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Background: Diminished cytokine production in infancy has

been associated with an increased risk for allergen sensitization

and early-life wheeze.

Objective: We sought to assess the effect of low cytokine

production in the first year of life on the development of wheeze

through age 13 years.

Methods: Cytokine production (IFN-g and IL-2) by mitogen-

stimulated mononuclear cells was determined from peripheral

blood samples (9.4 months, n 5 118) in a subset of healthy

infants enrolled in the Tucson Children’s Respiratory Study.

The occurrence of wheeze during the previous year was

ascertained at ages 2, 3, 6, 8, 11, and 13 years by means of

questionnaire. Relative risk for wheeze was computed with

generalized estimating equations.

Results: The risk of wheezing between 2 and 13 years was

significantly higher for subjects with low 9-month IFN-g

production (relative risk, 2.29; 95% CI, 1.35-3.89) and

borderline significant for those with intermediate IFN-g
production (relative risk, 1.59; 95% CI, 0.95-2.68) compared

with those who produced high levels of IFN-g (P value for linear

association 5 .002). Nine-month IL-2 production was unrelated

to wheeze. In relation to complex wheezing phenotypes, 9-month

IFN-g production was inversely related to toddler wheeze

(occurring only before age 6 years, P 5 .03) and chronic

wheeze (occurring before and after age 6 years, P 5 .007) but

not school-age wheeze (occurring only after age 6 years, P 5 .06).

Conclusion: The results suggest that characteristics of the

immune system present during the first year of life can

anticipate the likelihood of development of episodes of airway

obstruction characterized by wheezing.

Clinical implications: Immune susceptibility to asthma is

established very early during postnatal life. (J Allergy Clin

Immunol 2007;120:835-41.)
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Recent evidence suggests that events occurring during
the first years of life have an important role in the inception
of many cases of childhood asthma.1 Longitudinal studies
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in which follow-up was started at birth have suggested that
children who will go on to have asthma have alterations in
the developmental processes that characterize the matura-
tion of the immune system and the airways.2 These pro-
cesses appear to be regulated both by environmental
exposures3 and hereditary factors.4-7

Production of IFN-g by PBMCs has been used as a
potential marker for the postnatal immune maturation
processes that are associated with the subsequent risk for
development of asthma and allergies.8 Macaubas et al9 re-
ported an association of low levels of IFN-g production in
cord blood and increased risk of allergic outcomes at age
6 years in high-risk children. Neaville et al10 reported
decreased IFN-g levels in cord blood associated with
increased sensitization to egg whites at 1 year in high-risk
children. In addition, Guerra et al,11 using data from the
Infant Immune Study, reported that low IFN-g production
at 3 months of age was associated with recurrent wheeze in
the first year of life in a sample of children representative
of the general population. Using the same data as the
current analyses, we previously reported that low IFN-g
production at 9 months was associated with a decreased
risk of atopic sensitization at age 6 years,12 but the associ-
ation between IFN-g responses and wheezing was not
assessed.

It has been shown that exposure to bacterial products,
such as endotoxin, stimulates the development of IFN-g
responses in infants,3 and thus it has been speculated that
IFN-g responses could be one pathway by which exposure
to other children in day care, to pets, and to a farming en-
vironment might alter risk for development of asthma and
allergies.13-15 However, it is at present not known whether
production of IFN-g in early life is associated with subse-
quent development of asthma and asthma-like symptoms
after the first years of life.

The purpose of this study was to assess the association
between mitogen-stimulated IFN-g and IL-2 production
by PBMCs at 9 months of age and the subsequent
development of wheeze up to the age of 13 years.

Abbreviations used
GEE: Generalized estimating equation

PMA: Phorbol 12-myristate 13-acetate

RR: Relative risk

RSV-LRI: Respiratory syncytial virus–induced lower

respiratory tract illness

sqrt unit: Square root of the unit
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METHODS

Subjects

Parents of 1246 infants who were members of a health mainte-

nance organization in Tucson, Arizona, agreed to have their healthy

newborns participate in the Tucson Children’s Respiratory Study, a

longitudinal prospective study of respiratory illness.16 Tucson has a

population of about 500,000 (Census 2000) and is located in the des-

ert southwest, and study subjects lived primarily in suburban neigh-

borhoods. Infants were enrolled between May 1980 and October

1984. After February 1983, studies of blood mononuclear cell func-

tion were added to the data-acquisition protocols, and 296 infants

subsequently enrolled in the CRS were eligible for these immune

studies.12 Informed consent was obtained from the parents of partici-

pating subjects, and the Institutional Review Board of the University

of Arizona approved the study.

Sample collection

Blood samples for immune studies were collected from eligible

infants at a 9-month well-baby checkup. For this report, the 9-month

samples were limited to those drawn at or before 1 year of age (mean

age, 9.4 months [SD 5 1.1], n 5 118; earliest sample collected at

7 months of age).

IFN-g and IL-2 production by blood
mononuclear cells

Methods describing the IFN-g and IL-2 production by mitogen-

stimulated blood mononuclear cells have been previously

published.12 Briefly, blood was collected in heparin (5 mL/mL), pro-

cessed within 12 hours of collection, and layered on Lymphocyte

Separation Medium (Litton Bionetics, Kensington, Md) after diluting

1:2 with RPMI 1640 medium.17 The cells at the blood/medium inter-

face were collected and washed twice with Ca11- and Mg11-free

PBS, and cells were resuspended in RPMI 1640 medium. A hemocy-

tometer total cell count and chamber differential were performed to

estimate the percentage of mononuclear cells. Immediately after sep-

aration, 1 3 106 mononuclear cells were stimulated with 10 mg/mL

concanavalin A (Pharmacia, Piscataway, NJ) and 10 ng/mL phorbol

12-myristate 13-acetate (PMA; Sigma Chemical Co, St Louis, Mo).

Supernatant fluids from these cells and from unstimulated cells

were harvested after 20 hours and stored at 2708C or 48C for

IFN-g and IL-2 measurement, respectively.

IFN-g and IL-2 measurement

The IL-2 bioassay has been described in detail previously.18

Murine IL-2–dependent CTLL-2 cells were added to serial log2 dilu-

tions of supernatants in triplicate, with final supernatant concentrations

ranging from 25% to 0.5%. Cells were incubated for 40 hours and

were pulsed with tritiated thymidine. Thymidine incorporation was

measured and converted to units of IL-2 activity by means of probit

analysis based on a standard for IL-2 prepared from rat spleen cells17

containing 1 unit of activity per 0.1 mL. IFN-g measurements were

carried out on the supernatant fluids by using a Sindbis virus-WISH

cell system bioassay.17 Triplicate log3 serial dilutions of the fluids

were incubated with the WISH-cell monolayers in flat-bottom micro-

tainer wells for 8 hours before the addition of a previously titrated

amount of Sindbis virus. The mean the highest log3 dilution of super-

natant fluid causing a 50% reduction in cytopathic effect was deter-

mined as the end point, and the reciprocal of this dilution was

recorded as the IFN-g titer. Each assay included a leukocyte IFN stan-

dard (National Institutes of Allergy and Infectious Diseases, Bethesda,

Md) to control for reproducibility of the test system. Virus titrations in

supernatant fluids from unstimulated cells, medium containing conca-

navalin A and PMA, and medium only were used as negative controls.
Phenotypic and socioeconomic data

Respiratory health questionnaires were completed for all children

enrolled in the Children’s Respiratory Study by an adult caregiver

(usually a parent). For the children with 9-month immune studies

(n 5 118), questionnaires were completed at ages 2 (mean, 1.5 years

[SD 5 0.3]; n 5 114), 3 (mean; 3.0 years [SD 5 0.4]; n 5 100), 6

(mean, 6.3 years [SD 5 0.7]; n 5 112), 8 (mean, 8.1 years [SD 5 0.4];

n 5 91), 11 (mean, 10.8 years [SD 5 0.5]; n 5 104), and 13 (mean,

12.9 years [SD 5 0.3]; n 5 65) years. On the questionnaires, the adult

caregiver was asked whether the child’s chest had ever sounded

wheezy or whistling during the previous year and how often this had

occurred. At each age, children were then classified as wheezing if the

parent reported 1 or more episode of wheeze during the previous year

or as nonwheezing if no episodes of wheeze were reported for the

previous year. In addition, physician-diagnosed asthma with active

symptoms reported during the previous year was defined at each age.

Using the wheezing information from the questionnaires, 3

variables were computed to describe wheezing phenotypes between

2 and 13 years (schema presented in Table I). Toddler wheeze positive
was defined as reported wheeze on the 2-year questionnaire, the 3-

year questionnaire, or both (n 5 31), and toddler wheeze negative

was defined as negative for wheeze on both questionnaires (n 5

75). Children who had missing questionnaires at age 2 years, 3 years,

or both (n 5 12) were excluded from analyses. Children were classi-

fied separately with regard to school-age wheeze based on reports of

wheezing at ages 6, 8, 11, or 13 years. Children were categorized as

school-age wheeze positive (n 5 29) if wheezing was reported on at

least 2 questionnaires, as episodic school-age wheeze positive if

wheezing was reported on 1 questionnaire (n 5 17), and as school-

age wheeze negative if wheeze was never reported on available ques-

tionnaires at those same ages (n 5 51). For the latter 2 groups only,

children who had at least 3 available questionnaires at age 6 years

or older were included in the categorizations. The remaining children

with 2 or fewer completed questionnaires between the ages of 6 and

13 years (n 5 21) were excluded from analyses. Finally, toddler

wheeze and school-age wheeze were combined to compute a third

long-term wheezing phenotype composed of 4 groups: no wheeze

(n 5 56), toddler wheeze only (before age 6 years, n 5 7), school-

age wheeze only (after age 6 years, n 5 12), and chronic wheeze (be-

fore and after age 6 years, n 5 17). Of the immune study children,

22% (n 5 26/118) did not have enough questionnaire data to fully

characterize their long-term wheezing phenotype.

Parental smoking, education level, ethnicity, and history of

physician-diagnosed asthma were determined by questionnaire at

enrollment. The child’s ethnicity was determined from the parental

report and was categorized into 2 groups: at least 1 non-Hispanic

white parent (75%) and Hispanic white parents combined with

children of other ethnicities (mixed ethnic background, 25%). Dog

ownership was determined at enrollment,14 and exposure to day care

and siblings was determined for the first 6 months of life.13 The oc-

currence of respiratory syncytial virus–associated lower respiratory

tract illnesses was assessed prospectively through 3 years of age.19

Skin prick tests to 7 local aeroallergens (Bermuda grass, Alternaria

alternata, careless weed, house dust mix, and mesquite, mulberry,

and olive tree pollens) were performed on the parents and children

at the 6-year survey. Tests were read at 20 minutes, and the sizes of

the wheals elicited by each allergen were recorded as the sum of

the 2 diameters at right angles to each other (in millimeters). Test re-

sponses with wheal sizes of 3 mm or larger were considered positive.

Statistics

IFN-g titers were normally distributed and IL-2 units were

normally distributed after a square-root transformation. When ana-

lyzed as continuous variables, IFN-g results are expressed as titers



J ALLERGY CLIN IMMUNOL

VOLUME 120, NUMBER 4

Stern et al 837

a
n
d

n

TABLE I. Schema for wheezing phenotypes

Questionnaire-assessed wheeze during the previous year at ages:

2 y 3 y 6 y 8 y 11 y 13 y

Long-term wheeze phenotypes n* Toddler wheezey School-age wheezey

No wheeze 56 No No

Toddler wheeze only 7 Yes No

School-age wheeze only 12 No Yes

Chronic wheeze 17 Yes Yes

*Twenty-six participants had insufficient information to be categorized for long-term wheeze phenotypes.

�Toddler wheeze was defined as wheeze on the 2-year questionnaire, the 3-year questionnaire, or both. School-age wheeze was defined as wheezing on at least 2

questionnaires between ages 6 and 13.
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and IL-2 results are expressed as the square root of the units (sqrt

units). IFN-g titers and IL-2 values were categorized into low, inter-

mediate, and high cytokine production groups, as previously pub-

lished (9-month IFN-g groups: <2, 2 < 4, and �4 titer; 9-month

IL-2 groups: <1, 1 < 1.4, and �1.4 sqrt units), and used as ordinal

predictor variables (see Fig E1 in the Online Repository at www.

jacionline.org).12 The Mantel-Haenszel test for linear association

was used to assess univariate relations between ordinal cytokine var-

iables and wheeze prevalence at each age. Logistic regression was

used to adjust for covariates in analyses at each age. The relation be-

tween cytokine production and longitudinal wheeze between ages 2

and 13 years was assessed by using generalized estimating equations

(GEEs), which are an extension of the generalized linear mixed

models.20-22 GEE allows for subjects to have missing data at any

time point, accommodates correlated data by including an appropriate

within-subject covariance structure, and can adjust for covariates.

Selection of the best-fitting intrasubject correlation structure was

made by using the quasilikelihood or QIC approach.23,24 Results

were reported by using robust SE estimates. Potential confounding

factors tested in the models included parental skin test, education,

smoking, and history of physician-diagnosed asthma and child skin

test reactivity, ethnicity, dog ownership, day care/sibling exposure,

and sex. Atopy was defined as at least 1 positive skin prick test re-

sponse (binary); the number of positive skin test responses was

used as an indicator of the severity of atopy and was used as an ordinal

variable (0, 1-3, and 4-7 positive tests). Covariates were tested in mar-

ginal analysis, and any factors with significance of less than 0.1 were

retained for a final model, and then the best-fit model retained only

covariates having a P value of less than .1. Subjects missing covariate

data (paternal asthma and age 6 skin test) were grouped as a separate

category for that variable so that all subjects could be included in

the model. Two-sided P values of less than .05 were considered

significant for all tests. Statistical analyses were performed with

SPSS for Windows 14.0 (SPSS, Inc, Chicago, Ill) and STATA 9.0

(StataCorp, College Station, Tex) software.

RESULTS

Immune study subject characteristics

The infants with immune studies were not significantly
different from those without immune studies regarding the
distribution of sex, ethnicity, and parental characteristics
(Table II). In addition, the prevalence of atopy at age 6
years and wheeze during the previous year at ages 2
through 13 years was similar for both groups. Because
the availability of data on current wheeze varied at each
age, we assessed any potential bias among the participat-
ing children with and without follow-up data. Children
with follow-up wheeze data were more likely to have non-
smoking, nonasthmatic, non-Hispanic white parents with
more years of education compared with those without
follow-up data, although these associations were not sig-
nificant at all ages (see Table E1 in this article’s Online
Repository at www.jacionline.org).

Dog exposure from birth was associated with signifi-
cantly higher IL-2 production at 9 months (mean 6 SD:
1.3 6 0.6 sqrt units [n 5 94] and 1.7 6 0.7 sqrt units [n 5

24] for no dogs and dogs, respectively; P 5 .036) and no
significant effect on IFN-g titers (3.3 6 1.4 sqrt units [n 5

93] and 3.6 6 1.1 sqrt units [n 5 24] for no dogs and dogs,
respectively; P 5 .4). Exposure by 6 months to day care,
siblings, or both was unrelated to IL-2 production (1.5 6

0.7 sqrt units [n 5 72] and 1.3 6 0.6 sqrt units [n 5 38] for
no and yes on day care/siblings, respectively; P 5 .2) or
IFN-g titers at 9 months (3.4 6 1.3 sqrt units [n 5 71]
and 3.3 6 1.4 sqrt units [n 5 38] for no and yes on day
care/siblings, respectively; P 5 .7).

Early cytokine production and wheeze

The relation between the prevalence of wheeze during
the previous year at each age and cytokine production at 9
months of age is presented in Table III. There was no sig-
nificant relation between 9-month IL-2 production and
subsequent wheeze. There was a significant inverse rela-
tion between IFN-g production at 9 months and the prev-
alence of wheeze at ages 2, 11, and 13 years (Table III and
see also Fig E2 in this article’s Online Repository at
www.jacionline.org). Similar trends (although nonsignifi-
cant) were observed at ages 3 and 8 years. These analyses
were repeated in logistic regression models adjusting for
sex, parental asthma, ethnicity, and skin tests, and there
were no changes in the results (data not shown).

IFN-g production at 9 months was unrelated to respi-
ratory syncytial virus–induced lower respiratory tract
illness (RSV-LRI) occurrence in the first 3 years of life
(30.8% [4/13], 29.4% [10/34], and 29.8% [14/47] for low,
intermediate, and high IFN-g production, respectively;
linear trend P 5 .9). In contrast, IL-2 production was
directly related to RSV-LRI occurrence (10.0% [2/20],
26.5% [9/34], and 43.9% [18/41] for low, intermediate,
and high production, respectively; linear trend P 5 .006).

When the wheezing phenotypes (Table I) were exam-
ined in relation to cytokine production, 9-month IFN-g

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


J ALLERGY CLIN IMMUNOL

OCTOBER 2007

838 Stern et al

M
e
ch

a
n
ism

s
o
f
a
sth

m
a

a
n
d

a
lle

rg
ic

in
fl

a
m

m
a
tio

n

TABLE II. Subject characteristics for eligible children (n 5 296) with and without immune studies

With immune studies Without immune studies

Subject characteristics n Percent n Percent P value*

Sex (male) 118 51.7 178 51.1 .9

Ethnicity (Hispanic/mixed) 118 25.4 178 32.0 .2

Atopic at age 6 y (yes)� 95 31.6 103 35.0 .7

Active wheeze at age:

2 y 114 23.7 140 22.9 .9

3 y 100 15.0 117 15.4 .9

6 y 112 30.4 133 28.6 .8

8 y 91 30.8 90 18.9 .09

11 y 104 28.8 124 18.5 .08

13 y 65 21.5 72 19.4 .8

Toddler wheeze� 106 29.2 120 33.3 .6

School-age wheeze� 97 29.9 101 20.8 .1

Chronic wheeze� 92 18.5 90 10.0 .1

Day care/siblings 110 34.5 138 31.2 .6

Dogs at birth 118 20.3 174 29.3 .1

Maternal:

Asthma (yes) 117 16.2 155 9.7 .1

Smoking (yes) 118 19.5 177 21.5 .8

Education (>12 y) 118 70.3 177 66.7 .5

Atopic (yes)� 96 70.8 115 58.3 .06

Paternal:

Asthma (yes) 109 11.0 149 16.8 .2

Smoking (yes) 116 25.9 176 30.1 .5

Education (>12 y) 115 67.8 175 68.0 .9

Atopic (yes)� 86 66.3 86 62.8 .8

*P values are based on Pearson x2 or Fisher exact test statistics.

�At least 1 positive skin prick test response.

�Toddler wheeze was defined as wheeze on the 2-year questionnaire, the 3-year questionnaire, or both. School-age wheeze was defined as wheezing on at least 2

questionnaires between ages 6 and 13 years. Chronic wheeze occurred before and after age 6 years.

TABLE III. Prevalence of wheeze by mitogen-stimulated 9-month peripheral blood IL-2 and IFN-g production

Wheeze during the previous year

Age 2 y Age 3 y Age 6 y Age 8 y Age 11 y Age 13 y

Toddler

wheeze*

School-age

wheezey

n Percent n Percent n Percent n Percent n Percent n Percent n Percent n Percent

9-mo IL-2 (sqrt units)�
<1.0 25 28.0 22 9.1 25 16.0 21 28.6 23 34.8 12 25.0 24 29.2 21 33.3

1 < 1.4 36 22.2 35 17.1 38 34.2 28 25.0 34 32.4 22 18.2 34 29.4 31 29.0

�1.4 53 22.6 43 16.3 49 34.7 42 35.7 47 23.4 31 22.6 48 29.2 45 28.9

P value§ .7 .5 .14 .5 .3 .9 .9 .7

9-mo IFN-g (titer)�
<2 14 57.1 9 22.2 14 28.6 9 44.4 14 57.1 6 33.3 13 61.5 11 54.5

2 < 4 40 30.0 40 20.0 39 35.9 33 30.3 36 33.3 25 36.0 39 33.3 36 38.9

�4 59 11.9 50 10.0 58 27.6 49 28.6 54 18.5 34 8.8 53 18.9 50 18.0

P value§ <.001 .17 .7 .4 .004 .02 .003 .005

*Toddler wheeze positive was defined as wheeze on the 2-year questionnaire, the 3-year questionnaire, or both.

�School-age wheeze was defined as wheezing on at least 2 questionnaires between ages 6 and 13 years.

�IL-2 is presented as square root transformed units. IFN-g is presented as titers.

§P value for linear association based on the Mantel-Haenszel test.
production was inversely related to toddler wheeze, as
well as school-age wheeze (Table III). The relation
between 9-month IFN-g and episodic school-age wheeze
was not different from that with no childhood wheeze, and
these 2 groups were combined for analyses (see Table E2
in this article’s Online Repository at www.jacionline.org).
IL-2 production was unrelated to either wheezing pheno-
type. When cytokine production was examined in relation
to the long-term wheezing phenotypes by using the no-
wheeze group for comparison, IFN-g production at 9

http://www.jacionline.org
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TABLE IV. Long-term wheezing phenotypes in relation to mitogen-stimulated 9-month IFN-g production

Long-term wheeze phenotypes (% of IFN-g group [n])

9-mo IFN-g (titer) N No wheeze Toddler wheeze only* School-age wheeze only* Chronic wheeze*

<2, low 12 27.3 (3) 18.2 (2) 18.2 (2) 36.4 (4)

2 < 4, intermediate 36 52.8 (19) 8.3 (3) 16.7 (6) 22.2 (8)

�4, high 45 75.6 (34) 4.4 (2) 8.9 (4) 11.1 (5)

P value for linear association� 0.03 0.06 0.007

*Toddler wheeze only occurred before age 6 years. School-age wheeze only occurred after age 6 years. Chronic wheeze occurred before and after age 6 years.

�Compared with the no-wheeze group.
M
e
ch

a
n
is

m
s

o
f
a
st

h
m

a
a
n
d

a
ll
e
rg

ic
in

fl
a
m

m
a
ti
o
n

months was inversely related to toddler wheeze only (lin-
ear trend x2 5 4.6, P 5 .03) and chronic wheeze (linear
trend x2 5 7.2, P 5 .007) but was not significantly related
to school-age wheeze only (linear trend x2 5 3.7, P 5 .06;
Table IV), although the group sizes for these comparisons
were small.

Modeling the relation of early cytokine
production and wheeze

When assessed in a longitudinal model (GEE), the
likelihood of wheezing at any age between 2 and 13 years
was significantly higher for infants with low 9-month IFN-
g production (relative risk [RR], 2.29; 95% CI, 1.35-3.89)
and borderline significant for those with intermediate IFN-
g production (RR, 1.59; 95% CI, 0.95-2.68) compared
with those who produced high levels of IFN-g (P for linear
association 5 .002, shown as model A in Table E3 in this
article’s Online Repository at www.jacionline.org). There
was a significant inverse association between 9-month
IFN-g production (ordinal: �4, 2 < 4, and <2) and physi-
cian-diagnosed asthma (RR, 1.51; 95% CI, 1.05-2.16;
P 5 .025). In contrast, there was no significant relation
between IL-2 production and subsequent wheeze.

Low IFN-g production at 9 months has been shown in
this group of children to be associated with an increased
risk for the development of atopy at age 6 years.12

Therefore the association between 9-month IFN-g produc-
tion and subsequent wheeze from age 2 to age 13 years
was adjusted for skin test reactivity at age 6 years. Nine-
month IFN-g production was still significantly and in-
versely related to subsequent wheeze when skin test was
included in the GEE models as an ordinal variable (0,
1-3, and 4-7 positive test results; shown as model B in
Table E3 in the Online Repository at www.jacionline.org;
P for linear association 5 .017). IFN-g production at
9 months was also inversely related to chronic wheeze
(P 5 .01) independent of skin test reactivity at age 6 years
(data not shown).

We tested other covariates as potential confounders of
the IFN-g and wheeze relation and found that a paternal
history of asthma, male sex, and a mixed ethnic back-
ground were all associated with an increased risk for
wheeze between ages 2 and 13 years (data not shown).
After adjusting for these factors in a GEE model, the
inverse relation between 9-month IFN-g production and
wheeze was still significant (P for linear association 5

.004; shown as model C in Table E3 in the Online
Repository at www.jacionline.org). Parental smoking
was included in the final model to adjust for any potential
bias in follow-up data and did not change the results (data
not shown).

DISCUSSION

The results of this study strongly suggest that charac-
teristics of the immune system present during the first year
of life can anticipate the likelihood of developing episodes
of airway obstruction characterized by wheezing. We
cannot conclude from these data whether IFN-g produc-
tion itself is responsible for our findings or whether IFN-g
production acts as a marker for a more global alteration of
the immune system that is present in early life in these
children. However, the lack of relation of wheeze to IL-2
production indicates that our findings do not represent a
general alternation in TH cell function.

We and others have previously shown that children of
atopic parents are more likely to show a diminished IFN-g
response and those with diminished IFN-g production are
more likely to go on to have skin test reactivity to local
aeroallergens.8,9,12 These finding have suggested the
hypothesis that an imbalance between TH1 and TH2 re-
sponses in early life might create a window of opportunity
for the development of TH2 responses against local aero-
allergens in children predisposed to asthma and allergies.3

However, increased likelihood of development of allergic
responses cannot be the only mechanism that explains the
findings in the current study. In a different population en-
rolled in Tucson, Arizona, we showed that children with
impaired IFN-g production as early as 3 months were
more likely to have wheezing episodes during the first
year of life,11 at a time at which allergic sensitization is un-
likely to play a major role in determining these wheezing
episodes. Moreover, in this study we found that the asso-
ciation between 9-month IFN-g responses and chronic
wheezing was independent of sensitization by age 6 years.
It is thus possible that IFN-g responses during the first year
of life might be a common link that explains the strong
association between wheezing in early life and the sub-
sequent development of allergy-related asthma. In this
scenario children who have impaired IFN-g production
in early life would be more susceptible first to certain viral
illnesses in infancy and later in childhood to the develop-
ment of atopic asthma as a result of the known association
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between low IFN-g production and the likelihood of
development of atopic sensitization later in life.

In support of this scenario, we observed that low 9-
month IFN-g production was a feature common to both
chronic and toddler-only wheezing but not to school-age–
only wheezing. Thus our data support the hypothesis that
factors that interact with low IFN-g production in early life
determine early allergic sensitization and the risk for
persistent wheezing. These factors, we postulate, might be
absent among toddler-only wheezers, and this could
explain the remission of their condition after IFN-g
responses have matured.2 What other factors might be
involved is currently unknown, but it is reasonable to
postulate that environmental exposure interacting with
the genetic background of the individual play a crucial
role.25

Environmental factors might also influence IFN-g
responses in early life. For example, Gereda et al3 have
shown that exposure to endotoxin present in house dust
is associated with increased IFN-g responses in infants
and young children. In our study exposure to dogs and
day care/siblings in the first year of life was not sig-
nificantly related to IFN-g production at 9 months.
However, because of the small number of subjects in-
volved in this study, these results should be interpreted
cautiously. IL-2 production at 9 months was related to
dog exposure: children exposed to dogs from birth pro-
duced more IL-2. Although there was no relation between
9-month IFN-g production and RSV-LRIs, 9-month IL-2
production was directly related to the occurrence of RSV-
LRIs. This result suggests that the immune factors that
determine acute lower respiratory tract illness during viral
infection might be different from those that determine
wheezing, as reported by parents in questionnaires.

A limitation of our study was that, as is common in
longitudinal cohorts, data became sparser once the en-
rolled children reached the teen years. In addition, IFN-g
responses in this report were measured by using a Sindbis
virus-WISH cell system17,26 that only became available to
our study at the end of the enrollment period for the
Children’s Respiratory Study (1983-1984). This method
of detecting IFN-g was the main technique available in
the early 1980s, when commercial ELISA kits did not ex-
ist. Even though the method of detection was different
from that in current use, each assay included a leukocyte
IFN standard to control for reproducibility of the test sys-
tem. Furthermore, virus titrations in supernatant fluids
from unstimulated cells, from medium containing conca-
navalin A and PMA, and from medium only were used
as negative controls.17

This work adds to the body of evidence that production
of low levels of IFN-g in early life provides risk for the
development of asthma. This suggests that factors that
could increase the production of IFN-g in infancy might
diminish this risk. It also suggests that measuring IFN-g
production in response to mitogen stimulation during the
latter part of the first year of life might be an additional
clinical guide to identification of children at increased risk
for subsequent wheezing.
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FIG E1. Distribution of 9-month IFN-g (A) and IL-2 (B) values and group cutoff values.



FIG E2. Prevalence of wheeze during the previous year at each survey age for the 9-month IFN-g groups.

P values for linear association are based on the Mantel-Haenszel test.



TABLE E1. Characteristics of immune study children (n 5 118) with and without wheeze data at each survey age

Immune study

children

(n 5 118) Male sex

$1 Non-

Hispanic

white

Atopic

age 6 y

Maternal

Asthma

Maternal

smoking

Maternal

education

$12 y

Paternal

asthma

Paternal

smoking

Paternal

education

$12 y

Age

Wheeze

data N Percent N Percent N Percent N Percent N Percent N

Percent

>12y N Percent N Percent N Percent

2 y No 4 75.0 4 50.0 3 33.3 4 0.0 4 25.0 4 50.0 3 0.0 4 25.0 4 50.0

Yes 114 50.9 114 75.4 92 31.5 113 16.8 114 19.3 114 71.1 106 11.3 112 25.9 76 68.5

0.6 0.3 0.9 - 0.9 0.6 - 0.9 0.6

3 y No 18 55.6 18 66.7 11 27.3 18 38.9 18 33.3 18 50.0 16 6.3 17 47.1 17 58.8

Yes 100 51.0 100 76.0 84 32.1 99 12.1 100 17.0 100 74.0 93 11.8 99 22.2 98 69.4

0.8 0.4 0.9 0.01 0.12 0.052 0.9 0.04 0.4

6 y No 6 50.0 6 83.3 0 0.0 6 16.7 6 50.0 6 66.7 6 0.0 6 50.0 6 66.7

Yes 112 51.8 112 74.1 95 31.6 111 16.2 112 17.9 112 70.5 103 11.7 110 24.5 109 67.9

0.9 0.9 - 0.9 0.087 0.9 - 0.2 0.9

8 y No 27 66.7 27 51.9 18 44.4 27 25.9 27 40.7 27 55.6 25 16.0 26 46.2 26 46.2

Yes 91 47.3 91 81.3 77 28.6 90 13.3 91 13.2 91 74.7 84 9.5 90 20.0 89 74.2

0.08 0.005 0.3 0.14 0.004 0.09 0.5 0.01 0.009

11 y No 14 50.0 14 64.3 6 16.7 14 14.3 14 35.7 14 64.3 14 7.1 14 50.0 14 50.0

Yes 104 51.9 104 76.0 89 32.6 103 16.5 104 17.3 104 71.2 95 11.6 104 22.5 101 70.3

0.9 0.3 0.7 0.9 0.15 0.8 0.9 0.046 0.14

13 y No 53 49.1 53 64.2 38 26.3 53 24.5 53 22.6 53 56.6 48 10.4 52 34.6 51 60.8

Yes 65 53.8 65 83.1 57 35.1 64 9.4 65 16.9 65 81.5 61 11.5 64 18.8 64 73.4

0.7 0.02 0.5 0.04 0.5 0.004 0.9 0.06 0.2



TABLE E2. Relation of 9-month IFN-g response to the school-age wheeze groups

School-age wheezing phenotype (% of IFN-g group [n])

9-mo IFN-g (titer) N No wheeze Episodic school-age wheeze* School-age wheeze*

<2, low 11 27.3 (3) 18.2 (2) 54.5 (6)

2 < 4, intermediate 36 52.8 (19) 8.3 (3) 38.9 (14)

�4, high 50 58.0 (29) 24.0 (12) 18.0 (9)

P value for linear association compared

with no wheeze

.7 .01

*School-age wheeze was defined as wheezing on at least 2 questionnaires between ages 6 and 13 years. Episodic school-age wheeze was defined as wheezing

on 1 questionnaire between ages 6 and 13 years.



TABLE E3. Longitudinal models (GEE) for wheeze from age 2 to age 13 years

Wheeze from age 2 to 13 y

Model A: unadjusted*

Model B: adjusted for age 6 y

skin test*

Model C: adjusted for

covariatesy

Factors RR (95% CI) P value RR (95% CI) P value RR (95% CI) P value

9-mo IFN-g titer

�4, high Reference Reference Reference

2 < 4, intermediate 1.59 (0.95-2.68) .077 1.54 (0.92-2.59) .103 1.48 (0.89-2.46) .13

<2, low 2.29 (1.35-3.89) .002 2.17 (1.25-3.79) .006 2.00 (1.20-3.32) .007

Sex (male) — — — — 1.60 (1.04-2.45) .031

Ethnicity (mixed) — — — — 1.70 (1.15-2.50) .007

Paternal asthma (yes) — — — — 2.07 (1.44-3.00) <.001

Age 6 y skin test:

1-3 positive test responses — — 1.42 (0.84-2.38) .2 — —

4-7 positive test responses — — 0.77 (0.38-1.57) .5 — —

Missing skin test data — — 1.33 (0.74-2.42) .3 — —

*Five hundred eighty-three questionnaire data points were included in the model, with a minimum of 1 and a maximum of 6 (average 5 5.0), representing data

from 116 individuals. A log link, an exchangeable correlation structure, and robust estimates were used.

�Five hundred thirty-nine questionnaire data points were included in the model, with a minimum of 1 and a maximum of 6 (average 5 5.0), representing data

from 109 individuals (9 children were missing paternal asthma information, and the GEE model would not converge if a dummy category of those with missing

paternal asthma information was included in the model). We used a log link, an unstructured correlation structure, and robust estimates.
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