluorescent wheat-germ agglutinin (j). Intensity maximum of (j) is
decreased 3-fold compared to (i) to show tissue outline since background
autofluorescence is very low. Data presented as mean + SEM. Substance P
nerve length and branch points and NGF P value represents main effect of
maternal IL-5 after two-way ANOVA. PGP9.5 nerve length and branch point P
value represents two-tailed unpaired t-test. BDNF P value represents Sidak post-
test after a two-way ANOVA. N=6 for untreated offspring from WT and IL5tg
mothers. N=8 vehicle and n=8 HDM exposed offspring from WT mothers and n=7
vehicle and n=8 HDM exposed offspring from IL5tg mothers for all
measurements except as follows. Two vehicle exposed offspring from IL5tg
mothers had insufficient lavage fluid to run NGF in duplicate, thus n=5. Three
HDM exposed offspring from WT mothers had insufficient lavage fluid to run NT4

in duplicate, thus n=5. Two vehicle exposed offspring from IL5tg mothers had



poor quality nerve images which prevented accurate modeling, thus n=5. N=6

offspring per maternal genotype for nodose-jugular neuron counts.
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Figure 10. Maternal IL-5 increased offspring NGF. Epithelium expressed more
NGF in offspring from IL5tg mothers (b) compared with offspring from WT

mothers (a).
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Figure 11. Maternal IL-5 increased offspring lavage and epithelial nerve
substance P. (a) Offspring from IL5tg mothers (n=6) had increased lavage
substance P at baseline compared with offspring from WT mothers (n=8).
Isoflurane sedation and vehicle exposure suppressed lavage substance P in both
groups (offspring fro IL5tg mother, n=5; offspring from WT mother, n=8). HDM
exposure increased lavage substance P in both groups, but to a greater extent in
offspring from IL5tg mothers (n=8) compared with offspring from WT mothers
(n=8). (b) Offspring from IL5tg mothers had increased nerve substance P before
HDM exposure (n=6) compared with offspring from WT mothers (n=6). HDM
exposure increased nerve substance P in offspring from WT mothers (n=6) but

not in offspring from IL5tg mothers (n=6).
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C6. Maternal IL-5 changes the mechanism of airway hyperreactivity

We next assessed whether increased airway innervation affected therapeutic
responses. Serotonin can activate serotonin receptors on airway nerves to elicit
reflex bronchoconstriction'”® or bind to serotonin receptors on airway smooth
muscle®®* to directly cause bronchoconstriction. Airway hyperreactivity was
completely blocked by the muscarinic antagonist atropine (Figure 12a),
demonstrating that serotonin-induced bronchoconstriction was mediated by a
vagal reflex and release of acetylcholine, as opposed to stimulating serotonin
receptors on smooth muscle directly. Bronchoconstriction induced by inhaled
methacholine (in animals with cut vagal nerves to eliminate reflexes), was not
different between offspring of mothers with different genotypes, demonstrating
that airway hyperreactivity in offspring from IL5tg mothers was not due to
enhanced smooth muscle contractility (Figure 12b). We tested nerve reflexes by
surgically cutting the vagus nerves and sensory tachykinins by pharmacologically
blocking substance P receptors with a neurokinin-1 (NK1) antagonist CP99994.
Vagotomy markedly suppressed airway hyperreactivity in WT offspring from IL5tg
mothers (Figure 12d), but did not suppress airway hyperreactivity in HDM
exposed WT offspring born to WT mothers (Figure 12c). Substance P causes
bronchoconstriction both directly, by binding to NK-1 receptors on airway smooth
muscle, and indirectly by potentiating parasympathetic nerve induced
contraction?®®. Unlike vagotomy, the NK-1 antagonist markedly worsened airway
hyperreactivity in WT offspring from WT mothers (Figure 12e), producing

bronchoconstriction so severe that only two of six survived the full serotonin-dose
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response curve. Similar to cutting vagus nerves, the NK-1 antagonist suppressed
HDM-induced airway hyperreactivity in WT offspring born to IL5tg mothers
(Figure 12f). These data demonstrate that maternal IL-5 increases offspring
vagal reflexes that mediate airway hyperreactivity and dramatically change the

efficacy of nerve-targeted therapies.
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Figure 12. Nerve-mediated airway hyperreactivity in offspring exposed to
maternal IL-5. Serotonin-induced bronchoconstriction in HDM treated offspring
(a, ®, n=8) was blocked by atropine (., n=5, p<0.0001, F=8.87, df=4).
Methacholine induced bronchoconstriction was not different between
vagotomized HDM exposed offspring from WT (b, @, n=7) and IL5tg (M, n=6)
mothers. Cutting the vagus nerves (c, @, n=8) did not inhibit serotonin-induced
bronchoconstriction in HDM exposed WT offspring from WT mothers. Cutting the
vagus nerves (d, [, n=6) suppressed hyperreactivity in HDM exposed WT
offspring from IL5tg mothers (l=HDM exposed offspring from IL5tg mother
intact vagus nerves, n=8, p=0.0128, F=5.259, df=2, inverted mouse denotes
where death occurred). Blocking neurokinin-1 receptors (e, @, n=5, p=0.0027,
F=7.634, df=2) potentiated hyperreactivity in HDM exposed WT offspring from
WT mothers. Blocking neurokinin-1 receptors (f, L1, n=7, p=0.0114, F=5.334,
df=2) suppressed hyperreactivity in HDM exposed WT offspring from IL5tg
mothers. Data presented as mean + SEM. Physiology data P values represent
interaction term of repeated measure two-way ANOVA. Statistics for figure d-f

calculated only for 10-100 mM doses.
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C7. Offspring eosinophils are required for airway hyperreactivity.

Eosinophils are actively recruited to nerves via neuronal eotaxin®’? and increase
sensory nerve branching®®’. However, nodose-jugular neurons also express IL-5
receptors and respond to exogenous IL-5%8°. To test whether nerve growth and
airway responsiveness required fetal eosinophils, we crossed IL5tg female mice
with eosinophil-deficient male mice (Figure 83)35, producing offspring that had
been exposed to maternal IL-5 in utero but had no eosinophils. Eosinophil
deficiency prevented HDM-induced airway hyperreactivity in all offspring
regardless of maternal genotype (Figure 13a). Eosinophil-deficiency also
prevented increased nerve length and growth due to maternal IL-5 (Figure 13b).
To test whether maternal IL-5 caused fetal eosinophilia, we collected fetal blood
and amniotic fluid from IL5tg and WT mothers between gestation days 18-20. In
WT mother gestations, amniotic fluid IL-5 was undetectable and there were no
blood eosinophils in these fetuses (Figure 13c-e). In contrast, WT fetuses from
IL5tg mothers had elevated IL-5 in amniotic fluid and peripheral blood
eosinophilia (Figure 13c-e). These data demonstrate that maternal IL-5 does not
directly cause airway hyperreactivity in offspring and instead requires eosinophil

hematopoiesis and recruitment to the airway.
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Figure 13. Eosinophils were required for offspring airway hyperreactivity and
hyperinnervation. Congenital eosinophil deficiency [(-)Eos] suppressed airway
hyperreactivity in HDM exposed offspring from both WT (a, A, n=7) and IL5tg
mothers (®, n=5; vehicle: A, n=8) (WT HDM vs (-)Eos HDM, p=0.0101, t=3.536,
df=24). Eosinophil deficiency suppressed airway sensory hyperinnervation in
offspring exposed to maternal IL-5 (b). Amniotic fluid IL-5 and peripheral
eosinophils were elevated in WT fetuses of IL5tg mothers (c). Each cluster of
circles and squares represents one pregnant mouse, so n=2 WT mothers and
n=3 IL5tg mothers. Each circle or square represents one fetus, with circles
denoted WT fetuses and squares denoting IL5tg fetuses, while spatial orientation
denotes fetal position in utero. Circle or square shading represents amniotic IL-5
level and percentage represented fetal blood smear eosinophil count. Maternal
serum IL-5 denoted above each cluster of fetuses. Graphical representation of
amniotic fluid IL-5 (d; WT offspring from WT mother, n=13; WT offspring from
IL5tg mother n=9) and fetal eosinophil count (e). Data presented as mean +
SEM. Nerve length P value represents Sidak post-test of one-way ANOVA of

HDM treated offspring. nd= not detected.
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D. Discussion

Sensory neurons are required for airway hyperreactivity '

and my data
demonstrate that maternal and fetal inflammatory responses increase lung
innervation, enhancing baseline airway responses. Offspring from IL5tg mothers
had the greatest innervation, with baseline airway hyperreactivity and the most
severe hyperreactivity after allergen exposure that was independent of changes
in inflammatory cytokines. A certain amount of increased innervation is clearly
required for heightened responses at baseline, as offspring from HDM exposed
mothers were not hyperreactive at baseline and innervation levels in these
animals were comparable to WT offspring from WT mothers (Figure 14). Thus |
postulate that increased lung innervation in offspring of mothers exposed to HDM
or with elevated IL-5 sets the stage for postnatal allergen sensitization and
inflammatory cell recruitment to cause airway hyperreactivity. This is important

because heightened airway responses in early infancy predict later development

of asthma in humans®.

My data show that maternal HDM exposure or IL-5 changes the physiological
mechanism of airway hyperreactivity in adult offspring, driven by structural and
functional changes in airway sensory nerves and long lasting increases in
neurotrophins. While elevated BDNF, which persists into adulthood in offspring of
HDM exposed mothers, is only associated with airway hyperinnervation, it may

471,472

be significant since BDNF correlates with asthma severity in humans and

the BDNF promoter is differentially methylated in children with asthma compared
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to children without asthma'®. Increased NGF in offspring from IL5tg mothers is
also likely functionally significant since overexpression of NGF in airway
epithelium increases sensory innervation and causes airway hyperreactivity in
mice®. With regards to other neurotrophins, | observed no change in NT4 or
GDNF levels. However, NT4 increases airway innervation after allergen
exposure in the immediate postnatal period®***°®2, suggesting the timing of
inflammatory insults activates distinct neurotrophin pathways. Furthermore,
GDNF promotes parasympathetic ganglia migration and development ex vivo in
mice®®. Since neither parasympathetic ganglia structure nor lavage GDNF were
affected by maternal HDM exposure or IL-5, my results suggest a targeted effect

of maternal inflammation on sensory nerve development of the offspring.

Despite promising pre-clinical trials of neurokinin receptor antagonists in animal
models of asthma, blocking neurokinin receptors in patients with asthma
worsened allergen-induced airway responses®’. My data suggest a novel,
protective role for substance P in airway hyperreactivity that is lost with IL-5
exposure in utero, which may contribute to the failure of NK1 antagonists
clinically. How IL-5 changes the role of substance P in airway hyperreactivity is
not clear. Offspring from WT mothers had less substance P compared with
offspring from IL5tg mothers, so it is possible that below a certain expression
level substance P-receptor signaling causes bronchodilation. Activation of
afferent sensory nerves can elicit peripheral nerve reflexes to cause NK1-

dependent, NANC relaxation of airway smooth muscle'®®. Substance P also
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relaxes pre-contracted airway smooth muscle via epithelial release of
prostaglandins®®°®’_ However, blocking epithelial NK1 receptors with inhaled
CP99994 had no effect on serotonin-induced bronchoconstriction (Figure 15),
suggesting that in utero exposure to IL-5 affects nerve or smooth muscle

substance P signaling.

Active allergen exposure during pregnancy was not required for offspring airway
hyperreactivity since mothers exposed to HDM gave birth to a second litter and
founded a second generation of offspring that were also hyperreactive. Airway
inflammation after allergen exposure resolves within 4 weeks in mice’ %,
Mothers were exposed to HDM for 4 weeks before and then for the duration of
their first pregnancy. HDM exposure stopped once the first litter was born and the
mothers immediately became pregnant with a second litter. Thus, offspring from
a second pregnancy are developing during this 4-week window of inflammation

resolution. The persistence of airway hyperreactivity in offspring from a second

pregnancy therefore may simply reflect on-going maternal inflammation.

Conversely, inflammation can permanently reset homeostatic processes®®. The
field of metaflammation®® best explains this concept, albeit in a different disease
context. Macrophages infiltrate into adipose tissue during obese states and
secrete TNFa*®. High levels of TNFa cause insulin resistance®’, resetting the
homeostatic set point of blood glucose. Abstracting this concept to asthma, it is

possible that the maternal inflammatory response to HDM reset a homeostatic
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process important for fetal development. Eosinophils are present in uterine

tissue>92°%3

, thus it is conceivable that eosinophil interactions with uterine stromal
cells may have changed in response to maternal inflammation, thus

subsequently affecting fetal development during the second pregnancy.

The persistence of airway hyperreactivity to a second pregnancy and second
generation could also result from epigenetic modifications of nascent oocytes.
Differential methylation has been found in newborns who develop asthma during
adolescence compared with newborns who never develop asthma'%%%,
suggesting modulation of gene expression, as opposed to inheritance of specific
risk alleles, can increase asthma risk. For example, hypomethylation of IL-13 has

been found in children with asthma'®®

[insert Yang citation], which would
presumably increase IL-13 production and induce eosinophilic lung inflammation,
IgE synthesis, airway hyperreactivity, and mucus production®’. However, it has
not directly been tested whether methylation of a specific gene causes pathologic
features of asthma. My study provides a suitable experimental platform to test
whether DNA is differentially methylated in offspring descended from mothers

exposed to HDM and whether reversing DNA methylation at specific genomic

sites can prevent airway hyperreactivity. These studies are ongoing.

While not powered to detect sex differences, | observed that male mice in all
groups had greater hyperreactivity at baseline and were more severely affected

by maternal HDM exposure than female mice. Males are more likely than
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females to be diagnosed during childhood with asthma®, suggesting that
increased baseline airway reactivity may cause more apparent clinical disease
and lead to an earlier diagnosis. Male and female fetuses and their placenta also
develop differently, with males showing less adaptation to maternal stressors and
increased sensitivity to environmental insults during pregnancy than females®®.
Maternal asthma changes the placental transcriptome595 in a sex-specific manner
and amniotic fluid collected from male gestations has more IL-5 than female
gestations®®. Thus, placental maladaptation and increased inflammatory
cytokines may explain why maternal allergen exposure more severely affects

male airway development compared with females.

Nerves secrete chemoattractant factors®’? that attract immune cells into close
association®">9"°%_Nerves also secrete neurotransmitters that directly activate
immune cells and potentiate inflammatory responses. For example, substance P
causes eosinophil degranulation and release of major basic protein®° that
inhibits M2 muscarinic receptors, while other neuropeptides including
neuromedin U enhance type 2 innate lymphoid cell inflammatory responses”®.
Thus increased airway innervation in offspring from HDM exposed or IL5tg
mothers may have increased offspring airway inflammation, which established a

positive feed forward loop to increase airway hyperreactivity.

The role of eosinophils in airway hyperreactivity remains controversial since

eosinophil-targeted therapies, while effective at reducing exacerbations®, do not
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reduce airway hyperreactivity in adults with asthma®®. Eosinophils were required
for nerve changes in offspring exposed to maternal IL-5, uncovering a novel role
for eosinophils in shaping airway neurodevelopment. My data in adult offspring
suggest that airway hyperreactivity is mediated by nerve development and thus

not responsive to eosinophil-targeted therapies later in life.

In summary, | propose a novel mechanism of in utero programming of airway
hyperreactivity that is responsive to maternal HDM exposure and IL-5 and
dependent on structural changes to airway nerves that persist into adulthood
(Figure 16). My data suggest that excessive maternal type-2 inflammation is an
important exposure factor for the development of asthma, which may be
amenable to intervention. Better management of asthma in pregnant women may

decrease the likelihood of airway hyperreactivity in their children.
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Figure 14. Maternal IL-5 increased offspring airway innervation more than
maternal HDM exposure. Epithelial nerve length increased in offspring from HDM
exposed mothers compared with vehicle-exposed mothers, but not as much as
offspring exposed to maternal IL-5. Offspring from VEH mother, n=14; Offspring
from HDM mother, n=18; Offspring from WT mother, n=9; Offspring from IL5tg

mother, n=9).
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Figure 15. Blocking epithelial neurokinin-1 receptors did not affect airway
hyperreactivity. The competitive NK1 antagonist, CP99994, was delivered
systemically (a-b; grey circles) or via a nebulizer (c-d; grey circles) 15 minutes
before a serotonin-dose response curve. One (n=6) and 60 ug (n=4) of systemic
CP99994 potentiated airway hyperreactivity in HDM-exposed mice. Twenty (n=5)
or 60 ug (n=7) of inhaled CP99994 had no affect on airway hyperreactivity in

HDM-exposed mice.
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Figure 16. Schematic of chapter 3 results. Reflex bronchoconstriction is
increased in offspring born to mothers exposed to HDM or with elevated IL-5.
Heightened reflex bronchoconstriction is likely due to increased airway sensory
innervation and release of substance P observed in offspring born to mothers
exposed to HDM or IL-5. Epithelial neurotrophin expression also increased in
offspring born to mothers exposed to HDM or IL-5, which may sustain increased
structural complexity and activity of airway nerves. Eosinophils are required for
offspring airway hyperreactivity, but whether eosinophils interact directly or
indirectly with nerves, and what eosinophils secrete to change nerve
development, are unknown. When offspring are exposed to allergen themselves
later in life, increased lung innervation sets the stage for more severe airway
hyperreactivity, increased neurotransmitter release, and augmented immune cell

recruitment. Eosinophils adapted from Wikipedia.org.
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E. Methods

E1. Mating strategy

N=10 nulliparous female C57BI/6J mice were randomized to receive HDM (n=>5)
or vehicle (n=5). N=5 mice were chosen since C57BI/6 mice have 7 offspring per
litter on average and n=24 offspring were required for experiments. Maternal
allergen exposure protocol is detailed in general methods section (C. Allergen
Sensitization and Exposure). Once the first litter of offspring was born, maternal
exposure was stopped. Female and male mice were housed together while the
first litter (F1 challenge) nursed. During this time, the female became pregnant

again and subsequently gave birth to a second litter (F1 post-challenge).

To produce the second generation of mice, F1 female (n=2) and F1 males (n=2)
from different HDM exposed mothers and F1 female (n=2) and F1 males (n=2)
from different vehicle exposed mothers were bred starting at 8 weeks of age. F2

offspring from the first three litters were used for experiments.

E2. Maternal physiology

A second cohort of female mice (n=30) was randomized to receive HDM (n=15)
or vehicle (n=15) and exposed as described in general methods section. In this
cohort, one HDM exposed and one vehicle exposed mouse did not become
pregnant and were used for physiology experiments (Figure 3). In addition, two
HDM exposed and two vehicle exposed mothers euthanized their pups 2 days

after birth, thus these mice were also used for maternal physiology experiments.
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E3. Amniotic fluid collection
Amniotic fluid was collected from pregnant, HDM or vehicle exposed mothers
from the second (n=30) cohort of mice as described in the general methods

section.

E4. Statistical analysis

Data graphed as mean + SEM and analyzed using GraphPad Prism 7. All groups
contained n=5-10 animals with specifics denoted in figure legends. Airway
resistance data were analyzed with a repeated-measures two-way ANOVA.
Reported p values represent interaction term of two-way ANOVA (genotype or
treatment x serotonin dose response). For experiments where mice died during
the serotonin-dose response curve, data graphed and analyzed only where all
animals were still living (denoted in graphs). For HDM-exposed WT offspring
from IL5tg mothers, n=3 died prior to 300 mM serotonin, n=4 died prior to 1000
mM dose, and n=1 survived the dose response curve. For HDM-exposed, NK-1
treated WT offspring from WT mothers, n=2 died prior to 300mM serotonin, n=2
died prior to 1000mM dose, and n=2 survived the dose response curve. All other
data were analyzed with a two-way ANOVA with Sidak’s posttest and reported p

values represent post-test statistical value.
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CHAPTER 4. Postnatal eosinophilic inflammation arrests airway parasympathetic

nerve development.

A. Abstract

Humans are born with immature lungs with substantial structural development
continuing after birth. Immunologic adaptation to a new, inhaled environment
occurs in parallel with structural development and inflammatory insults during this
critical window influence risk for respiratory diseases®, including asthma®®*.

h%%-540 and have the

Innate immune cells normally influx into the lungs after birt
potential to influence lung development. Here | show that airway parasympathetic
cholinergic ganglia continue to develop after birth and contain rare populations of
neurons that express neurotransmitters not normally expected in these ganglia,
including substance P, neuronal nitric oxide synthase (which produces nitric
oxide), and tyrosine hydroxylase (which produces catecholamines). Increasing
eosinophil influx into the lungs after birth arrests parasympathetic ganglia
development, resulting in fewer ganglia, less heterogeneous neurotransmitter
expression, and reduced airway hyperreactivity. Deletion of eosinophils prevents
airway hyperreactivity, with maximal airway parasympathetic ganglia formation
and neurotransmitter heterogeneity. These data demonstrate that airway
parasympathetic ganglia are susceptible to eosinophilic inflammation in the

postnatal environment that subsequently influence development of airway

hyperreactivity.
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B. Introduction

Airway nerves mediate bronchoconstriction. Efferent vagal nerves synapse on a
complex network of parasympathetic ganglia embedded within the airway,
activating ganglia to release acetylcholine, which contracts airway smooth
muscle. Blocking parasympathetic nerve activity with muscarinic antagonists

182 and children with severe

including tiotropium improves lung function in adults
asthma®’®, demonstrating the importance of airway innervation for optimal lung

health.

Airway innervation continues to develop after birth, with increases in sensory

524-528 529-531

innervation and sensitivity to contractile agonists , and decreases in
relaxant innervation®°°%*. Innervation comparable to adults is reached within a
few weeks after birth for mice. Environmental insults during this critical period
permanently alter airway innervation and promote airway hyperreactivity later in
life. For example, postnatal ovalbumin®* or cigarette smoke®*® exposure
increases airway innervation with subsequent airway hyperreactivity in mice. The
postnatal period represents a particularly sensitive time period, since
environmental exposures to allergen or pollution later in life do not alter lung
innervation or cause persistent airway hyperreactivity as they do in

neonateg®26:529:536

Neonatal airway immune responses to environmental insults are intrinsically
skewed towards type 2 inflammation. The first breath of a neonate induces IL-33

secretion from airway epithelial cells that activates a cascade of airway type 2
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innate lymphoid cell expansion, IL-5 and IL-13 secretion, and recruitment of
peripheral eosinophils into the airway®*®°*°. This postnatal influx of eosinophils
occurs normally and cells decline to adult levels after a couple of weeks in mice.
In adults, airway eosinophils interact with airway nerves and suppress Ma-
muscarinic receptor function to increase acetylcholine release®. Here | tested
whether parasympathetic cholinergic ganglia continue to develop after birth and

are vulnerable to postnatal lung eosinophilia.
C. Results

C1. Eosinophils suppress airway parasympathetic ganglia in adults

| assessed parasympathetic cholinergic ganglia number in adult, WT mice and
mice congenitally deficient in eosinophils [(-)Eos] or with airway
hypereosinophilia (IL5tg) due to overexpression of IL-5. Whole-mount tracheas
were stained with a pan-neuronal marker, PGP9.5, optically cleared and imaged
from vocal cords to mainstem bronchi (Figure 17a). Maps of airway ganglia were
created for each animal (Figure 17b). Parasympathetic ganglia decrease rapidly
in distal airways, with none detected after second or third branch level. Thus,
focusing on upper airway ganglia allowed for an easily defined anatomical space,

while capturing the majority of ganglia.

Parasympathetic ganglia formed a large, complex network on the posterior
surface of the trachea, with over 70 individual ganglia ranging in size from single

neurons to dense, highly populated clusters (Figure 17c-f). Ganglia number, size,
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and pattern varied considerably between WT mice, consistent with previous
reports®®2. Mice deficient in eosinophils had significantly increased numbers of
parasympathetic ganglia compared with WT mice (Figure 17g). IL5tg mice had
significantly decreased numbers of parasympathetic ganglia compared with WT
mice (Figure 17g), demonstrating a correlation between parasympathetic ganglia

number and airway eosinophils.

To test if increased parasympathetic ganglia in (-)Eos mice represented a
change of neuron clustering into different sized ganglia, number of neurons were
counted and ganglia divided into groups with less than 5 neurons, 6-19 neurons,
or more than 20 neurons (Figure 17h-j). Individual neurons were difficult to count
accurately in ganglia with more than 20 cell bodies, thus all ganglia with more
than 20 neurons were grouped together. (-)Eos mice had significantly more
ganglia consisting of less than 5 neurons or 6-19 neurons, with no change in
larger ganglia, compared with WT mice. IL5tg mice had significantly fewer
ganglia consisting of less than 5 neurons, with no change in larger ganglia,

compared with WT mice.

These data led me to hypothesize that eosinophils affect neuron clustering and
suppress migration of neurons away from larger ganglia. However, an alternative
explanation is that eosinophils suppress stem cell division, resulting in fewer
neurons that could have formed smaller ganglia. To test this, | attempted to

dissociate ganglia and count individual neurons in vitro, however, these



experiments were unsuccessful due to technical limitations. Thus, these

hypotheses remain to be tested.
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Figure 17. Airway eosinophils decreased parasympathetic ganglia. (A) Maximum
intensity projection of whole-mount, optically cleared wild-type mouse trachea
stained with pan-neuronal marker PGP9.5. Trachea is oriented proximal at top
and mainstem bronchi at bottom. Scale bar = 1500um. (B) Map of
parasympathetic ganglia from trachea in A. Black circles represent ganglia with
1-5 neurons. Grey circles represent ganglia with 6-19 neurons. Clear circles
represent ganglia with 20+ neurons. Letters indicate locations of images C-F.
Examples of a small ganglion and solitary neurons (C), medium and small
ganglia (D), small ganglia (E), and a large ganglion (F) scale bar = 100 ym. Red
triangles point to ganglia (C-F). Eosinophils decreased total parasympathetic
ganglia (G), affecting predominantly small ganglia (H) and not medium (H) or
large (J) ganglia. (-)Eos n= 45, WT n=43, IL5tg n=28. Data graphed as box plots,
with ends of box representing upper and lower quartile, median denoted as solid

middle line, and whiskers identifying maximum and minimum data points.
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C2. Rare neurons within parasympathetic ganglia express non-classical

neurotransmitters that are suppressed by eosinophils

Expression of choline acetyltransferase and synthesis of acetylcholine defines
parasympathetic cholinergic nerves. However, neurotransmitter heterogeneity
within parasympathetic cholinergic ganglia in other organs has been reported,
with individual neurons expressing substance P°*, tyrosine hydroxylase®%4°%
and nNOS®%”. Only substance P?'9225227.603 has consistently been reported in
tracheal parasympathetic ganglia. | confirmed that rare neurons within tracheal
parasympathetic ganglia expressed substance P (Figure 18a) and also identified
additional neurons that expressed nNOS (Figure 18b) and tyrosine hydroxylase
(Figure 18c). Co-localization of substance P with choline acetyltransferase

confirmed that neurons expressed dual cholinergic and sensory phenotypes

(Figure 19).

To test if eosinophils changed the prevalence of these rare neurons, PGP9.5
positive ganglia (Figure 17g) were co-stained with substance P, nNOS, or
tyrosine hydroxylase. Eosinophil deficient mice had more neurons expressing
substance P (Fig 18d), nNOS (Figure 18e), and tyrosine hydroxylase (Figure 18f)
than WT mice, however elevated eosinophils in IL5tg mice did not further

suppress neurotransmitter heterogeneity.
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Figure 18. Eosinophils suppressed neurotransmitter heterogeneity of
parasympathetic ganglia neurons. Rare neurons (identified with yellow
arrowhead) within parasympathetic ganglia express substance P (A, Scale bar =
75 um), nNOS (B, Scale bar = 150 uym), or tyrosine hydroxylase (TH, C, Scale
bar = 75 ym). Eosinophils suppress the expression of substance P (D, (-)Eos
n=25, WT n=24, IL5tg n=10), nNOS (E, (-)Eos n=10, WT n=8, IL5tg n=10), and
tyrosine hydroxylase (F, (-)Eos n=10, WT n=11, IL5tg n=8) by parasympathetic
ganglia neurons. Data show number of neurons/trachea, graphed as box plots,
with ends of box representing upper and lower quartile, median denoted as solid

middle line, and whiskers identifying maximum and minimum data points.
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Figure 19. Sustance P and choline ctltransferase (CHAT) co-localized in

airway ganglia. (a) a neuron within airway parasympathetic ganglia (arrow head)
stained positive for both CHAT (white) and substance P (magenta). (b) CHAT
staining alone. (c) Substance P staining alone. Image is 63x magnification,

220x220 ym, whole-mount airway parasympathetic ganglia from WT mouse.
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C3. Eosinophils suppress parasympathetic ganglion expansion after birth

Pelvic parasympathetic ganglia expand after birth, with a doubling in the number
of ganglia between birth and postnatal day 21°°®. Thus, | tested whether
differences in airway parasympathetic ganglia in adult mice with and without
eosinophils occurred after birth. Airways were collected on postnatal day 1, 7,
and 21 and parasympathetic ganglia counted. Parasympathetic ganglia number
were the same between (-)Eos, WT, and IL5tg mice on postnatal day 1 (Figure
20a), demonstrating that eosinophil suppression of parasympathetic ganglia
occurs after birth. A near doubling in ganglia number occurred in (-)Eos mice
between postnatal day 1 and adulthood (Figure 20b). WT mice also exhibited a
rapid increase in parasympathetic ganglia between postnatal day 1 and
adulthood (Figure 20c). In contrast, parasympathetic ganglia did not change in
IL5tg mice between postnatal day 1 and adulthood (Figure 20d), suggesting

eosinophils prematurely arrest parasympathetic ganglia development.

Neurotransmitter heterogeneity also changed after birth. Substance P expressing
neurons did not change between postnatal day 1 and adulthood (Fig 21a), while
NNOS expressing neurons continued to expand (Figure 21b) and tyrosine
hydroxylase expressing neurons decreased (Figure 21c). Experiments testing
whether suppression of neurotransmitter heterogeneity by eosinophils occurs

after birth are ongoing.
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Figure 20. Eosinophils suppressed parasympathetic ganglia expansion after
birth. (a) Parasympathetic ganglia were the same between (-)Eos, WT, and IL5tg
mice on postnatal day 1. (b) Parasympathetic ganglia increased between
postnatal day 1 and adulthood in (-)Eos mice (postnatal day 1 n=6; adulthood
n=45). (c) Parasympathetic ganglia increased between postnatal day 1 and
adulthood in WT mice (postnatal day 1 n=33; postnatal day 7 n=12; postnatal day
21 n=8; adulthood n=43). (d) Parasympathetic ganglia did not increase between
postnatal day 1 and adulthood in IL5tg mice (postnatal day 1 n=30; postnatal day
7 n=4; adulthood n=28). Data graphed as box plots, with ends of box
representing upper and lower quartile, median denoted as solid middle line, and

whiskers identifying maximum and minimum data points.
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Figure 21. Parasympathetic neuron heterogeneity changed after birth. (a)
Substance P expressing parasympathetic neurons did not increase after birth in
WT mice (postnatal day 1 n=23; postnatal day 7, n=17; postnatal day 21, n=6;
adult, n=24). (b) nNOS expressing parasympathetic neurons increased after birth
(postnatal day 1, n=21; adulthood, n=8). Tyrosine hydroxylase expressing
neurons decreased after birth (postnatal day 1, n=10; adulthood, n=10). Data
graphed as box plots, with ends of box representing upper and lower quartile,
median denoted as solid middle line, and whiskers identifying maximum and

minimum data points.
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C4. Airway eosinophils decrease airway smooth muscle contractility

Muscarinic receptors continue to develop after birth with enhanced contractility to
methacholine in the neonatal period compared to adulthood®?. Eosinophils
increase reflex bronchoconstriction?*®, which may result from increased sensory
innervation and afferent activation (Chapter 3), increased efferent signals due to
deranged parasympathetic ganglia formation described above, M-muscarinic
receptor inhibition by major basic protein in the absence of allergen

exposure*>1%8

, or enhanced smooth muscle sensitivity to acetylcholine. To test if
eosinophils increased smooth muscle contractility, adult (-)Eos, WT and IL5tg
mice were mechanically ventilated, vagal nerves cut to eliminate nerve reflexes,
and exposed to increasing concentrations of inhaled methacholine to contract
smooth muscle. Methacholine-induced bronchoconstriction was the same in
(-)Eos and WT mice (Figure 22). However, IL5tg mice had reduced
bronchoconstriction after inhaled methacholine. These data suggest that
eosinophils increase reflex bronchoconstriction by increasing afferent nerve

activation and suppressing parasympathetic ganglia formation, instead of

enhancing smooth muscle contractility.

C5. M>-muscarinic receptor inhibition does not potentiate serotonin-induced
bronchoconstriction

Eosinophils suppress outgrowth of differentiating cholinergic neurons in vitro®®,
an effect mimicked by exposing cholinergic neurons to purified major basic

protein. Knockout of major basic protein in mice does not prevent allergen-
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induced airway hyperreactivity, but it does decrease methacholine induced
bronchoconstriction in the absence of allergen exposure*. Thus, | hypothesized
that inhibition of My>-muscarinic receptors by major basic protein during
development may mediate suppression of parasympathetic ganglia expansion.
To test this hypothesis, | could use major basic protein knockout mice or inhibit
M.-muscarinic receptors in WT mice pharmacologically with gallamine, an M-
muscarinic receptor antagonist, and test changes in parasympathetic ganglia
formation. | decided to test my hypothesis using a pharmacologic approach, but
first tested whether gallamine potentiated airway responses to serotonin in
untreated adult mice as a positive control for Mo-muscaranic receptor activity and
correct gallamine dosing. | administered gallamine (1 mg/kg iv) to WT mice and
measured bronchoconstriction after increasing doses of serotonin. Gallamine did
not increase serotonin-induced bronchoconstriction (Figure 23). Major basic
protein knockout also has no effect on serotonin induced bronchoconstriction®?,
thus a different positive control is needed or major basic protein knockout mice
are required to test if inhibition of Mo-muscarinic receptors suppresses postnatal

parasympathetic ganglia development.
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Figure 22. Airway eosinophils decreased methacholine-induced smooth muscle
contraction. (-)Eos, WT and IL5tg mice were mechanically ventilated, vagal
nerves transected to eliminate nerve reflexes, and exposed to increasing
concentrations of nebulized methacholine. Airway resistance was calculated as
change over airway resistance after nebulized PBS. IL5tg mice (squares, n=5)
had reduced airway responsiveness to methacholine compared with WT (circles,

n=5) and (-)Eos (triangles, n=6) mice.
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Figure 23. Gallamine did not potentiate reflex bronchoconstriction in WT mice.
Inhibition of M2 muscarinic receptors with gallamine (1 mg/kg, i.v.; grey; n=6) did
not increase serotonin-induced reflex bronchoconstriction in untreated WT mice

(white; n=8)
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D. Discussion

Early life respiratory insults increase airway hyperreactivity and permanently alter
airway innervation®?¢°2%533%% My data show that parasympathetic ganglia
comprise a complicated network of neurons that continue to develop after birth
and respond to eosinophilic inflammation. Eosinophils are recruited to the lung
after birth normally and this is increased by allergen exposure®*®**°_ | have
shown that once in the lungs, eosinophils suppress parasympathetic ganglia
expansion and neurotransmitter heterogeneity, which may contribute to lifelong

airway hyperreactivity**®

(and figure 25b). IL5tg mice exhibit increased reflex
bronchoconstriction (figure 25b), thus it was surprising that they also have
reduced smooth muscle contractility. Increased reflex bronchoconstriction may
cause chronic acetylcholine release from airway nerves, leading to
downregulation of Ms-muscarinic receptor expression and decreased smooth

muscle contractility®°.

Why parasympathetic ganglia contain rare neurons that express substance P,
nNNOS, and tyrosine hydroxylase is not clear. Parasympathetic ganglia develop
from neural crest cells®'®*"'. A subset of developing neural crest cells co-express
sensory neuropeptides and choline acetyltransferase or substance P and

tyrosine hydroxylase®' 613

, thus these rare parasympathetic neurons may reflect
an immature population of neurons. Neural crest cells do not divide further after
expressing substance P°'?, which may explain why substance P positive neurons

described here did not change after birth. Subpopulations of enteric neural crest
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cells transiently express tyrosine hydroxylase during development®'* and a
similar phenomenon may occur in airway parasympathetic ganglia. Postnatal
maturation and terminal differentiation of neurons may explain why tyrosine

hydroxylase positive neurons decreased after birth.

Similarly, how these rare neurons function within the broader ganglia network to
regulate airway hyperreactivity is unknown. Substance P increases cholinergic
bronchoconstriction?®® by potentiating synaptic transmission through
ganglia®®®?%. Nitric oxide also regulates neuron excitability®'®, thus it is possible
that these neurons function as regulatory neurons to control ganglion
neurotransmission. Tyrosine hydroxylase expressing neurons found in
parasympathetic ganglia of other organs do not contain detectable
catecholamines®, thus it is unclear whether tyrosine hydroxylase expression
described here is functional. These neurons are also morphologically distinct
from small intensely fluorescent cells that have been detected previously in
parasympathetic ganglia and that also express tyrosine hydroxylase®®, thus
future studies dissecting the functional role of tyrosine hydroxylase expression in

parasympathetic ganglia will need to account for these two cell types.

Co-expression of substance P and choline acetyltransferase (figure 19) suggests
that neurotransmitter expression does not identify distinct neuronal lineages.
Culture of gut-derived neural crest cells with GDNF or bone morphogenetic

protein-2 can induce differentiation of NNOS or tyrosine hydroxylase expressing
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neurons from the same precursor population®'®, suggesting molecular and
developmental pathways exist for neurons to express multiple phenotypes
depending on target-derived cues. Identifying innervation targets of
parasympathetic neurons that express substance P, nNOS, or tyrosine
hydroxylase may illuminate why these rare neurons exist and how they differ

from neighboring neurons within ganglia.

Whether postnatal parasympathetic ganglia expansion and neurotransmitter
heterogeneity occurs in humans or after relevant environmental stimuli are

important questions. Human airway ganglia express substance P??’

, suggesting
airway ganglia heterogeneity exists in humans. Experiments exposing mice to
allergen, ozone, or viral infection will answer if heightened postnatal eosinophil

influx into lungs causes suppression of ganglia expansion similar to

overexpression of IL-5.

In summary, my data show that show that parasympathetic ganglia continue to
develop after birth, contain rare neurons expressing substance P, nNOS, and
tyrosine hydroxylase, and respond to eosinophilic inflammation (Figure 24).
Basic, fundamental questions of why neurotransmitter heterogeneity exists within
parasympathetic ganglia, what rare neurons innervate and what signals
terminate differentiation remain to be explored. These experiments are ongoing

in the Jacoby laboratory.
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Figure 24. Schematic of chapter 4 results. Parasympathetic ganglia continue to

develop after birth, increasing in number and changing expression of substance

P, nNOS, and tyrosine hydroxylase. If eosinophils are deleted, parasympathetic

ganglia increase, with maximal heterogeneity in neurotransmitter expression. If

eosinophils increase, parasympathetic ganglia do not expand, instead forming

large aggregate ganglia with few neurons expressing substance P, nNOS, or

tyrosine hydroxylase.
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E. Methods

E1. Statistical analysis

Data graphed as mean + SEM and analyzed using GraphPad Prism 7. Number
of animals used denoted in figure legends. Ganglia and neuron data analyzed
with a one-way ANOVA with Sidak’s posttest and reported p values represent
post-test statistical value. Airway resistance data were analyzed with a repeated-
measures two-way ANOVA. Reported p values represent interaction term of two-

way ANOVA (genotype or treatment x serotonin dose response).
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CHAPTER 5. Eosinophils regulate substance P and CGRP expression and

degradation

A. Abstract

Stimulation of airway sensory nerves causes local reflex release of substance P
and CGRP, two neuropeptides with remarkably similar pathways regulating
expression, release, and degradation, but with opposing effects on airway
physiology. Both neuropeptides increase with allergen sensitization and
exposure, but whether inflammatory phenotypes differentially regulate substance
P and CGRP expression is not clear. Similarly, if both neuropeptides increase
with allergen exposure, it is unclear whether substance P and CGRP functionally
antagonize each other. Here | show that eosinophilic airway inflammation
increases substance P, in both lavage and airway nerves, while neutrophilic
airway inflammation increases lavage, but not nerve, substance P. Neutrophilic
airway inflammation also increases nerve and lavage CGRP, however no change
in airway CGRP occurs with eosinophilic inflammation. Eosinophils increase
airway hyperreactivity, in part by inhibiting neutral endopeptidase and
suppressing neuropeptide degradation, which does not occur in mice with
neutrophilic inflammation. In contrast to airway hyperreactivity, vascular leakage
after inhaled serotonin is greater in mice with neutrophilic inflammation compared
to mice with eosinophilic inflammation. These data show that inflammatory

response to allergen differentially regulates substance P and CGRP expression,
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which correlates with inverse effects on airway hyperreactivity and vascular

leakage.

B. Introduction

Airway sensory nerves co-express substance P and CGRP and innervate airway

epithelium, vasculature, smooth muscle, and parasympathetic ganglia®'®-

223313315.317.318 gimjlar nerve stimuli induce substance P and CGRP secretion®®”

239,241,243,320-322,324.325 1t substance P and CGRP have opposing effects on

261-263

airway function. Substance P increases mucus secretion and vascular

260,264,265 271-

leakage , while CGRP causes vasodilation®***>*. Substance P recruits

"3 and activates immune cells, stimulating immune cell secretion of inflammatory

276-278 279

cytokines , oxidized lipids®’®, and granule proteins®©°. In contrast, CGRP

suppresses inflammation by inhibiting macrophage351 and dendritic cell antigen

352-354

presentation , and promoting IL-10 secretion and development of

tolerogenic T regulatory cells®*2. Substance P directly contracts smooth

283-286

muscle and increases cholinergic bronchoconstriction?®® by potentiating

289,290

synaptic transmission through ganglia and facilitating acetylcholine

release?®?2%*, CGRP, however, blocks serotonin®®' or substance P-induced

smooth muscle contraction®*? and suppresses allergen-induced airway

342 318

hyperreactivity”*, potentially by hyperpolarizing airway ganglia® "~ and inhibiting

acetylcholine release®®>%.
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Individuals with asthma have elevated substance P in airway lavage fluid?*>%%,

298
d

airway nerves®”’, and peripheral blood®®® compared to individuals without

asthma. Allergen exposure increases airway nerve substance P expression?%3%
and blocking substance P receptors prevents allergen-induced airway

hyperreactivity>*®

in animal models of asthma. However, allergen sensitization
and exposure also increases airway lavage CGRP>**', which inhibits airway
hyperreactivity**. Substance P and CGRP expression increases in response to
IL-1B233337:338 gnd TNFa?**#3°3% inflammatory cytokines that are elevated after
allergen exposure. Here | tested whether eosinophilic vs. neutrophilic
inflammatory phenotypes differentially regulate substance P and CGRP

expression to influence airway hyperreactivity, inflammation, and vascular

leakage.

C. Results

C1. Eosinophils are required for airway hyperreactivity

WT and eosinophil-deficient (-)Eos mice were sensitized to HDM on protocol day
0 and 1 and then exposed to HDM on days 14-17. On day 18, mice were
sedated, mechanically ventilated, and exposed to increasing concentrations of
inhaled serotonin to cause reflex bronchoconstriction. Allergen-naive mice with
airway eosinophilia (IL5tg) were also used to test if eosinophils increased reflex

bronchoconstriction in the absence of allergen exposure.
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HDM exposure in WT mice (Figure 25a) caused airway hyperreactivity compared
to vehicle-exposed mice (Figure 25a). Airway eosinophilia in IL5tg mice
increased reflex bronchoconstriction (Figure 25b) comparable to HDM exposed
WT mice. Deletion of eosinophils prevented serotonin-induced
bronchoconstriction (Figure 25c¢), demonstrating that eosinophils are required for

airway hyperreactivity after HDM exposure.

C2. HDM exposure causes eosinophilic inflammation in WT mice and
neutrophilic inflammation in (-)Eos mice.

HDM exposure increased airway total inflammatory cells in WT mice (Figure
23a), which consisted mostly of eosinophils (Figure 26b). Airway inflammation
increased less after HDM exposure in (-)Eos mice compared with WT mice

(Figure 26a) and consisted mostly of neutrophils (Figure 26c¢) in these mice.



136

8 8 8
S 20 S 20 S 20
@ k] ko]
8 ¢ p<0.0001 8 8
28 e 28 e =8
Sa Sa - Sao
zT 14 sT 14 z zT 14
. i A
c c
H __s=—0o—o s _—e—no ? I—a—5—1%
e * e " g i
g 0.8 g 0.8 % 0.8
10 30 100 300 1,000 10 30 100 300 1,000 10 30 100 300 1,000
Serotonin (mM) Serotonin (mM) Serotonin (mM)

Figure 25. Eosinophils were required for airway hyperreactivity. (a) WT mice
develop airway hyperreactivity after HDM sensitization and exposure (black
circles, n=8) compared with vehicle exposed mice (white circles, n=8). (b) Airway
hyperreactivity in HDM exposed WT mice (black circles, n=8) was similar to
increased reflex bronchoconstriction in allergen-naive IL5tg mice (white squares,
n=8). (c) Depleting eosinophils prevents airway hyperreactivity after HDM
exposure (white triangles, vehicle exposed (-)Eos mice, n=8; black triangles,

HDM exposed (-)Eos mice, n=8).
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Figure 26. HDM exposure caused eosinophilic inflammation in WT mice and

neutrophilic inflammation in (-)Eos mice. (a) Total lavage inflammatory cells

increased in WT mice with HDM exposure and this was decreased in (-)Eos

mice. (b) Lavage eosinophils increased with HDM exposure in WT mice. (c) HDM

exposure increased airway neutrophils (-)Eos mice. (d) Macrophages declined

with HDM exposure in WT mice, but did not change in (-)Eos mice. (e)

Lymphocytes tended to increase with HDM exposure independent of eosinophils.

N=8 all groups.



138

C3. Eosinophilic inflammation increases substance P while neutrophilic
inflammation increases CGRP.

To test which inflammatory phenotypes increase substance P and CGRP,
airways were lavaged with PBS and neuropeptides measured with ELISA. HDM
exposure increased substance P in both WT and (-)Eos mice (Figure 27a),
demonstrating that lavage substance P increases with allergen exposure
independent of inflammatory phenotypes. Similarly, IL5tg mice had more
substance P than vehicle-exposed WT mice, demonstrating that eosinophil influx
into the lungs is sufficient for induction of substance P without allergen exposure.
Lavage substance P could represent lung or immune cell derived substance P,
thus whole-mount tracheas were stained for substance P and PGP9.5 (a pan-
neuronal marker), optically cleared, and imaged with confocal microscopy. 3D
dimensional nerve models of epithelial, subepithelial, and smooth muscle nerves
were created and percent of total nerves expressing substance P calculated.
Airway nerve substance P increased with HDM exposure in WT mice and with
airway eosinophilia in IL5tg mice, but did not increase with HDM exposure in
(-)Eos mice (Figure 27b). These data demonstrate that eosinophilic inflammation
increases substance P in both nerves and lavage fluid, while neutrophilic

inflammation increases substance P only in lavage fluid.

In contrast to substance P, HDM exposure increased lavage CGRP only in (-)Eos
mice (Figure 28a) and CGRP was detectable in vagal ganglia neurons only from

(-)Eos mice (Figure 28b). These data demonstrate that airway inflammatory
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phenotypes differentially increase nerve neuropeptide expression, with
eosinophilic inflammation increasing substance P and neutrophilic inflammation

increasing CGRP.
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Figure 27. Inflammation increases airway substance P. (a) Vehicle exposed
(-)Eos mice had more substance P than vehicle-exposed WT mice. Lavage
substance P increased with HDM exposure in both WT and (-)Eos mice. (b)
Percentage of airway nerves in whole-mount tissues that expressed substance P
increased with HDM exposure in WT mice, but not in (-)Eos mice. For lavage

analysis, n=8, except IL5tg, n=10. For nerve analysis, n=8, except IL5tg, n=7.
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Figure 28. Neutrophilic inflammation increased airway CGRP. (a) CGRP
increased in airway lavage in (-)Eos mice exposed to HDM, but less so in HDM
exposed WT mice. N=8 all groups. (b) vagal ganglia neurons expressed

abundant CGRP in (-)Eos mice, but not in WT mice. Scale bar = 75 ym for (-)Eos

and 50 ym for WT.
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C4. Eosinophils suppress neutral endopeptidase activity

Neutral endopeptidase degrades both substance P and CGRP>** and
competition for degradation may influence relative effects on airway physiology.
Inhibition of substance P degradation by neutral endopeptidase can also limit
CGRP function by causing mast cell degranulation and degradation of CGRP by
mast cell tryptase®°. To test whether inflammatory phenotypes differentially
inhibit neuropeptide degradation, HDM and vehicle exposed mice were sedated,
mechanically ventilated, and administered phosphoramidon to inhibit to neutral

endopeptidase before measuring responses to inhaled serotonin.

Inhibition of neutral endopeptidase potentiated reflex bronchoconstriction in
vehicle-exposed WT mice (Figure 29a), demonstrating that neutral
endopeptidase functions at baseline to limit airway response to neuropeptides.
Inhibition of neutral endopeptidase did not increase airway hyperreactivity further
in HDM exposed WT mice (Figure 29b) or reflex bronchoconstriction in IL5tg
mice (Figure 29c), suggesting eosinophilic inflammation inhibits neutral
endopeptidase. In contrast, inhibition of neutral endopeptidase potentiated airway
reactivity in both vehicle and HDM exposed (-)Eos mice (Figure 29d and 29e),
demonstrating that neutrophilic inflammation does not inhibit neutral
endopeptidase. Mixing airway lavage fluid with a fluorescent neutral
endopeptidase substrate in vitro and measuring change in fluorescence
confirmed that HDM exposure suppresses endogenous neutral endopeptidase

activity in WT mice, but not in (-)Eos mice (Figure 29f)
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Figure 29. Eosinophils suppressed neutral endopeptidase activity. Vehicle and
HDM exposed mice were pretreated with phosphoramidon to inhibit neutral
endopeptidase activity and airway responses to inhaled serotonin measured. (a)
phosphoramidon potentiated airway reactivity in vehicle exposed WT mice. (b)
phosphoramidon did not potentiate airway hyperreactivity in HDM exposed WT
mice. (c) Phosphoramidon suppressed airway hyperreactivity in IL5tg mice. (d)
Phosphoramidon potentiated airway reactivity in vehicle-expsed (-)Eos mice. (e)
Phosphoramidon potentiated airway reactivity in HDM exposed (-)Eos mice. (f)
Endogenous neutral endopeptidase activity decreased with HDM exposure in WT
mice, but not in (-)Eos mice. N=8 for all groups, except (-)Eos vehicle exposed
mice treated with phosphoramidon, n=6; IL5tg mice treated with

phosphoramidon, n=7; and IL5tg panel f, n=6.
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C5. Neutrophilic inflammation increases vascular leakage

Activation of sensory nerves causes reflex edema and vascular leakage. To test
whether neuropeptide expression in eosinophilic vs. neutrophilic inflammation
differentially correlated with nerve-evoked vascular leakage, mice were
administered Evan’s Blue dye via the external jugular vein and dye extravasation
measured in the trachea before and after inhaled serotonin (in independent

cohorts of mice).

At baseline, dye extravasation was the same between WT and (-)Eos mice
(Figure 30a). HDM exposure did not increase dye extravasation in WT or (-)Eos
mice. Inhaled serotonin increased dye extravasation in all groups, but vascular
leakage was greatest in HDM exposed (-)Eos mice and significantly more

compared to HDM exposed WT mice (Figure 30Db).
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Figure 30. Neutrophilic inflammation increased vascular leakage. Evans blue dye
extravasation was measured in trachea from mice at baseline (a) and after
exposure to inhaled serotonin (b). (a) Vascular leakage was the same between
WT and (-)Eos mice and did not change with HDM exposure (WT VEH n=4, HDM
n=5; IL5tg n=6; (-)Eos VEH n=5, HDM n=3). (b) Vascular leakage increased in all
mice exposed to inhaled serotonin. Dye extravasation was greater in HDM
exposed (-)Eos mice compared with HDM exposed WT mice (WT VEH n=4,

HDM n=6; IL5tg n=5; (-)Eos VEH n=5, HDM n=6).
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C6. Neuropeptide receptor agonists and antagonists

The above studies show only a correlation between neuropeptide expression and
different responses in airway hyperreactivity and vascular leakage. To test the
direct effect of substance P on airway hyperreactivity, neutral endopeptidase and
angiotensin converting enzyme (which also degrades substance P) were
inhibited with phosphoramidon and captopril, respectively, and airway responses
to i.v. substance P measured. Substance P did not increase airway resistance in
vehicle exposed (Figure 31a), HDM exposed WT mice (Figure 31a and figure
31b), or HDM exposed (-)Eos mice (Figure 31b). Substance P is unstable in
solution, thus a nonpeptide NK1 agonist was also tested. Intravascular injection
of GR73632 also did not increase airway resistance in a vehicle exposed WT
mouse (Figure 31c). Thus, an opposite approach using a NK1 antagonist was
used. Inhibition of NK1 receptors in HDM exposed mice before inhaled serotonin
unexpectedly worsened airway hyperreactivity (Figure 12a), which contrasts with
previous reports in guinea pigs asthma models>®. To test whether this was
specific to NK1 receptors or whether other tachykinin receptors also worsen
airway hyperreactivity in mice, NK2 receptors were blocked in HDM exposed WT
mice before serotonin. However, the NK2 antagonist is hydrophobic and both
solvents tested suppressed airway hyperreactivity (Figure 32). Due to technical

difficulties, these experiments were not continued.
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Figure 31. Neurokinin-1 agonists did not increase airway resistance. (a)
Substance P administered iv to vehicle exposed (white circles, n=1 full dose
response curve; n=2 all doses except 500 pg; n=6 only 100 pg dose) and HDM
exposed (black circles; n=2 full dose response curve; n=4 only 100 ug dose)
mice did not increase airway resistance. (b) Substance P administered ivto HDM
exposed WT (black circles) and (-)Eos mice (black squares) did not increase
airway resistance. (c) GR73632, an NK1 agonist, administered iv did not

increase airway resistance in a vehicle exposed WT mouse.
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Figure 32. Solvents for neurokinin-2 antagonists suppressed airway
hyperreactivity. DMSO and ethanol suppressed airway hyperreactivity in HDM
exposed WT mice (WT HDM, n=8; inhaled ethanol control, n=2; inhaled DMSO
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C7. Chronic house dust mite treatment increases inflammation and neuropeptide
expression

Asthma is a chronic inflammatory disease and increased neuropeptide
expression after acute allergen exposure may not reflect what occurs with
ongoing airway inflammation. Thus, mice were challenged with HDM 5 days per
week and airway inflammation and neuropeptide expression measured after 8
weeks. HDM exposure increased airway inflammation in WT mice, but not in
(-)Eos mice (Figure 33a). Inflammation after chronic house dust mite consisted
mostly of eosinophils in WT mice (Figure 33b), but neutrophils also increased
(Figure 33c). The small increase in airway inflammation in (-)Eos mice with
chronic HDM exposure consisted solely of neutrophils (Figure 33c), similar to
acute HDM exposure. Macrophages were more abundant in WT than (-)Eos mice
and did not change with chronic HDM exposure (Figure 33d). Lymphocytes also

did not change with chronic HDM exposure (Figure 33e).

Substance P and CGRP were measured in airway lavage fluid from mice
chronically exposed to HDM. Similar to acute HDM exposure, substance P
increased in both WT and (-)Eos mice with chronic HDM exposure (Figure 34a),
while CGRP increased only in (-)Eos mice (Figure 34b). These data demonstrate
that neuropeptide expression increases with both acute and chronic airway

inflammation.
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Figure 33. Chronic house dust mite exposure increased airway inflammation. (a)

Total inflammatory cells increased in WT, but not (-)Eos mice, exposed to inhaled

HDM or vehicle for 8 weeks. (b) Eosiophils increased with chronic HDM

exposure. (c) Neutrophils increased with chronic HDM exposure in both WT and

(-)Eos mice. (d) WT mice had more lavage macrophages than (-)Eos mice.

Chronic HDM exposure did not change airway macrophages. (e) Lymphocytes

did not change in WT or (-)Eos mice after chronic HDM exposure. N=5 all

groups.
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Figure 34. Chronic HDM exposure increased airway substance P and CGRP. (a)
Lavage substance P increased in HDM exposed WT and (-)Eos mice. (b) Lavage
CGRP increased only in (-)Eos mice with chronic HDM exposure. N=5 all groups,

except CGRP in (-)Eos HDM, n=4.
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D. Discussion

Asthma is a heterogeneous disease with different underlying mechanisms and
variable patient response to therapies. The need to identify pathobiologic
mechanisms with clinical utility led to the creation of asthma phenotypes and
endotypes, which marries molecular biomarkers with clinical characteristics, lung
physiology, inflammation, histopathology, and treatment response® in hope of
creating improved, personalized treatment options. My data show that different
inflammatory phenotypes, eosinophilic versus neutrophilic inflammation, promote
different pathologic features of asthma. Eosinophilic inflammation causes airway
hyperreactivity and increases nerve substance P, while neutrophilic inflammation

causes vascular leakage and increases nerve CGRP.

Expression of substance P in different tissue compartments is important for
understanding its role in airway hyperreactivity. Lavage substance P was the
same between HDM exposed WT and (-)Eos mice, and vehicle-exposed (-)Eos
mice had more lavage substance P than vehicle-exposed WT mice, yet (-)Eos
were not hyperreactive. In contrast, HDM exposure increased nerve substance P
only in WT mice. Substance P increases cholinergic bronchoconstriction®®® by

289,290

potentiating synaptic transmission through ganglia and facilitating

acetylcholine release®%?2%

, thus nerve-specific and not airway lumen substance
P may potentiate airway hyperreactivity. Conversely, CGRP inhibits substance P

induced smooth muscle contraction®®2. Thus, increased CGRP expression in
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(-)Eos mice may block substance P signaling and prevent airway hyperreactivity.
If that occurred, then neuropeptide balance may be more important than

compartment specific expression of a single neuropeptide.

It was surprising that blocking neurokinin-1 receptors worsened airway
hyperreactivity in HDM exposed WT mice, since inhibiting neurokinin-1 receptors

306 Activation of

in guinea pig models of asthma decreases airway hyperreactivity
afferent sensory nerves can elicit peripheral nerve reflexes to cause NK1-
dependent, NANC relaxation of airway smooth muscle'®®. Substance P also
relaxes pre-contracted airway smooth muscle via epithelial release of
prostaglandins®®*°®”  however this occurs in both mice and guinea pigs and thus
not explain why blocking NK1 has species-specific effects. Different species,

choice of allergen, in vitro versus in vivo model systems, and epithelial / luminal

versus nerve substance P expression make comparing studies difficult.

Neutral endopeptidase and angiotensin-converting enzyme®** degrade
substance P and inhibition of either enzyme potentiates airway responses to
substance P?*>?*®_ Suppression of neutral endopeptidase activity contributes to

254,255 and

airway hyperreactivity and occurs after viral infection®*>, allergen
oxidant exposure®*®?>’. My data show that eosinophilic inflammation suppresses
neutral endopeptidase activity, but not neutrophilic inflammation. Eosinophils

express eosinophil peroxidase and may suppress neutral endopeptidase by

creating hypobromous acid. However, neutral endopeptidase is also suppressed



154

by hypochlorous acid®’. Thus, if oxidants were responsible for neutral
endopeptidase inhibition, phosphoramidon should have potentiated airway
reactivity in mice with either eosinophilic or neutrophilic inflammation. HDM
exposed WT mice had more inflammation than (-)Eos mice, so perhaps the
relative magnitude of inflammation was important for suppression of neutral
endopeptidase in WT mice. Further studies will be needed to clarify why neutral
endopeptidase was inhibited in HDM exposed WT mice and not in HDM exposed

(-)Eos mice.

Neutral endopeptidase degrades other neurotransmitters, such as neurokinin
A%® and bradykinin®*®, thus potentiation of airway responses after inhibition of
neutral endopeptidase cannot solely be attributed to increased substance P.
Several possibilities exist. Neurokinin A more potently causes
bronchoconstriction than substance P?°, thus increased airway hyperreactivity in
HDM exposed WT mice and phosphoramidon treated (-)Eos mice may reflect
increased neurokinin A. Antibodies frequently cross-react with both substance P
and neurokinin A, thus dissecting the biology of these two tachykinins requires
use of antagonists. However, | was unable to test this due to technical difficulties
with solvents for a NK2 receptor antagonist. Another possibility is that the
balance between substance P and CGRP was disrupted in (-)Eos mice. Neutral

P33 and increased

endopeptidase more efficiently degrades substance
substance P can cause mast cell degranulation and subsequent degradation of

CGRP*". Thus, potentiation of airway reactivity in (-)Eos mice may reflect a loss
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of protective CGRP. Measuring CGRP before and after phosphoramidon, or
using NK1 antagonists in (-)Eos treated with phosphoramidon, may further clarify

these questions.

Vascular leakage contributes to airway edema and airflow obstruction in asthma.

CGRP can potentiate substance P-mediated edema®-4°

, presumably due to
vasodilatation and increased local blood volume. Increased vascular leakage in
HDM exposed (-)Eos mice may reflect synergism between elevated airway

CGRP and substance P in these mice.

In summary, my data show that eosinophilic and neutrophilic inflammation
promotes distinct pathologic features of asthma (Figure 35). Eosinophils caused
airway hyperreactivity and increased substance P expression, while neutrophils
caused vascular leakage and increased CGRP expression. Inflammatory
phenotyping of patients with asthma may thus guide therapy choice to selectively

relieve asthma symptoms.
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Figure 35. Schematic of chapter 5. Eosinophilic and neutrophilic airway
inflammation promote different pathologic features of asthma and increase
expression of different neurotransmitters. Eosinophilic inflammation increases
expression of substance P and causes airway hyperreactivity. Neutrophilic
inflammation increases expression of CGRP, does not cause airway
hyperreactivity, but does causes vascular leakage. Eosinophil adapted from

Wikipedia.org. Neutrophil adapted from eosinophil.
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E. Methods

E1. Evan’s Blue Dye Extravasation

For baseline measurements Evan’s Blue extravasation measurements, mice
were euthanized with pentobarbital, a vertical adbdominal incision made and the
descending aorta transected. Mice were perfused with PBS via the right ventricle.
The trachea was dissected free of the lungs, weighed, and placed into 1 mL of
formamide for 48 hours. After 48 hours, the trachea was removed, 100 uL of the
solution placed in a 96 well plate, and absorbance (620nm) measured. For
serotonin-induced extravasation, mice were placed on the ventilator and exposed
to increasing concentrations of inhaled serotonin as decribed in the general
methods section. After physiology experiments, tissues were collected and

analyzed as described for baseline samples.

E2. Statistics

Data graphed as mean + SEM and analyzed using GraphPad Prism 7. Number
of animals used denoted in figure legends. Airway resistance data were analyzed
with a repeated-measures two-way ANOVA. Reported p values represent
interaction term of two-way ANOVA (genotype or treatment x serotonin dose
response). All other data comparing WT and (-)Eos mice were analyzed with a
two-way ANOVA with Sidak’s posttest and reported p values represent post-test
statistical value. IL5tg and HDM exposed WT mice were compared with a two-

tailed, unpaired t-test.
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CHAPTER 6. Summary and Conclusions

Reflex bronchoconstriction is a normal physiologic process (Figure 1), likely
designed to protect the airways from inhaled substances. Reflex
bronchoconstriction is heightened in individuals with asthma'®* and consists of
both persistent responsiveness at baseline and acute hyperreactivity due to
airway inflammation” (Figure 2). Airway hyperreactivity in patients with asthma is
suppressed by inhaled steroids, but seldom to the range of individuals without
asthma®, suggesting permanent structural changes of airway tissue contribute to

persistent hyperresponsiveness.

Airway reactivity varies at birth naturally®, suggesting in utero programming of
baseline airway responses. Parental asthma increases infant airway reactivity®?
and the risk of their child developing asthma®®®*. Genetic inheritance of risk
alleles and shared environments explain only part of this risk since maternal
asthma imposes a greater risk for childhood asthma than paternal disease®. |
hypothesized that maternal allergen exposure causes structural and functional
changes in airway nerves of offspring that are mediated by eosinophils and lead

to airway hyperreactivity.

My data demonstrate that maternal and fetal inflammatory responses increase
lung innervation (Figure 16), enhancing baseline airway responses and airway
inflammation after allergen exposure later in life. These data support my

hypothesis. My data are the first to demonstrate a mechanistic link between
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maternal asthma and offspring airway hyperreactivity, driven by structural
changes in airway nerves. My data also identify IL-5 as a therapeutic target to
prevent airway hyperreactivity in offspring born to mothers with asthma. |
postulate that increased lung innervation in offspring of mothers exposed to HDM
or with elevated IL-5 increase baseline airway responsiveness and sets the stage
for postnatal allergen sensitization and inflammatory cell recruitment to cause
airway hyperreactivity. This is important because heightened airway responses in

early infancy predict later development of asthma in humans®.

My data also demonstrate that fetal eosinophils increase airway epithelial nerve
growth during gestation in response to maternal inflammation, uncovering a
novel role for eosinophils in neurodevelopment. Airway epithelial nerve length
and branching is increased in IL-5 transgenic mice with pulmonary eosinophilia®®
and in asthmatics with eosinophilic inflammation®*®. My data suggest these
changes occur during development, and predispose to asthma development, as

opposed to nerve growth increasing after airway inflammation in adult life. How

eosinophils increase epithelial nerve growth remains unknown.

The airway continues to develop after birth and environmental insults during this
critical window permanently increase airway innervation and reactivity. Eosinophil
dependent nerve growth during gestation was restricted to afferent nerves since
parasympathetic ganglia number were not different between offspring born to WT

mothers compared with offspring born to IL5tg mothers. However, in the
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postnatal period, the role of eosinophils changed. Eosinophils suppressed the
postnatal development and expansion of parasympathetic ganglia (Figure 24).
The postnatal plasticity of these ganglia and ability to respond to eosinophilic
airway inflammation is a novel discovery. The changing role of eosinophils in
structural neurodevelopment suggests that embryonic and postnatal eosinophils
are distinct populations with unique effector functions that differentially change
nerve development. It is also possible that afferent and efferent nerve
development is temporally distinct or that these nerve subtypes respond
differently to inflammatory insults. These ideas remain to be tested. Similarly,
eosinophil dependent suppression of parasympathetic ganglia number is only
correlated with airway hyperreactivity and future work will need to test how

parasympathetic ganglia development influences airway physiology.

Eosinophils changed neurotransmitter expression in addition to nerve structure.
My data demonstrate that eosinophils increase substance P in epithelial nerves,
both during development and after allergen exposure. Offspring from IL5tg
mothers had increased epithelial nerve substance P compared with offspring
from WT mothers at baseline (Figure 10), demonstrating that eosinophilic
inflammation during development causes permanent and lifelong increases in
substance P expression. Nerve growth factor increases neuronal expression of
substance P??°. Nerve growth factor was increased in offspring from IL5tg
mothers (Figure 9 and Figure 11), thus it is possible that eosinophils increase

nerve growth factor secretion from airway epithelium during development, which
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in turn permanently increases nerve substance P. Nerve substance P increases
after allergen challenge in WT offspring from WT mothers (Figure 10), however
there was no increase in offspring exposed to maternal IL-5, suggesting the
population of nerves capable of making substance P is limited and maximally

increased by eosinophils during development.

Eosinophils changed neurotransmitter expression in both afferent epithelial
nerves and efferent parasympathetic ganglia. Similar to nerve structure, the
effect of eosinophils on neurotransmitter expression was different between
gestation and postnatal life. Eosinophils increased epithelial nerve substance P
expression during development, but suppressed substance P expression in
parasympathetic ganglia after birth. Eosinophils also suppressed nNOS and
tyrosine hydroxylase expression by parasympathetic ganglia. These data again
suggest that embryonic and postnatal eosinophils are distinct populations or that
airway afferent and efferent nerves respond differently to eosinophilic
inflammation. Heterogeneous neurotransmitter expression in airway
parasympathetic ganglia has never been described before. | discovered that
these rare neurons expressing substance P, nNOS, and tyrosine hydroxylase
exist, exhibit postnatal plasticity, and respond to eosinophilic airway
inflammation. The contribution of these rare neurons to airway physiology and
the functional significance of reduced neurotransmitter heterogeneity in airway

parasympathetic ganglia are ongoing experiments in the Jacoby laboratory.
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Eosinophil-nerve interactions are not limited to the airway and my work may
translate to other disease states. Maternal HDM exposure is associated with
increased risk of atopic dermatitis in children®'’, an allergic skin disease with
prominent eosinophilia. Intractable itch is a common and debilitating symptom of

d®'® and dependent upon eosinophils in mice?*®

the disease that is nerve-mediate
Nerve length, branching, and nerve substance P are also increased in atopic
dermatitis and reduced with ablation of eosinophils?®’?°°. Thus it is attractive to
speculate that eosinophils increase nerve growth in the skin during development

similar to the airways and this contributes to atopic dermatitis risk and disease

severity.

Eosinophils also reside in healthy and diseased gastrointestinal tissue and
interact with gastrointestinal nerves®'®®?°. Gastrointestinal nerves secrete
eotaxin®'® to actively recruit eosinophils, similar to airway nerves®’?, and
eosinophil recruitment is associated with increased esophageal nerve sensitivity
after oral allergen exposure®®'. These data demonstrate that eosinophil-nerve
interactions are conserved across multiple mucosal sites and contribute to

pathology in several diseases.

Asthma is a heterogeneous disease with variable patient response to therapies.
Understanding how eosinophils change nerve function may ultimately lead to
improved, personalized treatment options. In chapter 5, | found that inflammatory

phenotypes promote different pathologic features of asthma, with different effects
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on airway nerves and airway hyperreactivity (Figure 34). Eosinophilic
inflammation causes airway hyperreactivity and increases nerve substance P,
while neutrophilic inflammation causes vascular leakage and increases nerve
CGRP. Targeted therapies exist for patients with eosinophilic asthma, and my
data show that these patients are most likely to have airway hyperreactivity and
may benefit from nerve directed therapies. In patients with neutrophilic asthma,
my data suggests nerve changes may protect against airway hyperreactivity, and
instead these patients may benefit from therapies that limit airway edema. Much
work is needed to test these hypotheses and whether my work translates to

clinical care of individuals with asthma.

In summary, my data show that maternal asthma increases offspring airway
hyperreactivity by increasing lung innervation. Persistent airway hyperreactivity
thus results from aberrant nerve development, occurring in utero for afferent
nerves and after birth for efferent nerves. These changes are dependent on
gestational and postnatal eosinophils and represent a therapeutic target to

reduce offspring airway hyperreactivity.
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