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Rationale: Heredity from mother or father may impact differently in
complexdiseases, suchasatopy.Maternalatopy isastrongerrisk factor
thanpaternal atopy for thedevelopment of atopy in the offspring.We
hypothesized that mother’s and father’s atopy would have a differen-
tial imprinting on the cytokines and chemokines in the upper airway
mucosal lining fluid of healthy neonates.
Objectives: To study parental atopic imprinting on the cytokines
and chemokines in the upper airway mucosal lining fluid of
healthy neonates.
Methods: Eighteen cytokines and chemokineswere quantified innasal
mucosal lining fluid in 309 neonates from the novel unselected Co-
penhagen Prospective Study on Asthma in Childhood (COPSAC)
birth cohort.
Measurements and Main Results: Maternal, but not paternal, atopic
status (asthma, hay fever, or eczema with or without sensitiza-
tion) was associated with general down-regulation of all 18
mediators assessed by principal component analysis (overall
P ¼ 0.015).
Conclusions:Maternalatopy,butnotpaternalatopy, showedastrong
linkage with a suppressed mucosal cytokine and chemokine signa-
ture in asymptomatic neonates, suggesting imprinting by the ma-
ternal milieu in utero or perinatal life.

Keywords: neonatal airways;parental atopicdisease; skewed immunology

Heredity from mothers or fathers may impact disease develop-
ment in the child differently in complex diseases, such as diabetes,
inflammatory bowel disease, and atopy (1–4). Thus, atopic hered-
itary disease linkage in the offspring is stronger for maternal than
paternal atopy (3–5). This suggests imprinting (i.e., an inheri-
tance process independent of the classical mendelian inheritance)
of the maternal immunologic status or milieu on the child dur-
ing pregnancy or perinatal life, which is a period of immune
immaturity.

The airway mucosa is exposed to the mother’s milieu before
birth and to allergens, pollutants, and the microbiome after birth.
The ability of the newborn to mount a balanced and appropriate
local immune response at the mucosal surfaces in response to the
exposome (i.e., the totality of exposures received by a person dur-
ing life [6]) is essential for maintaining healthy airways because
atopic diseases presumably develop from an inappropriate immune
response caused by complex interactions between genes, the expo-
some, and the host immune system. Indeed, a recent large-scale,
genome-wide study of asthma showed strong associations to genes
controlling innate and adaptive immune components (7).

The cytokines and chemokines involved in the pathogenesis
of asthma and allergic rhinitis have been studied extensively in
vitro in stimulated cord blood or peripheral blood from neonates
(8–11), whereas there is no available in vivo evidence from the
target organ, the airway mucosa. It is not known how parental
atopy may affect early immunity in the target organ, the respi-
ratory mucosa.

We hypothesized that atopic heredity from mother and father
would have a differential imprinting on the cytokines and chemo-
kines in the upper airway mucosa lining fluid of healthy neonates.
To investigate this hypothesis, we studied subjects enrolled in the
novel unselected Copenhagen Prospective Study on Asthma in
Childhood (COPSAC2010) birth cohort. Some of the results of
this study have been previously reported in the form of an ab-
stract (12).
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Maternal atopy is a stronger risk factor than paternal atopy
for the development of atopy in the offspring.

What This Study Adds to the Field

Maternal atopy, but not paternal atopy, showed a strong
linkage with a suppressed mucosal cytokine signature in
asymptomatic neonates, suggesting imprinting by the ma-
ternal milieu in utero or perinatal life.
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METHODS

The COPSAC2010 Birth Cohort

The neonates were part of the novel COPSAC2010 cohort, an ongoing
unselected prospective clinical study of a birth cohort of 700 children
recruited in Zealand, Denmark, during 2009–2010. Written invitations
were sent to pregnant women in Zealand. Women who were interested
in participating were interviewed by telephone and subsequently
attended the COPSAC clinical research unit for enrollment at gesta-
tional week 24, excluding women with chronic endocrinologic, nephro-
logic, or cardiac diseases. The neonates were enrolled at 1 week of age
excluding any baby with severe congenital abnormality.

Measurements of Airway Inflammatory Mediators

The neonates visited the clinical research unit at 1 month of age. Upper
airway mucosal lining fluid was collected with a pair of 3- 3 15-mm
strips of filter paper (Accuwik Ultra; fibrous hydroxylated polyester
sheets, cat no. SPR0730, Pall Life Sciences, Portsmouth, Hampshire,
UK; this product is no longer manufactured, but Leukosorb from Pall
Life Sciences is an alternative) inserted onto the anterior part of the
inferior nasal turbinate of both nostrils (see online video of the sam-
pling procedure; www.copsac.com). The strips were left for 2 minutes
(13). After removal, the filter papers were frozen at 2808C and stored
until analysis.

The levels of IFN-g, IL-1b, IL-2, IL-4, IL-5, IL-10, IL-12p70, IL-13,
tumor necrosis factor (TNF)-a, CXCL8 (IL-8), CCL11 (eotaxin-1),
CCL26 (eotaxin-3), CXCL10 (IP-10), CCL2 (MCP-1), CCL13 (MCP-4),
CCL22 (MDC), CCL4 (MIP-1b), and TARC (CCL17) in the extracted
upper airway mucosal lining fluid were analyzed in duplicate using the
Ultrasensitive Meso Scale Discovery Multi-spot Human TH1/TH2 10-
Plex cytokine assay and 9-plex chemokine assay (Meso Scale Discovery,
Gaithersburg, MD). Samples were read using the Sector Imager 6000
(Meso Scale Discovery). The lower limit of detection was set as the mean
signal from blanks 13 SD (see online supplement). For validation, IL-8
was analyzed with both cytokine and chemokine assay showing complete
correlation between the two (rho ¼ 0.98). IL-8 chemokine values are
presented in this article. As for IL-4, 55% of the measurements were
under the set detection level (1.05 pg/ml), and 20 were undetectable or
missing (i.e., 0 pg/ml) (see Table E2 in the online supplement). IL-4
has been included in the analysis because of its central role in Th2
skewing, but interpretation of these results must be done with caution.

Atopic Predisposition

Parents’ atopic status was defined from a history of doctor-diagnosed
asthma, hay fever, or atopic dermatitis independent of sensitization.
This was determined by a structured clinical interview performed by
the research doctors at the parents’ first visit to the COPSAC research
clinic during gestational week 24.

Statistical Analyses

Analyses were done by conventional statistics and by pattern recogni-
tion using principal component analysis (PCA). Mediator levels were
log-transformed before analysis. In the conventional statistics, differen-
ces in cytokine and chemokine concentrations between the offspring of
parents who are atopic versus parents who are not atopic were tested by
Student unpaired t test. Our primary outcomes were mother who is
atopic (irrespective of paternal atopic status) and father who is atopic
(irrespective of maternal atopic status). Estimates were expressed as
relative differences with the nonatopic group as reference and with
corresponding 95% confidence intervals.

For the pattern recognition analyses, PCA was used to extract un-
derlying latent variables, called principal components, which describe
the systematic part of the variation across the 18 mediators in a few un-
correlated new and latent variables. The latent variables (principal com-
ponents) reflect the distribution of samples across all variables. In this
way it can be seen how the different variables contribute to the principal
components and thereby understand what variables dominate the data-
set in biologic patterns. Scatter plots of the principal components were
used to investigate differences in overall cytokine–chemokine response
between the children with or without mothers who are atopic.

The data processingwas conducted usingMATLABR2009b v. 7.9.0.529
(MathWorks, Natick,MA)with the statistical and PLS toolbox (t test, PCA,
visualization). In PCA, the NIPALS algorithm (nonlinear iterative partial
least squares) was used to estimate the model while dealing with missing
data (14).

Additional methodologic details are given in the online supplement.

RESULTS

Baseline Characteristics

The study included the first 309 consecutive neonates from the
novel COPSAC2010 birth cohort at the mean age of 31 days (SD,
5 d). Sampling was completed in all neonates without any com-
plications or adverse events.

Atopic disease had been diagnosed in 173 of the mothers (56%
of the study group) and 142 (47%) of the fathers, and 241 (78%) of
the neonates had either a mother or a father with a history of at-
opy. Baseline characteristics of the neonates of mothers who are
atopic (with or without fathers who are atopic) did not differ sig-
nificantly from neonates of mothers who are not atopic (with or
without fathers who are atopic) with respect to fathers’ atopy,
ethnicity, household income, antibiotics in third trimester, smok-
ing, alcohol intake in third trimester, furred animals in the home
during pregnancy, gestational age, birth weight, caesarean sec-
tion, Apgar score less than 7 (15), sex, older siblings, or exclusive
breastfeeding (Table 1). Neonates of fathers who are atopic (with
or without a mother who is atopic) versus fathers who are not
atopic (with or without mothers who are atopic) and neonates of
mothers who are atopic (without fathers who are atopic) versus
fathers who are atopic (without mothers who are atopic) were
also comparable with respect to the previously mentioned char-
acteristics (see Table E1A and E1B).

Cytokine and Chemokine Levels in Neonates with

and without Parents Who Are Atopic

Mean levels and variation in cytokine and chemokine levels are
shown in Table E2.

Neonates of mothers who are atopic (with or without fathers
who are atopic) had lower levels ofmediators comparedwith neo-
nates of mothers who are not atopic (with or without fathers who
are atopic) (Figure 1A). Univariate statistical analyses showed P
less than or equal to 0.01 for eotaxin-3 and IP-10, and P less than
or equal to 0.05 for IFN-g, IL-13, IL-1b, IL-2, IL-4, IL-8, TNF-a,
eotaxin-1, MCP-1, MCP-4, and MDC. The mediators IL-10,
IL-12p70, IL-5, MIP-1b, and TARC exhibited a nonsignificant
trend of down-regulation (see Table E3). The conventional sta-
tistical approach was verified in a data-driven unsupervised
PCA. The loading plot for all mediators and maternal atopic
status shows that all variables are strongly correlated, because
the first component (PC1) describes 66.5% of the total variation
(see Figure E1). Therefore, the significant univariate associations
revealed by conventional statistics mainly reflect one general
underlying inhibitory effect in the neonates of mothers who
are atopic. This is confirmed by the separation plot (Figure 2)
showing significantly different distribution for individuals with
and without mothers who are atopic (P ¼ 0.01).

Neonates with fathers who are atopic (with or without moth-
ers who are atopic) showed similar mediator levels as fathers who
are not atopic (with or without mothers who are atopic) (Figure
1B; see Table E3). All univariate statistical comparisons were
nonsignificant except MCP-1 (up-regulated in neonates with
fathers who are atopic; P ¼ 0.02). This pattern was confirmed
in the data-driven PCA (see Figure E2).

Neonates of mothers who are atopic and fathers who are not
atopic exhibited significantly reduced levels of IL-10, IL-12p70, IL-
2, IL-4, TNF-a, eotaxin-3, MCP-1, MCP-4, and TARC compared
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with neonates of fathers who are atopic and mothers who are
not atopic. IL-8, IP-10, and MDC exhibited a nonsignificant
trend of down-regulation (Figure 1C; see Table E3). The PCA
confirmed the significant general down-regulation of mediators
(see Figure E3).

DISCUSSION

Main Findings

Healthy neonates born to mothers who are atopic have down-
regulated cytokines and chemokines in the upper airwaymucosal
lining fluid, whereas there is no association to father’s atopic
status. This suggests a maternal imprinting on the child’s im-
mune response developing during pregnancy or the first weeks
of life.

Strengths and Limitations

We developed this noninvasive method of sampling upper air-
way mucosal lining fluid by filter paper with efficient absorption
(wicking) properties, but with minimal protein binding capacity,
so that mediators can be efficiently eluted (13, 16). This simple
and noninvasive method makes it possible to assess the baseline
innate and adaptive immune responses in the airway mucosa as
reflected by a panel of cytokines and chemokines. The novel
method was feasible in all neonates and without inconvenience
to the child.

It is an advantage of this method that mediators could be mea-
sured in the upper airway mucosal lining fluid reducing the prob-
lem of dilution inherent to nasal lavage where the dilution is
a significant confounder and may reduce the mediator concentra-
tion below the detection limit of the assay (17). It is a strength that
the biologic sampling of mucosal lining fluid is from one of the
target organs of allergic disease. A further strength of the method
is that these mediators could be assessed in asymptomatic healthy
neonates at baseline without stimulation, hence avoiding the ex-
cessive response accompanying challenge models (18).

It seems probable that the in vivo mediator concentrations
are the product of networks of interactions between different
host mucosal cell types reacting with the exposome, and hence
this in vivo measure is a more complete assessment of the final
common pathway of the immune response than a response to
stimulated purified cells or cell lines determined in vitro.

The validity of the study is increased by the comprehensive
prospective data collection from personal interviews in the clinic
on potential confounders, including the pregnant mother’s use of
antibiotics, alcohol, and tobacco, mode of delivery, breastfeed-
ing, and presence of siblings or animals at home.

The statistical evidence is strong with conventional statistics
confirmed in the unsupervised, data-driven PCA (i.e., the poten-
tial issue of multiple testing by univariate analyses of each of the
18 mediators is mitigated by the overall significance in the first
principal component). This PCA analysis simultaneously ana-
lyzes variation in all cytokines and chemokines, and allows test-
ing for difference between groups by one single test. This
revealed significantly different cytokine and chemokine levels
for neonates with and without mothers who are atopic.

It is a limitation of the study that the definition of parents who
are atopic did not include an objective measure, such as specific-
IgE or skin prick test.

It may be a limitation to our conclusions that, despite being an
unselected birth cohort, 78% have at least one parent who is
atopic compared with the Danish population where 54% of chil-
dren have been reported to have at least one parent who is atopic,
reflecting a bias toward the afflicted population even in unse-
lected cohort studies (19). It is well-known that parents with
atopic disease tend to avoid certain behaviors or environments
(20). Therefore, the home environment, maternal dietary habits,
and the exposure to allergens in these families might differ from
families without atopic predisposition, which may have affected
the maternal imprinting on the child’s immune response.

Interpretation

The in vivo airway cytokine and chemokine concentrations in
neonates with mothers who are atopic presented a general
down-regulation compared with mothers who are not atopic
and compared with fathers who are atopic, whereas there was
no influence from the fathers’ atopic status compared with
fathers who are not atopic. This general suppression in all medi-
ators may be interpreted as a delayed maturation of the immune
response.

The immune response is generally immature in early life as
recently demonstrated in the experiment by nature, where the
H1N1v pandemic caused more severe disease in neonates and
young infants than in older children, all unprotected from passive

TABLE 1. BASELINE DEMOGRAPHICS

All % (N)

Mothers Who Are

Atopic % (N)

Mothers Who are Not

Atopic % (N) P Value

Baseline 309 56 (173) 44 (136) —

Prenatal exposure

Father who is atopic 47 (141) 43 (73) 52 (68) 0.16

Race—white 95 (293) 96 (165) 94 (128) 0.32

Household income—high* 35 (108) 31 (53) 40 (55) 0.37

Antibiotics in third trimester 18 (56) 19 (32) 18 (24) 0.85

Furred animals during pregnancy 34 (104) 35 (60) 32 (44) 0.77

Maternal smoking during pregnancy 5 (15) 3 (6) 7 (9) 0.20

Alcohol .1 unit/wk during third trimester 6 (18) 6 (10) 6 (8) 0.97

Postnatal exposure

Gestational age† 5 (16) 5 (8) 6 (8) 0.62

Birth weight (,2,500 g) 1 (3) 2 (2) 1 (1) 0.74

Male 50 (154) 48 (83) 52 (71) 0.46

Apgar score ,7 at 1 min 4 (13) 5 (9) 3 (4) 0.53

Caesarian section 12 (37) 12 (20) 12 (17) 0.26

Older sibling 48 (148) 47 (82) 49 (66) 0.84

Exclusive breastfeeding until study day 90 (279) 90 (156) 90 (123) 0.45

*High; above V110,000 a year.
yBefore 37 weeks.
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Figure 1. Ratios of cytokines and chemokines in the

upper airway mucosal lining fluid in healthy neonates.

Means with 95% confidence interval. (A) Ratio: Neo-

nates with mothers who are atopic versus mothers
who are not atopic. (B) Ratio: Neonates with fathers

who are atopic versus fathers who are not atopic. (C)

Ratio: Neonates with mothers who are atopic (fathers

who are not atopic) versus neonates with fathers who
are atopic (mothers who are not atopic). eotaxin-1 ¼
CCL11; eotaxin-3 ¼ CCL26; IFN-g ¼ interferon-g;

IL ¼ interleukin; IL-8 ¼ CXCL8; IP-10 ¼ CXCL10;

MCP-1 ¼ CCL2; MCP-4 ¼ CCL13; MDC ¼ CCL22;
MIP-1b ¼ CCL4; TARC ¼ CCL17; TNF-a ¼ tumor

necrosis factor-a.
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immunity to this novel virus (21). This illustrates the neonatal
period as a period of immune immaturity and it is our interpre-
tation that the milieu of the atopic mothers causes a further
delay of the child’s immune maturation.

Previous reports on the effect of maternal atopic status on
neonatal immune profiles are ambiguous probably because of
the limitation of in vitro studies including use of different stim-
ulation regimens, problems with the harvesting of cells, use of
single-cell lines with absence of epithelial–immune cell cross-
talk, and different laboratory practices. In agreement with our
findings, in vitro studies stimulating the innate immune cells
from cord blood reported a reduced response of the Th1-type
cytokine IFN-g in children of mothers who are atopic (8, 9, 22–
24). Likewise, regulatory T cells and their suppressive function
and associated cytokines (IL-10) were found suppressed (24),
together with reduced levels of Toll-like receptor (TLR) 2,
TLR4/CD14, and TLR9 expression in cord blood from high-
risk infants (10, 25). A linkage between maternal atopy and
reduced Th1 (IFN-g) response toward fetal histocompatibility
complex antigens was previously reported (26), thus indicating
that maternal atopy may impact fetal immune programming by
immune regulatory processes at the maternofetal interface. To-
gether these in vitro studies support our in vivo data suggesting
that that maternal heredity delays the immune maturation in
the offspring. One previous in vivo study assessed cytokines
directly in the cord blood from 20 high-risk infants and 36 con-
trol subjects reporting detectable levels of the chemokines
IP-10, I-TAC, MDC, and TARC with no significant correlations
to the atopic status of the mother, whereas other Th1- and Th2-
associated cytokines were undetectable (11). Other studies
found no association between atopic heredity and the in vitro
immune response to nonspecific stimulation of cord blood cells
(27, 28). Studies have even reported enhanced levels of IFN-g
and IL-12 in cord blood from high-risk infants on stimulation of
the innate immune system (29), and enhanced IL-13 response in
stimulated cord blood (28).

Maternal specific imprinting has also been reported for other
complex diseases, such as diabetes (1) and Crohn’s disease (2).
The mechanism behind maternal imprinting cannot be deter-
mined by our data. It may be speculated to arise from the
maternal immune system signaling to the developing fetus

during pregnancy or may involve epigenetic mechanisms (30).
Alternatively, exposure to environmental immune activators,
such as maternal nutrition during pregnancy (e.g., omega-3 fatty
acids and vitamin D intake) or the microbiome of the mother, is
imprinting the fetal immune response toward the atopic status.
We recently reported an association between abnormal bacte-
rial colonization of the upper airways of neonates and later
development of asthma suggesting that, post or propter, the
human microbiome is associated with the skewing of the im-
mune balance in people with asthma (31).

CONCLUSIONS

Maternal atopic disease was associated with a general down-
regulation of cytokine and chemokine levels in the upper
airway mucosal lining fluid in healthy neonates. There was
no paternal linkage to the mucosal immune response pattern,
suggesting maternal programming of the fetus or neonate is
causing an aberrant local airway immune profile in the newborn
child.
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