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ABSTRACT: Epidemiological and experimental animal studies show that suboptimal environments in fetal and neonatal life exert a profound
influence on physiological function and risk of diseases in adult life. The concepts of the ‘developmental programming’ and Developmental Origins
of Health and Diseases (DOHaD) have become well accepted and have been applied across almost all fields of medicine. Adverse intrauterine
environments may have programming effects on the crucial functions of the immune system during critical periods of fetal development, which can
permanently alter the immune function of offspring. Immune dysfunction may in turn lead offspring to be susceptible to inflammatory and immune
diseases in adulthood. These facts suggest that inflammatory and immune disorders might have developmental origins. In recent years, inflamma-
tory and immune disorders have become a growing health problem worldwide. However, there is no systematic report in the literature on the
developmental origins of inflammatory and immune diseases and the potential mechanisms involved. Here, we review the impacts of adverse
intrauterine environments on the immune function in offspring. This review shows the results from human and different animal species and
highlights the underlying mechanisms, including damaged development of cells in the thymus, helper T cell | /helper T cell 2 balance disturbance,
abnormal epigenetic modification, effects of maternal glucocorticoid overexposure on fetal lymphocytes and effects of the fetal hypothalamic—
pituitary—adrenal axis on the immune system. Although the phenomena have already been clearly implicated in epidemiologic and experimental
studies, new studies investigating the mechanisms of these effects may provide new avenues for exploiting these pathways for disease prevention.
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Introduction

Immunity is a human physiological function, which can maintain the
health of the body by destroying and rejecting ‘non-self’, such as antigens,
damaged cells and tumor cells produced by the body itself. Both as the
body’s defense against foreign invasion and as a damage response,
there is an inseparable relation between inflammation and immunity.
During the past decades, inflammatory and immune disorders have
become a growing health problem worldwide. An epidemiological
study indicated that the prevalence of self-reported food allergy
increased significantly among US adults, to 13% in 2010 and 14.9% in
2006 compared with 9.1% in 2001 (Verrill et al., 2015). From 1999 to
2012 inthe UK, the incidence of systemic lupus erythematosus increased
from 64.99/100 000 to 97.04/100 000 (Rees et al., 2016). There were
three cross-sectional surveys in Pisa during 1985-2011, and results
showed that there was an increasing trend in prevalence rates of respira-
tory symptoms/diseases. Currently asthma (Ist—3rd prevalence rates:
3.4-7.2%), allergic rhinitis (16.2—37.4%), usual phlegm (8.7—19.5%)
and chronic obstructive pulmonary disease (2.1 —-6.8%) had more than
doubled (Maio et al., 2016). Similar tendencies were shown in other in-
flammatory diseases, such as rheumatoid arthritis and eosinophilic
esophagitis (Widdifield et al., 2014; Giriens et al., 2015).

Prenatal and early life events are important determinants for disorders
later in life. Based on a large number of investigations and the results of
evidence-based research, scholars proposed a concept of the origin of
human diseases—'Developmental Origins of Health and Disease
(DOHaD)'. This hypothesis stated that the fetal tissues and organs in
the sensitive period of development would show permanent or pro-
gramming changes in their structure and function because of the
adverse intrauterine environment. These changes might significantly in-
crease the susceptibility to a variety of chronic diseases in offspring,
such as metabolic syndrome, fatty liver, depressive disorder etc. The de-
velopment processes of these diseases were accompanied by inflamma-
tory and immune changes (Huizink et al., 2004; Fowden et al., 2006).
Thus we speculated whether the occurrence of inflammatory and
immune diseases also had developmental origins? Currently, there is
no systematic review on this subject. A growing number of studies sug-
gested that the increased risk of adult inflammatory and immune diseases
was related to negative prenatal exposure and a developmental defi-
ciency of the immune system in early life (Ege et al., 2006; Schaub
et al., 2009). Therefore, in this paper, we will systematically review the
growing evidence and mechanisms from human and experimental
animal studies supporting the view for the developmental origins of the
inflammatory and immune disorders for the first time.
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Evidence for the developmental
origins of inflammatory and
immune disorders

Human research

A number of works in the scientific literature of epidemiological studies
suggested that the programming changes of fetal immunity could affect
fetal development, such as organ formation and function implementa-
tion, which are important determinants for diseases later in life. Previous
study showed that maternal psychosocial stress could increase the levels
of pro-inflammatory cytokines in maternal serum, which might be related
to the increased risk of allergy in infants (Coussons-Read et al., 2007).
O’Connor et al. (2013) examined the cell-mediated immune responses
ininfants at 6 months of age, and found that prenatal maternal anxiety was
associated with reduced interferon-G (IFNG) and increased interleukin-4
(IL4) responder cell frequencies. These findings demonstrated that pre-
natal maternal anxiety could alter adaptive immunity in the infant. In add-
ition, researchers found that a high maternal immunoglobulin E (IgE) level
in pregnancy was associated with increased IgE in children at the age of |
year. Thus, maternal immune status in pregnancy was related to the risk
of immune responses and atopy in offspring (Herberth et al., 201 1).
What is more, researchers also found that maternal allergy was asso-
ciated with the change of T cell subsets in cord blood at their child’s
birth, which might predispose one to an increased risk for developing
atopic dermatitis during the first 2 year of life (Fu et al., 2013).

Except for the maternal psychological and immune status, prenatal ex-
posure to xenobiotics and maternal nutrition also can influence fetal
immune programming. For example, it was reported that exposure to
tobacco during pregnancy might affect the development of the fetal
lung and immune system, resulting in the susceptibility to asthma and re-
spiratory diseases in newborns and children (Hylkema and Blacquiere,
2009). And prenatal parasitic infection might increase the risk of parasite
infection in offspring during the first 30 months of life (Schwarz et al.,
2008). It was reported that arsenic exposure in utero might alter the
fetal immune system and then lead to immune dysregulation in offspring
through decreasing CD45RATCD47CD69 cell counts and increasing
CD45RATCD69~CD294" cell counts in cord blood (Nadeau et dl.,
2014). In addition, prenatal arsenic exposure could alter microRNAs
involved in innate and adaptive immune signaling in newborn cord
blood (Rager et al., 2014). Studies also showed that maternal intake of
foods high in fatty acids during pregnancy was associated with the risk
of suspected atopic eczema among infants aged 3—4 months (Saito
et al., 2010). And excessive supplementation of folic acid during preg-
nancy or maternal exposure to high levels of traffic particles could lead
to an increased risk of asthma and respiratory disorders in children
(Habergetal.,2009; Pereraetal., 2009; Whitrow et al., 2009). Other re-
search showed that maternal vitamin K intake during pregnancy might in-
crease the susceptibility to asthma at the age of 18 months and 7 years
(Maslova et al., 2014). With a validated diet history questionnaire,
researchers found that higher maternal intake of vitamin D during preg-
nancy might increase the risk of infantile eczema in children aged 23 to 29
months (Miyake et al., 2014).

Adverse birth outcomes resulted from adverse intrauterine environ-
ments, such as intrauterine growth retardation (IUGR) and preterm
birth, which are often associated with changes of immune function in

offspring. It was reported that the IUGR fetus presented a smaller
thymic volume compared with that of control (Olearo et al., 2012). Fur-
thermore, the ability of the innate immune system of the IUGR fetus to
mount an immune response was weakened after birth. After stimulating
the whole cord blood cell cultures with lipopolysaccharides (LPSs), the
concentrations of IL6 and IL10 were significantly lower in that from the
IUGR fetus, showing that the IUGR infants had a weaker ability to
mount an immune response (Troger et al., 2013). Similarly, the peripheral
regulatory T cell (Treg) pool in cord blood of preterm infants could be
altered by prenatal exposure to inflammation and chorioamnionitis. The
changed percentage of Tregs mightinfluence the role of Tregs in peripheral
tolerance and the control of immune responses to pathogens (Luciano
etal, 2014).

Experimental animal studies

Besides human research, data from animal studies provide further evi-
dence of alterations ofimmune function by an adverse intrauterine envir-
onment, which lead to offspring susceptibility to inflammatory and
immune diseases (Xiong and Zhang, 2013). Researchers found that ma-
ternal infection had profound impacts on fetal inflammation in their in-
ternal organs and skin (Wolfs et al., 2009; Kemp et al., 201 |; Kuypers
et al., 2012). Kay et al. demonstrated that the immune function of the
2-month-old offspring rats was suppressed due to the noise and light
stress for 3 days weekly throughout the pregnancy (Kay et al., 1998).
In addition, prenatal cadmium (Cd) exposure could reduce the acquired
immune function of offspring at the age of 20 weeks (Holaskova et dl.,
2012). Tobacco smoke had pro-inflammatory effects, which could not
only increase the expression of pro-inflammatory chemokines, but
also lead to the apoptosis or necrosis of bronchial epithelial cells.
Thus, exposure to tobacco smoke during pregnancy could increase
the risk of asthma, allergies and respiratory infections in offspring
(Cheraghi and Salvi, 2009). Prenatal exposure to nicotine, moreover,
could alert the structure of respiratory and collagen deposition around
blood vessels. These effects could increase the susceptibility to respira-
tory diseases in adult offspring (Hylkema and Blacquiere, 2009).

Other research showed that an adverse intrauterine environment
might affect the number and function of immune cells in offspring. For
example, ethanol exposure during pregnancy could weaken the phago-
cytic activity of macrophages (M®) in newborn mice (Gauthier et dl.,
2010). The restraint to the mother during the last third of gestation
decreased the response to mitogen stimulation and the number of
leukocytes in the blood of newborn pigs, and altered the ratios of
CD4" and CD8™ T cells in blood (Couret et al., 2009). Furthermore,
by giving a foot-shock once daily from Day 15 to 19 to pregnant mice,
the spreading and phagocytosis of M® were decreased in 2-month-old
male offspring (Palermo Neto et al., 2001). Upon LPS stimulation of
the blood cells from 2-year-old offspring born with maternal stress ex-
posure, the levels of tumor necrosis factor-a (TNFA) and IL6 were signifi-
cantly lower than those of control (Coe et al., 2002). It was reported that
prenatal stress could change the number and proliferation of lympho-
cytes, and the cytotoxicity of natural killer (NK) cells in the blood of
male adult offspring (Gotz and Stefanski, 2007). Prenatally acquired
vitamin A deficiency could reduce the number of dendritic cells (DCs)
in offspring, which not only inhibited the immunomodulatory effects
but also influenced the negative selection of thymocytes, resulting in
the inhibition of the development of immune cells (Vlasova et al.,



560

Chen et al.

2013). It was reported that carbon black nanoparticle exposure during
the critical periods of developmentincreased the total number of thymo-
cytes and the proportion of double negative (DN) and double positive
(DP) cells, which seemed to be responsible for the overall high
numbers of splenic cells (El-Sayed et al., 2015).

In sum, the above human population and experimental animal studies
provided a link between an adverse gestational environment (such as
xenobiotics exposure, psychosocial stress, physical stimulation, maternal
treatment and nutrition etc.) and a perturbed immune regulation in chil-
dren that could be related to the development of immune disorders.

Potential biological mechanisms

Impaired cell development in thymus

The thymus is the earliest developed immune organ in the fetus. In the
embryo, nearly 95% of immature T cells have undergone apoptosis
and only a little could develop into naive T cells after migrating into
the thymus. A study reported that prenatal exposure to 2, 3, 7, 8-
tetrachlorodibenzo-para-dioxin induced the down-regulation of micro-
RNA (miR23a, miR23b, miRI18b and miR98) expression profile in the
fetal thymus, which led to increased expression of Fas and Fasl in the
surface of thymocytes. These effects promoted thymocyte apoptosis
and finally resulted in thymus atrophy in the offspring, which was one
of the important mechanisms of damaged immune function in adults
(Singh et al., 2012a). Moreover, prenatal exposure to diethylstilbestrol
(DES) triggered the up-regulation of Fas and Fasl expression in thymo-
cytes, and caused thymic atrophy and thymocyte apoptosis (Singh
et al., 2012b). Similarly, another study reported that perinatal DES
exposure-induced thymic atrophy might result from the increased
thymocyte apoptosis mediated by a death receptor pathway involving
TNF family members (Brown et al., 2006). In addition, betamethasone
administration to mothers in the third trimester of pregnancy could
induce the apoptosis of DP thymocytes, and then cause the atrophy of
the fetal thymus (Diepenbruck et al., 2013). Furthermore, by using the
fetal thymus organ culture (FTOC), researchers found that nitric oxide
could synergize DP thymocyte apoptosis induced by glucocorticoids
(GCs), which affected the function of T cells profoundly (Cohen et al.,
2012). Aaron | et al. also took FTOC as a model to investigate the
effects of nicotine on the maturity of T cells. They found that nicotine
could directly induce the apoptosis of fetal thymocytes and affect the
normal development of fetal thymus, which finally could disable the func-
tion of the thymus in immune regulation (Middlebrook et al., 2002). And
maternal undernutrition during the late pregnancy could modify the mat-
uration of DP thymocytes to reduce their numbers, resulting in the
retarded development of the thymus in the [UGR fetus (Liu et al., 2015).

Except for the increased apoptosis of thymocytes, the disturbed differ-
entiation and development of immune cells also can affect immune func-
tion. Researchers found that prenatal Cd exposure could cause the
dysregulation of the sonic hedgehog and Wnt/3-catenin signaling path-
ways in the fetal thymus, which are important for thymocyte maturation,
and could induce fetal thymic atrophy and immune function disorder
(Hanson et al., 2010). The bone morphogenetic protein 2/4 (BMP2/4)
signaling pathway is required for thymus morphogenesis and the differen-
tiation of T cells (Hager-Theodorides et al., 2014). Studies showed that
prenatal exposure to nicotine could down-regulate the expression of
BMP2 to affect the two developmental stages of fetal thymocytes: the

transition from DN | to DN3, and from DN to DP cells, interfering with
the normal differentiation of fetal thymocytes (Ma et al., 201 1).
Apoptosis is crucial during the development process of thymocytes.
Increased apoptosis or impaired differentiation of thymocytes in the
fetal stage could reduce the volume and weight of the thymus, also
could change the phenotypes of thymocytes. Intrauterine thymus dysplasia
often resulted in thymus dysfunction after birth, mainly manifested as a
reduced thymocyte output. As a result, the reduction of peripheral lym-
phocytes might weaken the body’s cellularimmune response. In addition,
the changes of phenotypes of thymocytes could be divided into two cat-
egories, including changes of the DN/DP ratio and the CD4"/CD8"
ratio. The changes of the DN/DP ratio suggested the blocked develop-
ment of thymocytes. And the changes of the CD4"/CD8™ ratio might
cause an imbalance of CD41/CD8" in the periphery, which could
disrupt the body’s immune homeostasis. In summary, impaired cell devel-
opment in the thymus could weaken the immune function of offspring,
which could increase susceptibility to inflammatory and immune diseases.

Th1/Th2 balance disturbance

Helper T | (Th1) and Th2 cells are both CD4* T cells, and the cytokines
produced by them are known as Thl-type cytokines (IL2, IFNG) and
Th2-type cytokines (IL4, 5 and 10), respectively (Saxena and Kaur,
2015). A balance of Th1/Th2 cells is necessary to maintain immune
homeostasis: A disruption of this balance could lead to Thl shift or
Th2 shift and then changes in the normal cellular and humoral immune
regulation (Hashimoto, 2015).

Many animal studies suggested that the excessive Th2 cell-mediated
responses might play an important role in the susceptibility to inflamma-
tory and immune diseases. For example, it was reported that prenatal
stress could trigger the clonal expansion of Th2 cells through antigen-
presenting cells, and the over-proliferated Th2 cells might break the
balance of Thl/Th2 (Pincus-Knackstedt et al., 2006). In addition,
researchers demonstrated that prenatal Cd exposure could reduce
the population of M® and depress Thl-type cytokines to a higher
degree than that of Th2-type in offspring at 2 and 7 weeks of age.
These offspring would be susceptible to immune diseases resulting
from excessive Th2 cell-mediated response (Hanson et al., 2012). Fur-
thermore, maternal exposure to airborne particulates might result in
postnatal immune dysfunction by exacerbation of Thl/Th2 deviation,
with decreased IFNG and increased IL4 levels in the blood and spleno-
cytes. And this deviation was associated with lowered Tbet and elevated
Gata3 mRNA expressions (Hong et al., 2013).

The balance between Th| and Th2 cells are critical for the control of
immune responses and susceptibility/resistance to diseases. TBET and
GATA3, the specific transcription factors of Th subsets, play extremely
important roles in the differentiation, phenotype maintenance and func-
tion of Th cells. Through affecting the production of Thl-type and
Th2-type cytokines, and the expression of the corresponding transcrip-
tion factors, an adverse intrauterine environment could cause a Th2 shift
in the offspring. The role of Th2 cells in the pathogenesis of allergic dis-
eases was well clarified. Therefore adverse intrauterine events might
lead to susceptibility to inflammatory and immune diseases in offspring
by triggering a Th2 skewing.

Abnormal epigenetic modification

Epigenetics is a discipline to study the heritable changes in gene expres-
sion without changing the DNA sequences. The epigenetic modifications
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include DNA methylation, histone modifications (methylation and
acetylation), chromatin remodeling and regulation of non-coding
RNAs, etc. (Mattick, 2007). Given that these modifications are reversible
and sensitive to environmental factors, they provide a mechanistic link
among environmental exposures, developmental programming and
risk for diseases.

A substantial body of work suggested a link between epigenetic gene
regulation, immunity and physiologic development. Tregs are one of
the T-cell subsets; they have immunosuppressive effects with a charac-
teristic marker—transcription factor FOXP3—and secrete transforming
growth factor b (TGFB), ILI0 and other cytokines. The demethylation
state of Treg-specific demethylated region (TSDR) in the FOXP3 gene
was suggested to be a valuable biomarker that could reliably indicate
and quantify stable Tregs in cord blood. Prenatal tobacco smoke expos-
ure could decrease the Treg numbers in cord blood through affecting the
demethylation state of the TSDR. Children with lower Treg numbers at
birth had a higher risk of developing atopic dermatitis (Hinz et al., 2012).
In addition, tobacco smoke exposure could suppress the expression of
FOXP3 by increasing the level of CpG methylation within the FOXP3
locus, and then affect the function of Treg (Runyon et al., 2012). It was
reported that changes in maternal diet, such as excessive intake of folic
acid, might increase the methylation level of FOXP3 in fetal Treg and
reduce its transcriptional activity. The decreased expression of FOXP3
represented the reduced generation of Treg, which resulted in the
impaired immunosuppressive function of offspring (Klunker et al.,
2009). In addition, microRNA also could regulate the Treg numbers.
Researchers found that maternal tobacco smoke exposure increased
the level of miR223 expression and then lowered Treg numbers in
cord blood, which was correlated with subsequent allergy risk in children
(Herberth et al., 2014). Studies also indicated that exposure to environ-
ment pollutants during pregnancy might increase the methylation of the
Ifng gene in CD4 ™ cells to silence the differentiation pathways of Tregand
Th1, which could inhibit Th2 allergic differentiation. Thus, the increased
Ifng gene methylation might break the balance of Thl and Th2, reduce
Th1 function and relatively enhance Th2 function (Martino and Prescott,
2010). Furthermore, environmental pollutants during pregnancy could
also cause a loss of histone 4 (H4) acetylation in the Ifng promoter,
which results in a reduced IFNG level and increased asthma risk in the
offspring (Reiprich et al., 2013).

Moreover, adverse intrauterine environments also can affect the
immune system in offspring by changing the epigenetic modification of
cytokine coding genes. For example, the oxidative stress during preg-
nancy could decrease the histone deacetylase activity in the lung,
which leads to increased acetylation level and activity of nuclear factor
kB (NFKB). And NFKB further enhances the expression of inflammatory
genes (116 and 1I8) in the lung, which could cause the susceptibility to re-
spiratory system inflammation (Rahman and Adcock, 2006). Prenatal ex-
posure to particulate matter promoted the production of IgE through the
hypomethylation of Ifng and the hypermethylation of 114 in CD4% cells
(Liu et al., 2008). In addition, prenatal dexamethasone exposure could
decrease the levels of active chromatin signs (acetylation of histone H3
lysines, H3K4me | /3 and H3K36me3) in the Tnfa promoter, which regu-
lated Tnfa expression, and resulted in profound and lasting impacts on
the developing immune system (Yu et al., 2014).

Some individual differences in human disease and behavior that cannot
be accounted for genetically may be due to epigenetic changes in gene ex-
pression. Epigenetic changes are propagated at the cellular level, and allow

the organism to adapt to changes within a particular environment
(Sanders, 2006). The alterations of early immune development resulting
from abnormal epigenetic modification mainly include suppression of
IFNG production, altered innate immunity and deficient Treg networks.
These alterations culminate in a propensity for uncontrolled Th2
immune responses (Martino and Prescott, 201 1). Since Th I /Th2 immun-
ity is linked closely to disease and behavior, it is probable that epigenetic
changes induced by adverse intrauterine environments may explain the oc-
currence of disease susceptibility. In summary, prenatal xenobiotic expos-
ure or stress can change the epigenetic modifications of immune-related
genes, which regulate the differentiation of Tregs or Thl/Th2 cells, and
ultimately induce the immunological dysfunction in offspring.

Effects of maternal GC overexposure on fetal

lymphocytes

Different doses or concentrations of GCs produce different effects in
adults. Small doses or physiological levels of GCs mainly produce physio-
logical effects, while the large doses exceeding the physiological level can
generate immunosuppressive effects. The placenta is a natural barrier,
which provides an allograft transplantation immune interface between
mother and fetus (Reis et al., 2001). During pregnancy, the majority of
GCs cannot enter the fetus because of the inactivation by placental
enzyme | | b-hydroxysteroid dehydrogenase type 2 (1 IBHSD2). There-
fore, the fetus will be exposed to a low level of maternal GCs under
normal circumstances. But the level will increase because of the exces-
sive increases in maternal GCs or the inhibition of the activity of
[ IBHSD2 (Staud et al., 2006).

High concentrations of GCs in the fetus could suppress the function
of M®, reduce lymphocyte proliferation, increase the proportion of
CD4"/CD8™ T cells in the blood and decrease the number of T cells
in the spleen. Thereby it could attenuate the immune function of the
fetus, and lead to susceptibility of the offspring to inflammatory and
immune diseases after birth (Kramer et al., 2004; Kapoor et al., 2006).
Taking a concrete example, a high level of GCs could inhibit cellular im-
munity in the fetus, and induce the release of granulocytes in bone
marrow. These effects were reported to cause the susceptibility to in-
flammation (Song et al., 1994). Further, since the fetal immune system
is in an immature state, DCs are more sensitive to GC-mediated
immune suppression. In vitro, by treating the DCs obtained from the
cord blood with dexamethasone, researchers found that neonatal DCs
seemed to be especially sensitive to the immunosuppressive effects of
dexamethasone as indicated by altered phenotype, endocytic function,
ability to stimulate T cells and a cytokine shift favoring Th2. These altera-
tions in DC function caused an increased risk for certain infections and
atopic diseases (Mainali et al., 2005). Prenatal betamethasone and endo-
toxin exposure increased the mRNA level of pro-inflammatory cytokine
Il1bin the pulmonary lymphocytes of progeny. This result had implications
for lung inflammation in infants exposed to maternal GCs (Kallapur et al.,
2003). In addition, researchers found that prenatal stress could increase
the protein level and mRNA expression of GC receptor (GR) in lymphoid
cells in offspring, which in turn modify the immune homeostasis (such as
that of GCs) (Pascuan et al., 2014).

GC-mediated immune suppression had been proved in many in vivo and
invitro studies. Increased level of circulating GCs in the fetus was attributed
to a high GC level in maternal blood or inactivated | IBHSD2 in placenta
(Kapoor et al., 2006). The changes of the immune system resulting from
direct effects of GCs included the decreased numbers of immune cells
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and the changed CD4"/CD8™ ratio (Parimi et al., 1999), both of which
could lead to immune dysfunction in the offspring. In summary, the over-
exposure to maternal GCs can act directly on fetal immune cells and in-
crease susceptibility to inflammatory and immune diseases in offspring.

Effects of the fetal hypothalamic—pituitary-
adrenal axis on the immune system

GCs are secreted by the adrenal glands, the end effector organ of the
hypothalamic—pituitary—adrenal (HPA) axis. Apart from the directinflu-
ence of the overexposure to maternal GCs on fetal immune cells, the
dysregulation of the fetal HPA axis has an indirect influence on the
immune system of the fetus exposed to adverse intrauterine environ-
ments (Matthews, 2002). Under normal circumstances, besides the
effects of GCs, the HPA axis has immunomodulatory effects on the ac-
tivity and growth of immune cells through growth hormones. The fetal
HPA dysfunction caused by prenatal xenobiotics exposure could affect
the brain neurotransmitter system and cognitive ability, and change the
neural regulation of immune function in offspring. It was reported that
stress-induced high level of maternal GCs could stimulate the placenta
to secret corticotropin-releasing hormone (CRH) and cause the activa-
tion of the fetal HPA axis, which indirectly caused the increased level of
circulating GCs in the fetus (Toumi et al., 2013). In addition, like GCs,
hypothalamic adrenocorticotropic hormone (ACTH) also has immuno-
suppressive effects. Prenatal stress could trigger a higher secretion of
ACTH through affecting the HPA axis in the fetus, and then caused the
susceptibility to immune diseases in adult offspring (Vieau et al., 2007).

In addition, the regulation of GR in the fetus also can influence the
immune function through affecting the activation of the fetal HPA axis.
Studies suggested that prenatal stress might reduce the mRNA and
protein expression of GR in the fetal hippocampus, which might weaken
the negative feedback inhibition of the HPA axis, and cause the continu-
ous activation of the fetal HPA axis (Karrow, 2006). Other results also
provided the evidence that prenatal stress could affect the activation of
the fetal HPA axis and lead to the immunosuppression in offspring
because of high circulating GCs (Petropoulos et al., 2014).

There is a complicated two-way relationship between the HPA axis
and the immune system, and GCs as an immunosuppressive medium
are well known. The excessive activation or attenuated negative feed-
back of the fetal HPA axis could increase the level of circulating GCs in
the fetus. Moreover, as the hormone secreted by the HPA axis, ACTH
could directly control thymocyte homeostasis independent of GCs
(Talaber et al.,, 2015). In sum, an adverse intrauterine environment
could affect the maturity or activation of the fetal HPA axis, resulting in
the increased secretion of GCs, CRH and ACTH, and consequently in-
fluence the immune function of offspring.

Protective effects of intrauterine
environment on the immune
system

Although multiple exposure factors during pregnancy increased the risk
of inflammatory and immune diseases in offspring, a few kinds of expos-
ure (such as microbial exposure and higher intake of dairy products) had
protective effects. From research on humans, higher maternal intake of
total dairy products, cheese, yogurt and calcium during pregnancy
might reduce the risk of infantile eczema, asthma and atopic eczema

(Miyaka et al., 2014). In addition, maternal exposure to an environment
rich in microbial compounds in a German farm might protect against the
development of atopic sensitization (Ege et al., 2006). Similar protective
effects on offspring were observed in a New Zealand farm environment
(Douwes et al., 2008). Animal studies also showed that both pathogenic
and non-pathogenic microbial exposure during pregnancy could sup-
press allergic airway inflammation in offspring (Blumer et al., 2005,
2007). Epigenetically regulated childhood immune development by ma-
ternal microbial exposure is likely induced via changes in maternal
immune regulation (Jenmalm, 201 ). The protective effects might depend
on increased expression of Ifng mediated by increased H4 acetylation of
the Ifng promoter (Martino and Prescott, 201 I). Human studies also
showed that allergy protection by in utero microbial exposure was asso-
ciated with the demethylation of the FOXP3 gene and enhanced neonatal
Treg function (Schaub et al., 2009).

It is worth noting that the evidence for the role of vitamin D intake in
the development of allergic disease is limited and conflicting. Some data
suggested that higher maternal intake of vitamin D during pregnancy
might increase the risk of allergic diseases (Miyake et al., 2014), while
there was another report that mothers with a higher vitamin D intake
might have infants with a reduced risk of wheezing and allergic diseases
(Miles and Calder, 2015). The effects of vitamin D on T cells are
complex. It not only could enhance innate immunity and Th2 cell differ-
entiation and suppress Th| cell responses, but also could increase Treg
cell populations. Therefore, these effects of vitamin D could not suggest a
clearand simple role in allergic disease prevention or amelioration (Mora
et al., 2008; Chambers and Hawrylowicz, 201 1).

Summary

Adverse intrauterine environments during pregnancy have profound
impacts on the immune system of offspring. Although maternal microbial
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Figure | Developmental origins of inflammatory and immune disor-
ders. Prenatal stress, psychosocial stress and xenobiotics exposure may
affect the development of the fetal immune system, through affecting
immune cells, epigenetic modification of immune-related genes or
other physiological systems that regulate immune responses. As a
result, immune dysfunction may increase susceptibility to inflammatory
and immune diseases in offspring and even into adulthood. GC: gluco-
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exposure and higherintake of dairy products could lead to the protection
against allergic diseases, most of environmental factors could increase
the risk of inflammatory and immune diseases in offspring. Prenatal
stress, psychosocial stress and xenobiotics exposure in mothers can
cause increased GCs, pro-inflammatory cytokines and so on. Impaired
placental permeability results in an adverse intrauterine environment.
The compromised immune function after birth may originate from
the impaired development of cells in the fetal thymus, disturbance of
Th1/Th2 balance, changed epigenetic modification of immune-related
genes, effects of maternal GC overexposure on fetal lymphocytes and
impaired HPA axis development in the fetus. As a result, immune dys-
function may increase the susceptibility to inflammatory and immune dis-
eases in offspring, and even in adults (Fig. I).

Future research

With the rapid progress in genetic technology, more and more diseases
will be attributed to genetic inheritance and abnormal embryonic
growth and development. By tracing the developmental origins of diseases,
scholars want to provide new avenues for early intervention on them. The
immune system s very complex, which include nerve immunity and cellular
immunity. Moreover, affecting any link during the development ofimmune
organs and immune cells may cause immune dysfunction in offspring.
Therefore, the mechanisms of inflammatory and immune diseases are
multifaceted. During the recent years, the relationship between early ex-
posure and later diseases is well established, but most of the investigations
are limited in either describing the phenomena of immune disorders in
later life or the impacts of risks on T cell development in early life. There
are few studies on the relationship between intrauterine mechanisms
and immune dysfunction after birth, which still rest on the changed morph-
ology and function of the fetal thymus or peripheral lymphoid organs after
birth, and immune dysfunction due to T cell imbalance. Furthermore,
immune function is inseparable from the assistance of cytokines. Usually,
IFNG/IL4 is used to reflect Thl-/Th2- mediated immune responses,
butdo researchers need to consider the efficiency and strength of the cyto-
kines individually for their role in the immune responses? Except for Thl
and Th2, the roles of other Th cells (such as Thl7) also need to be
studied. Therefore, the pathogenesis of inflammatory and immune disor-
ders remains to be investigated further.
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