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Rationale: To date,most studies aimed at discoveringgenetic factors
influencing treatment response in asthma have focused on biologic
candidategenes.Genome-wideassociation studies (GWAS) can rap-
idly identify novel pharmacogenetic loci.
Objectives: To investigate if GWAS can identify novel pharmacoge-
netic loci in asthma.
Methods: Using phenotypic and GWAS genotype data available
through the NHLBI-funded Single-nucleotide polymorphismHealth
association-Asthma Resource Project, we analyzed differences in
FEV1 in response to inhaledcorticosteroids in418white subjectswith
asthma. Of the 444,088 single nucleotide polymorphisms (SNPs)

analyzed, the lowest 50 SNPs by P value were genotyped in an inde-
pendent clinical trial population of 407 subjects with asthma.
Measurements and Main Results: The lowest P value for the GWAS
analysis was 2.09 3 1026. Of the 47 SNPs successfully genotyped in
the replication population, three were associated under the same
genetic model in the same direction, including two of the top four
SNPs ranked by P value. Combined P values for these SNPs were
1.063 1025 for rs3127412 and 6.133 1026 for rs6456042. Although
these two were not located within a gene, they were tightly corre-
lated with three variants mapping to potentially functional regions
within the T gene. After genotyping, each T gene variant was also
associated with lung function response to inhaled corticosteroids in
each of the trials associated with rs3127412 and rs6456042 in the
initial GWAS analysis. On average, there was a twofold to threefold
difference in FEV1 response for those subjects homozygous for the
wild-type versus mutant alleles for each T gene SNP.
Conclusions: Genome-wide association has identified the T gene as
anovelpharmacogenetic locus for inhaledcorticosteroid response in
asthma.
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Approximately 300million individuals worldwide carry a diagno-
sis of asthma (1). Asthma is a genetic disease, known for more
than three centuries to cluster in families. Based on twin studies,
the broad sense heritability estimates (proportion of the total
variance of a trait due to genetic causes) of an asthma diagnosis
range from approximately 36–75%. For asthma control, the
most widely prescribed medications are inhaled corticosteroids
(ICS). Endogenous corticosteroid level and exogenous therapeutic
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

There is clear cut interindividual variability in the response
to inhaled corticosteroid medications in asthma with a sig-
nificant number of nonresponders. Pharmacogenetics seeks
to understand the genetic determinants of interindividual
variability in drug response, but relatively few asthma phar-
macogenetic loci have been identified to date.

What This Study Adds to the Field

This study provides the results of a genome-wide association
analysis focusing on identifying novel determinants of in-
haled corticosteroid response in asthma. Byusing correlation
within the genome, this analysis has led to the identification of
a novel harmacogenetic locus, the T gene.
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response to corticosteroids are also strongly influenced by ge-
netics, with broad sense heritability estimated between 0.40 and
0.56 (2–4). Moreover, the treatment response in asthma, includ-
ing that of ICS, is characterized by large interindividual vari-
ability (5, 6) and high intraindividual repeatability (7). These
facts strongly support the plausibility of a pharmacogenetic ba-
sis for corticosteroid responsiveness in asthma.

Investigations into the genetic basis for treatment response
heterogeneity in asthma have largely focused on candidate genes
(8–12). These candidate gene pharmacogenetic investigations
have identified associations related to the variable response to
corticosteroids as measured by differences in lung function (10,
13), airways responsiveness (11), bronchodilator response (14),
and exacerbations (12). However, progress related to identify-
ing sufficient numbers of variants to achieve the predictive
medicine for any ICS treatment phenotype through the use
of candidate genes has been slow. We hypothesized that a ge-
nome-wide association study (GWAS) analysis would identify
novel loci associated with ICS response. GWAS provides the
ability to rapidly identify novel pharmacogenetic variants by
simultaneously interrogating genetic variants from across the
genome. However, GWAS as applied to pharmacogenetics
have been limited, largely because most pharmacogenetic stud-
ies are underpowered for GWAS (15). As part of the Single-
Nucleotide Polymorphism Health Association-Asthma Resource
Project (SHARP) funded by the NHLBI, genome-wide single-
nucleotide polymorphism (SNP) data, along with clinical drug-
treatment response data, were compiled from a large number of
NHLBI-sponsored asthma clinical trials, thereby significantly in-
creasing the sample size compared with studies focusing on any
individual trial population alone. We conducted a GWAS of the
SHARP data, focusing on those trials that documented response
to ICS, as measured by the change in FEV1.

METHODS

Detailed methods, including SHARP and replication clinical trial
descriptions, are described in the online supplement.

Study Populations

SHARP included Childhood Asthma Management Program (CAMP)
(16), Childhood Asthma Research and Education (CARE) network
(6, 17), and Asthma Clinical Research Network (ACRN) (18–21) par-
ticipants. CAMP, two of five CARE trials, and four of six ACRN trials
enrolled subjects with ICS monotherapy treatment response and were
included. Further information on SHARP can be found in dbGAP
(http://www.ncbi.nlm.nih.gov/sites/entrez?Db¼gap).

Replication was performed in an 8-week clinical trial conducted by
Forest pharmaceuticals, which has been detailed in other pharmacoge-
netic analyses (10, 13).

Phenotype

The primary outcome phenotype was prebronchodilator FEV1 while on
ICS minus prebronchodilator FEV1 off ICS, typically the difference be-
tween a placebo run-in period to a point 6–12 weeks later after ICS
therapy. Additionally, a “reversal group” of individuals on ICS therapy
who were tapered off therapy during a trial protocol and a “mixed
group” of individuals with FEV1 measured at the start and end of an
ICS run-in were included. The mean (6 SD) FEV1% difference was
nearly identical for all three groups (4 6 7.9, 4.3 6 10.9, and 4.1 6
11.8 percent for standard, reverse, and mixed groups, respectively) (see
Figure E1 in the online supplement). Of 792 subjects with ICS response
data, 458 were white, forming the phenotypic analysis group.

Genotyping

GWAS genotyping was performed by Affymetrix (Santa Clara, CA)
using a Human SNP Array 6.0. Marker quality control (QC) is detailed

in the online supplement. Overall, 444,088 SNPs and 4,113 genotypedwhite
subjects passedQC.After merger with the phenotypic dataset, the final ICS
analysis group was 418: 179 ACRN, 147 CAMP, and 92 CARE.

Replication genotyping was performed using Sequenom (SanDiego,
CA). T SNP genotyping was performed using Taqman (Applied Bio-
systems, Foster City, CA). Because additional DNA was not available
in CARE and ACRN, corresponding T genotypes were inferred using
imputation with Markov Chain Haplotyping (22) based on HapMap
Phase 2 Release 22 data (23). The ratio of empirically observed to
expected (binomial) dosage variance for these SNPs was greater than
0.9, indicating good quality of imputation.

Statistical Analysis

GWAS analyses were performed using PLINK (24). Given similarities
between CAMP and CARE phenotypic data, these two datasets were
pooled. ACRN data were analyzed separately. The separate b-estimates
and standard errors were then used to create combined b-estimates and
P values, using a random-effects approach (25).

The ICS analysis comprised two phenotypic definitions: difference in
raw FEV1 scores (prefevon_ICS–prefevoff_ICS) and difference in percent
predicted FEV1 scores (prefev%on_ICS–prefev%off_ICS). The primary
outcome, raw differences, was adjusted for age, height, sex, study
group, and six significant principal components. The percent predicted
differences were adjusted for study group and six significant principal
components. ACRN analyses were further adjusted for ICS therapy
timing (i.e., standard, reverse, and mixed).

Generalized linear models evaluated the association between the se-
lected SNPs and FEV1 change in the replication population, adjusting
for age, sex, and height using SAS (SAS Institute, Cary, NC). Analyses
assumed an additive effect of the minor allele. A replication was de-
fined by a nominal P less than 0.05.

RESULTS

Populations

A total of 418 SHARP subjects met phenotypic and genotypic
inclusion criteria (Table 1). Of these, 239 pediatric CAMP
and CARE subjects were pooled before analysis, whereas 179
adult ACRN subjects were analyzed separately. In addition to
age, the adult SHARP subjects had a greater proportion of
females and lower baseline FEV1 as a percent of predicted
before ICS therapy compared with the pediatric subjects. To
limit potential for associations related to occult population
stratification, we limited analysis to subjects self-designated as
whites. Characteristics of our replication population, Forest, are
also shown in Table 1. Overall, this population was similar to
the SHARP ACRN subjects at baseline, with a more robust
response to ICS therapy. This may be related, in part, to the
low baseline FEV1 associated with this population.

Initial GWAS Association

GWAS of the FEV1 difference related to ICS therapy was con-
ducted on 444,088 SNPs in CAMP/CARE pooled samples and
separately in the ACRN subjects. Figure 1 demonstrates a Man-
hattan plot of the combined association P values. For internal
consistency, we then checked for association of the SNPs with
differences in FEV1 as a percent predicted related to ICS ther-
apy. The top 50 P values from the raw FEV1 difference analysis
that were also associated with differences in predicted FEV1 in
the combined analysis are shown in Table 2 and were taken
forward for genotyping in the replication population. Four SNPs
had P values less than 1 3 1025, although this fell short of the
threshold for genome-wide significance.

Replication Population Association

Of the 50 SNPs, 47 were successfully genotyped in the replication
population. Three SNPs were associated with FEV1 difference in
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response to flunisolide, under the assumption of an additive
model (Table 3) in the same direction as the original SHARP
analysis. Table 3 also demonstrates the P value for overall as-
sociation, reflecting the combined association P values for the
ACRN, CAMP/CARE, and Forest populations, which was cal-
culated using Stouffer z-transform test. Of note, two of the top
four SHARP SNPs as ranked by P value (rs6456042 and
rs3127412) were among the three SNPs replicating in the Forest
population. After replication, the lowest combined P value was
6.13 3 1026, which is below the threshold for genome-wide
significance (1.13 3 1027).

Mapping of Top SNPs

Rs6456042 and rs3127412 are located on chromosome 6q27; both
map to within 50 kb downstream of a transcription factor known
as the T gene (Entrez Gene: 6,862). Using the CEU HapMap
population, linkage disquilibrium (LD) (i.e., correlation be-
tween genotypes) measures were obtained for SNPs mapping
to the T gene with rs6456042 and rs3127412. For these two
SNPs, which are in tight LD, three T gene SNPs were corre-
lated, with an r2 (correlation coefficient) greater than or equal
to 0.66 (see Figure E2). Furthermore, each of these three T gene
SNPs are located within potential functional regions of the

gene: rs3099266 maps to the promoter region, rs1134481 to
the 39 untranslated region, and rs2305089 is a nonsynonymous
variant coding for a glycine to aspartic acid amino acid change
at position 177 within the gene. The SHARP genotype dataset
did not contain any of these variants. Therefore, to elucidate
whether the initial GWAS association actually represented a
downstream correlation with a true association within the
T gene, we genotyped these three SNPs in the CAMP and
Forest populations, and analyzed imputed genotypes for the
SNPs in ACRN and CARE.

T Gene Analysis

Association analysis within CAMP and Forest demonstrated
that each of the three T SNPs were also associated with FEV1

response to ICS therapy, with P values for CAMP and Forest,
respectively, as follows: rs1134481 (0.0009 and 0.01); rs2305089
(0.004 and 0.02); and rs3099266 (0.004 and 0.01) (Table 4). The
strongest association noted was with rs1134481. For this variant,
homozygous wild-type subjects had an improvement in FEV1 as
a percent of predicted of 2.8 6 1.3 and 2.7 6 1 versus 9.9 6 2.1
and 5.3 6 1.5 for those homozygous mutant for CAMP and
Forest, respectively. Overall, after adjustment for age, sex,
and height, each T SNP demonstrated a twofold to threefold
difference in FEV1 response for those subjects homozygous for
the wild-type versus mutant alleles in both populations (see
Figure 3). Imputed analyses of the T variants were also consis-
tent with association through LD, with a significant association
noted for ACRN. Although the imputed T gene variants were
not associated with ICS response in CARE, this is consistent
with the primary SHARP GWAS results for the two SNPs in
LD with the T gene variants (see Table E1). Although CARE
demonstrated the highest baseline level of FEV1 (Table 1),
adjustment for baseline FEV1 did not significantly alter the
associations with the T gene SNPs (see Table E2).

DISCUSSION

GWAS holds tremendous promise because of the ability to dis-
cover new biology through simultaneous interrogation of var-
iants across the entire genome. This is especially applicable to
the field of drug response pharmacogenetics, where candidate
gene studies have failed to explain enough of the genetic varia-
tion to allow predictive modeling. Through the SHARP project,
we interrogated 444,088 SNP variants for their association with
lung function response to ICS in a compilation of seven asthma
clinical trials. We were able to replicate 3 of the top 50 GWAS

TABLE 1. NETWORK POPULATION DESCRIPTORS

ACRN* CAMP* CARE* Forest†

N 179‡ 147 92 407

Age 6 SD 33.8 6 11.2 8.7 6 2.1 11 6 3.3 39.4 6 13.6

Sex (male) 66 (37%) 82 (56%) 55 (60%) 170 (42%)

Race (white)x 100% 100% 100% 100%

Baseline FEV1% 79 6 15.8 94.2 6 14.5 99.4 6 12.6 71.7 6 12.9

Duration of ICS therapy 6 wk 8 wk 6–8 wk 8 wk

Mean FEV1% change after ICS 4.1 6 10.4 5.2 6 11.5 4.6 6 8.7 7.2 6 19.7

Definition of abbreviations: ACRN ¼ Asthma Clinical Research Network; CAMP ¼ Childhood Asthma Management Pro-

gram; CARE ¼ Childhood Asthma Research and Education; ICS ¼ inhaled corticosteroid.

* For the primary GWAS analysis, CAMP and CARE were pooled. Analyses were run in the pooled samples and in ACRN.

Combined beta-estimates were generated using a random-effects model.
y The Forest pharmaceuticals study served as the replication population for the initial analyses.
zACRN trials with 67 subjects with ICS response measured by standard change, 34 by reverse change, and 90 indeter-

minate (see METHODS).
xBecause of concerns about population stratification, only whites were analyzed.

Figure 1. Manhattan plot of genome-wide association study results.

Plotted are the 444,088 P values (as negative log P values for associa-

tion with difference in FEV1 after inhaled corticosteroid therapy) versus
their chromosomal position on the genome.

1288 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 185 2012



SNPs in an independent population, including two of the top four
SNPs.

Although none of the replicated SNPs were located within
a gene, the top two SNPs were in LD (correlated) with three
known variants in the T gene. Using LD to identify disease
genes takes advantage of the historical preservation of regions
within the genome as they are passed down through generations
(26, 27). Each of the three correlated T gene variants maps to
a potentially functional region of the gene, with rs2305089
encoding for an amino acid change (Gly177Asp) within the T
protein. Each was also significantly associated with ICS re-
sponse, suggesting that the true biologic effect is likely mediated

by this gene. There was a twofold to threefold difference in
FEV1 response for those subjects homozygous for the wild-
type versus mutant alleles for each T gene SNP in each of the
genotyped populations (see Figure E3).

Despite the compilation of studies within SHARP, our study de-
sign remains underpowered for finding associations of genome-
wide significance. However, our approach used the GWAS as an
initial step to subsequently target variation within the T gene locus,
resulting in an effect that was replicated in a larger replication
cohort and the combined population. Each of the three interro-
gated T SNPs was associated with ICS response even after correc-
tion for multiple comparisons.

The T gene, which has not previously been implicated in ei-
ther asthma or corticosteroid pathobiology, is a founding member
of an ancient family of genes containing a common protein motif,
the T locus (28). The T locus encodes a product with DNA
binding activity that likely plays a role in the development of
all vertebrate organisms. The T gene itself (Brachyury homolog)
encodes for a key mesodermal developmental transcription fac-
tor crucial to notochord development (29). However, the expres-
sion of T is sufficiently early in the developmental process that it
has the potential to influence mesodermal development overall
(30), including within the lung. Corticosteroids are also crucial to
lung development; alterations in corticosteroid-responsive genes
during development may thus influence later asthma susceptibil-
ity and treatment response. T is also expressed in normal adult
lung tissue (31), although little is known about its transcriptional
regulation of other genes. T and other T-box genes have been
implicated in the function of bone morphogenetic protein (BMP)
and fibroblast growth factor (FGF) pathways (32). Specifically,
decreased T expression inhibits chondrogenesis mediated by
BMP2 and FGFR3 (33). Notably, the BMP2 receptor and
FGFR3 have been independently implicated in corticosteroid
resistance (34, 35), supporting a mechanistic basis for the T gene
in ICS response in asthma.

To further explore the potential effects of the T gene on
response to corticosteroids, we conducted a pathway analysis
specifically focusing on potential T gene–NR3C1 (glucocorti-
coid receptor) interactions using the program GeneMania
(http://genemania.org/) (see Figure E4). Although not conclu-
sive, the results indicate that the T gene is coexpressed with
three other genes (NRIP1, FOXA2, and TTPA) that directly
interact or are predicted to interact with NR3C1.

Although variations in T have the potential to directly cause
alterations in response to ICS therapy, the familial lineage of
T also offers intriguing mechanistic possibilities. T is phyloge-
netically conserved with 50 known orthologs. Moreover, 16
other members of the T family are paralogous (i.e., the result of
a prior gene duplication within the same ancestral chromosome),

TABLE 2. TOP 50 SHARP P VALUES FOR FEV1 CHANGE

SNP Closest Gene* ACRN P Value CC P Value SHARP P Value†

rs10218533 RP5-1027O11.1 0.023 4.67 3 1025 2.09 3 1026

rs6456042 RP11-459F1.2 0.013 1.95 3 1024 6.67 3 1026

rs6413915 RP5-894H24.2 0.011 3.09 3 1024 9.39 3 1026

rs3127412 RP11-459F1.2 0.034 1.35 3 1024 9.68 3 1026

rs12773521 RP11-31E13.1 0.082 7.63 3 1025 1.14 3 1025

rs2065705 PRNT 0.055 1.17 3 1024 1.26 3 1025

rs2065704 PRNT 0.055 1.21 3 1024 1.30 3 1025

rs12684262 SMARCA2 0.051 1.85 3 1024 1.88 3 1025

rs189243 TMED9 0.120 9.43 3 1025 2.02 3 1025

rs4752352 SEC23IP 0.121 9.77 3 1025 2.14 3 1025

rs13169820 B4GALT7 0.107 1.46 3 1024 2.85 3 1025

rs424727 TMED9 0.134 1.74 3 1024 4.22 3 1025

rs1322239 BMP6 0.364 6.20 3 1025 4.27 3 1025

rs7156058 C14orf101 0.014 9.78 3 1024 4.31 3 1025

rs12156034 POU5F1B 0.026 6.20 3 1024 4.83 3 1025

rs2271124 SEC23IP 0.156 1.73 3 1024 4.88 3 1025

rs16938276 SMARCA2 0.055 4.33 3 1024 4.94 3 1025

rs17203177 LASS6 0.056 4.29 3 1024 4.99 3 1025

rs6084858 PRNT 0.042 5.86 3 1024 5.81 3 1025

rs6052833 PRNT 0.031 7.88 3 1024 6.33 3 1025

rs7012345 JPH1 0.045 6.48 3 1024 6.63 3 1025

rs2247701 AC068483.1 0.041 7.25 3 1024 6.70 3 1025

rs1529018 RP11-497D6.4 0.050 5.57 3 1024 6.76 3 1025

rs2934181 SEMA6D 0.084 4.23 3 1024 6.98 3 1025

rs6016963 PTPRT 0.069 5.13 3 1024 7.20 3 1025

rs2502562 COL19A1 0.009 2.20 3 1023 7.48 3 1025

rs234375 TMED9 0.412 8.70 3 1025 7.63 3 1025

rs6584356 PKD2L1 0.054 6.97 3 1024 8.05 3 1025

rs10834433 LUZP2 0.381 1.06 3 1024 8.17 3 1025

rs12591739 FAM169B 0.216 2.29 3 1024 9.03 3 1025

rs12760824 PLEKHA6 0.023 1.56 3 1023 9.27 3 1025

rs420828 AC091947.4 0.242 1.86 3 1024 9.28 3 1025

rs1121121 AC023481.6 0.290 1.87 3 1024 9.68 3 1025

rs11014839 RP11-435M3.2 0.019 1.98 3 1023 1.06 3 1024

rs8061182 ADCY9 0.111 5.42 3 1024 1.16 3 1024

rs615625 KCNK1 0.173 3.57 3 1024 1.19 3 1024

rs11110465 AC010209.14 0.193 3.57 3 1024 1.23 3 1024

rs968433 RASSF2 0.081 7.56 3 1024 1.25 3 1024

rs11944371 ANxA5 0.145 4.75 3 1024 1.26 3 1024

rs9955411 AC007922.13-1 0.050 1.11 3 1023 1.28 3 1024

rs12811075 KCNA5 0.329 2.51 3 1024 1.35 3 1024

rs1557281 CADM1 0.023 1.85 3 1023 1.38 3 1024

rs2344752 C14orf101 0.032 1.69 3 1023 1.39 3 1024

rs2374053 C12orf42 0.230 3.03 3 1024 1.42 3 1024

rs7567056 AC010096.2 0.113 6.62 3 1024 1.45 3 1024

rs2456714 C10orf119 0.059 1.18 3 1023 1.56 3 1024

rs2658746 ZNF236 0.139 6.14 3 1024 1.59 3 1024

Definition of abbreviations: ACRN ¼ Asthma Clinical Research Network; CAMP¼
Childhood Asthma Management Program; CARE ¼ Childhood Asthma Re-

search and Education; CC ¼ CAMP/CARE; SHARP ¼ Single-Nucleotide Polymor-

phism Health Association-Asthma Resource Project; SNP ¼ single-nucleotide

polymorphism.

*Closest gene or expressed sequence tag.
yCombined P value for additive genotypic effects for all populations. ACRN

and combined CAMP/CARE P values are shown for their relative contribution to

the overall P value.
TABLE 3. ASSOCIATED REPLICATION SNPS

rs3127412 rs6456042 rs9955411

Beta P Value Beta P Value Beta P Value

SHARP (overall) 0.078 9.68 3 1026 0.079 6.67 3 1026 0.080 0.00013

ACRN 0.090 0.034 0.103 0.013 0.096 0.05

CAMP/CARE 0.076 0.00013 0.074 0.0002 0.076 0.0011

Forest 0.071 0.02 0.072 0.02 0.092 0.02

Combined P* 1.06 3 1025 6.13 3 1026 4.64 3 1025

Definition of abbreviations: ACRN ¼ Asthma Clinical Research Network; CAMP ¼
Childhood Asthma Management Program; CARE ¼ Childhood Asthma Research

and Education; SHARP ¼ Single-Nucleotide Polymorphism Health Association-

Asthma Resource Project; SNP ¼ single-nucleotide polymorphism.

* The combined row reflects the combined association P values for the ACRN,

CAMP/CARE, and Forest populations using Stouffer z-transform test.
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including genes encoding for a number of the T-box domain
proteins, such as TBX21 (data from Ensembl [www.ensembl.
org]). It is possible that there is sufficient overlap in the genomic
structure of T and one of these paralogs that the mechanism of
action is actually by the paralog; we have previously reported an
independent ICS pharmacogenetic association with airways re-
sponsiveness in asthma resulting from variation in TBX21 (11).
T is known to interact with other members of the T-box fam-
ily (36), yielding an additional mechanism through which a
T may affect ICS response. Additional work in defining the role
of genetic variation within T and the role of T on asthma treat-
ment response is warranted.

Our topGWAS hits from this analysis contrast with those that
we have recently identified by a family-based screening algo-
rithm (37). This is expected because the current analysis, given
its larger sample size, ranked the SNPs by P value, whereas our
prior study ranked SNPs by relative power for replication,
which is only possible in a family-based study design. We also
did not identify the GLCCI1 SNP from our prior study (37) as
one of our most significant variants in this study; however, nei-
ther of the GLCCI1 variants associated in the previous study is
incorporated on the genotyping chip used in this study. Specif-
ically, because our GLCCI1 resequencing revealed only one
other variant, rs37973, in tight LD with the original associated
variant (rs37972) and because neither of these SNPs is present
on the Affymetrix platform used for the current analysis, we did
not a priori expect to replicate the GLCCI1 association.

There are several potential limitations to our study. As noted,
we do not report any association exceeding the genome-wide sig-
nificance threshold (Bonferroni adjusted). However, this adjust-
ment may be overly conservative, because it does not account for
LD within the genotyped populations. Additionally, our inde-
pendent replication of the findings is reassuring of a true positive
association. Moreover, the association of upstream variants
within the T gene that were not in complete LD (r2 ¼ 0.66–
0.82) with the initial association lends further credence to the
validity of the association. Although we used a compilation of
different studies, the treatment response distribution based on
timing of ICS usage, age (adult vs. child), and clinical network
was similar (see Figure E1), suggesting that the data can be
combined for genetic analyses. Moreover, findings noted across
these distributions support the generalization of our results to
multiple clinical scenarios.

In conclusion, GWAS study of ICS response in SHARP has
allowed the identification of a novel pharmacogenetic locus, the
T gene. For variants within this gene, there was a twofold to
threefold difference in FEV1 response for those subjects homo-
zygous for the wild-type versus mutant alleles. As genome-wide

studies identify additional variants influencing drug treatment
response in asthma and other diseases, we will continue to draw
closer to the era of truly personalized medicine.

Author disclosures are available with the text of this article at www.atsjournals.org.
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SUPPLEMENTARY APPENDIX 

 

DETAILED METHODS 

Study populations and study design  

To identify genetic variants that contribute to response to inhaled corticosteroids in asthma, we 

performed a two-stage analysis. In the first stage, each of the SHARP populations were 

interrogated for association with ICS response; evidence for association was then combined 

across the three independent populations. These included children participating in the Childhood 

Asthma Management Program (CAMP)1, children participating in the Childhood Asthma 

Research and Education (CARE) network2, 3, and adults participating in the Asthma Clinical 

Research Network4-7 (Table 1).  Two out of five CARE trials and four of six ACRN trials 

included in SHARP that enrolled subjects with asthma with prospective ICS treatment response 

were included in this analysis. For each of these trials, we limited the subjects to a period of 

monotherapy ICS exposure. This was done by either limiting to the ICS monotherapy treatment 

arm alone (CAMP, CARE, and some ACRN) or by interrogating a phase of the study in which 

all subjects were on ICS alone prior to randomization to other therapies (rest of ACRN). Further 

information on SHARP, including that related to both trial populations and genotyping, can be 

found in the database of Genotypes and Phenotypes (dbGaP) 

(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gap). 

 

ACRN: Four of the completed trials conducted by the Asthma Clinical Research Network 

(ACRN), including SOCS5, SLIC6, IMPACT4, and PRICE7 had data on single dosage 

corticosteroid usage with FEV1 outcomes between 6 and 12 weeks. However, to maximize 



sample size, three different definitions of ICS administration were used. This characterization is 

detailed in the “Outcomes Phenotype” section below and pertains only to the ACRN trials. Other 

details regarding the entry criteria, run-in period, and randomization have been published with 

the primary trial results4-6.     

 

 

CAMP: The Childhood Asthma Management Program (CAMP) was a clinical trial that followed 

1,041 asthmatic children for a mean of 4.6 years and nearly 80% of the original participants for 

12 years8. Trial design and primary clinical trial outcomes have been published1, 8.  As part of the 

clinical trial, individuals were randomly assigned to one of three treatment arms, budesonide (an 

inhaled corticosteroid), nedocromil, or placebo.   

 

CARE: Two out of five CARE trials included in SHARP enrolled children with asthma with 

prospective ICS treatment response. The two trials, PACT and CLIC have been previously 

detailed2, 3. Since the enrollment criteria, corticosteroid dosage, and clinical centers were similar 

between the two trials, and a similar follow-up interval for inhaled corticosteroid response was 

available, data from the two trials was pooled into one CARE analysis. In turn, since CARE was 

similar in demopgraphic characteristics and ICS response (Supplemental Figure 1), CARE and 

CAMP were pooled for statistical efficiency prior to the GWAS analysis. 

Replication Cohort - Forest:  Forest was a multicenter 8-week randomized clinical trial 

comparing the effect of once-daily high-dose inhaled flunisolide vs. standard inhaled 

corticosteroid therapy.  Inclusion criteria were a history of asthma, ≥12% improvement in FEV1 

with albuterol, and using inhaled steroids at randomization.  Exclusion criteria were non-asthma 



pulmonary disease, smoking (≥10 pack-years), and recent asthma exacerbations requiring 

systemic steroids.  Subjects were phoned weekly and had spirometry at 4 and 8 weeks.  The 407 

Caucasians in this study formed the basis of our second replication cohort. This cohort has been 

detailed in prior asthma pharmacogenetic publications9, 10.  

 

Outcome Phenotype 

 

The primary outcome phenotype was the pre-bronchodilator FEV1 while on inhaled 

corticosteroids minus the pre-bronchodilator FEV1 off ICS therapy, evaluated as both raw 

differences and differences in FEV1 as a percent of predicted. For the majority of participants, 

including all of the included CARE and CAMP subjects, this was the difference in FEV1 

following completion of a placebo run-in period (off ICS) to a point 6-12 weeks later following 

randomization to ICS therapy. To increase the sample size for this outcome, we also incorporated 

a “reversal group” which comprised individuals that were on ICS therapy, but were tapered off 

the therapy as part of a clinical trial protocol, as well as a “mixed group” of individuals who 

were not involved in a placebo run-in period, but instead had lung function measured at the start 

and end of an ICS run-in and may or may not have previously been in ICS therapy. In both the 

reversal group and the mixed group, the mean (± SD) FEV1 difference was nearly identical to 

that of the standard group (4.0 ± 7.9, 4.3 ± 10.9, and 4.1 ± 11.8 percent for standard, reverse, and 

mixed groups, respectively)(Supplementary Figure 1), supporting the combination of these three 

response groups within our analytic framework. A total of 792 subjects met these criteria. Of 

those, 458 were Caucasian, forming the basis of the primary phenotypic analysis group.  

 
 



Detailed Genotyping Platform and QC 
 

Genotyping for GWAS was performed by Affymetrix under a contract with the NHLBI. The 

Affymetrix Genome-Wide Human SNP Array 6.0 including more than 906,600 SNPs was used. 

Marker QC was preformed on all autosomal markers extracted from dbGAP for each of the 4 

cohorts separately. For any of these studies, we excluded markers for the following reasons: 1) 

probe sequence does not map uniquely to the hg18 genome build; 2) p-value for Hardy-

Weinberg equilibrium ≤ 10-6; 3) completion rate < 95%; and 4) >12 discordances observed 

among sample replicate pairs.  We excluded all markers with Mendelian error counts ≥ 4 for 

CARE and Mendelian error counts >3 for CAMP, as there was substantially more replicate data 

in CAMP.  Each subject’s genotypic gender was also verified in PLINK11. The Mendelian error 

rate was checked in the nuclear families using PLINK, and an average error rate of 0.14% was 

observed. Subject relatedness was verified using rgGRR12. There are 934,940 single nucleotide 

polymorphisms (SNPs) present on the Affymetrix 6.0 genotyping chip. Individuals from CAMP, 

CARE, ACRN, and GAIN were merged together using the PLINK software and insuring 

consistencies between strands were resolved11.  This resulted in 601,594 SNPs and 4,113 

genotyped Caucasian subjects. 

CARE 

 From 1604 unique CARE subjects run on the Affymetrix 6.0 genotyping chip, 1550 

unique subjects passed QC.  Passing subjects all have greater than 96.5% completion rate, while 

the average completion rate is 99.2%.  Of 934,940 SNP markers present on the 6.0 chip, 186,890 

were failed for one reasons described above. The final number of passing markers in the dataset 

is 748,050, or 80.0% of the available markers.  Of these individuals, 922 were Caucasians. 

ACRN  



 From 1059 ACRN subjects run on the Affymetrix 6.0 genotyping chip, 721 unique 

subjects passed.  Passing subjects all have greater than 95% completion rate, while the average 

completion rate is 99.1%. In addition to the 1059 ACRN subjects, 4 QC subjects were run with 

replicate samples. Observed average concordance among 24 replicate samples within the 6.0 

dataset is 99.36%. Of 934,940 SNP markers present on the 6.0 chip, 152,960 were failed for one 

of the reasons described above.  The final number of passing markers in the dataset is 781,980 or 

83.6% of the available markers. Of these individuals, 721 were Caucasians. 

CAMP   

From 2241 unique CAMP subjects run on the Affymetrix 6.0 genotyping chip, 1874 unique 

subjects passed.  Passing subjects all have greater than 95.5% completion rate, while the average 

completion rate is 99.4%.  Identity of each sample was also confirmed by comparing up to 855 

markers that overlap between the 6.0 chip and previous genotyping performed at the Channing 

Laboratory. In addition to the 2241 unique subjects, replicate samples were run for 5 QC 

subjects. Observed average concordance among the CAMP replicates is 99.36%. Mendelian 

error rates among nuclear families was evaluated with PLINK, and average error rate per subject 

in the final dataset is 0.10%. Of 934,940 SNPs present on the 6.0 chip, 190,480 SNPs failed for 

one of the reasons described above. The final number of passing markers in the dataset is 

744,460 or 79.6% of the available markers. Of these individuals, 1280 were Caucasians. 

Following QC and merger with the phenotypic dataset, the final count in the ICS analysis group 

was 418:  179 ACRN, 147 CAMP, and 92 CARE.  

Replication population genotyping was performed using the Sequenom platform 

(Sequenom, San Diego, CA). Of the 50 SNPs submitted for genotyping, 47 were successfully 

genotyped and available for analysis. Genotyping of the T gene was performed using Taqman 



(Applied Biosystems, Foster City, CA). Since additional DNA was not available in CARE and 

ACRN, corresponding T gene genotypes were inferred using imputation with the Markov Chain 

Haplotyping software (MaCH)29 based on HapMap Phase 2 Release 22 data30. The ratio of 

empirically observed to expected (binomial) dosage variance for these imputed SNPs was >0.9, 

indicating good quality of imputation. 

 

Control for population stratification 

In order to minimize problems with population stratification, we used Eigenstrat to identify 

individuals with ancestral backgrounds that are not representative of the other individuals in the 

sample13. We identified SNPs that had minimal linkage disequilibrium (r2 < 0.1), were in Hardy 

Weinberg Equilibrium (p > 0.0001), and had minor allele frequencies > 0.05, to be used in 

Eigenstrat. We used 5 iterations of subject removal where individuals were removed if they were 

greater then 6 standard deviations from the mean of any of the top 10 axes of variation. 28 

subjects were removed from the analysis due to outlying EIGENSTRAT values. 

 

Statistical Analysis   

 

Genome-wide association analyses were performed using PLINK11. Given phenotypic 

similarities between CAMP and CARE network data, for the primary analysis these two datasets 

were pooled, although trial specific beta-estimates were generated to ensure consistency of any 

findings. The ACRN data was analyzed separately. Beta estimates and standard errors from the 

CAMP/CARE and ACRN analysis were then used to create a combined beta estimate and p-



values, using a random effects approach14.  This is a widely used and well accepted meta-

analytic method for combining information across studies.  

 

The ICS analysis comprised two similar phenotypic definitions, a). Difference in raw prefev 

scores (prefev (on ICS) – prefev (off ICS)) and b). Difference in % predicted prefev scores (% 

predicted prefev (on ICS) – % predicted prefev (off ICS)).  The raw differences were adjusted 

for age, height, sex, study group, and 6 significant principal components. This was considered to 

be the primary analysis outcome. The % predicted differences were adjusted for study group and 

6 significant principal components. In addition, the ACRN analyses were further adjusted for 

timing of ICS therapy (i.e. standard, reverse, mixed). 

  Analysis in the replication population comprised of generalized linear models evaluating 

the association between each of the selected SNPs and change in FEV1 while adjusting for age, 

sex, and height at baseline using SAS (version 9.1, SAS Institute, Cary, NC).  All genotypes 

were modeled assuming an additive effect of the minor allele and the genotypic means were 

calculated using least square means, so adjusted for possible confounders.  To exclude false 

negative findings, a replication of the initial finding was defined by having a nominal p-value 

less than 0.10 in the replication cohort. 

 
 
 

 



Supplemental Table 1 – Top Two Replicated SNPs*, Stratified by Initial SHARP 

Population 

  rs3127412 rs6456042 
  Beta P-value Beta P-value 

SHARP (Overall) 0.078 9.68E-06 0.079 6.67E-06 
ACRN 0.090 0.034 0.103 0.013 

CAMP/CARE 0.076 0.00013 0.074 0.0002 
CAMP 0.11 9.47E-06 0.11 9.47E-06 
CARE 0.022 0.51 0.018 0.59 

 * Each of the two SNPs is in linkage disquilibrium with the T gene variants significantly 

associated with inhaled corticosteroid response.  



Supplemental Table 2 – T Gene SNPs Association with Additional Adjustment for Baseline 

FEV1 

 

SNP Role CAMP * Forest * ACRN† CARE† 
rs1134481 3' UTR 0.0016 0.033 0.068 0.75 

rs2305089 Coding exon 
(Gly177Asp) 

0.0030 0.052 0.060 0.52 

rs3099266 Promoter 0.0038 0.025 0.045 0.91 
 

* P-values adjusted for age, sex, height, and baseline FEV1 
 
† Imputed p-values, adjusted for age, sex, height, baseline FEV1, and the first four Eigenstrat 

principal components  

 

 



Supplemental Figure Legends 

Supplemental Figure 1 – Distribution of FEV1 change across A). the three SHARP Asthma 

trial networks and B). the three response definitions, based on timing of inhaled corticosteroid 

administration. In both cases, the average response, as well as the wide inter-individual 

variability within the distributions, is similar. This supports the appropriateness of a combined 

analysis of these phenotypic responses within the context of the study.  

 

Supplemental Figure 2 - Linkage disequilibrium patterns (genetic correlation) of two associated 

SNPs with SNPs in the T-gene in the HapMap Caucasian (CEU) population (HapMap Version 2, 

Release 22). The two replicated SNPs identified via the initial GWAS analysis are noted in the 

box at the top left hand portion of the figure and are in almost complete LD with one another. 

The T gene SNPs in high LD (r2 ≥ 0.66) with those SNPs are identified by arrows. Since the 

SNPs in the 3’ region of T were in complete LD with one another, only one of the two SNPs was 

genotyped in the follow-up study.  

 

Supplemental Figure 3 – Differences in FEV1 following ICS administration in the two 

populations genotyped for the T gene SNP rs1134481, stratified by genotype status. The SNP is 

in linkage disequilibrium (tightly correlated) with two SNPs from the initial GWAS study and is 

associated with a 2-3 fold change in FEV1 difference.  

 

Supplemental Figure 4 – Analysis of the potential pathway interactions between the T gene and 

NR3C1 (the glucocorticoid receptor gene) via GeneMania (www.genemania.org). The T gene is 



co-expressed with three other genes (NRIP1, FOXA2, and TTPA)  that directly interact, or are 

predicted to interact, with NR3C1. 
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genotype and phenotype data (termed dbGaP) 
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=gap) was developed by the NIH National Center 
for Biotechnology Information to archive and distribute the results of studies that have 
investigated the interaction of genotype and phenotype in genome-wide association studies.  The 
dbGaP project accession number for the SHARP (SHARe Asthma Resource Project) is 
phs000166.v2.p1.  
 

Sources of Funding: 



U10 HL074231; U01 HL65899; U54LM008748; U01 HL075232, U01 U01 HL75408, U01 
HL075409, U01 HL075415, U01 HL075416, U01 HL075417, U01 HL075419, U01 HL075420, 
U10 HL064287, U10 HL064288, U10 HL064295, U10 HL064305, U10 HL064307, U01 
HL064313, U10 HL 51831, U10 HL 51834, U10 HL 51843, U10 HL 51810, U10 HL 51823, 
U10 HL 51845, U10 HL 56443 
 
 
ACRN Rosters – BAGS, DICE, IMPACT, PRICE and SOCS; SLIC 
 
 
BAGS: Beta Agonist in Mild Asthma Study 
 
Supported by:  Grants U10 HL 51831, U10 HL 51834, U10 HL 51843, U10 HL 51810, U10 HL 
51823, U10 HL 51845, and U10 HL56443 from the National Heart, Lung, and Blood Institute. 
 
 
The members of the ACRN for the BAGS trial included: 
 
Clinical Centers: 
National Jewish Medical and Research Center, Denver, CO:  Richard J. Martin, MD (Principal 
Investigator); Stanley J. Szefler, MD (Co-Investigator); Monica Kraft, MD (Co-Investigator); 
Joseph D. Spahn, MD (Co-Investigator); Juno Pak (Coordinator). 
 
University of Wisconsin, Madison, WI: Robert F. Lemanske, Jr. MD (Principal Investigator); 
Christine A. Sorkness, PharmD (Co-Investigator); Kathleen Cox (Coordinator); Ann Smith 
(Coordinator).   
 
Brigham and Women’s Hospital and Harvard Medical School, Boston, MA: Jeffrey M. Drazen, 
MD (Principal Investigator); Elliot Israel, MD (Co-Investigator); Christopher Fanta, MD (Co-
Investigator); Annabelle I. Quizon, MD (Co-Investigator); A. Fischer, MD (Co-Investigator); 
William McGarry (Coordinator); Nitaina Cruz (Coordinator). 
 
Thomas Jefferson University, Philadelphia, PA: James E. Fish, MD (Principal Investigator); 
Stephen P. Peters, MD, PhD (Co-Investigator); Christopher V. Chambers, MD (Co-Investigator); 
Stephen J. McGeady, MD (Co-Investigator); James J. Diamond, MD (Co-Investigator); Kenneth 
R. Epstein, MD (Co-Investigator); Janice Kubis (Coordinator). 
 
University of California at San Francisco, San Francisco, CA: Homer A. Boushey, MD 
(Principal Investigator); John V. Fahy, MB (Co-Investigator); Stephen C. Lazarus, MD (Co-
Investigator); Anase Taharka, MD (Co-Investigator); Susan L. Janson (Co-Investigator); Theresa 
Ward (Coordinator); Grace Hardie (Coordinator).  
 
Harlem Hospital Center and Columbia University, New York, NY: Jean G. Ford, MD (Principal 
Investigator); K. Fagan, PhD (Co-Investigator); Sami A. Nachman (Coordinator). 
 



Resource Centers: 
Chair’s Office, National Jewish Medical and Research Center, Denver, CO: Reuben M. 
Cherniack, MD (Study Chair). 
 
Project Office, National Heart, Lung and Blood Institute, Bethesda, MD: Suzanne S. Hurd, PhD 
(NHLBI Project Scientist and Director of the NHLBI Division of Lung Diseases); Margaret C. 
Wu, PhD. 
  
Data Coordinating Center, Pennsylvania State University College of Medicine, Hershey, PA:  
Vernon M. Chinchilli, PhD (Principal Investigator); Elizabeth A. Mauger, PhD (Co-
Investigator); Clifford W. Zwillich, MD (Co-Investigator); Donna K. Baker (Project 
Coordinator); Susan J. Kunselman (Scientific Coordinator); Julie K. Martel (Scientific 
Coordinator); Robert M. Curley; James Kaylor; Trina J. Armstrong; Shawn Ballard; Edwin G. 
Hoch; Laura Simon; Dena Embody; Patsy Rawa; Laurie Funk; Brenda Beers; Cheryl Gates. 
 
Committees: 
Data and Safety Monitoring Board: Nicholas R. Anthonisen, MD (Chair), Winnipeg, Manitoba, 
Canada; Barbara Layman, Waynesboro, PA; Shirley A. Murphy, MD, Albuquerque, NM; Susan 
Redline, MD, Cleveland, OH; Mark D. Schluchter, PhD, Cleveland, OH; Gail Shapiro, MD, 
Seattle, WA. 
 
Protocol Review Committee: Gary W. Hunninghake, MD (Chair), Iowa City, IA; Robert O. 
Crapo, MD, Salt Lake City, UT; Richard Nicklas, MD, Washington, DC; Robert C. Strunk, MD, 
St. Louis, MO; John E. Connett, PhD, Minneapolis, MI; Malcom R. Sears, MD, Hamilton, 
Ontario, Canada; Donald P. Tashkin, Los Angeles, CA. 
 
Executive Committee:  Reuben M. Cherniack, MD (Chair); Suzanne S. Hurd, PhD; Jeffrey M. 
Drazen, MD; Robert F. Lemanske, Jr., MD; Homer A. Boushey, MD; James E. Fish, MD; 
Richard J. Martin, MD; Vernon M. Chinchilli, PhD. 
 
Publication and Presentation Committee: Robert F. Lemanske, Jr., MD (Chair); Stephen P. 
Peters, MD, PhD. 
 
Quality Control Committee: Richard F. Martin, MD (Chair); John V. Fahy, MB; Monica Kraft, 
MD; Vernon M. Chinchilli, PhD; Elizabeth A. Mauger, PhD; Susan J. Kunselman. 

  

Genetics Committee: Elliot Israel, MD (Chair); Stephen P. Peters, MD, PhD; Homer A. 
Boushey, MD; Robert F. Lemanske, Jr., MD; Stanley J. Szefler, MD; Vernon M. Chinchilli, 
PhD. 
 
Pharmaceutical Suppliers: 
Proventil, active and placebo – Schering Corporation. 
 
Equipment Support: 



Computer monitor, central processing unit, keyboard – S&M Instrument Company; Stadiometers 
– Seritex, Inc.; MiniWright Peak Flow Meters – MiniWright; Chronolog Devices – Meditrac 
Technologies. 
 
 
DICE: Dose of Inhaled Corticosteroids with Equisystemic Effects 
 
Supported by:  Grants U10 HL 51831, U10 HL 51834, U10 HL 51843, U10 HL 51810, U10 HL 
51823, U10 HL 51845, and U10 HL 56443 from the National Heart, Lung, and Blood Institute. 
 
 
The members of the ACRN for DICE trial included: 
 
 
Clinical Centers: 
National Jewish Medical and Research Center, Denver, CO:  Richard J. Martin, MD (Principal 
Investigator); Stanley J. Szefler, MD (Co-Investigator); Monica Kraft, MD (Co-Investigator); 
Joseph D. Spahn, MD (Co-Investigator); Juno Pak (Coordinator); J. Brandorff (Coordinator); J. 
Derbort (Coordinator). 
 
University of Wisconsin, Madison, WI: Robert F. Lemanske, Jr. MD (Principal Investigator); 
Christine A. Sorkness, PharmD (Co-Investigator); R. Kelley (Coordinator); M. Love-Patton 
(Coordinator); B. Miller (Coordinator); A. Sexton (Coordinator). 
 
Brigham and Women’s Hospital and Harvard Medical School, Boston, MA: Jeffrey M. Drazen, 
MD (Principal Investigator); Elliot Israel, MD (Co-Investigator); J. Burke (Coordinator); J. 
Chang (Coordinator); C. Connolly (Coordinator); E. Freeman (Coordinator); C. Hong 
(Coordinator); L. Mazzella (Coordinator); J. Oliviero (Coordinator); E. Snyder (Coordinator). 
 
Thomas Jefferson University, Philadelphia, PA: James E. Fish, MD (Principal Investigator); 
Stephen P. Peters, MD, PhD (Co-Investigator); C. Czajka (Coordinator); P. Ilves-Corressel 
(Coordinator); D. Campbell (Coordinator); S. Dodds (Coordinator); C. Mitchell (Coordinator); 
M. Pollice (Coordinator); M. Satchell (Coordinator); M. Whitsett (Coordinator); A. Hastie 
(Coordinator). 
 
University of California at San Francisco, San Francisco, CA: Homer A. Boushey, MD 
(Principal Investigator); John V. Fahy, MB (Co-Investigator); Stephen C. Lazarus, MD (Co-
Investigator); T. Ward (Coordinator); L. Musumeci (Coordinator).  
 
Harlem Hospital Center and Columbia University, New York, NY: Jean G. Ford, MD (Principal 
Investigator); Joanne K. Fagan, PhD (Co-Investigator); D. DeGraffinreidt (Coordinator); E. 
Gilbert (Coordinator). 



 
Resource Centers: 
Chair’s Office, National Jewish Medical and Research Center, Denver, CO: Reuben M. 
Cherniack, MD (Study Chair). 
 
Project Office, National Heart, Lung and Blood Institute, Bethesda, MD: James P. Kiley, PhD 
(NHLBI Project Scientist and Director of the NHLBI Division of Lung Diseases); Gail G. 
Weinmann, MD (DSMB Executive Secretary); Gang Zheng, PhD. 
  
Data Coordinating Center, Pennsylvania State University College of Medicine, Hershey, PA:  
Vernon M. Chinchilli, PhD (Principal Investigator); Tonya S. King, PhD (Co-Investigator); 
Elizabeth A. Mauger, PhD (Co-Investigator); Timothy J. Craig, DO (Co-Investigator); Ronald R. 
Zimmerman, Jr. (Project Coordinator); Susan J. Kunselman (Scientific Coordinator); Susan J. 
Boehmer (Scientific Coordinator); Richard L. Evans; Rosanne M. Pogash; Linda EngleJim 
Schmidt; Brenda Beers, Anne-Marie Dyer, Patsy Rawa, Tania Ake, Diane Peters, Trina 
Armstrong, Holly Hess. 
 
Committees: 
Data and Safety Monitoring Board: Nicholas R. Anthonisen, MD (Chair), Winnipeg, Manitoba, 
Canada; Barbara Layman, Waynesboro, PA; Susan Redline, MD, Cleveland, OH; Thomas B. 
Casale, Omaha, NE; Mark D. Schluchter, PhD, Cleveland, OH. 
 
Protocol Review Committee: Gary W. Hunninghake, MD (Chair), Iowa City, IA; Robert O. 
Crapo, MD, Salt Lake City, UT; Richard Nicklas, MD, Washington, DC; Robert C. Strunk, MD, 
St. Louis, MO; John E. Connett, PhD, Minneapolis, MI; William Kelly, Albuquerque, NM. 
 
Executive Committee:  Reuben M. Cherniack, MD (Chair); james P. Kiley, PhD; Jeffrey M. 
Drazen, MD; Robert F. Lemanske, Jr., MD; Homer A. Boushey, MD; James E. Fish, MD; 
Richard J. Martin, MD; Vernon M. Chinchilli, PhD. 
 
Publication and Presentation Committee: Robert F. Lemanske, Jr., MD (Chair); Stephen P. 
Peters, MD, PhD. 
 
Quality Control Committee: Richard F. Martin, MD (Chair); John V. Fahy, MB; Monica Kraft, 
MD; Vernon M. Chinchilli, PhD; Elizabeth A. Mauger, PhD; Susan J. Kunselman. 

  

Genetics Committee: Elliot Israel, MD (Chair); Stephen P. Peters, MD, PhD; Homer A. 
Boushey, MD; Robert F. Lemanske, Jr., MD; Stanley J. Szefler, MD; Vernon M. Chinchilli, 
PhD. 
 
Pharmaceutical Suppliers: 
Ventolin, active and placebo – Glaxo Wellcome Inc.; Vanceril, active and placebo – Schering 
Corp.; Pulmicort, active and placebo – Astra USA; Aerobid, active and placebo – Forest 
Pharmaceuticals Inc.; Flovent, active and placebo – Glaxo Wellcome Inc.; Azmacort, active and 
placebo – Rhone-Puolenc Rorer. 
 



Equipment Support: 
Computer monitor, central processing unit, keyboard – S&M Instrument Company; Stadiometers 
– Seritex, Inc.; Airwatch Devices – Enact Health Management Systems; OptiChamber spacers – 
HealthScan. 
 
IMPACT: Improving Asthma Control Trial 
Supported by:  Grants U10 HL 51831, U10 HL 51834, U10 HL 51843, U10 HL 51810, U10 HL 
51823, U10 HL 51845, and U10 HL 56443 from the National Heart, Lung, and Blood Institute. 
 
The members of the ACRN for IMPACT included: 
 
Clinical Centers: 
National Jewish Medical and Research Center, Denver, CO:  Richard J. Martin, MD (Principal 
Investigator); Stanley J. Szefler, MD (Co-Investigator); Monica Kraft, MD (Co-Investigator); 
Juno Pak (Coordinator). 
 
University of Wisconsin, Madison, WI: Robert F. Lemanske, Jr. MD (Principal Investigator); 
Christine A. Sorkness, PharmD (Co-Investigator); R. Kelley (Coordinator); B. Miller 
(Coordinator). 
 
Brigham and Women’s Hospital and Harvard Medical School, Boston, MA: Elliot Israel, MD 
(Principal Investigator); Aaron Deykin, MD (Co-Investigator); Michael E. Wechsler, MD (Co-
Investigator); Jeffrey M. Drazen, MD (Co-Investigator). 
 
Thomas Jefferson University, Philadelphia, PA: Stephen P. Peters, MD, PhD (Principal 
Investigator); Frank T. Leone, MD (Co-Investigator). 
 
University of California at San Francisco, San Francisco, CA: Homer A. Boushey, MD 
(Principal Investigator); John V. Fahy, MB (Co-Investigator); Stephen C. Lazarus, MD (Co-
Investigator).  
 
Harlem Hospital Center and Columbia University, New York, NY: Emily A. DiMango, MD 
(Principal Investigator); Joanne K. Fagan, PhD (Co-Investigator); Gene R. Pesola, MD (Co-
Investigator); Jean G. Ford, MD (Co-Investigator). 
 
Resource Centers: 
Chair’s Office, National Jewish Medical and Research Center, Denver, CO: Reuben M. 
Cherniack, MD (Study Chair). 
 
Project Office, National Heart, Lung and Blood Institute, Bethesda, MD: James P. Kiley, PhD 
(Director of the NHLBI Division of Lung Diseases); Hector G. Ortega, MD, ScD (NHLBI 
Project Scientist); Gail G. Weinmann, MD (DSMB Executive Secretary); Gang Zheng, PhD. 
  
Data Coordinating Center, Pennsylvania State University College of Medicine, Hershey, PA:  
Vernon M. Chinchilli, PhD (Principal Investigator); Elizabeth A. Mauger, PhD (Co-
Investigator); Tonya S. King, PhD (Co-Investigator); Timothy J. Craig, DO (Co-Investigator); 



Ronald R. Zimmerman, Jr. (Project Coordinator); Susan J. Kunselman (Scientific Coordinator); 
Nancy J. Rollings (Scientific Coordinator); Richard L. Evans; Aimee Vignati Merchlinski; 
Rosanne M. Pogash; Kelly Bixler, Linda Engle; Erik Lehman; Brenda Beers. 
 
Committees: 
Data and Safety Monitoring Board: Nicholas R. Anthonisen, MD (Chair), Winnipeg, Manitoba, 
Canada; Barbara Layman, Waynesboro, PA; Susan Redline, MD, Cleveland, OH; Thomas B. 
Casale, Omaha, NE; Mark D. Schluchter, PhD, Cleveland, OH. 
 
Protocol Review Committee: Gary W. Hunninghake, MD (Chair), Iowa City, IA; Robert O. 
Crapo, MD, Salt Lake City, UT; Richard Nicklas, MD, Washington, DC; Robert C. Strunk, MD, 
St. Louis, MO; John E. Connett, PhD, Minneapolis, MI; William Kelly, Albuquerque, NM. 
 
Executive Committee:  Reuben M. Cherniack, MD (Chair); James P. Kiley, PhD; Elliot Israel, 
MD; Robert F. Lemanske, Jr., MD; Homer A. Boushey, MD; Stephen P. Peters, MD, PhD; 
Richard J. Martin, MD; Vernon M. Chinchilli, PhD. 
 
Publication and Presentation Committee: Robert F. Lemanske, Jr., MD (Chair); Stephen P. 
Peters, MD, PhD. 
 
Quality Control Committee: Richard F. Martin, MD (Chair); John V. Fahy, MB; Monica Kraft, 
MD; Vernon M. Chinchilli, PhD; Tonya S. King, PhD; Susan J. Kunselman, Nancy J. Rollings. 

  

Genetics Committee: Elliot Israel, MD (Chair); Stephen P. Peters, MD, PhD; Homer A. 
Boushey, MD; Robert F. Lemanske, Jr., MD; Stanley J. Szefler, MD; Vernon M. Chinchilli, 
PhD. 
 
Pharmaceutical Suppliers: 
Pulmicort, active and placebo – AstraZeneca 
 
Equipment Support: 
Computer monitor, central processing unit, keyboard – S&M Instrument Company; Stadiometers 
– Seritex, Inc.; eDEM monitors – Aardex Ltd. 
 
 
PRICE: Predicting Responses for Inhaled Corticosteroid Efficacy 
 
Supported by:  Grants U10 HL 51831, U10 HL 51834, U10 HL 51843, U10 HL 51810, U10 HL 
51823, U10 HL 51845, and U10 HL 56443 from the National Heart, Lung, and Blood Institute. 
 
 
The members of the ACRN for the PRICE trial included: 
 
Clinical Centers: 
National Jewish Medical and Research Center, Denver, CO:  Richard J. Martin, MD (Principal 
Investigator); Stanley J. Szefler, MD (Co-Investigator); Monica Kraft, MD (Co-Investigator); 



Joseph D. Spahn, MD (Co-Investigator); Juno Pak (Coordinator) Allen Stevens (Coordinator); 
Mary Gill (Coordinator); Jen Brandorff (Coordinator). 
 
University of Wisconsin, Madison, WI: Robert F. Lemanske, Jr. MD (Principal Investigator); 
Christine A. Sorkness, PharmD (Co-Investigator); Barbara Miller (Coordinator); Ann Sexton 
(Coordinator); Jenny Mathews (Coordinator); 
 
Brigham and Women’s Hospital and Harvard Medical School, Boston, MA: Elliot Israel, MD 
(Principal Investigator); Aaron Deykin, MD (Co-Investigator); Michael E. Wechsler, MD (Co-
Investigator); Ron Bill (Coordinator); Julia Essig (Coordinator). 
 
Thomas Jefferson University, Philadelphia, PA: Frank T. Leone, MD (Principal Investigator); 
Stephen P. Peters, MD, PhD (Co-Investigator) Patty Ilves-Corressell (Coordinator); John Henry 
(Coordinator); Charlette Patterson-Fowler (Coordinator). 
 
University of California at San Francisco, San Francisco, CA: Homer A. Boushey, MD 
(Principal Investigator); John V. Fahy, MB (Co-Investigator); Stephen C. Lazarus, MD (Co-
Investigator); Audrey Plough (Coordinator).  
 
Harlem Hospital Center and Columbia University, New York, NY: Emily A. DiMango, MD 
(Principal Investigator); Gene R. Pesola, MD (Co-Investigator); Ani Arkun (Coordinator); 
Melanie Gill (Coordinator). 
 
Resource Centers: 
Chair’s Office, National Jewish Medical and Research Center, Denver, CO: Reuben M. 
Cherniack, MD (Study Chair). 
 
Project Office, National Heart, Lung and Blood Institute, Bethesda, MD: James P. Kiley, PhD 
(Director of the NHLBI Division of Lung Diseases); Hector G. Ortega, MD, ScD (NHLBI 
Project Scientist); Gail G. Weinmann, MD (DSMB Executive Secretary); Gang Zheng, PhD. 
  
Data Coordinating Center, Pennsylvania State University College of Medicine, Hershey, PA:  
Vernon M. Chinchilli, PhD (Principal Investigator); Tonya S. King, PhD (Co-Investigator); 
Timothy J. Craig, DO (Co-Investigator); Ronald R. Zimmerman, Jr. (Project Coordinator); 
Jennifer Siedlecki (Scientific Coordinator); Lisa A. Szwejbka (Scientific Coordinator); Nikolina 
Icitovic (Scientific Coordinator); Richard L. Evans; Aimee Vignati Merchlinski; Rosanne M. 
Pogash; Linda Engle; Erik Lehman; Brenda Beers; Jennifer Wingard Lucier; Keri Hilperts; Patsy 
Rawa; Kelly Bixler . 
 
Committees: 
Data and Safety Monitoring Board: Nicholas R. Anthonisen, MD (Chair), Winnipeg, Manitoba, 
Canada; Barbara Layman, Waynesboro, PA; Susan Redline, MD, Cleveland, OH; Thomas B. 
Casale, Omaha, NE; Mark D. Schluchter, PhD, Cleveland, OH. 
 



Protocol Review Committee: Gary W. Hunninghake, MD (Chair), Iowa City, IA; Robert O. 
Crapo, MD, Salt Lake City, UT; Richard Nicklas, MD, Washington, DC; Robert C. Strunk, MD, 
St. Louis, MO; John E. Connett, PhD, Minneapolis, MI; William Kelly, Albuquerque, NM. 
 
Executive Committee:  Reuben M. Cherniack, MD (Chair); james P. Kiley, PhD; Jeffrey M. 
Drazen, MD; Robert F. Lemanske, Jr., MD; Homer A. Boushey, MD; James E. Fish, MD; 
Richard J. Martin, MD; Vernon M. Chinchilli, PhD. 
 
Publication and Presentation Committee: Robert F. Lemanske, Jr., MD (Chair); Frank T. Leone, 
MD. 
 
Quality Control Committee: Richard F. Martin, MD (Chair); John V. Fahy, MB; Monica Kraft, 
MD; Vernon M. Chinchilli, PhD; Tonya S. King, PhD; Susan J. Kunselman, Lisa A. Szwejbka. 

  

Genetics Committee: Elliot Israel, MD (Chair); Stephen P. Peters, MD, PhD; Homer A. 
Boushey, MD; Robert F. Lemanske, Jr., MD; Stanley J. Szefler, MD; Vernon M. Chinchilli, 
PhD. 
 
Pharmaceutical Suppliers: 
QVAR, active and placebo – IVAX Inc. 
 
 
 
Equipment Support: 
Computer monitor, central processing unit, keyboard – S&M Instrument Company; Stadiometers 
– Seritex, Inc.; 
 
SOCS; SLIC: Salmeterol Off Corticosteroids; Salmeterol ± Inhaled Corticosteroids 
 
Supported by:  Grants U10 HL 51831, U10 HL 51834, U10 HL 51843, U10 HL 51810, U10 HL 
51823, U10 HL 51845, and U10 HL 56443 from the National Heart, Lung, and Blood Institute. 
 
 
The members of the ACRN for the SOCS and SLIC trials included: 
 
Clinical Centers: 
National Jewish Medical and Research Center, Denver, CO:  Richard J. Martin, MD (Principal 
Investigator); Stanley J. Szefler, MD (Co-Investigator); Monica Kraft, MD (Co-Investigator); 
Joseph D. Spahn, MD (Co-Investigator); Juno Pak (Coordinator); J. Brandorff (Coordinator); C. 
Duncan (Coordinator); J. Hassell (Coordinator); M. Rex (Coordinator); A. Stevens 
(Coordinator). 
 
University of Wisconsin, Madison, WI: Robert F. Lemanske, Jr. MD (Principal Investigator); 
Christine A. Sorkness, PharmD (Co-Investigator); R. Kelley (Coordinator); L. Mikus 
(Coordinator); B. Miller (Coordinator); A. Sexton (Coordinator). 
 



Brigham and Women’s Hospital and Harvard Medical School, Boston, MA: Jeffrey M. Drazen, 
MD (Principal Investigator); Elliot Israel, MD (Co-Investigator); J. Chang (Coordinator); E. 
Fischer (Coordinator); E. Freeman (Coordinator); C. Hong (Coordinator); L. Mazzella 
(Coordinator); J. Oliviero (Coordinator). 
 
Thomas Jefferson University, Philadelphia, PA: James E. Fish, MD (Principal Investigator); 
Stephen P. Peters, MD, PhD (Co-Investigator); C. Czajka (Coordinator); P. Ilves-Corressel 
(Coordinator); C. Mitchell (Coordinator); M. Pollice (Coordinator). 
 
University of California at San Francisco, San Francisco, CA: Homer A. Boushey, MD 
(Principal Investigator); John V. Fahy, MB (Co-Investigator); Stephen C. Lazarus, MD (Co-
Investigator); T. Ward (Coordinator); J. Liu (Coordinator); L. Musumeci (Coordinator); H. 
Wong (Coordinator).  
 
Harlem Hospital Center and Columbia University, New York, NY: Jean G. Ford, MD (Principal 
Investigator); Sami A. Nachman, MD (Co-Investigator); D. DeGraffinreidt (Coordinator); E. 
Gilbert (Coordinator); S.Y. Min (Coordinator); 
 
Resource Centers: 
Chair’s Office, National Jewish Medical and Research Center, Denver, CO: Reuben M. 
Cherniack, MD (Study Chair). 
 
Project Office, National Heart, Lung and Blood Institute, Bethesda, MD: Suzanne S. Hurd, PhD 
(NHLBI Project Scientist and Director of the NHLBI Division of Lung Diseases); Margaret C. 
Wu, PhD. 
  
Data Coordinating Center, Pennsylvania State University College of Medicine, Hershey, PA:  
Vernon M. Chinchilli, PhD (Principal Investigator); Elizabeth A. Mauger, PhD (Co-
Investigator); Timothy J. Craig, DO (Co-Investigator); Donna K. Baker (Project Coordinator); 
Ronald R. Zimmerman, Jr. (Project Coordinator); Susan J. Kunselman (Scientific Coordinator); 
Jody Meinke (Scientific Coordinator); Susan J. Boehmer (Scientific Coordinator); Richard L. 
Evans; Terry B. Britton; Trina J. Armstrong; Holly M. Hess; Diane Peters; Rosanne M. Pogash; 
Pamela E. Forand; Anne-Marie Dyer; Bryan Crissinger; Linda Engle; Erik Lehman; Scott 
McKenzie; Jim Schmidt; Brenda Beers; Cheryl Gates. 
 
Committees: 
Data and Safety Monitoring Board: Nicholas R. Anthonisen, MD (Chair), Winnipeg, Manitoba, 
Canada; Barbara Layman, Waynesboro, PA; Susan Redline, MD, Cleveland, OH; Thomas B. 
Casale, Omaha, NE; Mark D. Schluchter, PhD, Cleveland, OH. 
 
Protocol Review Committee: Gary W. Hunninghake, MD (Chair), Iowa City, IA; Robert O. 
Crapo, MD, Salt Lake City, UT; Richard Nicklas, MD, Washington, DC; Robert C. Strunk, MD, 
St. Louis, MO; John E. Connett, PhD, Minneapolis, MI; William Kelly, Albuquerque, NM. 
 



Executive Committee:  Reuben M. Cherniack, MD (Chair); Suzanne S. Hurd, PhD; Jeffrey M. 
Drazen, MD; Robert F. Lemanske, Jr., MD; Homer A. Boushey, MD; James E. Fish, MD; 
Richard J. Martin, MD; Vernon M. Chinchilli, PhD. 
 
Publication and Presentation Committee: Robert F. Lemanske, Jr., MD (Chair); Stephen P. 
Peters, MD, PhD. 
 
Quality Control Committee: Richard F. Martin, MD (Chair); John V. Fahy, MB; Monica Kraft, 
MD; Vernon M. Chinchilli, PhD; Elizabeth A. Mauger, PhD; Susan J. Kunselman. 

  

Genetics Committee: Elliot Israel, MD (Chair); Stephen P. Peters, MD, PhD; Homer A. 
Boushey, MD; Robert F. Lemanske, Jr., MD; Stanley J. Szefler, MD; Vernon M. Chinchilli, 
PhD. 
 
Pharmaceutical Suppliers: 
Ventolin, active and placebo – Glaxo Wellcome Inc.; Salmeterol, active and placebo – Glaxo 
Wellcome Inc.; Azmacort, active and placebo – Rhone-Puolenc Rorer; Allegra – Hoechst Marion 
Roussel. 
 
Equipment Support: 
Computer monitor, central processing unit, keyboard – S&M Instrument Company; Stadiometers 
– Seritex, Inc.; Airwatch Devices – Enact Health Management Systems. 
 
 
CAMP Roster 
 
Source of funding 

The Childhood Asthma Management Program trial and CAMP Continuation Study were 
supported by contracts NO1-HR-16044, 16045, 16046, 16047, 16048, 16049, 16050, 
16051, and 16052 with the National Heart, Lung, and Blood Institute and General 
Clinical Research Center grants M01RR00051, M01RR0099718-24, M01RR02719-14, 
and RR00036 from the National Center for Research Resources.  The CAMP 
Continuation Study/Phases 2 and 3 were supported by grants U01HL075232, 
U01HL075407, U01HL075408, U01HL075409, U01HL075415, U01HL075416, 
U01HL075417, U01HL075419, U01HL075420, and U01HL075408 from the National 
Heart, Lung, and Blood Institute. 

 
Members of the CAMP Research Group: 
Clinical centers 

ASTHMA, Inc, Seattle, WA: Paul Williams, MD (Principal Investigator); Mary V. Lasley, 
MD (Co-Director); Tamara Chinn, MSN, ARNP (Coordinator).  Michele Hinatsu, 
MSN, ARNP; Clifton T. Furukawa, MD; Leonard C. Altman, MD; Frank S. Virant, 
MD; Michael S. Kennedy, MD; Jonathan W. Becker, MD; Stephen Tilles, MD; 
Miranda MacLaren.  C. Warren Bierman, MD (1992-1997); Dan Crawford, RN (1996-
2002); Thomas DuHamel (1991-2004); Heather Eliassen, BA (1996-1999); Babi 
Hammond (1996-1999); Dominick A. Minotti, MD (1992-2003); Chris Reagan (1992-



2003); Gail Shapiro (1991-2006, Principal Investigator); Marian Sharpe, RN (1992-
1994); Ashley Tatum, MD (2004-2007); Grace White (1991-2007).  Timothy G. 
Wighton, PhD (1994-1998). 

 
Brigham & Women's Hospital, Boston, MA:  Anne Fuhlbrigge, MD (Principal 

Investigator); Anne Plunkett, NP, MS (Coordinator).  Nancy Madden, RN, BSN; Mark 
Boehnert, MD; Christine Darcy; Anita Feins, MD; Natalia Kandror, MD; Kelly 
MacAulay, MD; Scott Weiss MD.  Walter Torda, MD (Co-Investigator Director, 1993-
2003); Martha Tata, RN (1993-2002); Sally Babigian, RN (1997-1999); Peter Barrant, 
MD (2004-2007); Linda Benson (1998-2004); Jose Caicedo (1998-1999); Tatum Calder 
(1998-2001); Anthony DeFilippo (1994-2000); Cindy Dorsainvil (1998-2001); Julie 
Erickson (1998-1999); Phoebe Fulton (1997); Mary Grace, RN (1994-1996); Jennifer 
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