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Rationale: Acute asthma exacerbations, precipitated by viral infec-
tions, are a significant cause of morbidity, but not all patients with
asthma are equally susceptible.
Objectives: To explore susceptibility factors for asthma exacerba-
tions, we considered a role for histoblood group antigens because
they are implicated in mechanisms of gastrointestinal viral in-
fection, specifically the O-secretor mucin glycan phenotype. We
investigated if this phenotype is associated with susceptibility to
asthma exacerbation.
Methods: We performed two consecutive case-control studies in
subjects with asthma who were either prone or resistant to asthma
exacerbations. Exacerbation-prone cases had frequent use of pred-
nisone for an asthma exacerbation and frequent asthma-related
healthcare utilization, whereas exacerbation-resistant control sub-
jects had rarely reported asthma exacerbations. The frequency of
different mucin glycan phenotypes, defined by the presence or
absence of H (O), A, B, or AB antigens, was compared in cases and
control subjects.
Measurements and Main Results: In an initial study consisting of
49 subjects with asthma (23 cases and 26 control subjects), we
found that having the O-secretor phenotype was associated with
a 5.8-fold increase in the odds of being a case (95% confidence
interval, 1.7–21.0; P 5 0.006). In a replication study consisting of
204 subjects with asthma (101 cases and 103 control subjects), we
found that having the O-secretor phenotype was associated with
a 2.3-fold increased odds of being a case (95% confidence interval,
1.2–4.4; P 5 0.02).
Conclusions: The O-secretor mucin glycan phenotype is associated
with susceptibility to asthma exacerbation.
Clinical trial registered at www.clinicaltrials.gov (NCT00201266).
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There is mounting evidence that a limited subset of patients with
exacerbation-prone asthma accounts for the majority of emer-
gency department visits and hospitalizations for asthma (1). The
reasons why some patients with asthma are prone to exacerba-
tions and others are resistant are not well understood. Viral upper
respiratory tract infections are frequent precipitants of asthma
exacerbations (2–5), so factors underlying susceptibility to virus-
induced asthma exacerbations are likely to be important. Suscep-
tibility factors for viral infection at mucosal surfaces have been

extensively studied in the gastrointestinal tract, and histoblood
group antigens have emerged as important risk factors. For ex-
ample, in the case of diarrhea caused by Norwalk virus, the initial
observation that blood type O is a risk factor (6) was followed by
studies showing conclusively that expression of the O antigen (also
called the H antigen) at mucosal epithelial surfaces confers the risk
and that absence of the H antigen is protective (7).

Histoblood group antigens, such as the O (‘‘H’’), A, and B
antigens, form capping structures at the terminal ends of the
carbohydrate side chains (glycans) on epithelial mucins. They
are formed by stepwise addition of monosaccharide units through
the action of a set of glycosyltransferases, including fucosyltrans-
ferases (FucTs) (8). In individuals of blood type O, the addition of
fucose to terminal galactose in an a1,2 linkage forms the H
antigen in a step catalyzed by a1,2 FucTs encoded by FUT1
(active in erythrocytes) and FUT2 (active in epithelial tissues)
genes. Additional modifications to the H antigen depend on an
individual’s blood type and are controlled by genes at the FUT
and ABO loci, which are highly polymorphic and give rise to
considerable diversity in the profile of glycans on airway mucins.
Approximately 25% of individuals are homozygous for nonsense
mutations in FUT2 (9, 10), resulting in the inability to synthesize
H antigens at epithelial surfaces and the absence of ABO struc-
tures on secreted mucins. These ‘‘nonsecretors’’ represent one of
multiple possible mucin glycan phenotypes, including several
secretor phenotypes characterized by the display and secretion
of H (O), A, or B antigens on epithelial mucins.

The importance of mucins in innate defense in the lung and
the fact that blood group antigens on mucins play roles in viral

AT A GLANCE COMMENTARY

Current Knowledge on the Subject

The reasons why some patients with asthma are prone to
exacerbations are not well understood, but factors un-
derlying susceptibility to virus-induced asthma exacerba-
tions are likely to be important. The expression of the O
antigen (also called the H antigen) at mucosal epithelial
surfaces confers risk for viral gastroenteritis, and we
examined here if the H antigen is a risk for asthma
exacerbations.

What This Study Adds to the Field

In two case control studies, we provide evidence that a
specific mucin glycan phenotype (O-secretor) is associated

with susceptibility to recurrent asthma exacerbations.
These data show how blood group antigen structures on
mucin glycans influence susceptibility to asthma exacerba-
tion and suggest new approaches on how to prevent
exacerbations.
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infection in the gastrointestinal tract led us to consider that
ABH variation in mucin glycan phenotypes may influence
susceptibility to asthma exacerbation. Because of the associa-
tion between Norwalk virus infection and the secretor pheno-
type, we hypothesized that O-secretors may be more susceptible
to asthma exacerbation.

METHODS

Subjects

Adults (18–75 yr of age) with a history of asthma were recruited using
internet-based community advertising. Cases were defined as individ-
uals having experienced an acute exacerbation of asthma requiring
prednisone within the previous 2 years; we reasoned that 2 years was
a period in which recall for a prednisone course would be accurate and
that a relatively recent exacerbation would identify subjects with
asthma who had experienced multiple prior exacerbations in their
lifetime. Control subjects were defined as individuals having no history
of prednisone use for an asthma exacerbation since the age of 12 years.
The rationale for this definition was that a lack of severe exacerbations
since age 12 would definitively identify adults with exacerbation-
resistant asthma. The 12-year-old cut off has been used in other studies
of asthma (11, 12). Exclusion criteria included history of prednisone
use for asthma after the age of 12 years but not within the past 2 years
and history of current cigarette smoking. Former smokers were
included if they had not smoked tobacco in the previous year and if
their total smoking history was less than 10 pack-years. The study was
approved by the Committee on Human Research at the University of
California, San Francisco, and all participants gave informed consent.

Study Overview

Our hypothesis, based on data from viral infection in the gastrointes-
tinal tract (13), was that patients with asthma who are O-secretors
would be more prone to asthma exacerbation than nonsecretors. A
previous case control study had found that secretors are significantly
overrepresented among patients with virus infections of the respiratory
tract (14), but it did not specifically investigate the O-secretor
phenotype. Therefore, we examined our hypothesis first in an initial
study consisting of 49 consecutively enrolled subjects with asthma
(23 cases and 26 control subjects). When we analyzed the frequency of
all five major mucin glycan phenotypes (nonsecretors, O secretors, A
secretors, B secretors, and AB secretors) among cases and control
subjects, we found the O-secretor phenotype to be more common
among cases than control subjects (see RESULTS). We calculated that
confirming this initial O-secretor finding required an additional 100
cases and 100 control subjects (assuming an odds ratio of 2.5 and 80%
power). We then conducted a second (replication) study in which we
recruited 101 exacerbation-prone cases and 103 exacerbation-resistant
control subjects, so that the initial and replication studies had 49 and
204 subjects, respectively.

Study Protocol

Asthma diagnosis was confirmed by a positive methacholine challenge
test or by documentation of airflow obstruction reversible with
albuterol. Methacholine challenge was done if baseline FEV1 was
greater than or equal to 50% predicted. If FEV1 was less than 50%
predicted, the subject was given inhaled albuterol (360 mg) to docu-
ment reversible airflow obstruction according to ATS standards (15).
Characterization procedures also included medical history and allergen
skin tests as previously described (16, 17). Most subjects underwent
a single characterization visit, but those taking combination inhalers,
such as fluticasone/salmeterol, had a screening visit to assess whether
their asthma was stable enough to tolerate a 48-hour hold of the
combination medication so as to allow characterization studies with a
limited influence from these medications. If a subject could not hold
their combination medication, characterization was conducted without
the hold. The majority (75%) of subjects were able to hold their
combination medication for 48 hours. All subjects completed a self-
administered asthma characterization questionnaire, which included
four questions relating to the frequency and severity of upper re-
spiratory tract infections (colds) and how these infections typically

impacted their asthma. Subjects were asked how many colds they
typically got on an annual basis, and they completed a series of Likert
scale questions about their colds, including how frequently colds led to
worsening asthma, and the severity of their asthma during colds.

Subjects were asked to spit into a 50-ml tube for 5 minutes to collect
a saliva sample. Saliva was processed and stored in an 2808C freezer.
Subjects were also asked to provide a blood sample.

Determination of Mucin Glycan Phenotype

We characterized five mucin glycan phenotypes in our study popula-
tions (nonsecretors, O (H)-secretors, A-secretors, B-secretors, and
AB-secretors) using data from ABO and Lewis typing in blood
complemented by ABO typing in saliva and analysis of FUT2 poly-
morphisms in peripheral blood DNA.

ABO and Lewis antigen typing in peripheral blood was done by the
UCSF Blood Bank and Donor Center using The American Association
of Blood Banks technical standards (18). An individual’s ABO mucin
glycan phenotype can be determined by phenotyping Lewis and ABO
antigens on erythrocytes because erythrocytes acquire preformed Le
antigens that are synthesized at epithelial surfaces, rather than
synthesize them. a1,3 fucosyltransferase (a1,3 FucT) catalyzes the
addition of fucose to the H antigen in the a1,3 position to form Leb

antigen. Lea and Leb formed in epithelial tissues are reabsorbed and
become available in blood for attachment to erythrocyte glycans.
Subjects whose erythrocytes are Leb have active a1,2 FucT and a1,3
FucT in epithelial cells and can assemble the H antigen, which can be
further modified with A and/or B antigens. These subjects are therefore
‘‘secretors’’ of mucins decorated with blood group antigens. In contrast,
subjects whose erythrocytes are Lea have a1,3 FucT activity in
epithelial cells but lack a1,2 FucT activity, cannot assemble the H
antigen, and are nonsecretors. Nonsecretors can have O, A, or B
antigens on their peripheral blood erythrocytes because inactive FUT2
has no influence on FUT1 activity. Lea and Leb antigens in peripheral
blood serve as biomarkers of a1,2 FucT activity at epithelial mucosal
surfaces, and subjects with the Leb erythrocyte phenotype can be
further characterized as being O-, A-, B-, or AB- secretors using
peripheral blood ABO typing.

ABO antigens are detectable in saliva from secretors and absent in
saliva from nonsecretors. We assayed for the presence of ABO
antigens in saliva using a commercially available kit that relies on
red blood cell agglutination (Immucor, Norcross, GA). Peripheral
blood DNA was collected from subjects to enable assay for the
G428A mutation in FUT2. G428A is a nonsense mutation that results
in an early stop codon, yielding a truncated a1,2 FucT protein that is
nonfunctional. The G428A mutation in FUT2 was genotyped using
iPLEX reagents and protocols from Sequenom (San Diego, CA).
Additional details on FUT2 genotyping are provided in the online
supplement.

We found excellent concordance between the mucin glycan phe-
notypes determined by Lewis and ABO typing in blood and those
determined by ABO typing in saliva.

Statistical Analysis

Data are expressed in means and standard deviation for continuous
variables and as counts and percentages for categorical variables.
Differences between cases and control subjects were assessed by
Fisher’s exact test for categorical variables and Mann-Whitney test
for continuous variables. Our analysis plans proposed adjusted analyses
for the primary analyses. Logistic regression was used to assess the
odds ratio of exacerbation-prone asthma associated with the O-
secretor phenotype. To adjust for imbalances in baseline characteristics
of the cases and control subjects, we applied propensity score methods
(19). Propensity score analysis simulates the effects of a randomized
comparison by creating subgroups of subjects with similar baseline
characteristics. We decided a priori to include age, body mass index
(BMI), race, use of inhaled corticosteroid (ICS), and FEV1 percent
predicted category as predictors in our propensity score model. To be
more flexible, we included age and BMI with linear and quadratic
terms. Predicted values from a logistic regression model were used to
calculate the propensity scores. The scores were divided into quintiles
and were used in a final model with O-secretor status. Analyses were
conducted using SAS version v9.1.3 (SAS Institute, Cary, NC) and
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Stata version 11 (Statacorp, College Station, TX). Two-sided tests were
used to determine significance; P values less than 0.05 were considered
statistically significant.

RESULTS

Characteristics of the Asthma Cases and Control Subjects

Characterization data for the 49 subjects in the initial study are
presented in Tables 1 and 2. Our definitions of case and control
succeeded in recruiting two distinct groups of subjects with
asthma, one exacerbation-prone and one exacerbation-resistant.
The cases had histories of multiple severe exacerbations, whereas
control subjects had very few severe exacerbations, all occurring
before the age of 12 years. Characterization in the replication
study again revealed significant differences between these sub-

groups (Tables 1 and 2). In addition to the history of prednisone
use in the past 2 years, cases were characterized by a lifetime
history of nearly 20 prednisone treatments for asthma. Cases also
had a history of more frequent emergency room visits, hospital-
izations, and airway intubations for asthma, further confirming an
exacerbation-prone phenotype among cases. There were no
significant differences between cases and control subjects with
respect to race, but cases were older, had higher body mass index,
and more frequently used ICS (Table 1).

Cases and control subjects reported similar frequencies and
severity of upper respiratory tract infections, but a significantly
larger proportion of cases reported more frequent and more
severe asthma symptoms associated with viral infections (Table
2). Specifically, 80% of cases reported that upper respiratory
tract infections ‘‘usually’’ or ‘‘always’’ led to worsening asthma

TABLE 1. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS

Initial Study Replication Study

Characteristic

Asthma Control Subjects

(n 5 26)

Asthma Cases

(n 5 23)

Asthma Control Subjects

(n 5 103)

Asthma Cases

(n 5 101)

Age, yr 36.3 6 12.7* 38.1 6 13.4 32.5 6 11.3 39.4 6 14.3†

Age of diagnosis, yr (median 6 IQR) 15.0 6 12.6 17 6 14.9 9 (4–13) 8 (3–19)

Race/ethnicity

Asian 3 (12) 2 (9) 22 (21) 12 (12)

Black/African decent 2 (8) 5 (22) 15 (15) 16 (16)

Caucasian, non-Hispanic 18 (69) 10 (43) 54 (52) 56 (55)

Caucasian, Hispanic 3 (12) 6 (26) 12 (12) 17 (17)

Body mass index 31.3 6 10.4 27.9 6 6.2 27.5 6 7.7 30.8 6 8.4†

Gender, female 16 (62) 14 (64) 71 (69) 67 (66)

Smoking history, former 8 (31) 4 (18) 23 (22) 26 (26)

ICS therapy

Combination (ICS/long-acting beta-agonist) 3 (12) 9 (39)† 17 (17) 59 (58)†

Monotherapy (ICS only) 5 (19) 7 (30)† 20 (19) 20 (20)†

FEV1 % predicted (median/range) 86 (57–111) 78 (28–100)† 87 (41–127) 78 (31–114)†

Severity by FEV1 % predicted

. 80% 17 (65) 11 (48)† 70 (68) 44 (44)†

60–80% 8 (31) 6 (26)† 29 (28) 33 (33)†

, 60% 1 (4) 6 (26)† 4 (4) 24 (24)†

PC20 methacholine, mg/ml‡ 1.0 6 1.3 1.5 6 1.8 1.2 6 1.5 1.5 6 2.5

Serum IgE, IU/ml 350.4 6 503.4 381.0 6 374.9 439.1 6 578.2 398.0 6 480.9

Blood eosinophils, 109/l 0.25 6 0.15 0.40 6 0.31 0.29 6 0.24 0.35 6 0.28

Positive allergen skin test‡ mite 17 (65) 14 (61) 86 (89) 57 (66)†

Cockroach 8 (31) 7 (30) 37 (38) 22 (26)

Furred animals (cat, dog, mouse, rat) 16 (62) 13 (57) 71 (72) 60 (70)

Fungi (alternaria, aspergillus, cladosporium, penicillium) 14 (54) 10 (43) 41 (42) 41 (48)

Definition of abbreviation: ICS 5 inhaled corticosteroid; IQR 5 interquartile ratio.

* Values are n (%) or mean 6 SD.
† P , 0.05 for comparison with control subjects.
‡ Ninety-eight control subjects and 77 cases had methacholine challenge testing; 98 control subjects and 86 cases had complete, valid allergen skin test results;

26 control subjects and 20 cases had methacholine challenge testing; and 25 control subjects and 22 cases had complete, valid allergen skin test results.

TABLE 2. ASTHMA HEALTHCARE UTILIZATION AND TRENDS IN VIRAL INFECTION

Initial Study Replication Study

Characteristic

Asthma Control Subjects

(n 5 26)

Asthma Cases

(n 5 23)

Asthma Control Subjects

(n 5 103)

Asthma Cases

(n 5 101)

Prednisone treatments for asthma in previous 2 yr 0* 1.5 6 1.1† 0 2.0 6 1.9†

Prednisone treatments for asthma in lifetime 0.04 6 0.2 9.9 6 19.1† 0.5 6 0.26 18.2 6 31.3†

Emergency department visits for asthma, lifetime 1.54 6 3.20 10.54 6 22.77† 2.3 6 6.3 17.9 6 32.8†

Hospitalized for asthma in lifetime 3 (12) 10 (45)† 14 (14) 45 (45)†

Intubated for asthma in lifetime 0 4 (18)† 0 13 (13) †

Number of upper respiratory tract infections (‘‘colds’’) per year 2.0 6 1.1 2.0 6 1.1 2.5 6 1.4 2.5 6 1.5

Colds characterized by subjects as being severe, very severe, or

extremely severe

8 (31) 5 (24) 35 (34) 46 (46)

Colds reported to usually or always make asthma worse 15 (58) 17 (81)† 61 (60) 79 (80)†

Asthma reported to be severe, very severe, or extremely severe with colds 11 (44) 13 (62)† 40 (40) 77 (79)†

* Values are mean 6 SEM or n (%).
† P , 0.05 for comparison with control subjects.
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symptoms, compared with 60% of control subjects (P , 0.001)
(Table 2). Similarly, 79% of cases reported ‘‘severe,’’ ‘‘very
severe,’’ or ‘‘extremely severe’’ asthma symptoms associated
with upper respiratory tract infections, compared with 40% of
control subjects (P , 0.001).

Blood Types and Mucin Glycan Phenotypes among

Study Subjects

ABO and Lewis blood typing results are shown in Table 3. It is
well established that FUT2 controls the expression of ABO
antigens on epithelial mucin glycans, and we confirmed abun-
dant H antigen staining in stored mucins in goblet cells from
a subject with the O-secretor mucin glycan phenotype, whereas
lectin staining was absent in stored mucins in goblet cells from
a subject who was a nonsecretor (Figure 1). Both subjects
showed staining for the H antigen on the surface of basal cells,
indicating that FUT1 controls the expression of H antigens in
basal cells in the airway epithelium.

In the initial study, we analyzed the frequency of all five
major mucin glycan phenotypes among cases and control sub-
jects and found that the O-secretor phenotype was much more

common in cases than in control subjects (Table 3) and that
being an O-secretor, compared with all other mucin glycan
phenotypes combined, was associated with a 5.83-fold increased
risk of being a case (Table 4). In the replication study, we also
found that the O-secretor phenotype was more common in
cases than in control subjects (Table 3) and that the O-secretor
was associated with a 1.87-fold increased risk of being exacer-
bation prone (Table 4). This odds ratio was lower than in the
initial cohort, and the lower endpoint of the confidence interval
was 1.0 (P 5 0.05). However, this analysis was unadjusted for
known confounders such as airflow obstruction, use of ICS,
obesity, and race. When we adjusted for FEV1 in a logistic
regression analysis, the O-secretor phenotype was associated
with a 2-fold increased risk of being exacerbation prone (P 5

0.04). Furthermore, when we controlled for the effects of ICS
use, race, BMI, and FEV1 together in a propensity score
analysis, the O-secretor phenotype was associated with a 2.25-
fold increased risk of being exacerbation prone (P 5 0.02)
(Table 4). This propensity score analysis was a predefined
analysis.

Although FEV1 was significantly lower in cases than in
control subjects (Table 1), we noted that 44% of the cases
had FEV1 values in the normal range. Conversely, 32% of
control subjects had FEV1 values in the abnormal range. These
findings emphasize that some subjects with asthma with normal
or near normal airflow can suffer severe exacerbations and can
do so repeatedly, whereas some patients with asthma who have
significant airflow obstruction are not prone to these events.

The H antigen, which represents a1,2 fucose occurring in
glycolipids and glycoproteins in multiple cellular locations, is
present in erythrocytes and epithelial cells. We can conclude
that the a1,2 fucose structure at epithelial surfaces confers the
asthma exacerbation risk because the blood group O-phenotype,
as distinct from the O-secretor phenotype, was not overrepre-
sented in the cases (Table 3) and was not associated with an
increased risk of being a case in the replication study (odds ratio,
1.03; 95% confidence interval, 0.58–1.82; P 5 0.91). Although
there was an association between the blood group O-phenotype
and risk of being a case in the initial study, this was clearly
a function of the high incidence of the O-secretor phenotype
among the cases because 15 of the 18 (83%) subjects who were
blood group O had the O-secretor phenotype.

The addition of fucose to terminal galactose in a1,2 linkage
forms the H antigen in a step catalyzed by a1,2 FucT, whereas

TABLE 3. ABO, LEWIS, AND MUCIN GLYCAN PHENOTYPES IN CASES AND CONTROL SUBJECTS

Initial Study Replication Study

Characteristic

Asthma Control Subject

(n 5 26)

Asthma Cases

(n 5 23)

Asthma Control Subjects

(n 5 103)

Asthma Cases

(n 5 101)

Blood group phenotype, n (%)

O 7 (27) 18 (78)* 38 (37) 38 (38)

A 14 (54) 4 (17) 41 (40) 39 (39)

B 3 (11) 1 (4) 19 (18) 14 (14)

AB 2 (8) 0 5 (5) 10 (10)

Lewis antigen phenotype,† n (%)

Lewisa 3 (11) 3 (13) 28 (27) 18 (18)

Lewisb 21 (81) 15 (68) 59 (57) 66 (65)

Mucin glycan phenotype, n (%)

O secretor 6 (23) 15 (65)* 22 (21) 34 (34)*

A secretor 12 (46) 3 (13)* 30 (29) 31 (31)

B secretor 2 (8) 1 (4) 16 (16) 8 (8)

AB secretor 3 (11) 0 4 (4) 7 (7)

Nonsecretor 3 (11) 4 (17) 31 (30) 21 (21)

* , 0.05 for comparison with control subjects.
† Lewis antigen typing results were not available for one case subject and one control subject. Eighteen cases and 16 control

subjects were negative for Lewisa and Lewisb antigens.

Figure 1. Influence of secretor status on expression of the H antigen in

airway epithelial cells. (A) Lectin staining for the H antigen in a subject

with asthma with the O-secretor mucin phenotype shows strong

expression in goblet cell mucins. (B) Lectin staining for the H antigen
in an O nonsecretor phenotype shows absent expression in goblet cell

mucins. In contrast, the H antigen is detectable in basal cells in

secretors and nonsecretors, demonstrating that basal cells can synthe-

size the H antigen (presumably using an a1,2 fucosyltransferases
encoded by FUT1 rather than FUT2).
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the addition of fucose in a1,3 linkage forms the Lea antigen in
a step catalyzed by a1,3 FucT. Our data show that it is the a1,2
fucose structure, not a1,3 fucose, that is associated with in-
creased risk for asthma exacerbation because the Lea pheno-
type was not overrepresented among the cases (Table 3).

DISCUSSION

We investigated whether the O-secretor mucin glycan pheno-
type is associated with susceptibility to asthma exacerbations.
Because the ABO glycan phenotype of mucins can be de-
termined from measures of Lewis and ABO blood type in
peripheral blood and of ABO antigens in saliva, we were able to
noninvasively determine the airway mucin glycan phenotype of
a large number of subjects with asthma who were also carefully
characterized by exacerbation history. Using this approach, we
found that having the O-secretor mucin glycan phenotype
significantly increases the odds of the risk for severe asthma
exacerbations.

In the larger replication study, we found that the O-secretor
phenotype is associated with a 2.3-fold increased risk of having
exacerbation-prone asthma. This is a sizeable odds ratio given
the many precipitants of severe exacerbation. Chief among
these precipitants are viral upper respiratory tract infections,
and a plausible explanation for our findings is that the
O-secretor phenotype confers a risk for virus-induced asthma
exacerbations. Although we did not identify specific suscepti-
bility of O-secretors to virally induced exacerbations, it is
notable that the exacerbation-prone cases differed from con-
trol subjects in consistently reporting that upper respiratory
tract infections usually or always led to worsening asthma
symptoms and that these symptoms were severe. The fre-
quency of upper respiratory tract infections was not different
in cases than in controls subjects, however. Thus, patients with
asthma who are prone to severe exacerbation experience
upper respiratory tract infections about as frequently as pa-
tients with asthma who are resistant to exacerbations, but the
consequences of these infections for their asthma is much more
severe. Our data suggest that expression of the H antigen in
the lower airway confers risk for more severe lower airway
consequences from upper airway infections.

The reasons why the O-secretor phenotype confers risk for
asthma exacerbation is not revealed by our study. Fucoslyation
is known to confer unique properties to oligosaccharides, even
if these properties remain incompletely understood (20); addi-
tionally, work that describes the role of specific sialic acids in
viral binding in the airway epithelia provides precedence for
a plausible mechanism (21). One possibility is that the mucin
fucosylation promotes lower airway infection with upper re-
spiratory tract viruses such as rhinoviruses. These viruses use
cell membrane receptors for cell entry; major group rhinovi-
ruses bind to intercellular adhesion molecule 1 (ICAM-1), and
minor group serotypes bind the low-density lipoprotein receptor

(22). Two recent studies have found an association between
blood group antigens and serum levels of ICAM-1 (23, 24). If
expression of the H antigen at epithelial surfaces regulates the
expression of membrane-bound or soluble ICAM-1 in the
airway, then this mechanism could explain the association we
find for the O-secretor mucin glycan phenotype and suscepti-
bility to asthma exacerbation.

Despite the many behavioral and socioeconomic factors that
contribute to asthma-related urgent healthcare utilization and
prednisone use (e.g., low self-efficacy, low literacy), our defini-
tions of ‘‘case’’ and ‘‘control’’ enabled us to recruit two distinct
groups of subjects with asthma: an exacerbation-prone group
and an exacerbation-resistant group. The exacerbation-prone
group is well recognized, but less well recognized is the patient
with asthma who consistently remains completely free of severe
asthma exacerbations during adulthood. Medications such as
corticosteroids contribute to this resistance, but only a minority
of our subjects with exacerbation-resistant asthma was taking
corticosteroids, indicating that other resistance factors must be
operating in this important asthma subgroup. A better under-
standing of the mechanisms of resistance and susceptibility to
exacerbation in asthma is needed, including the mechanism of the
O-secretor association described here, so that novel treatment
approaches can be developed to convert exacerbation-prone
asthma into the exacerbation-resistant phenotype.
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