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The role of early allergen exposure has been a central focus
in the effort to curtail the rising rates of allergic disease.
Exposures in pregnancy have been of interest because
the first signs of disease are often seen in early infancy.
However, so far, strategies to avoid or reduce allergen
exposure in pregnancy have had disappointing results in
reducing disease. Although there is growing evidence that
the fetus is exposed to allergens, this appears to be physi-
ologic and not a risk factor for allergic disease. It is still not
clear if this exposure has some role in the context of nor-
mal tolerance. Although infants who later develop allergic
disease show some differences in neonatal allergen-specific
responses, these are not consistent. Furthermore, the
magnitude and frequency of responses do not correlate
well with maternal allergen exposure, and it now seems
likely that these responses do not reflect true immunologic
“memory.” Despite this, there is accumulating evidence
that a number of other exposures in pregnancy have the
capacity to significantly influence immune development
and alter the risk for allergic responses to allergens. This
underscores the importance of further defining the events
in this early period, to determine causal pathways and bet-
ter strategies for prevention.

Introduction

Allergen exposure in any context can lead to the devel-
opment of tolerance or sensitization, depending on a
complex set of endogenous and exogenous factors. Many
host and environmental factors have the capacity to
influence immune responses at the time of first allergen
encounter, and in the subsequent period when memory
immune responses are being determined. This is also
likely to hold true for allergen exposure in the antenatal
period, and there is preliminary evidence that this is the
case, as discussed further later.

For many years, early allergen exposure was regarded
as the major factor in the development of allergic disease.
Although evidence was limited, this was the basis for aller-
gen avoidance as the first main strategy for primary allergy
prevention in the genetically predisposed. The results of such
measures have been fairly disappointing or even paradoxic
[1ee], shifting interest to other potential etiologic factors.

Early immunologic studies also focused on neona-
tal allergen-specific immune responses as a risk factor
for allergic disease. These studies identified a number of
interesting relationships. Relative impairment of neona-
tal Th1 responses in infants at risk for subsequent allergic
disease has been a fairly consistent finding throughout
this literature. Many studies have shown that atopic risk
or subsequent disease are associated with stronger or more
frequent lymphoproliferative responses to allergens [2,3],
although this is not consistent [4,5] and the significance
of these responses is not clear [6ee]. It is still not clear if
these responses are driven by allergen exposure or by some
other process [6ee]. Although neonatal allergen-specific
responses are typically dominated by type 2 (Th2) cytokine
production, this does not appear to be equivalent to the
Th2 allergic responses seen in more mature individuals. The
complexity of this situation was highlighted by observations
that neonatal allergen-specific responses do not necessar-
ily correlate with exposure [3,7] and that some responses
are seen in the absence of known exposure [6®¢,8]. There
was also speculation that allergens could reach the fetal
circulation in sufficient levels to induce memory responses,
particularly for allergens inhaled by the mother in low lev-
els. In this review, new evidence supporting the theory that
the fetus can be exposed to allergen in utero is examined.
Also, whether this theory has a possible or significant role
in conferring risk for subsequent allergic airway disease is
explored. On balance, it appears that a number of complex
interactions, which may begin in utero, influence evolving
immune responses to allergens. Thus, although the level,
pattern, and route of allergen exposure appear to play some
role, it is the current view that other environmental changes
are responsible for the allergy epidemic.

Evidence that Allergens Can Cross the Placenta
Although the significance of neonatal immune responses
to allergens remains unclear, there is now good evidence
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that allergens (particularly food allergens from the mater-
nal diet) can reach the fetal circulation. Edelbauer et al.
[9ee] recently detected endogenous nutritive allergens
(ovalbumin and beta-lactoglobulin) in human placentas
from term and preterm pregnancies. These food allergens
were also detected in cord blood samples from all pre-
term babies (n = 9) and in 50% (9/18) of the term babies,
at levels of up to 16.7 ng/mL. They also reported a corre-
lation between maternal consumption of these foods and
the levels measured in cord blood. However, they noted
that there was no relationship between lymphoprolifera-
tive responses to these food antigens and levels detected
in the circulation. The same group previously demon-
strated transfer of inhalant allergen (Bet v1) in addition
to food allergens, albeit in very low doses [10]. Fel d 1 cat
allergen has also been detected in cord blood, complexed
with maternal IgG [11]. These observations provide evi-
dence that food and inhalant allergens can reach the
fetus; however, the role of this exposure in determining
subsequent patterns of immunologic memory and dis-
ease is not clear.

The Relationship Between Maternal Allergen
Exposure and Infant Immune Responses
Although there is growing evidence that the fetus is
exposed to allergens, particularly from foods, the effects
of this exposure are not clear. Allergen exposure (at any
age) does not usually lead to sensitization. Rather, aller-
gen exposure is essential for the development of normal
tolerance processes. It could be argued that early exposure
to innocuous proteins from the future environment may
be physiologic rather than pathologic, particularly as this
phenomenon is observed in a significant proportion of
babies, regardless of atopic risk. As in the early postnatal
period, in the absence of “danger” signals, this could be
important for initiating tolerance. However, inherent dif-
ferences in neonatal immune responses to allergens have
made it difficult to interpret their significance, and these
neonatal responses do not appear to be related to any clas-
sic mature memory responses [6®®]. This may explain the
lack of correlation between level of exposure and neona-
tal responses in a number of studies [3,7,12,13]. Smillie
et al. [3] found no relationship between house dust mite
(HDM) Der p 1 levels in maternal beds (n = 225) and cord
blood mononuclear (MC) lymphoproliferative responses,
whereas postnatal exposure appeared to have a significant
effect on responses at 1 year of age. Marks et al. [7] also
examined the relationship with cytokine responses and
found no relationship between Der p 1 concentrations
in the maternal bed (n = 142) and cytokine (interleukin
[IL]-4, IL-5, IL-10, or interferon [IFN]-y) responses to
either phytohemaglutinin (PHA) mitogen or HDM. In
contrast, another more recent (but much smaller) study
found that levels of HDM from the maternal mattress in
early mid-pregnancy was associated with lower numbers of

[FN-vy-producing CD4* T cells, although they only studied
22 cases [14]. A further study (n = 221) recently showed
a significant dose relationship between HDM allergen lev-
els in maternal beds in pregnancy and neonatal IgE levels
(collected 3-5 days after birth) [15]. However, the signifi-
cance of neonatal IgE is not clear, and this study did not
address HDM-specific responses.

On balance, the existing evidence indicates that aller-
gen exposure has a stronger effect in the postnatal period;
however, the role and importance of antenatal allergen
exposure in “initiating events” is still not clear. Therefore,
although there is little debate that cord blood-derived
mononuclear cells can respond to allergen, the main
questions in this area surround 1) the origin and signifi-
cance of these responses, 2) the role of these responses
in evolving tolerance or sensitization, and 3) the other
events during allergen encounter that increase the risk
for sensitization. At this stage it appears more likely that
other factors are likely to influence the development of
sensitization rather than allergen encounter per se.

The Relationship Between Maternal Allergen
Exposure and the Risk for Allergic Disease

In most situations, it is difficult to examine the separate
effects of antenatal and postnatal exposure on clinical
outcomes. In one study, wide variations in birch pollen
counts between successive years made it possible to com-
pare cohorts that were presumed to have “low” versus
“high” pollen exposure in pregnancy [16]. Although a
higher level of maternal exposure to this inhalant aller-
gen in pregnancy was associated with increased risk for
birch pollen sensitization in childhood (4.5 years of age),
postnatal exposure to birch pollen had a much stronger
effect [16]. Maternal allergy also appeared to have a stron-
ger effect on the risk for allergic rhinoconjunctivitis than
the degree of pollen exposure in pregnancy [17]. Most
studies of nonseasonal inhalant allergens (such as HDM)
have not determined the separate effects of pre- and
post-natal exposure. Although one small study found an
association (nonstatistically significant) between HDM
(Der p 1) levels in mothers’ beds and the risk for atopic
dermatitis in the first year of life [14], much larger multi-
center birth cohorts have found no relationship between
HDM levels and symptoms such as wheezing in the first 4
years of life [18]. The effects of exposure to pet allergens
are more complex, and it is likely that some of the appar-
ent protective effects of early pet exposure may be due
to concurrent endotoxin exposure. As discussed further
later, endotoxin exposure in pregnancy has the capacity
to modify developing immune responses.

The potential role of allergen exposure can also be
inferred from studies of early allergen avoidance for
primary disease prevention [19ee]. Food allergen (egg)
avoidance in pregnancy has been shown to reduce levels
of maternal ovalbumin (OVA)-specific IgG as well as the
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levels of specific antibody reaching the fetus [20]. In this
study (n = 229), women were randomized to an egg-free
diet or a normal diet containing eggs. The effects on this
risk for allergic disease in the infants were complex. Chil-
dren with “mid-range” exposure to egg were at highest
risk for atopy at 6 months, whereas low-level or high-level
exposure appeared protective. A longer period of follow-
up is necessary to determine the clinical significance
more clearly. Currently, there is insufficient evidence to
support specific allergen avoidance in pregnancy.

A number of large-scale intervention studies have
focused primarily on early inhalant allergen (HDM)
avoidance with disappointing [21] or even paradoxic
effects [1ee]. In the Manchester-based study [1ee], aller-
gen-reduction was associated with significantly better
lung function (at 3 and 5 years). However rates of sensiti-
zation were actually significantly higher. In other studies,
HDM avoidance beginning in the prenatal period has
been associated with reduced sensitization at 3 years
of age [22]. Further studies are clearly needed to clarify
this. Again, although these strategies were initiated in
pregnancy, it is not possible to separate antenatal and
postnatal effects. Other prevention studies have used
multiple interventions. Some of these have shown appar-
ent reduction in allergic disease [23,24] and sensitization
[24], others have not [21,25], although further follow-up
is necessary. It remains difficult to determine the isolated
benefits of specific allergen avoidance.

Other Antenatal Factors that Could

Influence Infant Responses to Allergens

There is mounting evidence that other factors can influ-
ence developing responses to allergens and other antigens.
Although most studies have focused on the role of early
postnatal exposures, more recent studies have shown that
antenatal events can also shape the subsequent patterns
of allergen response and disease risk. Furthermore, with
the recognition that allergens are unlikely to be primarily
responsible for the allergy epidemic, “allergen exposure”
must be examined in the context of other exposures.

Effects of antenatal microbial exposures

on neonatal allergen responses and asthma risk
Most interest in the “hygiene hypothesis” has logically
been focused on the early postnatal period when microbial
encounter is most apparent. More recent studies indi-
cate that this story may begin before birth. In an animal
model, Blumer et al. [269¢] demonstrated that antenatal
(maternal) exposure to bacterial lipopolysaccharide (LPS)
enhances neonatal Th1 IFN-y responses and inhibited
(ovalbumin) allergen sensitization in the offspring. LPS-
exposed animals showed attenuated Th2 IL-5 and IL-13
responses as well as parallel reduction of allergen-specific
IgE levels. Of great interest, although these animals also
showed attenuation of airway eosinophil and macrophage

responses following allergen challenge, airway hyper-
responsiveness was not affected. This study provides
important experimental evidence that antenatal exposures
to microbial products can influence postnatal responses to
other environmental antigens, namely allergens. The lack
of effect on airway hyperresponsiveness provides further
evidence (at least in the mouse) that immune responses
and airway hyperresponsiveness are governed by different
pathways. This paper also supports earlier observations
in humans that LPS exposure is inversely correlated with
cord blood IgE levels [27] and that antenatal infection in
humans can promote maturation of Th1 IFN-y function
[28]. A Boston study (n = 498) [29¢] also recently showed
that higher LPS levels detected in the home in infants
2 to 3 months of age were associated with lower risk for
atopic dermatitis in the first 12 months. It is also possible
that there may have been an antenatal component to this
effect. Thus, it seems likely that the effects of the level of
allergen exposure during this early period are likely to be
heavily influenced by microbial burden.

Effects of maternal exposure to cigarette smoke

and other pollutants on allergen responses

and risk for allergic airway disease

Exposure to cigarette smoke remains a major risk factor
for respiratory pathology in early childhood, including
asthma and recurrent infections. The antenatal effects on
lung development are well established [30], and, unlike
other allergy avoidance strategies, there is virtually no
controversy surrounding recommendation for cigarette
smoke avoidance in pregnancy and childhood. Although
there have been extensive studies of the effects of cigarette
smoking on neonatal lung mechanics [31,32], there is very
limited information about effects on developing immune
responses. Cigarette smoke is a major source of free radicals
and oxidative stress [33], and may influence placental cyto-
trophoblast proliferation and differentiation during critical
early stages of development [34]. Of concern, effects have
also been seen in women passively exposed to tobacco
smoke [34]. These disruptions in antioxidant systems could
foreseeably lead to further disruptions of local immune
function in the placenta and in the fetus. Oxidative stress
plays a major role in inflammation. Macrophages infil-
trate inflamed tissue and release reactive oxygen species
(ROS) and reactive nitrogen species (RNS), and in doing
so become depleted of antioxidants, as reflected by their
reduced glutathione status [35]. It has been demonstrated
that change of “redox” status (reduced glutathione) of
antigen-presenting cells (APC) promotes CD4 T-cell Th2
differentiation [35] and the production of 1L-4 and IL-5,
which contribute to allergic inflammation. Specifically,
oxidative stress promotes pro-Th2 signaling by APC, by
reducing IL-12 production in mice [35] and humans (which
can be reversed by antioxidants [36]). Thus, the effects of
modifying oxidative function provide a plausible pathway
for smoking in modifying developing immune responses.
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Earlier studies noted that parental smoking is associ-
ated with higher cord blood IgE levels, providing indirect
evidence of an effect of maternal smoking on fetal cellu-
lar immune function [37]. More recently, Devereux et al.
[38] observed that maternal smoking is associated with
stronger neonatal lymphoproliferation. We recently also
showed preliminary data that maternal smoking in preg-
nancy is associated with significantly impaired newborn
Th1 IFN-y function and higher neonatal Th2 (IL-13)
responses to both house dust mite and ovalbumin aller-
gens [39]. Although this needs to be investigated further,
it indicates that maternal smoking can also influence
immune function, and that this may also contribute to
the increased risk for asthma and respiratory disease in
these children.

Effects of maternal stress on

infant immune responses

Although the links between stress and immune func
tion are well recognized, the effects of maternal stress in
pregnancy on fetal immune development are still not well
understood. Maternal stress can affect hormonal stress
response in the offspring [40,41], and two recent stud-
ies show preliminary evidence that stress may also affect
readouts of immune function [42ee¢,43]. The first of these
studies, conducted in Taiwan, showed a significant link
between maternal stress and neonatal cord blood IgE levels
[43]. The second study, from Boston, showed that chronic
caregiver stress measured in the early postnatal period was
associated with stronger subsequent lymphoproliferative
responses to house dust mite allergen and altered cytokine
responses (at 2-3 years of age) [42ee]. These effects were
seen after adjustment for variations in the level of allergen
exposure. Although this study measured caregiver stress
in the early postnatal period, it appears likely that at least
some of this effect (where the mother is the caregiver)
could have been initiated antenatally, when disruptive
effects of stress on neuroendocrine function have been
noted. This remains to be investigated, but again illustrates
that although maternal allergen exposure could influence
patterns of immune responsiveness in her child, many
other factors are likely to play a role.

Effects of maternal cellular and humoral responses

Maternal allergy appears to confer greater risk for allergic
disease in offspring than paternal allergy, suggesting that
there may be direct immunologic effects in addition to
genetic risk. In genetically similar animals, the risk for sen-
sitization and asthmatic phenotype is greater if the mothers
were sensitized [44]. In other animal models, maternal
immunization with HDM prior to conception has been
shown to protect offspring from allergic sensitization [45].
Although this was associated with the generation of trans-
placental, allergen-specific IgG, there were also changes in
the number of CD4*CD25* T cells with presumed regula-
tory function [45]. The significance of this is not clear but

suggests that maternal effects on the fetus may be medi-
ated through a number of pathways.

Recent human studies by our group [46ee] suggest
that variations in maternal cellular immune response to
the fetus are associated with fetal immune responses and
the subsequent development of allergic disease. Specifi-
cally, fetal Thl (IFEN-v) function was directly related to
HLA mismatch, and the capacity of the fetus to produce
IL-13 and IL-10 was directly related to the level of these
cytokines produced by the mother in response to fetal
alloantigens. Allergic disease at 6 years of age was asso-
ciated with significantly higher maternal responses to
fetal alloantigens (including lymphoproliferation, IL-13,
and IFN-v responses). The number of previous pregnan-
cies (gravidity) was associated with stronger maternal
responses to fetal alloantigens, as measured by lympho-
proliferation and IFN-vy synthesis. This provides support
for the recent intriguing observations by others [47] that
cord serum IgE antibody levels are reduced in higher-
order offspring. Together, these observations imply that
the level and pattern of immunologic reactivity at the
feto-maternal interface may influence the level and pat-
tern of evolving fetal immune responses.

Effects of other maternal exposures on allergen
responses and risk for allergic disease

A number of other environmental exposures during preg-
nancy may potentially alter developing immune responses,
including dietary nutrients with immunomodulatory
properties [48]. Devereux et al. [38] were the first to note
that the magnitude of neonatal responses to allergens (n =
223) was inversely related to maternal dietary intakes of
antioxidant vitamin E during pregnancy (determined by
food frequency questionnaire). We also recently noted that
variations in maternal dietary omega 3 polyunsaturated
fatty acids (n-3 PUFA) in pregnancy (achieved by fish oil
supplementation) could also influence neonatal immune
responses [49]. Infant cytokine responses were negatively
correlated with n-3 PUFA levels and positively correlated
with n-6 PUFA levels, and a number of these relationships
were statistically significant [49]. Although this study was
designed to assess immune outcomes (rather than clinical
outcomes), preliminary clinical data showed a consistent
trend for fewer allergic symptoms and less sensitization in
the supplementation group [49]. We are now undertaking
a larger study (n = 400) to determine the significance for
allergy prevention. These observations suggest that other
exposures in pregnancy have the capacity to influence
developing immune responses to allergens, and possibly
also the subsequent risk for allergic disease.

Conclusions

The increase in allergic disease has been associated with
complex environmental changes. Although allergen
exposure is important in dictating the patterns of allergic
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sensitization, there is no clear evidence that changes in
allergen exposure during early life are responsible for the
increased propensity for allergic disease. It appears more
likely that other, more significant environmental changes
are responsible for the rising rates of disease during the
past 40 to 50 years. It is also logical that environmental
changes must be exerting effects very early in life, as aller-
gic disease is often manifest within the first months of
life. On this basis, the interest in exposures in pregnancy
is clearly justified and still needs to be explored further. A
number of endogenous and environmental factors during
this early period appear to influence developing immune
responses and the risk for subsequent disease. Further
studies are needed to understand these early events with
the ultimate goal of safely preventing allergic disease.

Therefore, although the level and type of allergen
exposure in pregnancy do not appear to be responsible
for the allergy epidemic, other conditions around the
time of early allergen encounter appear to be promoting
Th2 allergic responses to these common proteins, and
these events are likely to begin in utero. This emphasizes
the importance of better defining the events in this early
period, to determine causal pathways and better strate-
gies for prevention.
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