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Asthma is a respiratory disease that is characterized
by variable airways obstruction, airways inflamma-
tion, and bronchial hyperresponsiveness (BHR) (1).
Most patients with asthma have clinical and sero-
logic evidence of atopy. Even in children who are
asymptomatic, BHR appears to be closely linked to
an allergic diathesis, as reflected by the association
of serum IgE level with BHR and asthma (2). These
flndings suggest a close relationship between asthma
and atopy. There has been a recent increase in mor-
bidity associated with asthma (3), and epidemiologic
studies have provided strong evidence that asthma
and allergic disorders are increasing both in preva-
lence and severity (4, 5). While the precise reasons
for these changes are unknown, some evidence in-
dicates that these rising trends are associated with
increased levels of sensitization to common environ-
mental allergens and early-life exposure to adjuvant
factors including air pollutants and viruses in sus-
ceptible individuals (6).

Understanding the genetic mechanisms respon-
sible for allergy and asthma has widespread public
health consequences, as it may lead to improved
preventive measures and new therapeutic ap-
proaches. This review will discuss the general ap-
proaches used in genetic studies and methodologic
difficulties, as well as current flndings that demon-
strate the recent advances in understanding the ge-
netics of asthma and atopy.

Approaches in genetic studies
Familial aggregation

Signiflcant familial aggregation of the phenotypes
associated with asthma and allergy has been de-
scribed in numerous studies (7-9), but this does not
always imply a genetic basis. Familial aggregation
can be caused by common environmental factors or
by an interaction of environmental and genetic fac-
tors that can influence the perceived pattern of in-
heritance.

In testing for familial aggregation, a comparison of
disease frequencies in related individuals is per-
formed, and the result is compared to the frequency
in a group of controls, or to the disease frequency in
the entire population. The excess risk for relatives
can be expressed as the risk ratio (lambda), which
is the relative's risk compared to the prevalence
within the population. These risk ratios can be used
to estimate the number of loci involved in the dis-
order (10, 11). In twin studies with monozygotic
(MZ) and dizygotic (DZ) twin pairs, the difl'erence
between the disease frequency in MZ and DZ twins
provides an indication of heritability, while the
difference within MZ twins is an indication of envi-
ronmental influence. Studies of adopted individuals
provide a further opportunity to estimate the envi-
ronmental and genetic components by comparing
natural and adopted parents of afl'ected individuals.
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While studies of relatives are helpful in determining
whether a genetic component is important, they usu-
ally do not provide insight into the mode of inher-
itance or the specific location of the disease genes in
the genome.

Segregation analysis and linkage studies

There are two basic approaches lo mapping genes
for asthma and allergy that need to be considered:
1) complex segregation analysis followed by linkage
analysis using the most parsimonious genetic model
identified by the segregation analysis, and 2) linkage
analysis using affected pairs of relatives without a
specified model of inheritance (12, 13).

Segregation analysis tests explicit models of in-
heritance in families, using the qualitative or quan-
titative data on the trait, possible environmental fac-
tors, and family structure. It compares the observed
number of affected individuals with the expected
number, using various mendelian modes of inheri-
tance, e.g., recessive, dominant, etc. The method of
ascertainment of families is very important in segre-
gation analysis. For example, the selection of fami-
lies with an affected parent and an affected child
would bias the results of the analysis in favor of a
dominant model of inheritance. Thus, one needs to
correct for ascertainment bias in this analytic method.
The best-fitting model can be determined by com-
paring the likelihoods from the several models tested
(i.e., dominant, recessive, polygenic, environmental
model) with the likelihood of a general model. Mod-
els that significantly differ from this general model
can be rejected. Estimates of gene frequency, pene-
trance of the disease in individuals, and heterozy-
gosity or homozygosity for the disease gene can be
obtained. This model and its estimates can be used
in subsequent linkage analysis.

For linkage analysis, DNA marker data are used
together with data on the trait and family structure.
The purpose of linkage analysis is to delineate major
gene(s) by demonstrating cosegregation of the dis-
ease with polymorphic DNA markers. A polymor-
phic marker is usually not a specific disease-related
gene but a chromosomal marker with multiple alleles
that can be characterized in all family members and
followed throtigh different generations. Using this
method, one can test the hypothesis that the
asthmatic/allergic children inherited the same marker
allele from their asthmatic/allergic parent, and that
the unaffected of!'spring inherited the other allele.
There are two general approaches to linkage analy-
sis: performing a genome-wide search and studying
specific chromosomes identified because of specific
candidate genes. In a genome-wide search, polymor-
phic markers that are distributed relatively uniformly
throughout the genome are examined. The relation-

ship of these markers to the disease or trait is used
to determine linkage to a specific chromosomal re-
gion.

The maximum likelihood method of linkage analy-
ses (LOD score) is dependent on having a specific
model of inheritance, usually acquired through seg-
regation analysis. Results of these analyses are ex-
pressed as a LOD score, which is the logarithm of
the odds. For mendehan disorders, a LOD > 3.0
(odds 1000:1) at a specific recombination fraction is
considered to be significant evidence of linkage
(13, 14). There are alternative methods to test for
genetic linkage without knowing the model of inher-
itance. For example, sib-pair analysis, which tests
for deviation from the expected mendelian distribu-
tion of haplotypes shared by descent among affected
sibs, is a common method. In complex disorders
such as asthma and allergy, it is very important to
replicate the results of linkage analysis in multiple
studies. Since there may be false associations be-
tween phenotypic characteristics and chromosomal
markers during a genome-wide search, replication of
results in different population samples is needed.
Once linkage is confirmed in complex genetic disor-
ders such as asthma or clinical allergic disease, find-
ing the actual gene is a complex process that calls for
close integration of clinical approaches and disease
identification, and genetic analysis by techniques that
include linkage disequilibrium and molecular and
physical mapping with detection of mutations (15)
(Fig. 1).

Methodologic issues in studies on asthma
and allergy
Although the many studies published on the gene-
tics of asthma and allergy support the concept that
these conditions have a significant familial predis-
position, there is little or conflicting information on
the mode of inheritance and less on the physical
mapping and sequencing of the disease genes. While
genes for mendelian disorders such as cystic fibro-
sis have been localized and cloned, complex genetic

CLINICAL STUDIES
Family/Phenotype Studies

GENETIC
ANALYSIS

MOLECULAR
MAPPING

Fig. I. Approaches to studies on genetics of asthma and bron-
chial hyperresponsiveness.
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disorders such as asthma and allergy are far more
complicated. In contrast to cystic fibrosis, a disease
with a specific history and laboratory test (16),
asthma and allergy are multifactorial diseases with
varied phenotypic expressions. Thus, defining the
asthma and allergic phenotypes is a central issue in
detecting the genetic components of these condi-
tions.

Various standard approaches have been used to
examine allergic phenotypes in epidemiologic and
genetic studies. These approaches include the mea-
surement of total and specific serum IgE levels as
well as quantitative and qualitative results from vari-
ous skin test panels for common allergens. These
studies require standardization of techniques and
the purity of allergens. In population-based studies,
total serum IgE has been shown to correlate with the
clinical expression of allergy as well as with BHR
and asthma (2, 17). Recently, skin test responses
have been shown to be closely related to BHR and
asthmatic symptoms in a similar population-based
sample (8).

The assessment of the asthma phenotype is far
more complicated and difficult to quantify. There
have been numerous attempts to develop compre-
hensive definitions during the last 35 years (19-21).
While current definitions of asthma now emphasize
the importance of inflammatory mechanisms in ad-
dition to physiologic changes associated with asthma,
often they are not helpful for early identification or
for the differentiation of asthma from other closely
related conditions. Usually in genetic family studies,
individuals are classified as either affected or unaf-
fected (dichotomous). In common complex disor-
ders such as asthma and allergy, there will be a group
of clearly affected individuals, e.g., defined by spe-
cific clinical criteria. In addition, there may often be
another large group of individuals who cannot be
specifically classified because they have some, but
not all, of the characteristics of the condition under
investigation. Since one uniform phenotype defining
asthma may not exist, investigators have used dif-
ferent, subjective or more concrete definitions of
asthma: a reported prior doctor diagnosis of asthma
(22, 23), questionnaire data (24, 25), the presence of
BHR (26), or combinations of the above. Some in-
vestigators include the atopic status in their defini-
tion of asthma by separating intrinsic and extrinsic
asthma (8, 9). All these different approaches may
make it very difficult to compare the results of vari-
ous epidemiologic and genetic studies.

An important issue in genetic studies in asthma is
the close association between asthma and atopy
(2, 22) that permits evaluation of closely related heri-
table factors in both conditions. However, despite
the close relationship between asthma, high total
serum IgE, and atopy, these traits cannot be simply

interchanged. The same is true for asthma and BHR;
though virtually all asthmatic subjects show BHR,
not all subjects with BHR have asthma. BHR may
precede the expression of asthma and indeed con-
stitute a risk factor (27), or it may be present in
association with chronic obstructive lung disease
(COPD) (28). However, both total serum IgE levels
and BHR are useful measurements that can be ana-
lyzed in genetic family studies as quantitative traits.
The value of a quantitative trait is that all family
members can provide useful information for genetic
analysis. In contrast, dichotomous traits such as the
presence or absence of asthma provide useful infor-
mation in a much smaller percentage of the popula-
tion.

Another obstacle in family studies is that the clini-
cal expression of asthma and atopy may vary with
age (29, 30). The clinical expression of asthma may
change from a disease initially triggered by allergen
exposure and viral infections in childhood (31) to
more irreversible airways obstruction with less vari-
ability in older patients, who may have been exposed
to various environmental agents such as tobacco
smoke and air pollutants (32). Eurthermore, it is well
known that both IgE levels and the diameter of al-
lergy skin tests increase from birth into young adult-
hood, followed by a decrease with aging. This may
cause bias when family members from different gen-
erations are studied.

Besides the genetic components of asthma, there
are many environmental factors associated with the
expression of the disease, such as breast-feeding,
viral respiratory infections in early childhood, expo-
sure to allergens, and parental smoking, especially
maternal smoking during pregnancy (33-35). It is
difficult to assess accurately and control for these
known factors in genetic studies, and there may be
additional unknown factors. Asthma appears to be
of multifactorial origin, closely related to BHR and
allergic status, and infiuenced by multiple genes and
environmental factors.

Studies on asthma and atopy and their
phenotypic expressions
Familial aggregation

Several studies have reported an increased frequency
of asthma and atopy in first-degree relatives of asth-
matic subjects compared to control subjects (7, 8,
36), illustrating familial aggregation of these traits.

Twin studies on asthma and atopy

Edfors-Lubs (25) performed a twin study with 7000
same-sex twins born between 1886 and 1925. The
concordance for self-reported asthma in MZ twin
pairs was 19.0%, while it was 4.8% in DZ twins.
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comparable lo the prevalence in the whole twin
population (3.8%). The results of this and other twin
studies, such as the study performed in 3800 twin
pairs from the Australian twin register (24) and the
studies reported by Hopp et al. (26), show signifi-
cant differences between MZ and DZ twin pairs,
providing evidence of a genetic component in the
development of asthma and atopy. The latter group
also found evidence of heritability of phenotypes as-
sociated with asthma and allergy, i.e., BHR, skin
test responses, and total serum IgE (7, 27).

Studies on the getietics of atopy

Atopy can be defined in several ways as one or a
combination of the following: positive skin tests, el-
evated total serum IgE level, positive specific serum
IgE level, the presence of eosinophilia, and self-
reported symptoms and signs of atopic disease (ec-
zema, hay fever). Hopp et al, were unable to dem-
onstrate significant difference between MZ and DZ
twin pairs with regard to allergic symptoms based on
a questionnaire (26), although they reported a ge-
netic component for clinical atopy parameters.

Defining atopy as a positive skin test, and/or el-
evated total serum IgE, and/or elevated specific IgE,
Cookson and coworkers reported (37-40) that atopy
was linked to a marker on chromosome llq, using
an autosomal dominant model of inheritance. Their
EOD score results varied from 10 to 3.38 (38, 39).
Although these results strongly suggest the presence
of at least one major gene for atopy on chromosome
1 lq, other independent investigators have been un-
able to confirm this finding (41-46).

Studies on the genetics of hronchial
hy perresponsiveness (B HR)

An increased incidence of BHR has been described
in nonasthmatic parents of patients with asthma
compared to healthy controls (7, 36, 47), suggesting
a heritable component of BHR. In a twin study (26)
Hopp et al. estimated the hereditary component of
BHR in response to methacholine as 66",,. Townley
et al. were the first group to report the results of
segregation analysis on bronchial responsiveness to
methacholine (48). These investigators reported a
bimodal distribution of bronchial responsiveness in
their population. Nevertheless, they were unable to
exclude genetic or environmental factors, and there-
fore they concluded that the bimodal distribution of
the bronchial response was not due to segregation at
a single autosomal locus. Eongo et al. reported a
bimodal distribution of bronchial reactivity to in-
haled carbachol in 80 nonasthmatic parents of
asthma patients. They concluded that the BHR that
exists in asthma families indicates an autosomal

dominant pattern of inheritance with an incomplete
penetrance, which, in combination with environmen-
tal factors, results in the development of asthma
(36).

Studies on IgE

Total serum IgE can be affected by several factors
including allergic exposure and parasitic infection,
as well as age, sex, and smoking status. A significant
correlation between parents' and children's total
serum IgE levels suggests the presence of one or
more genes (23, 49, 50). Previous segregation analy-
ses on families do not agree on the model of inher-
itance. However, several studies have found evi-
dence of recessive inheritance of high total serum
IgE levels (51-54). Martinez et al. reported evidence
of codominant inheritance in a large sample of fami-
lies (55). It is important to note that this does not
represent confficting results, but rather refiects the
inability to distinguish between two or three under-
lying distributions which display substantial overlap.

Linkage studies

At the moment, there are two chromosomal candi-
date regions of major interest: the human homolog
region of the mouse (3-chain of the IgE receptor on
chromosome 1 lq, and the region at chromosome 5q
with multiple candidate genes that directly or in-
directly regulate IgE production. This latter region
includes the interleukin (IE)-4 aroup of cytokines
(IE-4, IE-5, IE-3, GM-CSE), IE- \ IE-13, and other
cellular growth factors such as EGEA.

Cookson and coworkers suggested maternal in-
heritance of atopic IgE responsiveness on chromo-
some llq (39,40) since more affected sib pairs
shared the maternal allele than the paternal allele.
Moreover, genetic linkage to chromosome llq was
primarily detectable in maternal-derived alleles, by
the affected sib pair method (56). Shirakawa et al.
(57) have recently reported an association between
atopy and mutations in the (3 subunit of the high-
affinity IgE receptor (Ec epsilon Rl-|3) on chromo-
some llq. They reported a gene frequency far too
low to explain the high existing population preva-
lence of atopic diseases, providing further arguments
for polygenic control of atopy.

Recently, Marsh et al. described evidence of link-
age of a locus for total serum IgE levels to chromo-
some 5q in an isolated population consisting of 11
Amish pedigrees with an EOD score of 1.84 (58).
These investigators did not report evidence favoring
one single model of inheritance of total serum IgE
levels. Meyers et al. reported evidence of recessive
inheritance of high IgE levels in 92 Dutch families
consisting of 539 individuals (53). They furthermore
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observed linkage to a marker D5S436 on chromo-
some 5q31-q33, with a LOD score of 3.56, and a sib
pair P value of 0.0003. Since a significant residual
component was present in that study, two locus seg-
regation and linkage analyses were performed. Evi-
dence was found of a second major locus, unlinked
to the locus on 5q (59). The first locus on chromo-
some 5q accounted for more than 50% of the vari-
ation in the total serum IgE level, while the second
locus explained another 19% of the variation in these
asthma families. Further studies are necessary to
determine the chromosomal location of this second
locus. These investigators have also reported linkage
of BHR to markers in the same region on chromo-
some 5q31-33 (60), as shown in Fig. 2. These find-
ings support the importance of this region in regu-
lating aspects of the allergic and asthmatic
phenotype. A mutation in the P2-adrenergic receptor
(̂ P2'̂ Î )-> localized at 5q, has been reported that could
be responsible for part of the clinical heterogeneity
in asthma (61). Asthma patients with this mutation
were more likely to be steroid dependent. The same
mutation had no consequences for subjects in the
control group.

Two other regions have been linked to character-
istics of the asthmatic and allergic phenotype. These
are regions coding for the T-cell receptor (TCR) pro-
teins, important because of their central function in
the recognition of foreign antigens. Most of the TCR
is made up of a and (3 chains. The a chain gene,
consisting of the 5 chain region, is located at chro-
mosome 14, while the P chain is coded at chromo-
some 7. Moffatt et al. described a genetic linkage
from a sib pair analysis between TCR a/6 on chro-
mosome 14 and specific IgE responses to common
inhaled allergens in two independent populations.
No linkage to TCR-|3 was detected (62).

Future directions

It will be a major challenge to identify the genes for
complex multifactorial diseases such as asthma and
allergy. Significant progress has been made in the
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Fig. 2. Summary of results for linkage analysis for total serum IgE
and bronchial hyperresponsiveness (BHR).
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last decade. Linkage of loci for two important com-
ponents of the asthma phenotype, total serum IgE
and BHR to chromosome 5q, has been reported.
Future research will focus on four major areas:
1) replication of the role of maternal inheritance of

atopy reported on llq
2) development of genetic models, such as multi-

locus models, to investigate the inheritance of the
complex genetic traits involved in asthma and
allergy

3) completion of a genome-wide search for other
linkages

4) fine mapping of the area(s) of interest on chro-
mosome 5q because of the potential importance
of this linkage.

These findings will be useful in analyzing the com-
plex genetic relationship among susceptibility to
BHR, allergic disorders, and asthma. Additional
studies replicating previous studies and positional
cloning studies will further define the genes impor-
tant in the regulation of inflammatory processes in
asthma and allergy. These combined genetic and
clinical studies will lead to improved therapies and
better techniques for early diagnosis of these disor-
ders.
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