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ABSTRACT

Asthma exacerbations are episodes of symptoms worsening (i.e., dysnea, cough,
wheezing or chest tightness) that require urgent intervention to prevent a serious out-
come. These usually involve unexpected asthma care, hospitalizations and/or oral cor-
ticosteroids use, and are influenced by a complex interplay of genetic, environmental,
and behavioural factors. Due to the clinical and socio-economic burden of asthma ex-
acerbations, there is a critical need to establish potential biomarkers to guide preven-
tion. This doctoral thesis aimed to identify genetic variants involved in asthma exacer-
bations throughmultiple genomic approaches. A literature search for previous genetic
associations for asthma exacerbations was conducted in order to detect relevant loci to
validate in independent populations with different ancestral backgrounds. Moreover,
in order to explore genetic variation on six genomic regions harbouring genes whose
combined sputum gene expression had been previously shown to predict asthma ex-
acerbations, a candidate-gene association study of asthma exacerbations was con-
ducted. Additionally, a genome-wide association study of asthma with severe exac-
erbations in ethnically diverse children and youth and a multi-ancestry meta-analysis
of genome-wide association studies of asthma exacerbations revealed three novel ge-
netic loci implicated in asthma exacerbations. Likewise, the exploration of genomic
variation by leveraging local ancestry in a context of admixed populations with differ-
ential asthma exacerbations rates uncovered two genetic loci for severe asthma exac-
erbations that may exert ethnic-specific effects. Finally, the functional effects of the
genetic variation on DNA methylation and gene expression were investigated using
public online data bases and whole-blood data from ethnically diverse populations.
Our findings provided insights into the pathogenesis of asthma exacerbations and pri-
oritised potential targets of researchmoving forward precisionmedicine, including the
DNASE1L3, LINC01913, PKDCC, EXTL2, PANK1, DPYSL3, and SCGB3A2 genes.
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1
InTRODuCTIOn

1.1 Asthma

1.1.1 Definition

Asthma is a common heterogeneous disease of the respiratory system character-
ized by chronic inflammation and variable airflow obstruction that may become re-
versible or persistent with the progression of the disease. Asthma symptoms may
manifest by cough, wheeze, breathlessness, and chest tightness (Global Initiative for
Asthma, 2021a).

1.1.2 Epidemiology

The common risk factors for asthma development are age, gender, genetic ances-
try and composition, allergic comorbidities, socioeconomic status, lifestyle factors (e.g.,
sedentary behaviour and obesity) and environmental factors, including early-life expo-
sures. Some of the environmental factors comprise viral infections, tobacco, air pollu-
tion, or allergen exposure (Global Initiative for Asthma, 2021a; British Thoracic Society
and Scottish Intercollegiate Guidelines Network, 2019; Beasley et al., 2015).

Asthma affects 350million people worldwide (GBD 2015 Chronic Respiratory Dis-
ease Collaborators, 2017), and it is estimated to impact up to 400 million people by
2025 (Masoli et al., 2004). It causes 250,000 deaths yearly (D’Amato et al., 2016)
and generates a large burden on quality of life, physical and social functioning, work
productivity and/or school attendance and increases the health care system expendi-
tures (Nunes et al., 2017; Gruffydd-Jones et al., 2019; Oren andMartinez, 2020; Global
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Initiative for Asthma, 2021a; Song et al., 2021). In fact, direct costs driven by asthma
therapies and healthcare utilization as well as indirect costs due to days of school/work
absenteeism are associatedwith asthma severity (Nunes et al., 2017; Song et al., 2020).

Patterns of asthma prevalence and incidence differ across geographical locations,
with asthma prevalence ranging from 0.19% in China to 21% in Australia (To et al.,
2012; Sears, 2014), and by ethnic groups. In particular, admixed populations with
African ancestry, such as Latinos/Hispanics and African Americans, show higher rates of
asthma susceptibility, morbidity, and mortality than non-Hispanic whites (Akinbami
et al., 2012, 2014; Centers for Disease Control and Prevention, 2018). Interestingly,
differences in asthma susceptibility are also observable among ethnic subgroups, with
higher rates of asthma among Puerto Ricans compared toMexicans, which could be re-
lated to differences in their genetic composition due to the specific historical processes
of admixture (Hernandez-Pacheco et al., 2016; Bryc et al., 2015). Although asthma
prevalence has increased since the 1990s, this trend appeared to have plateaued in
many high-income countries in contrast to low- and middle-income countries (Dhar-
mage et al., 2019), where most asthma-related deaths occur (Dharmage et al., 2019).

Although asthma is the most common chronic condition in children, it can de-
velop at any stage of life. In particular, adults show rare asthma remission and higher
rates of asthma mortality compared to children (Dharmage et al., 2019; Trivedi and
Denton, 2019). Asthma prevalence and incidence also vary by biological sex in an age-
dependent manner. During childhood, females exhibit lower asthma prevalence and
incidence, but this trend reverses at adolescence (Shah and Newcomb, 2018).

1.1.3 Diagnosis

The clinical manifestations that characterize asthma are also observable in other
chronic respiratory diseases; therefore, a detailed clinical assessment is required to
establish a differential diagnosis of asthma. The presence of asthma symptoms and
variable airflow obstruction are determined based on questionnaires, physical exami-
nation, pulmonary function tests, and measurements of other biomarkers (i.e., blood
eosinophils count or fractional exhaled nitric oxide levels for eosinophilic inflamma-
tion) (British Thoracic Society and Scottish Intercollegiate Guidelines Network, 2019;
Global Initiative for Asthma, 2021a).

Pulmonary function tests comprise several measures, including forced expiratory
flow in one second (FEV1), forced vital capacity (FVC), their ratio (FEV1/FVC), peak expi-
ratory flow (PEF) (British Thoracic Society and Scottish Intercollegiate Guidelines Net-
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work, 2019; Global Initiative for Asthma, 2021a). Since airflow obstruction in asthma
is variable, normal pulmonary function tests values in a period of asymptomaticity
should not exclude the diagnosis of asthma. This reversibility can be addressed by
a bronchodilator response test, where lung function is measured before and after the
administration of a short-acting bronchodilator (British Thoracic Society and Scottish
Intercollegiate Guidelines Network, 2019; Global Initiative for Asthma, 2021a). How-
ever, spirometrymight not offer reliable results due to the challenges of performing the
technique in children younger than six years old (Beydon et al., 2007). In this context,
recurrent episodes of wheezing, cough, dyspnea or family history could contribute to
the diagnosis (British Thoracic Society and Scottish Intercollegiate Guidelines Network,
2019; Global Initiative for Asthma, 2021a). The presence of some of these symptoms
may indicate a respiratory infection. Therefore, it is relevant to assess the duration of
the symptoms under evidence of confirmed respiratory infection, the number of annual
episodes and the presence of symptoms outside infection episodes (Global Initiative
for Asthma, 2021a). In addition, complementary techniques that assess the presence
of eosinophilic inflammation or atopy along with a therapeutic trial with asthma med-
ication to assess the control of symptoms could contribute to exclude or confirm the
diagnosis of asthma (British Thoracic Society and Scottish Intercollegiate Guidelines
Network, 2019; Global Initiative for Asthma, 2021a).

1.1.4 Pathology and pathophysiology

The diagnosis of asthma acts as an umbrella that comprises a plethora of clinical
manifestations. Some of the most frequent and important asthma phenotypes are
allergic asthma, non-allergic asthma, adult-onset asthma or obesity-related asthma
(Global Initiative for Asthma, 2021a). Investigating specific asthma phenotypes and/or
their related traits, such as Immunoglobulin E (IgE) levels or treatment response, in ho-
mogeneous subgroups of patients may lead to the identification of better biomarkers
with clinical utility.

The complex heterogeneity of asthmamay be explained by different symptoms un-
derlying distinct pathophysiologicalmechanisms. Most patients can be stratified based
on the population of T helper 2 (Th2) cells, type 2 (T2) cytokines, such as interleukins (IL)
(e.g., IL-4, IL-5, IL-9 and IL-13) and eosinophilia. Thesemediators induce IgE production
in basophils and mast cells, which plays a relevant role in the response against aller-
gens, and the subsequent activation and accumulation of eosinophils in the sputum
or peripheral blood. In turn, the eosinophils release effectors that promote diverse pro-
cesses that culminate in airway inflammation and remodeling. The ’T2 high’ subtype is
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characterized by T2 innate lymphoid cells that release IL-5 and IL-3 (Yokoyama, 2019).
Consecutively, IL-5 promotes recruitment and activation of eosinophils (Rothenberg
and Hogan, 2006), whereas IL-13 induces mucus hypersecretion and airway inflam-
mation (Hershey, 2003). The success of most asthma therapies lies in targeting the ’T2
high’ specific profile, which is present in 50-80% of patients with asthma (Yokoyama,
2019). The definition of the ’T2 low’ or non-T2 subtype is not clearly established, there-
fore, it is usually identified by the absence of a T2 high signature. The T2 low profile
may be accompanied by neutrophilic or paucigranulocytic inflammation. Moreover,
two major immune pathways can be observed in non-T2 asthma. The first one involves
type 3 immunitymediated by IL-17, and the second one type 3 immunitymediated by
interferon (IFN). Patients with non-T2 asthma may also exhibit systemic inflammation
with a high IL-6 signature (Fitzpatrick et al., 2020; Sze et al., 2020).

Several physiological events underlie asthma symptoms. Bronchoconstriction is one
of the major pathophysiological events in asthma, and can be triggered by different
stimuli such as allergens, irritants, infections, cold air, or exercise. Tightening of the
airway smooth muscles leads to airway narrowing and the subsequent airflow limita-
tion (U.S. National Heart, Lung, and Blood Institute of the National Institutes of Health,
2007). Notably, bronchoconstriction can promote airway remodeling independently
of inflammation (Grainge et al., 2011). These changes in the smooth muscle may en-
hance airway sensitivity and reactivity to direct or indirect stimuli. Airway hyperrespon-
siveness is frequently present under the context of chronic inflammation, although it
can be triggered by acute transient inflammation (Meurs et al., 2008) and indepen-
dently of an inflammatory allergic response (Kalotas et al., 2021).

The respiratory epithelium is not only the frontline physical barrier but a functional
and immunologic boundary to protect the host against allergens, pollutants or mi-
crobes. Briefly, the airway epithelium recognizes patterns associated with these dam-
aging agents and triggers the secretion of pro-inflammatory mediators and the re-
cruitment of immunoglobulins. Moreover, patients with asthma may exhibit airway
wall thickening, mucus hypersecretion and hyperplasia of mucous glands in the airway
epithelium, which leads the deregulation of the machinery of mucociliary clearance
(Frey et al., 2020; Niimi et al., 2000). Airway remodeling comprises a compendium of
structural changes in the airways, including thickening of the reticular basementmem-
brane, subepithelial fibrosis, airway smooth muscle hypertrophy and hyperplasia, en-
hanced airway vascularity, mucus hypersecretion, and mucous gland hyperplasia (U.S.
National Heart, Lung, and Blood Institute of the National Institutes of Health, 2007).
Airway epithelial cells regulate the morphological status of airway smooth muscle via
cytokines and contractile agonists. Moreover, they also chemically induce fibroblasts
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and myofibroblasts to prompt the secretion of extracellular matrix proteins that con-
tribute to structural changes in the airways and fibroblast-to-myofibroblast transition,
eventually leading to subepithelial fibrosis (Hough et al., 2020). It is hypothesized that
airway remodeling alters the threshold above which asthma flare-ups are triggered
through narrowing of the airways, which also affects lung function (Krings et al., 2021;
Winkler and Frey, 2021). Although airway remodeling can occur as a repair response
to chronic inflammation, it can also occur due to abnormal lung development inde-
pendently of inflammation processes (Grainge et al., 2011; Fehrenbach et al., 2017).

Airway epithelial barrier deregulation enhances the translocation of exogenous dam-
aging agents, usually accompanied by chronic local inflammation. Interestingly, mi-
crobial dysbiosis may alter relevant functions in the immune response. For example,
the gut decline in taxa that produces short-chain fatty acids increases susceptibility to
asthma (Boutin et al., 2021) and can lead to alterations in the inflammatory and im-
mune response via the gut-lung axis (Enaud et al., 2020). Despite the fact that most
of the microbes present in the lung are bacteria, these interplay with other microbial
communities to modulate their roles (Liu et al., 2020; Boutin et al., 2021).

1.2 Asthma exacerbations

1.2.1 Definition

Asthma patients can experience the worsening of their usual day-to-day asthma
symptoms (coughing, wheezing, dyspnea, chest tightness, and/or nighttime awaken-
ings) that can lead to absences to school or work, seeking acute asthma care, use of
oral corticosteroids (OCS), hospitalizations, or even death (Global Initiative for Asthma,
2021a). These events, known as asthma exacerbations (AEs) or flare-ups, have been
heterogeneously defined in the literature.

In order to standardize the definition of AEs, a task force designated by the Ameri-
can Thoracic Society and the European Respiratory Society (ATS/ERS) convened on the
definition of AEs based on their severity. Severe AEs were defined by asthma-related
hospitalizations or emergency room visits requiring corticosteroids or, alternatively, the
use of corticosteroids for at least three days to prevent a serious outcome. Moderate
exacerbations were defined by worsening of the usual day-to-day symptoms or lung
function and/or increased rescue bronchodilator use for at least two days. These events
usually require a change in treatment but not the use of oral corticosteroids, hospital-
izations, or emergency room visits (Reddel et al., 2009). More recently, a task force
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organized by the ERS and the European Academy of Allergy and Clinical Immunology
(EAACI) suggested that the use of systemic corticosteroids for at least five days might
be more clinically relevant in severe AEs (Bourdin et al., 2019). However, this is a sub-
jective utilization-based criteria that relies on the perception of the patient and/or the
clinicians rather than in clinical or physiological parameters.

Given the complexity of defining AEs, some guidelines aim to establish more objec-
tive criteria to determine the severity of the exacerbations that could guide pharma-
cological management of the exacerbation (Table 1). The Global Initiative for Asthma
(GINA) defines exacerbations as ”episodes characterised by a progressive increase in
symptoms of shortness of breath, cough, wheezing or chest tightness and progressive
decrease in lung function, i.e., they represent a change from the patient’s usual sta-
tus that is sufficient to require a change in treatment” (Global Initiative for Asthma,
2021a). This guideline provides separate definitions of AEs for children aged five years
or younger and for children aged 6 years or more and adults, based on symptoms,
clinical findings, and lung function. In the former age group, lung function is not con-
sidered because of the difficulty of applying this technique reliably (Beydon et al.,
2007). Moreover, the British Thoracic Society and the Scottish Intercollegiate Guide-
lines Network (BTS/SIGN) also clarifies the principles to determine the severity of the
exacerbation based on symptoms and clinical findings.
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8 Introduction

1.2.2 Socio-economic burden

Similar to asthma prevalence, exacerbation rates vary widely among geographical
locations and ethnic groups. In the United States, African Americans and Puerto Ricans
show an increased number of hospitalizations, emergency department, and/or urgent
care center visits due to asthma compared to Whites (Akinbami et al., 2012; Oraka
et al., 2013; Akinbami et al., 2014; Rosser et al., 2014). In Europe, the rates of AEs
are higher in Southern European countries (Henneberger et al., 2010; Engelkes et al.,
2020a). Overall, the annual rate of AEs in the United States and Europe is around 0̃.1-
0.2 per patient with asthma (Suruki et al., 2017; Bloom et al., 2019; Engelkes et al.,
2020a; de Roos et al., 2021), increases with the severity of the disease (Suruki et al.,
2017; Engelkes et al., 2020a), and reaches 0,67 adults treated with a high dose of
inhaled corticosteroids (Schatz et al., 2014).

AEs increase the risk of mortality among asthma patients (Ali et al., 2013; En-
gelkes et al., 2020b). The in-hospital mortality following admission due to AEs is ap-
proximately 0.2-1.5% (Krishnan et al., 2006; Strid et al., 2013; Engelkes et al., 2020b).
Since there are no significant differences in the in-hospitalmortality rate among African
Americans and European-descent patients with asthma, the elevated overall mortality
among African Americans may be explained due to out-of-hospital deaths (Krishnan
et al., 2006).

The burden of AEs includes reduced quality of life in patients with moderate, se-
vere or difficult-to-treat asthma (Lloyd et al., 2007; Luskin et al., 2014; Chipps et al.,
2018), related to the severity of the exacerbation (Chipps et al., 2018), and also ex-
tends to alterations of the psychological state of the caregivers (Rastogi et al., 2013).
Nowadays, management of AEs causes high average annual expenditures for total and
asthma-related healthcare (Ivanova et al., 2012) that increases with the severity of the
exacerbation (Suruki et al., 2017), particularly in secondary care (Lane et al., 2006).

1.2.3 Risk factors

The complexity of AEs could be addressed from a perspective in which different
elements interplay. Risk factors predispose to a greater susceptibility to these events,
whereas exposure to certain agents or stimuli known as ”triggers” may precipitate ex-
acerbations. Additionally, the presence of comorbidities can affect the progression or
severity of the episode. In fact, some factors can belong to different categories (e.g.,
smoking can trigger and predispose to AEs) (Ioachimescu and Desai, 2019).
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Numerous risk factors for AEs have been described, but not all of them are strong
predictors for AEs or have been validated across cohorts. Risk factors for AEs have been
discussed in depth elsewhere (Rosser et al., 2014; Puranik et al., 2017; Martin et al.,
2020; Navanandan et al., 2021). The fact that the strongest risk factor and best predic-
tor of exacerbations to date is having had a previous one, particularly in the last year,
suggests that susceptibility to AEs is determined by heterogeneousmechanismswhere
genetics, behavioural, and environmental factors interplay (Ramsahai et al., 2019; Mar-
tin et al., 2020; di Palmo et al., 2021). The genetics of AEs will be discussed in epigraph
1.2.6.

AEs occur more frequently in patients with severe asthma, albeit patients with mild
asthma, which account up to 70%of asthmatics, also suffer exacerbations (Nunes et al.,
2017; Suruki et al., 2017; Bloom et al., 2019; Global Initiative for Asthma, 2021a). De-
spite asthma severity and control are recognized as a risk factors for AEs, their predictive
capability is limited (Martin et al., 2020; Navanandan et al., 2021). In fact, predictor of
persistent asthma symptoms differs from those for AEs per se (Wu et al., 2011).

In the United States, minority groups at high risk of asthma exhibit differential exac-
erbation rates (Akinbami et al., 2012; Oraka et al., 2013; Akinbami et al., 2014; Rosser
et al., 2014). Additionally, African American pediatric patients with AEs are more
likely to incur on intensive care units (ICU) use and longer lengths of stay compared
to European-descent patients in the context of public insurance (Silber et al., 2017;
Grunwell et al., 2018). Similarly, ICU admissions are higher among African Americans
than in Latinos (Lee et al., 2020a). Interestingly, African ancestry has been associated
with higher risk of AEs defined as burst oral steroid use, hospitalization, and/or emer-
gency department visits in the previous year among African American children and
young adults (Rumpel et al., 2012) and in African-descent individuals in the United
States (Grossman et al., 2019). However, an 18-month longitudinal study did not find
significant association between African ancestry and the risk of AEs in the past three
months prior to each follow-up visit in African American children and adults (Flores
et al., 2012). Moreover, African ancestry was not significantly associated with acute
asthma care and/or hospitalization in Puerto Rican children with asthma (Brehm et al.,
2012). Although lower socioeconomic status is associated with increased risk of AEs,
it does not fully account for the association between genetic ancestry and asthma
outcomes (Grossman et al., 2019; Ramsahai et al., 2019).

Younger age is also associated with higher risk for severe AEs in pediatric asthma
(Engelkes et al., 2020a), whereas older age among adults is likely to increase the risk
for AEs (Kang et al., 2018; Racine et al., 2021). Nonetheless, pediatric patients with
asthma are more likely to suffer exacerbations than adults (Akinbami et al., 2012).
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The risk of exacerbations is heightened by comorbidities such as chronic rhinitis and
gastroesophageal reflux disease (Martin et al., 2020). Kang et al. (2018) found that
age and comorbidities are relevant risk factors for AEs in mild asthma, whereas drug
adherence and prior hospitalizations are most important in severe asthma. However,
rhinosinusitis and gastroesophageal reflux disease were associated with the frequency
of exacerbation in an asthma cohort where 60% of the patients had severe asthma
(Denlinger et al., 2017). Some studies have also found that obese individuals are af-
fected by an increased risk for AEs (Black et al., 2013; Schatz et al., 2013; Denlinger
et al., 2017; Longo et al., 2018), and the response to budesonide measured as exacer-
bations (Forno et al., 2011).

A similar age-dependent trend for the effect of sex on asthma is observed for AEs.
Adult females exhibit higher odds of experiencing AEs compared to their male coun-
terpart while boys are more likely to undergo exacerbations than young girls (Tatters-
field et al., 1999; Sears, 2008; Kynyk et al., 2011; Patel et al., 2014). In fact, adult
women who present at the emergency department with acute asthma are more likely
to be admitted than males despite having better lung function (Trawick et al., 2001;
Chasm et al., 2015; Kang et al., 2018). Regardless of the age group, females are more
susceptible to have longer hospital stays (Hasegawa et al., 2015).

The presence of T2 airway inflammation, measured as high blood eosinophil count
(Malinovschi et al., 2013; Price et al., 2015; Denlinger et al., 2017; di Palmo et al.,
2021), is also recognized as a risk factor for AEs. In fact, sputum and blood eosinophil
counts are predictors of life-threatening or moderate-to-severe AEs (Esmaeilzadeh
et al., 2021). Semprini et al. (2018); Briggs et al. (2021) found that T2 biomark-
ers affected the risk of severe exacerbations in severe refractory asthma rather than
in mild or moderate asthma. In regards to the effect of exhaled nitric oxide on AEs,
heterogeneous evidence has been described for this biomarker for eosinophilic airway
inflammation (di Palmo et al., 2021). Additionally, neutrophils play an important role
at Th2 cytokines-mediated eosinophil recruitment in rhinovirus-induced AEs (Busse,
2017). Interestingly, neutrophilia has been associated with more frequent exacerba-
tions, although the event’s severity is lower compared to those reported in asthma
patients with eosinophilia (Syabbalo, 2020). In addition, the neutrophil–lymphocyte
ratio, an indicator of systemic inflammation is also associated with increased risk for
AEs (Esmaeilzadeh et al., 2021)

Patterns of medium- and long-term lung function suggested that AEs have been
associated with an accelerated deficit of lung function, measured as peak expiratory
flow and pre and/or post-bronchodilator FEV1, in adults and children (Bai et al., 2007;
O’Byrne et al., 2009; O’Brian et al., 2012; Briggs et al., 2021; Major et al., 2021). A
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recent longitudinal study that followed European patients with asthma from infancy
through childhood found that exacerbators had increased airway resistance and exhib-
ited a decline inmaximalmid-expiratory flow compared to non-exacerbators. However,
no significant differences were found for pre-bronchodilator FEV1, and no significant
changes on the lung function trajectories were found prior and after exacerbations. All
this together suggests that airway obstruction is likely to mediate the risk of exacerba-
tions, instead of being the consequence of these events (Hallas et al., 2020).

1.2.4 Triggers

Triggers for AEs can be differentiated based on their allergic or non-allergic nature
(Ioachimescu andDesai, 2019). Allergic triggers include outdoor and indoor exposures.
Regarding the outdoor allergen exposure, it is worth noting that the spring peaks of
asthma-related emergency room visits and hospitalization correlates with events of
high grass pollen counts and humidity (Erbas et al., 2018; Silver et al., 2018). These
acute episodes of thunderstorm asthma are likely to increase T2 airway inflammation.
Indoor exposures including allergic sensitization to dust mites or pests are also associ-
ated with higher odds for AEs. Non-allergic triggers include respiratory infections, to-
bacco smoke, emotional factors, treatment adherence and air pollution (Ioachimescu
and Desai, 2019).

Viral infections are recognized as the main trigger of AEs. In the pediatric popula-
tion, rhinoviruses are the most frequent viral trigger. In particular, rhinovirus C (RV-C)
is commonly detected in children with AEs in the back-to-school period, whereas rhi-
novirus A is the most prevalent in adults. Nonetheless, the influenza virus is the most
commonly detected virus among adults with exacerbations, particularly in winter (Pa-
padopoulos et al., 2011; Ramsahai et al., 2019). Although AEs may be triggered by
fungal (e.g., Aspergillus) or bacterial agents, the role of the microbiota in AEs remains
scarcely explored (Fazlollahi et al., 2018; McCauley et al., 2019; Ramsahai et al., 2019;
Zhou et al., 2019).

Smoking exposure, either by self-smoking or second-hand smoking, is associated
with higher odds of AEs (Ioachimescu and Desai, 2019). In Latinos and African Amer-
icans asthma, second-hand smoking has been associated with poor asthma control
and increased risk for AEs even in children with low plasma cotinine levels (Neophy-
tou et al., 2018)

Poor adherence to asthma controllers is associated with higher odds of AEs in chil-
dren and adults (Engelkes et al., 2015). In fact, controller non-adherence in asthma is
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high (Engelkes et al., 2015), which could be explained by several factors such as the
patient’s perceptions, concerns about side effects and social stigma (De Simoni et al.,
2017). Moreover, the psychological status of the patient may also trigger AEs. Stress,
anxiety, or depressive symptoms have been consistently associated with increased risk
and frequency of AEs in adolescents and adults (Ritz et al., 2016; de Roos et al., 2021).

Increased exposure to asthma triggers is associated with the frequency and sever-
ity of the exacerbation and lower quality of life (Luskin et al., 2014; Ritz et al., 2016;
Chipps et al., 2018). Interestingly, AEs declined during the coronavirus disease 2019
(COVID-19) regardless of sex, age group, ethnicity, or geographical location (Lam et al.,
2021; Salciccioli et al., 2021; Shah et al., 2021). Individuals that usually worked out-
side of their home and those without T2 inflammation showed the greatest decrease
(Salciccioli et al., 2021), which may indicate the benefit of trigger avoidance. This de-
creasemay be also partially explained by improved self-management of the symptoms
or increased in-home management of the exacerbation to avoid in-person health care
contact. However, Salciccioli et al. (2021) found no relevant differences between re-
mote and in-person care. Moreover, the trend remained significant after controlling
for air quality values, which questions the relevance of air pollution as an AEs trigger
(Salciccioli et al., 2021).

1.2.5 Management

Pre-hospital management of AEs focuses on the prevention of these events via
pharmacological and non-pharmacological interventions. The latter type of interven-
tion includes avoidance of trigger exposures, preventive vaccination (e.g., influenza virus
vaccine), regular exercise (Murray et al., 2021), as well as educational initiatives and
clinical monitoring. The role of the caregiver is essential in the prevention and man-
agement of these events. For example, the caregiver perception of the child’s asthma
control, independent of the guidelines assessment, predicted the risk for future ex-
acerbations in low-income minority children with persistent asthma (Kochis et al.,
2019). Moreover, a high percentage of the caregivers may not provide adequate in-
home management of the events (Yeung et al., 2018). Educational interventions,
guided self-management, and other preventive care (e.g., well care center visits) con-
tribute to significantly decreasing the risk of AEs and their frequency (Rastogi et al.,
2013; Utidjian et al., 2017; Hodkinson et al., 2020; Kenyon et al., 2020; Lang et al.,
2020; Nanishi et al., 2021).

Pharmacological treatment in asthma considers two types of medication according
to the time they exert their effects: reliever or rescue medications, which offers a quick
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relief of the symptoms, and controller medications that require routine use for long-
term effects on asthma control. The backbone of the reliever therapies in children aged
6 years or older, adolescents and adults according to current guidelines is a combina-
tion of inhaled corticosteroids (ICS) and formoterol, long-acting beta2-adrenergic re-
ceptor agonists (LABAs), or alternatively, use short-acting beta2-adrenergic receptor ag-
onists (SABAs), which shows reduced power to control AEs compared to the first ther-
apy (British Thoracic Society and Scottish Intercollegiate Guidelines Network, 2019;
Global Initiative for Asthma, 2021a). ICS amelioriate AEs characterized by eosinophilia,
but has not shown significant effects in non-eosinophilic exacerbations (Jayaram, 2006).
This is likely due to the reduction of T2 inflammatory gene expression via the gluco-
corticoid receptor (Ramadan et al., 2019). Additionally, LABA is thought to reduce the
exacerbation via synergistic effects with ICS on airway inflammation and remodeling
(Kelly et al., 2010). Alternatively, short-term administration of OCS could be used for
quick amelioration of asthma symptoms, albeit side-effects are expected (British Tho-
racic Society and Scottish Intercollegiate Guidelines Network, 2019; Global Initiative
for Asthma, 2021a). The most commonly prescribed controller medications in asthma
are ICS, LABAs and leukotriene receptor antagonists (LTRAs), although LABAs are only
recommended in children aged six years or older (British Thoracic Society and Scottish
Intercollegiate Guidelines Network, 2019; Global Initiative for Asthma, 2021a).

In severe asthma, other treatments can be considered on a patient-by-patient basis
when the standard approach does not provide adequate control. Long-acting mus-
carinic antagonists may be used as an alternative treatment in eighteen years or older
patients (Global Initiative for Asthma, 2021a). Moreover, in adults with severe persis-
tent asthma, the macrolide antibiotic azithromycin reduces the risk of exacerbations
likely due to anti-infective and anti-inflammatory effects (Gibson et al., 2019). Bio-
logical therapies with different monoclonal antibodies targeting components of T2
inflammation have been shown to effectively reduce the risk of AEs for different sub-
types of severe asthma (British Thoracic Society and Scottish Intercollegiate Guidelines
Network, 2019; Global Initiative for Asthma, 2021a). The most common monoclonal
antibodies are omalizumab, mepolizumab, and dupilumab. Omalizumab joins to free
IgE and, therefore, blocks the interaction with the IgE receptor in basophils and mast
cells, and reduces the subsequent allergen-induced cell activation. In addition, block-
ing IgE enhances IFN-𝛼 response to viral infections, which could exert a protective effect
against viral-induced AEs (Cardet and Casale, 2019). Mepolizumab, a monoclonal an-
tibody against IL-5, reduces AEs, likely by decreasing the IL5-mediated recruitment of
eosinophils (Shrimanker et al., 2018). Dupilumab reduces AEs in patients with and
without eosinophilia via blockage of the action of IL-4 and IL-13 (Wenzel et al., 2016).
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Currently, there is no evidence that dupilumab and mepolizumab may play a role in
virus-induced exacerbations.

The practices for pharmacological interventions are standardized by international
or national guidelines for asthma management that describe step-wise treatment ap-
proaches to reduce and control asthma symptoms, and prevent AEs. After initial as-
sessment of the symptoms control, lung function, risk of exacerbations, medication
side-effects, the appropriate therapeutic step is determined and re-assessed up to
three months later (or before, based on the severity of the symptoms) if symptoms
control is not achieved (Global Initiative for Asthma, 2021a).

Despite the evidence-based step-wise approaches proposed by these guidelines
are constantly updated (British Thoracic Society and Scottish Intercollegiate Guide-
lines Network, 2019; Global Initiative for Asthma, 2021a), this doctoral thesis includes
studies with data from patients with asthma recruited in different studies worldwide
that have been treated following specific version of the guidelines based on their re-
cruitment period. These include BTS/SIGN 2014 (British Thoracic Society and Scottish
Intercollegiate Guidelines Network, 2014) and GINA 2006-2014 (Global Initiative for
Asthma, 2021b) guidelines along with the Expert panel report 3 for the Diagnosis
and Management of Asthma 2007 from the United States National Asthma Educa-
tion and Prevention Program (NAEPP) (U.S. National Heart, Lung, and Blood Institute
of the National Institutes of Health, 2007). Figure 1 depicts the step-wise pharmaco-
logical strategy recommended by the BTS/SIGN 2014, which was followed in most of
the studies included in this doctoral thesis.

Management of AEs in care facilities is guided by the severity of the exacerbation
and differs by age group and clinical setting. GINA addresses management of exac-
erbations in primary care and acute care facilities, while BTS/SIGN differentiates be-
tween general practice, emergency room and hospital. After the initial assessment
to determine the severity of the exacerbation, an immediate treatment is established.
Then, the patients should be monitored frequently to assess their progress via lung
function, symptoms and clinical findings. If the exacerbation recedes, then discharge,
treatment modification and subsequent follow-ups are considered. When the exacer-
bation status does not improve, treatment should be continued and transferred to a
high-level care if needed. Treatment of acute asthma flare-ups consider primarily ther-
apies that attenuates airway obstruction and inflammation. If evidence of respiratory
infection exists, antibiotics could also be considered. Apart from the medication men-
tioned above and/or adjustment on the dose of each therapy, other alternative and/or
complementary treatments could be contemplated on a patient-basis. These include
magnesium to promote smooth muscle relaxation and subsequent bronchodilation,
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Figure 1. Step-wise pharmacological approach to control asthma symptoms and
prevent exacerbations, according to the BTS/SIGN 2014 guidelines. Treatment
dosages are represented by arrows as follows: high (↑), medium(—) and low (↓). * Chil-
dren <2 years old; † Children <5 years old; ‡ Children ≥ 5 years old and adults; § Patients
in LABA therapy who exhibit some benefits but inadequate control; ll Non-responders
to LABA therapy. Based on British Thoracic Society and Scottish Intercollegiate Guide-
lines Network (2014). ICS: inhaled corticosteroids; LABA: long-acting beta2 agonists;
LTRA: leukotriene receptor antagonists; SABA: short-acting beta2 agonists.

supplemental oxygen therapy, or epinephrine in case of anaphylaxis or angioedema
(British Thoracic Society and Scottish Intercollegiate Guidelines Network, 2019; Global
Initiative for Asthma, 2021a).

1.2.6 Genetics

AEs constitute a huge burden on asthma patients, their caregivers and the health
system (Nunes et al., 2017; Gruffydd-Jones et al., 2019; Oren and Martinez, 2020;
Song et al., 2020; Global Initiative for Asthma, 2021a; Song et al., 2021). However, to
date, the best predictor of AEs is having had one before, particularly in the previous
year (Ramsahai et al., 2019; Martin et al., 2020; di Palmo et al., 2021). Therefore,
the identification of subgroups of patients at high risk of AEs is a crucial and urgent
need in the clinical setting. In this context, genetic research aims to understand the
association of AEs and the genetic variability throughout the genome. Moving forward
for therapeutics development and to the application of precision medicine into the
clinical practice, identifying genetic markers associated with AEs that can be used to
discriminate patients at risk of suffering these events for preventive purposes, as well
as identify underlying biological mechanisms is a priority (di Palmo et al., 2021).
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A large number of genetic loci for AEs has been uncovered by different genomic
approaches (Figure 2). These comprised candidate-gene association studies, genome-
wide association studies (GWAS) and combination with other -omics. Moreover, some
of these focused on the role of gene-environment interactions on AEs or have analyzed
AEs as an outcome of asthma treatment response.

Figure 2. Circos plot for genetic loci for AEs. The first track shows the heatmap for
the minor allele frequency in the superpopulations from the KGP (from outer to inner:
African admixed, American admixed, East Asian, European and South Asian popula-
tions). The second track shows the samples size per study type by color (Candidate-
gene study: yellow; GWAS: red; Pharmacogenetic study: pink; Gene-environment in-
teraction: green) and form (Candidate gene study: triangle; GWAS: circle; Combination
with other omics: square).
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Some of these studies aimed to untangle the regulatory effects of the relevant loci.
Genetic variationmay cause epigenetic changes, such as DNAmethylation and histone
modification, that alter DNA accessibility and chromatin structure. In turn, these epige-
netic changes may result in alteration in gene and protein expression levels. Moreover,
transcriptional and cotranscriptional processes controlled by genetic variation can also
regulate gene and protein expression levels (Figure 3) (Pai et al., 2015; Ye et al., 2020).

Figure 3. Effects of genetic variation on DNA methylation, gene and protein ex-
pression. First, genetic variants can exert epigenetic modifications via different mech-
anisms: i) Multiple types of histone modifications, such as (tri-) methylation of lysine 3,
9, or 27 of histone 3 (H3K4me, H3K4me3, H3K9me3, H3K27me3) and acetylation of
lysine 9 and 27 of histone 3 (H3K9ac, H3K27ac); ii) DNA methylation modifications,
which occurs more frequently at CpG sites; and iii) Regulatory elements (Transcrip-
tion factors, enhancer activity, open chromatin regions, DNAse I hypersensitivity sites,
…). These changes may also modulate gene expression. Furthermore, genetic variants
can regulate gene and protein expression following several mechanisms: iv) Transcrip-
tional factor binding; v) Transcriptional elongation (by Polymerase III traveling rates); vi)
pre-mRNA processing and modification; vii) Post-transcriptional mRNA processing, in-
cluding mRNA degradation, effects in polyadenylation, and targeting by miRNAs; and
viii) Post-transcriptional and translational mechanisms where mRNA expression levels
may impact downstream protein products. Based on Pai et al. (2015); Ye et al. (2020).
CpG: CpG site, a region of the genome where a cytosine nucleotide is followed by a
guanine nucleotide in the linear sequence of bases along its 5’ → 3’ direction; mRNA:
messenger RNA.

The role of genetic variation on DNA methylation and gene expression can be ex-
plored by means of quantitative trait locus (QTL) mapping. In particular, expression
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quantitative trait loci (eQTL) analyses investigate the association of genotypes and vari-
ation in gene expression levels, whereas methylation quantitative trait loci (meQTL)
analysis focus on the association of genotypes and DNA methylation at 5′-cytosine-
phosphate-guanine-3′ dinucleotide (CpG) sites. Besides, expression quantitative trait
methylation (eQTM) analyses assess the association of DNA methylation and gene ex-
pression levels (Figure 4).

Figure 4. Combination of different -omic and clinical layers to understand the role
of genetic variation on DNA methylation and gene expression. The association of
genetic variation with a specific trait, DNA methylation or gene expression is assessed
by GWAS, epigenome-wide association studies (EWAS) and transcriptome-wide asso-
ciation studies (TWAS). In addition, a regulatory genetic variants can exert effects over
DNA methylation (meQTL) and/or gene expression (eQTL). Moreover, DNA methylation
levels at a specific chromosomal position may regulate gene expression levels (eQTM).

1.2.6.1 Candidate-gene studies

Candidate-gene studies have been the most common strategy in the search of ge-
netic predictors of AEs. These types of genetic analyses focus on a limited set of genetic
variants locatedwithin or close to genes that are hypothesized to be involved in the trait
of interest because of their previously known roles (Duncan et al., 2019). Although the
catalog of human genetic variation is wide, candidate-gene studies have usually inves-
tigated single nucleotide polymorphisms (SNPs), which are changes of one nucleotide
in the DNA sequence that occurs with a minor allele frequency (MAF) equal or higher
than 1% in the general population (Ku et al., 2010).

Due to the hypothesis-driven nature of these studies, it is not surprising that most
of candidate-gene studies of AEs have assessed genetic variation within genes previ-
ously implicated in childhood-onset asthma (e.g., the 17q12-21 locus) and/or asthma-
related processes, such as type-2 inflammation (e.g., IL-33, IL4RA and IL1RL1), lympho-
cyte B growth and IgE production (FCER2), or treatment response (ADRB2), among
others (di Palmo et al., 2021). However, this hypothesis-driven strategy is not exempted
of limitations, including the identification of low effect variants, low likehood of reveal-
ing new biological mechanisms involved in the trait of interest, or lack of reproducibility
(Duncan et al., 2019).
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1.2.6.2 Genome-wide association studies

The advent of genotyping platforms that improved the genetic coverage through-
out the genome led to the development of hypothesis-free GWAS. This analytical ap-
proach also relies on a procedure called ’imputation’ to increase the genome-wide
coverage based on haplotype reconstruction using the correlation between genetic
variants (usually estimated from reference panels that gather the linkage disequilib-
rium [LD] structure from up to hundreds of thousands of individuals worldwide to date)
(Quick et al., 2020).

The first genome-wide scan of AEs focused on the interaction of genetic variants
with vitamin D levels on AEs in 403 non-Hispanic White subjects and trios (Du et al.,
2012). The homozygous genotype for the A allele of rs2272094 (CRTAM) increased
the rate of AEs in patients with low vitamin D levels (≤30 ng/mL) and CRTAM gene
expression in the presence of vitamin D. The authors suggested that CRTAM may play
a role through CD8+ and NKT cells during viral infections.

Additionally, a GWAS in Danish children younger than six years old compared 1,173
asthmapatients with recurrent asthma-related hospitalizations and2,522 non-asthma
controls. This specific strategy comparing extreme phenotypes flagged rs6967330
(CDHR3) as a novel susceptibility locus for asthma with exacerbations (Bønnelykke
et al., 2014). CDHR3 is the only known receptor for RV-C and a driver of cilia differen-
tiation in airway epithelium (Lutter and Ravanetti, 2019). The risk allele (A) for asthma
with recurrent hospitalizations enhances CDHR3 gene and protein expression, which
in turn increases RV-C binding and replication (Basnet et al., 2019; Everman et al.,
2019).

A GWAS of 5 day-use of oral steroids in two pediatric clinical trials revealed a locus
in CTNNA3 that failed to be replicated in an independent study. One SNP at this region
was associatedwithCTNNA3 gene expression in CD4+ T lymphocytes (McGeachie et al.,
2015).

Yan et al. (2021b) conducted a genome-wide association study of asthma hos-
pitalizations in 34,167 white British adults with asthma from the United Kingdom
Biobank (UK Biobank). Interestingly, the authors described a novel genetic association
for AEs in a gene previously associated with asthma and atopy (Johansson et al., 2019).
Specifically, the A allele of rs56151658HLA-DQB1was genome-wide associated with
increased odds of hospitalizations for asthma. Additionally, genetic variation in strong
LD (r2≥0.9) with rs56151658 regulated the expression of several Human leukocyte
antigen class II genes in lung tissue and airway epithelium.
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The same authors performed a meta-analysis of GWAS of AEs including 4,010 His-
panic/Latino children and youth with asthma. In this analysis, the SNP rs2253681
(FLJ22447) was significantly associated with severe exacerbations at genome-wide
level. The risk allele (A) of rs2253681 exerted meQTL effects on a CpG site nearby
(cg21115391) by increasing DNA methylation levels in nasal epithelium. In turn,
cg21115391 acted as an expression quantitative trait methylation (eQTM) probe that
enhanced KCNJ2-AS1 gene expression (Yan et al., 2021a). Although the specific func-
tions of both long non-coding RNAs remain unknown, FLI22447 is known to increase
interleukin 33 levels and fibroblast expression of several proteins involved in airway
remodeling, including vimentin and N-cadherin (Ding et al., 2018).

1.2.6.3 Pharmacogenomic studies

The rest of the GWAS published focused on pharmacogenomics of AEs, including
four GWAS in asthma patients under ICS treatment (Dahlin et al., 2015; Hernandez-
Pacheco et al., 2019; Dahlin et al., 2020; Hernandez-Pacheco et al., 2021). These
have revealed suggestive evidence for association in genes implicated in viral infection
(CMTR1, Dahlin et al. (2015)) and APOBEC3B/APOBEC3C, Hernandez-Pacheco et al.
(2019)), baseline lung function (CACNA2D3, Hernandez-Pacheco et al. (2021)), bron-
chodilator responsiveness (CACNA2D3, Lutz et al. (2015)), or the Wingless/integrase
1 signaling (WNT5A, Hernandez-Pacheco et al. (2021)). Moreover, two genome-wide
significant age-by-genotype interactions on AEs despite ICS use were located within
genes participating in angiogenesis, lung function and COPD (THSD4), and inflamma-
tory, immune, and glucocorticoid response (HIVEP2) (Dahlin et al., 2020). Addition-
ally, one study identified two suggestive genetic loci for AEs in asthma patients us-
ing long‐acting beta2‐agonists (Slob et al., 2021) within genes previously involved in
lung function (TBX3, Soler Artigas et al. (2015)) and response to short beta2-agonists
(EPHA7, Hardin et al. (2016)).

More recently, the combined analyses including genetic variation and gene expres-
sion data have been used to identify genetic variants associated with AEs. One study
conducted an eQTL analysis evaluating the role of genetic variation on gene expres-
sion of 352 genes differentially expressed in peripheral blood under respiratory syn-
cytial virus infection (Tsai et al., 2020a). One variant within CEACAM3 regulated the
effects of the latent infection on AEs and modified CEACAM3 gene expression in lung
tissue (Tsai et al., 2020a). Moreover, in order to identify relevant genes for a follow-
up candidate-gene study, Hernandez‐Pacheco et al. (2021) conducted an analysis of
differential expression in lung, airway smooth muscle and peripheral blood mononu-



1.2 Asthma exacerbations 21

clear in response to ICS treatment. Genetic variation within one of the six differentially
expressed genes identified across different tissues (LTBP1) was significantly associated
with AEs despite ICS use in Europeans and admixed populations at high risk of asthma.

1.2.6.4 Next-generation sequencing-based approaches

None of the genetic studies of AEs published up to date of the writing has imple-
mented next-generation sequencing (NGS) -based approaches to analyse the contri-
bution of common (MAF≥0.05), low-frequency (0.01≤MAF<0.05), or rare (MAF<0.01)
variation in AEs either within protein coding, non-protein coding regions of the whole
genome. In fact, in those populations that show ethnic disparities on AEs rates, whole-
exome or whole-genome sequencing strategies may unveil rare variants with allele
frequencies that vary among ethnic backgrounds (Suarez-Pajes et al., 2021). In order
to reach sufficient statistical power to detect significant genetic associations, the rare
variants are usually grouped by functionally relevant genomic regions (Lin et al., 2021).

1.2.6.5 Admixture mapping

Admixture mapping is a gene mapping strategy applied to admixed populations
that show differential levels, profiles or rates of the prevalence of traits of interest.
Admixed populations result from the admixture of reproductively isolated ancestral
groups; therefore, the genetic background of an admixed individual is a mosaic of
chromosomes containing segments of ancestry inherited from the ancestral popu-
lations (Figure 5A). These differences on the ancestral dosage in each chromosomal
region can be leveraged to identify regions of the genome where local ancestry is as-
sociated with the trait of interest. These associations usually reflect the presence in
the region of one or several variants that confer susceptibility to the trait and usually
show differences on the allele frequency among ancestral populations (Shriner, 2017;
Hernandez-Pacheco et al., 2016; Suarez-Pajes et al., 2021) (Figure 5B).

Admixture mapping can be a powerful alternative to GWAS because the multiple
testing correction is based in long-range admixture LD rather than genetic variation
LD. Thus, after the genomic region is identified based on the biological hypothesis,
the variant or groups of variants responsible for the admixture mapping peaks are
identified by fine-mapping these regions (Shriner, 2017; Hernandez-Pacheco et al.,
2016; Suarez-Pajes et al., 2021). Admixture mapping can reveal genetic variants that
are usually more common in one of the reproductively isolated ancestral groups, fol-
lowed by the admixed group and less common on other ethnic groups (Shriner, 2017;
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Figure 5. Theoretical framework of admixture mapping. A) Schematic representa-
tion of population admixture. Chromosomes of the ancestral populations recombine
trough admixture to form the mosaic genomes in the admixed population. B) Admix-
ture mapping and fine-mapping analyses. First, in a case-control study, local ancestry
estimates are compared to identify genomic regions where local ancestry is associ-
ated with the disease status. Then, genetic variants within the significant admixture
mapping peak are tested for association with the disease status.
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Hernandez-Pacheco et al., 2016; Suarez-Pajes et al., 2021). Moreover, these variant
may exert shared-population or population-specific effects that could be explained by
differences on allele frequencies or the QTL architecture (Keys et al., 2020). Because
of these, NGS techniques and functional prioritization acquire special interest when
causal genetic variation is aimed to be uncovered by admixture mapping analyses.





2
HYPOTHESES AnD AImS

The general hypothesis of this work is that AEs are partially influenced by the ge-
netic composition of the individuals. The specific hypotheses are:

1. Analyzing populations of several ancestral backgrounds through different ge-
nomic approachesmay provide complementary information to increase the knowl-
edge of the genetic basis of AEs.

2. Ethnic disparities on AEs rates may reflect ethnic-specific effects and/or differ-
ences in the allele frequency of the genetic variants for AEs among populations.

The main objective of this doctoral thesis is to attempt to identify genetic loci for
AEs and evaluate their functional effects on gene expression and DNA methylation.
The specific aims are:

1. To review the bibliographic evidence provided by the genetic association studies
of AEs to identify potential variants of interest whose association requires valida-
tion.

2. To identify genetic variants associated with AEs within genomic regions harbour-
ing genes whose transcript expression levels have been shown to predict AE sta-
tus.

3. To identify genetic loci associated with the susceptibility to develop asthma with
exacerbations in Hispanics/Latinos and African Americans.

4. To identify genetic variation associated with AEs and to validate previous as-
sociations across multiple ancestral backgrounds (Europeans, Hispanics/Latinos,
African Americans, and Asians).
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5. To uncover genomic regions where local genetic ancestry is associated with AEs
and to identify potential population-specific genetic variation for this trait in His-
panics/Latinos

6. To evaluate the effects of genetic variation on gene expression and DNA methy-
lation.



3
MATERIALS AnD mETHODS

3.1 Literature mining of genetic loci for asthma exacerbations

In order to detect genetic variants that could be followed up for replication in inde-
pendent studies, we conducted a literature search on PubMed (Sayers et al., 2021) of
genetic and genomic studies of AEs published up to July 2021. The selected key words
were “asthma” AND “exacerbations” OR “hospitalizations” OR “oral corticosteroids” OR
“emergency room visits” OR “GWAS” OR “candidate gene” OR “SNP” OR “polymorphism”.
The genetic associations were classified by study type as follows: candidate-gene ap-
proaches, GWAS, gene-environment interactions or pharmacogenetic association.

3.2 Study populations

All Chapters in this doctoral thesis comprise data from the Admixture in Latino
Americans (GALA II) Study (Borrell et al., 2013; Nishimura et al., 2013; Thakur et al.,
2013) and the Study of African Americans, Asthma, Genes, and Environments (SAGE)
(Borrell et al., 2013; Nishimura et al., 2013; Thakur et al., 2013). Both studies are parallel
case-control studies with similar protocols and questionnaires. The main objective of
these studies is to explore the genetic epidemiology of asthma in minority populations
at high risk of asthma. While GALA II included children and young adults from five
different centers from the mainland United States and Puerto Rico, SAGE recruited
individuals from the San Francisco Bay area. Participants were included if they and
their ancestors up to the grandparent level self-identified as Hispanic/Latino (GALA II)
or African American (SAGE). Inclusion/exclusion criteria have been detailed elsewhere
(Borrell et al., 2013; Nishimura et al., 2013; Thakur et al., 2013).
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Table 2 summarizes the studies included in each Chapter of this doctoral thesis,
along with the study design, phenotype definition, and and the array or sequencing
method used for the genetic profiling.
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In Chapter 2, we assessed for validation in Europeans the significant genetic vari-
ants using public online databases including data from the UK Biobank and the Michi-
gan Genomics Initiative (MGI) (UK Biobank, 2020; Neale lab, 2018; Michigan Genomics
Initiative, 2018) due to the lack of data available from other populations at the time
of the analysis.

The multi-ancestry analysis in Chapter 5 included ancestry-stratified analysis in
asthma patients whenmore than one study from each ethnic group was available. The
discovery phase comprised the results from Hispanics/Latinos (GALAII), African Amer-
icans (SAGE), and the Singaporean Chinese from the Singapore Cross Sectional Ge-
netic Epidemiology Study (SCSGES) (Andiappan et al., 2010, 2011, 2014; Sio et al.,
2020a,b), along with the results from a meta-analysis of GWAS of AEs in European
descents. This meta-analysis encompassed GWAS results from participants from the
following studies: the Avon Longitudinal Study of Parents and Children (ALSPAC) (Boyd
et al., 2013; Fraser et al., 2013; Haag et al., 2020), the BREATHE study (Palmer et al.,
2006a,b; Tavendale et al., 2008), the COMPASS study (Kuna et al., 2007), the Genetic of
Scottish Health Research Register (GoSHARE) study (McKinstry et al., 2017), the Phar-
macogenetics of Asthma Medication in Children: Medication with Anti-inflammatory
effects (PACMAN) study (Koster et al., 2009), the Paediatric AsthmaGene-Environment
Study (PAGES) (Turner et al., 2010), the Pharmacogenetics of Adrenal Suppression
study (PASS) (Hawcutt et al., 2015, 2018), the SLOVENIA study (Berce et al., 2013) and
Unbiased Biomarkers for the Prediction of Respiratory Disease Outcomes (U-BIOPRED)
study (Shaw et al., 2015). The replication stage comprised data from Europeans from
the following studies: the ALL Age Asthma Cohort (ALLIANCE) (Fuchs et al., 2018), Chil-
dren Allergy Milieu Stockholm an Epidemiological Study (BAMSE) (Kull et al., 2010;
Melén et al., 2020), the BREATHE study (Palmer et al., 2006a,b; Tavendale et al., 2008),
the follow-up phase of the Multicenter Asthma Genetics in Childhood Study (follow-
MAGICS) (Pandey et al., 2013; Schieck et al., 2014; Nieuwenhuis et al., 2016), the
Genomics and Metagenomics of Asthma Severity (GEMAS) study (Perez-Garcia et al.,
2020), Mechanism underlying the genesis and evolution of asthma (MEGA) project
(Muñoz et al., 2018), Rotterdam Study (Ikram et al., 2017)and the UK Biobank. The
Hispanic/Latino results from the replication stage included data from participants re-
cruited by the Social Changes, Asthma and Allergy in Latin America (SCAALA) (Barreto
et al., 2006) and the Hartford-Puerto Rico (HPR) studies (Yan et al., 2017). Filipino in-
dividuals from the COMPASS study (Kuna et al., 2007) with genome-wide genotyping
and phenotype data were also included in the replication stage.

The assessment for trans-validations of the genetic variants identified by admixture
mapping and subsequent fine-mapping in Hispanic/Latino children and youth with
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asthma, as described in Chapter 4, included Europeans with asthma from BAMSE,
GEMAS, the INfancia y Medio Ambiente (INMA) (Guxens et al., 2012) and MEGA stud-
ies along with Singaporean Chinese (SCSGES), Hispanics/Latinos (GALAII), and African
Americans (SAGE).

All studies included were approved by their respective institutional review boards
and written informed consent was provided by participants or their parents/caregivers.
All methods followed the guidelines of the Declaration of Helsinki.

3.3 Trait definition

Health-related outcomes were assessed through questionnaire data and/or quan-
titative clinical measurements. The definition of the main phenotype of interest, AEs,
within each study per Chapter is shown in Table 2. Apart from the main outcome,
other relevant qualitative or quantitative traits were evaluated in secondary analyses:
Asthma control (Chapter 3), lung function (Chapter 2-5), total serum IgE levels (Chap-
ter 3), and the presence of asthmawith exacerbations and atopic comorbidities (Chap-
ter 3).

Asthma control was defined based on five domains evaluated in the Childhood
Asthma Control Test (Liu et al., 2007) and the Asthma Control Questionnaire (Juniper
et al., 1999). The information about asthma nighttime symptoms, daytime symptoms,
activity limitations, rescue medication use, and pulmonary function tests was assessed
according to the information available by means of the following questions: a) In gen-
eral, during the past week how much shortness of breath did the child experience
because of asthma?; b) On average during the past week how often was the child
woken by his/her asthma during the night?; c) In general, during the past week how
limited was the child in his/her activities because of asthma?; d) How many times did
the patient report short-acting beta-agonist use in the last two weeks?; e) Percent pre-
dicted forced expiratory volume in 1 second and FEV1/FVC ratio; f) Most recent time
the child was prescribed oral steroids for asthma? The first five questions were scored
as 0 (best asthma control), 1 (intermediate asthma control), or 2 (worst asthma control).
Prescription of oral steroids for asthma was scored as 0 (more than 6 months ago) or 1
(6 months ago or less). The maximum score across the five domains was categorized
as very well controlled (0), not well controlled (1), or very poorly controlled (2) asthma.

Pulmonary function testing was conducted with a KoKo® PFTSpirometer (nSpire
Health Inc., Louisville, CO) according to ATS recommendations (Crapo et al., 1995).



32 Materials and methods

Percentage predicted lung function values were calculated using the Global Lung Ini-
tiative equations (Quanjer et al., 2012). Total serum IgE levels (international units per
milliliter) were measured in duplicate on the ImmunoCAP™ 100 system (Phadia, Kala-
mazooo, MI) and normalized using the common logarithm.

Asthma with severe exacerbations and hay fever/rhinitis or eczema was defined
based on the presence of asthma-related hospitalizations, acute care, and/or OCS in
the previous last 12 months among individuals with a physician diagnosis of asthma
and manifestations of asthma symptoms within the two years before recruitment.

Asthma severity was defined based on medication treatment steps. In Chapters
2-4, medication regimen was assessed following the NAEPP 2007 guidelines (U.S.
National Heart, Lung, and Blood Institute of the National Institutes of Health, 2007)
as follows: Step 1: levels based on the use of short beta-agonists; Step 2: one inhaled
corticosteroid, leukotriene inhibitor, or theophylline tablet; and Step 3: more than one
or a combination of an inhaled corticosteroid, leukotriene inhibitor, or theophylline
tablet or a combination of inhaled corticosteroids and long-beta agonists. Since the
analysis described in Chapter 5 included asthma patients recruited from populations
worldwide, we maximized the homogeneity of the criteria using the BTS/SIGN 2014
(British Thoracic Society and Scottish Intercollegiate Guidelines Network, 2014): Step
0: No medication; Step 1: As needed SABA: Step 2: As needed SABA plus regular
ICS; Step 2: As needed SABA plus regular ICS and LABA. Step 3: As needed SABA plus
regular ICS, LABA, and LTRA. For COMPASS, themedication regimenwas adapted from
Global Initiative for Asthma and National Asthma Education and Prevention Program
guidelines (U.S. National Heart, Lung, and Blood Institute of the National Institutes
of Health, 2007). For GALA II and SAGE, the medication regimen was adapted from
the British Thoracic Socety/Scottish Intercollegiate Guidelines Network guidelines and
Global Initiative for Asthma guidelines (Global Initiative for Asthma, 2021b,a).

3.4 Generation of -omic data, quality control and processing

3.4.1 Genetic variation data

All the studies included in this doctoral thesis had genome-wide genotyping data
available (Table 2). WGS data from the participants from the GALA II and SAGE stud-
ies was made available at the last phase of development of this work, and was used
in Chapter 4, and assessment of classification models of AEs based on genetic data.
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Genetic data was profiled and subjected to quality control following the methods de-
scribed within the respective original manuscript and/or each Chapter.

The ancestral reference panel for the estimation of global and local ancestry de-
scribed in Chapters 2-4 comprised 90 HapMap phase II Europeans (CEU) and 90
Yorubas (YRI) with data available from the Axiom Genotype Data Set and 71 Native
American (NAM) individuals (17 Zapotec, 2 Mixe, 11 Mixtec from Oaxaca, and 44
Nahua from Central Mexico) genotyped on the Axiom LAT1 array (Pino-Yanes et al.,
2015b).

Assessment of the genetic ancestry was conducted using the following procedures,
based on the availability of the data: a) Principal component analysis of genome-wide
genotyping data (Chapter 2-3 and 5), and/or b) Global ancestry calculated from the
genomewide-genotyping data with ADMIXTURE (Alexander et al., 2009) (Chapter 2-3)
or the average of WGS-based local ancestry estimates across the genome (Chapter 4).

For Chapter 4, samples were phased with BEAGLE 5.0 (Browning and Browning,
2007), and local ancestry was estimated with RFMIX v2.0 (Maples et al., 2013), using
phased biallelic SNPs that surpassed the quality control procedures from the WGS
data and were available in the ancestral reference panel. A three-way and two-way
ancestral models were considered for GALA II (CEU, YRI, and NAM) and SAGE (CEU
and YRI), respectively.

In terms of genome-wide genotyping data, the Haplotype Reference Consortium
(HRC, r1.1 2016) (McCarthy et al., 2016) was used as reference imputation panel for
most of the studies, except for ALSPAC and SCSGES that used the phase 3 of the
1000 Genomes Project (1KGP) and the 1KGP HapMap Han Chinese (CHB) and Chi-
nese (CHD) samples (Consortium et al., 2015), respectively. Moreover, in order to assess
the impact of the selected reference imputation panel inChapter 3, we conducted im-
putation with 1KGP (Consortium et al., 2015) and the Consortium on Asthma among
African-ancestry Populations in the Americas (CAAPA) reference (Mathias et al., 2016).
Imputationwas conducted viaMichigan Imputation Server (McCarthy et al., 2016) with
Minimac3 (Das et al., 2016) for most of the studies, except for GEMAS, MEGA, and
INMA, where Minimac4 was used. In BAMSE and SCGES, imputation was performed
with IMPUTE v2.0 (Howie et al., 2009).
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3.4.2 DNA methylation data

Bisulfite conversion of 1ug of DNA was performed using the Zymo EZ DNA Methy-
lation Kit (Zymo research, Irvine, CA) following the manufacturer’s protocols. For the
analyses described in Chapter 3, whole-blood DNA methylation from GALA II partici-
pants profiled with the Infinium HumanMethylation450 BeadChip array was available.
In order to maximize the homogeneity with the whole-blood DNA methylation data
from the GALA II and SAGE studies profiled with the Infinium EPIC BeadChip that
was made available at the time of the analysis described in Chapters 4-5, quality con-
trol was re-conducted with ENmix (1.22.0) (Xu et al., 2016) R package following the
same procedures. Beta values, ranging from 0 to 1, were transformed to M-values as
log2(𝛽/(1-𝛽)) for numerical stability (Du et al., 2010). Details on DNA methylation qual-
ity control and processing are provided within each Chapter. Cell type heterogeneity
was captured using the ReFACTor algorithm (Rahmani et al., 2016) within the GLINT
1.0.4 framework (Rahmani et al., 2017), adjusting for age, sex, the top three principal
WGS-based components, and batch (serial number as a dummy variable).

3.4.3 Gene expression data

Total RNA was quantified using the Quant-iT™ RiboGreen® RNA Assay Kit and nor-
malized for library preparation with the Illumina TruSeq™ Stranded mRNA Sample
Preparation Kit. Libraries were sequenced according to the manufacturer’s protocols
using the HiSeq 4000 system (Illumina). Quality control and normalization was con-
ducted as described elsewhere (Mak et al., 2021). Additional quality control steps
included analysis of sex discordance and the removal of count distribution and popu-
lation outliers. The edgeR R package (Robinson et al., 2010) was used to obtain counts
per million and the trimmed mean of M values (TMM). TMM were normalized across
samples via the inverse normal transformation. Details on quality control and process-
ing of gene expression data are described in Chapter 4. Probabilistic estimation of
expression residuals (PEER) was conducted among asthma patients, with adjustment
by age, sex and the top three principal WGS-based components (Stegle et al., 2010).
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3.5 Statistical and bioinformatic analyses

3.5.1 Admixture mapping analyses

The association of AEs and the number of copies of local ancestry (0, 1, or 2 copies)
was tested in R (Team, 2020) through logistic regression models with adjustment by
age, sex, global ancestry and asthma severity. These analyses were performed in Puerto
Ricans and Mexican Americans from GALA II, separately, as described in Chapter 4.
To adjust for multiple comparisons, the effective number of tests performed was esti-
mated via an empirical autocorrelation algorithm using the coda R package (Plummer
et al., 2006), and the statistical threshold of significance was defined as p=0.05/the ef-
fective number of tests.

3.5.2 Allelic testing, meta-analysis, and independent variant assessment

Allelic testing was performed separately for each study using EPACTS 3.2.6 (Kang,
2016) (Chapter 2-4), PLINK 2.0 (Chang et al., 2015) (Chapter 4-5), or rvtests 2.1.0
(Zhan et al., 2016) (Chapter 5). The association of genetic variants with qualitative
and quantitative traits was assessed using logistic or linear regression models adjusted
by potential confounding factors including age, sex, genetic ancestry and/or asthma
severity, as detailed within each Chapter.

Meta-analyses were conducted with METASOFT (Han and Eskin, 2011) using the
inverse-variance-weighted effect size procedure. Fixed-effects or random-effects mod-
els were chosen based on the heterogeneity among the studies measured by the
Cochran’s Q test p-value.

Independent variants were identified by LD pruning using PLINK 1.9 (Chang et al.,
2015) in Chapter 2, step-wise conditional analysis using GCTA-COJO v1.93.2 (Yang
et al., 2011) in Chapters 3 and 5, and LD clumping using PLINK 1.9 (Chang et al.,
2015) in Chapter 4. The references for LD estimation were the imputed dosages or
genotypes from SAGE (Chapter 2) and GALA II (Chapter 3), WGS data from GALA II
(Chapter 4) or the 1KGP reference (Consortium et al., 2015) (Chapter 5).
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3.5.3 Genetic associations shared with other traits

In Chapter 5, gene-set enrichment analysis in genes reported for different traits
in the GWAS catalog (Buniello et al., 2019) was conducted using the GENE2FUNC
algorithm, as implemented in the Functional Mapping and Annotation of Genome-
Wide Association Studies tool (FUMA GWAS) (Watanabe et al., 2017). For this, SNPs
associated at p≤1x10-4 in the discovery phase were mapped to the closest gene using
the UCSC Table Browser tool (Karolchik et al., 2004) to include genes that may be
relevant to the trait despite not reaching evidence of suggestive association. A false
discovery rate (FDR) of 5% was used to declare significance.

Pairwise genome-wide genetic correlations between AEs and other traits were esti-
mated via comparison with publicly-available GWAS summary statistics using LD score
regression, as implemented in LDhub (Zheng et al., 2017). To maximize the homo-
geneity with publicly-available GWAS summary statistics in Europeans, this analysis
was restricted to the results obtained in the European-descent individuals tomaximize
the statistical power. Traits where the LDHub output included the following warnings
were excluded from the analysis: “Caution: using these data may yield less robust re-
sults due to minor departure of the LD structure” and “Caution: using this data may
yield results outside bounds due to relative low Z score of the SNP heritability of the
trait”. A Bonferroni-corrected significance threshold was defined p=0.05/number of
analyzed traits.

3.5.4 Assessment of functional effects

Quantitative trait loci analyses were carried out using linear regression models via
MatrixeQTL (Shabalin, 2012) (Chapter 3-4) or fastQTL softwares (Chapters 4-5) (Ongen
et al., 2016). The regression models were corrected for potential confounders (e.g., age
and sex), as detailed within each Chapter. Moreover, meQTL models were corrected
for cell-type heterogeneity and DNA methylation batch (Chapter 3-5), whereas eQTL
analyses were adjusted by the top 60 PEER factors (Stegle et al., 2010) (Chapter 4), and
eQTM analyses were corrected for cell-type heterogeneity, DNAmethylation batch, and
the top 15 PEER factors (Chapter 4). The reduction in the number of PEER factors was
motivated by the decreased number of individuals with both DNA methylation and
gene expression data available (Stegle et al., 2010). Although in the meQTL analysis
described in Chapter 3, we evaluated CpG sites within 500 kb of the genetic variant,
we followed a more conservative strategy in the following Chapters by assessing CpG
sites within ±1 Megabase of the genetic variants. cis-eQTL analyses considered a region
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of ±1 Megabase around the genetic variant, whereas the cis-eQTM analysis included
genes with the transcription start site located within ±1 Megabase of the significant
CpGs. In order to correct for multiple comparisons, we established the significance
threshold as a false discovery rate-adjusted p or Storey q < 0.05, as described within
each Chapter.

In silico evidence of functional effects of the variants on gene expression and DNA
methylation was assessed using publicly available data online via QTLbase (Zheng et al.,
2020) (Chapter 5), the Genotype-Tissue Expression (GTEx) v8 Portal (GTEx Consortium,
2020) (Chapter 2-5), the Genetics of DNA Methylation Consortium (Min et al., 2021)
(Chapter 3), and/or PhenoScanner v2 (Staley et al., 2016; Kamat et al., 2019) (Chap-
ter 4-5). Moreover, evidence of DNase I hypersensitive sites and histone modifications
markswere evaluatedwith the Roadmap (Kundaje et al., 2015) and/or ENCODE (Moore
et al., 2020) data within HaploReg v4.1 (Ward and Kellis, 2016) (Chapter 3), or the
SNPnexus framework (Dayem Ullah et al., 2018) (Chapter 4). Gene expression data
were evaluated with the GTEx Portal (GTEx Consortium, 2020) (Chapter 2-5) and RE-
ALGAR (Shumyatcher et al., 2017) (Chapter 4). Long-distance chromatin interactions
were determined using to OpenTarget Genetics (Ghoussaini et al., 2021) (Chapter 2)
and ChiCP (Schofield et al., 2016) (Chapter 4-5). Gene ontology analysis was carried
out with OpenTarget Genetics (Ghoussaini et al., 2021) (Chapter 2-3).

Annotation of CpG sites was conducted with the manufacturer annotation data via
the IlluminaHumanMethylation450kanno.ilmn12.hg19 R package (Hansen, 2016)
(hg19, in Chapter 3), the Illumina Human Methylation EPIC annotation file 10b5
(hg38, in Chapter 4), the Illumina Human Methylation EPIC annotation file 10b4
(hg19, in Chapter 5), or GREAT (McLean et al., 2010) (Chapter 3-5). In Chapter 5,
an enrichment analysis on transcriptional factor binding motifs in lung tissues for the
significant CpG sites was performed with eFORGE-TF (Breeze et al., 2019). To correct
for multiple testing, the Benjamini-Yekutieli method was used to declare significance
(q-value<0.001). To assess enrichment in gene ontology terms for the transcriptional
factors that joined to the relevant motifs, gene set enrichment analysis for protein-
coding genes was conducted with FUMA GWAS (Watanabe et al., 2017). A Benjamini-
Hochberg-based false discovery rate (FDR) of 5% was used to declare significance.





4
CHAPTERS

4.1 Role of genomics in asthma exacerbations

A bibliographic review of all the genetic studies of AEs published up to 15 th De-
cember 2018 is reported in this Chapter. This work aimed to identify the genetic
associations described for AEs, classify them per study type, and analyse the strengths
and weaknesses of the published studies in order to prioritize genetic variants to be
followed up for replication in independent study populations.

We conducted a search on PubMed using the following key words: “asthma” AND
“exacerbations” OR “hospitalizations” OR “oral corticosteroids” OR “emergency room
visits” OR “GWAS” OR “candidate gene” OR “SNP” OR “polymorphism”. All references
were manually revised by two independent authors and categorized by study type
as candidate-gene, GWAS, pharmacogenomics, or gene-environment interaction ap-
proaches. Our comprehensive search provided insights into the state of the art of ge-
nomic research on AEs performed at the initiation of this thesis, and the future chal-
lenges.

ThisChapter summarizes the findings of an article published in final form inCurrent
Opinion in Pulmonary Medicine: Herrera-Luis E, Hernandez-Pacheco N, Vijverberg SJ,
Flores C, Pino-Yanes M. Role of genomics in asthma exacerbations. Curr Opin Pulm
Med. 2019;25(1):101-112. doi: 10.1097/MCP.0000000000000533. The final peer-
reviewed version of the article cannot be reproduced here under the terms of Lippincott
Williams & Wilkins license.

Table 3 summarizes the genes implicated in AEs using different approaches. A
total of 36 candidate-gene association studies and four genome-wide scans of AEs
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had been published up to the stated date, and most of these comprised individuals of
European descent. Four studies assessed genetic variation in the BAFF (Kumar et al.,
2012), P2RX7 (Denlinger et al., 2013), and ADRB2 (Ortega et al., 2014; Lima et al.,
2006a) genes focused on African American asthma patients, whereas genetic variants
in the TGFB1 (Sharma et al., 2009),MYLK (Acosta-Herrera et al., 2015), SERPINE1 (Cho
et al., 2016), GSTT1 (Turner et al., 2018), IL10 (Hunninghake et al., 2008), and IL13
(Hunninghake et al., 2007) genes have been investigated in Hispanics/Latinos. Fur-
thermore, four studies assessed genetic variation in the SCGB1A1 (Chen et al., 2012),
ADIPOQ (Ding et al., 2015), NOS2 (Hirai et al., 2018), and ADAM33 (Sunadome et al.,
2017) genes in Asian populations.

Most of the candidate-gene association studies have been conducted on genes
previously implicated in asthma susceptibility or asthma-related traits. In fact, many
of these studies have assessed genetic variants included in the 17q21 locus (Blekic
et al., 2013; Bisgaard et al., 2009; Tavendale et al., 2008) and the ADRB2 gene (Turner
et al., 2016; Ortega et al., 2014; Zuurhout et al., 2013; Basu et al., 2009; Lima et al.,
2006a; Taylor et al., 2000; Palmer et al., 2006b). Moreover, some studies also investi-
gated the role of environmental factors in themodulation of the genetic association for
AEs. These environmental factors comprised exposure to dust mite in the IL9 and IL10
genes (Sordillo et al., 2015; Hunninghake et al., 2008), fungi in the CHIT1 gene (Wu
et al., 2010), pets in the 17q21 locus (Blekic et al., 2013), endotoxin in the CD14 and
LY96 genes (Kljaic-Bukvic et al., 2014), or tobacco smoke in the ADAM33 or 17q21
locus (Blekic et al., 2013; Bukvic et al., 2013), as well as having T2 inflammation in
the ADAM33 and IL4RA genes (Sunadome et al., 2017), or respiratory syncytial virus
infection in the SERPINE1 gene (Cho et al., 2016).

Pharmacogenetic candidate-gene studies of AEs have evaluated the role of genetic
variation in response to IL-4/IL-13 antagonists, SABA, ICS, LABA, and/or LTRA (Table 3).
While some studies focused on genes directly involved in drug metabolism, such as
ADRB2 (Turner et al., 2016; Ortega et al., 2014; Zuurhout et al., 2013; Basu et al.,
2009; Taylor et al., 2000; Palmer et al., 2006b), LTA4H, LTC4S, or ALOX5 (Lima et al.,
2006b), others assessed genes involved in key asthma processess, such as regulation
of inflammation, including FCER2 (Koster et al., 2011; Tantisira et al., 2007), PPARG
(Palmer et al., 2007), or P2RX7 (Denlinger et al., 2013).

Genome-wide scans of AEs have applied three case-only strategies where asthma
patientswith andwithout exacerbationswere compared. These have revealed genome-
wide significant genetic variants for OCS at the CTNNA3 locus and suggestive associ-
ations in the SEMA3D locus (McGeachie et al., 2015), suggestive signals for AEs in re-
sponse to ICS at the CMTR1 locus (Dahlin et al., 2015), and genetic variants at CRTAM
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whose effects on AEs was modulated by vitamin D levels (Du et al., 2012). Moreover,
a case-control study including Danish non-asthma subjects and asthma patients with
recurrent hospitalizations revealed a genome-wide significant locus at the only known
RV-C receptor (CDHR3) (Bønnelykke et al., 2014).

A plethora of definitions of AEs, including both quantitative and qualitative vari-
ables, have been used in the genetic studies of AEs (Table 3). Despite this, the most
common definition includes hospitalizations, emergency room visits, and/or OCS use.
Besides, the sample size of these studies is limited (from 61 to 3,684 individuals), al-
though there is a trend towards the increase in sample size in recent years, which could
improve the power to detect associations in future studies. Furthermore, few of these
studies provided evidence of the functional role of the genetic signals, which reduces
the understanding of the biological mechanisms involved in AEs. Likewise, the variants
revealed to date exhibit moderate effect sizes, which limits their clinical applicability.
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4.2 A Deoxyribonuclease 1 Like 3 genetic variant associates
with asthma exacerbations

This Chapter describes the results of a candidate-gene study of severe AEs con-
ducted on six genes, whose combined sputum gene expression signature can dis-
criminate inflammatory phenotypes and predict future AEs. This six-gene signature
comprised the expression levels of the following genes: alkaline phosphatase (ALPL),
the Charcot-Leyden crystal galectin (CLC), the carboxypeptidase A3 (CPA3), the C-X-
C motif chemokine receptor 2 (CXCR2), the deoxyribonuclease 1 like 3 (DNASE1L3)
and the interleukin 1 beta (IL1B)). In this study, we tested the association of severe AEs
and genetic variants within the genomic regions where where those six genes were lo-
cated. The region-level significance thresholds were established based on the number
of independent genetic variants within each genomic region.

In the discovery stage, comprised of African Americans, the SNP rs67622929 in
the DNASE1L3 region showed significant association with severe AEs after multiple
testing correction. None of the polymorphisms within the five remaining genomic
regions surpassed the significance thresholds in the discovery stage. The significant
genetic variant was followed up for replication in Hispanic/Latinos and showed a sig-
nificant and consistent direction of the effect in both ethnic groups (p<0.05). Moreover,
in silico assessment of functional effects revealed that the risk allele of rs67622929
increases DNASE1L3 expression in several tissues. In conclusion, our analysis identified
a susceptibility locus for AEs in African Americans and Latinos with regulatory effects
on DNASE1L3 expression.

This Chapter was published as a Letter to the Editor entitled ‘A Deoxyribonucle-
ase 1 Like 3 genetic variant associates with asthma exacerbations’, contributor Maria
Pino-Yanes [Herrera-Luis E, Lorenzo-Diaz F, Samedy-Bates LA, Eng C, Villar J, Rodriguez-
Santana JR, Burchard EG, Pino-Yanes M.] in the Journal of Allergy and Clinical Im-
munology, volume 147, and issue 3 in 2021 (doi: 10.1016/j.jaci.2020.09.027). Copy-
right © 2020 Elsevier B.V. Published by Elsevier B.V. This article is reproduced under
the terms of Elsevier B.V. license.
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A deoxyribonuclease 1–like 3 genetic
variant associates with asthma
exacerbations

To the Editor:
Recently, Fricker et al1 reported that an expression signature in

the sputum efficiently predicted exacerbations among patients
with asthma, showing the greatest performance for frequent
exacerbators. This signature was based on 6 genes (ALPL, CLC,
CPA3, CXCR2, DNASE1L3, and IL1B) that can differentiate
airway asthmatic inflammatory phenotypes. Thus, we
hypothesized that genetic variation within those genes may
contribute to susceptibility to exacerbations. In the United States,
minority populations of African descent show the highest rates of
asthma exacerbations. In fact, African ancestry is a risk factor not
only for asthma in Puerto Ricans and African Americans but also
for exacerbations among African Americans.2,3 Hence, we
performed a candidate gene association study of asthma
exacerbations in African Americans and Latinos.

Details on the study populations and methods are described in
the Online Repository. Genotype dosages that have an imputation
quality (R2) of 0.3 or more and a minor allele frequency of 5% or
more and are located within the gene limits plus or minus 100
kilobases were examined for association with asthma
exacerbations. In the discovery, 1002 African American patients
with asthma from the Study of African Americans, Asthma,
Genes, and Environments (SAGE), 470 of whom experienced
exacerbations, were analyzed (Table I). Asthma exacerbations
were defined as a dichotomous variable (presence or absence)
based on oral corticosteroid use, hospitalizations, or acute care
due to asthma in the 12 months before study enrollment.
Association testing was performed by using logistic regression
models with correction for age, sex, and 2 principal components
(PCs). To account for multiple comparisons, we established a
Bonferroni-corrected threshold for significance based on the
number of independent single-nucleotide polymorphisms
(SNPs) within each genomic region by linkage disequilibrium
pruning (r 2< 0.2). Replication was evaluated in 2181 Latinos

with asthma from the Genes-Environments and Admixture in
Latino Americans (GALA II) study, including 1283 exacerbators
(Table I). This 2-stage design provided greater than 80%
statistical power to detect the association of common variants
for different scenarios (see Table E1 in this article’s Online
Repository at www.jacionline.org).

A total of 4089 SNPs were evaluated (see Table E2 in this
article’s Online Repository at www.jacionline.org). Among
African Americans, an intronic variant in the deoxyribonuclease
1–like 3 gene (DNASE1L3) region (Fig 1), rs67622929, exceeded
the significance threshold corrected by multiple comparisons
(0.05/57 independent variants [P 5 8.77 3 10–4]) (odds ratio
[OR] for the C allele 5 1.48 [95% CI 5 1.18-1.87];
P 5 7.9 3 10–4; imputation R2 5 0.99). The association of
rs67622929 was replicated in Latinos (OR 5 1.18 [95%
CI 5 1.01-1.37]; P 5 .03; imputation R2 5 0.97). An
inverse-variance weighted fixed-effect meta-analysis of effects
was performed because no heterogeneity was detected (Cochran
Q P 5 .103), revealing that the C allele was significantly
associated with increased odds of exacerbations (OR 5 1.26
[95% CI 1.11-1.43]; P 5 2.6 3 10–4). Population stratification
adjustment byAfrican ancestry in AfricanAmericans andAfrican
and Native ancestry in Latinos, instead of PCs, revealed similar
results (see Table E3 in this article’s Online Repository at
www.jacionline.org). Furthermore, the C allele of rs67622929
was also associated with increased risk of exacerbations when
adjusted by disease severity in a subset of African Americans
with data available (OR 5 1.40 [95% CI 5 1.10-1.78];
P 5 6.6 3 10–3) and Latinos (OR 5 1.18 [95% CI 1.01-1.38];
P 5 .034), as well as in the meta-analysis (OR 5 1.24 [95%
CI 5 1.09-1.41]; P 5 1.2 3 10–3; Cochran Q P 5 .250). To
explore whether this association was population specific, the
SNP rs67622929 was evaluated for validation in individuals of
European descent through online databases, and no evidence of
association was found (P > .05) (see Table E4 in this article’s
Online Repository at www.jacionline.org). However, the
definition of the control group differed from that in our study,
given that individuals without asthma were analyzed instead of
patients with asthma who were nonexacerbators. Therefore, the
association of this SNP with severe asthma exacerbations among
populations of European descent cannot be fully ruled out.

Next, we assessed the association of rs67622929 with
asthma-related traits, including IgE levels and normalized lung
function values at baseline. The linear regression models for
normalized lung function values were adjusted by the 2 PCs. For
log10 IgE levels, age and sexwere also included as covariates. The
SNP rs67622929 was not associated (P > .05) with FEV1, forced
vital capacity, ratio of FEV1 to forced vital capacity, or IgE levels
(see Table E3).

According to the Genotype-Tissue Expression (GTEx)
database,4 the C allele of rs67622929 acts as an expression
quantitative trait locus that increases the expression of
DNASE1L3 in several tissues, including cultured fibroblasts
(pGTEX5 7.13 10–16) (see Fig E1,A and Table E5 in this article’s
Online Repository at www.jacionline.org). This SNP is also a
cis-splicing quantitative trait locus for DNASE3L1 in the lung
(pGTEX 5 9.4 3 10–9) (see Fig E1, B) and other tissues (see
Table E6 in this article’s Online Repository at www.jacionline.
org). Furthermore, rs67622929 has been linked to FLNB in naive
CD8 cells trough promoter capture Hi-C, according to
OpenTargets.5 FLNB is located close to DNASE1L3 (Fig 1), and
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48 Chapter 2

it is transcribed in the opposite direction. FLNB is involved in
actin, cadherin, and RNA binding, as well as in many biologic
processes, including antiviral mechanisms, cellular response to
IFN-g, epithelial cell morphogenesis, and actin cytoskeleton
organization. Interestingly, Flnb-deficient mice show skeletal
abnormalities and decreased cellular adhesion.5

DNASE1L3 encodes an endonuclease that participates in
apoptosis, clearing DNA from circulating apoptotic bodies, and
it has an important role in autoimmunity protection.6

Additionally, DNASE1L3 participates in different catabolic and
metabolic processes, neutrophil activation, cell development,
regulation of inflammasome activation, and cytokine secretion.5,6

Genetic variants from DNASE1L3 have previously been
associated with neutrophil counts and systemic rheumatic
diseases5,6; however, this is the first report of an association
with asthma exacerbations. Interestingly, the allele associated
with risk for asthma exacerbations in our study is associated
with higher DNASE1L3 expression, an effect that is in the same
direction as the one described for this gene in the expression
signature associated with asthma exacerbations in the previous
study.1 Additionally, DNASE1L3 is overexpressed in induced
sputum from patients with eosinophilic asthma1,7 and in
endobronchial samples from patients with asthma compared
with samples from healthy controls.8 Despite all this evidence,
the mechanistic implication of DNASE1L3 in asthma remains
unclear, and functional studies are needed to disentangle it.

We acknowledge some limitations of our study. First, the
association of rs67622929 would not be considered significant
after application of a more restrictive correction for multiple
comparisons accounting for all polymorphisms tested across the 6
genomic regions (0.05/384 independent variants5 1.303 10–4).
Second, the sample size of this study is modest compared with
those of genetic studies of asthma. To our knowledge, however,
this is one of the largest candidate gene association studies of
severe asthma exacerbations published to date. Third,
heterogeneity in genetic admixture exists in the populations
analyzed. Although African Americans are descendants of
African and European ancestors, Latinos also have Native
American admixture, with varying proportions of each
component depending on the Latino subgroup.9 In this regard,

TABLE I. Characteristics of the subjects included in the analyses

SAGE (N 5 1002) GALA II (N 5 2181)

Characteristic Exacerbators (n 5 470)

Nonexacerbators

(n 5 532) Exacerbators (n 5 1283) Nonexacerbators (n 5 898)

Sex (% female) 229 (48.7) 286 (50.4) 582 (45.4) 403 (44.9)

Age (y), mean 6 SD 14.3 6 5.6* 14.7 6 4.1 12.2 6 3.1* 13.4 6 3.5

African ancestry (%) 79.4 6 10.7 78.4 6 12.1 18.9 6 13.2* 12.6 6 11.9

Native American ancestry (%) NA NA 22.9 6 22.6* 37.4 6 25.5

Asthma control, n (%)

Well controlled 60 (15.7) 182 (36.8) 210 (16.4)* 431 (48.0)

Partially controlled 112 (29.4) 150 (30.4) 533 (41.5)* 282 (31.4)

Poorly controlled 209 (54.9) 162 (32.8) 540 (42.1)* 185 (20.6)

Treatment category, n (%)

Step 1 111 (23.6) 249 (47.1) 210 (16.4)* 431 (48.0)

Step 2 183 (39.0) 210 (39.7) 533 (41.5)* 282 (31.4)

Step 3 176 (37.4) 70 (13.2) 540 (42.1)* 185 (20.6)

Baseline lung function

FEV1 (% predicted), mean 6 SD 91.2 6 11.9 92.4 6 11.6 97.9 6 15.7* 103.6 6 14.4

FVC (% predicted), mean 6 SD 96.5 6 11.8 97.0 6 10.9 102.0 6 16.0* 107.3 6 15.3

FEV1/FVC (% predicted), mean 6 SD 94.3 6 8.3 95.3 6 7.6 96.4 6 7.6* 97.2 6 7.2

Total serum IgE level (IU/mL), mean 6 SD 168.3 6 4.9* 139.7 6 4.6 254.0 6 4.5* 147.4 6 4.7

FVC, Forced vital capacity; NA, not available/applicable.

The severity medication regime was categorized into 3 levels based on the use of short-acting b-agonists (step 1); 1 inhaled corticosteroid, leukotriene inhibitor, or theophylline

tablet (step 2); more than 1 or a combination of an inhaled corticosteroid, leukotriene inhibitor, or theophylline tablet or a combination of inhaled corticosteroids and long-acting

b-agonists (step 3). Asthma control and treatment category were available for 875 and 999 individuals from SAGE, respectively. Asthma control and severity were available for

2181 and 2170 individuals from GALA II, respectively. FEV1 value was available for 807 and 2068 SAGE and GALA II subjects. FVC value was available for 821 participants

from SAGE and 2077 subjects from GALA II. FEV1/FVC ratio was available for 804 and 2068 SAGE and GALA II subjects. Total serum IgE levels were available for 784 and

1856 SAGE and GALA II subjects.

*P < .01 for the comparison between asthma cases with exacerbations and controls.

FIG 1. Regional plot for DNASE1L3 in the discovery sample. The top hit

(rs67622929) is shown as a purple diamond, and the rest of the genetic

variants are colored on the basis of their linkage disequilibrium with it by

using pairwise r2 values from African populations from the 1000 Genomes

Project. Chromosome (Chr) positions, the –log10-transformed P values, and

the recombination rate are plotted in the x-axis and right and left y-axes,

respectively. The Bonferroni-corrected threshold for significance is

indicated by the dashed line.
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ethnicity-stratified analyses revealed that the effect in Latinos was
drivenmainly byMexicans and other Latinos (see Table E7 in this
article’s Online Repository at www.jacionline.org).

In conclusion, the SNP rs67622929 was associated with severe
asthma exacerbations in African Americans and Latinos and
showed regulatory effects over DNASE1L3 expression.

The authors thank the patients, families, recruiters, health care providers,

community clinics, and the study coordinator (Sandra Salazar) participating in

GALA II and SAGE.
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Nasopharyngeal Haemophilus and
local immune response during infant
respiratory syncytial virus infection

To the Editor:
The accumulating evidence suggests that viral-bacterial

interactions can affect short- and long-term outcomes of acute
respiratory infections (ARIs) due to respiratory syncytial virus
(RSV) in infancy. In particular, prior studies have found that in
young children with RSV ARIs, a higher relative abundance of
Haemophilus in the nasopharynx is associated with an increased
viral load,1 delayed viral clearance,2 a different gene expression
profile,3,4 and more severe disease.3,4 However, the mechanisms
underlying these associations are largely unknown. To address
this gap in knowledge, we examined the association of the
nasopharyngeal relative abundance of Haemophilus with viral
load and 52 local immune mediators in 105 infants with an
RSV-only ARI (ie, no coinfections) who were enrolled in the
Infant Susceptibility to Pulmonary Infections and Asthma
following RSV Infection in Infancy (INSPIRE) study.

The INSPIRE cohort is a population-based, birth cohort of
healthy, term infants born in middle Tennessee with biweekly
surveillance of acute respiratory symptoms during their first
winter viral season to capture their initial RSVARI. Infants who
met prespecified criteria for an ARI underwent an in-person visit,
which included collection of a nasal wash that was used for RSV
detection and viral load assessment by real-time RT-PCR. This
nasal wash has also been used for characterization of the
nasopharyngeal microbiome and local immune response through
16S ribosomal RNA (rRNA) sequencing and measurement of
multiple local immune mediators (ie, cytokines, chemokines, and
growth factors) by using Luminex xMAP technology (see Table
E1 in the Online Repository at www.jacionline.org), respectively,
as previously described.5,6 In brief, following bacterial DNA
extraction, we amplified the V4 region of the 16S rRNA gene
by using universal primers. The libraries were then sequenced
on an Illumina MiSeq platform with 2 3 300-bp reads. We
subsequently processed the 16S rRNA paired sequences by using
the dada2 pipeline, after which we grouped sequences into
amplicon sequence variants (ASVs) and assigned taxonomy using
the SILVA reference database. We used the relative abundance of
Haemophilus and Haemophilus ASVs (expressed as simple
proportions) for statistical analyses. In addition, we used the
Basic Local Alignment Search Tool to search the ASV sequences
against a reference database and available whole metagenomic
sequencing (WMS) from a selected number of nasal washes
(n 5 6) to identify Haemophilus species. The Luminex xMAP

J ALLERGY CLIN IMMUNOL

VOLUME 147, NUMBER 3

LETTERS TO THE EDITOR 1097



50 Chapter 2

METHODS

Study populations
The SAGE and GALA II studies are 2 ongoing case-control studies

approved by the Human Research Protection Program Institutional Review

Board of the University of California, San Francisco (San Francisco,

Calif).E1 The ethics approval numbers are 210362 (SAGE) and 217802

(GALA II). Whereas GALA II recruited Hispanic and Latino individuals,

SAGE II focused on African Americans. For the GALA II and SAGE

studies, the participants (aged 8-21 years) declared that all 4 of their grand-

parents were of Hispanic/Latino or African American ancestry, respectively.

All participants or parents provided written consent. The same sample

collection procedures, protocols, and questionnaires were used for both

studies. The SAGE participants were recruited in California’s San Francisco

Bay Area. The GALA II participants were recruited in different centers in

the United States as well as in Puerto Rico. Asthma was diagnosed by the

attending physician and on the basis of reports of symptoms or use of

controller or rescue medication in the 2 years preceding enrollment. Asthma

exacerbations were defined as the administration of oral corticosteroids,

emergency asthma care, or hospitalizations in the 12 months preceding

study enrollment.

Spirometry was performed with a KoKo PFT Spirometer (nSpire Health

Inc, Louisville, Colo) according to American Thoracic Society recommen-

dations (1995). Subjects with asthma were instructed to withhold their

bronchodilator medications for at least 8 hours before pulmonary function

testing. Baseline lung function values were normalized to obtain predicted

values with the Global Lung Initiative 2012 reference equations.E2 Measure-

ments of IgE levelswere conducted in duplicate by using the ImmunoCAP 100

system (Phadia, Kalamazooo, Mich).

Asthma severity was defined following the Expert Panel Report 3

guidelines for managing asthma based on the medication treatment.E3 Clas-

sification of asthma control was based on the items included in the Child-

hood Asthma Control Test (C-ACT)E4 and the Asthma Control

QuestionnaireE5 based asthma nighttime symptoms, daytime symptoms, ac-

tivity limitations, rescue medication use, and lung function measurements.

The following questions were used to collect the data on each category:

(1) In general during the past week, how much shortness of breath did

the child experience because of asthma? (2) On average during the past

week, how often was the child awakened by his or her asthma during the

night? (3) In general during the past week, how limited was the child in

his or her activities because of asthma? (4) How many times did the patient

report short-acting b-agonist use in the past 2 weeks? (5) What is the FEV1

percent predicted value and the ratio of FEV1 to forced vital capacity? and

(6) When was the child last prescribed oral steroids for asthma? The first 5

questions were scored as 0 (best asthma control), 1, or 2 (worst asthma con-

trol). Additionally, prescription of oral steroids for asthma was scored as

0 (>6 months ago) or 1 (<_6 months ago). The maximum score across the

5 domains was used to define asthma control with a score of 0 (very well

controlled), 1 (not well controlled), or 2 (very poorly controlled).

Genotyping and statistical analysis
Genotyping was performed with the Axiom LAT1 array (World Array 4,

Affymetrix, Santa Clara, Calif), as previously described,E6,E7 and a subset of

additional samples was also genotyped with the Axiom LAT1 Array Plus

HLA.E8 Quality control was performed as described elsewhere.E6,E7 Imputa-

tion was carried out by using the Haplotype Reference ConsortiumE9 as the

reference population in the Michigan Imputation Server. Global ancestry pro-

portions were estimated by using the software program ADMIXTURE,E10

assuming African and European parental populations for African Americans

and European, African, and Native American populations for Hispanics/

Latinos. Reference haplotypes from parental populations were estimated

from genotyping data from the European (CEU) and African (YRI) samples

from the HapMap Project Phase III, which were downloaded from the Axiom

Genotype Data Set (https://www.thermofisher.com/es/es/home/life-science/

microarray-analysis/microarray-data-analysis/microarray-analysis-sample-

data/axiom-genotype-data-set.html). For the Native American population, 71

individuals genotyped by using the Axiom LAT1 array (Affymetrix) were

used as a reference, as described elsewhere.E7 Association of genetic variants

and phenotypes was tested through the logistic Wald test for binary traits and

linearWald test for quantitative measures by using EPACTS, version 3.2.6.E11

In the discovery stage, the number of independent variants was determined by

using PLINK,E12 version 1.9, through a pruning procedure to exclude variants

in linkage disequilibrium, retaining those with an r2 value less than 0.2 within

a 50-kb window and 5-SNP window shift for each candidate region. This r2

threshold was selected on the basis of the findings of Sobota et alE13 for pop-

ulations of African ancestry indicating that other thresholds are overly conser-

vative and result in a reduced statistical power to detect associations in these

populations. Meta-analyses were performed with the METASOFT software

tool.E14 Genetic heterogeneity was assessed by means of the I2 and Cochran

Q tests. Power calculations were performed by using the software CATs,

version 0.0.2,E15 for a 2-stage case-control study, assuming a severe asthma

exacerbation prevalence of 55%, as observed in the populations analyzed

and different values of minor allele frequency (range 10%-50%) and genotype

relative risk (range 1.2-2.0). In silico validation of the significant genetic var-

iants in European populations was performed using public online databases,

including data from the UK Biobank based on the SAIGE analysis of Interna-

tional Classification of Diseases (ICD)-derived traitsE16 and the Neale lab

GWAS round 2E17, as well as data from the Michigan Genomics Initiative.E18

In silico functional evaluation of the variant

associated
Evidence of significant expression quantitative trait loci and cis-splicing

quantitative trait loci was queried in the GTEx, version 8, database.E19 Lung

tissue and fibroblasts were considered biologically relevant tissues and cells

for asthma exacerbations,E20 given its involvement in airway inflammation

and remodeling,E21,E22 which has an important role in this phenotype.
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FIG E1. A, Expression quantitative trait loci (eQTL) analysis of SNP rs67622929 for DNASE1L3 in cell-

cultured fibroblasts from the GTEx,E19 version 8, portal (P 5 7.1 3 10–16). B, Splicing quantitative trait loci

(sQTL) analysis of rs67622929 for DNASE1L3 in lung from GTEx,E19 version 8, portal. The splicing affects

the intron 58204881:58208218:clu_47729 (P 5 9.4 3 10–9).
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60 Chapter 3

4.3 Genome-wide association study reveals a novel locus for
asthma with severe exacerbations in diverse populations

The extensive lack of representation of ethnically diverse populations in biomedical
research, and more specifically in genetic studies, prompted us to focus on analysing
the genetic variation involved in AEs in minority populations at high risk of asthma.
This third Chapter presents the results of GWAS of asthma with severe exacerbations
in ethnically diverse children and youth using a specific phenotyping approach. In this
analysis, controls were defined as non-asthmatic subjects, whereas cases comprised
asthma patients with severe exacerbations.

A total of twelve variants were associated with asthma with severe exacerbations in
Hispanics/Latinos at the suggestive significance level (p≤5x10-5). One variant located
nearby the long intergenic non-protein coding RNA1913 (LINC01913) gene exhibited
a significant and consistent effect in Hispanics/Latinos and African Americans. Addi-
tionally, this variant was associated with the protein kinase domain containing, cyto-
plasmic (PKDCC) gene DNA methylation in whole-blood from Hispanics/Latinos and
LINC01913 gene expression in lung tissues, according to publicly available data. This
is one of the few studies evaluating the genetic factors involved in asthma with exac-
erbations in individuals from admixed populations.

This Chapter was published as an Original Article entitled ‘Genome-wide associa-
tion study reveals a novel locus for asthma with severe exacerbations in diverse popu-
lations’, contributor Maria Pino-Yanes [Herrera-Luis E, Espuela-Ortiz A, Lorenzo-Diaz F,
Keys KL, Mak ACY, Eng C, Huntsman S, Villar J, Rodriguez-Santana JR, Burchard EG,
Pino-Yanes M] in Pediatric Allergy and Immunology, volume 32, and issue 1 in 2021
(doi: 10.1111/pai.13337). Copyright © 2021 John Wiley and Sons Ltd. and the Euro-
pean Academy of Allergy and Clinical Immunology. Published by John Wiley and Sons
Ltd. This article is reproduced under the terms of John Wiley and Sons Ltd. and the
European Academy of Allergy and Clinical Immunology license.
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Abstract
Background: Severe asthma exacerbations are a major cause of asthma morbidity and 
increased healthcare costs. Several studies have shown racial and ethnic differences 
in asthma exacerbation rates. We aimed to identify genetic variants associated with 
severe exacerbations in two high-risk populations for asthma.
Methods: A genome-wide association study of asthma in children and youth with 
severe exacerbations was performed in 1283 exacerbators and 2027 controls with-
out asthma of Latino ancestry. Independent suggestive variants (P ≤ 5 × 10−6) were 
selected for replication in 448 African Americans exacerbators and 595 controls. 
Case-only analyses were performed comparing the exacerbators with additional 898 
Latinos and 524 African Americans asthma patients without exacerbations, while ad-
justing by treatment category as a proxy of asthma severity. We analyzed the func-
tionality of associated variants with in silico methods and by correlating genotypes 
with methylation levels in whole blood in a subset of 473 Latinos.
Results: We identified two genome-wide significant associations for susceptibility to 
asthma with severe exacerbations, including a novel locus located at chromosome 
2p21 (rs4952375, odds ratio = 1.39, P = 3.8 × 10−8), which was also associated with 
asthma exacerbations in a case-only analysis (odds ratio = 1.25, P = 1.95 × 10−3). This 
polymorphism is an expression quantitative trait locus of the long intergenic non-
protein coding RNA 1913 (LINC01913) in lung tissues (P = 1.3 × 10−7) and influences 
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1  | INTRODUC TION

Asthma is a chronic inflammatory disease influenced by both genetic 
and environmental factors. Despite treatment with controller medica-
tions, some patients experience severe asthma exacerbations, which 
are defined as episodes requiring emergency care, hospitalizations, or 
the use of systemic corticosteroids to prevent a serious or fatal out-
come.1 These can be triggered by environmental influences, such as 
viral infections, fungal allergens, or air pollution.2 Genetic factors also 
predispose patients to higher susceptibility to asthma exacerbations.2 
In children, these exacerbations are associated with lower quality of 
life,3 a progressive loss of lung function,4 and an increase in their par-
ents’ work absence.5 Therefore, asthma exacerbations represent a 
major component of the economic burden of asthma.

Among pediatric populations in the United States, asthma prev-
alence and asthma-related emergency department or urgent care 
center visits are highest in African American and Puerto Rican 
populations.6 Moreover, African ancestry has been associated with 
a higher risk of developing asthma among African Americans7 and 
Puerto Ricans,8 as well as with an increased risk of exacerbations 

among African Americans.9,10 These data point to a genetic com-
ponent potentially contributing to the disparities in asthma 
exacerbations.

The genetic determinants of severe asthma exacerbations have 
been studied mostly in European populations, focusing on genes 
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methylation levels of the protein kinase domain-containing cytoplasmic (PKDCC) gene 
in whole-blood cells (P = 9.8 × 10−5).
Conclusion: We identified a novel susceptibility locus for severe asthma exacerba-
tions in Hispanic/Latino and African American youths with functional effects in gene 
expression and methylation status of neighboring genes.

K E Y W O R D S

African American, asthma, ethnic differences, exacerbations, gene expression, genome-
wide association study, Hispanic, Latino, methylation, single nucleotide polymorphism, 
susceptibility

Key Message

The first genomic analysis comparing asthma cases with 
severe exacerbations against controls performed in 
Hispanic/Latino and African American revealed a novel 
genome-wide significant susceptibility locus. The associat-
edvariant demonstrated to have functional consequences 
in methylation and gene expression in blood and lung tis-
sue, respectively. Our results provide two different gene 
targets of interest for asthma exacerbations whose spe-
cific role should be further explored in future functional 
analysis.
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previously associated with asthma susceptibility through candidate 
gene association studies.11 The only four genome-wide association 
studies (GWAS) focused on asthma exacerbations performed to date 
suggest that loci for exacerbations differ from those of asthma suscep-
tibility.12-15 One GWAS analyzed extreme phenotypes by comparing 
exacerbators and children without asthma and revealed a novel locus at 
the cadherin-related family member 3 (CDHR3) gene, not associated in 
any GWAS focused on asthma susceptibility.12 The other three GWAS 
of asthma exacerbations performed case-only analyses, comparing 
asthma patients with and without exacerbations. One study identi-
fied several single nucleotide polymorphisms (SNPs) in alpha-T-cat-
enin (CTNNA3) significantly associated with asthma exacerbations at 
genome-wide significant level.13 Two studies flagged CMTR114 and 
APOBEC3B-APOBEC3C15 as suggestively associated with asthma exac-
erbations despite treatment with inhaled corticosteroids.

We hypothesized that a GWAS comparing asthma patients with 
severe exacerbations with non-asthmatic controls could reveal novel 
specific association signals in two high-risk populations for asthma. 
We aimed to identify genetic variants associated with severe asthma 
exacerbations in Hispanics/Latinos and African Americans.

2  | METHODS

2.1 | Study populations

The Genes-Environments and Admixture in Latino Americans 
(GALA II) and the Study of African Americans, Asthma, Genes, and 
Environments (SAGE) are two case-control studies of pediatric 
asthma in minority populations of the United States.16 Both stud-
ies were approved by the Human Research Protection Program 
Institutional Review Board of the University of California, San 
Francisco. Participants/parents provided written assent/consent, 
respectively. Asthma was defined by physician diagnosis, use of con-
troller or rescue medication, and report of symptoms in the 2 years 
preceding enrollment. Controls were excluded if they reported 
asthma, rhinitis, hay fever, allergy, or eczema, wheezing, shortness 
of breath, or use of medication for allergies. Asthma exacerbations 
were defined as the presence of any of the following asthma-related 
events in the 12 months before enrollment: administration of oral 
corticosteroids (OCS), seeking emergency care, and hospitaliza-
tions.1 A total of 1283 exacerbators and 2027 controls from GALA II 
were analyzed in the discovery stage. In the replication stage, 448 ex-
acerbators and 595 controls from SAGE were included. Additionally, 
asthma patients without exacerbations (898 from GALA II and 524 
from SAGE) were used as controls in case-only analyses.

2.2 | Genotyping and imputation

Genotyping was conducted with the Axiom LAT1 array and with 
the Axiom LAT1 Array Plus HLA (Affymetrix), and the SNPs and 
individuals resulting from the intersection of the two arrays were 

subjected to quality control. The Haplotype Reference Consortium 
(HRC)17 r1.1 was used as imputation reference panel. Quality control 
and imputation are detailed in the Supporting Information.

2.3 | Statistical analysis

The association between 9 737 707 SNPs with minor allele fre-
quency (MAF) ≥1% and imputation quality score R2 ≥ 0.3, and 
asthma with severe exacerbations was tested through logis-
tic regression models using EPACTS 3.2.6,18 with correction for 
age, sex, and the first two genotype principal components (PCs), 
which explained most genetic variation (Figure S1). Conditional 
analyses were performed with GCTA-COJO v1.92.219 using the 
default options to identify independent variants (r2 ≤ 0.9) within 
10 Mb distance from the lead SNP at each locus with suggestive 
level of significance (P ≤ 5 × 10−6). These variants were examined 
for replication in SAGE, and shared variants were meta-analyzed 
with METASOFT.20 Random or fixed-effects models were cho-
sen based on the heterogeneity estimated by Cochrane's Q test. 
Genome-wide significance was declared with P ≤ 5 × 10−8 after the 
meta-analysis across both stages.

To refine the SNPs whose effect was driven by severe asthma 
exacerbations or asthma, we conducted a case-only analysis by com-
paring exacerbators and non-exacerbators with correction for age, 
sex, two PCs, and disease severity defined based on treatment cate-
gory (Table 1). For the region associated with asthma exacerbations 
in this analysis, fine mapping was conducted within 1 Mb flanking 
the lead SNP in Latinos using three imputation panels: HRC, 1000 
Genomes Project (1KGP) Phase III, and the Consortium on Asthma 
among African-Ancestry Populations in the Americas (CAAPA). For 
each SNP, imputed dosages were selected based on the highest R2.

In secondary analyses, we evaluated the association of the most 
significant SNP with lung function measurements by regression 
models adjusted for the first two PCs and asthma status. Moreover, 
we performed stratified analyses to assess the potential confounding 
effect of atopic comorbidities and asthma control. See Supporting 
Information for more details.

2.4 | Methylation quantitative trait loci (cis-
meQTL) analysis

We performed a cis-methylation quantitative trait locus (meQTL) 
analysis in 473 GALA II whole-blood samples (236 asthma cases 
and 237 controls) profiled with the Infinium HumanMethylation450 
BeadChip array (Illumina, Inc). We tested for association with the 
M-values within 500 kb of the most strongly associated SNP with 
correction for sex, asthma, exacerbations, African and Native 
American ancestries, and inferred white cell counts. A false discov-
ery rate (FDR) of 5% was used to declare significance accounting for 
the multiple comparisons performed. Detailed procedures are pro-
vided in the Supporting Information.



64 Chapter 3

     |  109HERRERA-LUIS Et AL.

2.5 | In silico functional evaluation

Functional annotation was conducted with HaploReg v4.221 
based on linkage disequilibrium (LD) data of admixed American 
populations from the 1KGP. Evidence of expression quantitative 
trait loci (eQTLs) was searched in the Genotype-Tissue Expression 
(GTEx)22 v8.

3  | RESULTS

3.1 | Characteristics of study populations

The demographics and clinical characteristics of participants in-
cluded in the analysis are shown in Table 1. Among asthma cases, 
Latinos sought unexpected asthma care more often than African 

TA B L E  1   Clinical and demographic characteristics of the subjects included in the case-control and case-only analyses

GALA II SAGE

Asthma with 
exacerbations
(n = 1283)

Asthma without 
exacerbations
(n = 898)

Control
(n = 2027)

Asthma with 
exacerbations
(n = 448)

Asthma without 
exacerbations
(n = 524)

Control
(n = 595)

Gender (% female) 582 (45.4)a  403 (44.9) 1137 (56.1) 214 (47.8)a  263 (50.2) 340 (57.1)

Mean age in 
years ± SD

12.2 ± 3.1a,b  13.4 ± 3.5 13.9 ± 3.6 13.3 ± 3.6a,b  14.4 ± 3.6 15.6 ± 3.8

African ancestry (%) 18.9 ± 13.2a,b  12.6 ± 11.9 14.2 ± 12.0a  83.6 ± 18.1 81.5 ± 21.5 81.7 ± 18.1

Native American 
ancestry (%)

22.9 ± 22.6b  37.4 ± 25.5 33.9 ± 27.8 NA NA NA

Asthma exacerbations in the last 12 mo, n (%)

Acute asthma care 1092 (85.1) NA NA 231 (51.6) NA NA

Oral corticosteroid 
use

712 (55.5) NA NA 337 (75.2) NA NA

Hospitalizations 192 (15.0) NA NA 88 (19.6) NA NA

Asthma control, n (%)c 

Well controlled 210 (16.4)b  431 (48.0) NA 60 (15.7)b  182 (36.8) NA

Partially controlled 533 (41.5)b  282 (31.4) NA 112 (29.4) 150 (30.4) NA

Poorly controlled 540 (42.1)b  185 (20.6) NA 209 (54.9)b  162 (32.8) NA

Treatment category n (%)d 

Step 1 464 (36.4)b  505 (56.4) NA 97 (21.7)b  242 (46.5) NA

Step 2 417 (32.7)b  233 (26.1) NA 182 (40.6) 210 (40.3) NA

Step 3 394 (30.9)b  157 (17.5) NA 169 (37.7)b  69 (13.2) NA

Eczema, n (%)e  224 (17.7) 134 (15.1) NA 188 (48.5)b  159 (32.4) NA

Hay fever/rhinitis, 
n (%)f 

564 (45.2)b  314 (35.4) NA 148 (36.2) 142 (28.9) NA

FEV1 (%)g  97.9 ± 15.7a,b  103.6 ± 14.4 108.0 ± 12.6 91.2 ± 11.9 92.4 ± 11.6 96.1 ± 10.8

FVC (%)g  102.0 ± 16.0a,b  107.3 ± 15.3 108.0 ± 13.6 96.5 ± 11.8 97.0 ± 10.9 98.4 ± 11.8

FEV1/FVC (%)g  96.4 ± 7.6a  97.2 ± 7.2 99.7 ± 6.7 94.1 ± 8.3 95.3 ± 7.6 97.8 ± 7.4

Note: For continuous variables, the mean and standard deviation are displayed, and the Mann-Whitney-Wilcoxon test was applied for the comparison 
of cases vs controls. For categorical variables, the number and proportion of subjects in each category are shown and a chi-square test was applied 
for the comparison of cases vs controls.
Abbreviations: FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; NA, not available/applicable; SD, standard deviation.
aP < .01 for the comparison between asthma cases with exacerbations and controls. 
bP < .01 for the comparison between asthma cases with exacerbations and asthma cases without exacerbations. 
cAsthma control was available for 2181 and 875 asthma cases from GALA II and SAGE, respectively. 
dThe severity medication regime was categorized into three levels based on the use of short beta-agonists (step 1), one inhaled corticosteroid, 
leukotriene inhibitor, or theophylline tablet (step 2), more than one or a combination of an inhaled corticosteroid, leukotriene inhibitor, or 
theophylline tablet or a combination of inhaled corticosteroids and long-beta-agonists (step 3). Medication data were available for 2170 and 969 
asthma cases from GALA II and SAGE, respectively. 
eEczema status was available for 2155 and 879 subjects from GALA II and SAGE, respectively. 
fHay fever status was available for 2133 and 901 subjects from GALA II and SAGE, respectively. 
gFEV1, FVC, and FEV1/FVC were available for 2698, 2710, and 2662 GALA II subjects, respectively, and 1058, 1075, and 1056 SAGE subjects, 
respectively. 
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Americans, while hospitalizations and OCS use were more frequent 
in African Americans.

3.2 | Discovery in Latinos from GALA II

The quantile-quantile plot showed slight genomic inflation 
(Figure S2A, λGC = 1.02), which was driven by the strong association 
signals in LD at the known asthma locus 17q12-q21 (Figure S2B). A 
total of 171 SNPs were suggestively associated with severe exacer-
bations (P ≤ 5 × 10−6) (Figure 1; Table S1). From these, conditional 
analyses identified 12 independent SNPs with imputation quality 
R2 values ranging from 0.91 to 1.00 (Table 2), of which rs12946510 
at the GRB7/IKZF3 region showed the strongest association (odds 
ratio [OR] for T allele = 0.68, 95% confidence interval [CI]:0.60-0.76, 
P = 6.82 × 10−11).

3.3 | Replication in African Americans from 
SAGE and meta-analysis

Of the 12 SNPs selected for replication, 3 SNPs were unsuitable 
for replication in African Americans due to their low frequency in 
this population (MAF <1%). From the remaining SNPs (Table 2), 
rs4952375 at the 2p21 region near LINC01913 replicated (OR for 
A allele = 1.53, 95% CI: 1.12-2.08, P = 7.43 × 10−3). A combined 
meta-analysis resulted in two genome-wide significant associa-
tions for rs12946510 (OR for C allele = 0.71, 95% CI: 0.64-0.79, 
P = 1.12 × 10−10) and rs4952375 (OR for A allele = 1.39, 95% CI: 
1.23-1.56, P = 3.79 × 10−8) (Figure 2). We next assessed these two 
genome-wide significant associations in a case-only meta-analysis 
(n = 3139) including exacerbators and non-exacerbators (Table S2). 

The SNP rs4952375 was associated with increased risk of severe 
exacerbations among asthma patients (OR for A allele = 1.25, 95% 
CI: 1.09-1.44, P = 1.95 × 10−3). However, rs12946510 showed no as-
sociation in the case-only analysis, suggesting that its effect is likely 
driven by asthma rather than severe exacerbations. The results of 
case-only analyses of the suggestive associations identified in the 
discovery are also provided in Table S2.

3.4 | Fine mapping of 2p21 and assessment of 
additional phenotypes

Since rs4952375 was associated with asthma exacerbations in the 
case-control and the case-only analyses and has not been identified 
by previous GWAS, we performed fine mapping with additional im-
putation reference panels. Despite increasing the number of variants 
analyzed from 4817 to 6906 (27.8% and 2.4% exclusive of 1KGP and 
CAAPA, respectively), no additional genome-wide or suggestively 
associated SNPs were found (Figure S3).

Further meta-analyses for asthma-related traits were con-
ducted for the SNP rs4952375 (Table S3). We first evaluated 
whether the association found for asthma with exacerbations dif-
fered by asthma control status, stratifying the exacerbators as well 
controlled or poorly controlled and comparing them with the con-
trols. Although the association was only significant among poorly 
controlled exacerbators, no heterogeneity was found for the effect 
of rs4952375 among the two groups when compared to the con-
trols (Cochran's Q P = 0.263 and P = 0.988 for GALA II and SAGE, 
respectively). Additionally, given that almost half of the asthma 
patients reported eczema or rhinitis, we assessed whether atopic 
comorbidities could be a confounder performing stratified analy-
ses (Table S3). No heterogeneity for the effect of rs4952375 was 

F I G U R E  1   Manhattan plot of the GWAS for GALA II (represented as -log10 P-value on the y-axis) along the chromosomes (x-axis). The 
suggestive significance threshold for replication is indicated by the gray line (P = 5 × 10−6). GALA II, Genes-Environments and Admixture in 
Latino Americans; GWAS, genome-wide association studies [Colour figure can be viewed at wileyonlinelibrary.com]
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found between exacerbators with these morbidities vs controls or 
exacerbators without them when compared to controls (Cochran's 
Q P = 0.842 for both studies). Moreover, rs4952375 was not as-
sociated with predicted baseline forced expiratory volume in one 
second (FEV1), forced vital capacity (FVC), or the FEV1/FVC ratio, 
in an analysis corrected for asthma status and the top two PCs 
(Table S3).

3.5 | Functional analysis of the associated variant

In a subset of GALA II participants with methylation data avail-
able, we identified rs4952375 as a cis-meQTL for the CpG site 
cg17892159, which lies near the protein kinase domain-contain-
ing cytoplasmic (PKDCC) gene. Carriers of the risk allele showed 
increased methylation levels for cg17892159 (P = 9.79 × 10−5; 
FDR = 1.3%) (Figure 3A).

Additionally, rs4952375 is a lung eQTL for the uncharacterized 
long intergenic non-coding RNA (lncRNA) 1913 (LINC01913) in the 
GTEx database (P = 1.3 × 10−7). Lung LINC01913 expression increases 
when the risk allele is present (Figure 3B). Furthermore, this variant is 
in high LD (r2 ≥ 0.8) with 31 lung eQTLs for LINC01913 (Table S4).

3.6 | Validation of associations identified by 
previous GWAS

We assessed previous associations reported for asthma exacerba-
tions11 and moderate-to-severe asthma23 for validation in GALA II 
and SAGE. We replicated the association of GSDMB and IKZF3 at 
genome-wide significant level and 10 additional SNPs at nominal 
level with asthma with severe exacerbations (Table S5). However, 
only the SNP rs1837253 from TSLP was also nominally associated 
with severe exacerbations in a case-only analysis (Table S6).

F I G U R E  2   Regional plot of association 
in the discovery phase for the novel 
association detected at 2p21. The 
statistical significance of association 
results (-log10 P-value) is represented 
for each SNP as a dot (left y-axis) and 
recombination rate (right y-axis) by 
chromosome position (x-axis). SNPs are 
colored to show their LD with the top hit 
based on the pairwise r2 values from the 
American admixed populations of the 
1KGP. LD, linkage disequilibrium; SNP, 
single nucleotide polymorphism [Colour 
figure can be viewed at wileyonlinelibrary.
com]

F I G U R E  3   Functional analysis of the rs4952375. A, Boxplot of blood methylation levels at cg17892159 annotated to PKDCC by 
rs4952375 genotype in a subset of GALA II subjects (n = 473). B, Gene expression levels of LINC01913 in lung tissue by genotype at 
rs4952375 indicating that this SNP is an eQTL, based on data obtained from GTEx (n = 450). Abbreviations: eQTL, expression quantitative 
trait loci; GALA II, Genes-Environments and Admixture in Latino Americans; SNP, single nucleotide polymorphism [Colour figure can be 
viewed at wileyonlinelibrary.com]
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4  | DISCUSSION

To our knowledge, this is the first GWAS of asthma with severe 
exacerbations in Latino and African American children and youth. 
We performed a two-stage GWAS and identified a novel locus for 
susceptibility to asthma with exacerbations that reached genome-
wide significance in the combined meta-analysis. The strongest 
association at chromosome 2p21 is located at rs4952375, which 
was also associated with severe asthma exacerbations in a case-
only meta-analysis of Latinos and African Americans. The sentinel 
SNP rs4952375 and its variants in LD (r2 ≥ 0.8) are located nearby 
LINC01913. Specifically, rs4952375 is located 87.8 kb away from the 
5’UTR of LINC01913. In fact, the SNP rs4952375 and their proxies in 
LD regulate gene expression of the long non-coding RNA LINC01913 
in the lung. We found that the A allele of rs4952375 is associated 
with a higher risk of asthma exacerbations and increased gene ex-
pression of LINC01913 in the lung. Long non-protein coding RNAs 
have been previously implicated in asthma phenotypes and other 
lung diseases as they interact with microRNAs and transcription fac-
tors involved in different biologic processes.24 Our results suggest 
that lncRNAs could also contribute to the pathogenesis of asthma 
exacerbations, although the mechanism involving LINC01913 in 
asthma remains unknown.

Our findings indicate that rs4952375 is also a meQTL for a CpG 
site annotated to PKDCC, a gene located 258 kb away from the 
associated marker. Genetic variation from PKDCC or its neighbor 
gene encoding for the echinoderm microtubule-associated pro-
tein-like 4 (EML4) has been associated with lung function mea-
surements25 and atopy.26 However, those polymorphisms were 
not associated with severe asthma exacerbations in our study and 
are not in LD with rs4952375 (Table S7), suggesting that they are 
independent association signals. Likewise, rs4952375 was not as-
sociated with lung function measurements in our study and did 
not show differences between severe exacerbators with or with-
out atopic comorbidities.

PKDCC is a tyrosine-protein kinase that regulates cell adhe-
sion through signal transduction,27 including phosphorylation of 
MMP1,28 which is involved in airway remodeling and whose activ-
ity is increased during exacerbations in relation to the exacerbation 
severity.29 Based on the biologic processes ontology described in 
the database Open Targets,30 PKDCC is involved in cell differentia-
tion, lung alveolus development, multicellular organism growth, and 
bone mineralization. Furthermore, mice deficient in Pkdcc show lung 
abnormalities.30 Our results suggest that the risk allele for asthma 
exacerbations is associated with higher methylation levels of PKDCC, 
which would imply that its gene expression could be downregulated 
in individuals with asthma exacerbations.

Hispanics/Latinos are descendants of the admixture of 
European, African, and Native American populations, with large 
variability in the ancestral proportions depending on the histor-
ical events that each particular subgroup has undergone.31 On 
the other hand, African Americans derive from the admixture 
of European and African populations, with large proportions of 

African ancestry, with mean values ranging from 73% to 93%.31 
The high asthma prevalence among African-admixed individuals, 
particularly in developed countries,6-10 suggests a shared genetic 
basis that may be a risk factor for asthma under environmental 
influences that are absent in non-Westernized societies.8 In this 
work, we leveraged this specific genetic background to identify a 
novel locus for severe asthma exacerbations. Given the different 
ancestral composition, the risk allele of rs4952375 was more fre-
quent in Latinos than in African Americans (22.7% vs 10.1%), in 
agreement with 1KGP (Figure S4). However, the association had 
consistent effects in both populations.

We also attempted to validate previous SNPs associated with 
asthma exacerbations or moderate-to-severe asthma in Latinos 
and African Americans. Although we found replication of several 
associations, no evidence of association was detected with se-
vere asthma exacerbations in a case-only analysis, except for one 
SNP, suggesting that the effect of those variants is due to asthma 
susceptibility rather than exacerbations. Therefore, our findings 
suggest that the genetic determinants of severe exacerbations 
may differ from those involved in moderate-to-severe asthma. 
Alternatively, the lack of replication could be due to the differ-
ences in the characteristics of the patients analyzed in the current 
study compared to Shrine et al,23 in terms of ancestry, age, and 
study design. Of note, the SNPs rs6967330, located in the human 
rhinovirus C receptor CDHR3 gene and previously associated with 
asthma with severe exacerbations,12 did not replicate in our study, 
which could reflect different pathogenic mechanisms between 
the two studies, which differed in age, ethnicity, and definition of 
exacerbations.

We acknowledge some limitations in this study. First, report-
ing of asthma exacerbations was retrospective in both studies, 
which could introduce some imprecision into the phenotypes 
analyzed. Second, the fact that several SNPs are in strong LD in 
the region complicates the identification of the causal variant(s). 
Third, asthma is a complex disease resulting from the interaction 
between genetic and environmental exposures, which could be 
critical for the development of exacerbations, and those expo-
sures were not addressed in our study. Fourth, limited functional 
data were available within the samples analyzed. However, data 
available on public databases (GTEx22 and OpenTargets30) pro-
vided evidence about the functional role of the associated variant 
regulating gene expression and the importance of the PKDCC in 
lung development based on knockout mice models.

On the other hand, this study has several strengths. Foremost, 
this is the first GWAS of asthma with severe exacerbations specifi-
cally focused on minority racial/ethnic groups at high risk of asthma 
morbidity and underrepresented in biomedical studies. Second, we 
showed that examining a specific asthma phenotype revealed ge-
netic variants that have not been identified by previous GWAS of 
asthma susceptibility on the same populations. Third, we performed 
an in-depth fine mapping of the region of interest using a combi-
nation of three different panels and assessed the association with 
several clinical subtypes.
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In summary, we conducted a GWAS of asthma with severe ex-
acerbations in Hispanic/Latino and African American children and 
youth. Our study identified a novel genome-wide significant asso-
ciation for severe asthma exacerbations on chromosome 2p21. The 
associated variant is a lung eQTL for the LINC01913 gene and is also 
a whole-blood meQTL of a CpG site annotated to PKDCC. Additional 
functional follow-up is required to confirm the role of this locus in 
asthma exacerbations.
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4.4 Admixture mapping of severe asthma exacerbations loci
in children and youth

This Chapter includes the results from the first admixture mapping of severe AEs in
Hispanic/Latino children and youth ever conducted. Leveraging local ancestry, we re-
vealed several significant genomic regions where local ancestry was associated with se-
vere AEs in Mexican Americans and Puerto Ricans. Fine mapping of common and rare
genetic variation within the admixture mapping peak revealed genetic variants that
showed significant and consistent effects in both Latino/Hispanic ethnic subgroups.
Additionally, genetic variants were followed up for trans-ancestral replication in Sin-
gaporean Chinese, African Americans, and European-descent populations. The effect
on gene expression and DNA methylation of genetic variants that exhibited significant
and consistent effects among Latino ethnic subgroupswas investigated inwhole-blood
from Latino patients with asthma.

A total of six and three genomic regions showed a significant association of lo-
cal ancestry with severe AEs in Mexican Americans and Puerto Ricans, respectively. In
Mexican Americans, fine-mapping of common variants revealed two SNPs that showed
significant and consistent effects in Puerto Ricans, and exhibited functional effects on
expression of secretoglobin Family 3A Member 2 (SCGB3A2) gene and DNA methy-
lation nearby the Dihydropyrimidinase Like 3 (DPYSL3) gene in whole-blood. None
of these two common variants showed significant association in non-Hispanic/Latino
populations, suggesting that these variants may exert ethnic-specific genetic effects.

This Chapter has been submitted as an Original Article entitled ‘Admixture map-
ping of severe asthma exacerbations in Latino children and youth’ to a peer-reviewed
journal.
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ABSTRACT 

 

Background: In the United States, genetically admixed populations have the highest asthma 

prevalence and severe asthma exacerbations rates. This could be explained by environmental 

factors, but also by ethnic-specific genetic variants. However, no admixture mapping has been 

performed for severe asthma exacerbations. 

Objective: We sought to identify genetic variants associated with severe asthma exacerbations in 

Hispanics/Latinos by means of admixture mapping analyses and fine-mapping, and to assess their 

transferability to other populations and potential functional roles. 

Methods: We performed an admixture mapping in 1,124 Puerto Rican and 625 Mexican American 

children with asthma. Fine-mapping of the significant peaks was performed via allelic testing of 

common and rare variants. We performed replication across Hispanic/Latino subgroups, and the 

transferability to non-Latino populations was assessed in 1,001 African Americans, 1,250 

Singaporeans, and 941 Europeans with asthma. The effects of the variants on gene expression 

and DNA methylation from whole-blood were also evaluated. 

Results: Genome-wide significant associations of Indigenous American ancestry with severe 

asthma exacerbations were found at 5q32 in Mexican Americans and at 13q13-q13.2 and 3p13 in 

Puerto Ricans. In Mexican Americans, a genome-wide significant association with European 

ancestry was also uncovered at 5q33.1 and 9q22.31. The SNPs rs28836559 (STK32A) and 

rs1144986 (C5orf46) showed consistent effects for severe asthma exacerbations across 

Hispanic/Latino subgroups, but were not validated in non-Latinos. These genetic variants regulated 

DPYSL3 DNA methylation and SCGB3A2 gene expression levels. 

Conclusions: The first admixture mapping study of asthma exacerbations revealed novel 

regulatory genetic variants for DPYSL3 and SCGB3A2 that exhibited Latino-specific effects. 
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KEY MESSAGE 

▪ What is already known on this topic – Admixed minorities in the United States, including 

Hispanics/Latinos, show disproportionate rates of asthma and asthma exacerbations compared 

to European-descent populations, but no study has assessed the contribution of genetic 

variation to asthma exacerbations by admixture mapping. 

▪ What this study adds – The first admixture mapping of severe asthma exacerbations in 

Hispanics/Latinos revealed two ethnic-specific functional genetic variants with effects over two 

biologically plausibly genes implicated in this trait (DPYSL3 and SCGB3A2). 

▪ How this study might affect research, practice or policy – Our findings have prioritized two 

novel gene targets for future research in asthma. 
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INTRODUCTION 

Asthma is a chronic inflammatory disease that shows remarkable heterogeneity by ethnicity, and 

results from the complex interplay between environmental, behavioural, and genetic factors.[1] In 

fact, genetic ancestry is a critical factor for asthma susceptibility.[2] In the United States (U.S.), 

asthma prevalence is highest in Puerto Ricans (14.0%), followed by African Americans (10.7%), 

and lowest in Mexican Americans (5.4%) and Asian Americans (4.5%).[3] However, ethnic 

disparities are not limited to asthma prevalence, since Puerto Ricans and African Americans also 

show the highest rates of asthma-related emergency room or urgent care visits.[4] Asthma 

exacerbations, defined as those events requiring urgent asthma care, hospitalizations, or 

administration of systemic corticosteroids, contribute to the large healthcare expenditures of 

asthma[5] and asthma-related deaths.[6] Moreover, exacerbations impair the patients' quality of 

life[7] and long-term lung function.[8] Although environmental exposures, such as viral infections or 

air pollution, are known triggers for asthma exacerbations, several genetic loci for asthma 

exacerbations have been successfully uncovered through genome-wide associations studies 

(GWAS) in Hispanics/Latinos.[9–11] 

Hispanics/Latinos are American admixed individuals with variable influences from Indigenous 

American, African and European populations (i.e., African ancestry is higher in Puerto Ricans 

compared to Mexicans, and Native American ancestry is higher in Mexicans).[12] In a scenario 

where a trait shows differential rates in admixed individuals, admixture mapping in the most 

affected populations can identify genetic variants associated with that trait. In fact, mapping causal 

variants by long-range linkage disequilibrium decreases multiple testing burden and can be 

coupled with functional approaches to prioritize genetic variants that could have population-specific 

effects. 

Given the disparities in asthma prevalence and outcomes, multiple studies have leveraged locus-

specific genetic ancestry to identify genetic variants associated with asthma-related outcomes.[12–

15] However, no admixture mapping of severe asthma exacerbations has been performed to date. 

We hypothesized that genetic variation might partially explain the ethnic differences in severe 

asthma exacerbations among Hispanics/Latinos. Hence, we aimed to identify novel genetic 

variants associated with severe asthma exacerbations by admixture mapping in Hispanic/Latino 

children and youth with asthma. We then sought to evaluate the potential functional consequences 

of those genetic variants and attempted to validate them in non-Hispanic/Latino populations. 

 

 

 

 



82 Chapter 4

 

 

METHODS 

A full description of the methods can be found in the Supplemental material. 

Discovery population 

We analysed genotypes from Puerto Ricans (n=1,124) and Mexican Americans (n=625) from the 

study of Genes-Environment and Admixture in Latino Americans (GALA II), a case-control study of 

asthma in Hispanics/Latinos aged 8-21 years-old recruited in the US and Puerto Rico between 

2006 and 2014. GALA II was approved by the Human Research Protection Program Institutional 

Review Board of the University of California, San Francisco (US), and participants/parents 

provided written assent/consent, respectively. Participants were eligible if they reported four 

Hispanic/Latino grandparents. Asthma cases were diagnosed by a physician and had asthma 

symptoms and reported use of controller or rescue medication in the two years preceding 

enrolment.[16] Severe asthma exacerbations were defined as the presence of any of the following 

events in the past 12 months: use of oral corticosteroids, asthma-related hospitalizations, or 

unscheduled asthma care.[17] Treatment category, defined following the Expert Panel Report 3 

(EPR-3) guidelines for the diagnosis and management of asthma,[18] was used as a proxy of 

asthma severity. Three levels were defined based on the use of short beta-agonists (step 1), one 

inhaled corticosteroid, leukotriene inhibitor, or theophylline tablet (step 2), more than one or a 

combination of an inhaled corticosteroid, leukotriene inhibitor, or theophylline tablet or a 

combination of inhaled corticosteroids and long-beta agonists (step 3).  

Whole-genome sequencing data generation and processing 

Whole-genome sequencing (WGS) was conducted on a HiSeq X system (Illumina, San Diego, 

CA). Data generation and quality control (QC) are described in the Supplemental material. 

Genotypes used in this study were based on TOPMed freeze 8 data. 

Local and global ancestry estimation 

The ancestral reference panel for ancestry estimation included 90 HapMap phase II Europeans 

(CEU), 90 Africans (YRI), and 71 Native Americans (NAM).[19] Local ancestry was estimated with 

RFMIX v2[20] based on biallelic single nucleotide polymorphisms (SNPs) with a PASS filter from 

the WGS that overlapped with the reference panel (402,838 SNPs). Global ancestry was 

calculated as the genome-wide average of local ancestry. 

Admixture mapping in Hispanics/Latinos 

The association of asthma exacerbations and the number of copies of African, European, and 

Indigenous American local ancestry (0, 1, or 2 copies) at each SNP analysed was tested 

separately in Latino/Hispanic subgroups. This was performed through logistic regression models 

with correction for global ancestry, age, sex, and treatment category (as a proxy for asthma 

severity). We estimated the effective number of tests using an empirical autocorrelation, to account 

for multiple comparison testing, as described in the Supplemental material. 
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Fine-mapping and replication 

Fine-mapping of variants with minor allele frequency (MAF)≥1% within the genome-wide significant 

admixture mapping peaks was performed with correction for the same covariates used in the 

admixture mapping. To correct for multiple comparison, an adjusted threshold of significance was 

defined as p =<0.05/number of effective tests. To evaluate whether independent SNPs account for 

the admixture mapping signal, we performed step-wise conditional regression analyses adjusting 

the association of local ancestry by the allele dosage of associated SNPs. Interaction of local 

ancestry on the association of the SNPs with exacerbations was evaluated by a regression model 

including the same covariates that the main model and an interaction term SNP x local ancestry. 

Peak-wise independent significant SNPs identified in Mexican Americans were replicated in Puerto 

Ricans and those identified in Puerto Ricans were assessed in Mexican Americans. Additional 

validation was sought in non-Latino participants with asthma, including 1,101 African Americans 

from the Study of African Americans, Asthma, Genes, and Environments (SAGE), 1,250 

Singaporean Chinese from the Singapore Cross Sectional Genetic Epidemiology Study 

(SCSGES), and 941 Europeans from several studies: the MEchanism underlying the Genesis and 

evolution of Asthma (MEGA) study, the Genomics and Metagenomics of Asthma Severity 

(GEMAS) study, the Children, Allergy, Milieu, Stockholm, Epidemiology (BAMSE) study, and the 

Infancia and Medio Ambiente (INMA) study. Details of studies included in the replication are 

described in the Supplemental material and Table E1.  

Fine-mapping of rare variants (MAF<1%) was conducted using the SKAT-O test[21] analyzing 1-

kilobase (kb) sliding windows with 500-bp increments within the admixture mapping peak limits. 

The threshold of significance was defined based on Storey q<0.05. 

Methylation profiling and quality control 

DNA methylation from whole blood was profiled using the Illumina Infinium HumanMethylation450 

BeadChip or the Infinium EPIC BeadChip arrays. QC is detailed in the Supplemental material. 

Briefly, low-quality probes and samples, outliers of DNA methylation, and samples with sex 

discordance or mixed genotype distributions on the control SNP probes were excluded. Standard 

background correction, dye-bias correction, inter-array normalization, and probe-type bias 

adjustment were conducted, and beta values were transformed to M-values. 

RNA sample processing, sequencing, and quality control 

Total RNA was quantified using the Quant-iT™ RiboGreen® RNA Assay Kit and normalized for 

library preparation with the Illumina TruSeq™ Stranded mRNA Sample Preparation Kit. Libraries 

were sequenced according to the manufacturer’s protocols using the HiSeq 4000 system 

(Illumina). Sample processing and quality control are detailed in the Supplemental material. 

Expression values were normalized across samples using an inverse normal transformation. 
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Functional assessment of associated SNPs 

Quantitative trait loci (QTL) analyses in data from whole blood were conducted separately in 

Mexican Americans and Puerto Ricans from GALA II for those CpG sites or genes with a 

transcription start site located within 1 Mb of the significant SNPs. Linear regression models were 

adjusted for exacerbations status, age, sex, treatment category, and genetic ancestry. Cis-

expression QTL (eQTL) analyses were adjusted by the top 60 PEER factors[22], and cis-

methylation QTL (meQTL) models by cell-type heterogeneity and methylation batch. The 

population sub-group results were then meta-analyzed. In silico evidence of functional effects of 

the variants on gene expression and DNA methylation was assessed using the Genotype-Tissue 

Expression (GTEx) v8 Portal,[23] PhenoScanner v2,[24] and the Genetics of DNA Methylation 

Consortium (GoDMC).[25] Chromatin interactions were determined using CHiCP.[26] Gene 

expression was inspected using the GTEx Portal[23] and REALGAR.[27] 

 

RESULTS 

Discovery sample characteristics 

A total of 820 out of 1,124 Puerto Ricans had exacerbations in the last 12 months (72.9%), while in 

Mexican Americans 223 out of 625 individuals reported exacerbations for the same period (35.7%) 

Most of the exacerbators among Puerto Ricans and non-exacerbators among both ethnic 

subgroups were in the lowest treatment category, while the distribution in Mexican exacerbators 

was more balanced. Moreover, no significant differences in global ancestry were detected between 

exacerbators and non-exacerbators (p>0.05) (Table 1).  

Stratified admixture mapping 

A genome-wide significant association was found between Indigenous American ancestry and 

severe asthma exacerbations at chromosomes 3p13 and 13q13.2 in Puerto Ricans (Table 2, 

Figure 1A, Figure E1 in the Supplemental material) (p≤1.16x10-4, accounting for 432 ancestry 

blocks). The most significant association at chromosome 3p13 corresponded to rs4677148, where 

Indigenous American ancestry was associated with lower odds of exacerbations (odds ratio [OR]: 

0.57, 95% confidence interval [CI]: 0.44–0.74, p=2.55x10-5), while European ancestry was 

associated with a higher risk of having exacerbations (OR: 1.40, 95% CI: 01.16–1.94, p = 1.82x10-

3) and no significant association with African ancestry was detected (p>0.05). The strongest 

association with the risk of severe exacerbations at 13q13.2 was located at rs10514839 (OR: 2.18, 

95% CI: 1.55–3.06, p=6.56 x 10-6), whereby European or African ancestry showed no association.  

Among Mexican Americans, we identified three admixture mapping peaks at chromosome 5q32 

whereby Indigenous American ancestry was genome-wide significantly associated with the risk of 

severe exacerbations (p≤1.16x10-4, accounting for 431 ancestry blocks) (Table 2, Figure 1B, 

Figure E2). The most significant association in the region was located at rs10477350, where 
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Indigenous American was associated with higher odds of exacerbations (OR: 1.73, 95% CI: 1.34–

2.24, p=3.23x10-5) and European ancestry with lower risk (OR: 0.60, 95% CI: 0.46–0.78, 

p=1.46x10-4). Moreover, European ancestry was genome-wide significantly associated (p≤1.35x10-

4, accounting for 470 ancestry blocks) with asthma exacerbations in two regions (Table 2, Figure 

1C). The minimum p within the 5q33.1 peak was located at rs884083, being European ancestry 

associated with lower risk of having exacerbations (OR: 0.59, 95% CI: 0.45–0.77, p=1.25x10-4) and 

Indigenous American ancestry with increased risk (OR: 1.60, 95% CI: 1.24–2.08, p = 3.48x10-4). 

European ancestry at 9q22.2-q22.31 was also genome-wide significantly associated with lower 

odds of exacerbations (Figure E3), being the most significant association located at rs7034207 

(OR: 0.58, 95% CI: 0.44–0.75, p=5.65x10-5 and OR: 1.50, 95% CI: 1.16–1.94, p=2.14x10-3, for 

European and Indigenous American ancestry, respectively). 

No genome-wide significant associations were found between severe asthma exacerbations and 

African ancestry in both ethnic subgroups or European ancestry in Puerto Ricans (Figure E4). 

Moreover, a meta-analysis of both ethnic subgroups did not yield any additional admixture mapping 

peak at genome-wide significant level. 

Fine-mapping of common variants 

We next performed fine-mapping of common variants via allelic association testing (Table 3, Table 

E2). We found two regions where genetic variation was significantly associated with severe asthma 

exacerbations in Mexican Americans after accounting for the number of variants tested within each 

peak. Within an admixture mapping peak in 5q32, one independent SNP nearby STK32A was 

associated with exacerbations in Mexican Americans (rs28836559, OR for A allele: 1.57, 95% CI: 

1.22–2.01, p=3.71x10-4) (Figure 2A). Within another 5q32 peak, four independent variants were 

also associated with severe exacerbations (Figure 2B). The minor alleles of SNPs rs1144986 

(C5orf46) and rs35439318 (SCGB3A2/CTC-327F10.1) were associated with lower odds of having 

exacerbations: OR for G allele: 0.43, 95% CI: 0.28–0.66, p=9.45x10-5 and OR for C allele: 0.51, 

95% CI: 0.34–0.74, p=5.26x10-4, respectively. Moreover, the minor alleles of rs7704889 

(C5orf46/EEF1GP2) and rs10035432 (SCGB3A2/CTC-327F10.1) were associated with higher risk 

of exacerbations: OR for A allele: 1.58, 95% CI: 1.23–2.11, p=4.00x10-4 and OR for A allele: 1.61, 

95% CI: 1.23–2.11, p=4.82x10-4, respectively. No significant associations were detected in any of 

the regions in Puerto Ricans or at 9q22.2-q22.31 in Mexican Americans (Table E2) 

The step-wise addition of these SNPs to the regression model that tested the association of each 

lead ancestry SNP with severe asthma exacerbations revealed that the independent SNPs 

accounted for the two 5q32 peaks (Table E3). Moreover, the association of the SNPs revealed by 

fine-mapping and severe exacerbations remained significant after additional adjustment by local 

ancestry and no significant interaction with local ancestry was found (Table E4). To assess the 

robustness of the associations to socio-economic and clinical factors, we performed sensitivity 

analyses with adjustment by second-hand smoking exposure, insurance status, income quartile, 
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maternal education, and obesity, confirming that the effects were not explained by these factors 

(Table E5). 

We next assessed if these two independent variants replicated among Latino subgroups. In Puerto 

Ricans, the SNPs rs28836559 (OR for A allele: 1.36, 95% CI: 1.06–1.74, p =1.44x10-2) and 

rs1144986 (OR for G allele: 0.79, 95% CI: 0.62–1.00, p=4.94x10-2) had consistent effects 

compared to Mexican Americans. In the meta-analysis of Latinos, the A allele of rs28836559 was 

associated with higher of having exacerbations (OR: 1.46, 95% CI: 1.23–1.74, p=2.19x10-5, 

Cochran's Q p=4.22x10-1) and the G allele of rs1144986 showed a protective effect over 

exacerbations (OR: 0.60, 95% CI: 0.33–1.08, p=1.61x10-4, Cochran's Q p=1.40x10-2). Moreover, 

an analysis in 1,462 Mexican Americans and 2,346 Puerto Ricans revealed that these SNPs were 

not associated with the underlying asthma susceptibility at p<0.05 (Table E6). 

The two SNPs that showed significant and consistent effects in Latino subgroups were assessed 

for validation in non-Latino populations. However, no association was found with severe 

exacerbations (p>0.05) in Singaporean Chinese, African Americans, or Spanish individuals, or with 

less severe exacerbations, including school absences in 421 Swedish children or wheezing in the 

last year in 100 Spanish individuals (Table E7).  

Fine-mapping of rare variants 

For those regions where no common variant accounted for the admixture mapping peak, we tested 

the association of rare variants with severe asthma exacerbations. In Mexican Americans, we 

found 3 significant windows at peak-wise q<0.05 in the 5:148492902-148738466 peak: 

5:148503902-148504902 (nSNPs=13, p=2.08x10-4, q=4.02x10-2); 5:148504402-148505402 

(nSNPs=20, p=5.30x10-4, q=4.61x10-2); 5:148497902-148498902 (nSNPs=14, p=7.18x10-4, q=4.61x10-

2). These variants, located in an intronic region of HTR4, were identified to have a “modifier” impact 

based on their genomic locations and coding effects. A drop-one-out analysis revealed a similar 

contribution of each individual variant to the association of the regions with severe asthma 

exacerbations (Table E8). The association remained robust to additional adjustment by the 

covariates described above (Table E9). However, these three regions (±25kb) did not replicate in 

Puerto Ricans or African Americans at q<0.05. Moreover, no significant associations were found 

within the admixture mapping peaks identified in Puerto Ricans (q>0.05). 

Assessment of functional effects  

We next conducted QTL mapping for two independent SNPs that replicated Hispanic/Latino 

subgroups. The effect of rs1144986 and rs28836559 on DNA methylation in whole blood was 

evaluated for 196 and 468 CpG sites located within ±1 Megabase (Mb) of those SNPs, 

respectively. The SNPs rs1144986 and rs28836559 were identified as meQTL at q<0.05 (Table 4). 

While the SNP rs28836559 modified methylation levels at the probe cg17608492, located at 10.3 

kb of DPYSL3 (p=1.22x10-5, q=4.02x10-3), the SNP rs1144986 was significantly associated with 
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three probes annotated to DPYSL3, being cg04833034, at 57.4 kb of DPYSL3, the most significant 

CpG (p=5.17x10-6, q=3.41x10-3). Notably, the pair rs1144986-cg10930901 was replicated in the 

GoDMC results[25] (p= 7.10x10-29). DPYSL3 expression in bronchial epithelial cells was found to 

be increased in severe asthma in publicly available gene expression datasets (Figure E5). 

Additionally, the meQTL rs1144986 showed evidence of chromatin interaction with C5orf46 in 

lymphoblastoid cells (CHiCAGO score=11.7) and association with H3K4me1 histone marks in 

blood (Table E4). Moreover, rs28836559 was found to significantly interact with STK32A in CD34 

cells (CHiCAGO score=10.8) and lymphoblastoid cells (CHiCAGO score=10.9). Notably, none of 

the significant CpGs regulated the expression of nearby genes in whole blood in a subset of 126 

Puerto Ricans and 40 Mexicans with DNA methylation and gene expression data available at a 

false discovery rate-adjusted p<0.05 (Table E10).  

The effect of the two variants over the expression of genes with transcription start site within ±1Mb 

was assessed. From the 10 SNP-gene pairs, the SNP rs1144986 showed significant association 

with gene expression of SCGB3A2 at q<0.05 in whole-blood (p=6.62x10-22; q=6.62x10-20) and the 

association was also validated in blood according to the GTEx (p=5.1x10-10)[23] and Phenoscanner 

(minimum p=4.3x10-11) databases.[24]  

 

DISCUSSION 

To the best of our knowledge, this study is the first admixture mapping analysis of severe asthma 

exacerbations in Hispanic/Latino children with asthma. Briefly, we identified several genomic 

regions in which local Indigenous American or European ancestry was associated with severe 

asthma exacerbations in Puerto Ricans and Mexican Americans. Although fine-mapping in Puerto 

Ricans revealed no significant variants, we found five independent SNPs explaining the admixture 

mapping peak for Indigenous American ancestry at chromosome 5q32 in Mexican Americans, 

including the SNPs rs28836559 (STK32A) and rs1144986 (C5orf46), which showed significant 

consistent effects among Hispanic/Latino subgroups. Interestingly, none of the five loci were 

associated with asthma exacerbations in non-Latino populations, suggesting ethnic-specific effects 

shared among Hispanic/Latino subgroups. This could be explained, at least partially, due to 

differences in allele frequency and ethnic background. For example, the effect allele (A) of 

rs28836559 is more common in admixed populations (MAF=0.41, 0.25, 0.30 in Mexican 

Americans, Puerto Ricans, and African Americans, respectively) than in other ethnic groups 

(Tables E4, E6). The fact that Indigenous American ancestry is around 2% in African 

Americans[28] could contribute to the lack of validation of these genetic variants despite the higher 

MAF observed. 

An analysis of functional effects revealed that the two variants replicated in Puerto Ricans altered 

DNA methylation nearby DPYSL3. The protein DPYSL3 is involved in cytoskeleton remodeling by 
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participating in the signaling of class 3 semaphorins. While the role of DPYSL3 in asthma is 

unclear, it is co-expressed with genes involved in airway type 2 inflammation[29]. However, 

DPYSL3 expression in whole blood data from Hispanics/Latinos could not be evaluated due to 

low/lack expression, consistently with the GTEx data.[23] Additionally, the protective allele of 

rs1144986 increased SCGB3A2 expression in blood (Figure 3), although SCGB3A2 is 

predominantly expressed in the lung.[23] SCGB3A2 is involved in lung development[30] and has 

shown an anti-inflammatory role in mice.[31–34] Lung expression levels of pro-inflammatory 

cytokines, IL-4, IL-5, and IL-13, are lower in ovalbumin-induced mice pre-treated with SCGB3A2 

compared to those not treated with it.[33,34] Plasma SCGB3A2 levels are decreased in severe 

asthma,[35] and SCGB3A2 polymorphisms have been associated with asthma susceptibility.[36] In 

human bronchial epithelial cells, SCGB3A2 decreased airway inflammation inhibiting ERK and JNK 

activation.[37] In lung cancer, SCGB3A2 induced pyroptotic cell death. Interestingly, patients with 

higher SCGB3A2 gene expression manifested higher survival rates.[38] Moreover, SCGB3A2 

shows anti-fibrotic activity through increased expression of STAT1 phosphorylation and SMAD7 

expression,[39,40] hence, decreasing SMAD2/3 phosphorylation, which attenuates the TGFβ 

signaling,[40] a key pathway implicated in airway remodeling,[41] allergic airway inflammation,[42] 

and drug response in asthma.[43] Taken together, this evidence supports that these genes may be 

involved in susceptibility to asthma exacerbations and merit further exploration to understand their 

specific role.  

Moreover, we also found three regions in an intronic region of HTR4 where rare variation was 

associated with severe asthma exacerbations in Mexican Americans, but these were not significant 

in the other populations. Genetic variation of HTR4 has been associated with lung function and 

airway obstruction, which could be explained due to the involvement of HTR4 in lung 

development.[44] However, the association HTR4 with severe exacerbations was not confounded 

by lung function, and these regions were not associated with forced expiratory volume in one 

second, forced vital capacity, or their ratio in Mexican Americans (Table E9). 

Our study has several strengths and limitations. We focused on minority populations at high risk of 

asthma that have undergone distinct historical processes and show differential asthma 

exacerbations rates. Although we identified several regions in which local ancestry was associated 

with severe exacerbations, analyzing two different Hispanic/Latino subgroups may have hindered 

our power to detect associations. Specifically, this could have affected the identification of SNPs in 

the regions where Indigenous American ancestry was associated with exacerbations in Puerto 

Ricans, as this ancestral population has a smaller contribution to their genetic background 

compared to Mexican Americans. Moreover, we performed fine mapping evaluating both common 

and rare genetic variants. Although genetic signals identified by fine-mapping exceeded the 

respective peak-wise threshold of significance (Table 2, Table E2), none would have exceeded a 

stringent correction for the total number of variants tested in the discovery stage (p=0.05/13,905 

SNPs=3,59x10-6).  Furthermore, we also sought to determine if these genetic variants may exert 
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the same effects in non-Hispanic/Latino populations. The fact that none of the variants was 

validated in non-Hispanics/Latinos suggests that they could exhibit ethnic-specific effects. We 

attempted to overcome these limitations by performing functional analyses to reveal the effects of 

the variants identified on gene expression and DNA methylation.  

In summary, we leveraged local ancestry to identify genomic regions that contribute to severe 

asthma exacerbations in Latinos. Indigenous American ancestry was associated with asthma 

exacerbation risk at 5q32-q33.1 and novel associations of genetic variants with severe asthma 

exacerbations with a potential population-specific effect were uncovered. Moreover, these variants 

had functional effects on SCGB3A2 gene expression and DPYSL3 DNA methylation, two genes 

that are plausibly implicated in severe exacerbations. 
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Table 1. Characteristics of the asthma patients recruited between 2006 and 2014 for the Genes-Environments and 

Admixture in Latino Asthmatics (GALA II) study. 

 Puerto Ricans (N=1,124)  Mexican Americans (N=625) 

 Exacerbators 
Non-

exacerbators p-value Exacerbators 
Non-

exacerbators p-value 

Number of individuals 820 304  223 402  

Sex (% male)  443 (54.0) 160 (52.6) 7.27x10-1 129 (57.8) 226 (56.2) 7.57x10-1 

Age, mean+SD (years) 12.2±3.2 13.8±3.6 1.83x10-11 12.2±3.2 13.2±3.4 6.16x10-4 
European ancestry, mean±SD 

(%) 62.6±10.7 63.2±10.5 5.45x10-1 38.6±14.7 40.0±13.5 3.03x10-1 

African ancestry, mean±SD (%) 23.5±11.7  26.7±11.4 1.57x10-1 4.6±2.2 5.0±3.3 3.03x10-1 
Indigenous American ancestry, 

mean±SD (%) 13.8±3.93 14.3±4.8 1.16x10-1 56.7±15.2 55.0±14.2 2.00x10-1 

Treatment category, n (%)       

Step 1 353 (43.0) 227 (74.7) 8.27x10-21 53 (23.7) 185 (46.0) 6.57x10-8 

Step 2 239 (29.1) 41 (13.5) 1.07x10-7 86 (38.6) 131 (32.6) 1.57x10-1 

Step 3 228 (27.9) 36 (11.8) 3.23x10-8 84 (37.7) 86 (21.4) 1.82x10-5 
Abbreviation: SD: Standard deviation. For continuous variables, the mean and standard deviation are displayed and 

Mann-Whitney-Wilcoxon test was applied for the comparison of exacerbators versus non-exacerbators. For categorical 

variables, the number and proportion of subjects in each category are shown and a χ2 test was applied for the 

comparison of exacerbators versus non-exacerbators. 
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FIGURES 

 

Figure 1. Manhattan plot for the admixture mapping results of severe exacerbations. A) 

Association results for Indigenous American ancestry in Puerto Ricans B) Association 

results for Indigenous American ancestry in Mexican Americans C) Association results for 

European ancestry in Mexican Americans. The association with local ancestry is represented as 

-log10 p-value on the y-axis along the chromosomes (x-axis). The suggestive significance threshold 

for replication is indicated by the grey line. 
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Figure 2. Locus zoom for the fine-mapping results displaying the region around the most 

significant signals at 5q32. The statistical significance of association results (-log10 p-value) is 

represented for each SNP as a dot (left y-axis) by chromosome position (x-axis). SNPs are color-

coded to show their linkage disequilibrium (LD) with the most significant SNP based on the 

pairwise r2 values from Mexican Americans. The peak-wise significance threshold is represented 

as a dashed blue line. 
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Figure 3. Gene expression levels of SCGB3A2 in whole blood by genotype at rs1144986 in 

Mexican American and Puerto Rican asthma patients. 
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4.5 Multi-ancestry genome-wide association study of asthma
exacerbations

This Chapter reports the results of the first multi-ethnic GWAS of AEs in patients
with asthma, including European descents, Singaporean Chinese, Latinos and African
Americans. Given that the genetic variation of AEs has been explored separately in pop-
ulations of different ethnic background, the aim of this study was to identify novel ge-
netic associations for AEs that are shared among different ancestral backgrounds. The
GWAS design consisted in a multi-ethnic discovery stage to identify suggestive signals
of association, and a replication stage to validate these findings and a meta-analysis of
both stages. Asthma exacerbations were defined based on the report of acute asthma
care, oral corticosteroids use, asthma-related hospitalizations, and/or school absences
due to asthma. The functional effects of the genetic variants that showed significant
and consistent effect across the different stages were assessed via meQTL analysis in
blood from Hispanics/Latinos and African Americans and in silico analysis.

Two genetic variants showed significant and consistent effect for the association
with AEs. These variants were located within the pantothenate kinase 1 (PANK1)
gene and the intergenic region of the vascular cell adhesion molecule 1 (VCAM1) and
exostosin-like 2 (EXTL2) gene. The meQTL analysis correlated genotype dosage and
DNA methylation at several nearby CpG sites in whole-blood from Hispanics/Latinos
and African Americans with asthma. Moreover, in silico analysis revealed that gene
expression of EXTL2 and PANK1 was regulated by these loci. In summary, our study
revealed two functional genetic variants within genomic regions containing potential
targets of interest whose specific role in AEs should be further explored.

This Chapter is presented as a manuscript draft entitled ‘Multi-ancestry genome-
wide association study of asthma exacerbations’ that will be submitted to an interna-
tional scientific journal to be considered for publication.
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ABSTRACT 

 

Background: Asthma exacerbations are a serious public health concern due to high health care 

resource utilization, work/school productivity loss, impact on quality of life, and risk of mortality. 

The genetic basis of asthma exacerbations has been studied in several populations, but no prior 

study has performed a multi-ancestry meta-analysis of genome-wide association studies (meta-

GWAS) for this trait. We aimed to identify common genetic loci associated with asthma 

exacerbations across diverse populations and to assess their functional role in regulating DNA 

methylation and gene expression. 

Methods: A meta-GWAS of asthma exacerbations in 4,989 Europeans, 2,181 Hispanics/Latinos, 

1,250 Singaporean Chinese, and 972 African Americans analyzed 9.6 million genetic variants. 

Suggestively associated variants (p≤5x10-5) were assessed for replication in 36,477 European and 

1,078 non-European asthma patients. Functional effects on DNA methylation were assessed in 

595 Hispanic/Latino and African American asthma patients and in publicly available databases. 

The effect on gene expression was evaluated in silico. 

Results: 126 independent variants were suggestively associated with asthma exacerbations in 

the discovery phase. Two variants independently replicated: rs12091010 located at vascular cell 

adhesion molecule-1/exostosin like glycosyltransferase-2 (VCAM1/EXTL2) (discovery: odds ratio 

(ORT allele) =0.82, p=9.05x10-6 and replication: ORT allele=0.89, p=5.35x10-3) and rs943126 

from pantothenate kinase1 (PANK1) (discovery: ORC allele=0.85, p=3.10x10-5 and replication: ORC 

allele=0.89, p=1.30x10-2). Both variants regulate gene expression of genes where they locate and 

DNA methylation levels of nearby genes in whole blood. 

Conclusions: This multi-ancestry study revealed novel regulatory loci for asthma exacerbations 

located in genomic regions participating in inflammation and host defense. 

 

 

KEYWORDS  

Asthma exacerbations, EXTL2, GWAS, single nucleotide polymorphism, PANK1 
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CDK6: Cyclin-dependent kinase 6  
CI: Confidence interval 
GAG: Glycosaminoglycan 
GTEx: Genotype-Tissue Expression  
GWAS: Genome-wide association study 
LPS: Lipopolysaccharide  
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meQTL: Methylation quantitative trait loci 
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PPAR-α: Peroxisome proliferator-activating receptor α  
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SNP: Single nucleotide polymorphism 
TLR4: Toll-like receptor 4 
TNFα: Tumor necrosis factor α 
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INTRODUCTION 
Asthma is a common chronic inflammatory airway disorder affecting over 300 million people 

worldwide. The disparities in asthma prevalence across populations reflect a complex interplay 

between environmental exposures (i.e., air pollution and viral infections), behavioral and 

socioeconomic factors (i.e., treatment adherence and healthcare access), and genetic ancestry, 

which is a complex trait measured by background whole-genome variation that tracks with 

geographic and historical factors as well as the aforementioned factors influencing asthma 

prevalence (1,2).  

Asthma exacerbations are defined as worsening of respiratory symptoms requiring hospitalization, 

unscheduled/emergency asthma care, and/or use of systemic corticosteroids (3). Prevention of 

asthma exacerbations is a major public health priority due to their associated consequences on 

health (i.e., decreased quality of life, accelerated decline in lung function, or mortality), school 

attendance, work productivity, and healthcare costs (1,4,5). To date, the best predictor of future 

exacerbations is the occurrence of one in the previous year (6). Thus, identifying potential 

biomarkers to guide the reduction and prevention of exacerbations is a priority for therapeutics 

development and for precision medicine of asthma.  

 With the advent of high-throughput sequencing and genotyping technologies, the study of the 

genetic contributions to asthma exacerbations has shifted from hypothesis-driven, limited 

candidate-gene strategies to genome-wide association studies (GWAS) (7). Pharmacogenomics 

studies of asthma exacerbations as an outcome of treatment response have identified five 

suggestive associations for asthma exacerbations despite inhaled corticosteroids (CMTR1 (8), 

APOBEC3B-APOBEC3C (9), and CACNA2D3-WNT5A (10)), or long-acting beta2-agonists (TBX3 

and EPHA7) (11). Beyond pharmacogenomics, other studies have focused on asthma 

exacerbations independently of treatment. In European-descent populations, CDHR3, CTNNA3, 

and HLA-DQB1 have been associated with severe asthma exacerbations (12,13). More recently, 

the representation of ethnically diverse populations has increased in GWAS of asthma 

exacerbations. A meta-analysis of GWAS in Hispanic/Latino children identified a single nucleotide 

polymorphism (SNP) at FLJ22447 that modulated KCNJ2-AS1 expression in nasal epithelium 

through DNA methylation (14). In Hispanic/Latinos and African Americans, a genome-wide 

significant locus for asthma with exacerbations regulated LINC01913 lung gene expression and 

DNA methylation levels of the PKDCC gene in whole blood (15). However, none of those studies 

has approached the search for genetic determinants of asthma exacerbations independently of 

treatment from a multi-ancestry framework. 

To improve our understanding on genetic and biological mechanisms of asthma exacerbations 

across multiple populations, we conducted the first multi-ethnic meta-analysis of GWAS of asthma 

exacerbations and attempted to validate previous associations. Then, we conducted in silico and 
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in vivo downstream analyses to assess the potential functional effects of the associated SNPs 

over DNA methylation and gene expression. 

 

METHODS 

Study design and study populations 

We performed a two-stage study to identify genetic variants associated with asthma 

exacerbations, defined as a binary variable based on the presence of emergency care, 

hospitalizations, or administration of systemic corticosteroids because of asthma. We also 

considered a definition of moderate exacerbations (3), comprising unscheduled general 

practitioner or pulmonary specialist visits and school absence since no information on the former 

variables was available for some studies. A period of 6 to 24 months was considered depending 

on the data available for each study (Table S1-S2). In the discovery phase, we performed a multi-

ethnic meta-analysis of GWAS of asthma exacerbations in 9,392 patients with asthma from 12 

studies, including 4,989 European-descents from nine studies, 2,181 Hispanics/Latinos, 1,250 

Singaporean Chinese, and 972 African Americans. We attempted to replicate the findings from the 

discovery phase in a total of 37,555 participants with asthma, including 36,477 Europeans from 

seven studies, 877 Latinos from two studies, and 201 Filipinos from one study (Table S2). A 

detailed description of each study is available in the Supporting Information. All studies included 

were approved by their respective Institutional review boards, and written informed consent was 

provided by participants or their parents/caregivers. All methods followed the Declaration of 

Helsinki guidelines.  

Assessment of genetic ancestry was performed using principal component analysis. The 

Haplotype Reference Consortium (r1.1 2016) (16) was used as the reference imputation panel for 

most studies, except for Avon Longitudinal Study of Parents and Children (ALSPAC) and 

Singapore Cross Sectional Genetic Epidemiology Study (SCSGES), which used the phase 3 of 

the 1000 Genomes Project (1KGP) (17). Genotyping and imputation procedures for the discovery 

and replication studies are detailed in the Supporting Information and Tables S1-S2.  

Association analysis 

Association between genetic variants and asthma exacerbations was tested using logistic 

regression models including age, sex, and principal components from the genotype matrix (if 

needed to correct for population stratification) (Table S1). Analyses were conducted separately for 

each study using PLINK 2.0 (18), EPACTS 3.2.6 (19) or rvtests 2.1.0 (20). Results were filtered 

with the EasyQC software (21) to retain variants with a minor allele frequency (MAF)≥1% and 

imputation quality R2≥0.3, absolute value of the beta coefficient <10, standard error of the beta 

included in the interval [0,10], and minor allele cut-off ≥6.  
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In the discovery phase, genetic variants that were available in at least two ethnic-specific studies 

were meta-analyzed with METASOFT (22), using fixed-effects or random-effects models based on 

the heterogeneity among studies (measured by the Cochran's Q test p-value). Ethnic-specific 

results were then combined in a multi-ethnic meta-analysis. Independent variants (r2≤0.8) with 

suggestive association at p≤5x10-5 within 1 Megabase were identified with GCTA-COJO v1.93.2 

(23) using the 1KGP reference (17). These variants were evaluated in the replication stage, 

following the same procedures as in the discovery phase. Evidence of replication was considered 

if the variants showed consistent direction of effects with the discovery stage at p≤0.05. 

Assessment of shared genetic basis of asthma exacerbations with other traits 

To identify groups of genes previously associated with other traits, we used a Gene-Set 

Enrichment Analysis (GSEA), as implemented in FUMA GWAS (24) via the GENE2FUNC 

algorithm, and queried the GWAS catalog (25). SNPs with p≤1x10-4 in the discovery phase of the 

meta-analysis of GWAS were mapped to the closest gene using the UCSC Table Browser tool 

(26). A false discovery rate (FDR) of 5% was used to declare significance. 

To estimate the pairwise genome-wide genetic correlations (Rg) between asthma exacerbations 

and other traits, we compared our findings with publicly-available GWAS summary statistics via 

LD score regression using LDHub (27). Since most of the GWAS have been conducted in 

European populations, the analysis was restricted to predominantly European-descent individuals 

to maximize the statistical power. A Bonferroni-corrected significance threshold of p<0.05/711 

traits=6.48x10−5 was applied. 

Sensitivity analysis 

In order to assess the robustness of the genetic associations, we conducted sensitivity analyses 

for the time-dependent probability occurrence of exacerbations, and the effect of Body Mass Index 

(BMI), obesity and asthma severity (defined as detailed in the Supporting Information). Studies 

from the discovery stage that had covariate data available were considered. 

Methylation profiling and quality control 

Whole blood DNA methylation from Hispanics/Latinos and African Americans was profiled using 

the Infinium HumanMethylation450 BeadChip or the Infinium Methylation EPIC BeadChip arrays. 

Briefly, low-quality probes and samples, outliers of DNA methylation, and samples with sex 

mismatch or mixed genotype distributions on the control SNP probes were excluded. Standard 

background correction, dye-bias correction, inter-array normalization, and probe-type bias 

adjustment were performed, and beta values were transformed to M-values for better statistical 

performance. Quality control is detailed in the Supporting Information.  

Functional assessment of associated SNPs 

DNA methylation quantitative trait loci (meQTL) analyses were conducted using fastQTL (28) for 

CpG sites within 1 Mb of SNPs with MAF≥0.01 in at least 10 samples, separately in 139 Mexican 
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Americans and 241 Puerto Ricans from Genes-Environments & Admixture in Latino Americans 

(GALA II) and 215 African Americans from the Study of African Americans, Asthma, Genes & 

Environments (SAGE) studies. Population-specific results were then meta-analyzed with 

METASOFT (22). Linear regression models were corrected for asthma exacerbations status, age, 

sex, genetic ancestry, ReFACTor components as a proxy of cell heterogeneity, and methylation 

batch (when appropriate). In silico evidence of functional effects of variants on gene expression 

and DNA methylation was assessed using QTLbase (29), Genotype-Tissue Expression (GTEx) v8 

Portal (30), PhenoScanner v2 (31) and eFORGE-TF (32). Long-distance chromatin interactions 

were determined using the ChiCP tool (33).  

Validation of previous associations 

A literature search for all studies reporting genetic loci significantly associated with asthma 

exacerbations was conducted, as described in the Supporting Information. Association results in 

the discovery stage were extracted and significance threshold was defined as p = 0.05/ number of 

tested SNPs to adjust for multiple testing. 

 

RESULTS 

Characteristics of the patients 

In the discovery phase, we analyzed 2,781 exacerbators and 6,611 non-exacerbators; 53.1% 

were predominantly Europeans, 23.2% Hispanics/Latinos, 13.3% Singaporean Chinese, and 

10.3% African Americans. The percentage of exacerbators ranged from 9.1% to 65.2% in 

Europeans, and reached 58.8% in Hispanics/Latinos, 46.1% in African Americans, and 3.4% in 

Singaporeans. The replication phase included 37,555 individuals with asthma (3,030 exacerbators 

and 34,525 non-exacerbators) where most participants were of European-descent (97.1%), 

followed by Latinos (2.3%) and Filipinos (0.5%). The percentage of exacerbators ranged from 

4.8% to 65.2% in Europeans, reached approximately 43% in Latinos, and 1.3% in Filipinos (Table 

S1-S2). Regarding sex, 51.7% and 42.9% of participants were male in the discovery and 

replication phases, respectively. 

Discovery phase 

The Quantile-quantile plots did not show major genomic inflation due to population stratification in 

each individual study (Figure S1), the combined results from individuals of European descent 

(Figure S2), or the multi-ancestry meta-analysis (Figure S3). In the multi-ancestry meta-analysis 

of 9,634,748 variants, 447 SNPs exhibited suggestive association (Table S3). Chromosome 

5p14.3 harbored a genome-wide significant (Figure 1, Figure S4) intronic SNP rs6888198 within 

the cadherin-12 (CDH12) gene as the most significant association (odds ratio [OR] for C allele: 

1.37, 95% confidence interval [CI]: 1.23-1.54, p=1.95x10-8).  
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Replication phase 

Fifteen of the 126 independent variants identified in the discovery phase were not available for 

replication since they were mostly present in African Americans and Hispanics/Latinos (Table S3). 

Two of the 106 variants present in more than one ethnic group were consistently associated with 

asthma exacerbations (Table 1): rs12091010 [VCAM1/EXTL2, OR for T allele: 0.89 (0.82–0.97), 

p=5.35x10-3] (Figure 2) and rs943126 [PANK1, OR for C allele: 0.92 (0.86–0.98), p=1.30x10-2] 

(Figure 3). In the meta-analysis across both phases, these variants reached an association p-

value of 4.23x10-7 and 4.93x10-6, respectively. From five variants that were present only in non-

Europeans in the replication stage, none exhibited p<0.05 in any other population group (Table 

S4). Even though rs6888198 reached genome-wide significance in the discovery and showed 

consistent effects among Europeans in the replication phase, this SNP had opposite effects in 

Latinos and Filipinos, which resulted in the lack of replication in the multi-ancestry replication 

phase (Table 1, Figure S5).  

Gene-set enrichment and genome-wide genetic correlation analysis 

Enrichment analysis of associations from the multi- ancestry discovery GWAS including 959 SNPs 

associated with asthma exacerbations at p≤1x10-4 revealed significant enrichment in several traits, 

including treatment response (min p=2.77x10-6), neurological conditions (min p=4.62x10-5), obesity 

(min p=6.52x10-5), or waist-to-hip ratio (min p=1.88x10-7) (Table S5).  

A total of 16 traits exhibited genetic correlation with asthma exacerbations at p<0.05 (Table S6), 

including wheeze or whistling in the last year (Rg=0.47, p=1.01x10-2), emphysema/chronic 

bronchitis (Rg=0.55, p=3.89x10-2), asthma (Rg=0.32, p=3.99x10-2), and BMI (Rg=0.19, p=4.76x10-

2). However, the associations did not remain significant after Bonferroni correction. 

Sensitivity analysis 

To assess the robustness of associations that replicated across stages to the time-dependent 

probability of occurrence of exacerbations, stratified analyses were performed in European-

descents from the discovery stage that reported exacerbations for 6 vs. 12 months. Consistent 

effects per period were observed across periods (Table 3). 

Since the post-GWAS analyses revealed significant enrichment/correlation at p<0.05 with fat 

mass/distribution, the association of rs12091010 and rs943126 after additional adjustment by 

BMI/obesity was examined in individuals from the discovery phase with BMI data available. 

Moreover, the effect of asthma severity alone or combined with BMI/obesity on the genetic 

association exacerbations was evaluated. The effects sizes of the genetic association after 

additional adjustment by these variables remained consistent with the effects reported in the 

discovery stage (Table S7). 
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Functional exploration of variants associated with asthma exacerbations 

We next assessed for association DNA methylation in whole blood at 525, 538, and 99 CpG sites 

with rs12091010, rs943126, and rs6888198, respectively. A total of 7 and 1 SNP-CpG pairs for 

rs943126 and rs12091010 exhibited Storey q<0.05, respectively (Table 2, Table S8). Two of 

these replicated consistently in Europeans for rs943126 (cg25770176 and cg00475140). In silico 

analyses, revealed 10 SNP-CpGs pairs, 3 of which showed consistent effects in Hispanics/Latinos 

and African Americans at Storey q<0.05 (Tables S9-S10) including the previous two pairs and 

rs943126-cg03948048. The 8 significant CpG sites in minority children showed significant 

enrichment (q<0.001) in transcription factor (TF) motifs in lung (Table S11). These TFs where 

enriched (q<0.05) in biological processes including regulation of biosynthetic processes, 

transcription by RNA polymerase II, hormone metabolic process or response to endogenous 

stimulus, and molecular functions including binding to a regulatory nucleic acid region or protein 

homo/heterodimerization activity (Table S12). Besides, the T allele of rs12091010 was associated 

with decreased EXTL2 expression in whole blood from Europeans, according to PhenoScanner 

(31). The C allele of rs943126 was associated with increased expression of PANK1 in whole blood 

from Europeans (Table S13). Both variants showed evidence of long-range chromatin interaction 

with several genes in lymphoblastoid cells, including VCAM1 and EXTL2 for rs12091010 and 

PANK1 for rs943126 (Table S14). 

Validation of previous associations 

We next examined 47 previous genetic loci for asthma exacerbations (9,12–14,34–36) and 

moderate-to-severe asthma (37) for association with asthma exacerbations in the discovery 

phase. A total of 5 variants had p<0.05 in Europeans, 3 in Hispanics/Latinos, 5 in African 

Americans, and 1 in Singaporean Chinese (Table S15). These were in loci previously associated 

with asthma exacerbations (GSDMB, RAD50, HLA-DQB1, ADAM33, VDR, and CDHR3) or 

moderate-to-severe asthma (IKZF3, TSLP, MUC5AC, C11orf30, SMAD3, and WDR36). However, 

none of the SNPs exceeded the stringent Bonferroni-corrected threshold for significance 

(p=0.05/47=1.06x10-3). 

 

DISCUSSION  

To our knowledge, this is the first multi-ancestry meta-analysis of GWAS of asthma exacerbations 

including European, Hispanic/Latino, Asian, and African American patients with asthma. In our 

combined analysis of 46,947 individuals with asthma, two regulatory SNPs were significantly and 

consistently associated with asthma exacerbations in most of the studies included in the discovery 

and replication phases, independently of the type of exacerbation and the time period for which 

the exacerbation status was assessed. The SNP rs120910109 was located in the intergenic 

region of the VCAM1/EXTL2 genes whereas rs943126 was harbored within an intron 1 of PANK1.  
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VCAM1 encodes a surface protein predominantly expressed in endothelial cells that modulates 

leukocyte adhesion and trans-endothelial migration in response to pro-inflammatory cytokines, and 

lipopolysaccharide (LPS) among other factors (38,39). VCAM1 is involved in cancer progression 

and several immunological disorders, including asthma (38). In the ovalbumin mice model, anti-

VCAM1 reduced airway hyperresponsiveness and eosinophilic inflammation (40). On the other 

hand, EXTL2 encodes an enzyme that controls glycosaminoglycan (GAG) biosynthesis via 

transference of N-acetylgalactosamine and N-acetylglucosamine to the glycosaminoglycan-protein 

linkage region (41). Decreased EXTL2 causes an over-accumulation of GAGs(42) that can 

promote inflammation in injured areas (43,44). Moreover, in bone marrow-derived macrophages 

from EXTL2−/− mice, there is overproduction of key molecules involved in inflammation and 

extracellular matrix remodeling, including tumor necrosis factor α (TNFα) and several matrix 

metalloproteinases (43). In a scenario of overaccumulation of GAGs under the loss of EXTL2 in 

macrophages, GAGs act as inflammatory mediators with strong Toll-like receptor 4 (TLR4) agonist 

capacity (44). Interestingly, genetic variation both VCAM1 and EXTL2 is associated with blood cell 

counts, and multiple sclerosis, according to the GWAS catalog (25). 

PANK1 catalyzes coenzyme A biosynthesis, regulated by the transcription factor peroxisome 

proliferator-activating receptor α (PPAR-α) (45), a key anti-inflammatory factor in asthma (46). A 

decrease in PPAR-α expression is accompanied by a decrease in the expression of PANK1 and 

miR-107, which is encoded within the intron 5 of PANK1. TLR4 can also downregulate miR-107. In 

turn, this leads to a higher cyclin-dependent kinase 6 (CDK6) expression and subsequently 

increases the adhesion of macrophages in response to LPS (45). Bioproducts from bacterial 

infections, such as LPS, can trigger an inflammatory response and increase airway 

hyperresponsiveness and risk of asthma exacerbations (47,48). Moreover, p53 can regulate cell 

cycle progression via upregulation of PANK1 after DNA damage (49) and metabolism (50). 

To prioritize gene targets, we assessed the functional capacity of relevant SNPs (51). Both 

rs12091010 and rs943126 exhibited an association with DNA methylation at several nearby CpG 

sites in whole blood from African Americans and Hispanics/Latinos with asthma. Additionally, the 

SNPs rs12091010 and rs943126 were associated with EXTL2 and PANK1 gene expression in 

whole blood from Europeans. Specifically, the T allele of rs12091010, located at 6 kb downstream 

of the 3' UTR of VCAM1 and 150 kb upstream of the transcription start site of EXTL2, was 

associated with lower odds of having asthma exacerbations and decreased EXTL2 expression 

(31) The T allele is more common among Latinos/Admixed Americans, followed by Europeans, 

Africans, and East Asians (Figure S6). The T allele of rs943126 at PANK1, which is less common 

among Europeans than the rest of populations (Figure S7), was associated with a higher risk of 

asthma exacerbations in the combined analysis of the discovery and replication phases and with 

decreased gene expression of PANK1 in whole blood from Europeans. However, these eQTL 

effects were not validated in the GTEx data (30). 
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In the discovery phase, the intronic SNP rs6888198 (CDH12) locus exceeded the genome-wide 

significance threshold but showed non-significant association (p>0.05) in the replication phase, 

although the effect of the association was consistent across study phases. Furthermore, 

rs6888198 showed variable MAF among populations, with the largest MAF among Africans and 

Latinos (Figure S8). CDH12 has been associated with angiogenesis and progression of several 

types of cancers (52–54). Specifically, in colorectal cancer, it has been suggested that CDH12 

increases cancer cell migration by promoting epithelial-mesenchymal transition via activation of 

the Snail transcription factor pathway. CDH12 expression is positively modulated by the 

chemotactic factor CCL2 (53,54), whose levels increases in blood and airway smooth muscle from 

asthma patients compared to healthy controls (55).  

We also attempted to assess previously associated loci for asthma exacerbations or moderate-to-

severe asthma for association with asthma exacerbations in multiple ethnic groups. Two variants 

were consistently associated with the risk of asthma exacerbations in more than one ethnic group: 

rs72743461 (SMAD3) and rs9275503 (HLA-DQB1) in both Europeans and Hispanics/Latinos. 

Only the TSLP locus rs1837253 was associated at p<0.05 with asthma exacerbations in 

Singaporean Chinese. Of note, none of the previous findings was initially described in Asian or 

African populations, which highlights the need to increase ethnic diversity in genomic studies of 

asthma exacerbations. 

Our study has several limitations. First, the VCAM1/EXTL2 and PANK1 loci did not reach genome-

wide significance in the combined analysis from all studies. Second, the history of asthma 

exacerbations was based on self-reported retrospective questionnaires in all cohorts but 

COMPASS, a randomized, prospective clinical trial. Third, to bring together large sample sizes 

necessary to map susceptibility variants, we considered studies where asthma exacerbations 

were reported for the previous 6 to 24 months, which may have introduced some heterogeneity in 

the phenotype. Despite these limitations, our findings exhibited consistent effects for the 

VCAM1/EXTL2 and PANK1 loci independent of the time period assessed. Future studies should 

untangle the role of this loci in the time-to-first exacerbation, the annual number of exacerbations, 

or the temporal distance among events and further explore the biological function of these genes. 

On the other hand, we acknowledge several study strengths. Firstly, we leveraged clinical and 

genetic data from 46,947 asthma patients from different ethnicities from 18 independent studies. 

Our study had statistical power ≥80% to detect associations with MAF> 17% and relative risk 

(RR)>1.20 in the discovery stage and for variants with MAF≥1%, and was powered at 80% to 

detect associations with larger effect sizes (RR≥1.85). Second, we identified novel, biologically 

plausible genetic factors of asthma exacerbations demonstrated by transcriptomics and 

epigenomics studies and evidence for prior literature. Third, we evaluated previous genetic signals 

from asthma exacerbations in populations from several ancestries.  
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We demonstrate for the first time the power of multi-ancestry GWAS to successfully identify loci 

for asthma exacerbations with consistent genetic effects across individuals from varying ancestral 

backgrounds. We also demonstrated that these loci are biologically functional and regulate RNA 

expression and adjacent CpG site DNA methylation as meQTL in whole blood cells. Our findings 

highlight VCAM1, EXTL2 and PANK1 as functional loci for asthma exacerbations applicable to 

people across different ancestral backgrounds warranting future investigation of these novel 

genomic mechanisms underlying asthma exacerbations. 

 

DATA AVAILABILITY 

All data necessary to evaluate the conclusions of this manuscript are reported in the main text 

and/or the Supporting Information. Genome-wide genotyping data for GALA II and SAGE are 

available at the database of Genotypes and Phenotypes (dbGaP) (Study Accession 

phs001274.v2.p1 and phs000092.v1.p1, respectively). The summary statistics of the multi-ancestry 

discovery phase are available at the Zenodo repository: 10.5281/zenodo.5513443.  

 

IMPACT STATEMENT 
A large multi-ancestry meta-analysis of GWAS of asthma exacerbations revealed two novel 

susceptibility loci located close to PANK1 and at the intergenic region of VCAM1 and EXTL2. 

These loci decreased PANK1 and EXTL2 gene expression in whole blood, respectively. Both 

genetic variants were associated with DNA methylation levels at CpG sites nearby. Our results 

identified two gene targets for asthma exacerbations that should be further explored to assess their 

specific role in asthma. 
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FIGURES LEGENDS 

Figure 1. Manhattan plot of the results of the discovery stage of the multi-ancestry meta-

analysis of GWAS of asthma exacerbations (represented as -log10 p-value on the y-axis) 

along the chromosome position of the variants analyzed (x-axis). The suggestive (p=5x10-5) 

and genome-wide (p=5x10-8) significance thresholds are indicated by the black line and dark gray 

lines. 
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Figure 2. Forest plot of the association results for rs12091010 (VCAM1/EXTL2) in the meta-

analysis of GWAS of asthma exacerbations. 
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Figure 3. Forest plot of the association results for rs943126 (PANK1) in the meta-analysis of 

GWAS of asthma exacerbations. 
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5
GEnERAL DISCuSSIOn

This doctoral thesis addresses the complex pathophysiology of AEs from a genetic
perspective via multiple genomic approaches. To achieve this objective, we have i)
reviewed all the main findings of the genetic and genomic studies of AEs published
up to 15th December 2018 ii) conducted a candidate-gene study of AEs in ethnically
diverse populations that assessed six genomic regions harbouring genes whose gene
expression predicts future AEs iii) explored the geneticmarkers involved in asthmawith
severe exacerbations in children and youth from ethnically diverse populations using
a specific phenotyping strategy; iv) leveraged local ancestry to identify chromosomal
regions where genetic ancestry is associated with AEs in Hispanic/Latino children and
youth with asthma and flagged the genetic loci responsible for the admixture map-
ping peaks; v) extended the study of genetic variation associated with AEs using a
multi-ethnic framework. Taking into consideration the previous Chapters, here we will
discuss the main findings, methodological challenges, and future directions in the ge-
nomics of AEs.

5.1 Insights into the genetics and genomics of asthma exac-
erbations

Chapter 1 revised all published genetic association studies of AEs until the 15th

December 2018, at the beginning stage of this thesis, to identify genetic variants that
could be evaluated for replication in independent studies. This search was extended
up to the 15th November 2021 in Chapter 5. Our literature search revealed that most
of these associations were detected following candidate gene approaches focused on
genes previously implicated in asthma susceptibility (such as the ADRB2 gene or sev-
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eral genes located in the 17q21 asthma susceptibility locus) (Herrera-Luis et al., 2019).
Some of these hypothesis-driven studies have addressed interaction with environmen-
tal exposures, such as dust mite exposure for the IL9 (Sordillo et al., 2015), IL10 (Hun-
ninghake et al., 2008) and TGFB1 (Hunninghake et al., 2008) genes or endotoxin expo-
sure for the LY96 gene (Kljaic-Bukvic et al., 2014). Moreover, other studies focused on
the genetic variation in response to treatment in relevant asthma-related genes, such
as the FCER2 gene in ICS response (Koster et al., 2011; Tantisira et al., 2007). However,
the clinical utility of these findings is hampered by their modest effect sizes, the lack
of assessment for replication in independent populations of the same ethnic group or
diverse ethnic backgrounds. Although two candidate-gene association studies investi-
gated microsatellites (Hirai et al., 2018) or insertion/deletion polymorphisms (Ortega
et al., 2014), genetic variation other than single nucleotide polymorphisms (SNPs) has
been ignored. In addition, many of these studies exhibited modest sample size and/or
low genome coverage.

The first GWAS of AEs was published in 2012 and specifically focused on the in-
teraction of genetic variation and vitamin D levels on asthma-related hospitalizations
and/or emergency room visits (Du et al., 2012). Another genome-wide scan focused on
age-by-genotype interactions on AEs despite ICS use and revealed two significant asso-
ciations at genome-wide level (Dahlin et al., 2020). However, it is striking that only two
genome-wide scans from the nine studies published at the date of the writing, apart
from the results described in this doctoral thesis, assessed genotype-environment inter-
actions on AEs, despite the recognized crucial interplay of genetic and environmental
factors on AEs (Martin et al., 2020; Ramsahai et al., 2019; di Palmo et al., 2021). On
the same line, most of the pharmacogenomic studies of AEs have detected genetic
associations that did not reach genome-wide significance either in asthma patients
under ICS (Dahlin et al., 2020; Hernandez-Pacheco et al., 2019, 2021) or LABA treat-
ment (Slob et al., 2021). Interestingly, one of these studies identified trichostatin A as
a potential novel therapeutic target on AEs by gene-set enrichment analysis on drugs,
and these findings were supported by the evidence of role of trichostatin A in asthma-
related processes (Hernandez-Pacheco et al., 2021). However, this analytical approach
has not been applied extensively in GWAS of AEs.

One of the ongoing challenges for genomic research is increasing the ethnic diver-
sity (Mills and Rahal, 2020). The results from our literature search for genetic loci for
AEs emphasized the lack of studies focusing on the ethnic-specific genomic predictors
of AEs in African-descent or Asian populations alone. Further efforts should be made
to bring together clinical and genetic data in order to reduce these ethnic disparities
in genomic research. However, the identification of ethnic-specific genomic predictors
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of AEs in these populations remains a challenge due to the modest sample size of the
available studies.

Another key point in genomic research is unraveling the regulatory effects of the
revealed novel associations. Indeed, the investigation of functional effects of genetic
variants identified is absent of many of the studies conducted to date and should be
incorporated routinely in the experimental designs either by using in vivo, ex vivo and
in vitro analyses, and/or in silico approaches using publicly available online resources,
e.g., Kundaje et al. (2015); Schofield et al. (2016); Staley et al. (2016); Ward and Kel-
lis (2016); Dayem Ullah et al. (2018); Kamat et al. (2019); Moore et al. (2020); GTEx
Consortium (2020); Zheng et al. (2020); Ghoussaini et al. (2021); Min et al. (2021).
Moreover, due to the intricacies in the interplay of risk factors, triggers, and predispos-
ing factors (Ramsahai et al., 2019; Martin et al., 2020; di Palmo et al., 2021), sensitivity
analysis should be conducted to confirm the robustness of the associations to potential
confounders and assess their role in modulating the genetic association via interaction
analyses.

In addition, we observed that a reduced number of candidate-gene studies and
none of the GWAS of AEs published to date have assessed rare genetic variation via
NGS techniques. Although this type of studies could be relevant in all ethnic groups,
they are particularly interesting in minority populations that show differential rates of
AEs. Needless to say, these approaches should be in hand with larger sample sizes in
order to identify relevant associations in populations that are inherently complex from
a genetic perspective (Schoettler et al., 2019). Despite the reduction of costs in the
implementation of WGS in research, imputation-based GWAS is still the most cost-
efficient genome-wide approach to assess both common and low-frequency variation
(Quick et al., 2020). In this area, the recent availability of the The Trans-Omics for Pre-
cision Medicine (TOPMed) imputation reference panel (Taliun et al., 2021), including
53,831 genomes from ethnically diverse populations worldwide, is a promising strat-
egy to increase to provide insights into the genetic architecture of human traits and
diseases.

5.2 Prioritization of DNASE1L3 in asthma exacerbations

In Chapter 2, we described the results of a candidate-gene study of severe AEs in
minority populations with asthma for six genes whose sputum expression differenti-
ated airway asthmatic inflammatory phenotypes (Baines et al., 2014; Fricker et al.,
2019; Frøssing et al., 2021), corticosteroid treatment responsiveness (Berthon et al.,
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2017), and showed high accuracy for the prediction of AEs (Fricker et al., 2019). In
the discovery stage, we evaluated six genomic regions including the ALPL, CLC, CPA3,
CXCR2, DNASE1L3, and IL1B genes. One polymorphism in the DNASE1L3 region ex-
ceeded the Bonferroni-like corrected threshold of significance for the association with
severe AEs in African Americans. Specifically, the C allele of rs67622929 was signifi-
cantly associated with higher odds of having severe AEs. Moreover, none of the genetic
variants in the other five genomic regions showed significant associations with the ex-
acerbation status. In the replication phase, the SNP rs67622929 showed significant,
and consistent effects in Hispanics/Latinos and the risk allele was associated with 1.3
times increased risk of having severe exacerbations in the meta-analysis across both
populations. Notwithstanding the fact that the association of rs67622929 with se-
vere AEs was significant and consistent in African Americans and Hispanics/Latinos,
the association was not significant (p>0.05) in Singaporean Chinese and Europeans, as
described in Chapter 5.

The in silico functional evidence suggests that rs67622929 has regulatory effects
over whole-blood DNA methylation of several CpG sites located nearby DNASE1L3
(Staley et al., 2016; Kamat et al., 2019; Min et al., 2021) and modulates DNASE1L3 ex-
pression in several tissues, including asthma-relevant tissues, bymeans of eQTLs, and/or
splicing quantitative trait loci. In addition, rs67622929 is associated with acetylation
of the lysine residue at N-terminal position 27 of the histone H3 in the lung according
to Roadmap data (Kundaje et al., 2015) within the SNPnexus annotation framework
(Oscanoa et al., 2020). Moreover, DNASE1L3 is associated with promoter/enhancers
that regulate multiple transcription factor binding sites that regulate gene expression
in several tissues and cells, including lung, blood cells, and macrophages, according
to GeneHancer (Fishilevich et al., 2017). Although DNASE1L3 is mainly produced by
macrophages (Sisirak et al., 2016), it is also found circulating in blood (Koyama et al.,
2016).

DNASE1L3, located at 3p14, encodes for a member of the deoxyribonuclease I
family that hydrolyses both uncomplexed and complexed DNA. DNASE1L3 mediates
the breakdown of the DNA both in apoptosis (Shi et al., 2017) and necrosis (Koyama
et al., 2016), and the extracellular degradation of the neutrophil extracellular traps
(NETs) (Engavale et al., 2021). NETs constitute a defensivemechanism released by neu-
trophils that allows entrapping and killing pathogens. However, the regulation of the
homeostasis of NETs is essential since the aggregation of NETs or their sustained pres-
ence in circulation could alter the inflammatory and immune activities (Engavale et al.,
2021). Likewise, DNASE1L3 participates in cytokine secretion, including IL-1𝛽 release
by activating the NLRP3 and NLRC4 inflammasome (Shi et al., 2017). In turn, IL-1𝛽
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promotes the production ofmediators involved in the airway remodelling, such asmet-
alloproteinases MMP9 and MMP12 (Lappalainen et al., 2005). Furthermore, the in-
volvement of DNASE1L3 in autoimmunity is highlighted by the association of genetic
variation with several rheumatic diseases (Eyre et al., 2012; Mayes et al., 2014; Terao
et al., 2017; Márquez et al., 2018; Acosta-Herrera et al., 2019) and the reduced serum
DNASE1L3 levels in dermatomyositis/polymyositis and systemic lupus erythematosus
(Zhao et al., 2017). DNASE1L3 reduced levels could cause a deficit on clearance in
NETs after pathogen elimination that promotes chronic inflammation (Engavale et al.,
2021). Despite this, we found that the risk allele for AE was associated with a higher
DNASE1L3 gene expression in several tissues. This is in concordance with previous
studies about the effect of DNASE1L3 gene expression in the prediction of AEs (Fricker
et al., 2019). All these findings emphasize the complexity of the DNASE1L3-mediated
homeostasis processes and the need for further research on the role of DNASE1L3 in
asthma.

Moreover, rs67622929 interacted with FLNB in naive CD8+ T cells through pro-
moter capture Hi-C, according to the Open Targets Genetics database (Ghoussaini
et al., 2021). FLNB encodes for Filamin B, which mediates the intracellular communi-
cation and signal transmission to the cytoskeleton in order to regulate the adhesion to
the extracellular matrix (Xu et al., 2017), which could explain the association of several
skeletal disorders with pathogenic mutations in FLNB (Xu et al., 2017). FLNB is known
to participate in muscle cell differentiation, morphogenesis, chondrocyte homeostasis,
and angiogenesis (Xu et al., 2017). In human umbilical endothelial cells, the small
interfering RNA knockdown of FLNB decreased cell migration and reduced angiogen-
esis promoted by the vascular endothelial growth factor (VEGF) (Del Valle-Pérez et al.,
2010). Interestingly, VEGF self-regulates its trafficking capability via the monoubiqui-
tination of filamin B (Su et al., 2013).

5.3 LINC01913 and PKDCC as potential targets in asthma ex-
acerbations

The first GWAS of asthma with severe exacerbations in ethnically diverse children
and youth, presented in Chapter 3, describes for the first time the association of a ge-
netic variant located 87.8 kb away from the 5’-untranslated region of the LINC01913
gene and asthma with severe exacerbations in Hispanics/Latinos and African Ameri-
cans. In the meta-analysis across both ethnic groups, the SNP rs4952375 was associ-
ated with a 39% increase in the odds of having asthma with exacerbations compared
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to subjects without asthma and a 25% increase in the odds of having AEs among
asthma patients.

The analysis of ethnically diverse children was motivated by the lack of represen-
tation of minority populations in previous genetic studies of AEs (Herrera-Luis et al.,
2019). Interestingly, this bias of ethnic diversity could be considered almost endemic
in genomic research. At the time of writing, the diversity in the total GWAS participants
is lowest in American admixed and African-descent populations: European (84.2%),
Asian (11.5%), Other/Mixed (2.1%), Hispanic or Latin American (0.8%), African Ameri-
can or Afro-Caribbean (0.7%) and African (0.3%) (GWAS Diversity Monitor, 2020; Mills
and Rahal, 2020). In this regard, in recent years, great efforts have beenmade to bridge
the gap on the knowledge about genetic variation involved in AEs in ethnically diverse
populations. This doctoral thesis is part of those efforts along with other studies in His-
panics/Latinos and/or African Americans (Hernandez-Pacheco et al., 2019; Yan et al.,
2021a). This lack of ethnic representation in genomic research is partly explained by
the reduced number and smaller sample sizes of studies including these populations
compared to those focused on Europeans. Those limitations difficult the discovery of
genetic loci in populations that are inherently genetically heterogeneous (Schoettler
et al., 2019). Partially because of this, we opted for a specific phenotyping approach
where asthma patients with severe exacerbations were compared to non-asthma sub-
jects. Specific or extreme phenotyping approaches have been successfully applied
before in the search of genetic loci involved in several disorders or traits with a genetic
basis (Amanat et al., 2020), including asthma with recurrent exacerbations in young
Danish children (Bønnelykke et al., 2014). In our analysis, this strategy implicated an
increase of 34.1% in sample size in the discovery stage compared to an analysis re-
stricted to asthma patients with exacerbation data. For a prevalence of AEs of 30.5%,
based on sample size alone, we had a 13.8% increase in statistical power to detect
associations with MAF of 23% and relative risk of 1.30 in the discovery stage com-
pared to the analysis including only asthma patients. The downside of this approach
is that some of the significant associations may be due to the asthma vs. non-asthma
design rather than associations for AEs per se. This fact motivated us to examine the
association of the genetic variants with severe AEs among asthma patients. While the
17q12-q21 locus showed non-significant association in the case-only meta-analysis
comparing asthma patients with and without exacerbations, the SNP rs4952375 re-
mained significant, suggesting its genuine involvement in AEs.

The standard threshold of genome-wide significance (p<5x10-8) could considered
stringent in admixed American populations due to the variation in LD patterns across
ancestral groups (Kanai et al., 2016). Based on the 1KGP data, the genome-wide sig-
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nificance in admixed American populations was established as p<1.83×10-7 (Kanai
et al., 2016). Although the less stringent threshold was applied in the meta-analysis,
no additional loci with significant and consistent effects would have been revealed as
genome-wide significant.

We attempted to validate the association of rs4952375 and AEs in additional pop-
ulations. However, this SNP was not available in Singaporean Chinese probably due
to low frequency in East Asians according to the 1KGP (MAF= 0.009%) and showed
non-significant association with AEs in European patients with asthma (p>0.05), as de-
scribed in Chapter 5.

The assessment of functional effects flagged rs4952375 as an eQTL for the ex-
pression of LINC01913 in lung tissues. LINC01913, located at 2p21, encodes for a
long intergenic non-protein coding RNA, which is predominantly expressed in lung,
according to the Genotype-Tissue Expression (GTEx Consortium, 2020). Although the
biological function of LINC01913 is unknown, it likely participates in the regulation of
relevant processes, as described for other long intergenic non-protein coding RNAs in
asthma (Wang et al., 2019). On the other hand, PKDCC, also known as VLK or SGK493,
encodes for a tyrosine-protein kinase secreted to the extracellular matrix that partic-
ipates in signal transduction (Bordoli et al., 2014). Specifically, PKDCC mediates the
phosphorylation of the endoplasmic reticulum chaperone ERP29 and multiple ma-
trix metaloproteinases, such as MMP1 (Bordoli et al., 2014). MMP1 promotes airway
smooth muscle proliferation and extracellular matrix remodeling, and its activation
state has been associated with the severity of AEs (Naveed et al., 2017).

The SNP rs4952375 was also a meQTL for a CpG site nearby PKDCC. PKDCC has
diverse biological roles, including the phosphorylation of extracellular matrix proteins
that mediate cell adhesion in trabecular meshwork cells (Maddala et al., 2017) and
axon guidance in retinal ganglion cells (Harada et al., 2019), regulation of the endo-
plasmic reticulum proteostasis (Farhan, 2020) and Hedgehog signaling (Kim et al.,
2020), and platelet aggregation and granule release (Revollo et al., 2021). Interest-
ingly, genetic variants from PKDCC have been associated with skeletal development
and homeostasis, lung function and atopy, according to the GWAS catalog (Buniello
et al., 2019). However, in our study, rs4952375 and previous loci PKDCC described
in the GWAS catalog (Buniello et al., 2019) were not associated with predicted lung
function or atopy. In addition, evidence frommice indicatesPKDCC involvement in em-
bryogenesis, lung development, morphology, and cyanosis, as described in the Open
Targets Genetics database (Ghoussaini et al., 2021). Still, further research is needed
to confirm and disentangle the specific biological function of LINC01913 and PKDCC
in the pathogenesis of AEs.
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5.4 Leveraging local ancestry to detect genetic signals

Leveraging local ancestry to identify genetic variants common in an admixed pop-
ulations that show differential rates of a specific trait or distinct patterns of relevant
quantitative phenotypes has successfully uncovered ethnic-specific and population-
shared loci. In the context of asthma, this approach has been applied in Hispan-
ics/Latinos, African Americans, and southwestern Europeans (Galanter et al., 2014;
Daya et al., 2019; Gignoux et al., 2019; Guillen-Guio et al., 2020) and have also uncov-
ered loci for relevant traits such as IgE levels in Latinos (Pino-Yanes et al., 2015a), lung
function in Puerto Ricans, African Americans and African-descent populations (Parker
et al., 2014; Fonseca et al., 2020; Lee et al., 2020b), or even smoking-dependent loci
of lung function in African Americans via local ancestry–smoking interactions analysis
(Ziyatdinov et al., 2020). African American populations are the results of two-way ad-
mixture events between European and African ancestries. In contrast, the genomes
of Hispanic-Latinos are mosaics of chromosomal regions resulting from the admix-
ture among Europeans, indigenous populations from America and African ancestries.
In Hispanic/Latinos, admixture proportions vary significantly by geographical region
based on the specific historic events that originated the admixed population (Bryc
et al., 2015). For example, the African component is significantly higher in Puerto Ri-
cans than in Mexican-descent populations, where the Indigenous American proportion
is much higher (Galanter et al., 2014). Notably, asthma prevalence is higher in Puerto
Ricans and Mexicans, which could be partially explained by the direction of the effects
of genetic ancestry on asthma susceptibility. Among these ethnic subgroups, African
ancestry is associated with higher odds of asthma, whereas Indigenous American an-
cestry is associated with a lower risk of asthma (Pino-Yanes et al., 2015b).

In Chapter 4, we reported the results of the first admixture mapping of AEs in His-
panics/Latinos and revealed two novel genetic signals for AEs at chromosome 5q32-
q33.1. The importance of this genomic region is highlighted by the fact that it has
been involved in asthma by linkage studies in families, and it is located near several
relevant genes previously implicated in asthma susceptibility and asthma treatment
response (e.g., IL4, IL3, IL5, IL9, L13, RAD50, PTGER4, TSLP, or ADBR2) (Ober and Hof-
fjan, 2006). Despite the fact that Latinos exhibit differential rates of AEs compared to
other ethnic groups (Akinbami et al., 2012; Oraka et al., 2013; Akinbami et al., 2014;
Rosser et al., 2014), we did not find a significant association between global genetic
ancestry and severe AEs defined based on acute asthma care, hospitalizations, or use
of OCS in the previous year, in Puerto Ricans and Mexican Americans, in line with pre-
vious evidence (Brehm et al., 2012). In this regard, the following question arises: Does
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the fact that admixed populations exhibit differential rates of a specific trait but no
significant association between the trait of interest and global genetic ancestry ham-
pers the application of admixture mapping? Although no significant association with
global genetic ancestry is detected, if the population shows a high prevalence of the
trait, it is still possible that certain regions of the genome are relevant for the trait. As
discussed before, both genetics and environmental factors interplay to increase the
odds of AEs and evidence of the role of gene-environment interactions in AEs have
been previously published (Du et al., 2012; Bønnelykke et al., 2014). Therefore, it is
likely that environmental factors interact with specific regions to modulate the associ-
ation of local ancestry with AEs, as has been previously shown for smoking and lung
function (Ziyatdinov et al., 2020).

Our analysis revealed distinct genomic regions associated with AEs in Puerto Ricans
and Mexican Americans. Fine-mapping of these regions flagged two significant associ-
ations in the 5q32 locus in Mexican Americans that showed significant and consistent
effects in Hispanic/Latino sub-groups. When these two genetic variants were assessed
for replication in non-Hispanic/Latino populations, no significant association with AEs
was found in Singaporean Chinese, African Americans, and Europeans. In an effort to
disentangle if a set of environmental and socioeconomic factors may module the ef-
fect of the association, we confirmed the robustness of the association of AEs and the
identified variant by accounting for second-hand smoking exposure, insurance status,
income quartile, maternal education, and obesity. Our results indicated that this com-
pendium of factors did not play a role in modulating of the genetic association, since
the effects of the association for the genetic variants with AEs remained consistent
after adjustment by potential confounders.

The meQTL analysis revealed these two genetic loci associated with whole-blood
DNA methylation levels at several CpG sites at the DYPSL3 region. DYPSL3, also known
asCRMP4, participates in the regulation of epithelial-to-mesenchymal transition in sev-
eral cancer types (Matsunuma et al., 2018; Tsai et al., 2020b). Specifically, DYPSL3
reduces the expression of Snail and Twist, key transcription factors in epithelial-to-
mesenchymal transition in breast cancer cells. However, these transcription factors
can also induce DYPSL3 expression (Matsunuma et al., 2018). However, DYPSL3 may
play different roles in cell migration and regulation of metastasis per cancer types, ac-
cording to the previous studies (Tsai et al., 2020b). In neuronal tissues, DYPSL3 is a
signal transductor involved in axonal regeneration (Girouard et al., 2020).

In addition, we observed that the rs1144986 G allele associated with lower odds
of having AEs increased SCGB3A2 gene expression in lung tissues. The scarce evi-
dence of the role of SCGB3A2 provides limited information about its involvement in
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non-canonical inflammation, lung clearance of pathogens, and anti-fibrotic processes.
In lung cancer cells, it joins to syndecan-1 to prompt the intake of both SCGB3A2
and LPS. As a response to the cytosolic presence of LPS, the non-canonical caspase-11
inflammasome is activated, and subsequently, cancer cell death via pyroptosis is in-
duced (Yokoyama et al., 2018, 2021). Similar to our results, a higher gene expression
of SCGB3A2 was linked to a protective effect. Specifically, Yokoyama et al. (2021)
found that patients with cancer with higher expression exhibited higher survival rates.
This protective mechanism in cancer may be a residual ramification of the caspase-11-
induced host defense mechanism against pathogens. Caspase-11 provides protection
against Gram-negative bacterial pathogens. This activity is in a delicate balance with
the promotion of airway inflammation induced by caspase-11 hyper-activation (Oh
et al., 2020). In bronchial epithelial cells, the downregulatory effect of SCGB3A2 over
LPS-triggered airway inflammation is accompanied by a reduction in TNF-𝛼 and CXCL8
gene expression (Wang et al., 2015). Additionally, in the same cell type, SCGB3A2
competes with LPS to join themacrophage scavenger receptor with collagenous struc-
ture (MARCO), which participates in the defense against pathogens in the airways (Bin
et al., 2003).

The anti-fibrotic effect of SCGB3A2 in the lung is thought to be exerted via down-
regulation of the TGF𝛽1 pathway. TGF𝛽1 is a profibrotic cytokine secreted by airway
fibroblasts, myofibroblasts, inflammatory cells, and bronchial epithelial cells. TGF𝛽1
binds to its receptor in the extracellular membrane, which triggers the cytosolic phos-
phorylation of SMAD2/3. This phosphorylated complex joins to SMAD4 to translocate
to the nucleus, where it triggers fibroblast to myofibroblast transition, activates the
production of epithelial cell-secreted inhibitors of metalloproteinase, and inhibits the
secretion of matrix metalloproteinases (Royce et al., 2012). Specifically, SCGB3A2
promoted IFN𝛾-independent phosphorylation of STAT1 and increased SMAD7 expres-
sion, and inhibits SMAD2/3 phosphorylation, which in turn inhibits phosphorylation of
SMAD2/3 (Kurotani et al., 2011). All this together along with the fact that IL-4, IL-5,
and IL-13 levels are reduced in ovalbumin-induced mice pre-treated with SCGB3A2
(Mandal et al., 2004) and IL-5 reduces SCGB3A2 gene expression (Chiba et al., 2005)
suggest that SCGB3A2 merits further consideration as a potential therapeutic target
in asthma. Moreover, our results adds to the growing evidence of the role of secre-
toglobins in diseases of the airways (Mootz et al., 2021).

Despite previous evidence of the association of severe AEs and African ancestry in
African Americans (Rumpel et al., 2012; Grossman et al., 2019), in African Americans
from the SAGE study, no significant association between severe AEs and global African
ancestry was found for global ancestry estimated either from genome-wide genotyp-
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ing data or WGS data, as described in Chapter 4, respectively. In addition, results
remained non-significant in sex-stratified analysis and an analysis focused on individu-
als with African ancestry equal or over the median value (data not shown). In terms of
the local ancestry, we identified significant admixture mapping peaks for African an-
cestry at chromosome 3q26.31, 3q26.33, 3q27.3-q28, 3q28-q29 (data not shown).
For this analysis, we followed the same procedure described in Chapter 4 except that
local ancestry was calculated using a two-way ancestral model based on the CEU and
YRI references. The subsequent fine-mapping of common and rare SNPs within the
significant admixture mapping peaks did not reveal any significant association that
accounted for the admixture mapping peaks (data not shown). In this regard, it is
worth noting that the effect of the association of local African ancestry with AEs was
in the opposite direction to the one previously described for global ancestry in African
Americans (Rumpel et al., 2012; Grossman et al., 2019). Recently, a prospective study
among African American children with asthma in the United States revealed that the
association of African ancestry and asthma re-admissions was mediated by disease
management, socio-economic factors, and the interaction of those two factors and in-
door exposures (Mersha et al., 2021). This is particularly interesting due to the evidence
suggesting that the reduction in in-person interactions may have modulated the de-
crease of AEs in African Americans after the lockdown occasioned by the COVID-19
pandemic (Salciccioli et al., 2021). All this together suggests that further genetic epi-
demiological studies that comprise extensive assessment of socio-economic and envi-
ronmental factors are required to confirm these associations and untangle the role of
the genetic ancestry-environment interactions in AEs.

5.5 VCAM1/EXTL2 and PANK1: novel loci for asthma exacer-
bation

Excluding the work described in this doctoral thesis, a total of four studies have
assessed genome-wide genetic variation involved in AEs independently of treatment
or gene-environment interactions. Specifically, Bønnelykke et al. (2014) investigated
early childhood asthma with recurrent hospitalizations, McGeachie et al. (2015) as-
sessed children with asthma, Yan et al. (2021a) focused on Hispanics/Latinos and Yan
et al. (2021b) analyzed White British adults. However, none of the studies have lever-
aged clinical and genome-wide genetic variation in amulti-ancestral setting to identify
genetics signals for AEs.
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The first multi-ancestral meta-analysis of GWAS of AEs, described in Chapter 5, as-
sessed 9.6 million genetic variants in individuals with asthma from populations world-
wide, including predominantly European-descent individuals, Hispanics/Latinos, Sin-
gaporean Chinese, and African Americans. Despite the fact that the CDH12 locus sur-
passed the genome-wide significance in the discovery stage, this association was not
significant (p<0.05) in the replication stage. Among the independent polymorphisms
suggestively associated with AEs, two were replicated in the second stage. These two
genetic variants were located in the intergenic region of the VCAM1/EXTL2 gene and
the intronic region of PANK1.

VCAM1 encodes a sialoglycoprotein predominantly expressed in the endothelial
cells’ luminal and lateral surface and is implicated in several cancer types and immuno-
logical disorders (Kong et al., 2018). VCAM1 expression is regulated by multiple fac-
tors, such as cytoskeletal alignment, shear stress, and pro-inflammatory cytokines (Lee
and Rosenberg, 2013; Kong et al., 2018; Fallon and Hinds, 2021). Specifically, IL-4,
IL-13, TNF-𝛼, eotaxin, or LPS have been shown to increase VCAM-1 expression during
eosinophil recruitment (Hortelano et al., 2010; Lee and Rosenberg, 2013; Kong et al.,
2018). After VCAM1 binds its eosinophil receptor a4β1 integrin binding, it promotes
lung eosinophilia by activating a molecular cascade including Ca2+ and RAC1 (Kong
et al., 2018). RAC1 promotes two different processes: the formation of actin stress
fibers (Wittchen, 2009) and disarranging of intercellular junctions via the activation of
nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2) (Kong et al., 2018).
In turn, NOX2 promotes the production of endothelial cell matrix metalloproteinases
that enhance the vascular passageway opening for transendothelial migration, and
increases the production of protein kinase Ca, and protein tyrosine phosphatase 1B
(Deem and Cook-Mills, 2004; Lee and Rosenberg, 2013; Kong et al., 2018). Moreover,
fine ambient particle matter has been shown to increase VCAM1 expression and pro-
mote polymorphonuclear leukocyte infiltration through the endothelial-alveolar ep-
ithelial barrier, which leads to airway inflammation and injury (Cui et al., 2019). Di-
rect blocking of VCAM1 via antibodies impairs eosinophils recruitment, eosinophilic
inflammation, and airway hyperresponsivenes (Kong et al., 2018). In the same line,
blocking the NF‑𝜅B signalling inhibits VCAM1 secretion and decreases the effects of
LPS‑induced airway epithelial cell injury (Sun et al., 2019)

EXTL2 encodes a protein that participates in the quality control of glycosamino-
glycans (GAGs) biosyntesis. Specifically, the protein encoded by EXTL2 transfers N-
acetylgalactosamine and N-acetylglucosamine to the tetrasaccharide linkage region
of the GAG chain, which is suggested to stop chain elongation (Kitagawa et al., 1999).
Thus, decreased/inhibited EXTL2 leads to over-accumulation of GAGs (Nadanaka et al.,
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2013) with Toll-like receptor 4 agonist capacity (Nadanaka et al., 2020). This GAGs
over-accumulation can also enhance the production of inflammatory and extracelular
matrix remodeling mediators (Pu et al., 2020). Katta et al. (2015) showed that a small
interfering RNA (siRNA) knockdown of EXTL2 in human embryonic kidney cells in-
creased GAG chain length. On the other hand, a siRNA in fibroblasts reduced heparan
sulfate proteoglycans synthesis in disorders associated with mucopolysaccharidoses
production (Kaidonis et al., 2010; Canals et al., 2015). The fact that GAGs constitute
targets for the attachment of pathogens to host cells (Shi et al., 2021), along with the
conflicting evidence about the role of EXTL2 on GAGs synthesis, highlights the need
for further studies about EXTL2.

The protein encoded by the PANK1 gene is the first enzyme participating in the
coenzyme A (CoA) biosynthesis. PANK1 is regulated by the transcription factor perox-
isome proliferator-activating receptor 𝛼 (PPAR-𝛼) (Ramaswamy et al., 2004; Hennessy
et al., 2011). PPAR-𝛼 exhibits anti-inflammatory activity by reducing the production of
pro-inflammatory mediators (i.e., TNF-𝛼) and activation of anti-inflammatory regulators
(e.g., IL-10) (Banno et al., 2018). PPAR-𝛼 deficiency increases airway hyperresponsive-
ness and eosinophilia, and reduced the anti-inflammatory effect of dexamethasone
in lung from mice (Banno et al., 2018). Moreover, PPAR-𝛼 controls the expression of
miR-107, encoded within the intron 5 of PANK1, which participates in the regulation
of macrophage adhesion in response to LPS (Hennessy et al., 2011). Specifically, gene
expression of both PANK1 and miR-107 was shown to be reduced in response to LPS
(Hennessy et al., 2011).

All this evidence suggests that these genes may be implicated in key asthma pro-
cesses. Our analysis of functional effects revealed that rs12091010 (VCAM1/EXTL2)
and rs943126 (PANK1) exerted regulatory effects over DNA methylation in several
CpG sites located nearby both polymorphisms according to the meQTL results in Lati-
nos/Hispanics and African Americans. We also aimed to prioritize gene targets via eQTL
analysis, where rs12091010 and rs943126 were shown to regulate gene expression
of EXTL2 and PANK1, respectively, in publicly available data from Europeans (Kamat
et al., 2019). However, these results require additional validation since the association
was not replicated in the GTEx data (GTEx Consortium, 2020).

In terms of the ethnic-stratified analysis, we investigated if the polymorphisms asso-
ciated at a suggestive level in the meta-analysis of GWAS in predominantly European
descents showed significant and consistent effects in Europeans from the replication
stage. However, none of the SNPs was replicated consistently across studies (data not
shown). The stratified results from the other ethnic groups were not evaluated due
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to the fact that exclusively one study per non-European ancestral group analysis was
available in the discovery.

We also assessed for associations with AEs 47 previous associations for AEs (Herrera-
Luis et al., 2019; Tse et al., 2019; Leiter et al., 2020; Tsai et al., 2020a; Yan et al., 2021a,b)
or moderate-to-severe asthma (Shrine et al., 2019). Although we found evidence of as-
sociation for several loci at p<0.05 in Europeans (GSDMB, RAD50, HLA-DQB1, IKZF3,
andWDR36), Latinos (HLA-DQB1, ADAM33, and SMAD3), African Americans (CDHR3,
VDR,MUC5AC, SMAD3 and C11orf30) and Singaporean Chinese (TSLP), none of these
surpassed a stringent threshold for significance corrected for multiple testing. Two
of these loci were consistently associated at p<0.05 in more than one ethnic group
(SMAD3 and HLA-DQB1). Interestingly, both polymorphisms exhibit pleiotropic ef-
fects. For example, rs72743461 (SMAD3) is associated at genome-wide level with
several traits, such as eosinophil counts (Sakaue et al., 2021), allergic disease (Johans-
son et al., 2019), or medication use (Sakaue et al., 2021). Likewise, the SNP rs9275503
at HLA-DQB1 is associated at genome-wide level with cell blood counts (Astle et al.,
2016), immunoglobulin A deficiency (Bronson et al., 2016), or rheumatoid arthritis
(Okada et al., 2014), among other traits.

5.6 Study limitations

Although this doctoral thesis has provided some insight into the genetic variation of
AEs, we acknowledge that this thesis also has a number of limitations. First, although
we defined AEs based on three different variables (asthma acute care, asthma-related
hospitalizations, and/or OCS use) following the ERS/ATS criteria (Reddel et al., 2009),
our definition was based on retrospective self-reported data in most of the studies,
which could be biased due to the patient’s subjectivity. Likewise, we were unable to
assess the association of genetic variants with the annual number of exacerbations,
the temporal distance among events, or the time-to-first exacerbation event due to
the non-availability of data in most studies. On the same line, in Chapter 5, in or-
der to reach enough sample size to increase our power to detect associations, we
included studies that evaluated self-reported retrospective data about AEs at 6, 12,
or 48 months, which could introduce bias due to the time-dependent probability of
occurrence of exacerbations. Moreover, we analyzed data from children and adults
together despite some studies suggest the existence of age-dependent phenotypes of
AEs (Bønnelykke et al., 2014). However, our findings were consistent across the vast
majority of the studies.
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Second, asthma severity was defined using a proxy based on pharmacological step-
wise approaches following the guidelines that were on use at the time of the recruit-
ment for each study and not the current GINA guidelines (Global Initiative for Asthma,
2021a) given that current guidelines would not easily extrapolate to the context of
period recruitment.

Third, none of the genetic loci that showed significant and consistent effects across
the discovery and replication stages of the multi-ethnic meta-analysis of GWAS of
AEs, described in Chapter 5 exceeded the genome-wide significance threshold of
p<5x10-8. In terms of the threshold for suggestive associations, different arbitrary cut
offs have been used to identify associations signals to evaluate for replication in inde-
pendent populations (Hernandez-Pacheco et al., 2019). In Chapter 5. we established
a sub-optimal threshold for suggestive associations based on the hypothesis that this
could lead to the discovery of novel loci that could be flagged in future studies of larger
samples size (Hammond et al., 2021).

Fourth, although we performed sensitivity analyses to confirm the robustness of
the association between the genetic signals and AEs, the lack of availability of homo-
geneous information about relevant environmental exposures (e.g., viral infections) in
the studies included in this doctoral thesis limited the scope of the sensitivity analysis,
particularly inChapter 5, where the highest number of studies was included. Although
the robustness of the association was confirmed by the two-stage design for the loci
identified in Chapters 2-5, we were not able to analyze the role of relevant exposures
in the modulation of the association with AEs.

Fifth, despite the fact that we identified several significant admixture mapping
peaks in Puerto Ricans and Mexican Americans, we failed to identify common or rare
genetic variants that accounted for the admixture mapping peaks in Puerto Ricans,
despite the larger sample size. As discussed in Chapter 4, this may be due to the fact
the significant admixture mapping peaks were associated with Indigenous American
ancestry, which represents the minor contribution to the genetic background of this
Latino subgroup. Still, future studies of larger sample sizes may lead to the identifica-
tion of the genetic signals driving the associations of AEs and local ancestry at these
genomic regions.

Sixth, although we identified significant genetic associations for AEs, exploratory
analyses not included in the chapters of this doctoral thesis suggested that none of
the SNPs was considered a good discriminatory marker to predict AEs based on the
area under the curve (AUC) of the receiver operating characteristics (ROC) (data not
shown). Although the classification model including rs28836559, rs1144986, and
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clinical data showed slight improvement over the model based on clinical data (AUC
[95% CI]: 0.70 [0.66-0.74] vs 0.65 [0.61-0.69], p=1.06x10-3), this observation was
not replicated in Puerto Ricans (AUC [95% CI]: 0.72 [0.69-0.75] vs 0.71 [0.68-0.75],
p=1.53x10-1). Moreover, although we evaluated several polygenic risk scores based on
the meta-analyses described in Chapter 5, none of the PRS was replicated in inde-
pendent populations (data not shown). This could be due to underlying heterogeneity
in the GWAS summary statistics (’base dataset’), as addressed above, and/or the lim-
ited number of samples included in the ’target datasets’ that could be considered for
PRS estimation (i.e., studies with genome-wide genotyping data available that were
not included in the meta-analyses of the discovery stage): GEMAS (n=282) and MEGA
(n=138).

Seventh, although evidence of functional effects was provided using i) DNA methy-
lation data and gene expression data fromwhole-blood from ethnically diverse popula-
tions, and ii) in silico assessment via publicly available data, and discussed the possible
role of the identified genes according to the literature-based evidence, more research
is needed to confirm whether the genetic variants identified are therapeutic targets of
interest in the pathogenesis of AEs.

5.7 Future directions in the genomics of asthma exacerbations

Despite the advances of this doctoral thesis, further studies on the exploration of
the specific role in the pathogenesis of AEs of the genes revealed by our work are
needed. This would require the design of studies that include the recollection of
prospective/retrospective reporting of AEs, the annual number of exacerbations, the
temporal distance among events and/or the time-to-first exacerbation. Moreover, these
studies should be conducted in individuals with diverse ethnic backgrounds, consider-
ing environmental exposures, and stratifying by age group. These improvements could
contribute to disentangle the complex interplay between genetics, behavioural, and
environmental factors. The analysis of specific sub-types and homogeneous groups of
asthma patients could decrease clinical phenotype heterogeneity and uncover novel
relevant loci without requiring larger sample sizes.

Our literature mining of genetic loci for AEs revealed that most of the studies con-
ducted to date followed candidate-gene strategies and focused on SNPs. Moving for-
ward precision medicine, conducting candidate-gene studies should be carefully con-
sidered in light of their weaknesses. In any case, these studies should provide an in-
depth analysis of the genomic regions analysed, follow more robust approaches, such
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as performing discovery and replication analysis, and applying correction for multiple
testing. Moreover, although SNPs are a type of genetic variation, the catalog of hu-
man genetic variants also includes polymorphic inversions and translocations, tandem
repeats, indels and copy number variations, that have been demonstrated to be impli-
cated in asthma (Oliveira et al., 2018; González et al., 2014). Furthermore, future stud-
ies should address the gap in the knowledge of the role of non-autosomal variation in
AEs. In addition, despite the fact that this doctoral thesis has explored genetic variation
in ethnically diverse populations following a multi-ancestry meta-analysis, candidate-
gene association studies and specific phenotyping GWAS in minority populations, and
admixture mapping in Latinos, further efforts should be made to design and conduct
genomic studies of AEs in Asian and African-descent populations. Likewise, although
we explored the applicability of PRS in AEs and failed to obtain a good discriminatory
PRS, PRS estimation is a quickly evolving field. This together with the increase in sam-
ple size of the base and target datasets in future studies may improve the likelihood
of finding PRS with good discriminatory capability (Choi et al., 2020).

In terms of admixed individuals, larger sample sizes may be required to detect sig-
nificant associations due to the inherent complex genetic heterogeneity of these ethnic
groups. However, alternative methods incorporating local ancestry into GWAS in ad-
mixed populations could increase the statistical power to detect associations (Atkinson
et al., 2021). In these populations, the role of local ancestry and interactions of local an-
cestry with environmental exposures can be an adequate strategy to identify relevant
genomic regions that could be subsequently fine-mapped in order to establish the
genetic variants that account for the admixture mapping peaks. In this regard, NGS
approaches may clarify the role of rare genetic variation, structural, and non-coding
variants in AEs. However, these studies are not to be limited only to specific genomic re-
gions of interest, whole-genome sequencing analysis along with integrative genomics
strategies could prioritize genetic variants involved in the pathogenesis of AEs based
on functional evidence.
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COnCLuSIOnS

Based on the results of this thesis, the following conclusions can be drawn:

1. Most genetic studies of AEs performed prior to 2019 focused on candidate genes
previously related to asthma susceptibility and/or asthma-related traits, and only
two non-pharmacogenetic GWAS of AEs had been performed. The limitations of
those studies highlighted the need for more comprehensive studies analyzing di-
verse populations and assessing the functional consequences of the associations
described.

2. A regulatory polymorphism in theDNASE1L3 gene, related to its gene expression
levels and RNA isoform production, was associated with AEs in Hispanics/Latinos
and African Americans but not in other populations.

3. A genome-wide significant association of a variant that regulates gene expression
levels of LINC01913 and DNA methylation status of PKDCC was uncovered in
Hispanics/Latinos and African Americans, but it was not associated with AEs in
other populations.

4. Leveraging local ancestry was shown to be helpful in the search of genetic sig-
nals for AEs in admixed populations. Genetic polymorphisms at the STK32A
and C5orf46 loci were significantly and consistently associated with AEs in His-
panic/Latinos but showed no association in other populations. These loci were
associated with SCGB3A2 gene expression and DYPSL3 DNA methylation.

5. Two loci at the VCAM1/EXTL2 and PANK1 regions were associated with AEs and
showed consistent effects across multiple populations. The variants identified
were associated with DNA methylation and gene expression levels of the genes
where they are located.



156 Conclusions

6. From the 47 variants for AEs or moderate-to-severe-asthma identified by litera-
ture mining that were assessed for association with AEs in independent popula-
tions, two showed consistent effects at p<0.05 in more than two ethnic groups.
The association of rs9275503 (HLA-DQB1) with AEs, initially described in British
adults, was validated in European descents and Hispanics/Latinos. Moreover, the
pleiotropic SNP rs72743461 (SMAD3), previously associated with moderate-to-
severe asthma, was also associated with AEs in admixed populations.
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