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Background: Immunologic responses at birth likely relate to
subsequent risks for allergic diseases and wheezing in infancy;
however, the influences of parental characteristics and prenatal
factors on neonatal immune responses are incompletely
understood.

Objective: This study investigates potential correlations
between urban parental, prenatal, and perinatal factors on
innate and adaptive stimuli-induced cytokine responses.
Methods: Five hundred sixty and 49 children of parents with
and without allergic disease or asthma, respectively, were
enrolled into a prospective birth cohort study (Urban
Environment and Childhood Asthma). Cord blood mononuclear
cells were incubated with innate and adaptive immune stimuli,
and cytokine responses (ELISA) were compared with season of
birth, parental characteristics, in utero stressors, and fetal
growth.

Results: Many cytokine responses varied by season of birth,
including 2-fold to 3-fold fluctuations with specific IFN-a and
IFN-vy responses. Birth weight was inversely associated with
IFN-vy responses to respiratory syncytial virus (R = —0.16), but
positively associated with IL-8 responses to a variety of innate
stimuli (R = 0.08-0.12). Respiratory syncytial virus—-induced
cytokine responses were 21% to 54% lower in children of
mothers with asthma. Cytokine responses were generally lower
in babies born to parents with allergy/asthma.

Conclusions: Innate cytokine responses are associated with
parental allergic or airway disease, somatic fetal growth,
ethnicity, and season of birth. Collectively, these findings suggest
that urban prenatal exposures and familial factors affect the
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development of the fetal immune system. (J Allergy Clin
Immunol 2009;124:1078-87.)
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Immune development is an active process in the prenatal and
perinatal periods, and is potentially influenced by genetic factors
as well as the intrauterine and perinatal environment. Conse-
quently, at birth the cytokine responses of cord blood mononu-
clear cells (CBMCs) to innate and adaptive stimuli may reflect
these influences. These relationships are of interest because there
is evidence that neonatal cord blood cytokine responses not only
reflect perinatal exposures but also may predict later risk of
wheezing with viral illnesses,'™ atopic dermatitis, allergy, and
possibly asthma.’

Several characteristics related to parents, prenatal exposures,
and birth are also related to the subsequent risk of allergic diseases
and asthma. For example, maternal asthma® and African Ameri-
can or Puerto Rican ethnicity’ predict increased risk of early
childhood asthma. In addition, preterm birth,%° low birth weight
for gestational age (somatic growth),lo and infant adiposity11
have all been linked to increased early life wheeze and asthma
risk, and in separate studies, to skewed neonatal cytokine
responses.lz'14

Moreover, season of birth has been linked to allergy and asthma
risk.'® Each of these factors could represent a complex of in utero
environmental exposures, epigenetic effects, and for parental
influences, genetics. The timing during pregnancy of intrauterine
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Abbreviations used
CBMC: Cord blood mononuclear cell
CpG: Cytosine-phosphate-guanosine
PIC: Polyinosinic-polycytidylic acid
RSV: Respiratory syncytial virus
TLR: Toll-like receptor
URECA: Urban Environment and Childhood Asthma

influences, which may be linked to seasonality of viral and other
prenatal exposures,16 may be important in determining the effects
of these influences on immune development.'’

Collectively, these findings support the hypothesis that certain
prenatal exposures modify immune development in utero to influ-
ence immune responses in the newborn, and ultimately the risk of
atopic outcomes in early childhood. Prenatal and perinatal expo-
sures may have their greatest influence on innate (rather than
adaptive) immune responses. These responses, which are present
at birth and continue to develop in childhood, are likely to be
major influences on the subsequent establishment of adaptive
immune responses.'®'® Factors that influence the prenatal devel-
opment of innate immune responses are incompletely understood.

Prenatal modification of developmental immunity may be
especially relevant to children who grow up in urban environ-
ments, where there are a host of unfavorable environmental
exposures (eg, maternal smoking) and health conditions (eg,
maternal asthma, prematurity, poor growth) that could increase
the risk of subsequent asthma. Furthermore, most studies on
neonatal cytokine patterns and their relation to hereditary and
environmental influences have included only white or predomi-
nantly white and Mexican American populations.s’w’20 21 To
address these gaps in knowledge, we evaluated an urban cohort
of newborns of predominantly African American and Hispanic
ethnicity to define the relationship of innate and adaptive
CBMC cytokine responses to parental allergic disease and ethnic-
ity, in utero stressors, birth measures of fetal growth, and season
of birth. We conceived of these rather broad categories of expo-
sures as representing larger groups of potential in utero or perina-
tal stressors that could ultimately skew immune function toward
an allergic or asthmatic phenotype.

METHODS

Study population

The Urban Environment and Childhood Asthma (URECA) birth cohort
study is designed to identify environmental, lifestyle, and genetic factors that
influence immunologic development in early childhood and consequently
modify the risk of developing recurrent wheezing and ultimately asthma.?
The study protocol was approved by Institutional Review Boards at each of
the participating institutions, and written, informed consent was obtained
before enrollment.

Expectant families were recruited during the prenatal period in 4 large
cities: Baltimore, Boston, New York, and St Louis. Selection criteria include
residence in an area with >20% residents below the poverty level; mother or
father with allergic rhinitis, eczema, and/or asthma; and birth at >34 weeks
gestation. Exclusion criteria included conditions and congenital anomalies
that could potentially affect lung or immune system development or function.
Recruitment occurred between February 2005 and March 2007: 1853 families
were screened, 779 met the eligibility criteria, and 560 were enrolled (Table I).

A separate group of families without allergies or asthma was recruited into
the nonatopic comparison group. The eligibility and exclusion criteria were
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the same except for the absence of parental allergic diseases or asthma. Two
hundred forty were screened, 70 met the eligibility criteria and consented to
the study, and 49 families were enrolled (Table I).

Measurement of cytokine responses

Collection of cord blood. Cord blood samples were collected in
the delivery room by using sterile needles and syringes, and all personnel were
trained to use identical collection techniques as previously described.>* After
collection, the blood was transferred from syringes to sterile 50-mL tubes,
diluted 1:1 with RPMI 1640 medium containing heparin, and kept at room
temperature pending cell separation.

Cell stimulation and cytokine assays. At each research
center, mononuclear cells were separated by density gradient centrifugation
using Accuspin tubes (Sigma, St Louis, Mo) within 16 hours of collection, and
cells (1 X 10° cells/1 mL) were incubated in the presence of medium and spe-
cific immune stimulants or medium alone (Table II), as previously reported.*?
After incubation for 24 hours (innate and polyclonal stimuli) or 5 days (anti-
gens), cell supernatant fluids were collected, divided into aliquots, frozen at
—80°C, and shipped to a central laboratory for analysis. Supernatants were an-
alyzed for cytokines with a bead-based multiplex assay (Beadlyte; Upstate Bi-
otechnology, Lake Placid, NY). Cytokines (Table II) were selected on the
basis of involvement with specific innate and adaptive immune responses
that have been related to allergic inflammation and the immune response to
respiratory viruses. Detection limits are shown in Table II. For analysis pur-
poses, results below detection were assigned a value just below the limit
(eg, 6.8 if the detection limit was 6.9 pg/mL).

Several procedures were followed to minimize assay variability and
monitor quality control.?® All tissue culture reagents were purchased from a
single source, and stimulants were purchased in bulk and then divided into
single-use aliquots that were stored at —80°C. Technicians from all 4 clinical
sites attended a centralized training session. The reproducibility of the assays
was monitored approximately yearly by sending aliquots of a single sample of
fresh blood to each of the clinical sites, and the detailed procedures and repro-
ducibility results of these quality control tests have been previously
published.?

Maternal characteristics and obstetric data

Information on allergic history, smoking and alcohol use before and during
pregnancy, household and personal stress during the prenatal period, and basic
demographic information was collected from the mothers during a prenatal
interview (Table I).

Information regarding the pregnancy and delivery were abstracted from the
medical record. This information included parity, pregnancy complications
and comorbidities, medication use, duration of labor, and type of delivery. The
child’s gestational age, birth weight, and Apgar score were also recorded. In
addition, to estimate fetal growth, the percentile (z value) of birth weight
adjusted for gestational age was calculated for each infant by using national
reference data.>* Information about systemic infections during pregnancy
was obtained from the maternal obstetrical charts. Included in this definition
were pneumonia (n = 2), pyelonephritis (n = 14), chorioamnionitis
(n = 22), and other respiratory and systemic infections (n = 20).

Statistical analysis

Pearson correlations between predictors of interest and log-transformed
(base 10) cytokine levels were examined. Spearman correlations were
examined to verify that the correlations were not severely affected by the
distribution of the responses. These results were not markedly different, so
Pearson correlations are presented. Because of the large number of
cytokine outcomes and predictors, these correlations are presented visually
by using matrix plots with colors indicating the direction and intensity of
correlation between a given predictor and cytokine. The structure of the
data contained high measures of association within the set of predictors as
well as within the cytokine response values. A false discovery rate with
o = 0.10 was used to investigate the impact of multiple comparisons for
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TABLE I. Study population

Nonallergic
Allergic families families
No. Percent  No. Percent
Total mothers 557 100.0 49 100.0
Mother’s age in years at child’s birth 23 13-42 24 15-38
(median, range)
Race or ethnicity of mother
Hispanic of any race 107 19.4 9 18.4
Black alone 390 70.9 39 79.6
White alone 22 4.0 0 0.0
More than 1 race 20 3.6 1 2.0
All others 11 2.0 0 0.0
Missing 7 — 0 —
Maternal asthma 307 55.3 0 0.0
Maternal BMI (prepregnancy)
<20 35 72 6 14.3
20 to <25 144 29.8 15 35.7
25 to <30 131 27.1 10 23.8
30+ 173 35.8 11 26.2
Pregnancy
Inhaled corticosteroid use 54 9.7 0 0.0
Diabetes 51 9.2 3 6.1
Maternal smoking 97 17.6 6 12.2
Hypertensive disorders 62 11.1 9 18.4
Infection 222 39.9 21 429
Prolonged labor 32 7.2 1 34
Cesarean section delivery 172 30.9 14 28.6
No. of previous live births
0 220 39.5 17 34.7
1 147 26.4 19 38.8
2 96 17.2 5 10.2
>3 94 16.9 8 16.3
Total newborns 560 100.00 49 100.00
Newborn characteristics
Sex (% male) 288 51.4 25 51.0
Birth weight, g (median, range) 3220 1815-4850 3220 2280-4425
Gestational age (median, range) 39 34-42 39 36-41
Quarter of birth
January-March 137 24.5 7 14.3
April-June 142 25.4 2 4.1
July-September 160 28.6 25 51.0
October-December 121 21.6 15 30.6

BMI, Body mass index.

each cytokine.”®> Almost every association determined significant at the
a = 0.05 level was found to retain significance after adjustment. With
the high level of association between stimulant responses and analyses be-
ing exploratory in nature, the initial « = 0.05 cutoff was maintained as the
significance criterion. To adjust for responses in unstimulated samples,
semipartial correlations were performed. The semipartial correlation was
defined as the correlation between the predictor variable and the residual
obtained from fitting a linear model with the media control value as the
predictor and the stimulated cytokine as the response. Further complex
associations were evaluated with multiple regression models adjusting
for different covariates. To determine whether children with atopic parents
have a distinct pattern of cord blood cytokine responses, we compared
results from the 49 newborns with no parental history of allergic diseases
or asthma (nonatopic cohort) with those from an equal number of infants
in the main URECA study who were matched for season of birth and study
center. Analyses were performed by using SAS Version 9.1.3 (SAS Insti-
tute Inc, Cary, NC) and the R system for statistical computing (version
2.7.0).%°
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RESULTS
Cord blood cytokine responses

Cord blood mononuclear cells were incubated with innate,
polyclonal, and adaptive immune stimuli, and cytokine responses
were examined. Responses to innate stimuli were generally
vigorous, and patterns of cytokine responses were stimulus-
dependent (Fig 1, A). For example, peptidoglycan and LPS stim-
ulation of cells induced high levels of IL-8, IL-10, and TNF-a and
lesser amounts of IFN-a and IFN-vy secretion, whereas polyino-
sinic-polycytidylic acid (PIC) and cytosine-phosphate-guanosine
(CpG) stimulation induced greater amounts of IFN-«, and less
IL-8, IL-10, and TNF-a. Respiratory syncytial virus (RSV)
induced a unique pattern of cytokine responses, with high
IL-12p40, IFN-vy, and IL-8, and low to absent IFN-a. PHA
induced IFN-v, IL-10, and IL-13, but relatively little IL-4 secre-
tion (Fig 1, B). Measurable cytokine responses to protein antigens
were less frequent than innate responses, and dust mite extract
was most likely to elicit cytokine responses. Unstimulated cells
secreted little or no cytokine.

Correlations between predictors and cytokine
responses

Several selected maternal, perinatal, and newborn characteris-
tics were examined as predictors of cytokine responses (Figs 2
and 3). The predictors with the most associations with innate
immune responses included season of birth, ethnicity, birth
weight/gestational age, and maternal asthma/use of inhaled corti-
costeroids (Fig 2). Although cytokine responses to protein anti-
gens were low, it was nevertheless possible to evaluate maternal
and child characteristics influencing protein antigen responses
in cord blood cells. Cytokine responses to PHA and specific
proteins were associated with season of birth, maternal diabetes,
and birth weight (Fig 3).

Season of birth. Season of birth had the strongest associ-
ations with cytokine responses to both innate and adaptive
stimuli, and when the responses were examined collectively,
several patterns were apparent (Fig 2). CpG-induced responses
were influenced by season, and the direction of the association
differed by cytokine. IFN-« and IL-12p40 responses were great-
est in the spring and summer months, whereas IL-8, IL-10, and
TNF-a responses were greatest in the fall and winter. In addition,
the seasonality of [FN-a responses was stimulus-dependent: there
was a 2-fold variability in CpG-induced IFN-a with greatest
responses in the spring and summer, whereas IFN-a responses
to peptidoglycan and LPS varied 2-fold and were greatest in the
fall and winter (Fig 4, A). These patterns were remarkably similar
among subjects enrolled in the 4 study centers (Fig 4, A). IFN-a
responses to PIC and RSV did not follow a seasonal pattern.

Season of birth was also associated with cytokine responses to
all 3 specific antigens and in unstimulated cells, but not with
cytokine responses to PHA (Fig 3). These effects were most
evident in relation to IFN-vy responses, which were highest from
January to March (geometric mean values: tetanus toxoid, 18.7
pg/mL; cockroach, 16.4 pg/mL; dust mite, 22.4 pg/mL), and bor-
dered on undetectable for the spring and summer months (Fig 4,
B). Again, there was consistency among the 4 clinical study sites
(Fig4, B). After adjusting for IFN-vy secretion in cells incubated in
medium alone, the seasonal variation remained statistically
significant for dust mite—induced and tetanus toxoid—induced
IFN-vy (P < .001).
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TABLE Il. Stimulants used and cytokines measured in the cytokine secretion assays
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Cytokines measured

Lower limit of detection

Stimulants Final concentration with all stimulants (pg/mL)
Innate responses
LPS* 0.1 pg/mL IFN-a 8.2
PICT 25 pg/mL IFN-y 6.9
Peptidoglycani 1.25 pg/mL IL-10 6.9
CpG-C§ 1 pg/mL IL-12p40 11.0
RSV|| 500 sfu/mL TNF-a 6.9
Medium alone — IL-8 15,600.0
Adaptive and polyclonal responses
Phytohemagglutinin 15 pg/mL IFN-y 6.9
Cockroach extract# 10 pg/mL IL-10 6.9
Dust mite (Dermatophagoides pteronyssinus) extract# 10 pg/mL IL-13 6.9
Tetanus toxoid** 10 pg/mL 1L-4 6.9
Medium alone —
CPG-C, Type C CpG motif; sfu, syncytium-forming units.
Sources for reagents:
*Associates of Cape Cod (Falmouth, Mass).
TAmersham Biosciences (Piscataway, NJ).
{InvivoGen (San Diego, Calif).
§Coley Pharmaceuticals (Wellesley, Mass).
[|Ann Mosser (University of Wisconsin-Madison).
qSigma (St Louis, Mo).
#Greer Inc (Lenoir, NC).
*#*Massachusetts Biologics (Jamaica Plain, Mass).
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FIG 1. Cytokine responses of cord blood cells (n = 558) to innate immune stimuli (A) and specific proteins
and PHA (B). Box plots represent median values with 10th, 25th, 75th, and 90th percentiles. IL-8 responses
were much higher than those for the other cytokines and are plotted on a different scale. CR, Cockroach; DM,
dust mite; MC24, medium alone for 24 hr; MC5, medium alone for 5 days; PG, peptidoglycan; PHA,
phytohemagglutinin; TT, tetanus toxoid.

Ethnicity. Most of the URECA mothers were either His-
panic or Black (Table I), and so associations with ethnicity
are largely comparisons between these 2 groups. Ethnicity

appeared to have the greatest influence on innate immune
responses (Fig 2). Babies born to Hispanic mothers had en-
hanced IFN-y and IL-12p40 responses to peptidoglycan and
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FIG 2. Correlation matrix for innate immune responses. Statistically significant (P < .05) correlations
between perinatal factors and innate immune cytokine responses are represented with colored squares;
blue represents a positive correlation, and red represents a negative correlation. Darker colors represent
larger absolute values for correlation coefficients. BMI, Body mass index; BWGA, birthweight for gesta-
tional age; ICS, inhaled corticosteroid; MC, cells incubated in medium alone; pg, peptidoglycan.

LPS (Table III); these ranged 1.4-fold to 2.5-fold higher than
corresponding responses in babies born to black mothers. In
contrast, RSV-induced IFN-vy and IL-12p40 responses were
2.2-fold and 1.5-fold higher in babies born to black mothers
(Table III). Finally, PHA-induced IL-4 responses were reduced
in babies of Hispanic mothers (median 14.9 pg/mL vs 28.0; P <
.001). These differences by ethnicity persist after accounting for
control values.

Birth weight and gestational age. Birth weight was
positively associated with IL-8 responses to most innate stimuli
(R = 0.08-0.12), but negatively associated with IFN-y responses
to peptidoglycan (R = —0.11) and RSV (R = -0.16; Fig 2). In
addition, birth weight was negatively associated with IL-13
responses to both PHA and dust mite protein (R = —0.11 and
—0.10; Fig 3). All of these relationships persisted after adjustment
for gestational age, and there were additional inverse correlations
with IFN-y responses (Figs 2 and 3). The effects for CpG and
RSV (but not peptidoglycan) persist after accounting for [FN-y
secretion by unstimulated cells.

Our data showed that the median birth weight was significantly
lower among women who smoked during pregnancy (3090 g vs
3270 g; P = .004). To determine whether the effect for birth
weight on IFN-y was confounded by smoking, we adjusted for
smoking in a separate set of models. For an increase in birth
weight from 2920 g to 3564 g (25th to 75th percentile), there
was a decrease in peptidoglycan-induced IFN-y of 8.7% (95%
CI, 15.4% to 2.0%) in the unadjusted model, compared with a

9.3% (95% CI, 16.0% to 2.5%) decrease in the model adjusted
for smoking.

Maternal asthma. We used 2 markers of maternal asthma:
maternal report of a current diagnosis of asthma, and use of
inhaled corticosteroid during pregnancy. RSV-induced cytokine
responses were 21% to 54% lower in the presence of maternal
asthma (Fig 2; Table IV). A similar pattern was evident for asso-
ciations with the use of inhaled corticosteroids (Fig 2). There were
no associations between maternal asthma and the responses to
proteins or PHA (Fig 3).

Maternal diabetes. Maternal diabetes was associated with
reduced IFN responses to specific antigens (Fig 3). However,
neither PHA-induced IFN-y responses nor spontaneous IFN-y
secretion in unstimulated cells was associated with diabetes.

Cytokine responses in newborns from parents with
and without a history of allergic diseases or asthma
In general, cytokine responses to innate stimuli were dimin-
ished in children with a parental history of allergy/asthma (Table
V). These trends were especially apparent for IL-8 (33% to 63%
lower) and IL-12p40 (16% to 71% lower), and also included TNF-
o, IFN-vy, and IFN-a responses to some stimuli. Of the stimulants,
PIC-induced responses were most strongly blunted (38% to 71%
lower). One exception to this trend was that PHA-induced 1L-13,
but not IL-4, responses were enhanced in children with a parental
history of allergy/asthma (349 vs 204 pg/mL; P = .022).
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FIG 3. Correlation matrix for adaptive and phytohemagglutinin (pha)-induced responses. Statistically
significant (P < .05) correlations between perinatal factors and cytokine responses to protein extracts and
phytohemagglutinin are represented with colored squares; blue represents a positive correlation, and
red represents a negative correlation. Darker colors represent larger absolute values for correlation coeffi-
cients. There were no significant IL-4 responses to antigens, so they were not included in the matrix. cr,
Cockroach; dm, dust mite; tt, tetanus toxoid.
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FIG 4. Seasonal patterns of selected cytokine mean responses. A, IFN-a responses to LPS, peptidoglycan
(PG), and CpG according to season (3-month intervals). B, IFN-y responses to cockroach (CR) and dust
mite (DM) extracts and tetanus toxoid (TT). Seasonal patterns from the 4 individual study sites are depicted
by the colored lines. The depicted cytokine mean responses are those with the strongest seasonality patterns
(see also Fig 2). All figures demonstrate a significant quadratic effect, with each panel having P < .001.
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TABLE lll. Neonatal cytokine responses (median and interquartile
range levels in pg/mL) of IFN-y and IL-12 by maternal race/
ethnicity
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TABLE IV. Associations between maternal asthma and newborn
RSV-induced cytokine responses (median and interquartile
range, pg/mL)

Hispanic or Hispanic  Black or black

Stimulant Cytokine mixed (n = 108) mixed (n = 410) P value*
PG IFN-y 28 (6.8-85) 11 (6.8-40) <.001
IL-12(p40) 1787 (800-3795) 1270 (600-2310) <.001
LPS IFN-vy 10 (6.8-35) 6.8 (6.8-18) .005
IL-12(p40) 395 (190-770) 291 (130-559) .003
RSV IFN-vy 18 (6.8-85) 39 (6.8-189) .025
IL-12(p40) 571 (110-1167) 870 (403-1772)  <.001
CpG IFN-vy 15 (6.8-37) 12 (6.8-31) 13
IL-12(p40) 154 (66-326) 211 (83-415) .04
PIC IFN-y 60 (18-241) 58 (13-273) .80
IL-12(p40) 75 (31-201) 73 (32-145) .54

PG, Peptidoglycan.
*Mann-Whitney U test.

DISCUSSION

In this study, we examined cytokine production from CBMCs
in newborns of parents with a history of allergic disease or
asthma. We observed that responses to a variety of immune
stimuli were significantly influenced by maternal characteristics
and gestational events. Previous studies of CBMCs have
emphasized the potential of prenatal priming in response to
specific antigens, such as P-lactoglobulin, ovalbumin, and
Der p 1.27*% We identified specific characteristics such as sea-
son of birth, ethnicity, birth weight/gestational age, and parental
medical conditions (maternal diabetes and parental allergy or
asthma) that also may influence newborn immune function.
Because newborn cytokine responses have been linked to the
subsequent risk of postnatal diseases, prenatal influences
that disturb normal immune development might establish the
patterns that are associated with recurrent wheezing in infants
and preschoolers, and later as allergy and asthma in school-
age children.'>3213437

Specifically, associations with season of birth, maternal diabe-
tes, and asthma show that the fetal immune system interacts with
maternal experiences. For instance, the correlation of season of
birth with cytokine response patterns covered a wide spectrum of
both innate and adaptive stimuli. In response to innate stimuli,
IFN-a exhibited notable correlation with season, and dependent
on the specific stimulus, the results were reproducible among all 4
sites, indicating that this was not a random finding. IFN-vy
responses also showed a clear seasonal pattern across multiple
adaptive stimuli. Considering reports of delayed production of
this cytokine in infants and preschoolers with recurrent wheezing
episodes, this finding may be of special importance.4’37'40 Season
of birth has indeed been studied as a risk factor for allergy and
asthma, but primarily as an opportunity for concurrent postnatal
viral infections, allergen exposures, and sensitization of the new-
born and infant related to the time of year.16’41'4(’ Our findings
suggest that there are intrauterine considerations as well. One
study reporting prenatal priming to pollen allergens suggested
that the susceptibility of the fetal immune system to be primed
varied during the gestation period.*” Obviously, there are a
number of factors that are seasonal (eg, viral infections, allergen
exposure, vitamin D levels), and additional studies are needed to
link specific seasonal exposures to immunologic effects on the
newborn.

Maternal asthma

No (N = 332) Yes (N = 216) P value*
IFN-a 8.1 (8.1-8.1) 8.1 (8.1-8.1) 130
IFN-y 46 (6.8-208) 21 (6.8-108) .015
IL-12p40 918 (474-1,920) 637 (212-1,295) <.001
IL-10 27 (10-66) 19 (6.8-53) .016
IL-8 114,000 (62,850-209,500) 90,050 (46,700-193,750) .053
TNF-a 28 (8.3-84) 18 (6.8-56) .007

*Mann-Whitney U test.

Further evidence of prenatal immune conditioning is expressed
in the correlations between maternal race/ethnicity and cytokine
responses. We found a multiplicity of correlations related to
whether the mother was black or Hispanic; the extent to which
this represents differences in environmental versus hereditary
influences is unknown. Compared to neonates of white ethnicity,
neonatal black race/ethnicity has been shown to be associated
with increased cord blood lymphoproliferative response to Bla g 2
and/or Der f 1.*® In later childhood and adulthood, compared with
white ethnicity, black ethnicity is also linked to elevated risk of
allergic sensitization and elevated IgE.*® In this cohort, approxi-
mately one fifth of participants declared themselves to be
Hispanic, but the relation of Hispanic ethnicity to allergy risk
varies widely depending on country of birth and duration of
time in the United States.>® Ethnic differences in neonatal cyto-
kine responses and in subsequent allergic or respiratory disease
expression likely result from a combination of heredity and
prenatal and postnatal environmental differences.’’> Although
the implications of these findings are unknown, they do raise
the possibility that different immune set points at birth could
contribute to observed ethnic differences in the prevalence of
asthma and perhaps other diseases.

Measures of fetal growth and development were also associated
with specific cytokine responses, particularly in the positive
association with IL-8 and negative association with IFN-vy related
to both birth weight and gestational age. IL-8 is a chemotactic and
activating factor for neutrophils and is elevated with chorioam-
nionitis and neonatal sepsis.”>>> It is constituently produced by
the placenta during pregnancy; 1 other study by Mondestin-
Sorrentino™ supports the hypothesis that the increase in IL-8
levels with gestational age may be a normative finding.

Among other significant maternal-newborn associations was
the relationship between current asthma in the mother and
reduced cytokine responses to RSV. This finding resonates with
reports of decreased innate immune responses to viral infection in
infants and toddlers with whee:zing.l’21’5 ® Factors that we consid-
ered but for which we found no consistent associations with cyto-
kine responses included maternal infections, prolonged labor,
maternal smoking, and maternal weight (body mass index).

One of the most consistent findings that may be relevant for
future immune behavior was that newborns with at least 1 parent
with allergic disease or asthma had blunted mononuclear cell
cytokine responses to innate immune stimulation by Toll-like
receptor (TLR)-2, TLR3, TLR4, and TLRY agonists (peptido-
glycan, PIC, LPS, and CpG, respectively) ,as well as to in vitro
stimulation by RSV. A suggestion of reduced anti-inflammatory
cytokine and T-regulatory function is evidenced in another birth
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TABLE V. Difference in cytokine responses among newborns of parents with versus without allergy

Innate stimulant panel

Allergic family
history (N = 49)

Nonallergic family
history (N = 49)

Cytokine Stimulant Median (pg/mL) Interquartile range Median (pg/mL) Interquartile range P value*
Innate stimulants
IFN-« MC24 8.1 (8.1-8.1) 8.1 (8.1-8.1) .65
PG 8.1 (8.1-18.1) 8.1 (8.1-9.9) .016
LPS 8.1 (8.1-22) 8.1 (8.1-10.2) .074
PIC 84 (42-160) 155 (48-300) .049
CpG 30 (11-122) 84 (30-138) 187
RSV 8.1 (8.1-8.1) 8.1 (8.1-8.1) 135
IFN-y MC24 6.8 (6.8-6.8) 6.8 (6.8-6.8) .065
PG 8.6 (6.8-24) 21 (6.8-105) .037
LPS 6.8 (6.8-12) 6.8 (6.8-33) .089
PIC 60 (15-186) 199 (38-1,110) .004
CpG 14 (6.8-25) 19 (9.1-55) .041
RSV 10 (6.8-52) 43 (6.8-134) .058
IL-12p40 MC24 11 (11-26) 44 (13-80) <.001
PG 1,554 (600-2,598) 3,390 (1,530-5,738) <.001
LPS 333 (203-1,050) 750 (278-2,305) .008
PIC 89 (29-251) 310 (104-644) <.001
CpG 196 (77-336) 232 (152-420) .091
RSV 726 (334-1,660) 1,380 (715-3,145) .003
IL-10 MC24 6.8 (6.8-6.8) 6.8 (6.8-6.8) .161
PG 534 (285-829) 474 (317-915) .819
LPS 247 (137-411) 219 (105-314) 21
PIC 10 (6.8-18) 16 (7.1-26) .064
CpG 75 (31-190) 91 (51-189) 164
RSV 24 (6.8-83) 28 (12-63) .622
TNF-a MC24 6.8 (6.8-6.8) 6.8 (6.8-29) .003
PG 2,612 (1,060-3,916) 2,560 (1,110-4,840) .657
LPS 1,081 (749-2,360) 1,010 (644-2,240) 518
PIC 16 (8.3-52) 49 (19-244) .003
CpG 16 (7.8-61) 47 (11-146) .019
RSV 112 (6.8-36) 38 (11-101) .006
IL-8 MC24 15,599 (15,599-31,200) 16,400 (15,599-86,100) .059
PG 246,000 (142,000-375,000) 370,000 (257,000-474,000) .013
LPS 259,000 (144,000-504,000) 441,000 (301,000-590,000) .004
PIC 15,599 (15,599-31,100) 38,600 (15,599-88,400) .01
CpG 16,900 (15,599-52,300) 46,000 (15,599-106,000) .031
RSV 105,000 (49,000-240,000) 284,500 (132,750-457,500) <.001

MC24, Cells incubated in medium alone for 24 hr; PG, peptidoglycan.
*P value from Mann-Whitney U test of difference between medians.

cohort study, in which peptidoglycan-induced IL-10 production
and induction of Forkhead box P3 were lower in CBMCs of
children with maternal atopy.20 In our study, although cytokine
levels were generally reduced in response to the TLR stimu-
lants, differences in IL-10 responses between children of fami-
lies with and without allergic disease or asthma were not
prominent. In contrast, Prescott et al’’ recently reported that
maternal allergy was associated with higher, instead of reduced,
TLR-initiated responses in CBMCs. The different findings
could be a result of a number of differences with our study,
including unique features of the urban environment, ethnicity,
and the use of freshly isolated versus cryopreserved cells.
Nonetheless, our findings suggest the possibility that newborns
of parents with allergy/asthma in the urban environment
could be globally less responsive to innate immune stimuli in
early life. We are monitoring these children to determine
whether these differences persist, and whether group-specific

differences in cytokine responses will be associated with dis-
tinct atopic outcomes.

Strengths of our study include a large sample size, and multiple
sites that enabled the identification of relationships that were
consistent across 4 different urban areas. In addition, there was
careful attention to quality control of the immunologic assays,
which included periodic processing of standardized specimens.*’
This enabled us to evaluate cytokine responses to a variety of spe-
cific innate and adaptive stimuli and their association with various
prenatal and birth factors. Consequently, this study involved mul-
tiple comparisons between maternal and perinatal characteristics
and newborn cytokine responses. To minimize the possibility of
type I statistical errors, we focused on the identification of associ-
ations that were consistent across multiple stimuli or cytokine
responses. It should be noted that this study focused on the
inner-city environment and population, which limits the generaliz-
ability of our results and conclusions. However, the intent of the
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study was to investigate a population that demonstrates a high prev-
alence of and morbidity as a result of allergic diseases and asthma.

Many of the associations that we observed were of relatively
low magnitude; however, from an immunoepidemiologic point of
view, such correlations between environmental predictors and
cytokine responses have potential biologic significance. Stronger
correlations would not be expected given the biological
complexities involved in cytokine regulation. Many different
factors may contribute to the cord blood cytokine responses,
including genetic effects, environmental exposures, and the actual
process of birth, and these effects may be additive. We have not
measured all the possible predictors, nor do we have a complete
picture of all the biological pathways that link environmental
predictors (eg, smoking) to cytokine responses. Finally, CBMCs
were used in the cytokine response assays, and it is possible that
individual variations in cell subsets could contribute to differ-
ences in cytokine responses.

The newborn period has been characterized as one in which
there is rapid development of both innate and adaptive immune
responses. Previous studies have related variations in newborn
responses to the development of atopic diseases in child-
hood.>”*8? Yet the results of this study provide evidence that
the variability of newborn immune responses is not random and
appears to be responsive to maternal characteristics and experi-
ences, indicating a continuity of immune development from the
fetus into the perinatal and postnatal periods. Our findings also
suggest that a newborn of parents with allergy/asthma is primed
to respond differently to postnatal environmental experiences.
This maternal influence may be partially mediated by genetics;
however, seasonal variations suggest that either environmental
or epigenetic mechanisms may also affect the developing immune
system. This cohort of infants will be followed for several years to
determine the long-term effect of these maternal-fetal interactions
on immunity and atopic outcomes in early life, including recur-
rent wheezing and asthma.
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with recurrent wheezing in infants and preschoolers, and later
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