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Abstract

Rationale: Nocturnal asthma is a common presentation and is
associated with a more severe form of the disease. However, there
are few epidemiologic studies of nocturnal asthma, particularly in
minority populations.

Objectives: To identify factors associated with nocturnal asthma,
including the contribution of self-identified race/ethnicity and
genetic ancestry.

Methods: The analysis included individuals from the Study for Asthma
Phenotypes and Pharmacogenomic Interactions by Race-ethnicity
(SAPPHIRE) cohort. Nocturnal asthma symptoms were assessed by
questionnaire. Genome-wide genotype data were used to estimate genetic
ancestry in a subset of African American participants. Logistic regression
was used evaluate the association of various factors with nocturnal
asthma, such as self-identified race/ethnicity and genetic ancestry.

Measurement and Main Results: The study comprised 3,380
African American and 1,818 European Americans individuals with

Asthma is a common respiratory disorder
affecting more than 30 million people in the
United States (1) and 300 million people
worldwide (2-4). Nocturnal asthma is a
common disease presentation, with studies

of asthma reporting up to 75% of patients
with nocturnal symptoms (5). Nocturnal
asthma has also been associated with disease
severity and is accompanied by higher rates

of morbidity (6) and mortality (7, 8).

asthma. After adjusting for other potential explanatory variables,
including controller medication use, African Americans were more
than twice as likely (odds ratio, 2.56; 95% confidence interval,
2.24-2.93) to report nocturnal asthma when compared with
European American individuals. Among the subset of African
American participants with genome-wide genotype data (n = 1,040),
estimated proportion of African ancestry was also associated with
an increased risk of nocturnal asthma (P = 0.007). Differences in
lung function explained a small, but statistically significant (P = 0.02),
proportion of the relationship between genetic ancestry and
nocturnal asthma symptoms.

Conclusions: Both self-identified race/ethnicity and African
ancestry appear to be independent predictors of nocturnal asthma.
The mechanism by which genetic ancestry contributes to population-
level differences in nocturnal asthma appears to be largely
independent of lung function.
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Furthermore, although asthma mortality is
relatively low, there is a higher chance of
dying at night relative to during the daytime
(9), suggesting that nocturnal asthma is

a major medical and public health concern.
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At a Glance Commentary

Scientific Knowledge on the Subject:
Nocturnal asthma is a common
presentation and is associated with

a more severe form of the disease.
However, there are few epidemiologic
studies of nocturnal asthma in
minority populations, and none have
evaluated the genetic component of
ancestry in relationship to the risk of
developing nocturnal asthma.

What This Study Adds to the
Field: In a large, ethnically diverse
cohort of individuals from
southeastern Michigan with asthma,
African American individuals were
more likely to report nocturnal asthma
when compared with European
American individuals. Within the
subset of African Americans, the
estimated proportion of African
ancestry was associated with higher
likelihood of symptoms, although this
relationship was only partially explained
by differences in lung function.

Nocturnal asthma is diagnosed in
patients based on reported sleep disturbance
due to asthma-related symptoms. However,
lung function studies have shown that
affected individuals may demonstrate
reduced FEV, both at night and throughout
the day (10, 11). The relative decrease
appears to be greatest during the nighttime
hours (12) and may be accompanied by
increased eosinophil inflammation in the
lung (13). Individuals with nocturnal
asthma may also have higher levels of blood
eosinophils and neutrophils relative to
individuals with asthma without nocturnal
symptoms (14). These findings suggest
that nocturnal symptoms may constitute
a specific subset of individuals with asthma.
Nevertheless, little work has been done to
characterize the epidemiology of nocturnal
asthma, particularly among African American
individuals, who as a group suffer
disproportionately from asthma-related
complications (15-17).

The current study reports results from
an epidemiologic investigation of nocturnal
asthma in a multiethnic cohort, the Study for
Asthma Phenotypes and Pharmacogenomic
Interactions by Race-Ethnicity (SAPPHIRE)
cohort. Using this large cohort, we were able to

identify race/ethnicity differences in both the
frequency of nocturnal symptoms and the
characteristics associated with nocturnal
asthma.

Methods

Study Subjects

This study was approved by the Institutional
Review Board of Henry Ford Hospital and
was in compliance with its Health Insurance
Portability and Accountability Act policy.
The SAPPHIRE cohort is an ongoing study
to identify the genetic predictors of asthma
controller medication response among

a population-based sample of individuals
with asthma. Specifically, the cohort
includes members of a large health system,
which serves southeast Michigan and

the greater Detroit metropolitan area.
Participants are identified from health care
claims and recorded asthma diagnoses in the
electronic medical record. The eligibility
criteria for SAPPHIRE participants are as
follows: age 12 to 56 years, a prior clinical
diagnosis of asthma, and no recorded
diagnosis of chronic obstructive pulmonary
disease or congestive heart failure.
Individuals, who consent to participation
undergo a detailed enrollment evaluation.

Measurement of Nocturnal Asthma
Symptoms and Accompanying
Covariates

All participants completed a detailed
staff-administered survey at the time of
enrollment. The Asthma Control Test
(ACT) (QualityMetric Inc., Lincoln, RI) was
included on the survey. The ACT included
the following question about nocturnal
asthma symptoms: “During the past

4 weeks, how often did your asthma
symptoms (wheezing, coughing, shortness
of breath, chest tightness or pain) wake you
up at night or earlier than usual in the
morning?” (18) The possible responses to
this question were not at all (= 0), once or
twice (= 1), once a week (= 2), two to three
nights a week (= 3), or four or more times
a week (= 4). We collapsed these responses
into a single dichotomous variable for
nocturnal symptoms to compare no
symptoms (= 0) with any nocturnal
symptoms (= 1).

The survey also asked participants to
identify all race/ethnicity categories that
applied to themselves. Patients were also
queried about other demographic
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characteristics and environmental
exposures, including age, smoking history,
and age of asthma onset. Field staff obtained
the participants’ height and weight, and
these measures were used to calculate body
mass index (BMI) in kilograms divided by
meters squared (kg/m?). Patients had their
lung function assessed, and this spirometry
was performed according to 2005 American
Thoracic Society/European Respiratory
Society recommendations using a Fleisch-
type pneumotachometer (19). Bronchodilator
reversibility (BDR) was quantified as

the percentage change in FEV, after
administration of 360 g of inhaled
albuterol hydroxyfluoroalkane delivered
by metered dose inhaler using an
AeroChamber Plus Flow-Vu spacer
(Monahan Medical Corp., Plattsburgh,
NY).

We assessed West African ancestry
(heretofore, referred to as African ancestry)
in individuals whose self-reported race-
ethnicity was African American. To
measure genetic ancestry, genomic DNA
was first isolated from a blood specimen
taken at the time of the initial study visit.
Genome-wide genotyping was performed
using the Axiom genome-wide AFR array
(Affymetrix, Santa Clara, CA) on 1,040
SAPPHIRE subjects with asthma (20). We
assessed local ancestry (i.e., African and
European ancestry) at each autosomal
single nucleotide polymorphism location
(21, 22), and we estimated the total
percentage of African ancestry (i.e., global
ancestry) in African American individuals
as the proportion of African alleles.

Statistical Analysis

We restricted the analysis to African
American and European American
individuals. The primary outcome variable
was nocturnal asthma (i.e., any nocturnal
symptoms vs. no symptoms). To test

for heterogeneity by race/ethnicity, we
compared models with and without

a covariate-by-race interaction term—

a 1 degree of freedom likelihood ratio test
comparing a model with the interaction
term to a reduced model with just the
individual covariates of interest and a term
for self-reported race/ethnicity (i.e., two-
variable models). We used forward-
stepwise selection to separately build
multivariable models of nocturnal asthma
for African American and European
American individuals. Variables were
entered into the model one at a time based
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on their likelihood ratio P value. A
threshold P value of 0.05 was used to
determine whether variables entered into
the model were retained; however, sex, age,
and height were included in the model
regardless of statistical significance.

Causal mediation analysis (23, 24)
was used to test whether the relationship
between genetic African ancestry and
nocturnal asthma was mediated by lung
function (i.e., FEV; or FVC). For these
models, percent African ancestry was
considered the treatment, lung function was
considered the mediator, and dichotomous
nocturnal asthma status was used as
the outcome. As the treatment must be
dichotomous for this model, the continuous
variable of percent African ancestry was
divided into quintiles, and mediation effects
were estimated using the subjects in
the lowest quintile of percent African
ancestry (<73.7%) as the “control” group.
Each successively higher quintile was
a “treatment” group. Two equations were
used to model each mediator and outcome.
The mediator equation was estimated using
a linear model of lung function with the
primary predictor being African ancestry.
The outcome equation was estimated using
a logistic model for the binary outcome of
nocturnal asthma. These models were also
adjusted for additional variables associated
with nocturnal asthma in African
Americans identified from the forward
stepwise selection procedure. The confidence
intervals (CIs) were based on the
nonparametric bootstrap with 1,500 samples.

As a sensitivity analysis, we assessed
whether adjusting for inhaled corticosteroid
(ICS) and long-acting B-agonist (LABA)
medication use at baseline affected the
relationships between nocturnal asthma
and both self-reported race/ethnicity and
African ancestry. We also assessed the
effect of adjusting for asthma controller
medication adherence in the 6-month
period preceding symptom assessment.
Medication adherence was quantified using
pharmacy claims data in the manner
described by us previously (25). We also
reassessed the relationship of race/ethnicity
and nocturnal asthma symptoms after
stratifying by BMI and adjusting for different
measures of tobacco smoke exposure.

A flowchart of the analyses performed
and the numbers available for each analysis
are shown in Figure E1 of the online
supplement. The causal mediation analysis
was conducted using the “mediation”
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package (26) implemented in the R
statistical programing language (version 3.0.2)
(27). We used SAS version 9.2 (SAS institute
Inc., Cary, NC) for all other analyses.

Results

The demographic and clinical
characteristics of the study participants are
presented in Table 1. Self-identified African
American individuals composed 65% of
the total study population. The African
American and European American groups
were similar in age and sex. Relative to
European American participants, African
Americans had a higher average BMI (31.8
vs. 28.9), were more likely to have smoked
(31% vs. 25%), were more likely to have
had asthma before the age of 12 years (64
vs. 56%), and were nearly twice as likely to
report a prior hospitalization for asthma
(46% vs. 24%). Regarding lung function,
mean percent of predicted FEV, was
lower in African American individuals
as compared with European American
individuals (87.4% vs. 90.5%), whereas
having a BDR value greater than 12% was
approximately twice as high in the former
group (29.4% vs. 16.9%).

Table 2 presents the unadjusted
univariable associations with nocturnal

asthma. Higher measures of lung function
(i.e., higher FEV,, FVC, and FEV/FVC
values) were associated with a lower
likelihood of nocturnal asthma symptoms.
Conversely, increasing age, female sex,
higher BMI, older age at asthma diagnosis,
higher BDR, a positive smoking history,
and self-reported African American race-
ethnicity were all associated with a higher
likelihood of reporting nocturnal asthma
symptoms. African American individuals
were approximately three times more likely
to report nocturnal asthma symptoms
when compared with European American
individuals (odds ratio [OR], 2.95; 95% CI,
2.61-3.34).

As shown in Figure 1, African
American subjects also reported greater
nights with disrupted sleep from asthma
when compared with European American
participants (P < 0.001). For example,
relative to those not experiencing nocturnal
symptoms, African American individuals
were approximately four times as likely to
report having nocturnal symptoms four or
more times per week (OR, 4.05; 95% ClI,
3.04-5.45) when compared with European
American individuals.

To determine if the effect of race-
ethnicity could be explained by other factors
associated with nocturnal asthma, we

Table 1. Characteristics of Study Participants at the Time of Study Enrollment

(n=5,198)
European

Combined African American American

(n = 5,198) (n = 3,380) (n = 1,818) P Value*
Age, yr 334 = 144 32.8 = 14.0 34.5 + 15.1 <0.001
Female, 3,324 (64) 2,183 (65) 1,151 (63) 0.202
Height, m 1.7 = 0.1 1.67 = 0.1 1.68 = 0.1 <0.001
African American 3,380 (65) — — —

race/ethnicity

BMI, kg/m? 30.8 = 9.3 31.8 =95 28.9 + 8.4 <0.001
Smoking, ever smoker 1,518 (29) 1,061 (31) 457 (25) <0.001
Age at diagnosis, yr 13.8 = 13.7 12.9 = 13.5 15.5 = 13.8 <0.001
Age at diagnosis > 12 yr 2,027 (39) 1,223 (36.2) 804 (44.2) <0.001
Ever hospitalized 1,995 (38) 1,556 (46) 439 (24) <0.001
FEV4, L 28 = 0.9 26 +0.8 3.1 +0.38 <0.001
FVC, L 3.6 £1.0 3.3 +0.9 40 *+1.0 <0.001
FEV4/FVC ratio 76.8 = 9.5 76.2 = 9.8 77.8 = 8.8 <0.001
Percent of predicted FEV,T  88.5 + 18.9 87.4 = 195 90.5 = 17.6  <0.001
Percent of predicted FVCT  96.2 = 17.2 96.3 + 17.7 959 + 16.2 0.382
BDR* 8.3 £ 126 9.2 + 13.6 6.7 = 10.1 <0.001

Definition of abbreviations: BDR = bronchodilator reversibility; BMI = body mass index.

Data are presented as mean = SD or n (%).

*P values for tests of differences between African American and European American individuals.
TBased on standardized equations found in Hankinson et al. (48).

*BDR was measured as the change in FEV; after albuterol administration according to the following
formula: BDR = ([FE\/1(post-bronchodilator) - FEV1 (pre-bronchodilator)]/FEV1(pre-bronchodilator)) X 100.
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Table 2. Assessment of Factors for Association with Nocturnal Asthma and Potential Differences by Race/Ethnicity

All Subjects African American European American

OR* 95% CI OR* 95% CI OR* 95% CI Pt
Age at enrollment, yr 1.02 1.02-1.03 1.03 1.03-1.04 1.02 1.01-1.03 1.000
Race/ethnicity, African American 2.95 2.61-3.34 — — — — —
Sex, female 1.61 1.43-1.82 1.64 1.43-1.89 1.91 1.30-2.00 0.940
Height, m 0.22 0.13-0.40 0.32 0.16-0.64 0.23 0.08-0.68 0.620
BMI, kg/m? 1.04 1.03-1.05 1.03 1.02-1.03 1.05 1.04-1.07 <0.001
Smoking, ever smoker 2.51 2.22-2.83 2.71 2.32-3.16 2.00 1.60-2.51 0.028
Age at diagnosis, yr 1.01 1.00-1.01 1.01 1.01-1.02 1.01 1.00-1.02 0.230
Age at diagnosis > 12 yr 1.28 1.15-1.44 1.49 1.29-1.71 1.31 1.06-1.61 0.378
Ever hospitalized, yes 2.22 1.98-2.49 1.78 1.55-2.04 217 1.73-2.73 0.142
FEVq4, L 0.47 0.43-0.50 0.52 0.48-0.57 0.54 0.47-0.62 0.668
FVC, L 0.60 0.57-0.64 0.68 0.63-0.73 0.67 0.60-0.75 0.917
FEV4/FVC ratio 0.96 0.95-0.96 0.96 0.95-0.97 0.97 0.96-0.98 0.164
Bronchodilator reversibility 1.03 1.03-1.04 1.03 1.02-1.03 1.05 1.04-1.06 0.002

Definition of abbreviations: BMI = body mass index; Cl = confidence interval; OR = odds ratio; P;,; = P value from a 1 degree of freedom likelihood ratio test
of the multiplicative interaction between self-reported race/ethnicity and each variable.
The outcome variable for the association analyses was nocturnal asthma defined as having any night with disrupted sleep due to asthma in the preceding

4 weeks.

*ORs represent the univariable relationship with nocturnal asthma. These estimates reflect the effect of a one-unit increase in the variable of interest.
"The P value for the likelihood ratio test of interaction between race/ethnicity and each variable in a bivariable model, which includes a covariate for

self-reported race/ethnicity.

constructed two multivariable models. The
first model included all factors, and the
second was constructed using a forward-
stepwise variable selection approach (see
Table E2). In both models, African American
race/ethnicity was associated with nocturnal
symptoms (OR, 2.48; 95% CI, 2.12-2.89; and
OR, 2.56; 95% CI, 2.24-2.93, respectively).
Together, these results suggested that race-
ethnicity had an independent association with
nocturnal asthma and could not be fully
explained by the other factors.

In light of the aforementioned
differences by race/ethnicity, we used
forward-stepwise variable selection to
determine the factors associated with
nocturnal asthma for African American
patients and European American patients,
separately (Table 3). Factors associated with
nocturnal symptoms in African American
individuals with asthma included current
age, sex, BMI, smoking status, history
of asthma hospitalization, BDR, FEV,
and FVC. With the exceptions of FVC and
age, the same factors were associated with
nocturnal asthma in European American
individuals (i.e., sex, BMI, smoking status,
history of asthma hospitalization, BDR,
and FEV)), and the magnitude of the
effect estimates was also similar.

Given the differences in nocturnal
asthma by race/ethnicity, we also assessed
whether African ancestry was associated
with nocturnal symptoms among African

American study participants. For this
analysis, the sample was restricted to the
subset of African American participants
with genome-wide genotype data (n = 1,040).
Association analysis revealed an increasing
trend in proportion of African ancestry
with increasing frequency of nocturnal
asthma symptoms (P = 0.007). The average
proportion of African Ancestry was 0.79
(0.10 SD), 0.80 (=0.09 SD), and 0.81
(+0.10 SD) for patients reporting no
symptoms, symptoms less than one night
per week, and symptoms one or more
nights per week, respectively. After
adjusting for all variables retained in the
stepwise model for African American
individuals (Table 3), increasing African
ancestry was positively associated with
nocturnal symptoms (OR, 3.47; 95% CI,
0.90-13.39; P = 0.069), although the
statistical significance was reduced. This
reduction in statistical significance may
have been due to the effect of outlier
individuals with a lower proportion of
African ancestry (Figure E2). Mitigating the
effect of outliers by grouping individuals
into quintiles based on their proportion of
African ancestry (i.e., 20th percentile =
73.7%; 40th percentile = 79.2%; 60th
percentile = 83.2%; 80th percentile =
87.0%) resulted in a statistically significant
association between African ancestry and
nocturnal asthma (P = 0.045), even after
accounting for potential confounders.

Levin, Wang, Wells, et al.: Nocturnal Asthma, Ethnicity, and Genetic Ancestry

We used causal mediation analysis to
examine whether the observed relationship
between African ancestry and nocturnal
symptoms was likely to be a direct effect or
mediated by changes in lung function (as
measured by FEV; or FVC). Due to the
high correlation between FEV; and FVC,
these measures were examined in separate
models. The results of these analyses are
presented in Table 4. For both FEV, and
FVC, the findings support a small, but
statistically significant, mediating effect of
lung function on the relationship between
African ancestry and nocturnal asthma.
The strongest support for a mediating effect
was achieved for FVC, with statistically
significant evidence (P < 0.02) across all
four quintiles (i.e., the “treatment” groups)
relative to the lowest quintile (i.e., the
“control” group). For the group with the
highest proportion of African ancestry, 13%
of the total effect of ancestry on nocturnal
asthma appeared to be mediated by FVC
(P = 0.04) (Table 4). The mediating effect
of lung function appeared to be consistent
across all of the other quintile groups
defined by African ancestry (Table 4).
These finding support an independent
effect of African ancestry on nocturnal
asthma.

We performed a number of sensitivity
analyses to test whether our findings were
robust. First, we assessed whether use of ICS
or LABAs may have confounded the
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Figure 1. Percentage of study participants reporting nocturnal asthma symptoms by race/ethnicity.
Strata represent the number of nights with asthma-related sleep disturbance in the preceding month.
The reported relationships are unadjusted for other variables.

association that we found between race- clinical records of medication use (992

ethnicity and nocturnal asthma symptoms.
For this analysis, we analyzed the subset of
individuals for whom we had longitudinal

African American patients and 637
European American patients). Among the
African American patients, 59 (6.0%) were

Table 3. Factors Associated with Nocturnal Asthma after Stepwise Selection among
Race/Ethnic Groups

African American* European American*

Covariate OR"T 95% Cl PValue OR 95% ClI P Value
Age at enrolliment, yr 1.01 1.01-1.02 <0.001 1.00 1.00-1.01 0.620
Sex, female 1.32  1.09-1.61 0.006 1.32 0.97-1.79 0.075
Height, m 1.30 0.42-4.03 0.644 1.52 0.27-8.46 0.633
BMI, kg/m? 1.01 1.01-1.02 <0.001 1.04 1.03-1.05 <0.001
Smoking, ever smoker 213 1.80-2.52 <0.001 155 1.22-1.97 <0.001
Age at diagnosis, yr — — — — — —
Age at diagnosis > 12 yr — — — — — —
Ever hospitalized, yes 156 1.35-1.81 <0.001 1.75 1.37-2.23 <0.001
FEV4, L 0.55 0.41-0.74 <0.001 0.75 0.62-0.93 0.009
FVC, L 1.29 1.09-1.65 0.043 — — —
FEV4/FVC ratio — — — — — —
Bronchodilator reversibility 1.01 1.01-1.02 <0.001 1.03 1.02-1.05 <0.001

Definition of abbreviations: BMI = body mass index; Cl = confidence interval; OR = odds ratio.

The outcome variable for the association analyses was nocturnal asthma defined as having any night
with disrupted sleep due to asthma in the preceding 4 weeks. P value from a 1 degree of freedom
likelihood ratio test for each variable.

*Forward stepwise used for variable selection for the race/ethnicity specific models. Covariates
without values (i.e., —) were those not retained in the final model.

TORs reflect the estimated effect of a one-unit increase in the variable of interest, accounting for the
other variables retained in the model.

270

using an ICS alone and 112 (11.3%) were
using an ICS/LABA combination inhaler.
Among the European American patients,
54 (8.5%) were using an ICS alone and

90 (14.1%) were using an ICS/LABA
combination inhaler. Accounting for ICS
and LABA use had almost no effect on the
association between self-reported African
American race/ethnicity and nocturnal
asthma symptoms (OR, 1.96 for African
American vs. European American race-
ethnicity; 95% CI, 1.50-2.56; P < 0.001,
before adjusting for ICS and LABA use; and
OR, 1.96; 95% CI, 1.50-2.56; P < 0.001,
after adjusting for ICS and LABA use).
Similarly, African ancestry was still
significantly associated with nocturnal
symptoms among African American
individuals after adjusting for ICS and
LABA use (P = 0.027). Among individuals
who filled an ICS prescription, accounting
for the level of medication adherence did
not substantively affect the relationship
between race/ethnicity and nocturnal
symptoms (OR, 2.24 for African American
vs. European American race/ethnicity;
95% CI, 1.22-4.13; P = 0.009).

Using different measures of tobacco
smoke exposure (i.e., cigarette pack-years
and separate variables for past and current
cigarette smoking) also did not substantively
change the relationship between race-
ethnicity and nocturnal symptoms (data not
shown). Moreover, restricting the sample
to normal-weight individuals (i.e., BMI,
18.5-24.9; n = 1,440), we found that race-
ethnicity was even more strongly associated
with nocturnal symptoms (OR, 2.95 for
African American vs. European American
race/ethnicity; 95% CI, 2.20-3.94; P <
0.001); however, among overweight
individuals (BMI = 25), race/ethnicity
was still associated with nocturnal
asthma (OR, 1.94; 95% CI, 1.63-2.30;

P < 0.001).

Discussion

The current study has demonstrated large
and statistically significant differences in
nocturnal asthma symptoms between
African American and European American
individuals enrolled in the SAPPHIRE
cohort. Moreover, we show that genetic
ancestry may independently contribute
to the risk of having nocturnal asthma.

To our knowledge, there has been only
one previous study that has compared
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Table 4. Causal Mediation Analysis Results Evaluating FEV; and FVC as Potential Mediating Traits between African Ancestry and
Nocturnal Asthma among African American Participants (n = 1,040)

Average Mediation Effect

Average Direct Effect

% Mediated

Mediator % African Ancestry* Estimate

FEV4 >20th to 40th 0.002
>40th to 60th 0.004

>60th to 80th 0.007

>80th 0.009

FVC >20th to 40th 0.003
>40th to 60th 0.006

>60th to 80th 0.009

>80th 0.012

95% CI P Value Estimate
6.1 X 107°t0 0.01  0.04 0.021 -
54 x 107°t0 0.01 0.05 0.042
—-11 x10%t0 0.02 0.05 0.063
-19x 107%t0 0.20 0.06 0.081
5.0 X 107%t0 0.01  0.01 0.020 -
9.8 X 107%t0 0.01  0.02 0.040 -
15x10%t00.02 0.01 0.060
21x10%t00.01 0.02 0.079 -

©WN 401N A

95% CI P Value % P Value
5x107*t00.04 0.06 9.0 0.08
1 X107 3t0 0.04 0.04 89 0.07
0x10%t00.12 0.03 8.8 0.07
3x10%t00.16 0.04 8.7 0.08
2x10%t00.04 0.05 124 0.04
5x10%t00.08 0.06 12.7 0.05
4x10"%t0 012 0.05 12.7 0.03
8x10"*t00.16 0.05 13.0 0.04

Definition of abbreviation: Cl = confidence interval.
Nocturnal asthma was defined as having any night with disrupted sleep due to asthma in the preceding 4 weeks. Mediation effects were estimated using
the subjects in the lowest quintile of percent African ancestry (i.e., <73.7%) as the “control” group and each successive higher quintile as the “treatment”
group. The Cls for both the mediation and direct effect estimates were based on the nonparametric bootstrap with 1,500 samples. The mediation
effect was estimated using a linear model of lung function (i.e., FEV4 or FVC) and a logistic model for the binary outcome of nocturnal asthma.

*The quintiles of % African ancestry were defined as follows: 20th percentile = 73.7%; 40th percentile = 79.2%; 60th percentile = 83.2%; and 80th

percentile = 87.0%.

nocturnal asthma rates between African
Americans and European Americans.

In contrast to our present findings,
Trochtenberg and colleagues studied 27
individuals and reported a higher overall
prevalence of nocturnal symptoms (82%),
with European American patients having
a higher occurrence when compared with
African American patients (100% vs. 67%,
respectively) (28). However, the average age
of these study participants was higher

(53 and 44 yr for African American and
European Americans, respectively) when
compared with those enrolled in the
SAPPHIRE cohort. As we have found
increasing age to be positively associated
with the risk of reporting nocturnal
asthma symptoms, demographic factors
may explain a portion of the between
study differences. Furthermore, the
estimates of this earlier study are
inherently less precise given the smaller
number of participants.

The current study is also the first to
investigate the possible role of genetic
ancestry as a risk factor for nocturnal
asthma. To date, genetic studies of nocturnal
asthma have focused primarily on candidate
genes, such as the B,-adrenergic receptor
(29). Our findings suggest genetic
differences between nocturnal and
nonnocturnal asthma that may be spread
throughout the genome and that this
genetic variation is associated with
ancestral genetic background. Genome-wide
admixture mapping and association
studies of nocturnal asthma have not been
published to date but appear warranted.

In addition, we show that the effect of
genetic ancestry on nocturnal symptoms
appears to be mediated in part, but not
completely, through its association with
lung function (i.e., FVC and FEV;). These
results are consistent with our earlier work,
which showed African ancestry to be
inversely associated with measured FVC
and FEV; (30) and with results showing
nighttime lung function to be particularly
decreased in individuals with nocturnal
asthma relative to those without nocturnal
symptoms (10). Although the causal
mediation analysis demonstrated
a marginally more significant result for
FVC as compared with FEV,, both FVC
and FEV; are highly correlated. Therefore,
we are unable to conclude which of these
lung function measures is the primary
mediator of nocturnal symptoms. However,
the overall consistency of these findings
suggests that the genetic predictors of lung
function may be partially shared with the
phenotype of nocturnal asthma. As such,
a future genome-wide study might benefit
from a multitrait mapping approach that
includes lung function, given the potential
mediating effect of lung function identified
and power increases associated with the
multitrait over single-trait approaches
(31, 32).

According to current U.S. guidelines,
individuals in the age range of SAPPHIRE
participants (i.e., =12 yr of age) should
consider step-up therapy for uncontrolled
or moderately severe persistent asthma
when nighttime asthma awakenings occur
more than once per week (33). The

Levin, Wang, Wells, et al.: Nocturnal Asthma, Ethnicity, and Genetic Ancestry

guidelines also indicate that combination
ICS and LABA therapy be considered
for individuals with this level of asthma
severity. However, these recommendations
are tempered by conflicting findings in the
literature, which suggest both a beneficial
(34, 35) and detrimental effect (36) of
supplemental LABA use, particularly
among African American individuals.
As a sensitivity analysis in a subset of
SAPPHIRE participants with longitudinal
prescription information, we found that
self-reported African American race-
ethnicity was still a risk factor for nocturnal
symptoms even after accounting for LABA
and ICS use. Therefore, it is unlikely that
differences in asthma controller medication
use alone could explain the observed
differences in nocturnal symptoms.
Current asthma treatment guidelines
use a symptom-based approach for assessing
asthma severity and directing therapeutic
decisions (33), and it is not clear that these
treatment algorithms would be improved
by incorporating information on patient
race/ethnicity or genetic ancestry.
Nevertheless, our observations provide the
impetus for investigating the mechanisms
through which race/ethnicity and genetic
ancestry contribute to nocturnal asthma.
The knowledge gained by these additional
studies and this one may, in turn, identify
unique and actionable disease mechanisms.
This study is not without other
limitations. First, the study population
comprised individuals from a single, large
health system serving southeast Michigan
and metropolitan Detroit. However, we have
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previously shown that our patient
population is representative of the census
population of the region (37), and the
proportion of African and European
ancestry in our African American
participants is similar to that which has
been described for African American
communities in other parts of the United
States (38, 39). Second, it is possible that
some cases of nocturnal asthma were
incorrectly diagnosed. We would expect
that this misclassification would decrease
our power to detect associations. However,
differences in symptom frequency by race-
ethnicity could still be attributable to
other factors contributing to nocturnal
symptoms, such as obstructive sleep
apnea and gastroesophageal reflux disease
(40, 41). Given the relationship of these
conditions with body weight (42, 43), we
stratified our analyses by BMI. However,
the association of race/ethnicity with

among individuals with BMI less than 25.
Population-level differences in allergic
sensitization by race/ethnicity are well
described (44, 45) and also could contribute
to asthma severity (46, 47). Therefore,
future analyses could investigate these and
other potential mechanisms (e.g., sleep
studies, allergic sensitivity testing, and
nocturnal spirometry). Last, our definition
of nocturnal asthma was based on
responses to an ACT question assessing
nighttime or early morning awakenings
over the course of 4 weeks (18). It is
uncertain whether this is the correct time
course for labeling one as having nocturnal
asthma, because undoubtedly some patients
may have had previous symptoms.
Nevertheless, we have no reason to believe
that the time course for assessment would
have influential differences by race-
ethnicity, especially because our findings
appeared to be independent of patient age
and asthma duration.

In conclusion, the current study
provides further insight into the
epidemiological factors associated with
nocturnal asthma among African American
and European American individuals. In
particular, this study found that self-
identified race/ethnicity appears to be an
independent risk factor for nocturnal
asthma, even after accounting for likely
confounders, such as patient age, sex, BMI,
age of asthma onset, lung function, and
controller treatment. We also found
African ancestry to be associated with
nocturnal symptoms among African
American individuals, further supporting
our findings. Therefore, further studies
are needed to dissect the genetic
architecture of nocturnal asthma and
the mechanisms contributing to the
observed disparity.

Author disclosures are available with the text

nocturnal symptoms was still present
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Supplementary Methods and Materials

Human subjects

Human subjects were recruited based on the following criteria. For healthy adult donors,
individuals on immunosuppressive drugs or with any disease affecting the immune system
including autoimmunity, infections, and malignancies were excluded (1). Healthy subjects were
recruited from the area of Greater New Haven, CT. Asthmatic patients without a history of
congestive heart failure, pulmonary edema, active infection, autoimmune diseases or malignancy
were recruited from an established cohort of patients followed at Yale Center for Asthma and
Airway Disease (YCAAD) in New Haven, CT (2). The center provides outpatient care to adult
asthmatic patients. All asthmatic patients were in the stable condition which permitted blood
drawing, sputum induction and pulmonary function test. Blood collections were done without
controlling for seasonality in that subjects were recruited upon their visits to YCAAD. The
intervals from the proceeding flare, infection requiring antibiotics, and/or major medication
change like oral steroids range from one week to more than 52 weeks. Ten of 34 patients had
never been on oral steroids or did not take oral steroids within the past year while 19 of 34
patients had not taken antibiotics within the past year. In twenty-six asthmatic patients, induced

sputa were obtained for neutrophil and eosinophil counts (3).

Flow cytometry
Following mouse antibodies were used for flow cytometric analysis: APC-Cy7-CD3, Pacific
blue-CD8, PE-Cy5-CD45RA, PE-Cy7-CCR7, PE-gp130, PE-perforin, Alexa Fluor 700-

granzyme B, APC or APC-Cy7-IFN-y, APC-IL-5, BV711 or APC-IL-13, APC- or PE-IL-6Ra,
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APC-Cy7-IL-2, PE-2B4, PE-CCR4, PE-CCR5, PE-CCR6, PE-T-bet and Alexa Fluor 647-Eomes
(all from BD Bioscience except the latter eight antibodies from BioLegend). Also, goat anti-
human IL-7Ra (R&D Systems), FITC-donkey anti-goat 1gG (Santa Cruz Biotechnology) and
mouse PE-ICAM-1 antibodies (ebioscience) were used. FACS staining was done in FACS
buffer (PBS, 1% BSA). For measuring intracellular cytokines, PBMCs were pre-treated for 15
min with the hydroxamic acid derivative GM6001 (100 uM, CALBIOCHEM) to inhibit the
shedding of IL-6Ra (4) and stimulated for 4 hours with or without phorbol myristate acetate (50
ng/ml, PMA) and ionomycin (1 ug/ml) (both from Sigma Aldrich) in the presence of Golgiplug
(BD Bioscience) (5). For intracellular staining, stained cells were fixed and permeabilized with
Cytofix/Cytoperm kit (BD Bioscience). Cells were analyzed on an LSRII® flow cytometer. In
most cases, greater than 100,000 events were collected for analysis. Collected data were

analyzed using FlowJo software (Tree Star).

Microarray

Total RNA was extracted using the RNeasy Micro kit (QIAGEN) followed by assessing RNA
integrity (integrity number ~ 10) using a Bioanalyzer 2100 (Agilent). RNA was amplified and
hybridized to the Illumina HumanHT-12 v4.0 BeadChip at the Keck Biotechnology Resource
Laboratory of Yale Medical School. The probe intensities were normalized using the quantile
normalization procedure (6), and the probes were annotated (7). The data were deposited in the
Gene Expression Omnibus database (GSE34562). Using normalized intensity values,
differentially expressed genes (DEGs) in IL-6Ro™" EM CD8" T cells compared to IL-6Ro'*VIL-
7R and/or IL-6Ra™VIL-7Ra'™ EM CD8" T cells were identified based on the integrated

method(7). Briefly, two independent tests, the T-test and the log2 median ratio test, were
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performed. For each test, an empirical distribution of the null hypothesis that the means of the
genes are not different was estimated by random permutations of the samples. For each gene,
false discovery rate (FDR) was computed by performing a two-tailed test using the empirical
distributions using Storey’s method (8). The two sets of FDRs from the individual tests were
combined to compute the overall FDR using Stouffer’s method (9). Finally, the DEGs were
selected with the ones having 1) FDR less than 0.05 and 2) absolute log2-fold-changes larger
than 1.25. Genes with FDR > 0.1 and fold change > 1.25 at least one comparison were discarded.
To determine the cutoff value of log2-fold-changes, we computed log2-fold-changes of
randomly permuted samples, fitted a Gaussian distribution to the random log2-fold-changes, then
calculated 2.5 percentile (i.e. the level of significance a= 0.05 in the two-tailed test), resulting in
1.25. The significance of the overlap of the DEGs in IL-6Ra"" versus IL-6Ro/*"IL-7Ro™" EM
CD8" T cells with the target genes of the transcription factor GATA3 was calculated as follows.
Briefly, two sets of genes having the same numbers with the DEGs and target genes of GATAS3,
respectively, were randomly sampled from the entire genome, and the overlapping genes
between the two randomly sampled sets were counted. This random sampling was repeated
100,000 times. Using 100,000 sizes of the overlapping genes from the random samplings, we
estimated an empirical distribution for the overlap size. A P-value for the real overlap size was
then calculated by a one-tailed test using the empirical distribution. A list of potential
transcriptional targets of GATAZ3 is obtained from MetaCore™ Data mining and pathway

analysis (10).

Cell purification, culture and analysis
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PBMCs were stained with antibodies (see flow cytometric analysis) and sorted into IL-
6ROMML-7Ra"", IL-6R0™ IL-7Ra™", and IL-6Ro" IL-7R0® EM (CD45RA"CCRY))
CD8" T cells using a FACSAria® (BD Bioscience) (see Supplementary Figure 2 for gating
strategy). The purity was greater than 93%. Cells were resuspended at 2.5x10°/ml in RPMI
1640 media containing 10% fetal bovine serum and 1% penicillin/streptomycin (GIBCO) and
incubated for 5 days with anti-CD3/CD28 antibody-coated beads (Invitrogen) or PBS in a
humidified 37°C, 5% CO, incubator. Culture supernatants were analyzed for cytokines using a
Bio-plex Pro Human Cytokine Assay kit (Bio-Rad). Cell survival was determined using
Annexin V and 7-amino-actinomycin D (BD Bioscience). Also, FACS-sorted CD8" T cell
subsets were labeled with 0.5 uM carboxyfluorescein diacetate (CFSE, Invitrogen) and incubated
for 5 days with beads coated with anti-CD3/CD28 antibodies in the presence or absence of anti-
IL-2 antibodies (1 ug/ml), recombinant human IL-6 (25 ng/ml) or IL-15 (5 ng/ml) (all from
R&D Systems). Cell proliferation was analyzed on a flow cytometer. Blimp-1 and T-bet
expression by individual cell subsets was determined by Western blot (antibodies from Santa
Cruz Biotechnology). To determine the effect of EM CD8" T cell subsets on eosinophils, culture
supernatants of incubated cell subsets were added to eosinophils purified from a healthy donor
(2.5% final concentration). After 4 hours of incubation, ICAM-1 expression by eosinophils was
analyzed by flow cytometry.

In analyzing cytokine production in response to microbial antigens, autologous PBMCs
were pre-treated for 30 minutes with mitomycin C (50 ug/ml, Calbiochem) and added to FACS-
purified EM CD8" T cell subsets followed by incubating for 7 days with or without sonicated

RSV lysate (1x10° PFU), staphylococcal enterotoxin B (SEB, 10 ng/ml, Sigma Aldrich) or toxic
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shock syndrome toxin-1 (TSST-1, 10 ng/ml, Toxin Technology). Cytokines in culture

supernatants were analyzed using a Bio-plex Pro Human Cytokine Assay Kit.

Quantitative RT-PCR
cDNA was synthesized from total RNA, and real-time PCR was performed using Brilliant SYBR
master mix and Mx3005P (Stratagene) (see Supplementary Table 1 for primer sequences). The

results were normalized to BACTIN or GAPDH expression.

GATA3 gene knockdown

FACS-purified IL-6R "' EM CD8" T cells were nucleofected with control or GATA3 siRNA
(Origene) using the Amaxa nucleofector system and Human T cell nucleofector kit (Lonza).
After 48 hour incubation, GATAS, IL-6Ra and -actin expression by cells was analyzed by

Western blot (antibodies from Santa Cruz Biotechnology).

Immunofluorescence staining

The paraffin-embedded asthmatic and normal lung tissues were obtained from the Department of
Pathology at Yale Medical School. The patient was a 20 year-old male with a history of asthma
who was found to have nodules. A wedge biopsy of the nodules showed non-specific lymphoid
aggregates. The tissues slides were deparaffinized, rehydrated, performed heat-mediated antigen
retrieval for 20 min in 10mM sodium citrate, 0.05% Tween-20 and permeabilized for 15 min
with 0.05% Triton-X-100 in PBS. To reduce autofluorescence in cells and tissues, the tissue
slides were incubated in 10mM Glycine (pH 7.4) for 30 min and 0.1% Sodium borohydride for

20 min on ice. After blocking, the tissue slides were serially incubated overnight at 4°C with
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goat anti-CD3 (Santa Cruz Biotechnology) or goat anti-CCR7 (R&D Systems), rabbit anti-1L-
6Ra (Santa Cruz Biotechnology) and rabbit anti-CD8 antibodies (Abcam) followed by staining

with secondary antibodies (Alexa647-donkey anti-goat, Alexa488-goat anti-rabbit and

Alexa595-goat anti-rabbit antibodies, Molecular Probes). The tissue slides were treated for 5 min

in 10 mM CuS0O4 in 50 mM ammonium acetate (pH 5.0) and counterstained with Hoechst 33342

(Immunochemistry). Staining-positive cells were detected with Leica DM6000 FS fluorescence

microscope and LEICA 5.0 software (Leica Microsystems).
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Supplementary Table 1. Primer sequences for gPCR

Genes Sequences
IL6RA Forward | 5-GAGGGCTTCTGCCATTTCTGAG-3’
Reverse | 5’-CCAGGTTCAGCTGACAACAAACA-3’
KLRG1 Forward | 5’- CAGTGGATCCTGTGCCAGGGC-3’
Reverse | 5’-TCCAGCGGTCTGGGCAGCTA-3’
GATA3 Forward | 5’-CGTCCTGTGCGAACTGTCA-3’
Reverse | 5’-GTCCCCATTGGCATTCCTCC-3’
Thx21 Forward | 5’-GTCCAACAATGTGACCCAGAT-3’
Reverse | 5’-GCTGGTACTTATGGAGGGACTG-3’
BACTIN Forward | 5’-CGTGGACATCCGCAAAGAC-3’
Reverse | 5’-TGCATCCTGTCGGCAATG-3’
GAPDH Forward | 5’-CATGAGAAGTATGACAACAGCCT-3’

Reverse

5’-AGTCCTTCCACGATACCAAAGT-3’




Supplementary table 2. Clinical characteristics of Controls for Asthmatics

Controls for Asthmatics (n=19)

Age* 45.0 £ 17.2 years old
Gender Male : Female =5:14
Patients with history of tobacco 2 (pack year*: 0.17 + 0.49)
smoking (n)
Patients with history of rhinitis 3
(n)
Medications**

Antihistamine 1

*Values are mean + standard deviation (SD)
**numbers indicate the numbers of patients taking individual medications among 19 patients



Supplementary Figure 1
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Supplementary Figure 1. Flow cytometric analysis of IL-6Ra and IL-7Ra expression on naive
(CD45RA*CCRT7*) and central memory (CM, CD45RA-CCR7*) CD8* T cells in healthy human peripheral
blood. PBMCs from peripheral blood of a healthy donor were stained with antibodies to CD3, CD8, CD45RA,
CCRY7, IL-7Raq, IL-6Ra or isotype control. Stained cells were analyzed on an LSRII® flow cytometer. The
expression of IL-6Ra and IL-7Ra on naive and central memory CD8+ T cells were determined. Representative

data from 10 independent experiments with 10 healthy donors.
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O

A - B C Gated on EM CD8+ T cells

SSC-A
IL-6Ra

‘ CCR7

AL B B AR

FSC-A CD8 CD45RA IL-7Rea

E Gated on EM CD8+ T cells

Isotype for IL-6R¢

T

Isotype for IL-7TRa

Supplementary Figure 2. Gating strategy for FACS-purification of IL-6 receptor alpha (IL-6Ra) high and other
effector memory (EM) CD8+ T cells from human peripheral blood mononuclear cells (PBMCs). PBMCs were
stained with antibodies to CD8, CD16, CD45RA, CCRY7, IL-7 receptor alpha (IL-7Ra), IL-6Ra or isotype control.
Antibodies to CD16 were used to exclude a small number of non-CD8* T cells expressing CD8 while avoiding the
use of antibodies to CD3, which could activate T cells and/or affect T cell receptor triggering by anti-CD3/CD28
antibodies later. Gating strategy is as follows: (A) identification of lymphocytes based on FSC and SSC - (B)
CD8*CD16" T cells > (C) CCR7-CD45RA*- EM CD8* T cells - (D) IL-6RaMd"L-7RaMgh IL-6Ra*%IL-7RaM9" and IL-
6RaloV|L-7Ralov EM CD8* T cells. (E). Isotype control staining for IL-6Ra and IL-7Ra. Representative data from
more than 10 independent experiments.



Supplementary Figure 3

PMA and lonomycin stimulation for 4 hours
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Supplementary Figure 3. IL-6Ra"9" EM CD8* T cells produce IL-13 and IFN-y in patients with asthma. Peripheral blood
mononuclear cells (PBMCs) were purified from the peripheral blood of patients with asthma (A) or healthy control (B). PBMCs
were first treated with GM6001 (100uM Calbiochem) to prevent the cleavage of IL-6Ra. and IL-7Ra. upon stimulation. Cells were
then stimulated for 4 hours with PMA/ionomycin or PBS (control) in the presence of Brefeldin A. Stimulated cells were fixed and
permeabilized followed by intracellular IL-13 and IFN-y staining. Flow cytometric analysis was done to determine the frequency of

cells producing IL-13 and IFN-y in different subsets of EM CD8* T cells. Representative data from 3 independent experiments with
3 donors, respectively. Numbers in contour plots indicate the frequency of cytokine producing cells.



Supplementary Figure 4
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Supplementary Figure 4. IL-6, IL-7 or a combination of both cytokines do not induce the proliferation of IL-6Ra" 9" EM
CD8* T cells. FACS-purified IL-6RaMg" EM CD8* T cells from a healthy subject were stained with CFSE and incubated for 7
days in the presence or absence of IL-6 (25 ng/ml), IL-7 (5 ng/ml), both cytokines or anti-CD3/CD28 antibodies. Proliferating
cells were analyzed by flow cytometry. Representative data from 2 independent experiments.



Supplementary Figure 5A
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Supplementary Figure 5B
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Supplementary Figure 5 legend

Supplementary Figure 5. CD8* T cells expressing IL-6Ra in asthmatic lung tissue. Immunofluorescence staining of human
CD3, CD8, CCRY7, IL-6Ra and Hoechst 33342 (nuclei) in paraffin-embedded asthmatic and normal lung tissues (n =1 and 3,
respectively). Cyan, red, green and green represent nuclei, CD3 or CCR7, CD8, IL-6Ra, respectively. (A) Panels show CD3 or
CCRY7, CD8 and IL-6Ra triple staining at 200x magnification. (B) Right panels (I and II) that were from the matched rectangle areas
in the left panel show staining-positive cells. Arrows indicate CD3, CD8 and IL-6Ra triple-positive cells that are stained with
nuclear staining.



Supplementary Figure 6
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Supplementary Figure 6. Cytokine production by IL-6Ra"9" EM CD8* T cells. FACS-purified IL-6RaMs" EM CD8* T cells from
healthy controls were stimulated for 4 hours with PMA/ionomycin in the presence of Brefeldin A. Stimulated cells were fixed and
permeabilized followed by intracellular cytokine staining for (A) IL-13, IL-5 and IFN-y or (B) IL-13, IL-5 and IL-2. Flow cytometric
analysis was done to determine the frequency of cells producing cytokines. Representative data from 2 independent experiments
with 2 donors for A and B, respectively (A and B were from different donors).
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