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Review article

Can allergic diseases be prevented prenatally?

Allergic diseases continue to increase in prevalence, and now affect over a third
of the population in many countries. There is evidence that the increase in such
diseases has its origins in early life exposures. Pregnancy or early childhood may
therefore be critical periods for preventing the onset of allergic disease, and
prenatal interventions are an attractive possibility for a population-based pre-
ventive approach. Here we review the data suggesting that prenatal exposures
are important in the development of allergic disease, and that interventions
during this time might be effective in prevention. We find evidence from both
animal and human studies that prenatal interventions can influence the future
development of allergic disease. There are a number of mechanisms through
which such interventions may act to prevent allergic sensitization. We conclude
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lead to significant public health initiatives.

that prenatal interventions have the potential to reduce the burden of allergic
disease, and merit continued investigation. Further research in this area may
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The prevalence of allergic diseases such as asthma,
eczema and rhinoconjunctivitis increased rapidly in the
second half of the 20th century (1, 2). Such diseases now
represent a major burden to human health. For example,
in Australia, asthma is now the commonest chronic
disease of childhood and the commonest cause of hospital
admission in children (3). Over a third of children report
symptoms of asthma, eczema or allergic rhinitis in many
countries (4). A wide range of reports have demonstrated
this rapid increase in the prevalence of allergic diseases
(5). For example, repeated cross sectional surveys in
Aberdeen, Scotland found that 10% of school children
had a recent history of wheezing in 1964, 20% in 1989,
25% in 1994 and 28% in 1999 (2). Hospital admissions
for systemic allergic disorders such as anaphylaxis
increased in the UK up to 7-fold between 1990/2001
and 2000/2001 (6). An increase has also been shown in the
prevalence of sensitization and reactivity to specific
allergens (7). For example, a 2-fold increase in peanut
allergy was reported in both the United States and United
Kingdom in recent years (8). Changes in the prevalence of
eczema and allergic rhinitis have been less thoroughly
evaluated, but many studies report a similar increase in
these diseases (2). The reason for this increase in allergic
diseases is not yet clear, and it is interesting to note that
the prevalence of asthma now appears to be stabilizing in
many countries, at least for adults (9). Such diseases
certainly have a significant genetic component to their
aetiology-twin studies suggest that up to 73% of the
variation in asthma risk between individuals can be

explained by heritable factors (10). However, the increase
in allergic disorders in the second half of the 20th century
has occurred too rapidly for germline genetic changes to
underlie this trend. It must be explained by changes in
one or more environmental exposures, perhaps acting
through epigenetic mechanisms (11). If these environ-
mental exposures can be identified and modified, then
prevention of a major part of the global burden of allergic
disease may be possible.

Several environmental factors have been consistently
associated with risk of developing allergic disease.
These include birth order, family size, and some
microbiological exposures. In many cases exposure in
the first years of life appears to be important for
influencing the risk of allergic disease. Studies of the
effects of early childcare and of international adoptees
suggest that the early postnatal period is important (12,
13). However, in other studies, the relative importance
of the prenatal and early postnatal periods is unclear
(14). Understanding the role of prenatal influences in
the development of allergic disease is of particular
relevance to the implementation of prevention strat-
egies. Prenatal approaches have considerable advan-
tages in terms of convenience and compliance when
compared with postnatal infant or child-directed inter-
ventions. Moreover, if the prenatal period is important
in the genesis of allergic disease, then postnatal
preventive measures may have only limited efficacy. In
this article, we review the evidence that prenatal
exposures are important in the development of allergic
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disease, and that preventive interventions during this
period may be effective.

Are prenatal exposures important in the development of
allergic disease?

Allergic diseases have been reported in infants as young
as 8 days, and in premature infants (15). Clinical experi-
ence therefore suggests that the fetal immune system may
be primed for the development of allergic disease before
birth. Research evidence that prenatal exposures may
influence the future development of allergic disease comes
from epidemiological and immunological studies.

Epidemiological studies

A consistent finding from epidemiological studies is that
the presence of older siblings is associated with reduced
risk of developing allergic disease (16). A number of
studies now suggest that this protective effect may act
prenatally — for example, low birth order is associated
with raised IgE at the time of birth (17). This sibling effect
may be mediated by maternal influences on the develop-
ing fetus, as there is also a direct impact of pregnancy on
maternal allergic markers. Cross-sectional surveys have
found total maternal IgE levels and the risk of maternal
allergic rhinitis to be inversely related to the number of
live births they have delivered, and a cohort study
suggested that both allergic sensitization and allergic
rhinitis may wane in women who have further pregnan-
cies (18-20). If pregnancies protect the mother against
allergic sensitization and disease, then this may modify
the in utero environment for future pregnancies, in turn
reducing the fetus’ risk of allergic sensitization and
disease. A number of other epidemiological findings
suggest that prenatal exposures may be important in the
development of allergic disease. These include the
increased risk of allergic disease seen with prenatal
infections and antibiotic exposures in some studies, the
positive association of head circumference at birth with
total IgE level in later life, and the established effects of
maternal smoking during pregnancy on lung growth and
early wheezing (14, 21-24).

Immunological studies

A wide range of immunological abnormalities have been
reported in cord blood which are associated with the
subsequent development of allergic disease [reviewed in
(25)]. While some of these cord blood abnormalities may
reflect the individual’s genetic heritage, it is likely that
in utero fetal exposures also play a role. The most
consistent abnormality reported by our laboratory and
others is reduced mitogen and allergen-induced IFNy
secretion in cord blood mononuclear cells (26-28). The
defect in IFNy secretion appears in many studies to be

independent of atopic family history (29, 30). A similar
defect in IFNy secretion has been found later in life in
those with allergic diseases such as eczema and asthma
and in those with high total IgE levels (31). Prescott et al.
found the maturation of IFNy responses to be delayed in
those with allergic disease, and our laboratory has found
that resolution of asthma in adulthood is associated with
a normalization of IFNy responses (26, 32). It therefore
seems that the defective IFNy responses found in the cord
blood of those who develop allergic disecase are closely
related to the cellular mechanisms underlying such
diseases. A second early association of allergic disease is
raised cord blood IgE level. The positive predictive value
of raised cord blood IgE for the future development of
allergic disease varies from 35% to 72% in different
studies (33). A relationship between raised cord blood
IgE and defective IFNy secretion has also been reported
by some investigators (34). The fact that a range of
immune abnormalities are already present at the time of
birth suggests interventions aimed at preventing allergic
disease may need to occur in the prenatal period.

Can prenatal interventions prevent the development of
allergic disease?

We have seen that prenatal exposures may be important
in the development of allergic disease. If this is the case
then the prenatal period may represent an ideal time for
the implementation of interventions to prevent allergic
disease. Evidence from intervention studies supporting
this concept is summarized in Table 1, and discussed in
more detail below.

Human intervention studies

A number of clinical trials have explored the efficacy of
prenatal interventions in preventing allergic disease.

Omega 3 fatty acids. Omega 3 fatty acids are found in
high concentration in oily fish, and are known to have
potent in vitro anti-inflammatory effects mediated by a
decrease in arachidonic acid-derived mediators (35).
Animal studies suggest that maternal and neonatal
dietary fatty acid composition may affect the develop-
ment of neonatal tolerance (36). Two intervention trials
to date have examined the role of omega 3 fatty acids in
the early prevention of allergic disease. A large random-
ized controlled trial of combined pre and postnatal
dietary supplementation with omega 3 fatty acids in
childhood did not have significant effects on the devel-
opment of wheeze or allergic sensitization at 3 years (37).
The intervention in this study commenced at 36 weeks
gestation, and many infants did not have direct dietary
supplementation until 6 months postnatal age so there
was only limited prenatal intervention here. A smaller
randomized controlled trial used a much higher dose of
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Table 1. Selected intervention studies suggesting that prenatal approaches may be effective in preventing allergic sensitization and disease

Study Subjects Intervention Principal outcomes
Dunstan et al. (39) Humans Fish oil supplementation from 20 weeks gestation to delivery Reduced prevalence of severe eczema in offspring at 1 year
(25% vs 11.6% controls)
Kalliomaki et al.* (40) Humans Probiotic supplementation from 36 weeks gestation to 6 months  Reduced prevalence of eczema at 2 and 4 years age (RR 0.57 at
postnatal age 4 years)

Falth-Magnusson and ~ Humans Strict egg and cow's milk avoidance from 28 weeks gestation to  Increased egg allergy in offspring at 5 years (egg avoidance
Kjellman (43) delivery group 7% vs controls 0%)

Woodcock et al.* (44)  Humans Strict house dust mite avoidance from 16 weeks gestation Increased sensitization to house dust mite in offspring at 3 years

Jarrett and Hall (45)  Rats

through early childhood
Intraperitoneal egg albumin in aluminium hydroxide adjuvant prior
to conception

age (RR 2.85)

50% reduction in specific IgE response of offspring to postnatal
egg albumin sensitization

Antigen-specific hyporesponsiveness to cow's milk protein in the
offspring postnatally

Reduced ova specific IgE response to intraperitoneal ova
postnatally in the offspring of mothers treated in early
pregnancy

Reduced derp1 specific IgE response to intraperitoneal derp1
postnatally in offspring

Complete abrogation of ova specific IgE response to
intraperitoneal ova injection postnatally

Reduced IFNy secretion by neonatal monocytes

Telemo et al. (47) Guinea pigs  Cow's milk protein fed to mothers from birth and throughout
pregnancy

Melkild et al. (78) NIH/OlaHsd Intraperitoneal ova in aluminium hydroxide adjuvant at different

mice times during pregnancy

Victor et al. (49) A/Sn mice Intraperitoneal derp? in aluminium hydroxide adjuvant prior to
conception

Uthoff et al. (48) BALB/c mice Intraperitoneal ova in aluminium hydroxide adjuvant prior to
conception, and ova aerosol every second day through
pregnancy

Herz et al. (50) BALB/c mice Intraperitoneal ova in aluminium hydroxide adjuvant prior to
conception, and ova aerosol every second day through
pregnancy

Blumer et al. (52) BALB/c mice Intraperitoneal LPS prior to conception, and intranasal LPS every (i)

third day through pregnancy

66% reduction in IgE response of offspring to postnatal ova

sensitization

(i) 75% reduction in IL5 and IL13 responses of offspring to
postnatal ova sensitization

(iii) Reduction in airway eosinophil response of offspring to the

induction of experimental asthma

*Relative importance of pre- and postnatal intervention is unclear in these studies.

omega 3 fatty acids in the form of fish oil, and the
supplement was only given prenatally (38). In this study,
fish oil supplementation in women with allergic discase
from 20 weeks gestation to delivery was associated with
reductions in both egg sensitization and severe eczema in
their infants at 1 year age (39). This small study supports
the concept of prenatal prevention of allergic disease.

Probiotic  supplementation. Probiotic supplementation
has also been studied in the early prevention of allergic
disease. The first such study was a randomized controlled
trial of the probiotic Lactobacillus GG (LGG) in the
prevention of eczema. LGG or placebo was given daily to
women from 36 weeks gestation to delivery, and then
continued postnatally for 6 months either directly to the
infant or to the breast feeding mother (40). There was a
50% reduction in eczema at 2-year follow-up, and 43%
reduction at 4 years. There was also a reduction in
exhaled nitric oxide levels at 4 years age, suggesting a
possible protective effect against inflammatory airway
disease (41). It is not clear whether pre or postnatal LGG
was more important for this protective effect. However, a
protective role for prenatal treatment is suggested because
a treatment benefit was seen even in those infants who did
not receive LGG directly in the postnatal period (42). In

infants who were breastfed LGG was administered to
their mother postnatally, and only formula fed infants
received LGG directly in the postnatal period. In
breastfed infants, LGG treatment led to a 68% reduction
in the risk of developing eczema. In formula fed infants
LGG treatment led to a 34% reduction in eczema risk.
Therefore prenatal LGG may have provided the greatest
protective benefit against eczema. It is also likely that
breastfeeding enhanced the protective effects of LGG
treatment. Further studies to explore the relative roles of
pre- and postnatal probiotic supplementation in eczema
prevention are warranted.

Allergen avoidance. Some prenatal interventions have
been shown to increase the risk of allergic disecase or
allergic sensitization. These include some human studies of
allergen avoidance during pregnancy. For example, in a
Swedish trial of strict egg and cow’s milk avoidance in the
last trimester of pregnancy, an increase in egg allergy at
5 years age was found in those born to mothers in the active
treatment group (43). A similar effect of prenatal allergen
avoidance was found in the Manchester Asthma and
Allergy Study, which investigated pre- and postnatal
avoidance of inhaled allergens. Here stringent house dust
mite avoidance measures were undertaken from 16 weeks
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gestation and continued throughout childhood in a high
risk cohort — the avoidance measures reduced house dust
mite allergen levels in maternal bedding by 97% prenatally
and overall house dust mite allergen exposure during the
first 3 years of life was reduced by over 50% (44). Although
there was a reduction in a measure of airway resistance at
3 years age, the Manchester study found no difference in
the overall risk of allergic disease in the first 3 years.
Moreover, there was an increase in allergic sensitization to
house dust mite (risk ratio 2.85) in the intervention group at
this time (44). These studies suggest that prenatal allergen
avoidance increases the risk of postnatal sensitization to
the same allergen. This provides further support for the
importance of prenatal exposures in influencing the
development of allergic disease or sensitization.

Animal intervention studies

Allergen exposure. Animal work investigating the dose,
route and timing of antigen exposure in the development
of allergic immune responses supports the importance of
prenatal antigen exposures in the development of
allergic disease. Such work suggests that modulation of
prenatal antigen exposure may be an effective way to
prevent allergic disease. Over 20 years ago, the induction
of maternal antigen-specific IgG antibodies in rats was
first found to protect the offspring against subsequent
allergic sensitization (45). Postnatal administration of
immune serum to neonates born of unimmunized
mothers, and feeding of such neonates by immunized
mothers have also resulted in antigen-specific IgE
suppression in offspring (46). Telemo and colleagues
showed in a guinea pig model that maternal dietary
antigen experience, and gestational antigen exposure are
both important for the development of immunological
tolerance to milk proteins (47). Guinea pigs born to
mothers who were fed cow’s milk from birth and
throughout pregnancy had a high degree of tolerance to
a milk challenge. If milk exposure was ceased during late
pregnancy, or the introduction of milk to the mother’s
diet was delayed to adulthood then the offspring could
be sensitized to cow’s milk (47). Murine studies have
similarly shown that antigen exposure preconceptually
with or without continuous exposure through pregnancy
protected offspring against postnatal IgE mediated
sensitization in an antigen-specific manner (48). These
effects are likely to be related to increased maternal
antigen-specific IgG, which has an inhibitory effect in
the neonate on the development of an IgE response (49).
A caution regarding these studies is that murine T
lymphocytes are known to mature later in pregnancy
than human T lymphocytes, and the relative importance
of prenatal and postnatal immune stimulation may differ
between mice and humans (50). However, the studies do
demonstrate that prenatal exposures can modify subse-
quent allergic responses in a range of animals, by
inducing maternal antigen-specific IgG.

LPS exposure. A second line of animal work which
supports the efficacy of prenatal interventions is the study
of prenatal LPS exposure. Experiments in adult rodents
have shown that LPS exposure prior to or during ova
sensitization can protect against the development of ova-
specific IgE (51). As initial allergen exposure often occurs
in utero, this work suggested that prenatal exposure to
bacterial components such as LPS may prevent allergic
sensitization. Subsequently, Blumer and colleagues con-
firmed the protective effect of prenatal LPS exposure.
They found that prenatal LPS exposure in mice led to an
attenuation of the offspring’s IgE, IL-5, IL-13 and airway
eosinophil responses to ova sensitization (52). Prenatal
LPS treatment was also associated with an increase in
neonatal IFNy response, a well-recognized marker in
humans for low risk of subsequent allergic disease.
Interestingly, there was no effect on airway hyper-
responsiveness after ova sensitization, however, this is
consistent with the studies of LPS exposure in adult mice
and rats (51). These studies suggest that in rodents
prenatal LPS exposure via maternal exposure has similar
immune effects on the fetus to direct LPS exposure in the
adult animal. Both forms of exposure protect against the
development of allergic immune responses to novel
antigens. This provides strong support for the efficacy
of prenatal microbial interventions in preventing allergic
sensitization in rodents. However, it should be noted that
high-dose LPS exposure in pregnant mice was associated
with high rates of pregnancy loss, and this may limit the
application of such an approach in humans (52).

What are the mechanisms by which prenatal interventions
may prevent allergic disease?

It is clear from the evidence cited above that prenatal
interventions may impact on the future development of
allergic disease, at least in animal models. In order to
develop effective human prenatal interventions, an under-
standing of the mechanisms through which these inter-
ventions act would be helpful. A number of prenatal
interventions may impact on fetal and neonatal immune
development, and these can be broadly divided into
antigen-specific interventions and non antigen-specific
interventions. Possible mechanisms underlying the effects
of such interventions are discussed below, and presented
in Fig. 1.

Prenatal antigen exposures may modify infant immune responses

Fetal immune responses to allergens. Food allergens and
to a lesser extent aeroallergens are actively and selectively
transferred across the human placenta (53). For example,
it has been shown in an ex-vivo placental model that
around 1 in 1000 ovalbumin molecules cross the placenta
(54). This is supported by in vivo studies demonstrating
that in the majority of pregnant women with detectable



Antigen-Specific Mechanisms

1. Direct stimulation of fetal immune response via transplacental
allergen exposure.

2. Induction of maternal antigen-specific IgG, transferred

transplacentally to the developing fetus/neonate.

Non Antigen-Specific Mechanisms

1. Stimulation of fetal immune responses via placental pattern-
recognition molecules e.g. LPS stimulation of placentally
expressed TLR4.

2. Stimulation/inhibition of fetal immune responses via
micronutrients passing transplacentally to the fetal compartment
e.g. omega 3 fatty acids.

3. Induction of maternal soluble immune mediators, acting on the
fetus transplacentally or via breast milk excretion.

4. Alteration of the maternal microbial environment, with
consequent alteration of the microbial environment influencing

neonatal immune development.

Figure 1. Mechanisms by which prenatal interventions may
prevent allergic sensitization or disease.

circulating ovalbumin, ovalbumin is also detectable in
umbilical cord blood at birth (55). Aeroallergens such as
Derpl have also been detected in human umbilical cord
blood, and allergen specific fetal lymphocyte responses
from 22 weeks gestation (56). The presence of antigen
presenting cells expressing costimulatory molecules in the
fetal intestine from 16 weeks gestation suggests that the
fetal immune response is mature enough at this stage to
respond to transplacentally acquired antigens (57).
Indeed it is well established from studies of helminth
infection and from vaccine studies that prenatal microbial
exposures can result in fetal antigen-specific tolerance,
antigen-specific priming or fetal IgM responses depending
on the nature of the prenatal stimulus (58-60). In utero T
cell priming to allergens has also been shown to occur
commonly (61). It has been hypothesized that the small
populations of allergen-specific T cells found in the
newborn may be the basis for postnatal responses to
allergen exposure which can lead to long-term allergic
sensitization (62). However, these cells behave in a
distinct way to allergen-specific T cells from adults, and
recent work suggests that early T cell responses to
allergens usually fail to lead to typical memory T cell
development (63). In utero allergen priming of humoral
responses also occurs and can be clinically significant. For
example, prospective studies have shown that up to 76%

Can allergic diseases be prevented prenatally?

of infants with IgE mediated cow’s milk allergy already
have low levels of cow’s milk-specific IgE present at birth
(64). It is therefore clear that the human fetus is both
exposed to allergen and is able to mount allergen-specific
immune responses in utero. These immune responses may
be related to the future development of allergic disease,
and have the potential to be modulated by prenatal
interventions.

Induction of maternal IgG. The level of antigen-specific
IgG in humans is related to their level of exposure to the
same antigen (65). A prospective study in humans found
that high levels of maternally transferred IgG to inhalant
allergens in cord blood may protect against the future
development of allergen specific IgE and atopic disease
(66). This suggests a mechanism through which reduced
prenatal exposure may lead to increased postnatal allergic
sensitization in an antigen-specific manner. The study
accords with the animal intervention studies described
above, and with epidemiological studies showing that
those born just before the birch and grass pollen seasons
(and therefore likely to have low levels of maternally
transferred pollen-specific 1gG) are at higher risk of
developing birch pollen sensitization as children, and
birch and grass pollen allergies as adults (67—69). Reviews
of allergic outcomes in children whose mothers received
grass pollen immunotherapy during pregnancy are also of
interest. Based on animal data one might expect immu-
notherapy to protect the offspring against allergic sensi-
tization through the transfer of maternal allergen-specific
IgG. However, these studies have yielded conflicting data,
and their design is not robust enough to draw firm
conclusions regarding the effects of prenatal exposure to
immunotherapy (70, 71).

While maternal allergen-specific IgG does clearly
protect offspring from allergic sensitization, at least in
animals, the mechanism for this is not clear. The
protective effect may be related to the antibodies them-
selves, or to the formation of allergen-antibody com-
plexes, which have been commonly found in human cord
blood (72). Maternal IgG may bind to FcyRIIb on
neonatal B cells, and subsequent cross-linking of FcyRIIb
and the B cell receptor by antigen may lead to inhibition
of B cells. Maternal IgG may also mask antigenic
determinants, and IgG coated antigen may be cleared
and destroyed by phagocytosis. Transplacental antigen
exposure per se has different effects on the developing
fetal immune system to those of maternal antigen-specific
IgG, and the ways in which these two effects interact are
not well understood.

Other prenatal exposures may also modify infant immune
responses

Fetal immune responses to nonantigen-specific expo-
sures. Prenatal exposure to maternally ingested nutrients
or microbial components may influence the developing
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fetal immune system in a nonantigen-specific manner. For
example, prenatal exposure to LPS may act on the fetal
compartment of immunity via placental pattern recogni-
tion molecules. The human placenta expresses high levels
of TLR4, which is important in the recognition of LPS
(73). This high level of TLR4 expression may allow
maternal LPS exposure to influence the developing fetal
immune system as seen in the animal models described
above. It has recently been shown that the circulating
mononuclear cells of high risk neonates have a reduced
expression of TLR2 and TLR4 relative to their mothers —
if this has relevance to placental expression patterns, then
it suggests that maternal allergy may reduce the effect of
microbial products on the infant’s developing immune
system (74). Maternally ingested nutrients may also
impact on the fetal immune system transplacentally.
For example, maternal antioxidant intake during preg-
nancy may have protective effects against fetal develop-
ment of allergic disease (75). In one study, omega 3 fatty
acid supplementation during pregnancy led to increased
levels of cord blood erythrocyte omega 3 fatty acid levels
in the neonate (39). Prenatal supplementation also led to
significant immune effects in the neonate, where cord
blood cytokine responses to a range of stimuli were
reduced, as were baseline levels of the Th2 cytokine IL13
(38).

Indirect effects via a modified maternal environment. Some
prenatal interventions that are not antigen-specific may
act indirectly via modulation of the maternal environ-
ment, which strongly influences infant development in
both the fetal and neonatal periods. For example,
prenatal interventions may induce regulatory or immu-
nostimulatory cytokine secretion in the pregnant
mother. Soluble factors may then pass transplacentally
and influence fetal immune development, or may act on
the infant postnatally via breast milk secretion. Probi-
otic supplementation has been shown to increase
secretion of the regulatory cytokine TGFp2, and this
may affect the infant’s immune responses either via
transplacental effects or via increased breast milk
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