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Background: Eotaxin, a CC chemokine expressed in the asth-
matic lung, has been associated with impaired lung function.
The role of its variant form is unknown.

Objective: The purpose of this study was to detect the popula-
tion frequency and effects of a known single-nucleotide poly-
morphism in the eotaxin gene in which a threonine residue
(THR,;) is substituted for the wild-type alanine (ALA ;) at the
23rd amino acid at the terminus of the peptide leader
sequence.

Methods: We measured eotaxin protein secretion in 293 cells
transfected with expression vectors and in PBMCs obtained
from individuals bearing the alternative forms of the gene. A
case-control study of plasma eotaxin levels and eosinophil
counts, a comparison of baseline lung function by genotype in
a population of 806 subjects with asthma, and a comparison
of the allele frequency with a nonasthmatic population were
performed.

Results: Human 293 cells and PBMCs with THR,; variant
eotaxin secreted significantly less eotaxin protein than did
ALA 3-bearing cells. In the case-control study, THR,3-THR,;3
individuals had lower plasma levels of eotaxin (310 [240-350]
vs 420 [270-700] pg/mL; P < .05) and eosinophil counts (120
[5-220] vs 190 [110-470] cells/uL; P < .05) than ALA,3-ALA,;
subjects; heterozygous subjects had intermediate levels. High-
er levels of lung function were associated with THR,; eotaxin
(percent of predicted FEV, 65% * 3.5% [THR,3-THR;] vs
58% * 0.9% [THR,3-ALA,z;] and 56% + 0.5% [ALA,;-
ALA;3l; P < .05).

Conclusion: The THR,; variant is associated with both
decreased eosinophil counts and higher levels of lung function
in subjects with asthma. (J Allergy Clin Immunol
2001;108:946-53.)
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Abbreviations used

ALA,;: Wild-type form of eotaxin with an alanine residue
at position 23

ARMS: Amplification refractory mutation system

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
SSCP: Single-stranded conformational polymorphism

THR,3: Variant form of eotaxin with a threonine

substitution at position 23

Eotaxin is a chemotactic cytokine or chemokine with
potent effects on eosinophils.! The effects of eotaxin on
the CCR3 receptor and the expression of this receptor on
cell types associated with allergic diseases, including
eosinophils,23 Ty2 lymphocytes,* and basophils,> have
led to studies associating eotaxin with asthma.%9 Asthma
is known to have a significant but complex genetic com-
ponent; genetic mapping studies in families have estab-
lished linkage between asthma diagnosis and markers
near the eotaxin gene in 2 populations.10.11 Expression of
eotaxin protein and mRNA is excessive in the asthmatic
lung at baseline®7 and increases after allergen challenge
at airway loci where eosinophils accumulate in asthma.8
Eotaxin expression is strongly and directly associated
with pulmonary eosinophil recruitment early after pul-
monary allergen challenge,8 and its increased level of
expression in the asthmatic lung correlates with
increased sensitivity to contractile agonists, the physio-
logical hallmark of asthma.”

Studies in larger populations have demonstrated that
plasma eotaxin levels are directly related to asthma diag-
nosis and inversely related to lung function.” In addition,
subjects with acute asthma symptoms and airflow
obstruction have higher plasma eotaxin levels than sub-
jects with stable asthma, and higher levels are associated
with less airflow reversibility after emergent asthma
treatment.12 Although these studies clearly associate
eotaxin expression with compromised lung function,
they do not allow us to determine whether eotaxin caus-
es impaired lung function or is expressed by asthmatic
lungs in response to damage by other mediators.

We reasoned that if eotaxin expression were causing
loss of lung function, then a genetic variant that limited its
expression would be associated with better lung function.
If, on the other hand, eotaxin were expressed in response
to lung damage caused by other mediators, then lung func-
tion would not be affected by an eotaxin-limiting variant.
We characterized the eotaxin-limiting effects of a known
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eotaxin genetic variant in vitro and ex vivo as well as its
effects on plasma eotaxin levels, peripheral eosinophil
counts, and lung function in subjects with asthma.

METHODS

Subject characteristics

We studied 1492 subjects, of whom 873 met the American Tho-
racic Society’s criteria for the diagnosis of asthma!3:14 and 619 did
not. The asthmatic subjects had mild to moderate asthma by spiro-
metric classification and at the time of measurement were using
only inhaled B-agonists for asthma treatment and loratadine for
nasal symptoms; none of our subjects was taking oral or inhaled
steroids. Normal subjects were defined as those without a physi-
cian’s diagnosis of any disease who answered negatively to a
screening questionnaire for respiratory symptoms. All subjects were
free of symptoms of respiratory infection for the 4-week interval
preceding the study.

In our case-control study, 17 subjects homozygous for the vari-
ant form of the eotaxin gene (THR,;-THR,3) were matched for age,
race, sex, and asthma diagnosis with 51 heterozygous subjects
(ALA,3-THR,3) and 51 subjects homozygous for the wild-type
(ALA;-ALA,3) form of the gene. In studies of cytokine expression
in PBMCs, 6 normal subjects homozygous for the THR,; variant
were matched for race, sex, age, IgE level, and peripheral blood
eosinophil count with 6 normal subjects homozygous for the ALA,;
form of the gene. All subjects gave written informed consent using
documents approved in advance by the appropriate institutional
review boards.

Mutation identification

SSCP. The source of DNA for single-stranded conformational
polymorphism (SSCP) analysis was a panel of immortalized cells
from normal and asthmatic subjects.!> Genomic DNA correspond-
ing to the entire coding region of the eotaxin gene of each of these
individuals was subjected to SSCP screening for mutations by the
method of Beier.1¢ The following oligonucleotide primers (5 to 3)
were synthesized and used for PCRs: AGAAACCACCACCTCT-
CACG and GAGAATTTGCAGTGAGTCTGT for exon 1, GTCAT-
GCTTGGAAATGTCTATG and AGTCTATGACTGCCACAGTTC
for exon 2, and CAATCCTTCCAATTGCATCCT and GGACT-
GATAATGAGGTTACCT for exon 3. For kinase labeling of the
primers, a mixture of 3.0 puL [y-32P]JATP (3000 Ci/mmol, 10
mCi/mL), 1.7 uL 20-pmol/L forward primer, 37.1 pL dH,0, 5.0 uL.
10x T4 polynucleotide kinase bufter, and 1.5 uL. T4 polynucleotide
kinase (10 u/mL) was prepared; the solution was subsequently incu-
bated, first at 37°C for 45 minutes and then at 70°C for 10 minutes.
The PCR solution (12.5 uL) contained 0.1 pug of genomic DNA in
the presence of 1 pUL each of 32P-labeled forward primer and unla-
beled reverse primer (0.13 umol/L), dNTPs (0.4 mmol/L each),
MgCl, (1.6 mmol/L), and Taq DNA polymerase (0.5 units, Perkin-
Elmer/Cetus, Foster City, Calif). Before addition of the enzyme, the
mixture was incubated for 5 minutes at 94°C. PCR was performed
for 35 cycles, a 1-minute 55°C annealing segment being followed
by a 1-minute 72°C extension segment and a 1-minute 94°C denat-
uration segment. A 5-minute 72°C extension segment followed the
final cycle. The PCR solution was diluted 3:20 in a stop solution of
100% formamide containing xylene cyanol and bromophenol blue,
denatured for 5 minutes at 94°C, and placed on ice. A 4-uL sample
was loaded onto an MDE gel (AT Biochem, Malvern, Pa) and sub-
jected to electrophoresis for 5 to 6 hours at 4°C in 0.6 X TBE at 60W
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constant power. The PCR products were transferred from the gel to
filter paper, dried, and subjected to autoradiography overnight with
an intensifying screen.

ARMS. DNA was harvested with a commercially available kit
(Qiagen, La Jolla, Calif), used according to the manufacturer’s
instructions, from the whole blood of 873 asthmatic subjects and 619
normal subjects; it was then subjected to amplification refractory
mutation system (ARMS) analysis. In this procedure, the presence of
a 530-base pair (bp) band corresponding to the THR,; form of the
gene or the absence of a 530-bp band corresponding to the ALA,;
form of the gene was determined for paired PCR reactions under the
conditions described in this paragraph. The sequences of the reverse
primers were GGGGCTTACCTGGCCCAAC (wild-type primer)
and GGGGCTTACCTGGCCCAAT (mutant primer), and the
sequence of the common forward primer was TCAAGGAAG-
GTTCTTAGATCG. Each 20-uL PCR solution contained 0.1 pug of
DNA, 2.0 mmol/L MgCl,, a 0.2-mmol/L. dNTP mixture, and 0.5
pumol/L primers. Each reaction was subjected to the following ampli-
fication procedure: denaturation at 94°C for 5 minutes, addition of
2.0 units of AmpliTag DNA polymerase, annealing at 56°C for 30
seconds, extension at 72°C for 1 minute, and denaturation at 94°C
for 40 seconds. Thirty amplification cycles were followed by a 5-
minute 72°C extension period. The electrophoretic mobility of the
reaction products was determined on a 2% agarose gel. All samples
were run in quadruplicate. The ARMS band detection pattern agreed
with the DNA sequence (Life Technologies, Gaithersburg, Md) and
SSCP-determined genotype for each of the 40 samples studied.

Cloning and expression of THR,; eotaxin

RNA was extracted from PBMCs of subjects homozygous for
the THR,3 and ALA,; forms of eotaxin by the guanidinium thio-
cyanate method, which has been described previously.!” This source
RNA was reverse-transcribed with the SuperScript preamplification
system (Life Technologies) according to the manufacturer’s instruc-
tions. A forward oligonucleotide primer in exon 1 preceding the
ATG start codon and a reverse primer at the end of exon 3 after the
C-terminal proline residue were synthesized and had the sequences
GCCTCCAACATGAAGGTCTC and GGCTCTGGTTTG-
GTTTCAAA, respectively. Each PCR solution (20 pL ) contained
0.1 pug of cDNA, 2.0 mmol/L MgCl,, a 0.2-mmol/L mixture of
dNTPs, and 0.5 umol/L primers and was subjected to the following
amplification procedure: denaturation at 95°C for 4 minutes, addi-
tion of 2.0 units of AmpliTaqg DNA polymerase, annealing at 55°C
for 1 minute, extension at 72°C for 1 minute, and denaturation at
95°C for 1 minute. Thirty-five amplification cycles were followed
by a 10-minute 72°C extension period. The electrophoretic mobili-
ty of the product was determined on a 2% agarose gel. PCR ampli-
fication products were ligated into the pCR2.1 vector and cloned
through use of the Original TA Cloning kit (Invitrogen, Carlsbad,
Calif) according to the manufacturer’s instructions. The sequence of
each insert was determined by means of the dsSDNA Cycle Sequenc-
ing System (Life Technologies). Each insert was excised by enzy-
matic digestion with BamHI and Xbal, ligated into the pCDNA 3.1
vector (Invitrogen), and cloned as described above, and the
sequences were again confirmed.

Human embryonic kidney epithelial 293 cells, obtained from the
American Type Culture Collection, were grown to confluence in
Dulbecco modified Eagle medium (DMEM) with 10% FBS. These
cells were stably transfected with an empty-vector construct and
constructs corresponding to the THR,; and ALA,; forms of the
gene through use of LipofectAMINE (Life Technologies), used
according to the instructions of the manufacturer, and an identical
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vector containing an insert for the expression of green flourescent
protein. Clones with robust and equivalent fluorescence were select-
ed for further characterization. Distinct clones transfected with con-
structs containing the alternative genotypes with equivalent eotaxin
mRNA expression were selected; mRNA expression was not
detectable in untransfected or empty vector—transfected cells. Twen-
ty-four hours after confluent cells had been cultured in serum-free
medium, the cell supernatant was harvested and an aliquot was
taken for protein determination (Micro BCA assay system, Pierce,
Rockland, I1I). The remaining supernatant was applied to a prepared
Sep-Pak C,g column (Millipore, Bedford, Mass), eluted with 100%
methanol, and dried under vacuum. The pellet was resuspended in
ELISA buffer, and the eotaxin concentration was determined by
ELISA and normalized to the concentration of protein in the corre-
sponding sample.

Cell culture

PBMCs were isolated by density gradient centrifugation from 6
normal subjects homozygous for the THR,; variant of eotaxin and
6 subjects homozygous for the ALA,; (wild-type) form of the gene.
PBMCs with purity greater than 98% were cultured on plastic or
Teflon (DuPont, Wilmington, Del) plates in the presence or absence
of IL-1B (10 ng/mL) in RPMI-1640 with 10% FBS at 2 to 5 x 106
cells/mL. The cells were harvested after 4 or 24 hours in culture.
Human 293 cells were obtained from the American Type Culture
Collection and cultured in DMEM modified to include 4.5 g/L glu-
cose, 20 mmol/L L—glutamine, 0.1 mol/L HEPES, 10% FBS,
10,000 units/dL penicillin, and 10,000 pg/dL streptomycin (Fisher
Scientific, Pittsburgh, Pa). Twenty-four hours before harvesting, the
FBS was removed from the medium. After centrifugation, the cell
supernatant was collected, the cells were harvested by
trypsin/EDTA digestion (Fisher), and cell-associated protein was
extracted in NP-40 lysis buffer!8:!9 and immediately assayed for
eotaxin or subjected to Western analysis.

RNA analysis

Total RNA was isolated from freshly harvested cells by guani-
dinium-thiocyanate-phenol-chloroform extraction (Stratagene Inc,
La Jolla, Calif). Northern analysis was performed as previously
described.18 In brief, 20 pg of total RNA was subjected to gel elec-
trophoresis on a formaldehyde—2% agarose gel and transferred to a
nylon membrane (Schleicher and Schuell, Keene, NH). After UV
crosslinking, the membrane was hybridized at 68°C in ExpressHyb
Hybridization Solution (Clontech, Palo Alto, Calif) with a 32P-
labeled 0.35-kb cDNA probe containing the entire coding region of
the human eotaxin gene or a glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) cDNA probe (Clontech). The membranes were
washed for 10 minutes at room temperature in 2 X SSC-0.05% SDS
and then for 20 minutes at 50°C in 0.2 X SSC-0.1% SDS. The blots
of eotaxin and GAPDH were exposed to BioMax films (Kodak,
Rochester, NY) for 40 and 5 hours, respectively. In each case, the
eotaxin signal was detected at the site expected for a 0.8-kb tran-
script and GAPDH was detected at the site expected for a 1.3-kb
transcript. The optical density of each band was determined by den-
sitometry of a scanned image (GelPro Analyzer Version 3.0, Media
Cybernetics, Silver Springs, Md). To control for differences in RNA
loading, the hybridization signal for eotaxin was normalized to that
for GAPDH in each sample.

Eotaxin protein measurement

ELISA for human eotaxin was performed as previously
described.!2:18 The amount of eotaxin recovered from PBMC lysate
and supernatant was calculated from the ELISA concentration and the
cell numbers and was reported as the amount recovered per 100 cells.
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Western analysis

Cell lysate (1 pg) or recombinant eotaxin derived from COS
cells was subjected to gel electrophoresis on a 10% to 20% tricine
gel (Novex, San Diego, Calif) and transferred to a Protran nitrocel-
lulose membrane (Schleicher and Schuell). The membrane was
incubated for 12 hours at 4°C in an incubation solution composed
of PBS (pH 7.4) containing 1 g/L Tween 20 and 10 g/L powdered
milk and then for 1 hour at room temperature with 5 pg of a goat
antibody to eotaxin (R&D Systems, Minneapolis, Minn) diluted in
10 mL incubation buffer. The membrane was washed 3 times for 5
minutes in incubation buffer containing milk and incubated for 1
hour at room temperature in 10 mL incubation buffer containing 4
ug horseradish peroxidase-conjugated anti-goat antibody (Santa
Cruz Biotechnology, Santa Cruz, Calif). The membrane was
washed 3 times for 20 minutes in incubation buffer containing milk
and then 3 times in incubation buffer not containing milk. The
membrane was developed with the Renaissance Western blot
chemiluminescence reagent (NEN Life Science Products, Boston,
Mass) according to the instructions of the manufacturer. The mem-
brane was exposed for 5 to 20 minutes to Blue XB-1 film (Kodak).

Statistical analysis

Values were expressed as means + SEMs or as medians and 25th
and 75th percentiles after being tested for normality and equal vari-
ance. Mean values were compared through use of the Student ¢ test
or ANOVA for parametrically distributed data; this was followed by
the Student-Newman-Keuls test. Nonparametric data were com-
pared through use of ANOVA on the basis of ranks; this was fol-
lowed by Dunn’s test. The case-control study was analyzed through
use of ANOVA on the basis of ranks and confirmed by 2-factor
ANOVA, genotype and case match being used as factors on rank-
transformed eotaxin data. Differences in allele frequency among
groups were calculated by %2 analysis, and significance was deter-
mined with 1 degree of freedom. A P value of less than .05 was con-
sidered significant.

RESULTS

Determination of eotaxin genotype

SSCP analysis of DNA harvested from the immortal-
ized lymphocytes of 40 asthmatic subjects demonstrated
3 distinct electrophoretic patterns (Fig 1, A). A single dis-
tinct band was noted in lanes corresponding to 26 sub-
jects with the ALA,; wild-type form of eotaxin, and 2
bands were present in lanes corresponding to 12 het-
erozygous subjects. In lanes corresponding to 2 subjects,
a single band with distinct electrophoretic mobility was
present. This was identified by sequence analysis to rep-
resent the THR,; variant form of eotaxin. The frequency
of the THR,; allele was 0.2 in the screening population.
Sequencing of the DNA from each of these 40 subjects
demonstrated that the 3 distinct sequence patterns of
SSCP conformers corresponded exactly to the alternative
genotypes (Fig 1). A single—base pair transition mutation
was detected 67 bp in the 3" direction from the ATG ini-
tiation codon of the eotaxin gene (Fig 1, B). SSCP
screening of the entire eotaxin coding sequence, 700 bp
of the core promoter region, and 1000 bp of the 3’
untranslated region for these 40 individuals detected no
other coding region sequence alterations that changed the
eotaxin amino acid sequence and no other variants that
could explain our findings.
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FIG 1. Analysis of the eotaxin coding sequence polymorphism by
SSCP and direct cycle sequencing. A, SSCP demonstrates 3 dis-
tinct patterns; 2 bands are present in heterozygotes, one with the
electrophoretic mobility of the wild-type conformer and the other
with that of the mutant conformer. B, Direct cycle sequencing indi-
cated a single band for G in the homozygous wild-type and a sin-
gle band for A in the homozygous mutation. C, Predicted amino
acid sequences for the alternative forms of the eotaxin gene.

Amino acid substitution at the signal
peptidase cleavage site

The single—base pair substitution of an adenosine for a
guanidine residue 67 bp after the ATG initiation codon
altered the predicted protein sequence of eotaxin by sub-
stituting a threonine for the alanine at amino acid residue
23 (Fig 1, C). This alteration occurred at the terminus of
the predicted hydrophobic leader sequence. Signal pepti-
dase hydrolysis analysis20 was performed on the alterna-
tive forms of the human eotaxin leader sequence. The
most efficient cleavage site was on the carboxyl-terminal
side of the 23rd amino acid for the ALA,; form of eotax-
in (“Nielsen y” value of 0.877). The predicted site of
cleavage for THR,; eotaxin is at the 24th amino acid
(glycine) and is less efficient (“Nielsen y”” value of 0.659).

Cloning and expression of THR,; and ALA,;
eotaxin

The sequence of the PCR product derived from RNA
harvested from a subject homozygous for the ALA,; form
of eotaxin was identical to that reported by others21-23 and
included the entire coding sequence of eotaxin. The
sequence of the product derived from RNA harvested
from a subject homozygous for the THR,; form of eotax-
in differed from this sequence by a single—base pair tran-
sition from a guanidine to an adenosine residue 67 bp
after the ATG initiation codon (Fig 1, C). Unstimulated
human 293 cells stably transfected with a CMV-based
eukaryotic expression vector containing the ALA,; form
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FIG 2. A, Human 293 cells stably transfected with expression vec-
tors bearing the entire ALA,; coding region (n = 4) of eotaxin
secreted significantly more eotaxin than cells transfected with an
identical vector bearing the entire THR,; coding sequence (n = 5;
P < .001). B, Western analysis of 293 cell lysate (1 ug/lane) and
increasing amounts of recombinant (nonglycosylated) eotaxin
standard.

of the eotaxin coding sequence secreted 110 + 12 pg of
eotaxin/pig of protein (n = 5); paired cells transfected with
an identical vector containing the THR,5 construct secret-
ed significantly less eotaxin (23 + 2 pg of eotaxin/pg of
protein; n = 4; P < .001; Fig 2, A). Eotaxin secretion was
not detectable in untransfected or empty vector—transfected
293 cells. Western analysis confirmed that each transfect-
ed cell line produced a substance that had the molecular
mass of glycosylated human eotaxin (Fig 2, B).

Population genotype screening by ARMS
analysis

Three distinct genotypes were identified by ARMS
analysis. Using wild-type primer sets, we detected a 530-
bp band with DNA from subjects with the ALA,; wild-
type form of eotaxin and from heterozygotes, whereas
amplification of DNA from subjects homozygous for the
THR,; variant form of eotaxin yielded a less distinct
band with greater electrophoretic mobility. When the
variant primer set was used, a 530-bp band was detected
with DNA from subjects homozygous for the THR,;-
THR,; variant form of eotaxin and from heterozygotes
but was not detected with DNA from subjects with the
ALA,3;-ALA,; wild-type form of the gene.

Eotaxin expression in PBMCs

To compare the efficiency of eotaxin production and
release from PBMCs between subjects homozygous for
the THR,3-THR 5 variant and those homozygous for the
ALA,;-ALA,; wild-type form of the eotaxin gene, we
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FIG 3. Effects of genotype on eotaxin expression. A, Supernatant
eotaxin protein levels were significantly higher after 24 hours of
stimulation with 10 ng/mL IL-1B for ALAy3-ALA,3 PBMCs than for
THR3-THR,3-bearing cells (P < .05). B, Eotaxin mRNA expression
before (left lane) and 4 hours after (right lane) stimulation with 10
ng/mL IL-18 in PBMCs from individuals homozygous for the THRy3
and ALA,; alleles. A representative blot from 5 sets of observations.

isolated PBMCs from 6 normal subjects in each group
who were matched for age, race, sex, IgE level, and plas-
ma level of eotaxin. PBMCs from subjects homozygous
for the THR,5 variant secreted substantially less eotaxin
protein (Fig 3, A; Table I) after stimulation with IL-1
than did cells from subjects with the ALA,; wild-type
genotype. Stimulated THR,5 cells also expressed slight-
ly lower levels of eotaxin mRNA than did ALA,; cells (P
< .05; Fig 3, B; Table I). Although cell-associated eotax-
in levels did not differ between cells from THR,; and
ALA,; homozygotes (11 £ 3 vs 11 + 1 pg/106 cells), IL-
1B-induced levels of eotaxin were lower in cells from
subjects homozygous for THR,; eotaxin than in cells
from subjects homozygous for the ALA,; form of the
gene (13 =4 vs 24 + 4 pg/106 cells; P < .05; Table II).

Case-control and population studies

The demographic characteristics of the subjects in our
case-control study are presented in Table II. There were no
significant differences in the demographic data between the
case groups and the control groups. The demographic char-
acteristics of our populations are described in Table III. The
proportion of women and the fraction of atopic subjects
(defined by IgE levels of >100 IU/mL)24 are similar to
those reported by other investigators for adult populations.

J ALLERGY CLIN IMMUNOL
DECEMBER 2001

- ) P <0.05
< 70
n [
o 65
S
L2 60
o
[}
| .-
0. 55
g
O 504
s 1
o | [ | I I |
¥ ¥ &
» W Ny

FIG 4. Lung function, as assessed by baseline percent of predict-
ed FEV,, was significantly higher in asthmatic individuals with the
THR,3-THR 3 eotaxin genotype than in asthmatic individuals with
the ALA,3-THRy3 or the ALA,3-ALA,; genotype (n = 806; P < .05).

TABLE |. Effects of genotype on eotaxin expression in
PBMCs

Homozygous Homozygous
THRy; variant wild type
mRNA density ratio
(eotaxin/GAPDH)
Us 0.048 = 0.02 0.11 +0.07
IL-1 0.59 = 0.06* 0.81 = 0.05
Cell-associated protein
(pg/10° cells)
US 11+3 11
IL-1 12
Secreted protein
(pg/106 cells)
UsS 11+4 11+3
IL-1 13 + 4% 24 +4

GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; US, unstimulated;
IL-1, treatment with 10 ng/mL IL-1p.
*P < .05 in comparison with wild type.

Case-control study

Plasma eotaxin levels were significantly lower in sub-
jects homozygous for the THR,; variant form of eotaxin
than in those with the homozygous ALA,; genotype (310
[240-350] pg/mL; n = 17; vs 420 [270-700] pg/mL; n =
51; median and interquartile range, P = .03). Heterozygous
subjects had intermediate levels (360 [250-500] pg/mL; n
= 51). The genotype-associated differences in plasma
eotaxin levels are directly related to differences in the
number of eosinophils in peripheral blood. Subjects
homozygous for the THR,; variant form of eotaxin had
significantly fewer peripheral eosinophils than did het-
erozygotes or subjects homozygous for the wild-type form
of the gene (120 [5-220] cells/uL, 160 [140-370] cells/uL,
and 190 [110-470] cells/uL, respectively; both P < .05).
Differences in serum IgE levels among patients harboring
alternative genotypes were not statistically significant.
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TABLE Il. A case-control study of the effects of genotype on plasma eotaxin and eosinophil levels

Genotype Sex (M/F) Age (y) Disease (asthma/normal) Plasma eotaxin (pg/mL)t Eosinophil (cells/uL)t
THR3-THR 3 7110 41 £ 3.5 6/11 310 [240-350] 120 [5-220]
ALA,;-THR 3 21/30 4119 18/33 360 [250-500] 160 [110-470]*
ALA,;- ALAy; 21/30 41+£2.0 18/33 420 [270-700]* 190 [110-470]*

M, Male; F, female.
*P < .05 vs THRy;-THR 3.
FTMedian [interquartile range].

Population study

We detected the variant THR,; eotaxin allele with a
frequency of 0.16 in both the normal population and the
asthmatic population: 28.2% of our normal subjects and
28.7% of the subjects in our asthmatic population carried
at least 1 copy of this allele, and 3.2% of our normal sub-
jects and 3.1% of our asthmatic population were THR3
homozygotes (Table III). The frequency of THR,5, deter-
mined by the gene-counting method, was 0.156 in normal
subjects and 0.159 in asthmatic subjects, and the popula-
tion distribution of genotypes was consistent with the
Hardy-Weinberg equilibrium (P = .5 and P = .2). Plasma
IgE levels were not significantly different among subjects
with the alternative genotypes. Lung function, measured
as percent of predicted FEV, was significantly higher
among THR,; homozygotes than in the other groups
(65% =+ 3.5% [THR,3-THR,3; n = 25] vs 58% + 0.9%
[ALA,3-THR,3; n = 206] and 56% + 0.5% [ALA,s-
ALA,3; n = 575] of predicted FEV; P < .05; Fig 4).

DISCUSSION

We report the functional implications of a known
mutation of the human eotaxin gene, which we have
found to be present in 28% of individuals in 2 geograph-
ically dispersed and ethnically diverse US populations.
This variant, termed THR,; was detected by SSCP
analysis of PCR products derived from the first exon of
the eotaxin gene, which demonstrated a previously
described variant of the eotaxin coding sequence.?3 The
THR,; form of eotaxin is common in US populations; at
least 1 copy was present in 28% of an asthmatic popula-
tion and a population of healthy adults (Table III).

This single nucleotide polymorphism in exon 1 of the
eotaxin gene alters the predicted eotaxin amino acid
sequence by substituting a polar threonine residue for the
hydrophobic alanine residue at position 23. As a secreted
protein, eotaxin contains an amino-terminal sequence of
hydrophobic amino acids that are a substrate for signal
peptidases, which process proteins for transport to the
cell surface and secretion.20 The hydrolytic activity of
these ubiquitous signal peptidases is highly dependent on
the specific amino acids in the leader sequence of the
substrate protein.25 The efficiency of signal peptidase
hydrolysis of secreted proteins is determined by the spe-
cific sequence of peptides at the amino-terminus.20.26
The substitution of threonine for alanine substantially
reduces the predicted signal peptidase activity for the
THR,; variant of eotaxin. We therefore predicted that

TABLE lll. A population study of variant eotaxin geno-
type frequency

Characteristic Normal Asthmatic
No. of subjects 505 806
Age (y): mean + SEM 31.6+£05 355+05
Sex (male/female) 237/268 395/411
(47%153%) (49%151%)
Race/ethnicity
Caucasian 66% 87%
African American 20% 11%
Hispanic 9% 1%
Other 4% 1%
Atopic/nonatopic 55/217 469/287
(20%/80%) (62%/38%)
Genotype (no. observed)
Homozygous THR 3 16 (3.2%) 25 (3.1%)
Heterozygous ALA,3/THR 3 126 (25.0%) 206 (25.6%)
Homozygous ALA,; 363 (71.9%) 575 (71.3%)

THR,j; allele frequency 0.156 0.159

this mutation would impair eotaxin secretion. We tested
this hypothesis by creating expression vectors that did
not contain core promoter elements but that included the
entire coding region of the alternative forms of eotaxin.
We found that human 293 cells stably transfected with
eukaryotic expression vectors bearing the THR,; variant
of eotaxin secreted significantly less eotaxin than did
paired cells transfected with vectors bearing the ALA,;
(wild-type) form.

This finding suggested that PBMCs from individuals
with the THR,; variant of eotaxin would have an
impaired ability to secrete eotaxin. We therefore studied
eotaxin-producing circulating cells from individuals with
the alternative genotypes to determine whether genotype
affected eotaxin secretion and mRNA expression.
Because baseline eotaxin secretion was near the limits of
detection in our assay system, we measured eotaxin
secretion after stimulation with IL-1B under conditions
that we had previously established as optimal for stimu-
lation of PBMCs. To reduce the potential confounding
effects of sensitization, eosinophil hematopoietic factors,
autocrine behavior of eotaxin, and disease activity, we
performed these studies on nonasthmatic subjects
matched for these variables. Despite the statistically sig-
nificantly lower eotaxin levels in THR,;-variant individ-
uals, the variance in levels allowed us to select individu-
als of the alternative genotypes who had similar levels.
We found that cytokine-stimulated PBMCs from subjects
homozygous for the THR,; variant secreted less protein



952 Nakamura et al

and had slightly impaired eotaxin mRNA expression; the
decreased expression of eotaxin mRNA implies either
that the effects of this mutation are not limited to secre-
tory mechanisms or that it is associated with a common
genetic variant that was not detected by our methods.

The reduced ability of PBMCs from THR,;-
THR,;-bearing individuals to express eotaxin suggested
that individuals with variant eotaxin genes would have
lower plasma eotaxin levels. We tested this hypothesis in
a case-control study of subjects with the various forms of
the eotaxin gene. We found significantly lower levels of
eotaxin in the plasma of subjects homozygous for the
THR,; variant of eotaxin than in subjects homozygous
for the ALA,; wild-type allele; patients with one wild-
type and one mutant allele had intermediate levels of
eotaxin. The presence of a naturally occurring genetic
variant that limited eotaxin expression allowed us to
explore the nature of the direct association between plas-
ma eotaxin and eosinophil levels and its indirect rela-
tionship with lung function.

The relationships of eotaxin, IL-5, other growth fac-
tors, and peripheral eosinophilia are complex. In the
mouse, eotaxin is reported to serve as a GM-CSF; spe-
cific antibodies against it prevent antigen-induced
increases in bone marrow myeloid progenitor cells.?’
The ability of the THR,; variant form to limit eotaxin
expression allowed us to determine whether eotaxin
expression was related to eosinophil counts in human
beings. We found that the THR,; variant eotaxin was
associated with lower levels of peripheral eosinophils.
Although these findings indicate that eotaxin has predic-
tive value for eosinophil counts, the amount of variance
in eosinophil counts that is explained by eotaxin levels is
small. This association supports the notion that eotaxin
contributes to other, more dominant factors that deter-
mine the number of circulating eosinophils.

The ability of the THR,5 variant form to limit eotaxin
expression allows us to explore the nature of the known
indirect relationship between plasma eotaxin levels and
lung function.!! This association of eotaxin with
impaired lung function could occur either because eotax-
in causes lung damage or because lungs damaged by
other mediators secrete eotaxin. If eotaxin were
expressed by lungs that have been damaged by other
mediators, a genetic variant that limited eotaxin expres-
sion would have no effect on lung function. If, on the
other hand, eotaxin were impairing function, a genetic
variant that limited its expression would be associated
with better lung function. We found that asthmatic indi-
viduals who were homozygous for the THR,; form of
eotaxin had significantly better lung function than asth-
matic individuals with the alternative genotypes. More-
over, the difference in lung function was of clinically rel-
evant magnitude. Our finding that asthmatic individuals
who harbor the THR,; eotaxin allele have higher levels
of lung function implies that eotaxin is causally related to
impaired lung function in people with asthma. In the
broader sense, our findings implicate the CCR3 receptor
as important for impaired lung function in asthma and in
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this context might underrepresent the magnitude of ben-
efit from complete CCR3 abrogation. We observed sig-
nificant protection with modest reductions in plasma
eotaxin levels in a setting in which only one of the sever-
al known ligands for the CCR3 receptor is limited.

In summary, we report the identification of a coding
region polymorphism in the leader peptide sequence of
the eotaxin gene that is associated with impaired eotaxin
mobilization, reduced numbers of eosinophils in the
peripheral blood, and higher levels of lung function in
asthmatic subjects. The effects of this common mutation
explain some of the population variance in peripheral
eosinophil counts and identify a subgroup of subjects who
express the asthma phenotype despite reduced numbers of
peripheral eosinophils and a limited ability to mobilize
eotaxin. THR,; variant eotaxin does not appear to affect
susceptibility to the development of asthma but appears to
play a protective role with regard to lung function in asth-
matic individuals by limiting eotaxin expression.

We acknowledge Amy Bastille and Murad Dikeidek for their
technical assistance.
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