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Antenatal determinants of neonatal immune responses to allergens
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Summary

Background The environmental factors responsible for recent increases in the prevalence of asthma
and atopic disease have been assumed to act after birth. Their possible effects on fetal immune
development in utero have not been investigated systematically, although sensitization to allergens
may occur before birth.

Objective This prospective study determined whether the risk factors for asthma and atopic
disease, namely family history of atopic disease, maternal smoking, birth order, or maternal dietary
intake of antioxidant vitamins, exert antenatal effects on the fetal immune system that may predis-
pose to childhood atopy.

Methods The T helper (Th) cell proliferative responses of cord blood mononuclear cells (CBMC)
from a sample of 223 neonates, representative of children born to a cohort of 2000 pregnant women,
were measured and related to family, maternal and environmental factors associated with the
pregnancy.

Results The magnitude of CBMC-proliferative responses to allergens increased significantly in
association with a family history of atopic disease or maternal smoking, and decreased significantly
with increasing birth order and high maternal dietary intake of vitamin E. The epidemiological
association between birth order and atopy may therefore be a consequence of antenatal influences
rather than of protective effects of childhood infections. The association between maternal intake of
vitamin E and CBMC responsiveness suggests that diet during pregnancy may influence the fetal
immune system in such a way as to modulate the risk of childhood atopy.

Conclusion These results provide a new insight into the aetiology of atopic disease by demonstrat-
ing that the maternal environmental risk factors for atopy, diet, birth order and smoking, influence
the development of the fetal immune system. This raises the prospect of preventative public health
interventions during pregnancy.
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Introduction

In recent years developed countries have experienced increases
in the prevalence of the atopic diseases; asthma, eczema and
hayfever. These have been particularly marked in children; for
example in Aberdeen the prevalence of asthma in schoolchil-
dren increased from 4.1% in 1964 to 19.6% in 1994 [1,2]. The
rapidity of the increases suggests that they are due to changes in
environment and/or lifestyle rather than in genetic predispos-
ition. Epidemiological studies have identified a number of risk
factors for asthma and atopy. A family history of atopic disease
is the strongest known risk factor, and maternal smoking shows
a weaker association [3]. It has also been proposed that child-
hood infections reduce the risk of atopic disease; this ‘hygiene
hypothesis’ originally arose from the observation that atopic
diseases exhibit a birth order effect, first-born children being at
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the greatest risk [4]. The nutrition hypothesis attributes the
increase in atopy to changes in the population’s dietary intake
of antioxidants [5] and/or lipids [6], and several studies in chil-
dren and adults have shown an inverse association between
dietary vitamin E/C intake and features of asthma [7,8] and
atopy [9].

Atopic diseases are characterized by chronic immune-
mediated inflammation initiated and perpetuated by T helper
(Th) cells. Following the description of Thl and Th2 clones,
characterized by different patterns of Th cell cytokine secretion,
including interferon (IFN)-y and interleukin (IL)-4, respect-
ively [10], it has become evident that atopic diseases are associ-
ated with Th2-biased responses [11]. In order to design rational
primary preventative measures to reverse the increases in atopic
disease, it is desirable to identify those interactions between the
immune system and the environment that promote the develop-
ment of atopy.

There is evidence that the immunological bias towards atopy
can be established during the in utero development of the fetal
immune system. Studies of neonates with a family history of
atopy and neonates who subsequently develop atopic disease
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have demonstrated that, at birth, cord blood mononuclear cells
(CBMC)s demonstrate increased in vitro proliferative but re-
duced cytokine responses after stimulation with mitogens and
allergens [12—-18]. It has been shown that mite allergen can reach
the fetal circulation [19]. It would thus appear that genetic
susceptibility to atopy may influence in utero development of
the fetal immune system. However, it is possible that other
environmental factors may also be exerting in utero influences
and that these may underlie the recent increase in atopic disease.
Potential antenatal factors could include maternal diet during
pregnancy, since it has been shown that childhood atopy is
influenced by birth weight, length and head circumference, in
part markers of fetal nutrition [20,21]. Maternal smoking in-
creases the risk of childhood asthma but it has not been estab-
lished whether this represents ante- or postnatal influences [3]. It
is widely believed that the risk associated with birth order is a
postnatal influence, but the possibility of in utero effects has not
been investigated. The aim of the present study was to test the
hypothesis that risk factors for asthma and atopy, namely
family history, maternal smoking, birth order and dietary
intake of antioxidants, can influence the developing fetal
immune system, as reflected by in vitro CBMC-proliferative
responses at birth.

Materials and methods

Subjects

Two thousand healthy pregnant women were randomly re-
cruited at 16-20 weeks gestation during their first antenatal
clinic visit, only excluding those attending certain disease-
specific clinics. After obtaining written informed consent, a
trained interviewer administered a standard respiratory symp-
tom questionnaire that included detailed enquiries about re-
spiratory symptoms, cigarette smoking and obstetric history.
The presence of asthma, eczema and hayfever in the mother,
father and siblings of the unborn child was also recorded and a
family history of atopic disease was defined as asthma or eczema
or hayfever in one of these relatives. The mothers were skin
prick tested using ALK lancets (ALK, Hrsholm, Denmark) and
the ALK solutions, saline (negative control), cat fur, timothy
grass (Phleum pratense) and house dust mite (Dermatophagoides
pteronyssinus). Skin weal diameters were measured after 15 min,
a mean weal diameter 3mm or more times greater than the
negative control being considered significant [22].

At 30 weeks gestation a validated semiquantitative food fre-
quency questionnaire (FFQ, referring to intake during the cur-
rent pregnancy) was mailed to the mothers and the answers
checked with her at the subsequent clinic [23]. The recruited
women gave birth between April 1998 and December 1999. The
study had the approval of the local Ethics Committee.

CBMC-proliferative responses

Within 30min of delivery the attending midwife took cord
blood samples by venepuncture of the umbilical vein and the
cord blood was placed in sterile sodium heparin tubes. To
obtain sufficient cells it was necessary to collect samples greater
than 10mL, which were processed within a median of 10h
(interquartile range [IQR] 5-15 h) after birth. CBMC isolation,
the proliferation assays and their optimization have been de-
scribed in detail elsewhere [24]. Briefly, CBMC were isolated by

density gradient centrifugation and cultured in 2mL wells at a
concentration of 1.25 x 10° cells/mL in the Alpha Modification
of Eagle’s Medium supplemented with 2.5% autologous serum.
Cultures were stimulated with the mitogen con A (1 pg/mL),
Mycobacterium tuberculosis PPD (5pg/mL), timothy grass
pollen extract (2500IU/mL), or house dust mite extract
(2500 IU/mL). Unstimulated negative control cultures were
also set up. Cell proliferation was assessed on days 4-8 after
stimulation by the incorporation of *H-thymidine into newly
synthesized DNA in triplicate 100 pL aliquots withdrawn from
the wells [24].

Statistical considerations

Data were analysed using SPSS® 8.0 (SPSS Inc., Chicago, IL,
USA). CBMC proliferation was expressed as a stimulation
index (SI); representing the ratio of stimulus-induced to un-
stimulated proliferation. Previous work has demonstrated that
for this methodology an SI > 3 is statistically significant [24], a
level that is comparable with other authors who quote either an
SI>2 or 3 as indicative of a significant proliferative response
[12,14,15]. We have demonstrated that for all stimuli, SI values
approximate to a log-normal distribution throughout the cul-
ture period [24], enabling SI values to be graphically represented
by geometric mean values (4 95% confidence intervals (CI)).
General linear modelling for repeated measures (SPSS) was
used to test for between-group differences, a technique that
utilizes all available data and avoids multiple between-group
t-testing. Maternal nutrient intakes were calculated from FFQ
and food composition data, log-transformed, and then adjusted
for maternal energy intake (log-transformed), the residual
values being grouped into tertiles of intake [25].

Results

Representativeness of CBMC samples

In vitro CBMC-proliferative responses from 223 cord blood
samples were characterized. Although it was not possible to
recruit these 223 babies entirely randomly, their mothers did
not differ significantly from the cohort of 2000 mothers with
respect to age, obstetric history, smoking habit, social class or
family history of atopic disease. The dietary intake of protein,
carbohydrate, fat and energy by the mothers of the 223 neonates
was also representative of the cohort of 2000 mothers. There
was a non-significant trend for the mothers of the 223 neonates
to take less vitamin supplementation during pregnancy; this
resulted in significantly lower total vitamin E intake when com-
pared with the remaining women of the cohort (7.70, 95% CI
7.24-8.19, mg/day vs. 8.28, 8.09-8.48, mg/day, P=0.04). It is
probable that this was a chance association; all samples were
processed ‘blind’ with no maternal or neonatal details known.

CBMC-proliferative responses

Absolute CBMC-proliferative counts ranged from 307 cpm
(5th centile) to 7716 cpm (95th centile) for the unstimulated
control cultures, and 504 cpm (5th centile) to 64 287 cpm (95th
centile) for the stimulated cultures. Significant CBMC-
proliferative responses on at least one of the days assayed were
detected after stimulation with con A in 91% of samples, PPD
75%, timothy grass 76% and house dust mite 27%. It should
be noted that responsiveness of CBMC to the four stimuli is
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specific, since significant proliferation elicited by any one stimu-
lus is not necessarily associated with responses to the others.
Thus, 8.4% of samples responded to one of the stimuli, 28.9% to
two, 45.3% to three, and 17.3% to all four of the stimuli.

Associations between known risk factors and CBMC-
proliferative responses

Family history of atopic disease CBMC-proliferative re-
sponses after stimulation with con A, PPD, timothy grass and
house dust mite tended to be greater in samples from neonates
with a family history of atopic disease when compared with
CBMC responses in samples from neonates without such a
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Fig. 1. Proliferative responses of CBMC after
stimulation with timothy grass pollen extract in
samples from neonates with (n =45) and without
(n=62) atopic siblings. (a) Individual CBMC- 14
proliferative responses six days after stimulation,
with geometric mean S| + 95% CI. Between-group
difference P=0.012. (b) CBMC-proliferative
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family history. For example, there was a significant association
between increased CBMC-proliferative response after stimula-
tion with timothy grass and sibling history of atopic disease
(Fig. 1). Figure 1(a) demonstrates CBMC SI values for 107
individual CBMC samples from neonates with siblings six
days after stimulation with timothy grass. It can be seen that
geometric mean CBMC-proliferative SI is higher if neonates
had a sibling history of atopy when compared with responses in
samples from neonates with non-atopic siblings (P =0.012). In
order to more clearly present the large numbers (> 1000) of
CBMC-proliferative SI values for days 4-8 after stimulation,
within-group SI values are expressed in the standard epidemi-
ological fashion of geometric mean + 95% CI and between

I
No Atopic sibs
atopic sibs

B - - Atopic sibs
— Non atopic sibs

responses for each of the five days when 0-
proliferative responses assayed expressed as 4
geometric mean proliferative response (S| + 95%

Cl). Between-group difference P=0.04.
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group differences determined by linear modelling for repeated
measures (Fig. 1b). There were no associations between results
of maternal skin prick tests and CBMC-proliferative responses.

Maternal smoking Maternal cigarette smoking at 16-20
weeks gestation was associated with a trend for increased
CBMC-proliferative responses after stimulation with con A,
PPD, timothy grass and house dust mite. This association
was strongest and highly significant (P =0.008) for CBMC-
proliferative responses after stimulation with the allergen
house dust mite (Fig. 2).

Obstetric history CBMC-proliferative responses after stimu-
lation with PPD, timothy grass and house dust mite tended to be
higher in samples from first-born children, but this trend only
approached statistical significance (P=0.1) for CBMC re-
sponses to the allergen house dust mite. There were much
stronger associations with the mother’s total number of
previous pregnancies (including miscarriages). Thus CBMC-
proliferative responses after stimulation with con A, PPD, tim-
othy grass and house dust mite tended to be greatest in samples
from neonates born of first pregnancies, with CBMC-
proliferative responses from subsequent pregnancies being
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Fig.3. Proliferative responses of CBMC after
stimulation with house dust mite extract in
samples from neonates who were born of first
(n=281), second (n=77) and third or more
pregnancies (n=62). (a) Individual CBMC-
proliferative responses eight days after
stimulation, with geometric mean S| + 95% CI.
Between-group differences P < 0.001. (b) CBMC-
proliferative responses for each of the five days
when proliferative responses assayed expressed 0.5 I
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First
pregnancy

>Second
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e——e No previous pregnancies
N---H 1 previous pregnancy
A 4 >1 previous pregnancy

as geometric mean proliferative response 4
(Sl + 95% CI). Between-group differences
P=0.021.

sequentially reduced. The association between CBMC prolifer-
ation and birth order was strongest and statistically significant
for responses to house dust mite (P=0.021) (Fig. 3), but ap-
proached statistical significance for responses to PPD
(P=0.07).

Maternal dietary intake of vitamin E Dietary intake data
were available for 208 (93%) of the mothers. CBMC-
proliferative responses after stimulation with PPD, timothy
grass and house dust mite tended to be reduced in samples

© 2002 Blackwell Science Ltd, Clinical and Experimental Allergy, 32:43-50
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from neonates whose mothers had the highest intake of vitamin
E during pregnancy. The association between CBMC prolifer-
ation and maternal vitamin E intake was significant for CBMC-
proliferative responses to timothy grass and house dust mite
(between group P-values=0.01 and <0.001, respectively,
Fig. 4). The lowest tertile of intake was associated with
significantly greater CBMC-proliferative responses than the
highest tertile, but the difference between the lowest and middle
tertiles was not significant. Repeating the analyses with serum
levels of vitamin E from maternal blood taken at 16-20 weeks
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gestation revealed no evidence of association between serum
vitamin E (unadjusted or adjusted for serum cholesterol and
serum total lipid) and CBMC-proliferative responses to any of
the stimuli.

There were no consistent associations between CBMC-
proliferative responses to any of the stimuli used and baby
gender, maternal age, parental social class or maternal
dietary intake of vitamin A, vitamin C, selenium, magnesium,
manganese, iron copper or zinc. Multivariate analysis
indicated that the associations between CBMC-proliferative

responses and family history of atopy, maternal smoking,
obstetric history and maternal vitamin E intake were all inde-
pendent.

Discussion
This is the first demonstration that in vitro CBMC-proliferative

responses are positively associated with the established epi-
demiological risk factors for asthma and atopic disease, namely
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family history of atopy and maternal smoking [3]. Not only
were CBMC-proliferative responses to allergenic stimuli nega-
tively associated with the established risk factor of birth order
[4], but there was also a negative association with maternal
dietary intake of vitamin E, the reduced intake of which is
being increasingly associated with atopic disease in children
and adults [7-9]. This study demonstrates that epidemiological
risk factors for asthma and atopy, which are conventionally
considered to be postnatal influences, do in fact exert antenatal
influences. In addition to emphasizing the importance of the
in utero environment, the results also suggest that maternal diet
during pregnancy may influence the risk of childhood atopy and
that immunological mechanisms underlie these associations.

Nearly all previous studies of CBMC-proliferative responses
have selected, on the basis of parental atopy, groups of neonates
and related their CBMC-proliferative responses to family
history, and the subsequent development, of atopic disease
[12—-18]. The present study is the largest of its kind to date and
has characterized a general, rather than a sample, population
selected by parental atopic status. A possible consequence of the
selection bias of previous work is that the reported associations
between atopy and CBMC responses will have been biased
towards the effects of genetic predisposition rather than to the
environmental influences investigated in our study.

The cell culture conditions used in the present study were
based on the optimized culture conditions recommended by
Plebanski and Burtles [26] for supporting adult T cell prolifera-
tive responses, but adapted and optimized for CBMC-
proliferative responses [24] in this study. Previous studies have
characterized CBMC proliferation 6[12,14,27-30] or 7 [15] days
after allergenic stimulation. In the present study the kinetics of
the CBMC-proliferative responses were characterized 4-8 days
after stimulation but antenatal subgroup-associated differences
were already apparent by days 4, 5 and 6 and the results of days
7 and 8 did not change any conclusions from the results of
CBMC proliferation characterized on days 4, 5 and 6. CBMC-
proliferative responses after stimulation with PPD have been
demonstrated previously [31]. Several studies have shown sig-
nificant positive associations between CBMC-proliferative re-
sponses and parental atopy [12,13,15]. However, a similar
number of studies [27,29,30,32] have failed to demonstrate
such an association. The present study found a relatively
weak, but significant, positive association between parameters
of family atopic (asthma, eczema and hayfever) history and
CBMC-proliferative responses.

A major finding was the demonstration of a negative associ-
ation between birth order and CBMC-proliferative responses.
The association between birth order and atopy is widely
accepted; hayfever and eczema are most prevalent in first-born
children, with subsequent siblings becoming sequentially less
likely to develop atopic disease [4]. The ‘hygiene’ hypothesis has
been proposed as an explanation for this association, attribut-
ing the reduction in susceptibility associated with later birth
order and family size to increased childhood infections that
promote Thl differentiation [4]. In contrast, our study suggests
that the inverse relationship between atopy and birth order is a
consequence of in utero influences on the fetal immune system
rather than postnatal childhood infections. The nature of these
influences is speculative. There is evidence that specific T cell
tolerance against paternal major histocompatibility complex
(MHC) alloantigens is induced during pregnancy in mice, and
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that such immunological recognition and tolerance of the fetus
is essential for a successful pregnancy [33]. The associations
between birth order and CBMC-proliferative responses may
reflect the development of increasing maternal immune toler-
ance with successive pregnancies. Another possibility is that the
essential fatty acid (EFA) status of women during child-bearing
years is precarious. Each pregnancy markedly depletes EFA
stores and neonates of successive pregnancies have decreasing
levels of EFA [34]. It is known that EFA can influence in vitro
Th cell responses [6], and thus birth order-related changes in
fetal EFA status and maternal dietary intake of EFA may
underlie our observations.

The association between maternal smoking during pregnancy
and CBMC-proliferative responses is consistent with epidemi-
ological data showing an association between parental smoking
and the development of childhood wheezy illness and asthma
[3]. Maternal smoking appears to be more deleterious to infant
respiratory health than paternal smoking. The assumption has
been that this is a consequence of a mother being more likely to
smoke in the presence of her child than a father, but our results
and recent epidemiological data [35] indicate that smoking may
exert an important in utero effect on the fetal immune system.
Maternal smoking has the potential to do this because periph-
eral blood mononuclear cells from smokers secrete significantly
greater [L-4 in vitro [36].

We believe that the demonstration of an association between
maternal dietary intake of vitamin E and CBMC-proliferative
responses to allergens is an important advance in the identifica-
tion of the environmental/lifestyle factors contributing to the
recent rise in atopy. The association between maternal dietary
intake of vitamin E during pregnancy is similar in magnitude to
the effects of family history of atopy, maternal smoking and
birth order. The failure to demonstrate an association between
maternal serum levels of vitamin E and CBMC responses may
be a consequence of maternal serum levels being measured at
16-20 weeks gestation and CBMC responses at birth. It should
also be noted that the FFQ has been validated in a standard
manner against a four-day weighed intake of food and not
serum levels [23]. Thus, maternal vitamin E intake may be a
marker of other more influential dietary components, such as
dietary lipids, which are hypothesized to be one of the reasons
for the increased prevalence of atopy [6].

This research focuses attention on the importance of the
antenatal environment in the aetiology of asthma and atopic
disease. It also provides new insight into the immunological
mechanisms associated with the risk factors of family history
of atopy, maternal smoking and birth order in the actiology of
asthma and atopy. The demonstration of an association be-
tween maternal dietary intake of vitamin E and the develop-
ment of the fetal immune system suggests that manipulation of
maternal diet during pregnancy should be investigated further
as the basis of public health measures designed to reduce the
prevalence of atopic disease.
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