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Abstract

Objective—To assess the feasibility of developing a Combined Clinical and Pharmacogenetic
Predictive Test, comprised of multiple single nucleotide polymorphisms (SNPs) that is associated
with poor bronchodilator response (BDR).

Methods—We genotyped SNPs that tagged the whole genome of the parents and children in the
Childhood Asthma Management Program (CAMP) and implemented an algorithm using a family-
based association test that ranked SNPs by statistical power. The top eight SNPs that were
associated with BDR comprised the Pharmacogenetic Predictive Test. The Clinical Predictive Test
was comprised of baseline forced expiratory volume in 1 s (FEV1). We evaluated these predictive
tests and a Combined Clinical and Pharmacogenetic Predictive Test in three distinct populations:
the children of the CAMP trial and two additional clinical trial populations of asthma. Our
outcome measure was poor BDR, defined as BDR of less than 20th percentile in each population.
BDR was calculated as the percent difference between the prebronchodilator and
postbronchodilator (two puffs of albuterol at 180 pg/puff) FEV1 value. To assess the predictive
ability of the test, the corresponding area under the receiver operating characteristic curves
(AUROCs) were calculated for each population.

Results—The AUROC values for the Clinical Predictive Test alone were not significantly
different from 0.50, the AUROC of a random classifier. Our Combined Clinical and
Pharmacogenetic Predictive Test comprised of genetic polymorphisms in addition to FEV1
predicted poor BDR with an AUROC of 0.65 in the CAMP children (r= 422) and 0.60 (1= 475)
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and 0.63 (7= 235) in the two independent populations. Both the Combined Clinical and
Pharmacogenetic Predictive Test and the Pharmacogenetic Predictive Test were significantly more
accurate than the Clinical Predictive Test (AUROC between 0.44 and 0.55) in each of the
populations.

Conclusion—Our finding that genetic polymorphisms with a clinical trait are associated with
BDR suggests that there is promise in using multiple genetic polymorphisms simultaneously to
predict which asthmatics are likely to respond poorly to bronchodilators.

asthma; bronchodilator response; personalized medicine; pharmacogenetic test; predictive

Introduction

With the sequencing of the human genome [1,2], the falling costs of genomic technology,
the availability of genome-wide association information [3], and the proliferation of studies
linking genetic variants to treatment response [4], it seems almost certain that using
individual genetic fingerprints to tailor medical regimens will be a reality in the near future
[5]. Pharmacogenetics is the study of how genetic differences affect the variability in
response to medications among individuals and many believe it will allow for
‘individualized therapy’ or ‘predictive medicine’ that is tailored to an individual to
maximize the potential for therapeutic benefit while minimizing the risk of unwanted side
effects. In 2001, Collins and McKusick [6] predicted that the pharmacogenomics approach
for predicting drug responsiveness would be standard practice for many disorders and drugs
by 2020. At present, only a handful of pharmacogenetic tests comprised of single nucleotide
polymorphisms (SNPs) exist. These include CYP2C9and VKORCI testing for warfarin
[7,8] or HLA-B*5701 testing for Abacavir toxicity [9]. However, few tests have been
developed for medications for asthma.

Asthma affects up to 300 million people of all ages in the world and 15 million people in the
United States [9,10]. The primary reliever medications used in asthma are rapid acting p2-
agonists, which relax the bronchial smooth muscle by activating p2-adrenergic receptors.
Beta agonists are used virtually by every patient with asthma because they are the most
effective medications for the treatment of acute asthma, yet many of these patients may not
benefit from them [11]. Clinical factors such as baseline lung function, defined as forced
expiratory volume in 1 s (FEV1) before the administration of a bronchodilator, are known to
be associated with consistent bronchodilator response (BDR) [12,13]. FEV1, a strong index
of the degree of airways obstruction, is associated with asthma symptoms and health care
utilization and is an important part of the National Asthma Education and Prevention
Program guidelines for asthma [14]. Nevertheless, it is unknown whether multiple genetic
factors could improve prediction of poor BDR. Several studies have shown associations
between SNPs and BDR in patients with asthma [15-18]. The most frequently reported
polymorphisms related to BDR are SNPs in the p2-adrenergic receptor (ADRBZ2) gene,
corresponding to the receptor’s amino acid positions 16 (Argl6/Gly16) and 27 (GIn27/
Glu27), but they seem to play only a small role in prediction of BDR [19]. The prediction of
treatment responses in complex phenotypes of drug—response such as BDR is complicated
because it is likely to be influenced by multiple coding and regulatory variants in multiple
genes [20]. No predictive tests have been developed yet for complex drug treatment, but
previous studies have evaluated whether multiple SNPs can be used simultaneously to
predict the risk of diabetes [21-23].
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The objectives of this study were: to assess the feasibility of developing a Combined
Clinical and Pharmacogenetic Predictive Test, comprised of multiple SNPs that predicts
poor BDR. We chose to study the outcome BDR because it is a direct measure of response
to bronchodilators and we chose to use a dichotomous outcome measure rather than a
continuous measure because a useful test in the clinical setting will differentiate the poorest
responders from normal responders.

Study populations and test development

DNA samples from three clinical trials studying asthma medications were included in this
study. We used whole genome data from the parents of 422 Caucasian probands in the
Childhood Asthma Management Program (CAMP) to select the SNPs. The algorithm for
development of our predictive tests is depicted in Fig. 1. To select the eight SNPs for our
predictive test, we used the Pedigree Based Association Test (PBAT screen, Golden Helix,
Inc., Bozeman, Montana, USA), which selects the top powered SNPs using only genetic
data from the parents in CAMP [24-26]. The PBAT screen is a software package with a
unique set of tools for complex family-based association tests at the genome-wide level,
which calculated power estimates for each SNP [24-26]. Through the use of the conditional
mean model, these power estimates are calculated in a way that is statistically independent
of the offspring genetic data that was used as our first population to assess the predictive test
[27,28]. First, the conditional mean model uses parental genotype data to infer offspring
genotypes. This information is then used as the predictor variable in a regression model and
the offspring phenotype is used as the response variable. The estimated slope from this
regression equation is the genetic effect estimate that is then used, along with the specified
genetic model and the allele frequency, to calculate the power that each SNP has to detect
the association of interest. These power estimates were used to rank order the SNPs. The top
eight SNPs were selected for our predictive test and were not in linkage disequilibrium with
each other at /2 greater than 0.8. We included eight SNPs in our Pharmacogenetic Predictive
Test because from a statistical standpoint, we wanted to balance the inclusion of as much
genetic information as possible with the number of patients in our populations. If we had
included more SNPs in our test, we would have risked overfitting our model such that our
predictive accuracy could have been falsely high. We chose to include eight SNPs based on
having 81 patients who had poor BDR in CAMP to have 10 patients per parameter. Previous
analyses have suggested that with 10 events (or cases) per parameter, reseachers are at less
risk of overestimation or underestimation [29]. Details of the eight SNPs are presented in
Table 1. We accounted for whether each of the eight SNPs achieved the high power and P
value by additive, dominant, or recessive model. These eight SNPs (listed in Table 1) along
with prebronchodilator FEV1 comprised our Combined Clinical and Pharmacogenetic
Predictive Test.

In three separate populations, we evaluated the performance of our three predictive tests of
poor BDR: (i) a Clinical Predictive Test using FEV1 only, (ii) a Pharmacogenetic Predictive
Test using the eight SNPs only and (iii) a Combined Clinical and Pharmacogenetic
Predictive Test, which included FEV1 and the eight SNPs in predicting BDR. Our first test
population comprised of the CAMP children, which included genetic information from 422
patients. We used the BDR at the baseline visit as our main outcome measure for all patients
in all three treatment arms before patients had begun controller medications. The second
population was a cohort of 235 patients from a trial conducted by the American Lung
Association Asthma Clinical Research Centers, the Effectiveness of Low Dose Theophylline
as Add-on Treatment in Asthma (LODO) trial; details of this trial had been previously
published [30]. Our third population, which will be referred to as the Asthma Trial, was
composed of 475 patients with asthma who were enrolled in an asthma medication trial
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conducted by Sepracor, Inc. [28]. This study was approved by the review committees of
CAMP, LODO, and the Asthma Trial, respectively. In all the three populations, BDR was
based on prebronchodilator and postbronchodilator measurements. After two puffs (180 g/
puff) of albuterol by metered dose inhaler with spacer were administered, at least 10min
elapsed before the postbronchodilator spirometry was performed. BDR was calculated as the
percent difference between the prebronchodilator and postbronchodilator (two puffs of
albuterol at 180 pg/puff) FEV1 value [BDR=100x% (post FEV1=pre FEV1/pre FEV1)].

Single nucleotide polymorphism genotyping

SNPs in CAMP were genotyped using the Infinium HumanHap550 genotyping at Illumina
(San Diego, California, USA). Genotyping quality was evaluated using the program PLINK
(V1.01 http://pngu.mgh.harvard.edu/purcell/plink). SNPs with low Illumina gencall scores,
poor completion rates, or four or more parent-offspring genotyped inconsistencies were
dropped. Using the Basic Local Alignment Search Tool (National Center for Biotechnology
Information, National Library of Medicine, Bethesda, Maryland, USA), SNPs were further
limited to those whose flanking sequences were reliably mapped to unique autosomal
locations in the hgl17 reference genome sequence. Mitochondrial and sex-linked markers
were not included.

Statistical methodology

Results

We chose BDR as our main outcome measure because it is a direct measure of response to
bronchodilators. We chose to use a dichotomous outcome measure rather than a continuous
measure because a useful test in the clinical setting will differentiate the poorest responders
from normal responders. As we were limited to populations from clinical trials with
different inclusion and exclusion criteria, the range of BDR was different in each population.
Thus we defined poor response as less than 20 percentile in each cohort. We chose to use 20
percentile as a cut-point because at least 20% of patients who are taking p-agonists in
asthma clinical trials experience exacerbations from asthma, suggesting poor response to -
agonists [31,32]. Using SAS Version 9.1 (SAS Institute, Cary, North Carolina, USA),
logistic regression models for BDR were calculated using CAMP data corresponding to (i)
the Clinical Predictive Test, (ii) the Pharmacogenetic Predictive Test and (iii) the Combined
Clinical and Pharmacogenetic Predictive Test. Similarly, we modeled the association of each
test in LODO and the Asthma Trial using separate logistic models for each trial. The models
were used to calculate predicted probabilities of having poor BDR for patients in each
population.

The performance of predictive models was evaluated by calculating receiver operating
characteristic (ROC) curves. Predictive accuracy was measured as the area under the ROC
curve (AUROC), and significance for this accuracy was obtained by comparing the
classification ability of models obtained from random classification. The standard error for
the AUROCSs and for the difference between AUROCS of two curves was estimated using
the nonparametric asymptotic method, which is commonly used for this purpose [33,34]. All
ROC analyses were performed in R [35].

Table 2 shows the baseline characteristics of the patients in the three asthma populations.
The mean age of our three populations differed greatly. CAMP was a pediatric population
with a mean age of 8.7 years and the mean ages of LODO and the Asthma Trial were 41 and
32 years, respectively. The mean BDR for the Asthma Trial was 40%, which is a reflection
of the inclusion criteria of BDR greater than 15%. The 20th percentile for BDR was 3% for
CAMP and 1.7% for LODO, whereas it was significantly higher for the Asthma Trial at
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23%. In the CAMP population, 81 patients were classified as having poor BDR, in the
Asthma Trial, 98 patients were classified as having poor response, and in LODO, 61 patients
were poor responders.

In CAMP, the AUROC for the Clinical Predictive Test (prebronchodilator FEV1) was 0.55,
whereas the AUROC for the Combined Clinical and Pharmacogenetic Predictive Test was
0.65 (Fig. 2a), and the difference between these AUROCSs was statistically significant
(P=0.038). The AUROC results for LODO and the Asthma Trial were also significantly
higher for the Combined Clinical and Pharmacogenetic Predictive Test compared with the
Clinical Predictive Test (Fig. 2b and c). In all the three trials, the AUROC:S for the Clinical
Predictive Test were not significantly different than those of a random classifier, which
would have no discriminatory value as a predictive test. The Pharmacogenetic Predictive
Test, comprised of SNPs alone, consistently outperformed the clinical test (Table 3). The
increased predictive accuracy of the Pharmacogenetic Predictive Test as compared with the
clinical test is in improved specificity as shown in Table 3. We evaluated our tests stratified
by race and found that the results were the same whether non-Caucasians were included or
excluded from the analysis. The logistic regression models for each population are shown in
Table 4. In Table 5, we present the results of sensitivity analyses, which predicted the lowest
10th or 30th percentile of poor BDR. The results are quite stable.

Discussion

We found that eight SNPs combined with FEV1 are associated with BDR in three separate
populations. The addition of genetic information to clinical factors significantly increased
the predictive accuracy of a predictive test. This proof of concept study suggests that there is
promise in using multiple genetic polymorphisms simultaneously to predict poor BDR.
Future development of Pharmacogenetic Predictive Tests that help clinicians determine
which patients are poor responders to albuterol and should be treated with an alternative
short-acting medication such as ipratropium could have great clinical benefits. This could be
a first step in realizing the promise of the information gained from the Human Genome
Project. Our study has several strengths. First, our study is one of the first to assess the
association of multiple SNPs concurrently with complex drug treatment response in asthma.
Previous studies have focused on examining associations between single SNPs and BDR.
The results of the AUROCS are in the same range as previously published studies of a
genetic test that predicts development of diabetes, which has an AUROC of 0.67 [36].
Second, our study is unique in that we studied three independent populations, suggesting
these findings may be generalizable both to adults and children with varying levels of
asthma severity. The populations are well described and carefully planned clinical trials with
outcomes that were measured with trained research assistants. Third, our study suggests that
using a whole genome approach in selecting SNPs based on linkage disequilibrium is a
robust method for selecting SNPs and may be superior to a candidate gene approach. The
vast majority of studies in the literature study polymorphisms related to the ADRBZ gene. In
the CAMP children, the AUROC for eight SNPS in the ADRBZ gene in predicting poor
BDR was 0.57, which is less than the test based on eight SNPs selected based on whole
genome data, which was 0.64. The AUROC values for the Combined Clinical and
Pharmacogenetic Predictive Test are quite stable regardless of whether the lowest 10th
percentile or 30th percentile of BDR is being predicted, suggesting these eight SNPs are
quite robust in predicting poor BDR.

Despite the strengths of our study, a few caveats deserve mention. The eight SNPs in our
predictive test do not fully capture the genetic contribution to an individual’s BDR. The
logistic regression models have small Bestimates, the estimates have different directionality
in each of the studies, and none of the individual SNPs are significantly associated with
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BDR in any of the studies. Nevertheless, our study suggests that these eight SNPs are
associated with BDR in each of the clinical trials. We did not include more SNPs in our
Pharmacogenetic Predictive Test to avoid problems with having too many predictors for a
relatively small sample of cases and controls. Owing to the relatively small sample size of
422 children in our initial test population, CAMP, a Pharmacogenetic Predictive Test
created with multiple variables poses the risk of overfitting the training data and not
replicating in independent populations. However, we did find that the eight SNPs were
associated with BDR in three separate populations. However, with a predictive accuracy
between 0.61 and 0.65, our predictive test is not good enough to be used in clinical practice.
A predictive accuracy of above 0.7 has been suggested as being the lowest acceptable
threshold for stating that a predictive model has discriminatory value. We experimented with
including more SNPs in our Pharmacogenetic Predictive Test and found that we reached a
predictive accuracy of above 0.7 when more SNPs were included, but we did not present this
data because we were concerned that this predictive accuracy was falsely high due to having
too many predictors compared with the number of patients in our cohorts. A future solution
would be to recruit a larger cohort of patients. Nevertheless, our study shows that the
addition of genetic knowledge to a traditional clinical predictor can improve prediction of
poor BDR.

Our three populations also had varying levels of lung function and BDR, yet our Combined
Clinical and Pharmacogenetic Predictive Test was associated with which patients had the
lowest 20th percentile of BDR in each of the populations. This ability to predict poor BDR
in populations with varying levels of disease severity suggests using multiple
polymorphisms to predict BDR may be generalizable to other populations of adults and
children. Real-life populations and practices are comprised of asthma patients with varying
degrees of lung function and BDR, and Pharmacogenetic Predictive Tests are more likely to
be adopted if they predict poor BDR in many populations.

Although many investigators have suggested that genetics will be the cornerstone of future
predictive medicine [6], progress to reach this end has been slow and some investigators
have become skeptical. Our study suggests that personalized medicine to predict response to
bronchodilators may be feasible, but focus for complex drug treatment response tests should
be placed on assessment of multiple polymorphisms simultaneously. Advancement of the
field of pharmacogenetics and predictive medicine will require the development and
application of statistical techniques that evaluate dozens or hundreds of SNPs concurrently
in relatively small sample sizes or study populations consisting of thousands of patients with
asthma. In addition, functional studies to evaluate the role of these eight SNPs were beyond
the scope of this study. One SNP was located in the ABL/M?Z, encoding actin binding LIM
protein family, member 2, which is a novel gene to be associated with BDR [37]. The
relationship of ABL/MZ, which has the highest expression levels in muscle and neuronal
tissue and may modulate transcription, to asthma or BDR is unclear [38]. Seven of the eight
SNPs in our Pharmacogenetic Predictive Test are not located in genes, but this is not
surprising given the finding that the original predictive SNPs for sensitivity to warfarin were
actually SNPs in linkage disequilibrium for a promoter region SNP that alters VKORC1
transcription. Three of the SNPs in our test are located in close proximity to the 7R/B1
gene, which is expressed in the lung. The 7R/BI1 product is a G-protein-coupled receptor
induced protein and it is biologically plausible that 7//B1 could play a role in predicting
BDR. Furthermore, studies are needed to elucidate interactions between SNPs because this
study focused on the main effects of these eight SNPs. In summary, the addition of multiple
genetic polymorphisms to clinical information is significantly associated with poor BDR in
patients with asthma. A fundamental premise of pharmacogenetics is that genetic
information will help predict whether a person will respond to a given medication. Our study
suggests that this premise may be valid even for complex clinical drug responses such as the
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response to asthma medications. The expectation that the Human Genome Project and the
HapMap Project will eventually lead to predictive medicine may be realistic.
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Combined Clinical and
Pharmacogenetic Predictive Test

Algorithm for development of the predictive tests. CAMP, Childhood Asthma Management

Program; FBAT, family-based association tests; FEV1, forced expiratory volume in 1 s;
SNP, single nucleotide polymorphism.
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Fig. 2.

Receiver operating characteristic (ROC) curves of Clinical and Combined Clinical and
Pharmacogenetic Predictive Tests. The middle lines correspond to the Clinical Predictive
Test and the top lines correspond to the Combined Clinical and Pharmacogenetic Predictive
Test. The bottom lines represent an area under the ROC (AUROC) of 0.50 which would
represent a test that has no discriminatory value. (a) Childhood Asthma Management
Program (CAMP). The AUROC is 0.55 for the Clinical Predictive Test and is significantly
better at 0.65 for the Pharmacogenetic Predictive Test, £2=0.038. (b) Effectiveness of Low-
Dose Theophylline as Add-on Treatment in Asthma Trial. The AUROC is 0.44 for the
Clinical Predictive Test and is significantly better at 0.63 for the Pharmacogenetic Predictive
Test, P=0.0037. (c) Asthma Trial conducted by Sepracor. The AUROC is 0.52 for the
Clinical Predictive Test and is significantly better at 0.61 for the Pharmacogenetic Predictive
Test, £P=0.033.
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Table 2

Baseline characteristics of participants in the three Asthma Trials

CAMP (n=4) LODO (n=235  Aghma Trial® (n = 475) P valueb

Age in years (standard deviation) (range) 8.7 (2.1) (5.2-13.2)  40.8 (14.1) (15-76) 32.0 (13.6) (12-80) <0.0001
Race/ethnicity <0.0001

Caucasian 100% (422) 71% (157) 99% (467)

Black 0% (0) 29% (63) 0.8% (4)

Latino 0% (0) 0% (0) 0.4% (2)
Sex < 0.0001

Male 63% (266) 26% (57) 50% (238)

Female 37% (156) 74% (163) 50% (236)
FEV1, mean (SD) 1.6 (0.46) 2.47 (0.75) 2.2(0.48) <0.0001
Bronchodilator response, mean (SD) 10.8% (10.3%) 9.4% (11.5) 40% (21%) <0.0001
20th percentile bronchodilator response 4% 1.7% 23% Not applicable

Page 13

CAMP, Childhood Asthma Management Program; FEV1, forced expiratory volume in 1 s; LODO, Effectiveness of Low Dose Theophylline as

Add-on Treatment in Asthma Trial; SD, standard deviation.
aMedication trial conducted by Sepracor, Inc.

b . . . . .
Pvalues calculated using £tests for continuous variables and X2 for categorical variables.
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Table 3

Accuracy of the Clinical, Pharmacogenetic, and Combined Clinical and Pharmacogenetic Predictive Test in
three populations

AUROC (standard  Clinical Predictive Test Pharmacogenetic Predictive Test Combined Clinical and Phar macogenetic

error, Pvalue) FEV1 8 SNPs Predictive Test
FEV1+ 8 SNPs

CAMP 0.55 (SE 0.042, £0.12) 0.64 (SE 0.037, £0.00028) 0.65 (SE 0.037, £0.00053)
Sensitivity: 96% Sensitivity: 93% Sensitivity: 78%
Specificity: 4% Specificity: 5% Specificity: 12%

LODO 0.44 (SE 0.045, £0.90) 0.60 (SE 0.047, £0.013) 0.63 (SE 0.043, £0.0020)
Sensitivity: 100% Sensitivity: 86% Sensitivity: 82%
Specificity: 0% Specificity: 13% Specificity: 13%

Asthma Trial 0.52 (SE 0.033, £0.27) 0.60 (SE 0.032, £0.00085) 0.60 (SE 0.032, £0.00076)
Sensitivity: 80% Sensitivity: 64% Sensitivity: 54%
Specificity: 1% Specificity: 24% Specificity: 22%

Standard errors (SE) are provided for each AUROC as well as the Pvalue for the difference between each model and models obtained to random
classification (AUROC 0.5). We also provide the sensitivity and specificity of each of the tests assuming a predicted probability of 0.70 as being
the cut-off of a responder versus nonresponder. AUROC, area under the receiver operating characteristic curves; CAMP, Childhood Asthma
Management Program; FEV1, forced expiratory volume in 1 s; LODO, Effectiveness of Low Dose Theophylline as Add-on Treatment in Asthma
Trial; SNP, single nucleotide polymorphism.
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Table 5

This table shows the area under the receiver operating characteristic curve for the Combined Clinical and
Pharmacogenetic Test in each clinical trial if we predict the lowest 10th, 20th, or 30th percentile of
bronchodilator response

Ft CAMP LODO AsthmaTrial
10th percentile of BDR 0.62 0.70 0.62
20th percentile of BDR 0.65 0.63 0.60
30th percentile of BDR 0.65 0.64 0.62

AUROC, area under the receiver operating characteristic curves; BDR, bronchodilator response; CAMP, Childhood Asthma Management
Program; LODO, Effectiveness of Low Dose Theophylline as Add-on Treatment in Asthma Trial.
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