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Asthma is among the most frequent chronic diseases
in childhood. Although numerous environmental risk
factors have already been identified, the basis for fa-
milial occurrence of asthma remains unclear. Previ-
ous genome screens for atopy in British/Australian
families and for asthma in different American popula-
tions showed inconsistent results. We report a sib pair
study of a sample of 97 families, including 415 persons
and 156 sib pairs. Following an extensive clinical eval-
uation, all participants were genotyped for 351 poly-
morphic dinucleotide markers. Linkage analysis for
asthma identified four chromosomal regions that
could to be linked to asthma: chromosome 2 (at marker
D2S2298, P = 0.007), chromosome 6 (around D6S291,
lowest P = 0.008), chromosome 9 (proximal to D9S1784,
P = 0.007), and chromosome 12 (D12S351, P = 0.010).
These linkage regions could be reproduced for all loci
by analysis of total or specific immunoglobulin E (min-
imum P values at these regions were 0.003, 0.001, 0.010,
and 0.015, respectively). © 1999 Academic Press

INTRODUCTION

Asthma is today one of the most frequent chronic
diseases in childhood, with a prevalence of up to 10%
(Jarvis and Burney, 1998). Many environmental risk
factors have been identified in the past; however, a
familial clustering of asthma has been known for a long
time (Litwin, 1978; Dold et al., 1992). Mendelian inher-

Results presented in this article were partially presented at the
World Asthma Meeting, 10—-13 December 1998 in Barcelona, Spain
[Eur. Resp. J., 1998, 12(Suppl. 29): 3S]. This presentation was based
on the same probands but only 68% of the genotypes. The data
included erroneously two identical twin pairs and are replaced by
data in this paper.
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itance has not been observed. This is not astonishing,
because there are well-known difficulties with the clin-
ical definition of asthma (Marsh and Meyers, 1992), the
strong influence of exogenous factors on penetrance
(Sporik et al., 1995), and other complexities due to
locus heterogeneity and the possibility of epistatic in-
teraction between several loci (Wjst et al., 1997). The
relative risk for the sib of an asthmatic subject to that
of an unrelated individual from the general population
is As = 2.58 [unpublished own observation, Bitterfeld
cohort (Dold et al., 1998)]. By contrast, for cystic fibro-
sis As ~ 500, for insulin-dependent diabetes mellitus
(IDDM) As =~ 15, and for schizophrenia A5 ~ 8.6 (Bar-
nes and Marsh, 1998).

Asthma is characterized clinically by chronic, inter-
mittent airway obstruction with wheezing, coughing,
and breathlessness. Several mechanisms contribute to
flow limitation in the airways. Bronchial hyperreactiv-
ity (BHR) is the most prominent clinical characteristic.
Another indicator that can be measured is the peak
flow variability. The main biological process seems to
be allergic inflammation with the release of mediators
from activated mast cells and eosinophils in combina-
tion with elevated specific (RAST) and total serum IgE
levels. Because early events in disease initiation are
largely unknown, linkage analysis could be one method
for discovering the genes relevant in the pathogenesis
of asthma.

SUBJECTS AND METHODS

Subjects. We have collected asthma sib pair families since the
beginning of 1994, mainly in pediatric university clinical centers in
Germany and Sweden (Wjst and Wichmann, 1995). The families
have been selected from approximately 5000 families with asthmatic
children attending the participating clinics. In the choice of these
families, at least two children with confirmed clinical asthma were
required, and prematurity or low birth weight of the children was
excluded, along with any other severe pulmonary disease. In the
present analysis only the first 103 families were genotyped. All
parents could be included in the analysis. Five families had to be
excluded due to non-Mendelian segregation of several markers, and
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TABLE 1
Details of the 97 Families

Families Percentage
(N) total
German nationality 83 85.6%
City inhabitants
>250,000 36 37.1%
50,000 to 250,000 16 16.5%
5000 to less than 50,000 28 28.9%
<5000 17 17.5%
Pollution exposure:
Smoking at home 54 55.7%

one family was excluded because the children were monozygotic
twins. Therefore, 97 families with 415 persons, including 221 chil-
dren in 156 sib pairs (200 children in 110 sib pairs affected with
asthma), remained in the analysis (Table 1). Seventy-four families
had 2 children, 19 had 3 children, and 4 had 4 children; 91 families
contributed 2 children with asthma, 3 families contributed 3 chil-
dren, and no family contributed 4 children. Participants were all
Caucasians; 83 families were German, 5 were Swedish, and 9 were of
other nationalities. All hospital staff were trained during a 1-day
course at the GSF research center. Each study participant, including
all children, signed a consent form. All study methods have been
approved by the ethics commission of “Nordrhein-Westfalen.”

Asthma in the children was initially defined by clinical history and
validated later by interview questions. In addition to a clinical
asthma diagnosis, all affected children over age 3 had a history of at
least 3 years of recurrent wheezing and with no other airway dis-
eases diagnosed. On the first home visit a complete pedigree of the
family was drawn, and information about the home was collected in
a questionnaire. Questionnaires were developed in accordance with
previous studies (Wjst and Wichmann, 1995) with a focus on the time
course of respiratory symptoms and diseases. Skin symptoms were
recorded after photographs of affected skin were shown.

Phenotyping. Asthma was the primary trait examined; however,
all participants were also examined for associated phenotypes such
as skin prick tests with frequent allergens, serological IgE measure-
ment, and eosinophil count. Lung function was assessed during the
visit at the clinical center and during a 10-day period at home.

For this purpose patients were instructed in the use of portable
pulmonary function meters (Diarycard, Calw, Germany) by doing
peak flow tests (PEFR) in duplicate every morning and evening
before eating or using an inhaler. Every peak flow series was man-
ually checked before the mean of the two lowest values was divided
by the period mean to determine “dips” in pulmonary function (Sier-
stedt et al., 1994).

Lung function in the clinical center was measured with a local
pulmonary function unit that was calibrated daily. Probands with
present respiratory illness repeated the test on another day. Height
and weight were measured with clothes on but without shoes. Pul-
monary function tests were then performed by forced expiration in a
sitting position using a nose clip. Forced flow volume tests were
performed until three reproducible loops were achieved. Of these, the
trial with the maximum sum of FVC and FEV1.0 was used for the
analysis (Anonymous, 1987). Bronchial challenge with methacholine
was performed with increasing doses of 0, 0.156, 0.312, 0.625, 1.25,
2.5, 5, 10, and 25 mg/ml during five consecutive breaths with 14 ug
delivered from de Vilbiss 646 nebulizer chambers using a ZAN 200
breath-triggered pump (Zan, Oberthulpa, Germany) (Chai et al.,
1975). The provocation was stopped at the occurrence of symptoms or
a decrease of 20% from the baseline FEV1.0. The variable SLOPE
from the resulting dose—response curve was calculated as described
earlier (Wassmer et al., 1997). The dose necessary for a 20% fall of
FEV1.0 is given as PD20. Probands with a PD20 =8 mg/ml were
considered bronchial hyperreactive.

Skin prick tests (SPT) were performed on the upper left forearm by
application of the allergen, puncturing the skin with a lancet (ALK)
and reading the response as length of the largest diameter of the
resulting wheal size (Dreborg, 1989). The allergens birch (Betula
verruscose) ALK SQ108, hazel (Corylus avellana) ALK SQ113, rib-
worth (Plantago lanceolata) ALK N342, mugwort ALK SQ312, mixed
grass ALK SQ299, dust mites (Dermatophagoides farinae) ALK SQ
504 and (Dermatophagoides pteronyssimus) ALK SQ 503, cat dander
ALK SQ555, dog dander ALK SQ 553, and fungi (Aspergillus fumiga-
tus) ALK N405 and (Alternaria alternata) ALK N402 were bought in
one batch and stored at 5°C.

During patient visits at the clinic, interviews were completed for
each participant. Blood was taken from a cubital vein with a closed
EDTA-coated system (Sarstedt, Germany) and transferred by mail
within 24 h to the respective laboratory, where either DNA was
isolated or the serological analysis was performed. Total IgE was
determined with an ELISA (Pharmacia, Germany), and specific IgE
for the same allergens as in the SPT was determined by the CAP
FEIA system from the same manufacturer (RAST). Total cell counts
were measured in a Coulter counter, and eosinophil cells were
counted manually as a percentage and multiplied with the total cell
count.

DNA preparation and genotype analysis. DNA was isolated from
peripheral white blood cells using the salt method (Miller et al.,
1988), and in some cases also with the Qiamp blood kit (Qiagen,
Germany) according to the manufacturer’'s recommendation. We
have developed a microsatellite mapping panel, based on microsat-
ellites from the Généthon reference map (Dib et al., 1996). Highly
polymorphic markers were selected for equal distances on the ge-
nome with markers always at telomeric positions. Because there are
sex differences in asthma prevalence, 18 markers on the X chromo-
some were also included. All markers were extensively tested for
robustness and ease in scoring. Marker amplification was performed
on microtiter plates on Tetrad PCR machines (MJ Research) with a
similar protocol for each marker. DNA dispensing, and pooling of
PCR products, was performed with separate pipetting robots with 96
disposable tips (IGEL, Opal-Jena), ensuring a fast and almost error-
free liquid handling process. PCR pools were separated on ABI 377
automatic sequencers, and genotypes were scored using GENE-
SCAN and GENOTYPER (ABI) software. Allele calling was checked
by technicians, and all genotypes were subject to an automatic Men-
delian check using the UNKNOWN algorithm from the LINKAGE
program package. All allele sizes were standardized to known CEPH
control individuals without knowledge of the disease status. All
inconclusive genotypes were excluded. Of 145,665 possible geno-
types, only 4.3% could not be determined; mean heterozygosity was
0.797 (range per chromosome 0.536 to 0.936), with an information
content of 0.838 (range 0.591 to 0.949) and a mean marker distance
of 10.7 cM (range 1.0 to 21.8 cM). Further details are available at
http://cooke.gsf.de/wjst/GenomicsSuppl99.

Linkage analysis. Clinical and laboratory data were merged with
SAS software and exported to the linkage format. The number of
eosinophil cells and total IgE were log-transformed after addition of
a constant of 0.001 before any further analysis. Information about
marker order was obtained in July 1997 from the GDB (http:/
gdbwww.dkfz-heidelberg) and CHLC (http://www.chlc.org), and CRI-
MAP was run to check the order of markers. Allele frequencies were
estimated from the parental chromosomes. For the qualitative traits,
nonparametric multipoint linkage analyses were performed with
GENEHUNTER 1.3, where exact P values based on the S_all score
are reported (Kruglyak et al., 1996). Two-point analysis was carried
out with SIBPAL (SAGE 3.1) to check for consistency with the
results of the multipoint analysis (data not shown). The nonpara-
metric statistic of MAPMAKER/SIBS 2.1 was used to investigate
linkages of quantitative traits (Kruglyak and Lander, 1995). Here all
possible pairs of multiplex sibship were used, but weighted down to
account for dependency.
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TABLE 2
Type of Asthma of the 200 Children with Asthma

Children Median/
(N) percentage

Age at examination (years) 200 10
Age of symptom onset (years) 200 5
Gender male 117 58.5%
Asthma severity

No actual symptoms 70 35.0%

One attack per month 98 49.0%

One attack per week 18 9.0%

More than one attack per week 10 5.0%

Permanent 3 1.5%
Trigger factors

Infections 145 72.5%

Pollen, dust 143 71.5%

Exercise 109 54.5%

Weather 98 49.0%

Stress 64 32.0%

Animals 94 47.0%

Food 36 18.0%

Drugs 7 3.5%
Any RAST >0.35 kU/L 145 72.5%
Any SPT >1 mm diameter 171 85.5%
Total IgE (kU/ml) 178 261
Baseline pulmonary function (FEV1 of

predicted) 197 98.4%
Lowest peak flow (mean of two by

period mean) 173 80.4%
Methacholine response® [PD 20 (mg/ml)] 96 1.25

® Five children had missing values, 33 had baseline FEV1.0 values
<70% or could not be tested due to respiratory symptoms during
examination and 66 did not respond to a concentration of 25 mg/ml
metacholine.

RESULTS
Clinical Details

Most of the families were of German nationality, and
all social classes were represented. In nearly half of the
households, children were exposed to passive smoking,
with intermediate exposures to cat and dust mite al-
lergens. Fifty-nine percent of the children with asthma
were boys, the median age was 10 years and the onset
of asthma symptoms was usually before age 5 (Table
2). Two-thirds of the children had symptoms during the
month of examination, triggered primarily due to re-
spiratory infections and exposure to pollen or house
dust mites. In 86% of the affected children, at least one
of the tested allergens was positive in the skin prick
test, and 73% tested positive in the serum RAST as-
says. Median total IgE was 261 kU/L, with a highly
skewed distribution (87 children with asthma had less
than 250 kU/ml, 39 children had up to 500 kU/ml, 21
up to 750 kU/ml, 8 up to 1000 kU/ml, and 23 had IgE
values greater than 1000 kU/ml).

Although baseline pulmonary function levels were
not reduced in most of the children, a high variability
of peak flow values was observed, along with a large
number of pathological methacholine provocation
tests.

Linkage Results

Figure 1 shows the comparative results for asthma
and traits that are associated with the complex pheno-
type asthma. Using a screening P value of 0.01, four
regions that could be linked to asthma were identified.
Minimal P values for asthma were achieved at chro-
mosome 2 (at marker D2S2298, P = 0.0074), chromo-
some 6 (around D6S291, P = 0.0081), chromosome 9
(proximal to D9S1784, P = 0.0073), and chromosome
12 (D12S351, lowest P = 0.0103). A more detailed
comparison is given in Table 3, which shows that the
analysis of total (polyclonal) IgE pointed to the same
regions and gave evidence for linkage to other regions
also. An analysis of RAST results, defined as at least
one specific IgE from a series of 11 tested allergens,
mapped also to the first three regions. Minimum P
values for IgE or RAST are 0.0009, 0.0011, 0.0025, and
0.0152 for the regions on 2p, 6p, 9q, and 12q, respec-
tively. A correlation to loci linked to eosinophil cell
count could be found only on chromosome 6. For BHR
regions similiar to that of asthma were seen on chro-
mosomes 2 and 9. If bronchial hyperreactivity was
defined as a quantitative trait (SLOPE) or analyzed as
PEFR, there was no correlation to loci linked to
asthma.

DISCUSSION

How to interpret these linkage results? From a more
formal viewpoint, it is difficult to avoid false-positive
linkage claims, but at the same time an overly cautious
approach runs the risk of missing true linkages (Mor-
ton, 1998). We used a less conservative approach (P <
1 X 107?) because it may be more appropriate during
screening for new linkage regions, but we tried to con-
firm the result of the main phenotype with associated
phenotypes. The identified linkage regions for asthma
could be reproduced in the same sample by analysis of
total or specific immunoglobulin E in all regions, where
the linkages at chromosome 2 and 6 nearly meet the
recommended criteria for “suggestive linkage” by
Lander and Kruglyak (1995) defined by a critical limit
of P < 7 X 107", None of the linkages met the recom-
mended criteria for significant linkage.

For the limit of P < 7 X 10 *, the sample size of 110
sib pairs, and A, = 2.6, power estimates under a variety
of models are greater than 85%. However, this power is
likely to be overestimated because of the multifactorial
character of asthma. Therefore, smaller values of A
were assumed under the same conditions as above,
leading to power estimates over 74% for A, = 1.5 and
tight linkage.

Results from other studies support the view that the
reported regions are not false-positives. In a British/
Australian sample of atopic sib pairs in which only a
minority of children had asthma, linkage regions for
total IgE were observed on chromosomes 6, 7, 11, 13,
and 16, for eosinophil cell counts on chromosomes 6
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Linkage results for asthma and associated traits. Chromosomes are arranged by number from p-ter to g-ter with recombination

distance in centimorgans on a linear scale (0 to 3592 cM). P values of the corresponding statistics are shown on the x axis on a logarithmic
scale with positions of the used markers on the left. BHR (probands with low baseline FEV1.0 or PD20 <8 mg/ml), ASTHMA, and RAST (any
specific IgE >0.35 kU/L) were analyzed as qualitative, SLOPE (of methacholine response curve without low baseline FEV1.0), total IgE
(IGE), and absolute number of eosinophil cells (EOS) as quantitative variables.

and 7, and for BHR on chromosomes 4, 7, and 16
(Daniels et al., 1996). There may be a partial overlap
with the chromosome 11 linkage data; however, link-
age on chromosomes 13 and 16 could not be reproduced
in our sample.

The second genome-wide screen, performed by an
American Collaborative Study, examined linkage to
asthma in African, Caucasian, and Hispanic groups
(CSGA, 1997). Unfortunately, exact linkage locations

were not given; however, estimates from the figures
showed LODs between 1.0 and 2.4 on chromosomes 2,
5,6, 11, 12-14, 17, 19, and 21. Of these, only linkages
at chromosome 6 and 12 were supported by our asthma
data. Another study of a founder population in Hutter-
ites living in South Dakota identified 10 regions with
possible linkage to asthma (chromosomes 2, 3, 5, 9, 12,
13, 19, and 21) with major evidence at chromosomes 5,
12, 19, and 21 (Ober et al., 1998). Of these, one marker
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TABLE 3

Linkage Results for Asthma and Associated Traits

Chromosome Marker cM Slope BHR PEFR Asthma IGE RAST EOS
1p36 D1S228 33.2 0.0094
1p33 D1S207 118.1 0.0045
1p21 D1s221 146.7 0.0135 0.0156
1pter D1S502 151.2 0.0098
1pter D1S419 237.2 0.0023
1pter D1S229 242.4 0.0077
2pter D2S2298 67.8 0.0073 0.0074 0.0032 0.0009
2p13 D2S380 84.4 0.0187
2p13 D2S2113 88.7 0.0045
2 D2S368 146.9 0.0045
2032 D2S116 201.8 0.0016
4 D4S393 160.9 0.0146
4q32 D4S1597 170.8 0.0197
4 D4S2924 208.9 0.0134
4935 D4S426 211.1 0.0183
4 D4S2930 212.2 0.0160 0.0067
5 D5S2111 189.8 0.0067
6p24 D6S309 12.8 0.0134
6p25 D6S470 225 0.0195 0.0084
6p23 D6S260 28.2 0.0192 0.0037
6p23 D6S422 35.0 0.0150 0.0152 0.0052
6p22.3 D6S276 44.0 0.0012 0.0068 0.0180
6p21.3 D6S291 49.8 0.0081 0.0020 0.0011 0.0015
6p21 D6S426 60.9 0.0122 0.0005
6 D6S455 82.2 0.0046
7cen D7S531 31 0.0149
Tpter D7S517 6.1 0.0099
7p21 D75488 27.9 0.0145
7p15 D7S528 58.3 0.0187 0.0039
8 D8S529 145.2 0.0198
9p23 D9S156 29.4 0.0073 0.0109 0.0131
9q13 D9S283 94.2 0.0081
9 D9S1784 1125 0.0073 0.0098 0.0025
9932 D9S195 130.3 0.0178 0.0122
10 D10S581 86.7 0.0017
10 D10S537 91.9 0.0049
11925 D11S968 149.7 0.0084
12g13 D12S85 62.1 0.0132

D12S355 75.2 0.0116
D12S351 97.0 0.0103
12g21 D12S327 101.1 0.0177 0.0152
D15S1042 29.9 0.0166
15qg22 D15S127 79.4 0.0164 0.0027
15026 D15S120 94.2 0.0082
D20S891 68.3 0.0134
Xpl1.21 DXS991 86.9 0.0190
Xqg25 DXS8081 126.1 0.0096
Xq26 DXS8072 151.1 0.0096
Xq27 DXS998 183.8 0.0159

Note. Shown are all markers with P = 0.02 for at least at one trait,

on chromosome 9 and one on chromosome 12 match
within an approximately 20-cM distance to our linkage
regions. The chromosome 12 region has been initially
described by a candidate region approach (Barnes et
al., 1996; Nickel et al., 1997). Therefore, at least three
of our linkage regions were seen in previous genome
screens, while the linkage region on 2p is classified as
a new candidate region [Asthma Gene Database at
http://cooke.gsf.de (Wjst and Immervoll, 1998)]. Inter-
estingly, a recent genome screen for total IgE and BHR
in mouse revealed linked regions on chromsome 1, 17,

the four asthma linkages are in bold.

and 10 that share regions syntenic to the human chro-
mosomes 2, 6, and 12 (Zhang et al., 1998). Failure to
replicate other results, for example, on chromosome
5031 (interleukin gene cluster), does not necessarily
disprove these data as a large heterogeneity is ex-
pected between different populations.

Two of the four regions, chromosome 6p and chromo-
some 12q, contain numerous candidate genes. The ma-
jor histocompatibility complex (MHC; HLA in human)
is a family of highly polymorphic genes located at 6p21.
HLA class Il includes membrane proteins involved in
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the presentation of peptides to CD4" T-helper cells.
HLA class Il products are associated with several au-
toimmune diseases (Kostyu, 1991) and with numerous
allergens (Sandford et al., 1996). A decreased preva-
lence of DBP1*0401 in asthmatic patients has been
reported in two independent studies (Kemeny and Lee,
1993; Caraballo et al., 1991). Caraballo and Hernandez
reported linkage of class Il loci with asthma in patients
with skin test positivity to the mite D. farinae. Animal
studies noted that the TH,/TH, subset balance and the
asthma phenotype are associated with certain HLA
class Il alleles (Murray et al., 1992; Asherson et al.,
1990). Two additional potential candidate genes map
within the HLA region, namely, TNF-a and TNF-B.
TNF-a is a mast-cell-derived cytokine that upregulates
the expression of IL-6, which is a major mediator of
inflammation. TNF-B plays a role in the destruction of
tumor cells and virally infected cells and is an upregu-
lator of TNF-a expression (Shimizu et al., 1990; Walker
et al., 1994). Some candidate gene studies report the
association of TNF polymorphisms with asthma (Mof-
fatt and Cookson, 1997; Albuquerque et al., 1998; Hay-
den et al., 1998).

Several candidate genes that show possible involve-
ment in the development of asthma and increased IgE
responsiveness map to chromosome 12q near the
marker D12S351. The cytokine IFN-vy is known to pro-
mote the differentiation of type 1 helper T (TH,) lym-
phocytes and inhibit differentiation and IL-4 produc-
tion in TH, lymphocytes, which are involved in IgE
synthesis and eosinophilia. The product of IGF1 pro-
motes the differentiation of both B and T lymphocytes
(Jardieu et al., 1994). SCF, encoded by a gene mapped
to 12922 (Mathew et al., 1992), is required for the
proliferation of hematopoietic stem cells as well as
mature mast cells (Anderson et al., 1990), which pro-
duce IL-4 and important inflammatory mediators.
LTA4H, which encodes a hydrolase involved in prosta-
glandin metabolism and the inflammatory response
associated with asthma (Funk et al., 1987), has also
been mapped to 12922 (Mancini and Evans, 1995).
NFYB is an attractive candidate because of the dual
role of NF-Y in upregulating the transcription of both
the 1L4 and the HLAD genes (Li-Weber et al., 1994).
Neuronal nitric oxide synthase plays an important role
in pulmonary inflammatory processes (Kharitonov et
al., 1994). Conceivably, polymorphisms in these genes
could influence bronchial inflammation, IgE produc-
tion, and/or asthma.

Identifying susceptibility genes for asthma is a con-
tinuing challenge. Recruitment of additional families
for fine-mapping of the identified regions is under way.
Additional analyses will employ conditional linkages,
the inclusion of environmental factors, and the influ-
ence of paternal or maternal inheritance. A joint anal-
ysis of all available data sets should provide the power
also for subgroup analysis. The identification of sus-
ceptibility genes will be the crucial step in elucidating
the pathology in the asthmatic airway, defining sub-

types of asthma, and developing new treatment options
for asthma.
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