
d

Genome screen for asthma and bronchial
hyperresponsiveness: Interactions with
passive smoke exposure

Deborah A. Meyers, PhD,a Dirkje S. Postma, MD, PhD,b O. Colin Stine, PhD,c

Gerard H. Koppelman, MD, PhD,b Elizabeth J. Ampleford, PhD,a Hajo Jongepier,

MD, PhD,b Timothy D. Howard, PhD,a and Eugene R. Bleecker, MDa Winston-Salem,

NC, Groningen, The Netherlands, and Baltimore, Md
M
e
ch

a
n
is
m
s
o
f
a
st
h
m
a
a
n

a
ll
e
rg

ic
in
fl
a
m
m
a
ti
o
n

Background: Asthma is a common respiratory disease caused

by the interaction of genetic susceptibility and exposure to

various environmental factors. Passive smoke exposure,

characterized by parental smoking, has been shown to be

a risk factor for the development of atopy and asthma.

Objective: We sought to perform a genome-wide linkage screen

for asthma and bronchial hyperresponsiveness (BHR) and to

determine the influence of passive tobacco smoke exposure

during childhood on the results of genetic linkage studies to

investigate gene-environment interactions.

Methods: A genome-wide linkage screen for asthma and BHR

was performed in 200 families ascertained through a parent with

asthma. Analyses were performed separately for the entire

sample and for the smoking-exposed and nonexposed families.

Results: For asthma and BHR, the strongest evidence for

linkage was observed for chromosomes 3p and 5q. The families

in which the children were exposed to passive smoking

accounted for the evidence for linkage of BHR to 5q (P\ .001),

but evidence for linkage to 3p was found in both sets of families.

Similar results were observed for asthma. However, there was

no observed difference in the frequency of asthma or BHR in

the offspring from the smoke-exposed compared with the

nonexposed families.

Conclusion: The results from this study demonstrate that the

influence of susceptibility genes for a common disease such as

asthma might not be apparent unless there is the appropriate

exposure to environmental stimuli, such as passive exposure

to cigarette smoke. This approach should be useful for

identification of asthma susceptibility genes. (J Allergy Clin

Immunol 2005;115:1169-75.)
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Asthma is a common respiratory disease that is caused
by the interaction of genetic susceptibility and exposure to
various environmental factors. Published genome screens
for asthma and closely associated phenotypes have reported
consistent, as well as conflicting, results.1-9 We have
previously presented results of a genome-wide screen for
atopic phenotypes in 200 families ascertained through
a probandwith asthma and reported evidence for linkage to
several chromosomal regions, including 2q, 5q, 6p, 7q, and
12q.10,11 These observations have led to studies on candi-
date genes in these regions, and our significant results for
CD14 and IL13 on chromosome 5q12-14 and for CTLA4
on chromosome 2q15 support the value of this family
population.

Bronchial hyperresponsiveness (BHR) is an important
characteristic in asthma, and longitudinal studies have
shown that persistent BHR in early childhood is a risk
factor for the development of asthma.16-18 Therefore it is
important to analyze both asthma and BHR phenotypes
in family studies. In addition to genetic susceptibility,
environmental factors are important in the development of
allergy and asthma. Passive smoke exposure, character-
ized by parental smoking, has been shown to be a risk
factor for the development of atopy and asthma, especially
maternal smoking during pregnancy and tobacco smoke
exposure during early life.19-22 In addition, evidence for
a significant gene-environment (passive tobacco smoke
exposure) interaction has been observed in a genetic
linkage study by Colilla et al.23

Our cohort of families presents a unique opportunity for
further analysis of susceptibility genes for asthma and
related phenotypes. First, the 200 families were ascer-
tained through a parent with asthma who was initially
studied approximately 30 to 40 years ago and reevaluated
with their family members between 1990 and 2000, when
the children were of similar age as the affected parent
was when initially characterized. Second, the probands
and their families represent a genetically homogeneous

Abbreviations used
BHR: Bronchial hyperresponsiveness

COPD: Chronic obstructive pulmonary disease

CSGA: Collaborative Study on the Genetics of Asthma
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population ascertained from the northern region of The
Netherlands. Third, clinical characterization, including
bronchial responsiveness to histamine, was performed on
all family members. Finally, because of the longitudinal
data available on the probands, data were available on
their smoking habits before and during the early life of
their children.

The purpose of the current study was to perform
a genome-wide linkage screen for asthma and BHR. In
addition, we hypothesize that evidence for different
susceptibility genes will be observed in families with
exposure to a known environmental influence, passive
exposure to tobacco smoke. This approach supports the
concept that environmental influences in early life might
modulate the expression of genetic susceptibility in the
development of asthma.

METHODS

Family ascertainment

Two hundred families were ascertained through probands who

were initially studied between 1962 and 1975 at Beatrixoord

Hospital, Haren, the Netherlands, a regional airways disease referral

center. Patients with newly diagnosed symptomatic asthma whowere

not experiencing a current asthma exacerbation were referred to this

hospital and admitted for a standardized and comprehensive evalu-

ation for asthma and atopy. At the time of initial testing, all probands

had asthma symptoms, were hyperresponsive to histamine (PC20

FEV1 histamine of,32 mg/mL), and were younger than 45 years of

age. The families of 200 of these original probandswith their spouses,

children, children’s spouses, and grandchildren older than 6 years of

age were recruited and evaluated in the 1990s.24-26 The Medical

Ethics Committee of the University Hospital Groningen approved

this study, and all participants provided written informed consent.

Additional institutional review board approval was obtained from

both the University ofMaryland andWake Forest University. Among

the 200 families (1183 individuals), 166 consisted of 2 generations,

33 consisted of 3 generations, and 1 consisted of 4 generations.

Clinical evaluation

Bronchial responsiveness to histamine was measured with the

30-second inhalation histamine challenge test developed by De Vries

et al27 because this method was used for testing the probands during

the 1960s. Doubling concentrations of histamine were inhaled (0.03-

32 mg/mL in children,12 years of age and 0.5-32 mg/mL in adults),

and the test was stopped if there was a 20% or greater decrease in

FEV1. A positive test result was defined as a PC20 FEV1 histamine

value of less than 32 mg/mL. All of the probands were hyperrespon-

sive at initial testing 25 years previously and were classified as

hyperresponsive for the linkage analyses. Skin testing to common

allergens and measurements of total and specific IgE were performed

on all family members.11 A respiratory questionnaire was used

(modified British Medical Society Respiratory Questionnaire28) to

evaluate asthma characteristics, specifically respiratory symptoms,

smoking history, and asthma severity and exacerbations.26

Asthma was defined with an algorithm that has been previously

described in the first 92 of these 200 families.26 In brief, subjects were

considered to have definite asthma (class 1) if they reported

characteristic asthma symptoms and if they had BHR to histamine,

airway obstruction (if present) was reversible, and asthma symptoms

preceded any history of cigarette smoking. Class 2 (probable asthma)

represented subjects who either had BHR but experienced fewer
asthma symptoms than those in class 1 or subjects who had

characteristic asthma symptoms without BHR but with airways

obstruction and bronchodilator reversibility. Class 3 (uncertain)

consisted of 2 groups: family members with BHR without asthma

symptoms and cigarette smokers who did not meet the criteria for

chronic obstructive pulmonary disease (COPD) but had airways

symptoms occurring in the context of a significant history of smoking.

Subjects in class 4 (COPD) had characteristics consistentwith chronic

obstructive lung disease (presence or absence of BHR, irreversible

airways obstruction, and/or chronic bronchitis with a significant

smoking history). Finally, class 5 consisted of family members with

no evidence of airways disease (asthma or COPD) who did not have

BHR when tested. For the linkage analysis for asthma, all probands

and any family members in class 1 or 2 were considered affected.

Genotyping

DNA was isolated from peripheral blood by using standard

methods (Puregene kit; Gentra, Inc, Minneapolis, Minn). For the

genome-wide screen, the Weber version 8 set of markers (Marshfield

Center for Medical Genetics) was used, which spans the human

genome at an average interval of approximately 10 cM and consists of

366 polymorphic autosomal markers. Multiplex PCR was performed

with fluorescently labeled primers. PCR products were separated on

denaturing polyacrylamide gels, and the fragments were detected

with ABI 377 sequencers (Perkin Elmer Applied Biosystems, Foster

City, Calif). The fragments were scanned and scored with ABI

software. A modified version of the program Linkage Designer (Van

Camp et al, 1997) was used to bin the alleles and check inheritance.

Genotyping errors, double recombinants, and inheritance inconsis-

tencies were detected with the LINKAGE and CRIMAP software

(http://www.ncbi.nlm.nih.gov/CBBresearch/Schaffer/fastlink.html

and http://compgen.rutgers.edu/multimap/crimap/index.html, re-

spectively). Marker allele frequencies were estimated from the

pedigree founders.

Statistical methods

Linkage analyses for asthma and BHR as qualitative traits were

performed with multipoint parametric analysis, as implemented in

GENEHUNTER-PLUS.29 We assumed the autosomal dominant

model previously used for our Collaborative Study on the Genetics

of Asthma (CSGA) genome-wide screen,10 which is consistent with

the frequency of BHR and asthma in the offspring. The LOD reported

is determined by means of a maximum likelihood approach used to

estimate the proportion of linked families, by maximizing the

admixed LOD score. Families were divided by the smoking status

of the proband to determine the effect of exposure to cigarette smoke

in children on asthma and BHR. Although most probands did not

have a significant history of smoking at the time of their original

evaluation (30-40 years ago), approximately half of the probands

(n = 95) are now current or exsmokers with a history that is consistent

with passive smoke exposure in their children. There was also

a significant relationship in smoking status between the probands and

their spouses (P = .015, McNemar test). The genome-wide linkage

screen for asthma and BHR was performed separately for the entire

sample and for the smoking-exposed and nonexposed families. The

M test was used to test for a difference in LOD scores between the

groups of families.30 Individual smoking by the offspring was not

considered in the analyses. There are 72 offspring in class 1 or class 2

who have a history of smoking (mean, 4 pack-years). Forty-nine of

these individuals were asthmatic before beginning to smoke ciga-

rettes. Of the remaining 23, 20 are in families in which they were

passively exposed before the age of 5 years. That leaves 3 individuals

with probable asthma (class 2) in whom active smoking might be an

issue. Therefore it is possible that there might be confounding effects

with active smoking in a very small number of subjects (n = 3).

http://www/ncbi.nlm.nih.gov/CBBresearch/Schaffer/fastlink.html
http://compgen.rutgers.edu/multimap/crimap/index.html
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FIG 1. The pie chart shows the percentage of the 540 offspring with asthma, probable asthma, uncertain

airways disease or COPD or who are unaffected in 200 families ascertained through a parent with asthma.
RESULTS

Demographics

The characteristics of the family members have been
described previously.10 Fig 1 shows the results of the
asthma classification of the first- and second-degree
offspring (n = 540) for the 200 families. Class 1 (definite
asthma) was found in 21% of the offspring, whereas class
2 (probable asthma) was found in 10%, resulting in 31%of
the offspring with findings consistent with a diagnosis of
asthma, even though these 200 families were not ascer-
tained for multiple family members with asthma. Class 3
or uncertain airways disease was found in 27%, and more
than half of these subjects had asymptomatic BHR,
resulting in 46% of all offspring with BHR. Finally, 3%
of the offspring were categorized as having COPD, and
39% had no evidence of airways disease (asthma or
COPD) on the basis of the absence of respiratory symptoms
and BHR and normal pulmonary function.

Genome screen for BHR and asthma

For BHR, the strongest evidence for linkage was
observed for chromosomes 5q (LOD = 2.87 at D5S816)
and 3p (LOD = 2.44 for D3S1766; Fig 2). For asthma, the
highest LOD scores were observed for the same regions on
chromosomes 3p and 5q, with the highest LOD score on
chromosome 3p (LOD = 2.57 at D3S2409) and an LOD
score of 1.94 for chromosome 5q (D5S816; Fig 3).

Effect of passive smoke exposure

There were no significant differences observed between
the clinical characteristics in the children from the smoke-
exposed families compared with the offspring from the
nonexposed families (Table I). For example, 50.4%
(n = 268) of the children in the 95 families with passive
smoke exposure were hyperresponsive (Table I). In the
105 families classified as not exposed to tobacco smoke,
similar results were observed, and 49.8% (n = 272) of the
children were hyperresponsive (P = not significant).

The families in which the children were exposed to
passive smoking accounted for all the evidence for linkage
of BHR to chromosome 5q; the LOD score was 3.77 for
chromosome 5q in the passive smoke-exposed families
and 0.18 in the nonexposed families (P, .001,M test). For
BHR, evidence for linkage to 3p was found in both sets of
families but was higher in those with smoke exposure; the
LOD score was 2.17 for the passive smoke-exposed
families, and the LOD score was 1.12 for the nonexposed
families (P > .05, M test). Similar results were observed
for asthma. For chromosome 5q, the LOD score was 2.54
in the tobacco-exposed families and 0.15 in the non-
exposed families. The LOD score on chromosome 3p
was 2.63 in the smoke-exposed families and 0.71 in
the nonexposed families. The only additional region that
showed differences for tobacco smoke–related gene-
environment interaction was chromosome 19, with LOD
scores of 2.17 for asthma and 1.94 for BHR in the
nonexposed families (both at D19S714), with no evidence
for linkage in the exposed families (LOD = 0.1;P > .05,M
test). To test the robustness of our classification scheme,
the analysis was repeated by classifying all nuclear
families in which at least one child was exposed to passive
smoke from either parent before the age of 5 years as
a familywith passive smoke exposure. Similar resultswere
observed; for chromosome 5q, the LOD score was 3.4 at
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FIG 2. The results of the genome-wide screen for BHR are shown for each chromosome, with the LOD score

from the total 200 Dutch families and from the families classified with and without passive cigarette smoke

exposure to the children in early life.

FIG 3. The results of the genome-wide screen for asthma are shown for each chromosome, with the LOD score

from the total 200 Dutch families and from the families classified with and without passive cigarette smoke

exposure to the children in early life.
the same chromosomal location as before in the exposed
families and 0.2 in the nonexposed families.

DISCUSSION

This study reports the results of linkage analysis for
asthma and bronchial responsiveness by using a well-
characterized, homogeneous asthmatic family population.
The families were not ascertained through multiple
affected siblings but through a single proband (a parent)
with asthma, and analysis of the offspring showed a high
frequency of asthma phenotypes (31% with asthma or
probable asthma [classes 1 and 2] and 46% with BHR),
supporting an important hereditary component for these
phenotypes. In addition, with a history of passive exposure
to cigarette smoke during early life in the children in
approximately half of these families, the effects of this
environmental factor that is related to asthma susceptibility
could be investigated. No significant differences in the
clinical characteristics were observed for the offspring
from the smoke-exposed versus nonexposed families.
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However, it was shown that passive smoke exposure in
early childhood represents an important gene-environment
interaction for a gene or genes on chromosome 5q. The
evidence for linkage for BHR for chromosome 5q was
observed in the passive smoke-exposed families (P, .001),
providing an important replication of a similar study by
Collila et al,23 which showed a similar but smaller effect in
144 US families. These results demonstrate that exposure
to environmental factors early in life modulate the
expression of underlying genetic susceptibility for
asthma-related phenotypes. It is difficult to accurately
measure environmental exposures retrospectively, and
therefore it is not possible to state that these results are
only a result of exposure to tobacco smoke; they might be
also due to an increase in other environmental exposures
that could be correlated with exposure in early life to
tobacco smoke (eg, viral infections). Asthma susceptibility
is due to the effect of multiple genes, but an environmental
exposure, such as passive smoke exposure, increases the
importance of the effects of the gene or genes on
chromosome 5q on asthma susceptibility.

There are several important features of our findings that
warrant further discussion. First, results of the genome-
wide screen for asthma and BHR show evidence for
linkage on chromosomes 3p and 5q. Linkage to chromo-
some 5q for asthma or related phenotypes has been
reported by multiple investigators.3,4,31-34 In the first 92
of the 200 families of this study, evidence for linkage to
chromosome 5q was observed for total serum IgE levels
and BHR.24,25 Later, when all 200 families were recruited,
evidence for linkage for total serum IgE levels was
observed, although chromosome 5q was not the region
with the strongest evidence for linkage.10 Evidence for
linkage of total serum IgE levels was also observed in an
inbred, nonsmoking Amish population31 and was stron-
gest in the IL4, IL13 cytokine region of chromosome 5q,
whereas our evidence for linkage was more distal on
chromosome 5q. Thus it is likely that several linkage
peaks are present because of multiple genes, the effects of
which are related to atopy and BHR, and both phenotypes
are strongly associated with asthma. Thus linkage peaks
in this chromosomal region might be dependent on the
specific phenotype being analyzed, as well as the charac-
teristics and ascertainment of the population under study.

On chromosome 5q, we observed stronger evidence for
linkage to BHR than to asthma in these Dutch families.
This is an interesting finding because although all
probands with asthma had evidence of BHR, there were
an additional 15% of the offspring who had BHR without
symptoms of asthma (asymptomatic BHR) who could not
be classified as having clinical asthma. Thus the linkage
on chromosome 5q for BHR represents a broader cate-
gory that included both family members with diagnosed
and symptomatic asthma and those potentially at risk for
developing asthma (asymptomatic BHR). Epidemiologic
studies have provided evidence that BHR in early child-
hood is a risk factor for the development of asthma and
that asymptomatic BHR, even later in life, is a risk factor
for the development of asthmatic symptoms.16-18,35
Additional follow-up studies would be needed to de-
termine the proportion of offspring with asymptomatic
BHR that have asthma over time.

Strong evidence for linkage of asthma and BHR to
chromosome 3p was observed in a region in which we did
not observe linkage to allergic phenotypes.10,11 In addi-
tion, this region had been observed in the first genome
screen in the Hutterites but was not replicated in their later
study.3,4 This might either represent a susceptibility gene
with a higher frequency in this homogenous population
because of a founder effect or reflect differences in
phenotypic assessment; for example, histamine inhalation
challenge was used to test for BHR in our study, whereas
methacholine inhalation challenge has been used in most
published genome screens.

Previous studies have shown that exposure to passive
smoking is an environmental stimulus and risk factor for
the development of asthma.36,37 Young et al38 measured
lung function in the first year of life and showed that
in utero exposure to cigarette smoke was associated with
reduced lung function. Persistent decreases in lung
function in conjunction with in utero smoke exposure
are especially evident in children in whom asthma has
developed.39 Furthermore, lower lung function in child-
hood constitutes a risk factor for the development of BHR
and potentially asthma. Thus exposure to tobacco smoke
represents an important environmental factor that can be
used in family studies in which only historical information
is available on other early-life influences, such as bacterial
and viral respiratory infections and the type and intensity
of allergen exposures.

In this study we did not observe a difference in the
frequency of asthma or BHR or differences in lung
function between the children from smoke-exposed
compared with nonexposed families (Table I). However,
it is important to remember that the primary purpose of
our study was to perform a family-based linkage analysis.
Therefore the families were classified as exposed or non-
exposed for the genetic analysis, and detailed history on ex-
posure for each child was not available and not required
to perform the genetic analyses. In addition, this study was
designed as a genetic study and not an epidemiologic

TABLE I. Clinical characteristics of offspring in the

smoke-exposed and nonexposed families

Nonexposed

families

Smoke-exposed

families

Sex, M/F 119/149 125/147

Age, y (mean [SD]) 22.9 (9.0) 25.6 (9.3)

Total IgE, IU

(geometric mean [range])

67.6 (1-2560) 58.88 (1-3360)

�1 positive skin test result 55.3% 51.9%

Predicted FEV1 (mean) 92.42% 94.87%

Reversibility (�15% of baseline) 13.1% 8.9%

FEV1/VC ratio (mean) 81.2 80.7

BHR positive

(PC20 �32 mg/mL)

49.8% 50.4%

VC, Vital capacity.
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study, and therefore the lack of difference in clinical
characteristics between the 2 sets of children should be
interpreted with caution.

However, we observed significant results for the effects
of passive exposure to cigarette smoke on the genome
screen linkage results, especially for chromosome 5q. This
same effect for chromosome 5q was observed in a similar
study on the 144 CSGA white families, in which the LOD
increased from 0.34 in the total data set to 1.23 (P, .01) in
the 51 smoke-exposed families.23 Our results provide an
important replication of their early findings and provide
substantial additional evidence for a significant gene-
environment interaction involving early-life exposure to
tobacco smoke. It is very important to replicate genetic
studies, such as linkage and association studies, because
the prior probability of a true effect is low as a result of the
number of chromosomes and genes in human subjects.40

One might hypothesize that there are susceptibility genes
for BHR on chromosome 5q that require early-life expo-
sure to environmental factors, such as tobacco smoke,
for their expression and the subsequent development
of asthma.

A final observation is that BHR and asthma showed
suggestive evidence for linkage with chromosome 19p in
families with children without passive smoke exposure in
childhood. This region was reported in at least one other
genome-wide screen; in the CSGA white families, an
LOD of 1.02 was observed approximately 15 cM distal to
the region we observed.6 However, this region was not
observed when the families were divided on the basis of
passive tobacco smoke exposure.23

Genetic approaches are useful in dissecting the complex
genetic relationships between susceptibility to asthma,
BHR, and atopy. Significant progress has beenmade in the
last decade, although it still remains a significant challenge
to identify genes responsible for complex multifactorial
disorders, such as asthma, COPD, and atopy. As these
genes are delineated, the specific role of each gene in the
development of asthmamust be understood in conjunction
with environmental influences. Our findings and those of
Collila et al23 provide an important example of how
environmental influences, such as exposure to tobacco
smoke early in life, might interact with individual genetic
susceptibility to asthma development and related pheno-
types. The results emphasize how changes in environ-
mental exposures might increase the risk that individuals
with an underlying genetic susceptibility will have
disease. We propose that these findings are important in
understanding how subtle changes in the environment
might interact with genetic profiles to change the preva-
lence and expression (severity) of common diseases, such
as asthma and atopy.
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