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Rationale: Innate immune responses marked by increases in tumor
necrosis factor (TNF)-ahavebeenassociatedwith asthmabutwhether
such alterations are evident before symptoms is not yet clear.
Objectives: To determine if prevalence of childhood asthma or
asthma-related traits is predicted by perinatal innate immune status
and if maternal factors related to pregnancy influence asthma prev-
alence and innate immune status.
Methods: In the Tucson Infant Immune Study (a nonselected birth
cohort), presence of eczema and wheezing in the child’s first year
and physician-diagnosed asthma through age 9 and asthma in
the parents was obtained from parent-completed questionnaires.
TNF-a, IL-6, IL-10, and IL-12 were measured in supernatants of LPS-
stimulatedperipheralbloodmononuclear cells atbirthand3months
as was TNF-a in plasma. TNF-a single nucleotide polymorphisms
were genotyped by Sequenom. Percent predicted FEV1/FVC was
measured at age 9. Maternal weight gain during pregnancy and
prepregnancy weight were ascertained frommedical records.
Measurements and Main Results: Infants with persistently elevated
LPS-induced TNF-a at birth and 3 months were at increased risk for
childhoodasthma(odds ratio [OR], 4.1; confidence interval [CI], 1.9–
8.8; n¼233;P¼0.0003) andhaddecreasedFEV1/FVC ratios at age9.
Children with mothers in the top tertile for pregnancy weight gain
had increased risk forasthma(OR,3.4;CI, 1.7–6.9; n¼225;P¼0.001)
and persistently elevated TNF-a in early life (OR, 2.9; CI, 1.4–8.2; n¼
195; P ¼ 0.013). These relations were independent of maternal
asthma and rhinitis.
Conclusions: Persistently elevated LPS-inducedTNF-a production early
in life acts as a predictive biomarker for childhood asthma, and excess
pregnancy weight gain in the mother seems to contribute to both.

Keywords: biomarker; innate cytokines; asthma etiology

Asthma is the most common chronic disease of childhood and
has increased in prevalence over the last several decades in much
of the industrialized world (1, 2). Pathways leading to asthma in
childhood seem to be initiated early in infancy, possibly even
in utero (3, 4), but searches for predictive biomarkers of asthma

development have not been successful (5). Although myriad stud-
ies support immune-related alterations after asthma is established,
whether immune differences precede asthma is much less clear.
More than one line of evidence suggests that asthma and allergy
may develop by different pathways. Burrows and coworkers (6)
found that parental IgE levels (although well established to pro-
vide risk for IgE in the child) did not provide risk for asthma in
the child, a finding confirmed in a birth cohort, the Children’s
Respiratory Study (7). From the Tucson Infant Immune Study
(IIS), early-life type-2 cytokine patterns were found to differ in
nature and in temporal pattern in relation to childhood asthma
and IgE levels (8). Several genome-wide association studies im-
plicate different patterns of genetic variation for asthma and IgE
regulation (9) and point toward the possibility that innate immune
function may have importance in asthma. In accord with the main
goal of the Tucson IIS, we continue to address early-life immune
function as related to asthma development. Here we focus on
innate immune responses to a common environmentally encoun-
tered stimulus, LPS. Given that immune function is undergoing
maturation prenatally and postnatally even while responding to
myriad environmental exposures, we sought not only to assess
variation at individual time points but also to capture response
over time from birth to 3 months and determine if such variation
provided risk for asthma in the child.

Another objective of the IIS is to determine whether early-life
immune function is influenced by in utero influences, and thus
mothers enrolled during pregnancy were sampled and queried
regarding respiratory health. Maternal asthma is a well-established
risk factor for asthma in the child and at least in many studies
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Although many immune-related alterations have been shown
to be associated with childhood asthma once it is established,
there are currently no known biomarkers that predict the
development of childhood asthma. Maternal asthma is
a known risk factor for asthma but there are few if any
pregnancy-related risk factors for childhood asthma yet
identified.

What This Study Adds to the Field

Evidence is provided that early-life production of LPS-
stimulated tumor necrosis factor-a from blood-derived
immune cells can serve as a biomarker of risk for child-
hood asthma and thus very early in life identify infants at
risk for asthma. Also, that excess maternal weight gain during
pregnancy is associated with increased early-life tumor ne-
crosis factor-a and asthma in the child.
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overshadows risk associated with paternal asthma (10), suggesting
the in utero environment associated with maternal asthma may
directly influence airway and/or immune development. Nonethe-
less, although prevalence is lower, most asthma cases develop in
children without a parental history. Maternal factors in addition to
maternal asthma that might affect asthma risk in the child are
maternal weight before pregnancy and the amount of maternal
weight gain during pregnancy, which have been increasing, like
childhood asthma, in recent decades (11). Variation in prepreg-
nant weight and maternal weight gain during pregnancy clearly
influence the fetus (e.g., affecting birth weight [12]), but effects
related to immune and subsequent respiratory health status in the
child are only beginning to be assessed (13). Recently, several
studies have linked such maternal factors to asthma risk (14–18). In
addition to seeking evidence for innate immune alterations very
early in life that might serve as biomarkers of subsequent asthma
diagnoses, this study used the Tucson IIS population to assess
whether maternal in utero influences might contribute to early
innate immune function and/or asthma.

Some of the results of this study have been previously reported
in the form of abstracts (19, 20).

METHODS

Subjects

Pregnant women (25–42 wk gestation) were enrolled without selection
in IIS between 1996 and 2004 together with their unborn child and the
child’s father. Women were eligible if they planned to seek care for
their child at 1 of 14 collaborating Tucson pediatricians and if they
spoke English, had a telephone, and did not plan to leave Tucson. Su
and coworkers (21) provide further details. Maternal and paternal asthma
and/or rhinitis at enrollment were defined as physician-diagnosed asthma
and/or physician-diagnosed allergic rhinitis with symptoms during the past

year. Maternal prepregnant body mass index (BMI) was calculated from
medical record information obtained by the physician at the first preg-
nancy office visit (n ¼ 261). Pregnancy total weight gain was calculated as
the (maternal weight at the last office visit before delivery minus prepreg-
nant weight) times the ratio of gestational age at birth/gestational age at
the last office visit (n¼ 258). (The ratio factor was included as an estimate
of weight gained from the last office visit to the day of birth but its effect
on the weight gain values was small and did not add a significant influence
on the relations of weight gain assessed in this study.)

Occurrences of Year 1 wheezing and/or physician-diagnosed eczema
in the child were obtained from parental responses on questionnaires.
Childhood asthma was defined as physician-diagnosed asthma with active
symptoms or asthma medications prescribed in the past year reported at
least once on questionnaires at ages 2, 3, 5, or 9. Diagnosing physicians did
not have knowledge of study data. Spirometry wasmeasured as described in
the online supplement. Allergen skin test reactivity was assessed as any pos-
itive response to 17 local aeroallergen skin tests applied at age 5 as previously
described (22). The University of Arizona Institutional Review Board ap-
proved the study and informed consent was obtained for all participants.

Sample Processing, Stimulation, Assessment of Cytokine

Production, and Genotyping

Heparinized blood samples were collected at birth; 3 months; and 1, 2, 3,
and 5 years of age. Cord and peripheral blood mononuclear cells (CBMCs
and PBMCs) were isolated as previously described (23). See the online
supplement for methods for culture, LPS stimulation, assays of cytokines
and leptin, and tumor necrosis factor (TNF)-a single nucleotide polymor-
phism (SNP) genotyping.

Data Management and Statistical Analysis

Data availability and integrity are maintained in a data warehouse cre-
ated by Epi-Logs, a system developed at the Arizona Respiratory Cen-
ter. Statistical analyses were performed by SPSS version 19.0 (IBM
Corp, Amonk, NY). LPS induced detectable levels of TNF-a, IL-6,
IL-10, and IL-12 in 99%, 100%, 99%, and 29% of CBMC supernatants
and 99%, 100%, 97%, and 72% of 3-month PBMC supernatants, respec-
tively. To capture persistence of cytokine production in early life, va-
riables for TNF-a, IL-6, and IL-10 production were created by
dichotomizing birth and 3-month values at the median and pairing to
yield four groups of temporally matched (cord/3 mo) values: low/low,

TABLE 1. RELATION OF CYTOKINE PRODUCTION IN EARLY
LIFE TO CHILDHOOD ASTHMA IN TUCSON INFANT IMMUNE
STUDY SUBJECTS

Cytokine Groups % with Childhood Asthma (n)

Tumor Necrosis Factor-a

Low/low 13.8 (29)

Low/high 16.7 (36) 16.3 (92)

High/low 18.5 (27)

High/high 40.5 (37) 40.5 (37)

Chi-square P 0.031 0.003

IL-6

Low/low 27.3 (33)

Low/high 33.3 (18) 24.0 (75)

High/low 12.5 (24)

High/high 32.1 (28) 32.1 (28)

Chi-square P 0.34 0.40

IL-10

Low/low 14.7. (34)

Low/high 29.6 (27) 19.8 (86)

High/low 16.0 (25)

High/high 30.2 (43) 30.2 (43)

Chi-square P 0.27 0.19

IL-12

Low/low 15.1 (53)

Low/high 31.0 (42) 3.6 (106)

High/low 36.4 (11)

High/high 21.7 (23) 21.7 (23)

Chi-square P 0.22 0.85

Definition of abbreviations: low/low ¼ in lower half of values for the cytokine at

birth/lower half of values at 3 months; low/high ¼ in lower half of values for the

cytokine at birth/upper half of values at 3 months; high/low ¼ in upper half of

values for the cytokine at birth/lower half of values at 3 months; high/high ¼ in

upper half of values for the cytokine at birth/upper half of values at 3 months.

Numbers in the far right column corresponding to brackets are means of the

three bracketed values in the center column.

g
g
g
g

Figure 1. Interrelations of LPS-induced cytokine production in early-life

and childhood asthma. See METHODS for definitions of grouped variables

of cytokines from LPS-stimulated blood mononuclear cells showing

persistence of production from birth to 3 months. The “any low” group
(subjects with low/low, low/missing, and missing/low values) is com-

pared with the “high/high” group (subjects with high values at both

cord and 3 mo). The “high/missing” group is excluded from this anal-

ysis. Group sizes are given in the bars. Childhood asthma is defined as
physician-diagnosed asthma between ages 2 and 9. The P values are

based on chi-square. TNF ¼ tumor necrosis factor.
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low/high, high/low, and high/high. Preliminary analysis demonstrated
the first three groups shared a low risk for asthma (Table 1) and these
groups were combined for comparison with the high/high group. An-
other variable of larger size was created by including subjects with one
low and one missing data point in the “at least one low” group (n ¼
205). Children with one high and one missing value formed a separate
“high/missing” group (n ¼ 88). The third group, high/high (n ¼ 38) was
the same as above. LPS-induced IL-12 values from CBMCs (with 72%
of values undetectable) were divided as low and high based on detect-
ability and 3-month values were divided at the median. For comparisons of
cytokine relations with childhood asthma, a Bonferroni correction for
multiple comparisons was used: 0.05/4 ¼ 0.012.

Path analysis was conducted in Stata version 10.1 (StataCorp LP,
College Station, TX) using the pathreg command (see path analysis
[24]). For this analysis, TNF-a (high/high vs. other) was modeled as
a function of maternal weight gain (upper tertile vs. two lower tertiles),
and childhood asthma was modeled as a function of both maternal weight
gain and TNF-a. Resulting regression coefficients (bs) are reported and
the contribution of the indirect pathway (maternal weight gain→TNF-
a→asthma) calculated as the product of bs along that pathway.

RESULTS

Early-life temporal patterns of LPS-stimulated production dif-
fered among innate cytokines. From birth to 3 months of age,

log mean TNF-a production did not change, whereas production
of IL-6 and IL-10 both decreased and the proportion of detect-
able values of IL-12 increased (see Table E1 in the online sup-
plement). Demographic characteristics of the subjects who
did not have cytokine data from the cord or 3-month LPS-
stimulated samples were compared with those with data (see
Table E2) and found not to differ.

Prevalence of physician-diagnosed childhood asthma in our
nonselected IIS birth cohort followed through age 9 was 17.9%
(77 of 430). Table E3 provides a comparison of features in IIS chil-
dren with and without asthma. A positive skin test at age 5 to any
allergen occurred in 44.0% (144 of 327).

Relation of Early-Life Cytokine Production to Childhood

Asthma and to Lung Function

LPS-stimulated TNF-a production in early life, assessed by com-
bining the two time points of birth and 3 months (see METHODS),
provided a discriminating signal for childhood asthma with sub-
jects having consistently high values at greatest risk (Table 1).Post
hoc analysis of this relation on combining the three groups with
any low value and comparing with the high/high group yielded an
odds ratio (OR) of 3.5 (confidence interval [CI], 1.5–8.3; n ¼ 129;

TABLE 2. ODDS OF CHILDHOOD ASTHMA BY EARLY-LIFE TNF-a PRODUCTION BEFORE AND AFTER ADJUSTMENT
FOR FACTORS IN EARLY LIFE KNOWN TO RELATE TO ASTHMA

Unadjusted OR (95% CI)* P Value Adjusted OR (95% CI)† P Value

Cord/3-mo TNF-a

Any low Reference Reference

High/msg 1.1 (0.52–2.3) 0.82 1.0 (0.45–2.4) 0.95

High/high 4.1 (1.9–8.8) 0.0003 3.4 (1.4–8.1) 0.006

Eczema, Year 1

No Reference Reference

Yes 3.2 (1.7–6.3) 0.0005 2.9 (1.4–5.8) 0.003

Wheeze, Year 1

No Reference Reference

Yes 2.9 (1.5–5.4) 0.001 2.6 (1.3–5.1) 0.005

Maternal asthma and/or rhinitis

No Reference Reference

Yes 2.5 (1.4–4.8) 0.003 2.4 (1.2–4.6) 0.011

Definition of abbreviations: any low ¼ group with at least one low value for persistent TNF-a in cord and 3-month LPS-stimulated blood

mononuclear cell supernatants; CI ¼ confidence interval; high/high ¼ group with high values for persistent TNF-a in both cord and 3-month

LPS-stimulated blood mononuclear cell supernatants; high/msg ¼ group with one high TNF-a value at cord or 3 months and the other

missing; OR ¼ odds ratio; TNF ¼ tumor necrosis factor.

* Population for marginal analysis (n ¼ 283) limited to those with data for persistent TNF-a and parent-reported first-year physician-

diagnosed eczema, first-year wheeze, and maternal asthma and rhinitis.
yMultivariable analysis model.

TABLE 3. ODDS OF HIGH PERSISTENT TUMOR NECROSIS FACTOR-a* IN EARLY LIFE BEFORE AND AFTER
ADJUSTMENT FOR CANDIDATE MATERNAL INFLUENCES

Maternal Influences Unadjusted OR (95% CI)† P Value Adjusted OR (95% CI)‡ P Value

Maternal pregnancy weight gain

Low/mid tertiles Reference Reference

High tertile 3.4 (1.4–8.2) 0.008 3.2 (1.3–7.9) 0.012

Maternal prepregnant body mass index

Low tertile Reference Reference

Mid tertile 1.5 (0.5–4.5) 0.47 1.4 (0.4–4.3) 0.57

High tertile 1.3 (0.4–4.0) 0.64 1.4 (0.5–4.5) 0.54

Maternal asthma and/or rhinitis

No Reference Reference

Yes 1.8 (0.8–4.4) 0.17 1.7 (0.7–4.3) 0.23

Definition of abbreviations: CI ¼ confidence interval; OR ¼ odds ratio.

* Persistent tumor necrosis factor-a as outcome is in the model as the high/high (cord/3 mo) group versus all other.
y Population for marginal (univariate) analysis (n ¼ 195) is limited to those with data for maternal pregnancy weight gain, prepregnant

body mass index, and maternal asthma and/or rhinitis.
zMultivariable analysis model applied after determining other maternal factors (age, ethnicity, previous births) and parental smoking and

child sex were without independent effects.
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P ¼ 0.004). Including subjects with one low and one missing data
point in the “at least one low” group, the OR was 4.1 (CI, 1.9–8.8;
n ¼ 233; P ¼ 0.0003). This relation is portrayed in Figure 1 to-
gether with the other LPS-stimulated cytokines similarly assessed
for early-life persistent production. Although production of the
other cytokines correlated significantly with TNF-a (see Table
E4), none of the other cytokines related to childhood asthma (Ta-
ble 1, subjects limited to no missing data and Figure 1, at least one
low and high/high). Placing the four cytokines in a logistic regres-
sion model yielded an OR for the association of asthma with
persistently high TNF-a of 4.6 (CI, 1.7–12.0; n ¼ 163; P ¼ 0.002)
and none of the other cytokines contributed significantly.

We examined the relation of TNF-a in the context of other
known early-life risk factors for asthma. As anticipated, eczema
and wheeze in the first year of life and a history of maternal asthma
and rhinitis were found by marginal analysis to show significant
relations to childhood asthma (Table 2). Assessing the cord and
3-month TNF-a production together with these variables revealed
that persistently high TNF-a was a significant independent risk
factor for asthma. The analysis in Table 2 also demonstrates that
the TNF-a “high/missing” group does not differ from the “at least
one low” (reference) group and these two groups are combined for
comparison with the “high/high” group in analyses of Tables 3–5.
The same relations are revealed if active asthma at age 5 and/or 9
is the outcome rather than our more age-inclusive “childhood
asthma” variable (see Table E5). Neither gestational age at birth
nor paternal asthma and rhinitis was related to early-life TNF-a
production or childhood asthma (data not shown).

Early-life TNF-a production related inversely to FEV1/FVC
ratio assessed at age 9 before and after administering a bronchodi-
lator (Figure 2). This relation was restricted to the FEV1/FVC ratio
per se, because neither the mean log values of FEV1 nor FVC were
significantly associated with early-life TNF-a production. None of
the other cytokines showed a relation to lung function. In contrast
to the capacity to predict asthma and decreased lung function,
early-life TNF-a production was not significantly related to
allergen skin test reactivity tested at age 5 (data not shown).

The capacity of TNF-a production to predict childhood asthma
assessed by the dichotomized cord and 3-month combined vari-
able provided a signal stronger than values at either time point
alone (see Table E6). Interestingly, this relation to asthma was
restricted to TNF-a production in this early-life period: no rela-
tion of 12-, 24-, 36-, or 60-month LPS-induced TNF-a production
to asthma was evident (see Table E6). Median plasma concentra-
tions of TNF-a at birth and 3 months were approximately three
orders of magnitude lower than the LPS-stimulated supernatant
concentrations (see Table E7). Plasma levels of TNF-a (assessed
as a combined cord/3-mo variable) did not correlate with

LPS-induced TNF-a production in PBMCs and were unrelated
to childhood asthma (data not shown).

Capacity of Maternal Factors to Predict Early-Life LPS-induced

TNF-a in the Child

To assess whether genetic variation might regulate LPS-induced
TNF-a, five bin-tagging SNPs were genotyped. None of the SNPs
showed a relation to either TNF-a production or to asthma.

Toaddress possible influences of thematernalmilieu,weassessed
maternal age, ethnicity, previous births, weight gain during preg-
nancy, prepregnancy BMI, and parental smoking for relation to
early-life TNF-a production in the child. Only one relation was
identified: tertiles of pregnancy weight gain revealed a direct re-
lation to TNF-a (Figure 3). Marginal analysis of percent with
high/high TNF-a yielded an OR of 3.4 (1.2–10.2; n ¼ 207; P ¼
0.025) for the top tertile. This relation remained when adjusted
for the factors mentioned previously and for maternal asthma
and/or rhinitis (Table 3). Early-life TNF-a production was unre-
lated to LPS-induced TNF-a production in PBMCs of the mother
(data not shown).

The maternal pregnancy weight gain values were distributed
normally and ranged from 211 to 781 lb. Comparison with preg-
nancy weight gain recommendations of the Institute of Medicine
(25) revealed that 58% of IIS mothers gained excess weight dur-
ing pregnancy (see Table E8).

TABLE 4. ODDS OF CHILDHOOD ASTHMA BY CANDIDATE MATERNAL RISK FACTORS

Maternal Factors Unadjusted OR (95% CI)* P Value Adjusted OR (95% CI)† P Value

Maternal pregnancy weight gain

Low 2 tertiles Reference Reference

High tertile 3.4 (1.7–6.9) 0.001 3.4 (1.6–7.2) 0.002

Maternal prepregnant body mass index

Low tertile Reference Reference

Mid tertile 0.6 (0.3–1.4) 0.32 0.5 (0.2–1.3) 0.16

High tertile 0.4 (0.2–1.0) 0.057 0.4 (0.2–1.1) 0.072

Maternal asthma and/or rhinitis

No Reference Reference

Yes 3.3 (1.6–6.8) 0.001 2.9 (1.4–6.2) 0.004

Definition of abbreviations: CI ¼ confidence interval; OR ¼ odds ratio.

* Population for marginal analysis (n ¼ 225) is limited to those with data for pregnancy weight gain, prepregnancy body mass index, and

maternal asthma and/or rhinitis.
yMultivariable analysis model applied after determining other maternal factors (age, ethnicity, previous births), parental smoking, and

child sex were without independent effects.

TABLE 5. ODDS FOR CHILDHOOD ASTHMA WITH MATERNAL
PREGNANCY WEIGHT GAIN AND EARLY-LIFE TNF-a PRODUCTION
IN THE MODEL

Unadjusted

OR*

(95% CI) P

Adjusted

OR†

(95% CI) P

Cord/3 mo TNF-a

All other Reference Reference

High/high 3.8 (1.5–9.8) 0.005 3.1 (1.2–8.2) 0.020

Maternal pregnancy weight gain

Low 2 tertiles Reference Reference

High tertile 3.1 (1.4–7.0) 0.006 2.7 (1.2–6.1) 0.021

Definition of abbreviations: CI¼ confidence interval; OR¼ odds ratio; TNF¼ tumor

necrosis factor.

* Population for marginal analysis (n ¼ 191) is limited to those with data for

early-life TNF-a values and maternal weight gain.
yMultivariable analysis model applied after determining other maternal factors

(age, ethnicity, previous births), parental smoking, and child sex were without

independent effects.
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Capacity of Maternal-related Factors to Predict Asthma

in the Child

We examined the maternal-related factors described previously
for relation to childhood asthma. In addition to the known rela-
tion with maternal asthma and/or rhinitis, only maternal weight
gain during pregnancy was found to have a direct relation to
asthma prevalence in the child (Figure 4). Marginal analysis
yielded an OR of 3.2 (CI, 1.3–7.7; n ¼ 232; P ¼ 0.01) for the
top tertile. Only maternal prepregnant BMI revealed an inverse
relation to asthma (Figure 4). Modeled together, pregnancy
weight gain remained a strong predictor of childhood asthma,
independent of maternal asthma and/or rhinitis, whereas the in-
verse relation to prepregnant BMI was no longer statistically
significant (Table 4). These relations were the same if outcome
was limited to active asthma at ages 5 and/or 9 (see Table E9).

Leptin levels assessed in maternal prenatal plasma correlated
strongly with pregnancy weight gain and prepregnant BMI.
However, leptin levels did not show a relation to childhood asthma
or to the child’s TNF-a production (data not shown).

Models of Childhood Asthma Risk Including Early Persistent

TNF-a and Maternal Weight Gain

When maternal weight gain during pregnancy and the child’s
early-life LPS-induced production of TNF-a were examined to-
gether for their relation to childhood asthma (Table 5), the OR
for excess pregnancy weight gain and persistent early-life TNF-a
were somewhat reduced, but both remained as independent pre-
dictors of childhood asthma.

A path analysis was performed to assess further the possibility
that excess maternal weight gain is associated with increased risk
for asthma by influencing the early-life TNF-a production of the
child (Figure 5). The direct path (maternal weight gain to child-
hood asthma) has a regression coefficient of 0.17. The two stan-
dardized regression coefficients for the indirect path (maternal
weight gain to TNF-a relation, and the TNF-a to asthma relation)
when multiplied equal 0.03. Thus, the indirect path represents 15%
of the total (direct 1 indirect or 0.17 1 0.03) path. Replacing the
outcome variable with asthma at age 5 and/or 9 increases the indi-
rect path to 26% (see Figure E1).

DISCUSSION

Our study demonstrates that persistently increased production of
TNF-a in response to LPS stimulation of blood mononuclear
cells at birth and at 3 months is predictive of the development of
childhood asthma in our birth cohort of unselected children.
The strength of signal was greater than that for, and indepen-
dent of, maternal asthma and/or rhinitis. Increased TNF-a pro-
duction was also associated with a decreased age 9 FEV1/FVC
ratio but was unrelated to aeroallergen skin test reactivity. A
strong in utero predictor of the child’s production of TNF-a and
of childhood asthma was excess maternal weight gain during preg-
nancy.

Ours is not the first study to suggest that TNF-a is related to
asthma, but to our knowledge it is the first to show prospectively
a relation to asthma of early-life TNF-a. Others have shown this
cytokine to be in higher concentrations in the sputum (26) and

Figure 2. Relation of early-life tumor necrosis factor (TNF)-a groups to

lung function assessed at age 9. Mean and SEM FEV1/FVC ratio for the

children in the TNF-a high/high group (subjects with high values at
both cord and 3 mo) compared with all others (with at least one value

at cord and 3 mo) are shown for lung function assessments performed

before and after bronchodilator (two puffs albuterol). The P values are
based on Student unpaired t test.

Figure 3. The relation of maternal weight gain to early-life LPS-induced
tumor necrosis factor (TNF)-a production in the child. The outcome

variable is the percent of subjects in the TNF-a high/high group for

maternal weight gain during pregnancy (in tertiles). The P values are
based on chi-square and Fisher exact test.

Figure 4. Maternal weight gain during pregnancy (in tertiles) relates

directly and maternal prepregnant body mass index (BMI; in tertiles)

relates inversely to the prevalence of childhood asthma. The P values
are based on chi-square and Fisher exact test.
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in more cells in bronchoalveolar lavage (27) and bronchial biop-
sies (28) of subjects with versus without asthma. Direct adminis-
tration of TNF-a to the airways of normal volunteers induced an
increase in bronchial responsiveness (29). Clinical trials with anti–
TNF-a or TNF receptor analogs, however, have yielded conflicting
results in asthma (20, 30) and shown risk of serious side effects
(31). Interestingly, although we find that TNF-a production
very early in life is predictive of childhood asthma, TNF-a pro-
duction at ages later than 3 months (between ages 1 and 5 yr)
showed no relation to asthma. These data suggest that a role for
TNF-a in asthma development may involve events initiated
very early in life and thus suggest a possible rationale as to
why therapeutic approaches that reduce TNF-a after the dis-
ease is manifest may not be effective. There is also a report of
substantially different effects of acute versus chronic exposure to
TNF-a, with only the latter being critical to invoking chronic
inflammatory states (32). To our knowledge, there are no
reports that focus directly on early-life TNF-a production as it
relates to asthma per se. Wood and coworkers (33) reported that
LPS-induced TNF-a from cord blood was unrelated to frequent
wheeze in the first year of life. Lappalainen and coworkers (34)
found that dog ownership (studied as a potential immune mod-
ifier) was associated with decreased production of TNF-a pro-
duction at birth.

Specificity of the asthma predictive capacity of TNF-a was
explored by similar assessment of persistence for three other innate
immune cytokines. Only TNF-a (and not IL-6, IL-10, or IL-12)
showed a significant relation to asthma by logistic regression. This
specificity raises the possibility that TNF-amay have a preferential
or even unique biologic role in asthma development. Although
asthma is most often not diagnosed until age 3 or later, this does
not mean that the process is not initiated much earlier in life.

It is also possible that the relation of TNF-a to asthma does not
have a direct biologic basis and simply serves as a biomarker.
However, even if it should be found to be uninvolved mechanis-
tically, the identification of the high persistent production of this
cytokine as a biomarker could provide a major advance in ther-
apeutic design of prevention strategies, because currently there
are no known perinatal biomarkers capable of predicting asthma.

Another risk factor for childhood asthma identified in our
study is that of excess maternal weight gain during pregnancy,
and this was independent of maternal asthma and rhinitis.
The weight gained bymost of themothers of our study was above

the range recommended by the Institute of Medicine (25). In-
creased weight gain in pregnancy also related directly to in-
creased capacity of infant blood cells to produce TNF-a. This
relation is intriguing and suggests that the maternal milieu may
vary with weight gain and may in turn influence the capacity of
the infant to produce TNF-a to stimuli in the perinatal period.
In addition, the models in Table 5 and Figure 5 suggest that
pregnancy weight gain may be associated with risk for asthma
by mechanisms only partially involving TNF-a production and thus
emphasize the need for further mechanistic studies in this area.

Both prevalence of asthma and excessive maternal weight gain
during pregnancy have been increasing over the last few decades
(12, 35). Harpsoe and coworkers (16), in a recent study from
Denmark, examined maternal weight gain in relation to childhood
asthma and similarly identified risk. Although Rusconi and cow-
orkers (36) did not find an association of persistent wheezing in
offspring with maternal pregnancy weight gain, the Italian women
in that study gained much less weight than the mothers in our
population.

Marginal analysis revealed an inverse relation of prepregnant
maternal BMI to asthma in the child. However, this relation lost
significance when adjusted for pregnancy weight gain andmaternal
asthma and rhinitis and others have not reported a relation of this
type. Indeed, several studies reported a direct relation (14–18). The
relations to asthma, however, in most of these studies are limited
to asthma subgroups that vary in phenotype by study. Perhaps the
nature of maternal nutrition may contribute to variability.

Our study is limited in terms of population size and reliance
on a single geographic location and thus its general applicability
awaits additional corroborative studies. For the analyses per-
formed using the post hoc grouped variables, our conclusions
are considered exploratory. Although our results suggest that
early-life TNF-a may relate to asthma by altering the FEV1/
FVC ratio, our findings are epidemiologic in nature and do not
address directly a biologic role for the early-life LPS-induced
TNF-a. Longitudinal population studies, perhaps especially
those in birth cohorts, have logistical difficulties in obtaining
samples at all time points from every subject, further emphasiz-
ing the importance for these findings to be assessed for gener-
alizability through additional studies. Nonetheless, we suggest
that the LPS-induced TNF-a in the first 3 months of life serves as
a remarkably strong predictive biomarker for childhood asthma in
our population in a relation that is independent of maternal
asthma and/or rhinitis, maternal production of TNF-a, polymor-
phisms in the TNF-a gene, and the production of some other
innate immune cytokines. A factor influencing the capacity to
produce TNF-a in the child is the amount of weight gained by
the mother during pregnancy. Childhood asthma is also related to
maternal pregnancy weight gain, a finding that confirms another
recent report (16). Thus, these data open a new area of study
exploring a possible asthma prevention strategy through interven-
tions designed to regulate optimal maternal weight gain during
pregnancy.
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