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Abstract: Immune system development, particularly in the prenatal period, has far-reaching consequences for health
during early childhood, as well as throughout life. Environmental disturbance of the complex balances of Thl and Th2
response mechanisms can alter that normal development. Dysregulation of this process or an aberrant trajectory or timing
of events can result in atopy, asthma, a compromised ability to ward off infection, or other auto-immune disease. A wide
range of chemical, physical and biological agents appear to be capable of disrupting immune development. This MiniReview
briefly reviews developmental milestones of the immune system in the prenatal period and early life, and then presents
examples of environmentally induced alterations in immune markers. The first example involves a birth cohort study linked
to an extensive programme of air pollution monitoring; the analysis shows prenatal ambient polycyclic aromatic hydro-
carbons (PAH) and fine particle (PM2.5) exposures to be associated with altered lymphocyte immunophenotypic distributions
in cord blood and possible changes in cord serum immunoglobulin E levels. The second example is a study of prenatal-
polychlorinated biphenyl (PCB) exposures and the foetal development of the thymus, the organ responsible for lymphocyte
maturation. Mothers with higher serum concentrations of PCBs gave birth to neonates having smaller indices of thymus
size. Finally, this report underscores the tight connection between development of the immune system and that of the central
nervous system, and the plausibility that disruption of critical events in immune development may play a role in neuro-

behavioural disorders.

The premise of this paper is that immune system develop-
ment, particularly in the prenatal period, has far-reaching
consequences for health during early childhood, as well as
throughout life, and that environmental disturbance of the
complex interactions and balances of Th1l and Th2 response
mechanisms can alter that normal development. Dysregula-
tion of this process or an aberrant trajectory or timing of
events not only may result in atopy, asthma, other auto-
immune disease, a compromised ability to ward off infec-
tion, or leukaemias, but also has the potential to induce
neurobehavioural deficits and/or psychiatric disorders.
Interestingly, both increased hypersensitivity or autoimmune
responses and decreased immune competence have been
observed in association with, in some instances, the same
environmental exposures [1,2].

Dietert et al. summarized a workshop that identified five
stages of immune development, three of which occur before
birth in human beings: initiation of haematopoiesis, migration
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of stem cells and expansion of progenitor cells, and coloni-
zation of bone marrow and thymus [3]. Specific examples of
developmental immunotoxicity from early life exposures
were also discussed, including the pesticide chlordane, the
air pollutant benzo(a)pyrene, the pharmaceutical diethylstil-
boestrol, as well as two pervasive pollutants, lead and 2,3,7,8-
TCDD (tetrachlorodibenzodioxin). More recently, Luebke
provided an updated review of data on five environmental
immunotoxins: diethylstilboestrol, diazepam (valium), lead,
tributyltin and 2,3,7,8-TCDD [1]. In each case, sensitivity was
greater when exposure occurred during early development
as compared to adulthood; in some cases, the effects were
far more persistent. For example, T-cell maturation was
impaired by 2,3,7,8-TCDD exposure, with 100-fold greater
sensitivity in T-cell suppression when exposure took place
during the third trimester. West [4] further elaborated on the
delineation of potential windows of susceptibility in human
beings and Landreth [5] published a similar review for rodents.

This presentation begins with a short description the
salient developmental events that occur in utero to elucidate
issues of critical windows for susceptibility to immunotoxic
insults. The remainder of the paper is devoted to recent
work on environmental factors affecting immune markers or
outcomes. The first case study is an investigation of the air
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Fig. 1. In utero immune system development.

pollutants polycyclic aromatic hydrocarbons (PAH) and fine
particles, and their associations with several immune
biomarkers at birth and with risk of respiratory illness in the
preschool period. The second example is that of persistent
halogenated compounds, namely PCBs, in relation to thymus
size, an outcome that features prominently in the animal
toxicology literature for these exposures. We conclude with
brief discussions of the state of knowledge on asthma and
the immunological correlates of autism in relation to early
life exposures.

More work is needed in this area. Aberrant immune system
development in prenatal and early postnatal life is likely a
common denominator for a number of serious childhood
disorders, and a focus on the immune system will shed light
on mechanisms of action, helping us to focus attention on
the environmental contaminants that disrupt those systems
and that place the health of future generations at risk.

Development of the immune system in utero

West [4] provides a detailed description of critical windows
in development of the human immune system. Figure 1
shows salient events in the in utero development of immune
structures and function. Early production of B cells begins
in the first few weeks after implantation. Production of
immunoglobulin E (IgE) begins in the liver first, followed by
the spleen and lung, appearing towards the end of the first
trimester [6]. The thymus is seeded with pro-T cells in the
late first trimester of pregnancy, while macrophage differen-
tiation and seeding takes place in the first and early second
trimester. IgM is produced for circulation near the end of
the first trimester, around the time of appearance of the
thymus, which functions to promote maturation of lym-
phocytes, especially in the first few years of life. [6]. T-cell
receptors begin to be expressed towards the end of the first
trimester, and an intense expansion of T-cell populations
occurs in the second trimester; these cells are influenced by
exposures during this period [4]. Diethylstilboestrol-induced
alterations in T-lymphocyte function may therefore be

Adapted from Jones et al. [6], West [4], Dietert et al. [3]

linked to the mid-trimester of human gestation, although
diethylstilboestrol may also target precursor cells before
that time.

Macrophage maturation also occurs in the second
trimester, while allergen and microbial-specific antibodies
have been documented to appear beginning in the late second
trimester. Throughout this time, there is placental transfer
of maternally produced IgG of various isotypes, with pre-
ferential transfer of I1gG(1) > IgG(3) > IgG(4) > 1gG(2) [7].
Small amounts cross early in gestation, with a rapid increase
in transfer after 20 weeks. Developmental lead exposure
results in altered IgG levels [1], and could be acting either in
late gestation, or might plausibly target B cells, produced
relatively early in gestation, but precise mechanisms are
likely to be complex.

During foetal life, there is a skewing of the immune
response towards the Th2, or pro-inflammatory end of the
spectrum [8]. For the foetus, it can be presumed that this
confers a survival advantage; one suggested mechanism is
that of protection of the foetoplacental unit against toxic
cytokines such as interferon-y (IFN-y) [9]. In the first few
months of life, a majority of infants show reactivity to cow’s
milk, and atopic dermatitis is common. This skewing can
be measured using IFN-y [6]. Most infants outgrow these
responses over the first 6 months of life. In fact, beginning
at birth, the infant begins the process of re-calibrating
towards a Thl response; it appears that those who do not,
because of a genetic predisposition that favours expansion
of the Th2 response and hence suppresses this development,
are the neonates most likely to develop atopy or asthma.

Furthermore, notable during gestation is the ability of the
foetus to mount antigen-specific adaptive responses. These
have been recorded for rubella virus and helminth parasites
in the second trimester [10]. Other evidence of priming
of the immune system in utero is the presence of high IgE
levels in a sizable fraction of newborns [11,12]. In addition,
detectable cord blood IFN-y responses to respiratory syncytial
virus have been observed in association with lower risk of
asthma [13].
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Acquired immunity develops as lymphocytes learn to
recognize specific antigens and some clonal expansion occurs
that permits a stronger response upon repeated presentation
of stimulus. The acquisition of capacity to respond to a multi-
tude of specific foreign invading micro-organisms continues
throughout life. Toll-like receptors (TLR), genetically
programmed to enable cells to recognize molecular patterns
common to major classes of microbes, are present on
dendritic cells and macrophages, and on a variety of dermal
and other cells, where they orchestrate cutaneous host
responses to bacterial, viral and fungal pathogens [14]. TLRs
are also involved in adaptive immune responses, such as
activation of dendritic cells to produce CD40, CDS8O0,
CD86 and interleukin-12 (IL-12) and activation of macro-
phages to increase production of tumour necrosis factor-ou
and IL-6 [14]. Thus, antigen-specific immunoglobulin
production is regulated in part by cytokines produced in
response to the stimulus present. This response can be
demonstrated to occur even during prenatal life.

The relationship between immune responses and neuro-
development is an emerging area of research that suggests
considerable cross-talk of these two systems and has implica-
tions for how environmental health research questions can
be formulated. The immune system interacts extensively
with the nervous system, including during the prenatal
and early postnatal developmental periods. Cytokines act
on receptors on glial cells, and receptors on immune cells
respond to neuropeptides. For example, thymic epithelial cells
express oxytocin, a neuropeptide, and platelet serotonin
levels are elevated in certain neurodevelopmental disorders
such as autism [15-17]. Cytokines modulate neuronal survival
[18] and differentiation [19]. The IL-6 plays a key role in
neuroprotection and neuroregeneration and is released by
astrocytes [20]. Hippocampal neurogenesis is enhanced by
the presence of T cells and impaired in immune-deficient
mice; the T cells appear to interact with microglia [21]. Major
histocompatibility complex I molecules not only play a key
signalling role in immune function, by displaying proteins
that T cells recognize, but also play a role in neural develop-
ment, through activity-dependent changes in synaptic
strength [22,23]. These interactions of immune system
components with the central nervous system and the induction
of neuropathology by inflammatory processes constitute a
further rationale for focusing attention on the immune
system in addressing the effects of environment on health
and development.

Rodent experiments, for example, have shown that early
immune challenges can alter the neural circuitry and associ-
ated behaviours. An interesting experimental study links
time-dependent exposures to both behavioural and cytokine
responses and to gene expression in mouse pups. Meyer et al.
exposed pregnant dams to poly I:C (polyinosinic:polycytidylic
acid) at different gestational days (GD9 and GDI17) and
showed time-dependent aberrant behaviours [24]. The
earlier exposures resulted in reduced open field exploratory
behaviour, reduced neurogenesis in the dentate gyrus,
reduced foetal brain concentrations of IL-10, massive
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elevations in IL-6, higher IL-1 6 hr after treatment, and dif-
ferences in IL-13 mRNA [24]. A different set of behavioural,
neuropathologic, immune signals and immune-regulating
gene expression markers resulted from later (GD17) exposure.
Thus, these experimental models provide strong evidence for
systemic changes in neurobehavioural development result-
ing from stimulation of immune responses, which in turn are
highly sensitive to timing of exposures and appear to be
mediated through gene expression pathways.

In human beings, prenatal infections have been linked to
a number of neurodevelopmental or neuropsychiatric
disorders, including schizophrenia [25,26], autism [27,28]
and mental retardation [29], effects currently believed to be
linked to inflammatory responses rather than to any specific
micro-organism. In rodents, exposures that induce cytokine
response in the absence of infection give rise to neuro-
psychopathology [30]. Thus, disruption of the well-modulated
development of the body’s immune system can have un-
expected consequences other than immune deficiency, atopy
or autoimmune disorders. Nevertheless, further understanding
of mechanisms is needed and will likely require multi-
disciplinary approaches and use of new technologies.

Dietert and Dietert have reviewed a range of developmen-
tally immunotoxic exposures, which include, as examples,
metals, alcohol, cigarette smoke, 2,3,7,8-TCDD, diethylstil-
boestrol, xenooestrogens, genistein, trichloroethylene, C-
sections, maternal infections, tributyltins, bisphenol A,
diazepam, pre-eclampsia and antibiotics [31]. Because
development of the immune system is influenced not only by
biological challenges, but also by early life exposures to
chemical and/or physical agents, it follows that research
focused on understanding immune health and its relation-
ship to neurodevelopmental disorders must account for the
broad array of human interactions with the natural and
man-made environment.

Prenatal air pollution exposures and early immune
development

A few in vitro studies support a role of air pollution in
impairment of immunological competence. Lundborg et al.
found that ultrafine carbon particles impair the effectiveness
of alveolar macrophage killing of bacteria [32]. Coarse
particles were shown to induce high inflammatory activity in
mouse macrophages, but fine particles from areas with high
photochemical activity were associated with the highest
inflammatory activity. Ultrafine particles from wintertime
in Prague, on the other hand, were highly cytotoxic [33].
Pertinent to the discussion of air pollutant developmental
immunotoxicity is the experimental research conducted on
lead, commonly present in ambient air. Critical windows for
effects of prenatal lead exposure on T-cell maturation and
macrophage function were identified in rodent studies
[34]. Late gestational exposures gave rise to gender-specific
effects of lead on thymic weight, delayed type hyper-
sensitivity, numbers of monocytes, and IL-10 and 1L-12
production. Also relevant is the finding of altered cytotoxic
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T-cell activity in mice prenatally exposed to mainstream
cigarette smoke [35].

Although an abundant epidemiological literature has
addressed asthma in relation to air pollution, very little
attention has been paid to prenatal influences on immune
development. Nevertheless, research on tobacco smoke is
relevant to ambient air pollution due to their similar chemical
composition, as both are generated by combustion of organic
matter. Tobacco smoke induces a wide range of immune
responses. Early life vulnerability to cigarette smoke mani-
fests as increased rates of lower respiratory infections,
asthma or wheeze, middle ear disease and sudden infant
death syndrome [36,37]. IL-13, a Th2 cytokine, appears to be
induced by cigarette smoke exposure in a dose-response
fashion [38]. A genetic polymorphism for the IL-1 receptor
antagonist increased the effect of maternal smoking during
pregnancy on the risk for childhood asthma [39] demon-
strating how environmental influences interact with genetic
predisposition to affect immune development.

An experiment in primates indicated that cigarette smoke
exposure in either the prenatal period or the first few months of
life, alters maturation of the immune system. Levels of IFN-y,
IL-2, and IL-10 mRNA levels and the ratio of CD4:CD8
lymphocytes differed in environmental tobacco smoke (ETS)-
exposed rhesus monkeys as compared to those who received
pure filtered air [40]. IL-6 mRNA was increased as a result
of postnatal exposure. In contrast, mice exposed prenatally
demonstrated a higher incidence of tumours and reduced
cytotoxic T-lymphocyte activity, but no changes in cytokine
levels of lymphoid organ histology [35].

A series of studies on a birth cohort from two districts in
the Czech Republic represents a major contribution to the
epidemiological data available on immune system effects
from prenatal and early postnatal exposures to ambient
airborne particles and other pollutants. These studies have
taken place in Teplice, a district with a long history of coal
mining and coal-fired power plants, and Prachatice, charac-
terized by lighter industry.

Beginning in the early 1990s, an air monitoring pro-
gramme was put in place in these two districts [41], in
response to serious concerns about air quality in the larger
region of the Czech Republic known as the Black Triangle,
which includes northern Bohemia, where Teplice is located.
Daily measurements of SO,, NO, NO,, NO, and CO were
initiated. Additionally, measurements were made of fine and
coarse particles and numerous PAHs on a daily basis during
the five most polluted (winter) months of the year, every
third day for another 5 months in spring and fall, and every
sixth day during 2 summer months. In May 1994, the
Pregnancy Outcome Study was launched, which, over the
next 4+ years, enrolled about 7500 mother-infant pairs, or
close to 90% of all births in the two districts, and collected
maternal information at the time of delivery. Simulta-
neously, a substudy of a stratified random sample of about
20% of the births began collection of maternal and cord blood
specimens as part of the Immune Biomarker Study. A total
of 1492 mother-infant pairs were enrolled in this substudy.
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Specimens were transported to Prague and processed at the
Institute of Experimental Medicine, Academy of Sciences,
for lymphocyte immunophenotyping using flow cytometry
[42].

In multivariate-adjusted linear regression, the distributions
of lymphocytes were associated with district of residence
and season of birth in a consistent manner. Specifically,
children born in Teplice or in winter months (locations and
times of the highest air pollution) had reduced T cells and
higher proportions of natural killer cells in cord blood.
These results suggest that long-term or medium-term higher
exposures to particles or other associated air contaminants,
such as SO,, NO, or PAHs, alter the relative production of
specific immunophenotypes in late gestation [42]. Further-
more, when the daily monitoring data were incorporated
into the analysis, neonates with higher short-term (14-day)
late gestational exposures to PAHs and fine particles had a
relative reduction in all T cells, and in CD4+ and CD8+
cells separately, with a concomitant increase in B lym-
phocytes (CD19+ cells) [43]. Thus, the Teplice Programme
Immune Biomarker Study indicates long-term chronic
exposures, seasonal influences and short-term elevations in
ambient PAHs and fine particles can perturb either the
development or functioning of the neonatal immune system.
The target site or mechanism remains to be elucidated.

In this same study population, associations between
gestational age-specific air pollution and cord serum IgE
levels were investigated. These data suggest that an elevated
cord IgE concentration is more frequent if high PAH
exposures occur during the second trimester [prevalence
ratio (PR) = 1.27, 95% confidence interval (CI) = 1.00, 1.61],
while high PAH exposures during the first trimester confer
some protection (PR =0.67, 95% CI=0.50, 0.91) [12].
Adjusting for season attenuated the odds ratios and the
confidence intervals became wider (Herr et al. unpublished
results). It is unclear whether an adjustment for season is
appropriate; it could be a confounder, if associated with a
causal factor, but it could also be serving as a proxy for
exposure. Nevertheless, the findings are suggestive of a
delicate timing of events for in utero development of an
appropriately balanced immune response. The opposing
direction of the effects for second as opposed to first
trimester exposures is striking.

In further follow-up of the children, all paediatricians in
the two districts cooperated, solicited participation from the
parents and provided medical records for the study. Complete
data were collected on a total of 1133 of these children,
including extensive information about their early life home
environment (e.g. passive tobacco smoke exposure), day care
attendance and breastfeeding history. Longitudinal analysis
of diagnoses of bronchitis between birth and either 3 or 4.5
years of age showed an effect from PAH and fine particle
exposures [43]. After adjustment for temperature, season,
calendar year, day of the week and numerous individual
level variables, elevated rate ratios were found for various
pollutant averaging periods ranging from 3 to 45 days. For
example, an increase in the 30-day average PAH exposure of
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100 ng/m® was accompanied by a 1.29-fold elevation in the
daily rate of bronchitis for children under 2 years of age,
and virtually identical results were found for an increment
of 25 pug/m® of PM2.5. In children aged 2-4.5 years, these
rate ratios were 1.56 and 1.23, with the confidence interval
of the latter overlapping 1. Thus, throughout the preschool
period, bronchitis diagnoses are increased following a
month in which PAH exposures are elevated; in the first 2
years of life, an association is also evident for fine particle
exposures, but the effect of particles is weaker after that
age [43].

Supporting evidence for a role of PAHs in regard to
respiratory problems in early life is also seen in a study from
Poland. Personal air monitors were used to measure maternal
second trimester exposures to PAHs. These values were then
related to parent reports of symptoms over the first year of
life. Risk ratios were elevated for barking cough, wheezing
without cold, sore throat, ear infection and cough irrespective
of respiratory infection. An interaction between these pre-
natal exposures and postnatal ETS was also observed [44].

Prenatal PCB exposures and early immune development

An abundant literature in experimental animals has estab-
lished PCBs as potent immunotoxins. Atrophy of the
thymus has been induced in numerous species, including
rats, rabbits, guinea pigs and Rhesus monkeys [45-48].
Other outcomes observed in two or more species include:
reduced skin tuberculin reactivity, reduced antibodies to
sheep red blood cells and reduced antibodies to tetanus [49].

Wildlife studies have reported coplanar PCBs correlate
with altered ratios of heterophils:lymphocytes and with
enhanced mitogen-induced lymphocyte proliferation in
sea turtles [50,51]. In bottlenose dolphins and beluga
whales, non-coplanar PCBs were associated with neutrophil
and monocyte phagocytosis [52]. PCB and PAH tissue
residues were associated with immune cell toxicity in
mussels [53].

Studies of human populations with high, accidental expo-
sures to PCBs indicate lowered IgM and IgA and increases
in respiratory infections [54]. Occupationally exposed men
showed higher risks of cancer, particularly malignant
melanoma, which exhibited a dose-response relationship [55].
Population with high consumption of PCB-contaminated
fish also exhibit different immunophenotype distributions,
with increases in B cells and decreases in CD8+ and natural
killer cells [56]. These findings were all in adults.

In children or newborns, studies have revealed apparent
greater susceptibility to PCB-induced immune toxicity. The
Dutch birth cohort study revealed that babies with higher
prenatal PCB exposures had reduced MMR (measles,
mumps and rubella) reactivity after vaccination, altered
lymphocyte distributions, decreased wheeze and increased
otitis media [57,58]. Inuit infants, who have high PCB expo-
sures due to a diet rich in sea mammal blubber, had elevated
rates of all lower respiratory tract infections, as well as otitis
media [59]. On the Faroe Islands, children with higher
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exposures to PCBs exhibited a decreased antibody response
to diphtheria toxoid at 18 months and a decreased response
to tetanus toxoid at 7 years of age [60].

Another birth cohort study is following infants born in
eastern Slovakia, where a chemical manufacturing plant
produced PCBs until 1985 [61]. Deficits in growth were
noted in male neonates of Romani ethnicity [62], and a
number of immune parameters are being examined in rela-
tion to prenatal and postnatal PCB exposures; in particular,
this is the first human study to examine thymus growth.

Between 2002 and 2004, over 1000 mothers were enrolled
at delivery; maternal, cord, 6- and 16-month blood samples
were collected for analysis of 15 PCB congeners, 1,1,1-
trichloro-2,2-bis(p-chlorophenyl)ethane and 1,1-dichloro-2,2-
bis(p-chlorophenyl)ethylene. At delivery, each mother was
interviewed to obtain information on sociodemographical
characteristics, past pregnancies, occupational history,
medication history and living environment. CD markers are
being assessed, and at delivery, neonatal thymus volume
was estimated using ultrasound measurements taken on the
third or fourth day after birth. Thymic index, an estimate of
the thymus volume, was calculated on 982 newborns from
mothers with PCB measurements [63]. We developed a pre-
dictive model of the natural log of the thymic index using
multiple linear regression with covariates selected from the
bivariate analyses.

Prenatal PCB exposure was associated with a smaller
thymic index at birth (f = -0.036; P = 0.047). District of
residence and delivery also predicted thymic index. Male sex,
later gestational age, larger birth weight z-score and Roma
ethnicity were associated with a larger thymic index, while
respiratory illness was associated with a lower thymic index.
The magnitude of the effect was as follows: an increase from
the 25th to 75th percentile in PCB exposures was associated
with a 3% decline in thymus size, and from the 10th to 90th
percentile, a 7% reduction. This difference can be compared
to the impact of other exposures, as shown in table 1. For
instance, the difference for smokers versus non-smokers
was 3%, and for infants whose mothers had a respiratory
infection during pregnancy or in the three preconception
months, 6%. The thymus growth for a 1-week longer gesta-
tion was +3%, while female babies had smaller thymic
indices by —10%.

Prenatal influences on atopy/asthma

A considerable body of research has investigated the role
of early environmental exposures in asthma and/or atopy.
Yeatts et al. [64] recently reviewed the literature on both
susceptibility factors and environmental exposures in relation
to incidence of asthma. Prenatal influences include birth
order, maternal smoking, obstetric complications and
elective caesarean section, with equivocal data on maternal
use of antibiotics and maternal diet. Much work on early
influences in asthma has focused on the ‘hygiene hypothesis,’
which posits that proper priming of the immune system
in early postnatal life depends on microbial exposures.
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Table 1.

Prediction of log thymic index in multivariate regression, Michalovce and Svidnik districts in Slovakia (n = 982).

Variables Change in thymus index (%) P-value

PCB increment from 25th to 75th percentile* -3 0.047

PCB increment from 10th to 90th percentile** =7

Sex: male versus female -10 < 0.0001

Smoker versus non-smoker -3 0.181

Alcohol consumption, yes versus no -5 0.050

Ethnicity: Romani versus Slovakian/other Eastern European ~11 <0.001

Gestational age at delivery: per week +3 0.003

Z-score of birth weight: 1 unit (i.e. per S.D.) +13 < 0.0001

Respiratory infection histories -6 0.023

*PCBs change 25th-75th spans 0.28 to 0.70 ng/mg (ug/g) serum lipids.
**PCBs change 10th-90th spans 0.19 to 1.17 ng/mg (ug/g) serum lipids.

Endotoxin has been suggested to play a key role. Neverthe-
less, the literature on hygiene-related factors is rather mixed.
Asthma is known to be lower in children who attend day
care or have more siblings, but other early life (first year)
exposures have been associated with increased prevalence
of asthma [65]: smoke or soot exposures, herbicides and
cockroaches. Research on air pollution and asthma has tended
to focus on prevalence or severity rather than incidence.
One exception is the work on residential proximity to major
roadways, suggested to be a better proxy of air pollution
exposures than central monitors. Proximity within 75 m was
strongly related to higher incidence of asthma in school
children [66]. Few human studies, however, have specifically
addressed intrauterine factors that may be instrumental in
the development of asthma, such as diet, hormones, infections
and environmental chemicals, and this gap may be partly
responsible for the mixed results on hygiene factors [64].
Furthermore, the failure of many studies to distinguish atopic
from non-atopic asthma may have hindered the ability to
identify clear causal factors.

Although cord serum IgE was suggested to be predictive
some years ago, the search for markers of high risk has
intensified, with a variety of cytokines and other functional
parameters taking center stage. As early markers of risk
become identified, environmental research can focus on the
interim end-points. Such studies are easier to conduct,
because of the shorter induction period and possibly higher
prevalence of the marker, and additionally provide informa-
tion about mechanisms.

Although IFN-y is lower in neonates than adults, it is
reduced even further in those neonates who later develop
atopic disease [67-69]. Likewise, children who develop
atopic disease by age 3 exhibit depressed allergen-specific
IL-6, IL-10 and IL-13 at birth [70]. It has been suggested
that the immune development at birth in children who later
develop disease is in a more immature state. In their com-
prehensive review, Jones et al. suggest that a normal process
of apoptosis or anergization of antigen-reactive T cells must
occur for the vast majority of babies to outgrow reactivity
to cow’s milk [6]. They further postulate that suppression or
delay in maturation of this apoptotic or anergic activity may
be responsible for autoimmune disease.

IL-4 is a pro-inflammatory cytokine associated with in utero
smoke exposure and with later risk of wheeze or atopy [71].
IL10 is an anti-inflammatory cytokine believed to regulate
thymus-dependent lymphocyte responses and was found to be
reduced in neonates who later developed atopy [70,72]. TGF-
B is a family of cytokines involved in regulation of growth,
differentiation and apoptosis of cells; these compounds have
key roles in embryogenesis and levels in breast milk were
inversely related to wheeze [70,72,73]. Thus, newborns may
already be programmed for a tendency towards development
of a normal versus atopic pattern of immune function, and
both prenatal and early postnatal environmental factors
may be critical.

Immunological correlates of neurodevelopmental disorders

A growing number of research studies have reported that
autism is characterized by substantial deviations in immune
parameters. In 2004, Ashwood and Van de Water published
a review of autoimmunity in autism and cited no fewer than
eight previous studies or case series showing auto-antibodies
against central nervous system proteins such as neuron—axon
filament proteins and myelin basic protein [74]. Two separate
studies have found mothers of children with autism to have
different patterns of auto-antibodies to foetal brain tissue as
compared with patterns from mothers of control children.
The two studies found similar banding patterns using
Western blots [75,76]. An array of cytokines, especially pro-
inflammatory ones, are present at higher concentrations in
children with autism than in typically developing controls
[77]. Decreased plasma IL-23 has been observed in 2-5-year-
old children with autism as compared to population-based
controls [78]. Plasma leptin levels were also reported to be
elevated in autism, especially in those with early onset [79].
Several HLA (human leucocyte antigen) genes have been
reported to be associated with autism [80]. The association
of autism in epidemiological studies with prenatal infections
is also notable [28,81]. Other reports have noted an increase
in auto-immune disorders in family members of persons
with autism [82].

Parallels between autism and asthma have recently been
noted. Becker et al. reviewed the evidence of similarities
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between asthma and autism, including larger head size at
birth, a shift in cytokines towards Thl responses, a higher
proportion of males affected as compared to females, some
shared genes, such as phosphatase and tensin homolog,
and a number of polymorphic markers discovered through
genome-wide scans [83]. As asthma is known to be lower in
children with more siblings, day care attendance or pets at
home, it is hypothesized to result from an overly ‘hygienic’
environment in early life; Becker et al. speculates that this
may also be true of autism. As discussed above, however, the
asthma story is far more complex. Undoubtedly, a full
understanding of the relationship of immune dysregulation
to autism will require considerably more research.

Conclusion

Immune development during gestation and the early post-
natal period can set the stage for either susceptibility or
resistance to a range of diseases and disorders throughout
childhood and into adult life. Environmental exposures
from chemical, physical and microbiological agents may
influence later health through an influence on the immune
system at critical time points. Asthma, allergy and immune
deficiency, as well as neurodevelopment and psychopathology
could be the long-term consequences of such insults. This is
an area ripe for further research.

Acknowledgements

Support was provided by the National Institutes of
Health #R01-CA96525; the National Institute of Environ-
mental Health Sciences #1P01-ES11269; US Environmental
Protection Agency through the Science to Achieve Results
program #R829388; the Health Effects Institute, Czech
Ministry of Environment (Teplice Program), the US Environ-
mental Protection Agency #CR-820076, the US Agency for
International Development, the Commission of the European
Community (PHARE II, EC/HEA 18/CZ).

References

—_

Luebke RW, Chen DH, Dietert R, Yang Y, King M, Luster MI.
The comparative immunotoxicity of five selected compounds
following developmental or adult exposure. J Toxicol Environ
Health B Crit Rev 2006;9:1-26.

2 Holladay SD. Prenatal immunotoxicant exposure and postnatal
autoimmune disease. Environ Health Perspect 1999;107 (Suppl
5):687-91.

Dietert RR, Etzel RA, Chen D et al. Workshop to identify
critical windows of exposure for children’s health: immune and
respiratory systems work group summary. Environ Health
Perspect 2000;108 (Suppl 3):483-90.

4 West LJ. Defining critical windows in the development of the
human immune system. Hum Exp Toxicol 2002;21:499-505.
Landreth KS. Critical windows in development of the rodent
immune system. Hum Exp Toxicol 2002;21:493-8.

6 Jones CA, Holloway JA, Warner JO. Does atopic disease start
in foetal life? Allergy 2000;55:2-10.

Palfi M, Selbing A. Placental transport of maternal immuno-
globulin G. Am J Reprod Immunol 1998;39:24-6.

w2

w

~

MiniReview

8 Prescott SL, Macaubas C, Holt BJ et al. Transplacental priming
of the human immune system to environmental allergens: universal
skewing of initial T cell responses toward the Th2 cytokine
profile. J Immunol 1998;160:4730-7.

Wegmann TG, Lin H, Guilbert L, Mosmann TR. Bidirectional

cytokine interactions in the maternal-fetal relationship: is

successful pregnancy a TH2 phenomenon? Immunol Today
1993;14:353-6.

10 King CL, Malhotra I, Mungai P etal. B cell sensitization to

helminthic infection develops in utero in humans. J Immunol

1998;160:3578—84.

Bergmann RL, Schulz J, Gunther S et al. Determinants of cord-

blood IgE concentrations in 6401 German neonates. Allergy

1995;50:65-71.

12 Herr CE, Hertz-Picciotto I, Yap PS et al. Exposure to air pollution
in critical time windows and IgE levels in newborns. Occup
Environ Med; in press.

13 Gern JE, Brooks GD, Meyer P et al. Bidirectional interactions
between viral respiratory illnesses and cytokine responses in the
first year of life. J Allergy Clin Immunol 2006;117:72-8.

14 Miller LS, Modlin RL. Toll-like receptors in the skin. Semin
Immunopathol 2007;29:15-26.

15 Gimpl G, Fahrenholz F. The oxytocin receptor system: struc-
ture, function, and regulation. Physiol Rev 2001;81:629-83.

16 Betancur C, Corbex M, Spielewoy C et al. Serotonin transporter
gene polymorphisms and hyperserotonemia in autistic disorder.
Mol Psychiatry 2002;7:67-71.

17 Cook EH, Leventhal BL. The serotonin system in autism. Curr
Opin Pediatr 1996;8:348—54.

18 Marx CE, Jarskog LF, Lauder JM, Lieberman JA, Gilmore JH.
Cytokine effects on cortical neuron MAP-2 immunoreactivity:
implications for schizophrenia. Biol Psychiatry 2001;50:743-9.

19 Ling ZD, Potter ED, Lipton JW, Carvey PM. Differentiation of
mesencephalic progenitor cells into dopaminergic neurons by
cytokines. Exp Neurol 1998;149:411-23.

20 Schmitt KR, Kern C, Lange PE, Berger F, Abdul-Khaliq H,
Hendrix S. SI00B modulates IL-6 release and cytotoxicity from
hypothermic brain cells and inhibits hypothermia-induced
axonal outgrowth. Neurosci Res 2007;59:68—73.

21 Ziv'Y, Ron N, Butovsky O et al. Immune cells contribute to the
maintenance of neurogenesis and spatial learning abilities in
adulthood. Nat Neurosci 2006;9:268-75.

22 Huh GS, Boulanger LM, Du H, Riquelme PA, Brotz TM, Shatz
CJ. Functional requirement for class I MHC in CNS develop-
ment and plasticity. Science 2000;290:2155-9.

23 Boulanger LM, Shatz CJ. Immune signalling in neural develop-
ment, synaptic plasticity and disease. Nat Rev Neurosci
2004;5:521-31.

24 Meyer U, Nyffeler M, Engler A etal. The time of prenatal
immune challenge determines the specificity of inflammation-
mediated brain and behavioral pathology. J Neurosci
2006;26:4752—62.

25 Brown AS, Begg MD, Gravenstein S et al. Serologic evidence of
prenatal influenza in the etiology of schizophrenia. Arch Gen
Psychiatry 2004:61:774-80.

26 Brown AS, Susser ES. In utero infection and adult schizophrenia.
Ment Retard Dev Disabil Res Rev 2002;8:51-7.

27 Chess S. Autism in children with congenital rubella. J Autism
Child Schizophr 1971;1:33-47.

28 Chess S, Fernandez P, Korn S. Behavioral consequences of con-
genital rubella. J Pediatr 1978;93:699-703.

29 Revello MG, Gerna G. Pathogenesis and prenatal diagnosis
of human cytomegalovirus infection. J Clin Virol 2004;29:71—
83.

30 Shi L, Fatemi SH, Sidwell RW, Patterson PH. Maternal influenza
infection causes marked behavioral and pharmacological
changes in the offspring. J Neurosci 2003;23:297-302.

el

1

—_

© 2008 The Authors
Journal compilation © 2008 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 102, 146-154



MiniReview

31

32

33

34

35

36

37

38

39

40

4

—_

4

43

44

45

46

47

48

49

Dietert RR, Dietert JM. Early-life immune insult and develop-
mental immunotoxicity (DIT)-associated diseases: potential of
herbal-and fungal-derived medicinals. Curr Med Chem
2007;14:1075-85.

Lundborg M, Bouhafs R, Gerde P et al. Aggregates of ultrafine
particles modulate lipid peroxidation and bacterial killing by
alveolar macrophages. Environ Res 2007;104:250-7.

Jalava PI, Salonen RO, Pennanen AS et al. Heterogeneities in
inflammatory and cytotoxic responses of RAW 264.7 macro-
phage cell line to urban air coarse, fine, and ultrafine particles
from six European sampling campaigns. Inhal Toxicol
2007;19:213-25.

Bunn TL, Parsons PJ, Kao E, Dietert RR. Exposure to lead
during critical windows of embryonic development: differential
immunotoxic outcome based on stage of exposure and gender.
Toxicol Sci 2001;64:57—-66.

Ng SP, Silverstone AE, Lai ZW, Zelikoft JT. Effects of prenatal
exposure to cigarette smoke on offspring tumor susceptibility
and associated immune mechanisms. Toxicol Sci 2006;89:135—
44.

Courage C. Environmental tobacco smoke. In: Tamburlini G,
von Ehrenstein OS, Bertolini R (eds). Children’s Health and
Environment: A Review of Evidence. World Health Organiza-
tion, Copenhagen, Denmark, 2002;142-51.

DiFranza JR, Aligne CA, Weitzman M. Prenatal and postnatal
environmental tobacco smoke exposure and children’s health.
Pediatrics 2004;113:1007-15.

Cozen W, Diaz-Sanchez D, James Gauderman W et al. Thl
and Th2 cytokines and IgE levels in identical twins with varying
levels of cigarette consumption. J Clin Immunol 2004;24:617—
22.

Ramadas RA, Sadeghnejad A, Karmaus W et al. Interleukin-1R
antagonist gene and pre-natal smoke exposure are associated
with childhood asthma. Eur Respir J 2007;29:502-8.

Wang L, Joad JP, Abel K etal. Effects of environmental
tobacco smoke on the developing immune system of infant
monkeys. J Allergy Clin Immunol 2007;120:445-51.

Pinto JP, Stevens RK, Willis RD et al. Czech air quality moni-
toring and receptor modeling study. Environ Sci Technol
1998;32:843-54.

Hertz-Picciotto I, Dostal M, Dejmek J et al. Air pollution and
distributions of lymphocyte immunophenotypes in cord and
maternal blood at delivery. Epidemiology 2002;13:172-83.
Hertz-Picciotto I, Herr CE, Yap PS et al. Air pollution and
lymphocyte phenotype proportions in cord blood. Environ
Health Perspect 2005;113:1391-8.

Jedrychowski W, Galas A, Pac A etal. Prenatal ambient air
exposure to polycyclic aromatic hydrocarbons and the occurrence
of respiratory symptoms over the first year of life. Eur J Epidemiol
2005;20:775-82.

Allen JR, Barsotti DA. The effects of transplacental and mam-
mary movement of PCBs on infant rhesus monkeys. Toxicology
1976;6:331-40.

Smialowicz RJ, Andrews JE, Riddle MM, Rogers RR,
Luebke RW, Copeland CB. Evaluation of the immunotoxicity
of low level PCB exposure in the rat. Toxicology 1989;56:197—
211.

Vos JG, Beems RB. Dermal toxicity studies of technical poly-
chlorinated biphenyls and fractions thereof in rabbits. Toxicol
Appl Pharmacol 1971;19:617-33.

Vos JG, van Driel-Grootenhuis L. PCB-induced suppression of
the humoral and cell-mediated immunity in guinea pigs. Sci
Total Environ 1972;1:289-302.

Tryphonas H, Feeley M. Polychlorinated bipenyl-induced
immunomodulation and human health effects. In: Robertson L,
Hansen L (eds). PCBs. University Press of Kentucky, Lexing-
ton, KY, 2001;193-209.

PRENATAL EXPOSURES & IMMUNE DEVELOPMENT

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

153

Keller JM, Kucklick JR, Stamper MA, Harms CA, McClellan-
Green PD. Associations between organochlorine contaminant
concentrations and clinical health parameters in loggerhead sea
turtles from North Carolina, USA. Environ Health Perspect
2004;112:1074-9.

Keller JM, McClellan-Green PD, Kucklick JR, Keil DE,
Peden-Adams MM. Effects of organochlorine contaminants on
loggerhead sea turtle immunity: comparison of a correlative
field study and in vitro exposure experiments. Environ Health
Perspect 2006;114:70-6.

Levin M, Morsey B, Mori C, Guise S. Specific non-coplanar
PCB-mediated modulation of bottlenose dolphin and beluga
whale phagocytosis upon in vitro exposure. J Toxicol Environ
Health 2004;67:1517-35.

Galloway TS, Sanger RC, Smith KL et al. Rapid assessment of
marine pollution using multiple biomarkers and chemical
immunoassays. Environ Sci Technol 2002;36:2219-26.
Nakanishi Y, Shigematsu N, Kurita Y etal. Respiratory
involvement and immune status in yusho patients. Environ
Health Perspect 1985;59:31-6.

Loomis D, Browning SR, Schenck AP, Gregory E, Savitz DA.
Cancer mortality among electric utility workers exposed to
polychlorinated biphenyls. Occup Environ Med 1997;54:720—
8.

Svensson BG, Hallberg T, Nilsson A, Schutz A, Hagmar L.
Parameters of immunological competence in subjects with high
consumption of fish contaminated with persistent organochlorine
compounds. Int Arch Occup Environ Health 1994;65:351-8.
Weisglas-Kuperus N, Patandin S, Berbers GA et al. Immuno-
logic effects of background exposure to polychlorinated biphenyls
and dioxins in Dutch preschool children. Environ Health Perspect
2000;108:1203-7.

Weisglas-Kuperus N, Vreugdenhil HJ, Mulder PG. Immunological
effects of environmental exposure to polychlorinated biphenyls
and dioxins in Dutch school children. Toxicol Lett 2004;149:281—
5.

Dallaire F, Dewailly E, Vezina C et al. Effect of prenatal
exposure to polychlorinated biphenyls on incidence of acute
respiratory infections in preschool Inuit children. Environ
Health Perspect 2006;114:1301-5.

Heilmann C, Grandjean P, Weihe P, Nielsen F, Budtz-Jorgensen
E. Reduced antibody responses to vaccinations in children
exposed to polychlorinated biphenyls. PLoS Med 2006;3:e311.
Hertz-Picciotto I, Trnovec T, Kocan A et al. PCB’s and early
childhood development in Slovakia: study design and back-
ground. Fresenius Environ Bull 2003;12:208-14.

Sonneborn D, Park H-Y, Petrik J et al. Prenatal PCB exposures
in Eastern Slovakia modify effects of social factors on birth-
weight. Paediatr Perinat Epidemiol; in press.

Park H-Y, Hertz-Picciotto I, Petrik J, Palkovicova L, Kocan A,
Trnovec T. Prenatal PCB exposure and thymus size at birth in
Neonates in Eastern Slovakia. Environ Health Perspect
2008;116:104-9.

Yeatts K, Sly P, Shore S et al. A brief targeted review of suscep-
tibility factors, environmental exposures, asthma incidence, and
recommendations for future asthma incidence research. Environ
Health Perspect 2006;114:634-40.

Salam MT, Li YF, Langholz B, Gilliland FD. Early-life envi-
ronmental risk factors for asthma: findings from the Children’s
Health Study. Environ Health Perspect 2004;112:760-5.
McConnell R, Berhane K, Yao L et al. Traffic, susceptibility,
and childhood asthma. Environ Health Perspect 2006;114:766—
72.

Kondo N, Kobayashi Y, Shinoda S et al. Reduced interferon
gamma production by antigen-stimulated cord blood mononu-
clear cells is a risk factor of allergic disorders — 6-year follow-up
study. Clin Exp Allergy 1998;28:1340-4.

© 2008 The Authors
Journal compilation © 2008 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 102, 146-154



154

68

69

70

71

72

73

74

75

Troisi RJ, Willett WC, Weiss ST, Trichopoulos D, Rosner B,
Speizer FE. A prospective study of diet and adult-onset asthma.
Am J Respir Crit Care Med 1995;151:1401-8.

Warner JA, Miles EA, Jones AC, Quint DJ, Colwell BM,
Warner JO. Is deficiency of interferon gamma production by
allergen triggered cord blood cells a predictor of atopic eczema?
Clin Exp Allergy 1994;24:423-30.

Prescott SL, Macaubas C, Smallacombe T, Holt BJ, Sly PD,
Holt PG. Development of allergen-specific T-cell memory in
atopic and normal children. Lancet 1999;353:196-200.

Prescott SL, Macaubas C, Smallacombe T et al. Reciprocal age-
related patterns of allergen-specific T-cell immunity in normal
vs. atopic infants. Clin Exp Allergy 1998:28 (Suppl 5):39-44;
discussion 50-1.

Oddy WH, Halonen M, Martinez FD et al. TGF-beta in human
milk is associated with wheeze in infancy. J Allergy Clin Immunol
2003;112:723-8.

Massague J, Chen YG. Controlling TGF-beta signaling. Genes
Dev 2000;14:627-44.

Ashwood P, Van de Water J. Is autism an autoimmune disease?
Autoimmun Rev 2004;3:557-62.

Zimmerman AW, Connors SL, Matteson KJ et al. Maternal
antibrain antibodies in autism. Brain Behav Immun 2007;21:351-7.

IRVA HERTZ-PICCIOTTO ET AL.

76

71

78

79

80

81

82

83

MiniReview

Braunschweig D, Ashwood P, Krakowiak P etal. Autism:
maternally derived antibodies specific for fetal brain proteins.
Neurotoxicology; 2007 [E-pub ahead of print].

Molloy CA, Morrow AL, Meinzen-Derr J etal. Elevated
cytokine levels in children with autism spectrum disorder. J
Neuroimmunol 2006;172:198-205.

Enstrom A, Ashwood P, Onore C et al. Detection of IL-17 and
IL-23 in plasma samples of children with autism. Am J Biochem
Biotechnol 2007; in press.

Ashwood P, Kwong C, Hansen R et al. Brief report: plasma
leptin levels are elevated in autism: association with early onset
phenotype? J Autism Dev Disord 2008;38:169-75.

Torres AR, Sweeten TL, Cutler A et al. The association and
linkage of the HLA-A2 class I allele with autism. Hum Immunol
2006;67:346-51.

Deykin EY, MacMahon B. Viral exposure and autism. Am J
Epidemiol 1979;109:628-38.

Sweeten TL, Bowyer SL, Posey DJ, Halberstadt GM,
McDougle CJ. Increased prevalence of familial autoimmunity
in probands with pervasive developmental disorders. Pediatrics
2003;112:e420.

Becker KG. Autism, asthma, inflammation, and the hygiene
hypothesis. Med Hypotheses 2007;69:731-40.

© 2008 The Authors
Journal compilation © 2008 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 102, 146-154



