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1. Developmental responses to environmental stimuli 

Organisms have the ability to respond to environmental cues during 

development. They have evolved appropriate adaptive responses to specific 

environmental conditions during development, which either give them the 

advantage for immediate survival or long-term benefit for fitness. For example, 

under low oxygen conditions, in the fetus more blood will flow to the brain and 

the heart than to the muscle and the kidney to ensure oxygen supply to the vital 

organs, resulting in fetal survival [1]. In addition, the freshwater crustacean 

Daphnia offspring has been described to be born with a defensive helmet 

because of maternal exposure to trace levels of chemicals from a predator during 

pregnancy [2], which was not present in the offspring from mothers that had not 

been exposed to this predator’s chemical signal.  
 

Unfortunately, not all environmental stimuli can induce the evolved adaptive 

responses during development. For example, environmental toxicants such as 

heavy metals, tobacco smoke and persistent organic pollutants are novel 

challenges for some species, to which they have not yet evolved suitable 

adaptive responses during development. However, the organisms can still 

plastically respond to environmental toxicants in a dose-dependent manner. Very 

strong stimulation by environmental toxicants usually induces disruptive 

responses, which results in disturbance of developmental processes in a specific 

organ or tissue, and subsequently causes death or a structural defect. A relatively 

moderate stimulation by environmental toxicants may induce an immediate 

adaptive response, which helps to buffer acute stress and damage in cells or 

tissues resulting in survival. However, such immediate adaptive responses are 

stochastically and usually are at the expense of normal cell or tissue function in 

later life although no obvious developmental deficit existed at birth. For 

example, prenatal exposure to environmental heavy metal lead (Pb) had been 

associated with the lower cognitive ability in children [3]. In some conditions, 

environmental toxicants are able to indirectly induce the evolved adaptive 

responses in the developing organisms. For example, Cadmium accumulation in 

the placenta was shown to prevent nutrient transfer to the fetus [4], which lead 

to intrauterine under-nutrition. In the fetus this would initiate the evolved 

response of reducing growth and result in lower birth weight. 
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The window of exposure to environmental stimuli during development is pivotal 

for induction of an adaptive response. Each organ/tissue has its own critical 

window during development, during which cells are under dynamic proliferation 

and differentiation and more vulnerable for environmental perturbation. The 

organ or tissue is less sensitive to the environmental influence once it has 

finished the key developmental processes [5]. Except for the brain, lung and 

immune system, most organs finish its developmental processes during the fetal 

stage [6, 7]. Environmental toxicants may still interact with the developing 

processes of brain, lung and immune system after birth and may induce the 

adaptive responses in these organs in early postnatal life.  

 

The adaptive response (except for the disruptive response) to environmental 

stimuli during development may persistently affect the health of the offspring by 

two ways. Firstly, the immediate adaptive response may alter specific gene 

expression through epigenetic mechanisms, and cell dysfunctions in offspring 

will be manifest under pathophysiological conditions or primed by a stimulus 

later in life. For example, cord blood methylation levels of the proximal 

enhancer methylation sensitive region in the Perforin-1 gene were associated 

with the risk of lower respiratory tract infections in infants [8]. This variant 

methylation levels of target regions of the Perforin-1 gene reflected maternal 

environmental exposure during pregnancy, such as maternal smoking [8]. 

Secondly, the environmental stimuli may indirectly induce an evolved adaptive 

response, which promotes the fetus to develop a phenotype that could adapt to 

the predicted future environmental condition based on current environmental 

cues. The mismatch between the anticipated environment and real condition 

after birth will lead to the increased risk of diseases. For example, intrauterine 

under-nutrition had been shown to give a signal to the rat fetus that the outside 

world was scant of nutrients, and induced metabolic alterations in the fetus for 

the predicted environment after birth. However, the offspring suffered from 

obesity, hyperphagia, hyperinsulinemia if they were fed a high-fat diet after 

weaning [9].  
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2. Prenatal exposure to environmental toxicants: adaptive  

responses from developing airway epithelial cells and lung health 

risk in later life 

Airway epithelial cells in the conducting airways include ciliated cells, club cells, 

goblet cells, basal cells and neuroendocrine cells. In the mouse, goblet cells 

appear mainly in the trachea and the largest bronchi. As during the fetal stage 

dynamic proliferation and differentiation processes give rise to a functional 

airway structure at birth, this is a highly sensitive period for the developing 

airway epithelial cells to be exposed to environmental toxicants.   

 

Developing airway epithelial cells are able to adaptively respond to 

environmental stimuli. Some environmental toxicants can directly act on 

receptors expressed on developing airway epithelial cells. For example, nicotine 

that crossed the placenta and bound to nicotinic acetylcholine receptors 

(nAChRs) on airway epithelial cells of the rhesus monkey fetus induced more 

expression of α7 subunit of nAChRs and increased the number of 

neuroendocrine cells in neuroepithelial bodies [10]. This was accompanied by an 

upregulated collagen expression around the airways as well as an increase of 

vessels in the area with increased α7 subunit expression [10], suggesting the 

altered lung cell development in the monkey fetus. Prenatal nicotine exposure 

also increased glutamatic acid decarboxylase (GAD) and gamma aminobutyric 

acid A (GABAA) receptor mRNA and protein levels, resulting in mucus 

overproduction in bronchial epithelium of new-born rhesus monkey fetuses [11]. 

Additionally, cigarette smoke extract exposure at a nontoxic concentration 

widely suppressed genes related with cilia-genesis during basal cells 

differentiation into ciliated cells in vitro, resulting in the shortened cilia in these 

ciliated cells [12]. Together, these data indicate that developing airway epithelial 

cells interact with environmental toxicants which can lead to morphological or 

functional alterations.  

 

The adaptive response of developing airway epithelium to environmental stimuli 

can have long term effects on lung health later in life. Ciliated cells and 

secretory cells form the mucociliary system to clear inhaled pathogens and 

particles [13]. Mucus secreted by secretory cells traps inhaled particles [14]. The 
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coordinated beating of cilia then removes the particles [13] and keep the airway 

clean, protecting the lung from invasion of toxicants into the lung tissue. 

Excessive mucus production and shorter cilia length may be induced by 

environmental stimuli and may contribute to failure of particles/pathogens 

clearance and airway obstruction, the features in asthma [15] and chronic 

obstructive pulmonary diseases (COPD) [16].  

 

In utero exposure to cigarette smoke is one of the most common threats to fetal 

lung development. Although numerous epidemiological studies have 

demonstrated an association between prenatal smoke exposure and lower lung 

function and the risk for development of lung diseases in later life [17-21], the 

underlying molecular mechanisms are still elusive. Studies in nicotine-exposed 

rhesus monkey fetuses have provided important insights into the effect of 

prenatal exposure to nicotine on airway epithelial function and offspring lung 

health [11]. However, many other toxic chemicals other than nicotine are present 

in cigarette smoke. For example, Cadmium also is present as a main type of 

heavy metals in cigarette smoke. Cadmium can accumulate in the placenta by 

maternal smoking and prevent nutrient transport to fetus, which may induce an 

adaptive response that would affect lung development with different 

mechanisms.  

 

Our lab has previously demonstrated that maternal smoking during pregnancy 

was associated with increased airway responsiveness to methacholine and 

elevated goblet cell numbers after house dust mite exposure in BALB/c 

offspring [22]. In this thesis, we set up a new smoke exposure protocol, using a 

new smoke machine, new cigarettes and a different mouse strain to further 

explore the underlying molecular mechanisms that promote goblet cell 

metaplasia in prenatally cigarette smoke exposed mice. In addition, we explored 

the effect of prenatal smoking on susceptibility to cigarette-smoke-induced lung 

inflammation and airway remodeling in adult offspring.  

 

3. Maturation of immune function in early postnatal life: threat  

from environmental toxicants 

After birth, the neonatal or infant immune system is still developing. During this 
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period, the immune system is fine-tuning a variety of key functions, in the face 

of direct stimulation from environmental signals not previously encountered 

during fetal life. The response patterns “learned” during this period persist into 

adult life [23]. Regarding the innate immune system, blood monocytes from 

neonates produced less interferon-α (IFN-α), IFN-γ and interleukin-12 subunit 

p70 (IL-12p70) after Toll-like receptor (TLR) stimulation than monocytes 

obtained from adults [24]. However, production of these cytokines was 

markedly upregulated at 1 or 2 years of age [24]. The production of IL-12p70 

and the percentage of dendritic cells in neonatal peripheral blood mononuclear 

cells were also lower than in adults [25, 26], a difference that remained until at 

least 12 years of age [26]. This suggests a long term functional maturation of the 

dendritic cells.  

 

The adaptive immune system in neonates or infants is also subjected to 

maturation processes. T lymphocytes from neonates or infants are able to mount 

immune responses. However, the quantity and quality of responses are different 

from that in adults. For example, neonatal T lymphocytes were shown to have a 

limited ability to produce IFN-γ or IL-4 after in vitro stimulation with anti-CD3 

and anti-CD28 when compared with adult naïve T cells [27]. The production of 

IFN-γ and IL-4 increased along with age in infants and children [28, 29], 

indicating the gradually maturation of T cell cytokine responses after birth. In 

addition, Th1 responses were found to be elevated while Th2-biased responses 

in fetus/neonates were decreased along with age [23, 30, 31]. With respect to the 

B cell function in neonates or infants, the duration of an infant antibody 

response was shorter and the antibody affinity was lower than that in adults [32]. 

Meanwhile, naïve B cells from neonatal mice and humans were not able to 

effectively develop germinal centers until at 4 months old in humans and 

approximately 3 weeks old in mice [32].  

   

The matured immune system is capable to gain immune memory. However, 

development of immune memory in neonates or infants is defective. It was 

shown that dendritic cells produce less IL-12 and more IL-10 after TLR 

stimulation [33, 34], which resulted in insufficient stimulation signals for T cell 

activation and differentiation and subsequently diminished development of 
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memory T cells. Lower numbers of dendritic cells in neonates exacerbated 

impairment of memory development. In addition, neonatal T cells were shown 

to be less able to develop immune memory. In a recent study in an animal model 

[35], equal numbers of CD8+ T cells with an identical T cell receptor (TCR) 

were isolated from neonatal and adult mice and were subsequently transferred to 

the same host mice. The study showed that all transferred CD8+ T cells 

responded to a bacterial infection in host mice. However, the transferred CD8+ T 

cells from neonatal mice expanded more rapidly than CD8+ T cells from adult 

mice and quickly took a fate into shortly-lived terminally differentiated effector 

cells, while the CD8+ T cells from adult mice differentiated into a pool of 

effector and memory cells at the same time. Moreover, CD8+ T cells from 

neonatal mice that were isolated from host mice 7 days after the primary 

infection displayed gene profiles that enhanced effector rather than memory cell 

fate, indicating an intrinsic defect of signals in neonatal CD8+ T cells that did not 

facilitate development of immune memory. However, a series of studies have 

demonstrated that the absolute number and percentage of memory T cells 

increased with age [36-39], suggesting that neonatal or infant T cells are able to 

mature enough to develop immune memory in later life. 

 

Environmental toxicants can induce adaptive responses in immune cells after 

birth, which may quantitatively or qualitatively affect immune function. In an in 

vitro study it was demonstrated that development of bone-marrow-derived 

dendritic cells was suppressed when Pb (10 mM PbCl2) was added into the 

culture medium [40]. In that study, CD80 expression on the Pb-exposed bone 

marrow-derived dendritic cells was lower than in non-exposed bone 

marrow-derived dendritic cells after stimulation with lipopolysacchride (LPS) 

[40]. Moreover, Pb-treated dendritic cells produced less proinflammatory 

cytokines IL-6, IL-12p70, and TNF-α than non-Pb-treated dendritic cells did, 

although synthesis of all these cytokines increased after stimulation with LPS 

[40]. Other studies showed that Pb could directly disrupt protein biosynthesis of 

IFN-γ in Th1 cells in vitro [41], and promoted Th2 differentiation in vivo [42]. 

Additionally, low levels of Pb (~1 microM) were demonstrated to promote 

antigen-specific CD4+ T cell proliferation probably through targeting at antigen 

presentation cells and affecting peptide: MHC interaction [43]. Considering that 
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the strength of peptide: MHC interaction is essential for memory T cell 

differentiation, it is possible that Pb exposure may also disturb development of 

immune memory in early postnatal life.  

 

Many other environmental chemicals such as arsenic, cadmium and polycyclic 

aromatic hydrocarbons are additionally able to interact with immune cells and 

affect maturation of immune function. They have been shown to suppress 

ontogeny of innate immune cells after birth, promote misbalance of Th1/Th2 

responses, and disturb peripheral immune cell homeostasis and immune memory 

development. The combined exposure to these environmental toxicants in early 

life may even more widely affect maturation of immune function in later life. In 

this thesis, we tested T cell and NK cell differentiation and the functional related 

parameters in preschool children from an e-waste-contaminated area and 

evaluated influence of early childhood exposure to environmental toxicants on 

development of immune competency in these children. These studies will help 

to better understand immune dysfunction caused by exposure to environmental 

chemicals in early life and predict susceptibility to immune-related diseases in 

later life. 

 

4. The scope of this thesis 

The aim of this thesis was to investigate the effects of early-life exposure to 

environmental toxicants on lung and immune cell development in mice and men, 

which helps to understand why early-life exposure to toxicants is associated 

with disease risk in later life. 

 

In chapter 2, the effect of early-life exposure to a variety of environmental 

toxicants on lung and immune cell development and function, as well as the 

related disease risk in later life has been reviewed. In chapter 3, the effect of 

maternal smoking during pregnancy was investigated on lung epithelial 

development in 1-day-old mouse pups. Additionally, expression analysis of 

genes that control goblet cell metaplasia has provided us an explanation for the 

previously observed effect of prenatal smoke exposure on the house dust 

mite-induced increased susceptibility of goblet cell metaplasia in offspring. In 
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chapter 4, the effect of maternal smoking during pregnancy on lung 

inflammation, airway remodeling and lung senescence in adult offspring was 

explored. We observed that maternal smoking during pregnancy resulted in 

persistent lower expression of anti-inflammatory genes and anti-senescence 

genes in adult offspring lung. However, maternal smoking during pregnancy did 

not further enhance lung inflammation and tissue remodeling in the C57BL/6 

adult offspring with chronic cigarette smoke exposure. In chapter 5, studies 

were continued in a group of preschool children that were exposed to e-waste in 

early postnatal time. In this study, characteristics of T cell subset distribution in 

blood, levels of helper T cell cytokines and helper T cell differentiation-related 

cytokines were evaluated in preschool children and linked with blood Pb levels. 

This study provided new information about T cell memory development and 

helper T cell differentiation in preschool children from an e-waste-contaminated 

area and helped us to predict T cell-mediated immunity or disease risk in these 

children. In chapter 6, the NK cell numbers and levels of cytokines/chemokines 

that were related to NK cell differentiation and cytotoxic activity were analyzed 

in preschool children from an e-waste-contaminated area and again related to 

blood Pb levels. This study provided new information about the effect of e-waste 

exposure on NK cell-mediated innate immune function in preschool children. 
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Abstract: Evidence has accumulated that exposure to widespread 

environmental toxicants, such as heavy metals, persistent organic pollutants 

(POPs) and tobacco smoke adversely affect fetal development and organ 

maturation, even after birth. The developing immune and respiratory systems are 

more sensitive to environmental toxicants due to their long-term physical 

development, starting from the early embryonic stage and persisting into early 

postnatal life, which requires complex signaling pathways that control 

proliferation and differentiation of highly heterogeneous cell types. In this 

review, we summarize the effect of early-life exposure to several widespread 

environmental toxicants on immune and lung development before and after birth, 

including the effects on immune cell counts, baseline characteristics of 

cell-mediated and humoral immunity, alteration of lung structure and function in 

offspring. We also review evidence supporting the association between early-life 

exposure to environmental toxicants and risk of immune-related diseases and 

lung dysfunction in offspring in later life.  

 

Key words: early-life exposure; heavy metals; tobacco smoke; persistent 

organic pollutants; immune development; lung;   

 

 

 

Introduction 

The “developmental origin of health and disease” theory hypothesizes that 

disease in adulthood has a fetal origin [1]. In support of this, it has been shown 

that environmental signals influence the structure and function of fetal organs, 

and subsequently affect susceptibility to disease later in life [2]. A series of 

insightful epidemiological studies have demonstrated that maternal malnutrition 

during pregnancy was associated with high susceptibility to cardiovascular 

disease and obesity in offspring [3, 4]. In these studies, maternal malnutrition 

facilitated fetal adaptation to a nutrition-restricted environment after birth. 

However, the mismatch between prenatal malnutrition and a rich postnatal food 

supply caused suboptimal function of organs and cells, which predisposed 

offspring to obesity and related diseases later in life. Currently, massive amounts 
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of environmental pollutants are rapidly accumulating in industrializing countries. 

The widespread environmental pollutants, such as heavy metals, persistent 

organic pollutants (POPs) and tobacco smoke, can be detected in both maternal 

and cord blood in various areas in the world. Prenatal exposure to these 

environmental toxicants has been demonstrated to affect immune and lung 

function in offspring [5-10]. These toxicants may firstly affect the maternal side, 

which then provides indirect signals to the fetus, or directly affect the fetus to 

program cell- or tissue-specific functional alterations in offspring. Because 

development of the immune and respiratory system is still proceeding after birth 

[11-13], environmental toxicants could continue to be a threat to maturation of 

immune and lung function after birth. Developmental exposure to environmental 

toxicants, which may induce maladaptive alteration in organs or cells, would 

become an early origin of immune- and lung-based diseases in children or adults 

in the modern world. It is urgent to better understand how exposure to 

environmental toxicants in early life affects immune and lung function, and how 

toxicants alter the risk for diseases later in life.  

 

 

1. Early-life exposure to environmental toxicants, immune status  

in offspring and immune-based diseases later in life  

 

1.1 Effect of prenatal/early-postnatal exposure to environmental toxicants  

on immune cell counts in offspring 

Heavy metals 

Arsenic (As) and lead (Pb) are common environmental contaminants of which 

people are primarily exposed to from drinking water and diets. In a prospective 

birth cohort recruited in Bangladesh, maternal exposure to As in drinking water 

had an exposure-dependent effect on specific T-cell subpopulations in cord 

blood. Higher As concentrations were associated with an increased percentage 

of CD8+ T cells and decreased percentage of CD4+ T cells in cord blood [14]. In 

a study from the US, maternal urinary As concentrations were inversely related 

to the absolute count of total cord blood activated T cell (CD45RA+CD69+CD4+) 

and positively associated with absolute count of Th2 (CD45RA+CD69-CD294+) 

cells [14]. Additionally, school children who were exposed to higher levels of As 
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had a decreased percentage of CD4+ T cells and reduced ratio of CD4 to CD8 

[15] . High levels of Pb exposure (mean Pb level: 140.6 µg/L) in children also 

correlated with a reduced percentage of CD4+ cells [16], showing that early life 

exposure to As or Pb is associated with increased risk for adverse health 

outcomes later in life. 

 

The dose- and gender-dependent effects of heavy metals on immune cell count 

in offspring were further shown in animal models. In 13-week-old female F344 

rat offspring, whose mothers were exposed to low levels of Pb (250 ppm in 

drinking water) during pregnancy, the relative neutrophil numbers were higher 

while the relative and absolute monocyte numbers and relative basophil numbers 

were lower in spleen compared to offspring in the control group. Interestingly, 

the male offspring with same age did not show any changes in these cell counts 

[17]. However, in 5-week-old male offspring with maternal exposure to 100 

ppm of Pb in drinking water during pregnancy, there was a relative higher 

neutrophil number, while the relative number of lymphocyte was lower [17]. 

Prenatal exposure to cadmium (Cd) caused a higher percentage of 

CD4-CD8-CD44+CD25- (double-negative stage 1) thymocytes, spleenic B cells 

and CD4+ T cells in 20-week-old male and female C57BL/6 mouse offspring. 

Meanwhile, the percentage of spleenic neutrophils, granulocytes, NK cells and 

myeloid-derived-suppressor cells were both lower in these offspring [18]. In 

addition, the percentage of spleenic CD8+ T cells was higher in female offspring, 

but lower in male offspring when compared to the controls [18]. Prenatal Cd 

exposure also had an increased percentage of CD4+Foxp3+CD25+ regulatory T 

cells in thymus in both male and female mice offspring at 7 weeks of age, while 

a decreased percentage of CD4+Foxp3+CD25+ regulatory T cells in spleen of 

female offspring [5]. In contrast, the percentage of CD4+Foxp3+CD25+ 

regulatory T cells in spleen was all decreased in male and female mice offspring 

at 20 weeks of age in Cd-exposed group [18]. 

 

It is worthy to note that only one group evaluated percentage of spleenic natural 

regulatory T cell at multiple time points (7- and 20-week-old) in offspring [5, 19]. 

The percentage of spleenic natural regulatory T cell in male offspring with 

prenatal Cd exposure was not consistent in the two time points. The fluctuation 
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in offspring may reflect inter-individual variety or differed impact of prenatal 

exposure to Cd on development and homeostasis of spleenic natural regulatory T 

cell at different stage. Considering that most studies mentioned above only 

evaluated cell constituents at one time point, the interpretation of long-term 

effect of prenatal exposure to heavy metals on the immune system based on cell 

count data was not accurate in these studies.  

 

Persistent organic pollutants 

Polychlorinated biphenyls (PCBs), a class of typical organochlorine compounds, 

modulate peripheral immune cell differentiation and maintenance with 

dose-dependent manner. In children who prenatally exposed to PCBs, CD3+ T 

lymphocytes, B cells and activated B cells were significantly higher in the 

high-exposure group than in low-exposure group when they were 6 months old 

or 16 months old [19]. Moreover, percentage of memory T cells (at birth, 

6-month-old-children, 16-month-old children), terminally differentiated memory 

T cells (at birth, 6-month-old children), and lymphoid dendritic cells 

(6-month-old children) in the high exposure group were also significantly higher 

than that in low exposure group at corresponding ages [19]. Prenatal exposure to 

environmental-relevant level of PCBs was also associated with an increased 

number of lymphocytes, T cells, CD4+ memory T cells, TCRαβ+ T cells, CD8+ T 

cells and CD3+HLA-DR+ activated T cells in children at 42 months of age [20].  

 

Prenatal PCB exposure also directly disturbed thymocyte maturation. It caused 

thymic atrophy in chicken embryos and in neonatal child [21-24]. In chicken 

embryos, the increasing doses of PCB-126, a PCB congener was associated with 

the decreased total number of thymocytes, TCRαβ+ thymocytes, CD4+CD8+ and 

CD4-CD8+ lymphocytes, lymphoid cells [23]. Further, for full-term exposure, 

the dose of the dioxin-like PCB-126 required to cause reduction of lived 

lymphoid numbers in the thymus and bursa was much lower than for exposure 

during late stage of incubation in chicken embryos (since day 13 of incubation) 

[24].  

 

Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) at an early stage of life 

also may interfere with T cell maturation process in thymus and subsequently 
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alter cell distribution in human. In one study, prenatal exposure to higher levels 

of PCB/dioxin was associated with increase in numbers of TCRγδ+ T cells at 

birth, and with increased count of total T cells, CD8+ T cells, TCRγδ+ T cells and 

TCRαβ+ T cells at 18 months of age [25]. Similarly, in 10-month-old infants 

who were exposed to dioxins, PCBs and organochlorine pesticides, higher levels 

of dioxins, chlordane and heptachlor epoxide (HCE) in breast milk were 

associated with increased percentages of CD8+ T cells and CD3+ T cells, and the 

CD4+-to-CD8+ ratio, respectively [26]. In addition, neonates exposed to 

environmental-relevant levels of dioxin not only had an increased percentage of 

CD4+ T cells, but also increased CD45RA+ naïve T cells at 8 years of age [27]. 

Perinatal exposure to dioxins was also positively associated with percentages of 

CD4+ T cells, but negatively associated with percentages of CD8+ T cells in the 

blood of breast-fed infants [28]. Because the T cell maintenance is supported by 

thymus emigrant and peripheral homeostasis proliferation in early stage of life, 

it is not impossible that prenatal exposure to TCDD may affect peripheral T-cell 

maintenance mechanism to alter T cell distribution in offspring. Except for 

effect on T-cell distribution, early postnatal exposure to high levels of 

PCB/dioxin was associated with lower monocyte and granulocyte counts in 

infants at 3 months of age [25].  

 

Animal studies clearly demonstrated that prenatal TCDD is able to directly 

affect thymocyte maturation. Prenatal TCDD exposure impaired seeding of 

lymphocyte stem cells in murine fetuses and neonates [29, 30]. Gestational 

exposure of mice to TCDD increased number of the less mature CD4-CD8+J11d+ 

thymocytes at embryonic day 18 (E18), while the more mature CD4-CD8+J11d- 

was not significantly changed, indicating suppression of thymocyte maturation 

at the transition phase [31]. The decrease in percentages of CD4+CD8+ fetal 

thymocytes, as well as the increase in percentages of CD4-CD8- and CD4-CD8+ 

fetal thymocytes further suggested inhibition of normal thymocyte maturation 

by prenatal exposure to TCDD [32]. This impairment of thymocyte maturation 

persisted into adulthood in both rats and mice that were prenatally exposed to 

TCDD [33, 34]. However, animal studies did not provide further evidence of 

how prental TCDD exposure affects T-cell maintenance in periphery and can not 

fully explain the results in human studies.  
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Tobacco smoke 

Increased number of circulating white blood cells and lymphocyte were 

observed in neonates from mothers who smoked during pregnancy [35, 36]. 

Additionally, the reduced number of neutrophils in infants from mothers who 

smoked was associated with maternal smoking during pregnancy [37]. B6C3F1 

mice offspring who was exposed in utero to cigarette smoke also had increased 

number of circulating white blood cells and lymphocytes at 2.5 months of age 

[38]. However, no significant difference was observed in subpopulations of 

immune cells in lymphoid organ in these offspring when compared to the sex- 

and age-matched control offspring [39]. These limited data indicate that 

maternal smoking may affect the early stage differentiation of immune cells in 

offspring. 

 

Taken together, exposure to environmental toxicants in early life usually altered 

profiles of myeloid and lymphoid lineage cell counts through perturbation of 

thymocyte maturation, or interference with maintenance of immune cells in 

periphery. The effect was dose and gender dependent. Because most of studies 

evaluated profiles of immune cell counts in a relatively short period of time 

since exposure to environmental toxicants occured, more studies are needed to 

determine long term effect of early-life exposure to environmental toxicants on 

immune cell counts in adulthood.  

 

 

1.2 Effect of prenatal/early-postnatal exposure to environmental toxicants 

on status of cell-mediated immunity in offspring  

Heavy metals 

Prenatal and early postnatal exposure to heavy metals may alter baseline 

characteristics of cell-mediated immunity. Rats (35 d to 45 d of age) prenatally 

exposed to low levels of Pb (0-50 ppm in drinking water) had a suppressed 

lymphocyte response to mitogen stimulation and a reduced delayed 

hypersensitivity response [40]. The suppression of delayed type hypersensitivity 

(DTH) response was also found in 5-week-old or 13-week-old female F344 rat 

offspring who were prenatally exposed to moderate levels of Pb (250 ppm in 
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drinking water) [17, 41]. In contrast, a similar suppression was not observed in 

male rat offspring [17, 42]. Additionally, there was no significant alteration in 

DTH to bovine serum albumin (BSA) in chicken offspring exposed to Pb at 

embryonic day 5 [43-45]. However, the DTH response to BSA was markedly 

decreased in chicken offspring exposed to Pb at embryonic day 12 [44]. Except 

for the decrease in DTH, female rat offspring exposed to 500 ppm Pb during 

pregnancy had a decrease in interferon (IFN)-γ levels [41]. Similar results were 

also found in 5- to 6-week-old rat offspring [17]. In adult male Sprague-Dawley 

rat offspring who were exposed to Pb during embryonic day 15 to 21, 

interleukine (IL)-12 production increased whereas IL-10 production decreased, 

in contrast to the increase of IL-10 production in matched female offspring [42]. 

These data indicate that prenatal Pb exposure generally suppresses cell-mediated 

immune responses in offspring, even under low levels of exposure. The 

exposure window and gender are 2 crucial factors to determine the 

immunotoxicity of Pb exposure in early life.  

 

Prenatal exposure to Cd also resulted in decreased splenocyte production of IL-2 

and IL-4 from 2-week-old female C57BL/6 mice offspring [5]. At 7 weeks of 

age, production of IL-2 decreased in male mice offspring while IFN-γ 

production decreased in both male and female mice offspring [5]. In addition, in 

male and female Sprague-Dawley rats that were exposed to Cd through breast 

feeding, thymocyte proliferation was inhibited when stimulated by concanavalin 

A (ConA) [46]. In contrast, NK cytotoxic activity was suppressed only in female 

rats at higher levels of Cd exposure [46]. These data again suggest a gender- and 

dose- dependent effect for Cd exposure on cell-mediated immunity in offspring. 

 

As exposure at an early stage of life also affected cell-mediated immune 

response in offspring with a dose-dependent manner. For prenatal exposure to 

As in human, maternal urinary As concentrations were positively associated 

with placental expression of IL-1β [14, 47]. Moreover, maternal urinary As at 

gestational week 30 had a U-shaped association with levels of cord blood 

cytokines IL-1β, IL-8, IFN-γ, and tumor necrosis factor (TNF)-α [47]. 

Decreased lymphocyte proliferation and DTH response were found in children 

exposed to As from an early age [48, 49]. Moreover, higher urinary As 
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concentrations in children associated with lower serum levels of IL-2 and TNF-α 

[49], and lower levels of IL-2 production by peripheral blood mononuclear cells 

(PBMCs) under phytohemaglutinen (PHA) stimulation [15]. Additionally, 

urinary As concentrations were negatively associated with nitric oxide (NO) and 

superoxide production from activated monocytes in children exposed to local 

environmental Pb and As [50]. Urinary inorganic As levels and its metabolites 

were also positively associated with superoxide anion levels in activated 

monocytes in children [51]. Moreover, urinary levels of inorganic As in children 

who were exposed to As in drinking water positively associated with basal 

levels of NO and superoxide anion in PBMCs and monocytes. Animal studies 

evidenced similar suppression of cell-mediated immunity by prenatal As 

exposure. Peripheral blood and spleen lymphocytes from broiler chickens who 

exposed to As from 1 day old to 60 days old, had decreased proliferation 

following stimulation by Ranikhet disease virus antigen and ConA [15, 52]. The 

DTH response to 2,4-dinitro-1-chlorobenzene or PHA stimulation was also 

suppressed in these chickens [15, 52].  

 

Persistent organic pollutants 

There is limited information about effect of organochlorine compound exposure 

in early life on cell-mediated immunity in offspring. Proliferation of cord 

blood-isolated T cells stimulated by mitogenic was negatively associated with 

levels of PCBs and 4,4’-dichlorodiphenyl-dichloroethene (4,4’-DDE) in 

newborns prenatally exposed to organochlorine compounds and mercury [53]. 

TNF-α secretion by cord blood mononuclear cells under mitogen stimulation 

was also negatively associated with prenatal exposure to organochlorine [54]. 

Additionally, T-cell mitogenic responses were significantly lower in 

free-ranging seal pups from the more PCB-contaminated Baltic than in reference 

pups from the Atlantic [55]. However, a positive correlation between PCB 

concentration and mitogen-induced lymphocyte proliferation existed in seal 

pups from the Atlantic [55]. There may be a non-linear dose-response 

relationship between PCB concentration and T cell proliferation. Although it is 

difficult to find direct dose-response relationships in free-ranging animals, this 

study still suggested an immunomodulatory effect of PCBs on free ranging pups. 

In new Zealand rabbit offspring whose mothers were exposed to 250 ppm PCBs 
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during pregnancy, the contact sensitivity response to 

2,4-dinitro-1-fluorobenzene (DNFB) was significantly lowered, but no marked 

difference in lymphocyte proliferation was observed [56]. In general, prenatal or 

early-postnatal exposure to PCBs may inhibit or promote T cell proliferation in 

offspring based on the dose of PCBs.  

 

TCDD was found to suppress the DTH response in male and female F344 rat 

offspring (14-17 weeks of age) who were perinatally exposed [33]. In addition, 

perinatal exposure to TCDD did not influence lymphocyte proliferation under 

mitogen stimulation in both genders of offspring, except for suppression of 

lymphocyte proliferation in female offspring under poke weed mitogen (PWM) 

stimulation was observed [33]. Exposure to TCDD during gestational days 6 to 

14 led to altered thymocyte antigen expression and subsequently decreased 

cytotoxic T lymphocytes in 8-week-old mouse offspring [32]. Additionally, 

ConA-stimulated splenocytes produced decreased IL-17 in female SNF1 mice 

offspring prenatally exposed to TCDD, whereas the male offspring showed 

increased expression of IL-2 and IFN-γ [34]. However, exposure of human 

infants to TCDD in breast milk since birth did not cause any changes in various 

immunological parameters when they were 12 months old, possibly because the 

concentration of TCDD in breast milk was too low [57]. In summary, perinatal 

exposure to TCDD suppresses T-cell-mediated immunity through reduction of 

antigen-specific T-cell numbers and decrease of inflammatory cytokine 

secretion in offspring. 

 

Tobacco smoke 

Whole cord blood cells from smoking mothers during pregnancy had greater 

incorporation of thymidine after PHA stimulation than from non-smoking 

mothers [35]. However, lymphocytes isolated from these cord blood cells did 

not have such difference, suggesting that the suppressor cell function in cord 

blood was suppressed by maternal smoking during pregnancy [35]. Cord blood 

mononuclear cells from mothers who smoked during pregnancy produced higher 

levels of IL-13 following stimulation by house dust mites and ovalbumin, and 

the higher IL-13 levels were associated with maternal smoking during 

pregnancy [58]. The expressions of IL-9 mRNA, IL-5 mRNA, IL-6 mRNA and 
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IL-6 protein tended to be higher in these cord blood mononuclear cells, but the 

differences were not significant [58]. Cord blood immune response to Toll-like 

receptor stimulation in infants with smoking mothers was decreased when 

compared with infants from non-smoking mothers [59]. Additionally, 

T-lymphocyte proliferation under mitogen stimulation was decreased in 

3-week-old B6C3F1 mouse offspring of smoking mothers, wheras the mixed 

lymphocyte response to mitogen stimulation was increased in 5-week-old pups 

[38]. These data suggested that prenatal exposure to smoke may suppress innate 

immune cell-mediated inflammatory response and T cell proliferation. However, 

more works are needed to explore the long-term effects of prenatal smoke 

exposure on lymphocyte proliferation and cytokine responses. 

   

In summary, prenatal or early postnatal exposure to environmental toxicants 

were able to affect cell-mediated immune function through modulating DTH, 

lymphocyte proliferation and cytokine responses in later life. The modulatory 

effect depended on time windows of exposure, dose of environmental toxicants 

and sex of participants.  

  

1.3 Effect of prenatal/early-postnatal exposure to environmental toxicants 

on status of humoral immunity in offspring 

Heavy metals 

Pb exposure modulates antibody response in early life. Gestational Pb exposure 

was associated with increased levels of immunoglobulin (Ig)-E in cord blood 

[60]. Postnatal Pb exposure also increased IgE levels among non-Hispanic white 

children, but not in other child groups [61]. Additionally, postnatal Pb exposure 

was associated with increased blood levels of IgA, IgG, and IgM in children 

under the age of 3, but not in older children [62]. Animal studies showed that a 

single exposure of 5-day-old avian embryos to 10 µg lead acetate caused an 

increase in anti-BSA IgG levels in male chickens at 6 weeks or 8 weeks of age, 

whereas no alterations were observed in female chickens at the same age [43]. 

Similar results were also found in F344 rat offspring [41]. Moreover, serum IgE 

levels were increased in female F344 rat offspring prenatally exposed to 100 

ppm of Pb in drinking water [41]. These data indicate that sex, genetic 

background and age of offspring modify long-term effects of prenatal or 
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early-postnatal Pb exposure on humoral function.  

 

There is limited information about effect on offspring humoral immunity 

followed by early-life Cd exposure. In children aged 5 to 14 years, urinary Cd 

levels were associated with dose-dependent suppression of serum IgG, but not 

IgM，IgA or IgE [48]. One animal study showed that 20-week-old C57BL/6 

mice that were prenatally exposed to low levels of Cd and were immunized with 

heat-killed Streptococcus pneumoniae had decreased phosphorylcholine 

(PC)-specific serum antibody titers (T cell-independent) in female, but increased 

titers in male mice. Moreover, pneumococcal surface protein A (PspA)-specific 

serum IgG antibody titers (T cell-dependent) were increased in male and female 

mice, and PspA-specific serum IgM antibody titers were decreased in female 

mice [18]. The serum IgM antibody response to sheep red blood cells was 

increased in female ICR mice offspring of mothers who were exposed to low 

level of Cd on day 16 of pregnancy [63]. These limited data suggest again that 

effect of Cd exposure on specific antibody response is dose and sex dependent. 

The exposure window is also essential for antibody response in offspring.  

 

One human study showed that maternal urinary As adjusted with specific 

gravity of urine was not significantly associated with cord blood IgG level [64]. 

However, for 1-day-old chickens who were administered metalloid As for up to 

60 days in drinking water, the response to Ranikhet disease virus vaccination 

(administered on days 1 and 60) was suppressed when compared to control 

group [52]. Considering the ability of As exposure to suppress cell-mediated 

immune function, it is possible that early-life exposure to As would also 

adversely affect humoral function in offspring.  

 

Persistent organic pollutants 

Increased perinatal exposure to PCBs usually adversely affects immune 

responses to vaccines in children [20, 65, 66]. The sum of the PCBs was 

positively associated with serum IgM, wheras hexachlorobenzene (HCB) was 

negatively associated with serum IgM in children who were exposed to low 

levels of organochlorine compounds and Pb [67]. Moreover, levels of 4,4’-DDE 

was associated with IgE, IgG and IgA levels in these children [67]. In contrast, 
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very high PCB levels in maternal, cord and 6-month infant serum were not 

associated with total serum IgG, IgA, IgM or IgE [68]. Association between 

very high levels of PCBs exposure and specific antibody response was also not 

significant in 6-month-old infants [7]. It is possible that a non-linear relationship 

existed between PCB concentration and antibody response in these studies. In 

general, these data indicate that concentration of PCB is the most important 

factor when determining the effect of early-life exposure to organochlorine on 

humoral response in offspring. Additionally, the interaction between 

organochlorine compounds may determine the net effect on an offspring’s 

humoral response.  

 

Prenatal exposure to TCDD did not alter the antibody response to sheep red 

blood cells in F344 rat offspring at 14 to 17 weeks of age [69]. Similar results 

were found in murine offspring exposed to TCDD during pregnancy [32]. 

Additionally, there was no significant association between neonatal exposure to 

dioxin through breast milk and levels of antibody in human infants at 12 months 

of age [57]. Also, there was no relationship between prenatal or postnatal dioxin 

exposure and antibody levels to mumps, measles, and rubella in 18-month-old 

infants [25]. Current data indicate that dioxins do not affect antibody response in 

offspring. 

 

 

Tobacco smoke 

The IgG, IgM and IgA levels were higher in cord blood serum of children from 

mothers who smoked during pregnancy [70]. Maternal smoking during 

pregnancy also caused a significant elevation of IgE and IgD levels in cord 

blood of new borns [71]. Maternal smoking after birth caused an increase in 

total salivary IgA levels, rather than levels of specific IgA to common 

colonizing bacteria (pneumococcal PS serotype 14 and NTHI OMP6) in infants 

at 12 months of age [72]. These data suggest that maternal smoking stimulates 

B-cell maturation and antibody production/secretion in fetuses and newborns. 

However, maternal smoking during pregnancy is associated with decreased 

immunity and increased risk of airway infections in offspring, indicating that 

maternal smoking may impair specific antibody responses later in life. 
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In summary, many environmental toxicants, such as heavy metals, PCBs and 

cigarette smoke were able to affect antibody production in a general or 

antibody-specific manner. Dose of toxicants, sex, age and genetic background 

would modify effect of early life exposure to environmental toxicants on 

antibody response in later life.  

 

1.4 Association of prenatal/early-postnatal exposure to environmental 

toxicants and susceptibility to immune-related diseases  

Cord blood Cd levels were found to be associated with the onset of atopic 

dermatitis in infants at 6 months of age [73]. Maternal urinary As concentration 

during pregnancy is associated with the total numbers of infections that required 

a physician visit or prescription medicine, as well as numbers of lower 

respiratory infections requiring medication in infants at 4 months of age [74]. 

Moreover, maternal urine As concentration during pregnancy was positively 

associated with acute respiratory infections in infants and in male children [75]. 

Additionally, in utero or early childhood environmental exposure to As was 

associated with increased death from various cancers in adults (<50 years old) 

[76, 77].  

 

Regarding PCB and dioxin exposure, no relationship existed between pre- or 

postnatal PCB/dioxin exposure at environmental background levels and upper or 

lower respiratory tract symptoms in 18-month-old Dutch infants [25]. The 

increase in cord blood levels of PCBs were not associated with risk of wheezing 

in 18-month-old infants [78]. In contrast, levels of 4,4’-DDE in cord blood 

serum positively associated with the risk for wheezing or bronchitis in 

18-month-old infants [78], although no association was found between cord 

blood levels of 4,4’-DDE or PCB and bronchitis or wheezing in infants older 

than 18 months [78]. However, one study showed that maternal exposure to 

PCBs during pregnancy was associated with an increased risk for wheezing and 

more frequent upper respiratory infections in 3-year-old children [8]. 

Additionally, the postnatal exposure to PCBs associated with higher recurrent 

middle ear infections in Dutch school children [79]. The discrepancy in these 

data may stem from different levels of PCBs and the endpoint of the effect that 
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was explored in the studies. Low levels of PCBs might not cause significant 

dysfunction or persistent effects on the immune system in offspring. Moreover, 

respiratory symptoms may not be obvious at early age without challenge, but 

latent effects could appear at older years with challenge. For dioxin-like 

compounds, relatively high levels of polychlorinated dibenzofuran in maternal 

blood during pregnancy associated with increased occurrence of otitis media in 

18-month-old infants, especially in male infants [80]. High levels of 

2,3,4,7,8-pentachlorodibenzofuran in the blood of pregnant mothers were also 

associated with increased risk of otitis media in these infants [80]. In general, 

these data indicate that prenatal/early-postnatal exposure to environmental POPs 

associates with susceptibility to infectious diseases in offspring. However, 

multiple-endpoint studies are needed to determine the stable long-term effect of 

early-life exposure to POPs on susceptibility to immune-related diseases in 

offspring. The dose-response relationship is another question to be explored in 

developmental immunotoxicity of early-life exposure to POPs. 

 

Maternal smoking during pregnancy has been demonstrated to associate with a 

lower risk of childhood acute lymphocytic leukemia and a higher risk of acute 

myelogenous leukemia in offspring [81]. Additionally, maternal smoking was 

associated with infections [82-84], sensitization [72], wheezing [85], asthma [86] 

and allergic diseases [71, 87, 88] in early childhood, all of which are associated 

with immune dysfunction in child. In animal models, prenatal exposure to 

cigarette smoke caused suppression of cytotoxic T lymphocyte activity, faster 

tumor cell growth and greater tumor incidence in murine offspring [39].  

 

In summary, prenatal or early postnatal exposure to environmental toxicants 

were associated with infection and immune dysfunction-related diseases in later 

life. The levels of environmental toxicants might have a nonlinear relationship 

with susceptibility to immune-related diseases. Further studies are needed to 

explore how long the effect of early life exposure to environmental toxicants 

would persist on susceptibility to immune-related diseases.  
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2. Early-life exposure to environmental toxicants: lung  

development in offspring and susceptibility to lung diseases later 

in life 

 

2.1 Prenatal/early-postnatal exposure to environmental toxicants and lung 

development  

Lung budding starts at about 22 days after fertilization. The lung growth 

continues through infancy and early childhood, ending with alveoli maturation 

[89]. Lung development can be generally divided into several different stages: 

embryonic phase, pseudoglandular phase, canalicular phase, saccular phase and 

alveolar phase [90], with lung growth continuing until the end of the adolescent 

stage [90]. The prenatal and early-postnatal periods are the most vulnerable 

times for lung development because of rapid airway epithelial cell proliferation, 

differentiation, alveolar formation and functional maturation. Environmental 

toxicants, such as As, Cd, dioxins, and tobacco smoke, may disturb progenitor 

cell differentiation and alter lung structure, resulting in both reduced lung 

function after birth and high susceptibility to lung disease in adulthood. 

 

Heavy metals 

In utero exposure to As has been shown to induce aberrant gene expression, 

which was relevant to lung adenocarcinoma development in fetal C3H mice [91]. 

Prenatal and early-postnatal exposure to As (≤100 ppm in drinking water) also 

increased lung mRNA expression of smooth muscle actin in a dose-dependent 

manner in 28-day-old mouse pups, and increased smooth muscle mass around 

the small airways [92]. Additionally, the increased smooth muscle was 

associated with increased expression of extracellular elastin and collagen in the 

pup offspring [92]. In utero As exposure additionally resulted in smaller lungs 

and impaired lung mechanics in 2-week-old C57BL/6 mice offspring. It induced 

mucous cell metaplasia as well as more expression of CLCA3 protein in the 

large airways [93]. Additionally, in utero As exposure led to upregulated 

expression of genes relevant to mucus production (Clca3, Muc5b, Scgb3a1), 

innate immunity (Reg3gamma, Tff2, Dynlrb2, Lplunc1), and lung 

morphogenesis (Sox2) in C57BL/6 mice [93]. These data indicate that prenatal 

exposure to As disturbs airway epithelial differentiation and normal 
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parenchymal tissue maturation in a manner that may alter lung resilience to 

stimuli after birth and predispose offspring to lung diseases, such as asthma and 

COPD.   

 

In utero exposure to levels of Cd without affecting fetal viability, body weight 

and lung weight was associated with a reduction in the amount of 

lecithin-contained saturated fatty acids when examined at embryonic day 21 

(lecithin was a main component of lung surfactant in fetal rats) [94, 95]. 

Reduced surfactant in airways inhibited elimination of toxic particle matter and 

microbes on airway epithelial cells and also reduced compliance of airways and 

plasticity of alveoli, subsequently increasing risk for infection and decreased air 

flow and gas exchange. In addition, exposure to 100 ppm dietary Cd from day 1 

post-birth caused an enlarged tertiary bronchial lumen in 5-week-old White 

Leghorn cockerels [96]. Current data suggests that early-life exposure to Cd may 

impair airflow and increase infection in lungs. 

 

Persistent organic pollutants 

There is very limited information about the effects of POPs on lung 

development. One animal model study demonstrated that gestational exposure to 

TCDD significantly decreased total airspace, wider tissue septa and 

dry lung weight to body weight ratio in 7-day-old Holtzman rat pups [97]. A 

study in children showed that dioxin concentration in breast milk was inversely 

associated with children’s FEV1/FVC ratio [98]. Additionally, perinatal dioxin 

exposure was associated with chest congestion in the children [98]. The 

alteration of lung structure induced by dioxins partly explains the reason why 

prenatal exposure to dioxins caused lower lung function in offspring. 

 

Tobacco smoke 

Prenatal or early-postnatal exposure to tobacco smoke has been widely 

described to affect fetal lung development and functional maturation after birth. 

In rat fetuses which were prenatally exposed to cigarette smoke, the lung 

volume at term was reduced and the alveolar number decreased, while the 

average alveolar volume increased as a result of decreased formation of alveoli 

partitions. Additionally, the internal surface area of saccules also was reduced, 
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as was the total length of parenchymal elastic tissues [99]. In infant monkeys 

prenatally exposed to environmental tobacco or exposed to environmental 

tobacco for 6 months since born, the alveolar number decreased while the 

alveolar space markedly increased when compared with controls [100]. 

Additionally, the respiratory bronchiole volume increased in the 6-month 

exposure group [100]. Similar structure alteration was observed in other animal 

studies. In 21-day-old neonatal guinea pigs exposed to cigarette smoke during 

gestation, the number of alveolar attachment points to airway walls was 

decreased [101]. Additionally, both inner and outer airway walls and the smooth 

muscle area showed in a trend to be greater than in the non-exposed neonates, 

although the difference was not significant [101]. Data from our own lab also 

indicate an effect of prenatal smoke exposure on lung development. One study 

demonstrated that maternal smoke during pregnancy resulted in lower 

expression of forkhead box a2 (FOXA2), frizzled receptor 7 (FZD-7), epidermal 

growth factor (EGF), β-catenin (CTNNB1), fibronectin (FN1) and platelet 

derived growth factor receptor alpha (PDGFRα) in neonatal offspring [102]. 

These genes were involved in the Wnt/β-catenin pathway, which played an 

important role in lung branching morphogenesis. Additionally, a significantly 

thickened airway smooth muscle layer was observed in BALB/c mice offspring 

that had been exposed to smoke in utero [103]. Moreover, collagen III 

deposition and house dust mite-induced goblet cell number were also increased 

in these offspring mice [103]. Because nicotine is known as one of main 

toxicants in smoke, prenatal nicotine exposure also caused significant reduction 

in proximal airway conductance [104].  

 

In summary, prenatal or early-postnatal exposure to environmental toxicants 

disturbed airway epithelial differentiation and gene expressions and altered lung 

structure through interfering with alveolar maturation processes and lung 

parenchymal tissue development, which resulted in malfunction of airway 

epithelial cells and increased thickness of airway walls while decreased gas 

exchange in the lung.  

 

2.2 Prenatal/early-postnatal exposure to environmental toxicants is 

associated with alteration of lung function and lung disease later in life 
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Several studies demonstrated the persistent effect of prenatal and early-postnatal 

exposure to environmental toxicants on lung function and lung diseases in later 

life. A study with a small sample of Dutch children demonstrated that prenatal or 

postnatal exposure to environmental-relevant levels of dioxin may inversely 

associate with child FEV1/FVC ratios [98]. For prenatal exposure to As, 

As-induced aberrant estrogen receptor signaling in fetal mice was associated 

with lung adenocarcinoma and adenoma in adulthood [91]. Although prenatal 

exposure to heavy metals, such as Cd and As, and organochlorines, such as 

PCBs and dioxins, had been demonstrated to affect lung development and 

function in animal studies, there is relatively limited epidemiological evidence 

that supports association of early-life exposure to these environmental toxicants 

with lung function status in children.  

 

Prenatal or postnatal exposure to tobacco smoke all had adverse effects on lung 

function in offspring. However, different effects existed between active and 

passive smoke exposure, and prenatal and postnatal exposure. Newborn (mean, 

2.7 days old) from a smoking mother during pregnancy (active or passive), had 

significant lower tidal flow volume ratios (time to reach peak expiratory flow to 

total expiratory time) and compliance. Interestingly, the tidal flow volume ratios 

and compliance only associated with active maternal smoking during pregnancy 

[105]. Significant reductions in forced expiratory flow (FEF) rates in infants 

(mean, 4.92±1.9 week) associated with maternal smoking during pregnancy, but 

were not associated with postnatal environmental tobacco exposure [106]. 

Similar results were found in infants at different ages after birth, indicating 

prenatal exposure to smoke plays a greater role on offspring’s lung function than 

does postnatal exposure [107].  

 

The effect of maternal smoking during pregnancy on lung function can persist 

into childhood and even longer. One study demonstrated that children from 

mothers who smoked during pregnancy had lower FEF between 65% and 75% 

of forced vital capacity (FEF65%-75%), FEF25%-75%, and forced expiratory 

volume in 3/4 of a second (FEV0.75) at 8 to 12 years of age [108]. Decreased 

FEV1/FVC, FEF25%-75%, and FEF25%-75%/FVC ratios were found in 

children from another study who were exposed to smoke in utero [109]. The 
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reduced lung function caused by maternal smoking during pregnancy can also 

persist into adolescence [10] and adulthood [110]. 

 

Prenatal or early-postnatal exposure to smoke is associated with respiratory 

symptoms or illness in both childhood and adulthood. Maternal smoking during 

pregnancy is associated with a higher incidence of hospital admission for lower 

respiratory illness in children [111]. It is interesting to note that mothers who 

started to smoke after giving birth did not affect the incidence of their children’s 

illness [111]. In contrast, another study demonstrated that children exposed to 

environmental tobacco smoke were more susceptible to acute respiratory tract 

illnesses, and maternal smoking during pregnancy exacerbated the condition 

[112]. Prenatal or early-postnatal exposure to smoke also was associated with 

increased airway hyperresponsiveness [113, 114], allergic sensitization 

[115-117], asthma [10, 117-121] and chronic obstructive pulmonary diseases 

[122] in later life.  

 

In summary, early life exposure to environmental toxicants, especially cigarette 

smoke, altered lung structure and lowered lung function in long term, which 

elevated susceptibility to various lung diseases later in life.  

 

 

3. Remarks and Conclusions 

 

Environmental toxicants act directly or indirectly on development of immune 

system and lung, inducing adaptive response in the immune and lung cells. 

Early-life exposure to environmental toxicants altered immune cell counts, DTH 

and cytokine responses, and levels of specific antibody in offspring. Moreover, it 

disturbed airway epithelial cell differentiation and gene expression, and 

perturbed normal process of alveolar maturation and parenchymal tissue 

development in lung. The alteration in immune and lung structure and gene 

expression in airway epithelial cells may cause dysfunction in immune and lung 

system and result in high risk for infection and lung diseases later in life. The 

dose of toxicants, exposure windows and sex are determinant factors for 

long-term effects of early-life exposure to environmental toxicants on immune 
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and lung function. The different endpoints selected in the reviewed studies may 

confound the interpretation of long-term effect of early-life exposure on disease 

risk in offspring. Further studies are required to find stable molecular markers 

that can accurately predict change of cell or tissue function later in life as caused 

by early-life exposure to environmental toxicants. Additionally, there is 

relatively limited information about the effect of early-life exposure to POPs on 

immune and lung development, and their long-term effects in offspring. 

Considering the accumulation of these pollutants in environment, much more 

effort is necessary to explore association between early-life exposure to POPs 

and health risk in later life. 
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Abstract: Maternal smoking during pregnancy is an independent risk factor 

for children to develop asthma and respiratory infections. We have recently 

shown that maternal smoking during pregnancy increased house dust 

mite-induced goblet cell metaplasia in an experimental mouse model. To further 

study the effects of prenatal smoke exposure on airway epithelial cell 

development in neonatal offspring, female C57BL/6 mice were exposed to fresh 

air or cigarette smoke from 1 week prior to conception until birth. Offspring was 

all sacrificed 1 day after birth. In lung tissue, numbers of ciliated cells and 

secretory club cells were investigated by immunohistochemistry, as well as 

mRNA expression of transcription factors that regulate ciliated cell and 

secretory cell differentiation. We found that maternal smoking inhibited the 

number of ciliated cells, as well as expression of the major cilia-related 

transcription factor Forkhead box J1 (Foxj1) in offspring. In addition, increased 

expression of transcription factors involved in secretory cell differentiation, such 

as Forkhead box M1 (Foxm1) and Sam pointed domain-containing ETS 

transcription factor (Spdef) was found in offspring from the smoke-exposed 

mothers. This was accompanied by higher mRNA expression of 

Hairy/enhancer-of-split related with YRPW motif protein 1 (Hey1), a Notch 

target gene. Induced expression of Hey1 suggests that Notch signaling may be 

involved in the observed aberrant epithelial cell development after prenatal 

smoke exposure. The lower number of ciliated cells could affect mucociliary 

clearance and may explain the increased susceptibility of children from smoking 

parents to wheeze and to development of childhood respiratory infections.  

 

 

 

 

Introduction  

The trachea and main bronchi are lined by a pseudostratified epithelium that is 

composed of ciliated cells, club cells (formally known as Clara cells) and basal 

cells (Crystal, et al. 2008; Herriges and Morrisey. 2014) as major cell types. In 

humans, the basal cells underlie the ciliated and secretory (club and goblet) cells. 

A similar epithelial architecture is present in the mouse, although it is limited to 
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the trachea and the largest bronchi. Ciliated and club cell types act as the 

front-line defense in a coordinated manner to protect the lungs from inhaled 

pathogens and noxious agents. Thus club cells secrete a layer of mucus, trapping 

inhaled harmful particles and pathogens, whereas ciliated cells clear the latter 

from the airways by cilia beating, generating a one way wave-like movement 

across the epithelial surface (Knowles and Boucher. 2002). Lineage studies in 

mice and in vitro suggest that most lung epithelial cell lineages have 

(self-)renewal capacity and (re)generate secretory and ciliated epithelial cell 

phenotypes both during development and in response to injury (Park, et al. 2006; 

Sun, et al. 2013; Kotton and Morrisey. 2014). This process is controlled in part 

by Notch signaling, which promotes secretory cell fate and inhibits ciliary cell 

differentiation (Guseh, et al. 2009; Rock, et al. 2009; Rock, et al. 2011). In 

addition, goblet cell metaplasia is dictated by the transcription factors Spdef, 

Foxm1, Foxa2 and Nkx2.1 (Park, et al. 2007; Maeda, et al. 2011b; Ren, et al. 

2013) whereas development of ciliated cells is driven by Foxj1 (Brekman, et al. 

2014). Of note, murine goblet cells are derived from club cells and arise only 

after injury or in disease states (Pardo-Saganta, et al. 2013). 

 

In an experimental mouse model for asthma, we have previously shown that 

smoking during pregnancy substantially increased goblet cell numbers in the 

airways of 10-week-old offspring after 5 weeks of house dust mite (HDM) 

exposure (Blacquiere, et al. 2009). This observation is of interest as it is in line 

with several birth-cohort studies in which maternal smoking during pregnancy 

was shown to be a risk factor for the development of transient early wheeze 

(Civelek, et al. 2011; Caudri, et al. 2013) as well as asthma, extending into 

adulthood (Civelek, et al. 2011; Caudri, et al. 2013; Grabenhenrich, et al. 2014). 

In addition, children born from mothers who smoked during pregnancy have a 

higher risk to develop respiratory infections (Broughton, et al. 2005). 

 

In the current study, we therefore aimed to get more insight into epithelial cell 

differentiation and gene expression, directly after birth, in prenatally 

smoke-exposed mice, to explain enhanced goblet cell differentiation 

susceptibility later in life. This was addressed firstly by analyzing the number of 

ciliated cells and club cells in the conducting airways and secondly by analyzing 
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the expression of genes that dictate proper epithelial cell differentiation. 

 

Material and Methods 

 

Animals 

Female and male C57BL/6 mice, aged 8-10 weeks, were obtained from Harlan 

(Horst, The Netherlands). Mice had access to standard food and water ad libitum. 

The animal study was approved by the Institutional Animal Care and Use 

Committee of the University of Groningen (Permit Number: 6589a) and was 

performed under strict governmental and international guidelines on animal 

experimentation. 

 

Cigarette smoke exposure 

Mainstream cigarette smoke was generated using a TE-10 smoke exposure 

system of Teague Enterprises Smoke Exposure System (Woodland, California, 

USA). Female mice were exposed to fresh air (n=3) or cigarette smoke (n=4) in 

two sessions of 50 minutes with a 3h interval between both exposures per day in 

which smoke of 10 cigarettes were generated per session. Mice were exposed 

from 7 days before mating until the day of sacrifice. The adaption protocol 

included exposure to 3 cigarettes per session the first day, 5 cigarettes the second 

day, 7 cigarettes the third day and 10 cigarettes the fourth day and thereafter. 

Smoking 10 cigarettes in one session generated total particulate matter counts of 

at least 200 mg/m3 and a CO level of 250 PPM (max).  Kentucky 2R4F 

research-reference filtered cigarettes (The Tobacco Research Institute, 

University of Kentucky, Lexington, Kentucky, USA) were used. For 

experimental purposes, female mice were treated with 1.25 IU pregnant mare's 

serum gonadotrophin and 1.25 IU human chorionic gonadotrophin to induce 

simultaneous cycling. To induce pregnancy, 1 female was housed with 1 male. 

Mating was confirmed by vaginal plug detection. Smoke exposure remained 

constant during the total pregnancy. Mothers and offspring were not exposed to 

cigarette smoke after offspring was born. Offspring (n=16 from non-smoking 

mothers, n=24 from smoking mothers) was sacrificed one day after birth. The 

left lung was used for qRT-PCR analyses. The right lung was fixed in 4% 
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paraformaldehyde and embedded in paraffin for immunohistochemical analysis. 

 

qRT-PCR analysis in lung tissue  

Total RNA was isolated from lung tissue using a RNA isolation trizol kit 

(Invitrogen, USA). cDNA was reverse transcribed using a Superscript-II 

Reverse Transcriptase kit (Invitrogen, USA). To measure the expression of 

Gapdh (Mm99999915_g1), Foxj1 (ciliated cell, assay ID: Mm01267279_m1), 

Scgb1a1 (Cc10, Club cell, Mm00442046_m1), Calca (neuroendocrine cell, 

Mm00801463_g1), Trp-63 (p16, basal cell, Mm00495793_m1), and Keratin 5 

(krt5, basal cell, Mm01305291_g1), Foxm1 (Mm00514924_m1), Spdef 

(Mm00600221_m1) and Muc5ac (Mm01276718_m1), Foxa2 

(Mm01976556_s1), Foxa3 (Mm00484714_m1), Nkx2.1 (Mm00447558_m1), 

Hoxa5 (Mm04213381_s1) and Hoxb5 (Mm00657672_m1), 

Notch1(Mm00435249_m1), Notch2 (Mm00803077_m1), Notch3 

(Mm01345646_m1), Hey1 (Mm00468865_m1), Hey2 (Mm00469280_m1), 

Hes1 (Mm01342805_m1), on demand Gene Expression Assays were used (life 

technologies, USA). PCR reactions were performed in triplicate in a volume of 

10 µL consisting of 2 µL of MilliQ water, 5 µL PCR master mix (Eurogentec, 

Seraing, Belgium), 0.5 µL assay mix (life technologies, USA), and 2.5 µL cDNA. 

Runs were performed by a LightCycler® 480 Real-Time PCR System (Roche, 

Basel, Switzerland). Data were analyzed with LightCycler® 480 SW 1.5 

software (Roche, Basel, Switzerland) and the Fitpoints method. RNA data were 

normalized to Gapdh mRNA expression using 2-∆Cp (Cp means crossing points). 

Undetectable Cp values of the genes of interest (>40) were interpreted as the 

maximum Cp value (40). 

 

Immunohistochemistry 

Sections (3 µm) of formalin-fixed and paraffin-embedded lung tissue were 

stained for ciliated- or club (previously Clara) secretory cells using standard 

immunohistochemical procedures. Briefly, slides were deparafinized and put in 

citrate buffer in a microwave oven for 15min. After cooling, slides were 

incubated in 0.3% H2O2 in PBS for 30 min. To visualize ciliated cells, slides 

were incubated with mouse-anti-acetylated α-tubulin at 1:10000 for 1h 
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(Sigma-Aldrich, Zwijndrecht, The Netherlands), which was detected by 

HRP-conjugated rabbit-anti-mouse antibody (1:200, Dako, Glostrup, Denmark) 

for 0.5h. A 0.05% diaminobenzidine (DAB, Sigma-Aldrich, Zwijndrecht, The 

Netherlands) solution was used for color reaction. To visualize club secretory 

cells, a rabbit-anti-club cell 10 kD (CC10) antibody (1:6000, 1h, Millipore, 

Billerica, USA) was used as the first antibody and a horseradish peroxidase 

(HRP)-conjugated goat-anti-rabbit antibody (1:200, 0.5h) was used as the 

second antibody. A 0.05% DAB solution was used as chromogen. Numbers of 

α-tubulin-positive cells and CC10-positive cells were counted manually in all 

airways. The length of all airways was measured at the basal end of the airway 

epithelium using Aperio ImageScope viewing software 11.2.0.780 (Aperio, Vista, 

USA) and the total numbers of α-tubulin- and CC10-positive cells were 

expressed per mm airway. 

 

Double staining of α-tubulin and CC10 was performed. Briefly, the slides were 

incubated with a rabbit-anti-CC10 antibody (1:6000, 1h), then a goat-anti-rabbit 

biotin-conjugated antibody (1:200, 30 min) and streptavidin-Alkaline 

Phosphatase (1:200, 30 min). After wash steps, slides were incubated in fast blue 

solution for 30 min to visualize color.  The slides were subsequently incubated 

with a mouse-anti-acetylated α-tubulin antibody (1:10000, 1h) and a 

HRP-conjugated rabbit-anti-mouse secondary antibody (1:200, 0.5h) after wash 

steps, and then incubated in a 0.05% DAB staining solution for 10 min.  

 

Statistical methods 

Results obtained from qRT-PCR and IHC were expressed as median and range 

respectively. The effect of maternal smoking during pregnancy was investigated 

with a multiple linear regression using SPSS Statistics 22 (IBM, Amsterdam, 

The Netherlands). When residuals were not normally distributed, appropriate 

log10 or 1/x transformation of the data was performed. The interaction of the 

effect of smoking during pregnancy and the effect of sex was tested and not 

present, implying that the effect of prenatal smoking was similar in females and 

males. A value of p<0.05 was considered significant.  
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Results 

 

Maternal smoking during pregnancy inhibited ciliated cell differentiation in 

offspring. 

In order to investigate whether the previously observed HDM-induced goblet 

cell susceptibility in offspring from smoke-exposed mothers was due to the 

presence of more club cells in prenatally exposed neonates, we first investigated 

the mRNA expression of Scgb1a1, a marker for club cells. Figure 1A shows no 

difference in gene expression of Scgb1a1, which was supported by no difference 

in club cell numbers in both offspring groups, as analyzed by 

immunohistochemistry (Figure 2A-C). We then moved on to investigate gene 

expression of the ciliated cells (Foxj1) and neuroendocrine cells (Calca) as well. 

As shown in figure 1B, offspring from smoke-exposed mothers had lower 

expression of Foxj1 (p<0.05) than offspring from air-exposed mothers. 

Quantification of ciliated cells confirmed that numbers of ciliated cells were 

indeed lower in offspring from smoke-exposed mothers (Figure 2D-F, p<0.001). 

Gene expression of Calca (Figure 1C) was not different in both groups of 

offspring. As in the mouse, the club cell is thought to be the progenitor of the 

goblet cell, and as the ciliated cells and club cells are the two major cell types in 

the proximal airways of the mouse, increased numbers of club cells in offspring 

from smoke-exposed mothers were expected. Therefore, in a next experiment, 

the presence of club cells and ciliated cells were visualized in a double staining 

for CC10 (club cells) and α-tubulin (ciliated cells) and confirmed that both 

staining did not overlap, as shown in Figure 3. To investigate whether basal cells 

were affected by prenatal smoke exposure, expression of gene markers Trp-63 

and Krt5, selectively expressed in basal cells were investigated. However, gene 

expression of both basal markers was not different in both groups (data not 

shown).  
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Figure 1. Expression of the differentiation markers Scgb1a1, a marker for club 

cells (A); Foxj1, a marker for ciliated cells (B) and Calca, a marker for 

neuroendocrine cells (C) was analyzed by real-time qPCR in RNA isolated from 

lung tissue. Data represent medians of expression in neonatal pups prenatally 

exposed to cigarette smoke or not. 
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Figure 2. Club cell numbers (A) and immunohistochemical staining of CC10 

(brown, B and C) or ciliated cell numbers (D) and immunohistochemical 

staining of α-tubulin (brown, E and F) in airways in lung tissue from offspring 

of air-exposed mothers (B and E) or smoke-exposed mothers (C, F). Original 

magnification 40×.  

 

 

Figure 3. Representative example of a double staining for CC10 (blue) and 

α-tubulin (brown). Original magnification 40×. 
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Maternal smoking during pregnancy induced goblet cell-related gene 

expression in offspring. 

In order to further explain the previously observed HDM-induced goblet cell 

susceptibility in offspring from smoke-exposed mothers, genes important in 

goblet cell transformation were investigated. As shown in Figures 4A and B, 

offspring from smoke-exposed mothers had higher expressions of Foxm1 

(p<0.05) and Spdef (p<0.001). Expression of the genes Nkx2.1, Foxa2, Foxa3, 

Hoxa5 and Hoxb5, Muc5ac, that are essential to maintain club cell identity 

and/or inhibit Spdef function were either slightly decreased (p=0.065, Nkx2.1) 

or not affected (data not shown). 

 
 

Figure 4. Expression of genes that drive secretory cell development. Expression 

of the transcription factors Foxm1 (A) and Spdef (B) was analyzed by real-time 

qPCR in RNA, isolated from lung tissue. Data represent medians of expression 

in neonatal pups prenatally exposed to cigarette smoke or not.  

 

Maternal smoking during pregnancy affected Notch signaling pathway gene 

expression in offspring. 

The Notch signaling pathway has been identified as a major regulator of specific 

cell fate in the developing and postnatal lung (Rock, et al. 2011; Tsao, et al. 

2011). To further investigate whether Notch signaling was affected in prenatally 

smoke-exposed mice, gene expressions of Notch receptors 1, 2 and 3, and gene 

expression of Notch target genes Hey1, Hey2 and Hes1, which are important in 

airway epithelial cell differentiation, were investigated. As shown in Figure 5, 

offspring from smoke-exposed mothers had lower expression of Notch1 (Figure 
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5A) and a higher expression of the Notch target gene Hey1 (Figure 5B). The 

other members of this pathway that were investigated were not different (Notch2, 

Hey2 and Hes1, Figure 5C-E) between both groups, or were too minimally 

expressed (Notch3, data not shown). 

 

 

 

Figure 5. Expression of genes of the Notch signaling pathway. Expression of 

Notch1 (A), Hey1 (B), Notch2 (C), Hey2 (D) and Hes1 (E) was analyzed by 

real-time qPCR in RNA, isolated from lung tissue. Data represent medians of 

expression in neonatal pups, prenatally exposed to cigarette smoke or not. 

 

Discussion 

A number of studies by us and others have shown that smoking during 

pregnancy affects lung development and function in the offspring (Singh, et al. 

2003; Gaworski, et al. 2004; Gaworski, et al. 2004; Blacquiere, et al. 2009; 

Blacquiere, et al. 2010; Haley, et al. 2011; Manoli, et al. 2012). In the present 
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study, the effect of maternal smoking during pregnancy on epithelial cell 

differentiation was investigated in neonatal offspring. Our three main 

observations in prenatally smoke-exposed offspring included: lower numbers of 

ciliated cells, higher expression of genes that are important in goblet cell 

differentiation, and lastly, altered expression of genes in the Notch signaling 

pathway. 

 

This is the first study to show that prenatal smoke exposure is associated with 

downregulation of ciliated cells in the lung after birth. Ciliated cells are 

necessary for proper mucociliary clearance of particles and pathogens (Wanner, 

et al. 1996), and a decrease of ciliated cell numbers may account for a less 

effective clearance of pathogens from the lung. Indeed, epidemiological studies 

have shown that children born from a mother that smoked during pregnancy 

have a higher risk to suffer from airway infections (Broughton, et al. 2005). Our 

data is further supported by a recent in vitro study in which primary human 

bronchial epithelial cells were exposed to cigarette smoke extract (CSE) during 

differentiation at the air-liquid interface (Schamberger, et al. 2015). This CSE 

exposure was shown to reduce the number of ciliated cells, while it increased the 

number of club cells and goblet cells. In addition, Foxj1, a master regulator in 

ciliogenesis and responsible for cilia length (You, et al. 2004; Brekman, et al. 

2014) was studied. However, no changes in Foxj1 or Foxj1 target gene 

transcription upon CSE exposure was found, indicating that CSE influenced 

Foxj1-independent processes crucial for ciliated cell fate, or affected 

ciliogenesis further downstream of Foxj1. In our study, lower numbers of 

ciliated cells were accompanied by lower expression of Foxj1. Foxj1 expression 

was recently shown to be directly regulated by the Wnt/β-catenin signaling 

pathway (Caron, et al. 2012). This is consistent with our earlier findings where 

we demonstrated less Wnt/β-catenin signaling in the lungs of neonatal offspring 

from smoke-exposed mothers (Blacquiere, et al. 2010).  

Our finding that reduced numbers of ciliated cells were not accompanied by the 

presence of more CC10 positive club cells came somewhat as a surprise. As in 

the mouse, goblet cells have been shown to arise from club cells (Hayashi, et al. 

2004; Kouznetsova, et al. 2007; Chen, et al. 2009), more club cells in offspring 
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from smoking mothers could have been one explanation for our previous 

observation regarding increased HDM-induced goblet cell susceptibility in this 

group. Interestingly, however, several studies in a naphthalene toxicity model 

have reported the presence of a new subset of CC10 positive secretory cells. 

These so-called variant club cells do not express cytochrome p450 (Cyp2f2), are 

naphthalene-resistant, and can self-renew and differentiate. They are located 

adjacent to neuroendocrine bodies of the airway (Hong, et al. 2001) or at the 

bronchoalveolar duct junctions (Giangreco, et al. 2002) to regenerate the 

damaged conducting airways (Reynolds, et al. 2000a; Reynolds, et al. 2000b). 

Whether prenatal smoke-exposure affects this cell population will be subject of 

further studies.  

Another source for goblet cells could be the basal cell which in the mouse is 

mostly present in the trachea and the largest bronchi. Although expansion of the 

basal cell compartment is among the hallmark airway abnormalities of smokers 

and individuals with COPD (Demoly, et al. 1994; Khuri, et al. 2001), gene 

expression of two basal cell markers was not changed in offspring from smoking 

mothers. 

Our second important observation was that prenatal smoke exposure increased 

expression of Foxm1, Spdef and decreased expression of Nkx2.1 (trend). Foxm1, 

a transcription factor of the Forkhead box family, plays important roles during 

embryonic development, monocyte/macrophage recruitment, DNA repair, 

surfactant production and angiogenesis (Kalinichenko, et al. 2001; Kalin, et al. 

2008; Balli, et al. 2013). Moreover, Foxm1 is known to promote Spdef activity, 

a master transcription factor that regulates goblet cell differentiation in the 

airway epithelium (Park, et al. 2007). Therefore, higher expression of Foxm1 

could have contributed to the higher expression of Spdef in offspring from 

smoke-exposed mothers. Interestingly, a trend for lower expression of Nkx2.1 

was observed in prenatally exposed offspring. Nkx2.1 is a transcription factor 

that has been described to inhibit Spdef expression (Maeda, et al. 2011a), and 

therefore, a lower expression of Nkx2.1 could have facilitated the higher 

expression of Spdef in prenatally smoke-exposed offspring. We found no 

differences in Hoxa5 and Hoxb5 expression. In Hoxa5-/- mice, the loss of Hoxa5 
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function was shown to induce club to goblet cell transdifferentiation. This was a 

Foxa2-independent process, accompanied by increased activity of Notch 

signaling (Boucherat, et al. 2012).  

Our finding regarding altered epithelial cell differentiation in prenatally 

smoke-exposed offspring does not support findings from a recent study in 

second hand smoke-exposed offspring (Singh, et al. 2013). In that study, no 

change in ciliated cells was found, whereas the numbers of club cells and CC10 

gene expression were decreased. An explanation for these conflicting results 

could be that in the study from Singh et al. a different mouse strain was used 

(BALB/c), a different batch of cigarettes (2R1 research cigarettes), a different 

type of exposure (side stream instead of mainstream) and a different smoking 

protocol (6 h exposure versus 2 times 50 minutes). Side stream smoke (SS) 

contains different concentrations of toxic components than mainstream smoke. 

For instance, SS contains ten times greater levels of polycyclic aromatic 

hydrocarbons than mainstream smoke (Weinberg, et al. 1989). 

 

Notch signaling has been reported to promote secretory cell development over 

ciliary cell fate (Rock, et al. 2009; Rock, et al. 2011). Here we show that 

prenatal exposure to cigarette smoke upregulates Hey1 expression. Hey1 is a 

Notch target gene which implies active Notch signaling in offspring from 

smoke-exposed mothers. Therefore, active Notch signaling could have 

contributed to lower ciliated cell development and increased expression of 

goblet cell gene markers. 

   

In conclusion, our studies indicate that smoking during pregnancy in mice 

changes epithelial cell differentiation and therefore increases risk for asthma in 

the offspring at two levels: (i) by inhibiting ciliated cell differentiation, thereby 

increasing the risk to develop respiratory infections, which itself is a risk factor 

for asthma and (ii) by promoting secretory cell metaplasia through regulation 

of Foxm1, Spdef and Nkx2.1. These actions may be Notch signaling-related and 

provide insight into potential mechanisms underlying epidemiological 

observations on the association between maternal smoking and childhood or 

adolescent asthma.  
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Abstract: Chronic Obstructive Pulmonary Disease (COPD) is an 

inflammatory disorder of which the prevalence is particularly high in the elderly 

population. Several studies suggested that parental smoking may synergize with 

personal smoking to increase the risk of COPD. We have recently shown that 

maternal smoking during pregnancy increased airway remodeling and house 

dust mite-induced goblet cell metaplasia in an experimental mouse model for 

allergic asthma. In this study, we were interested whether offspring from 

mothers that were exposed to cigarette smoke during pregnancy were more 

susceptible to smoke-induced inflammation and tissue remodeling in the lung. 

This was linked to expression of genes that are important in inflammation, 

xenobiotic metabolism, anti-oxidant defense, aging and senescence and genes 

that are related to tissue repair. C57BL/6 mice were exposed to fresh air or 

cigarette smoke from 1 week prior to conception until birth. When 8 weeks old, 

offspring was subsequently exposed to cigarette smoke or air for 12 weeks. In 

lung tissue, inflammation and airway remodeling were investigated by 

immunohistochemistry, whereas gene expression was assessed by quantitative 

PCR. We found that maternal smoking during pregnancy down-regulated 

expression of the anti-inflammatory transcription factor Aryl hydrocarbon 

receptor (Ahr) in the offspring. In addition, both the anti-oxidant gene Forkhead 

box class O 3a (Foxo3) and the anti-aging gene Sirtuin1 (Sirt1) were 

down-regulated in prenatally smoke-exposed offspring. In contrast, expression 

of airway basal cell-related genes Cytokeratin 5 (Krt5) and Trp63 (P63) were 

higher in prenatally smoke-exposed mice. Offspring exposed to cigarette smoke 

for 12 weeks had more inflammation (M2 macrophage infiltration), remodeling 

(thickening alpha smooth muscle layer), and higher expression of the 

mucus-related gene Muc5ac, cytochrome P450 family 1 subfamily A member 1 

(Cyp1a1) and Ahrr, the repressor of Ahr, irrespective of prenatal smoke exposure. 

We conclude that prenatal smoke exposure affects gene expression from various 

pathways related to oxidative stress, lung senescence and repair. Offspring 

smoking promoted lung inflammation, tissue remodeling and repair, which was 

not further enhanced by prenatal smoke exposure.   
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Introduction  

Chronic Obstructive Pulmonary Disease (COPD) is a life-threatening, chronic, 

progressive lung disease of which the prevalence is particularly high in the 

elderly population. Patients with COPD are characterized by persistent 

irreversible airway obstruction and although cigarette smoking is the main cause 

of development of COPD, other inhaled noxious particles and gases may 

contribute (1). Different clinical phenotypes of COPD have been described 

which are associated with prognosis and response to currently available 

therapies (2). These different phenotypes can be explained by the large variation 

in lung pathology found in COPD, related to inflammation, cellular apoptosis, 

extracellular matrix destruction, oxidative stress and abnormal cell repair (3).  

 

For a long time, COPD has been considered to be an adult-onset disease. 

However, recent studies suggest that COPD may have an early origin and may 

be initiated even before childhood (4-7). Factors that are associated with 

increased risk of COPD include delayed lung growth during childhood and 

adolescence (8-10), childhood exposure to environmental pollutants (11, 12), 

childhood pneumonia (13) and childhood asthma (14, 15). However, most likely, 

in particular the interaction between these various risk factors will be important 

in predisposing to COPD.  

 

Epigenetic mechanisms, including DNA methylation, may be important 

processes in early-life programming. Interestingly, in human birth cohort studies, 

maternal smoking during pregnancy was associated with Epigenome-wide DNA 

methylation differences in (cord) blood cells, fetal lung and placenta, using the 

Infinium HumanMethylation450k Beadchip (16-22). In these studies, altered 

methylation of CpG sites could be mapped to genes, amongst others, from the 

Aryl hydrocarbon receptor (Ahr) pathway that are implicated in the xenobiotics 

metabolism, the oxidative stress response and immune cell regulation (i.e. Aryl 

hydrocarbon receptor repressor (Ahrr) and cytochrome P450 family 1 subfamily 

A member 1 (Cyp1a1)). Differentially methylated CpG sites were confirmed in 

the different birth cohort studies, but no functional data are available on whether 

the observed changes in DNA methylation have led to differences in gene or 
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protein expression (23). 

 

Previous mouse studies from our group have shown that maternal smoking 

during pregnancy down-regulated Wnt pathway-related genes in neonatal 

offspring (24). The Wnt family of signaling proteins is known to be important in 

lung development (25). In addition, maternal smoking during pregnancy 

increased smooth muscle thickening and collagen deposition around the airways 

in adult offspring (26), structural changes that are also found in COPD (27).  

 

In this study, we were interested whether offspring from mothers that were 

exposed to cigarette smoke during pregnancy were more susceptible to postnatal 

smoke-induced inflammation and tissue remodeling in the lung. Several 

retrospective, but also prospective studies suggested that parental smoking may 

synergize with personal smoking to increase the risk of COPD (10, 28, 29). To 

get some overview in our mouse model on different pathways that are related to 

the pathogenesis in COPD, the presence of lung infiltration and airway 

remodeling was linked with expression of a (small) variety of genes regulating 

(1) immune cell differentiation and cigarette smoke detoxification (Ahr, Ahrr, 

Cyp1a1), (2) the oxidant defense system, aging and senescence (Foxo3, Sirt1), 

and (3) tissue repair (Krt5, P63). The different pathways are introduced shortly 

below. 

The Aryl hydrocarbon receptor pathway 

The AHR protein is a ligand activated transcription factor which is abundantly 

expressed in the cytoplasm of most, if not all, cell types of the lung (30, 31). In 

the absence of ligand, the AHR is complexed with chaperone proteins, including 

a dimer of heat shock protein 90 and p23 (32). Upon ligand binding and 

activation, AHR dissociates from this protein complex, translocates to the 

nucleus, heterodimerizes with the AHR nucleus translocater (ARNT) and binds 

to an enhancer sequence (Dioxin responsive element (DRE)) of its target genes, 

including Cyp1a1 and Ahrr. The AHRR competes with AHR for binding ARNT, 

resulting in repression of transcription upon binding of AHRR/ARNT complex 

to DRE (33). 
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SIRT1, FOXO3 and aging  

Sirtuin 1 (SIRT1) is a nuclear nicotinamide adenine dinucleotide 

(NAD+)-dependent protein/histone deacetylase, which has been emphasized in a 

continuously expanding number of functions, such as the regulation of 

metabolism, cellular survival, autophagy, and organismal lifespan (34-36). When 

SIRT1 is overexpressed, it deacetylates a variety of proteins, including the 

transcription factor FOXO3. FOXO3 is involved in mediating the expression of 

multiple genes involved in cellular development, survival, apoptosis, as well as 

oxidative stress (37, 38). Once FOXO3 is activated and acetylated in the 

cytoplasm, it translocates to the nucleus. SIRT1 is an important regulator of 

transcriptional activity of FOXO3. Deacetylation of FOXO3 by SIRT1 could 

lead to the induction of a subset of antioxidant genes that regulate cellular 

detoxification, cell cycle arrest and DNA repair and thus support cell survival 

(34, 36). 

Basal cells and endogenous self-renewal and tissue repair 

Recent studies have shown the existence of tissue-specific stem cells in multiple 

adult organs, which have the capacity for long-term self-renewal and the ability 

to differentiate into other cell lineages (39). Although the detection of 

proliferative adult stem or progenitor cells that actively take part in repair and 

regeneration has been challenging, human and mouse studies have identified 

three subsets of lung epithelial cells with self-renewal and differentiation 

capacity, including the basal cells, club cells and alveolar type II cells (39, 40). 

Signaling pathways that have been described to be important in stem cell 

self-renewal and lung tissue regeneration include Wnt, Notch and EGF/FGF 

signaling (41, 42). Interestingly, recent lineage tracing studies in an H1N1 

mouse model identified a P63+Krt5+ cell population to be important in alveolar 

regeneration after a sub-lethal influenza viral infection (43), whereas basal cells 

expressing P63 and Krt5 are normally abundant in the upper airways to 

repopulate denuded trachea (44-46).  

 

 

Material and Methods 



Chapter 4 

  84 

Animals 

Female and male C57BL/6 mice, age 8-10 weeks, were obtained from Harlan 

(Horst, The Netherlands). Mice had access to standard food and water ad libitum. 

All animal protocols were approved by the Institutional Animal Care and Use 

Committee of the University of Groningen (permit number 6589B and 6589C).  

Cigarette smoke exposure 

Mainstream cigarette smoke was generated using a TE-10 smoke exposure 

system of Teague Enterprises Smoke Exposure System (Woodland, California, 

USA). Female mice were exposed to fresh air (n=22) or cigarette smoke (n=26) 

in two sessions of 50 minutes with a 3h interval between both exposures per day 

in which smoke of 10 cigarettes were generated per session. Mice were exposed 

from 7 days before mating until the day of delivery. The adaption protocol 

included exposure to 3 cigarettes per session the first day, 5 cigarettes the second 

day, 7 cigarettes the third day and 10 cigarettes the fourth day and thereafter. 

Smoking 10 cigarettes in one session generated total particulate matter counts of 

at least 200 mg/m3 and a CO level of 250 PPM (max).  Kentucky 2R4F 

research-reference filtered cigarettes (The Tobacco Research Institute, 

University of Kentucky, Lexington, Kentucky) were used. For experimental 

purposes, female mice were treated with 5 IU pregnant mare's serum 

gonadotrophin and 5 IU human chorionic gonadotrophin to induce simultaneous 

cycling. To induce pregnancy, females were housed one to one with males for 5 

consecutive nights. Males were not exposed to cigarette smoke. Mating was 

confirmed by vaginal plug detection. Smoke exposure remained constant during 

the total pregnancy. Mothers and offspring were not exposed to cigarette smoke 

during weaning. Offspring (n=46 from non-smoking mothers, n=25 from 

smoking mothers) were exposed to air (n=34, n=16 males) or smoke (n=37, 

n=19 males) when they were 8 weeks old. After 12 weeks of smoke or air 

exposure, 5 days a week, mice were sacrificed. The left lung was partly used for 

qRT-PCR analyses and another part was snap frozen and kept at −80 °C. From 

the right lung, three out of four right lung lobes were snap frozen and kept at 

−80 °C, whereas the smallest lobe lung was fixed in 4% paraformaldehyde and 

embedded in paraffin for immunohistochemical analyses.  
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Quantitative Real Time PCR (qRT-PCR) analysis in lung tissue  

Total RNA was isolated from lung tissue using a RNA isolation trizol kit 

(Thermo Fisher Scientific, Carlshad, USA). cDNA was reverse transcribed using 

a Superscript-II Reverse Transcriptase kit (Thermo Fisher Scientific, Carlshad, 

USA).  To measure the expression of Gapdh (Mm99999915_g1), Ahr 

(Mm00478932_m1), Ahrr (Mm00477443_m1), Cyp1a1 (Mm00487218_m1), 

Sirt1 (Mm00490758_m1), Foxo3 (Mm01185722_m1), Muc5ac 

(Mm01276718_m1), Trp-63 (P63, basal cell, Mm00495793_m1), and Keratin 5 

(Krt5, basal cell, Mm01305291_g1), on demand Gene Expression Assays were 

used (Thermo Fisher Scientific, Carlshad, USA). PCR reactions were performed 

in triplicate in a volume of 10 µL consisting of 2 µL of MilliQ water, 5 µL PCR 

master mix (Eurogentic, Belgium), 0.5 µL assay mix and 2.5 µL cDNA. Runs 

were performed by a LightCycler® 480 Real-Time PCR System (Roche, Basel, 

Switzerland). Data were analyzed with LightCycler® 480 SW 1.5 software 

(Roche) and the Fitpoints method. RNA data were normalized to Gapdh mRNA 

expression using 2-∆Cp (Cp means crossing points). Undetectable Cp values of 

the genes of interest (>40) were interpreted as the maximum Cp value (40). 

Immunohistochemistry (IHC) 

Sections (3 µm) of formalin-fixed and paraffin-embedded lung tissue were 

stained for Mac3, (macrophages, rat anti-Mac3, BD Biosciences), alpha smooth 

muscle (SMA, monoclonal mouse anti-α-smooth muscle actin antibody (Progen 

Biotechnik, Heidelberg, Germany), collagen III (polyclonal goat-anti type-III 

collagen antibody, SBA, Birmingham, AL, USA), and goblet cells (Periodic 

Acid Schiff’s (PAS)), as previously described by us (26, 47). SMA presence 

directly adjacent to the airway epithelium and collagen III presence directly 

adjacent to the vessels were quantified in the total lung section by morphometric 

analysis. The surface of positively stained tissue was expressed as mm2 per mm 

airway or vessel in the total lung section.  

M2-dominant macrophages were determined by double staining for Mac3 and 

YM1 (goat anti-mouse eosinophil chemotactic factor (ECF-L), R&D Systems). 

To visualize Mac3, an immune alkaline phosphatase procedure was used with 

Fast Blue BB salt (Sigma Aldrich, Zwijndrecht, The Netherlands) as chromogen. 

YM1 was visualized with 3-amino-9-ethylcarbazole (Sigma Aldric) as 
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chromogen. The number of Mac3 single positive and the number of 

Mac3-posive/YM1-positive cells were counted manually in parenchymal lung 

tissue at 20× magnification, and numbers were corrected for the total area of 

lung tissue section as assessed by morphometric analysis using Aperio 

ImageScope viewing software 11.2.0.780 (Aperio, Vista, CA). 

 

Eosinophils were determined by staining 4 µm cryosections of lung tissue for 

cyanide resistant endogenous peroxidase activity with diaminobenzidine (Sigma 

Aldrich). The number of eosinophils (4 random microscopic fields per lung 

section) was counted manually in a blinded manner, at 8× magnification and 

averaged. Neutrophils (Gr1, monoclonal rat-anti-GR1 antibody, BD Biosciences) 

were counted manually in a blinded manner at 20× magnification and numbers 

were corrected for the area that was counted (6 fields per section) by 

morphometric analysis using Aperio ImageScope viewing software 11.2.0.780 

(Aperio). 

 

SIRT1-positive cells were determined after staining formalin-fixed and 

paraffin-embedded lung sections with a polyclonal rabbit-anti-mouse SIRT1 

(H-300, sc-15404, Santa Cruz). SIRT1-positive cells were counted at 20× 

magnification and numbers were corrected for the total area of lung tissue 

section as assessed by morphometric analysis using Aperio ImageScope viewing 

software 11.2.0.780 (Aperio). Keratin 5 expression was determined by staining 

formalin-fixed and paraffin-embedded lung sections with a polyclonal 

rabbit-anti-mouse Keratin 5 antibody (ab52635, Abcam, Camebridge, UK). 

Statistical methods 

Results obtained from males were shown. Results of qRT-PCR and IHC were 

expressed as median and range respectively. When residuals were not normally 

distributed, appropriate log10 or 1/x transformation of the data was performed. 

The interaction of the effect of prenatal smoke exposure (smoking during 

pregnancy) and the effect of postnatal smoke exposure (12 weeks smoke 

exposure offspring) was tested with a multiple linear regression using SPSS 

Statistics 22 (IBM, Amsterdam, The Netherlands). When no interaction was 

found, the effect of smoking during pregnancy and the effect of smoking 
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offspring were assessed separately with linear regression analysis. These are 

indicated as “Maternal smoke effect” and “Offspring smoke effect”. To assess 

differences between subgroups, two-sided Mann-Whitney U tests were used as 

assessed in Prism v5.0 (GraphPad software, San Diego, CA, USA). Correlations 

between parameters were established using the Spearman nonparametric 

correlation test. A value of p<0.05 was considered significant.  

 

Results 

Effect of maternal smoking during pregnancy on (smoke-induced) 

inflammation and remodeling in offspring 

In order to investigate whether offspring from the smoke-exposed mothers were 

more susceptible to smoke-induced inflammation, the presence of neutrophils, 

eosinophils, macrophages and M2-dominant macrophages was investigated. We 

found that the number of M2-dominant macrophages were increased in offspring 

that were postnatally exposed to smoke for 12 weeks (Fig 1H, p=0.012). This 

effect was independent from maternal smoking during pregnancy, which did not 

alter the numbers of the different cell types. Figure 2 shows that in addition to 

cell infiltration, smooth muscle thickening was higher in the postnatally 

smoke-exposed offspring (Fig 2D, p=0.023), an effect that was also independent 

from maternal smoking during pregnancy. Prenatal smoke-exposed mice had 

less smooth muscle thickening than offspring born from an air-exposed mother. 

Muc5ac, a gene involved in mucus production was also higher in the offspring 

with postnatal smoke exposure (Fig 2F, p=0.009), irrespective of prenatal smoke 

exposure. Club cells and goblet cells both secrete mucus containing the mucin 

Muc5ac. Goblet cell metaplasia, however, was not induced by (maternal) smoke 

exposure, as the PAS staining did not show one single positive cell (Fig 2C). 

Club cells, however, were abundantly present but still need to be quantified. No 

effects were found for collagen III expression around the vessels (Fig 2E). Next, 

gene expressions of the Ahr signaling pathway were investigated. We found that 

maternal smoking during pregnancy decreased Ahr gene expression in offspring 

(Fig 3A, p=0.032), whereas a trend was found for an offspring smoke effect 

(p=0.096, data not shown). Offspring smoking additionally induced Ahrr and 
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Cyp1a1 gene expression, which was independent of prenatal smoke exposure 

(Fig 3B and 3C, p=0.047 and p=0.001, respectively)  

 

 
 

Figure 1. Infiltration of inflammatory cells in lung tissue from (prenatally) 

smoke-exposed mice. Representative pictures and scores of (A, E) Neutrophils 

(GR1), (B, F) Eosinophils (endogenous peroxidase activity), (C, G) 

Macrophages (Mac3) and (D, H) M2-dominant macrophages (YM1/Mac3). 

Original magnification 40× (A) and 20× (B-D). Data represent medians of cell 

numbers (A, B, D) or Mean±SEM (C). NSM: air-exposed mother, SM: 

smoke-exposed mother. “Offspring smoke effect” was obtained from a linear 

regression analysis and indicates a difference between both air-exposed groups 

versus both smoke-exposed groups. 
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Figure 2. Airway remodeling in (prenatally) smoke-exposed mice. 

Representative pictures and quantifications of (A, D) Smooth muscle actin 

(SMA) around the airways, (B, E) Collagen III deposition around blood vessels, 

(C) PAS negative airway epithelium and (F) Muc5ac mRNA expression after 

IHC or qRT-PCR analyses in RNA, isolated from lung tissue. Data represent 

medians of expression. NSM: air-exposed mother, SM: smoke-exposed mother. 

“Offspring smoke effect” was obtained from a linear regression analysis and 

indicates a difference between both air-exposed groups versus both 

smoke-exposed groups. 
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Figure 3. Expression of AhR signaling pathway related genes in (prenatally) 

smoke-exposed mice. Expression of (A) Ahr, (B) Ahrr, and (C) Cyp1a1 was 

analyzed by qRT-PCR in RNA, isolated from lung tissue. Data represent 

medians of expression. NSM: air-exposed mother, SM: smoke-exposed mother. 

The “Offspring smoke effect” was obtained from a linear regression analysis and 

indicates a difference between both air-exposed groups versus both 

smoke-exposed groups. The “Maternal smoke effect”, obtained from a linear 

regression analysis, indicates a difference between both NSM-exposed groups 

versus both SM groups. 

 

Maternal smoking during pregnancy decreases SIRT1 and FOXO3 

expression in offspring 

We then investigated expression of Sirt1 and Foxo3, genes which are important 

in the antioxidant defense system and implicated in aging and senescence. 

Figure 4 showed that the prenatally somke-exposed mice had a lower mRNA 

expression of Sirt1 (Fig 4A, p=0.052) and lower numbers of SIRT1-positive 

cells in lung tissue (Fig 4D, p=0.053). Furthermore, Foxo3 mRNA expression 

was also lower in prenatally exposed mice (Fig 4B, p=0.053). Expression of 

Sirt1 was highly correlated with expression of Foxo3 (r2=0.78, p<0001, Fig 4C). 

The postnatally smoke-exposed mice had lower numbers of SIRT1 positive cells 

than the air-exposed offspring (Fig 4D, p=0.012). IHC staining of SIRT1 

indicated that SIRT1 was expressed in the nucleus. 
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Figure 4. Lower expression of aging-related markers SIRT1 and FOXO3 in 

lungs of prenatally smoke-exposed mice. Expression of (A) Sirt1, (B) Foxo3, (C) 

the correlation plot of Sirt1 expression versus Foxo3, and (D) the numbers of 

SIRT1 positive cells after qRT-PCR analysis and IHC staining of SIRT1 (Brown, 

E) in lung tissues of prenatally smoke-exposed mice. Original magnification was 

20×. Data represent medians of expression. NSM: air-exposed mother, SM: 

smoke-exposed mother. The “Maternal smoke effect” was obtained from a linear 

regression analysis and indicates a difference between both NSM-exposed 

groups versus both SM groups. p<0.05 and p<0.001 are from post-hoc subgroup 

analyses by Mann-Withney U test. Correlation was established using the 

Spearman nonparametric correlation test. 

 

Maternal smoking during pregnancy promotes basal cell markers in 

offspring. 

To investigate whether repair-related pathways were induced by maternal 

smoking during pregnancy, expression of the basal cell markers Krt5 and P63 

were investigated. As shown in figure 5A, offspring smoke exposure increased 
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the gene expression of Krt5, an effect that was weaker in offspring from 

smoking mothers (indicated by a significant negative interaction between the 

effects of smoking during pregnancy and offspring smoke exposure). In addition, 

prenatally smoke-exposed mice had a higher mRNA expression of P63 in lung 

tissue. When staining for Keratin 5 in lung tissue by IHC, a few positive cells 

could be found in the conducting airway (Fig 5C) and/or alveoli (Fig 5D) in 

each of the (maternal) smoke-exposed mice. In Figures 5C and 5D, 

representative photographs of the scarce positive cells that were present in 

conducting airways and alveoli were shown.  

 

 
 

Figure 5. Higher expression of basal cell markers Krt5 and P63 in lungs of 

(prenatally) smoke-exposed mice. Gene expression of Krt5 (A), P63 (B) and 

Krt5 expression in a distal conducting airway (C) and alveolus (D) after 

immunohistochemical staining of Krt5 (brown) in lung tissues of prenatally 

smoke-exposed mice. Original magnification 20× (C) and 40× (D). NSM: 

air-exposed mother, SM: smoke-exposed mother. 
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Discussion 

In this study we have found that prenatal smoke exposure down-regulated 

smooth muscle thickening (SMA) and affected expression of a number of genes, 

implicated in inflammation (Ahr), the cellular stress response, aging and 

apoptosis (Foxo3 and Sirt1) as well as tissue repair (Krt5 and P63). In addition, 

12 weeks of postnatal smoke exposure induced infiltration of inflammatory cells 

(M2-dominant macrophages) and promoted airway remodeling (SMA). This was 

accompanied by a higher gene expression of the mucus-related Muc5ac, 

xenobiotic-metabolizing enzymes Ahrr and Cyp1a1 as well as the basal cell 

marker Krt5. There was a negative interaction between maternal smoking and 

offspring smoking for the expression of Krt5, which means that the effect of 

offspring smoke exposure was smaller in the prenatal smoke-exposed mice.  

(Maternal) smoking and the Aryl hydrocarbon receptor pathway 

We found that prenatal smoke-exposed mice had a lower expression of Ahr. This 

is of interest as Ahr expression has been shown essential for regulating 

proliferation and preventing mitochondrial dysfunction and apoptotic cell death 

caused by cigarette smoke (48). In that study, absence of Ahr expression led to 

the decreased levels of superoxide dismutases MnSOD and CuZNSOD. These 

are enzymes that protect against oxidative stress (49). This indicates that loss of 

Ahr expression could contribute to development of COPD. Further analyses of 

SOD expression, as well as the presence of apoptotic cell death are of interest in 

our model.  

 

Postnatal smoke-exposed offspring had an increased expression of Ahrr and 

Cyp1a1. This is of interest as a recent genome wide methylation study in four 

prospective cohorts showed that smoking-induced expression of Ahrr and 

hypomethylation in the Ahrr gene were associated with increased risks for 

subsequent lung cancer (50). In addition, the increased CYP1A1 activity and 

expression also has been linked recently to development of tobacco-related lung 

cancer (51). Besides that, numerous studies have implicated a role of P450 

enzymes, including CYP1A1, in the formation and further reactions of reactive 

oxygen species (ROS) (52), contributing to oxidative stress and tissue damage. 
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However, a protective role for CYP1A1 in tissue damage has also been 

described. A recent study in a mouse model for oxygen-induced 

bronchopulmonary dysplasia (BPD) showed that prenatal treatment of pregnant 

mice with the Cyp1a1 inducer (β-napthoflavone) protected newborns exposed to 

hyperoxia from lung injury (53). Both Ahrr and Cyp1a1 genes were shown to be 

differentially methylated in human cord blood studies due to maternal smoking 

(16-21). In these studies, Ahrr was also consistently found to be hypomethylated, 

whereas mRNA expression was suggested (trend) to be higher in smoke-exposed 

cord blood cells (23). We did not find a maternal smoke effect for these genes, 

probably due to the large variation observed in our groups. However, whether 

smoke exposure affected DNA methylation in the Ahrr gene will be subject of 

further studies. 

(Maternal) smoking, accelerated aging and SIRT1 

Since a few years now, COPD has been characterized by premature aging 

because of the presence of chronic inflammation (inflammaging) and 

accelerated decline in lung function (54-56). The process of cellular senescence 

and aging is characterized by activation of several signaling molecules such as 

FOXO, Klotho, NF-κB and enhanced levels of proinflammatory cytokines (57). 

It has been shown that these processes are largely controlled by SIRT1 (58-61). 

Interestingly, SIRT1 was shown to be reduced in lungs of smokers and patients 

with COPD (62, 63). In addition, treatment of mice with a selective SIRT1 

activator, SRT2172, blocked the increase of matrix metalloproteinase-9 (MMP-9) 

expression in the lung as well as pulmonary neutrophilia, which are both 

important in development of emphysema (63). In another mouse model for 

emphysema, SIRT1 activation either by genetic overexpression or a selective 

pharmacological activator SRT1720, attenuated stress-induced premature 

cellular senescence and protected against emphysema induced by cigarette 

smoke. Of note, for the protection of emphysema, deacetylation of the 

transcription factor FOXO3 by SIRT1 was required (64). In COPD patients and 

mouse lungs exposed to cigarette smoke, FOXO3 degradation and acetylation 

was found to be increased (65).  

 

In our study, prenatally smoke-exposed mice had a reduced expression of both 
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Sirt1 and Foxo3. Furthermore, postnatal smoke-exposed offspring had lower 

numbers of SIRT1 positive cells. This is of interest as both Sirt1-deficient and 

Foxo3-deficient mice have been shown to have an increased susceptibility to 

develop emphysema (65). In our study, emphysema was not investigated and 

additional negative effects of prenatal smoke exposure on the offspring smoke 

effects were not observed for both Sirt1 and Foxo3 expression. However, it 

could be that 12 weeks of smoke was not long enough and that detrimental 

effects will only become apparent when mice were exposed for a longer period 

or when they were exposed at an older age.  

 

(Maternal) smoking, epithelial cell homeostasis and tissue repair by 

endogenous adult lung stem cells 

Nonreversible expiratory airflow limitation and chronic cough in COPD are 

thought to result from deregulated chronic inflammation, airway remodeling and 

emphysematous destruction of the lungs. Inflammatory cells that are connected 

to tissue breakdown in COPD are neutrophils and macrophages, producing, ROS, 

proteinases and MMPs (66, 67). In our model we were interested to investigate 

whether prenatal or postnatal smoke exposure induced tissue injury that would 

be small enough to be repaired by endogenous adult stem cells such as Krt5 and 

P63 positive basal cells that normally line the trachea and large bronchi. We 

found a higher expression of Krt5 and P63 gene expression in lungs from the 

prenatally smoke-exposed mice, which suggest an increased presence of basal 

cell in the lung parenchyma. Furthermore, IHC staining for Keratin 5 did show 

some keratin 5 positive cells in lungs from offspring exposed to (maternal) 

smoke, but these numbers were really low. Additional studies on lung 

regeneration and apoptosis should give us more insight into the effects of 

(prenatal) smoke exposure in our model. 
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Summary 

We have found that cigarette smoke exposure during pregnancy had detrimental 

effects on expression of genes from various signaling pathways that are involved 

in oxidative stress and cell survival. Additionally, expression of the basal stem 

cell markers P63 and Krt5 were up regulated and some presence of Krt5 positive 

cells could be found. Prenatal smoke exposure did not further increase the effect 

of offspring smoke exposure on lung inflammation, remodeling and relevant 

gene expression. Additional analyses in the lung tissue from these mice with 

respect to the inflammatory response, apoptosis, oxidative stress and repair, as 

well as investigation of epigenetic regulation of the differentially expressed 

genes are necessary for a more in depth insight into the effect of prenatal smoke 

exposure on cigarette smoke-induced lung pathology later in life. 
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Abstract: Lead (Pb) is toxic to the developing immune system. The object of 

this study was to explore the effect of Pb exposure on T cell differentiation in 

preschool children. We analyzed T cell subset distribution in peripheral blood, 

serum Th1/Th2/Th17 cytokine levels (IFN-γ, IL-4, IL-9, IL-10, IL-13, IL-17A, 

IL-22) and T cell differentiation-related innate cytokine levels (IL-1α, IL-1β and 

IL-1 receptor antagonist (IL-1RA)) in preschool children from Guiyu, a 

well-known e-waste recycling area in China, and from Haojiang, a reference 

area. The e-waste-exposed children had higher blood Pb levels and a higher 

percentage of CD3+ T cells, CD4+ central memory T cells and CD8+ central 

memory T cells, in concomitant with a lower percentage of CD4+ T naïve cells 

and ratio of CD4+ naïve T cells to CD4+ memory T cells when compared with 

the Haojiang group. Blood Pb levels were negatively associated with the 

percentage of CD4+ naive T cells and ratio of CD4+ naïve T cells to CD4+ 

memory T cells, while they were positively associated with the percentage of 

CD4+ central memory T cells. In contrast, blood Pb levels were not associated 

with the percentage of CD8+ central memory T cells. Additionally, levels of 

IL-17A，IL-22, IL-1α and IL-1β were higher, whereas levels of IL-9, IL-13 and 

IL-1RA were lower in children from Guiyu than in the Haojiang group. Blood 

Pb levels were negatively associated with IL-1RA, IL-9 and IL-13 levels while 

they were positively associated with IL-1α, IL-1β and IL-22 levels. Moreover, 

levels of IL-1β had a positive association with levels of IL-17A and IL-22. 

Taken together, higher levels of Pb exposure might increase CD4+ memory T 

cell differentiation and facilitate Th17 differentiation in preschool children from 

an e-waste-contaminated area. 

 

Key words: Pb; Th cytokines; T cell subsets; Preschool children   

 

 

1. Introduction 

The amount of e-waste has rapidly increased worldwide in recent years due to 

the fast up-grading of electronic products. E-waste-derieved various toxicants 

pollute the environment (Wang et al., 2011; Yu et al., 2010; Zhang et al., 2014a), 
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and is becoming a global concern (Magalini, 2016). Guiyu, the largest e-waste 

crude recycling town in China, has witnessed high levels of toxicants, such as 

heavy metals and persistent organic pollutants in air, water, soil, plants and 

sediment (Alabi et al., 2012; Leung et al., 2008; Xu et al., 2013a; Zeng X et al., 

2016; Zhang et al., 2014b). Moreover, high levels of Pb, cadmium, chromium, 

and persistent organic pollutants have also been detected in the blood of local 

neonatal and preschool children (Guo et al., 2014; Huo et al., 2007; Li et al., 

2011; Li et al., 2008; Xu et al., 2015a; Xu et al., 2013b; Yang et al., 2013). 

Studies in our lab have shown persistent higher blood Pb levels in children from 

Guiyu compared with children from reference areas (Guo et al., 2014; Huo et al., 

2007; Xu et al., 2015b; Zhang et al., 2016). As a conventional environmental 

toxicant, Pb can directly affect T cell proliferation and differentiation. For 

example, low levels of Pb target CD11c-enriched antigen-presenting cells to 

promote antigen-specific CD4+ T cell proliferation in vitro (Farrer et al., 2005). 

This was explained by the observation that Pb attenuated production of nitric 

oxygen from myeloid suppressor cells which abrogated its suppression of 

antigen-specific CD4+ T cell proliferation (Farrer et al., 2008). Additionally, Pb 

at concentrations that do not alter T cell proliferation could differentially affect 

cytokine production from resting and antigen-activated CD4+ T cells (Shen et al., 

2001). Pb could also disrupt protein biosynthesis of interferon gamma (IFN-γ) in 

Th1 cells, facilitating more Th2 cytokine production (Heo et al., 2007). In 

addition, Pb could indirectly affect T cell proliferation/differentiation by 

regulating expression of innate cytokines, such as IL-1β (Li et al., 2014), which 

plays an important role in promoting T cell proliferation/differentiation 

(Ben-Sasson et al., 2009; Sutton et al., 2006).  

 

T cells continually mature after birth. Studies have shown that naïve T cells 

progressively produce increased amounts of CD4+ (IFN-γ, IL-2, IL-4 and TNF-α) 

and CD8+ T cell cytokines (IFN-γ and TNF-α) after birth, and this trend is 

positively correlated with age in childhood only, not in adulthood (Hoffmann et 

al., 2005). In addition, CD4+ naïve T cells have to make the transition from a 

Th2-biased response to a more Th1-prone response in early postnatal life 

(Hendricks and Fink, 2011; Holt and Jones, 2000). Naïve T cells also have to 

gain ability to differentiate into long-lived memory T cells. It was shown that 
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naïve CD8+ T cells from neonatal mice rapidly differentiated into effector T cells 

rather than memory phenotypes while adult naïve T cells showed a balanced 

differentiation of effector and memory phenotypes under equal amounts of 

stimulation (Smith et al., 2014). Infancy and early childhood is a sensitive stage 

for development of potent T-cell-mediated immune function. Naïve T cells 

during this stage encounter diverse antigens and by “learning” to make an 

appropriate immune response, they gradually reach the levels of adult immunity. 

Because Pb could interact with T cells to regulate its proliferation and 

differentiation, higher levels of Pb exposure during this period of time may 

disturb T cell functional maturation and affect T cell-mediated immunity in long 

term.  

 

Although a series of human studies have provided important insight into the 

immunotoxicity caused by Pb exposure, accounting for different concentrations, 

exposure time and age of subjects, general conclusions have yet to be made for 

immunotoxicity of Pb and extrapolate to other groups of subjects, for example, 

preschool children. Because preschool children have a relatively immature 

immune system and lower tolerance to environmental toxicants (Dietert, 2008), 

exposure to Pb may have far-reaching effects on their immune function in later 

life. Due to the essential role of T cells in cellular and humoral immunity, 

characterization of the T cell differentiation in preschool children will help us 

understand the extent of immunotoxicity to T cell function caused by Pb 

exposure and predict the future health risk in children. In this study, we 

compared the distribution of blood T cell subsets and expression of 

Th1/Th2/Th17 cytokines and T cell differentiation-related cytokines in 

preschool children from Guiyu, a Pb-polluted e-waste recycling area versus 

Haojiang, a reference area with low levels of Pb pollution. The correlations 

between blood Pb levels and these immune parameters were also analyzed. 

 

2. Materials and methods 

2.1  Study population 

A cross-sectional study was performed in Guiyu, a large e-waste crude recycling 

area, and Haojiang, a reference area in China. Haojiang was selected as the 
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reference area because there is no e-waste contamination, and the population 

displays a similar culture, diet, lifestyle and socioeconomic status as in Guiyu 

(Xu et al., 2015b). A total of 160 local kindergarten children (80 from Guiyu and 

80 from Haojiang), from 3 to 7 years old, were recruited in 2014 for cytokine 

measurement. A limited number of blood samples from a subgroup of children at 

the same time were included for flow cytometry analysis (see Table 1). The 

subjects included in the study met the following criteria: 1) no intake of 

antibiotics within 1 month before sample collection; 2) no history of allergies or 

asthma; 3) no record of absentee for flu or other infectious diseases at least 1 

month before sample collection; 4) physically healthy based on physician 

examination when samples were collected; 5) at least one year of residence in 

the local area. Information about each child’s age, sex, lifestyle, medical history, 

pollutant exposure, and parents’ socioeconomic status were obtained by a 

detailed questionnaire. All parents and guardians were fully informed of the 

study and signed the written consent letters. The study proposal was screened 

and approved by the ethnics committee of Shantou University Medical College.  

 

2.2 Blood sample collection and routine blood testing  

A total of 2 mL of venous blood was collected into an EDTA-coated plastic tube 

for blood pollutant evaluation and routine blood tests. An additional 1 mL of 

venous blood was collected in a plastic tube without anti-coagulants for isolation 

of serum. Finally, 1 mL of venous blood was collected in an EDTA-coated 

plastic tube for flow cytometry analysis. All samples were placed on ice during 

transportation to the laboratory. Blood samples for pollutant evaluation were 

stored at -20°C after aliquoting in the lab. Serum was isolated at 6 h after sample 

collection and stored at -80°C. Samples for flow cytometry analysis were 

processed in 10 h after collection. Samples for the routine blood test were used 

within 3 h after collection. A routine blood test was performed on a hospital 

blood counting machine (Sysmex XE-2100 automated hematology analyzer, 

Japan) to collect information on the total number of leukocytes, and the total 

number and percentage of lymphocytes. 
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2.3 Measurement of blood Pb levels  

A 100 µL aliquot of thawed whole blood was mixed well with 900 µL of 0.5% 

nitric acid (analytical grade), and allowed to digest for 10 min at room 

temperature. The samples were then tested by graphite furnace atomic 

absorption spectrophotometry (Jena Zeenit 650, Germany) for blood Pb levels 

was determined as described previously (Guo et al., 2010).  

 

2.4 Flow cytometry analysis and absolute counts of T cell subgroups 

For T cell subset analyses, 100 µL whole blood was mixed with an optimal 

dilution of the following monoclonal antibodies: CD3-APC-CY7, CD4-PE, 

CD8-PerCP-Cy5.5, CD45RA-FITC, CCR7-PE-CF594, CD5-PE-CY7, 

CD27-APC, CD127-V450 and CD25-BV510 (BD Bioscience). After adding all 

antibodies, the mixture was gently vortexed and incubated for 15 min in the dark 

at room temperature. Subsequently, 2 mL of 1× FACS lysing solution (BD 

Bioscience) was added and incubated for 10 min in the dark at room temperature. 

Finally, cells were washed 3 times with 200 µL washing buffer, and then 

subjected to FACS analysis. Data were collected by a 9-colour Aria I flow 

cytometer (BD Bioscience) and analyzed with FACSDiva software (version 

6.1.3, BD Bioscience). The following T cell subsets were determined (Schatorje 

et al., 2012): T cells (CD3+), CD4+ T cells (CD3+CD4+CD8-), CD8+ T cells 

(CD3+CD4-CD8+), CD4+ naïve T cells (CD3+CD4+CD45RA+CD27+), CD4+ 

central memory T cells (CD3+CD4+CD45RA-CD27+, CD4+ Tcm), CD4+ effector 

memory T cells (CD3+CD4+CD45RA-CD27-, CD4+ Tem), CD4+ terminally 

differentiated helper T cells (CD3+CD4+CD45RA+CD27-, CD4+ TteRA), CD8+ 

naïve T cells (CD3+CD8+CD45RA+CCR7+CD27+, CD8+ Tn), CD8+ terminally 

differentiated cytotoxic T cells (CD3+CD8+CD45RA+CCR7-CD27-, CD8+ 

TteRA), CD8+ central memory T cells (CD3+CD8+CD45RA-CCR7+CD27+, 

CD8+ Tcm), CD8+ effector memory cytotoxic T cells 

(CD3+CD8+CD45RA-CCR7-CD27-, CD8+ Tem), regulatory T cells 

(CD3+CD4+CD8-CD25highCD127low, Treg). Fig. S1 and S2 (see 

supplementary materials) showed the gating strategy for flow cytometry analysis. 

The absolute count of each lymphocyte subgroup was calculated by multiplying 

the total lymphocyte count by subset percentage, as determined by flow 
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cytometry.  

 

2.5 Measurement of serum cytokines  

A total of 11 cytokines were measured in serum using a high throughput 

ProcartaPlex Human Cytokine & Chemokine Panel 1A (eBioscience, USA). 

Briefly, serum samples were incubated with beads that were coated with 

anti-human IFN-γ, IL-13, IL-4, IL-9, IL-17A, IL-22, IL-12p70, IL-10, IL-1α, 

IL-1β, IL-1 receptor antagonist (IL-1RA). Cytokine concentrations were 

analyzed according to the manufacturer’s instructions. Data was obtained on 

Luminex 200 analyzer (Luminex, USA). The limit of detection for each 

cytokine was: IFN-γ (0.2 pg/mL), IL-13 (0.1 pg/mL), IL-4 (1.5 pg/mL), IL-9 

(0.5 pg/mL), IL-17A (0.1 pg/mL), IL-22 (8.2 pg/mL), IL-12p70 (0.04 pg/mL), 

IL-10 (0.1 pg/mL), IL-1α (0.1 pg/mL), IL-1β (0.2 pg/mL), and IL-1RA (17.8 

pg/mL).  

 

2.6  Statistical analysis 

Selected characteristics of the recruited subjects and immunological parameters 

were compared by an independent sample t test, Mann-Whitney U test and 

chi-square test. Correlation between blood Pb levels and cytokines levels, and 

correlation between levels of IL-1β and Th cytokines were evaluated by 

Spearman’s rank correlation analysis. Multivariable-adjusted linear regression 

models were used to determine the association between blood Pb levels and 

percentages of T cell subsets. For regression analysis, seriously skewed 

independent or dependent variables were transformed with a log or square root 

to get an appropriately normal distribution. Covariates (children’s height, weight, 

age, sex, body mass index, period of residence, consumption of preserved egg or 

other foods, parent’s work and education levels, parental smoking, family 

income) that were notably correlated with percentages of T cell subsets, and 

changed the effect more than 5% were selected in the model. Category variables 

were firstly transformed into dummy code before analysis. Child age, sex 

(biological variables) and father’s education levels were included in the final 

model. Analysis was performed with SPSS software (version 19, IBM) and 

GraphPad Prism 5.0 (GraphPad software, San Diego, CA, USA). A value of P < 
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0.05 was considered statistically significant. 

 

3. Results 

3.1 Characteristics of recruited children  

As presented in Table 1, 160 preschool children in the exposed (n = 80) and 

reference groups (n = 80) were subjected to cytokine analysis. Due to a frequent 

limitation of sample volume, a small subgroup was used for flow cytometry 

analysis (62 from exposed group and 56 from reference group). Blood Pb levels 

in the exposed group were significantly higher than in the reference group (P < 

0.01). Children in the exposed group were older than in the reference group (P < 

0.01), and among the children recruited for flow cytometry analysis, the 

e-waste-exposed children also had higher chest circumstance (P < 0.05). There 

was no significant difference in sex distribution and other parameters between 

the two groups. 

 

 

Table 1. Basic charactersitics of children in exposed and reference group. 

Children included in 

 cytokine analysis 

Children included in  

flow cytometry analysis 

Reference Exposed Reference  Exposed 
Characteristics 

(n = 80) (n = 80) (n = 56) (n = 62) 

Age (year) 4.56±0.88 4.91±0.80a 4.58±0.87 5.05±0.55a 

Sex (boys/girls, n) 45/35 42/38 33/23 29/33 

Height (cm) 106.92±7.24 107.42±6.68 107.02±7.29 109.29±5.93 

Weight (Kg) 17.35±3.54 17.35±2.56 17.30±3.25 18.00±2.67 

Head circumstance(cm) 50.02±1.47 50.34±1.84 49.94±1.43 50.35±1.27 

Chest circumstance (cm) 50.65±3.08 51.09±2.62 50.44±2.82 51.57±2.52b 

Blood Pb (µg/dL ) 3.89±2.21 5.94±2.28a 4.10±2.52 5.45±2.44a 

a, P < 0.01; b, P < 0.05, compared to reference group. Sex was compared using a chi-square 

test; other parameters were presented as mean±SD and compared using an independent 

sample t test. 
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3.2 Altered distribution of blood T cell subsets in the e-waste-exposed  

children  

Flow cytometry analysis demonstrated that the percentage and absolute counts 

of lymphocytes were lower (P < 0.01), whereas the percentage of CD3+ T cells 

was higher in the exposed group (P < 0.01) (Fig. 1 and Table S1). However, 

there was no significant difference in absolute counts of CD3+ T cells between 

the two groups, which suggests other type of lymphocyte composition rather 

than total T cells compostion in lymphocyte population had been changed in 

children from the exposed group. There was also no significant difference in the 

percentages of CD4+ T cells and CD8+ T cells (Fig. 1 and Table S1). In contrast, 

the percentage of CD4+ naïve T cells (CD4+ Tn) was notably lower (P < 0.01) 

while the e-waste- exposed group (Fig.2 and Table S2). We also found a lower 

ratio of CD4+ naive T cells to CD4+ memory T cells in the exposed group (P < 

0.01). For the CD8+ subsets, the percentage of CD8+ central memory T cells 

(CD8+ Tcm) was significantly higher in the exposed group (P < 0.01) (Fig.2 and 

Table S2). However, we did not find a marked difference in ratio of  CD8+ 

naive T cells to CD8+ memory T cells between two groups (data not shown). No 

marked difference in percentages of regulatory T cells (Treg) and other T cell 

subsets were found. These data together suggest that more naïve T cells were 

differentiated into memory cells in children from Guiyu. 

 

 

3.3  Blood Pb levels are associated with the altered distribuiton of CD4
+
 T 

cells 

To explore the relationship of blood Pb levels and percentages of T cell subsets, 

we initially used Spearman’s rank correlation coefficients and then used a 

multivariable-adjusted regression model to analyze the relationship between 

blood Pb levels and percentage of T cell subsets in children from the two groups 

together. Spearman’s correlation analysis showed that blood Pb levels were 

negatively associated with the percentage of CD4+ naïve T cells and ratio of 

CD4+ naïve T cells to CD4+ memory T cells, whereas positively associated with 

the percentage of CD4+ central memory T cells (Table 2). In contrast, 
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Fig 1. Distribution of total lymphocytes, CD3+, CD4+ and CD8+ T cells in 

peripheral blood from pre-school children. (A) Absolute counts of lymphocytes. 

(B) Percentage of lymphocytes in total leukocytes. (C) Absolute counts of CD3+ 

T cells. (D) Percentage of CD3+ T cells in total lymphocytes. (E) Percentages of 

CD4+ and CD8+ T cells in total CD3+ T cells. Data were presented in mean and 

compared with independent sample t test. P < 0.05 was considered statistically 

significant. 
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Fig 2. Distribution of T cell subsets in children from exposed and reference 

groups. (A) Percentage of CD4+ subsets: CD4+ naïve T cells (CD4+ Tn), CD4+ 

effector memory T cells (CD4+ Tem), CD4+ central memory T cells (CD4+ Tcm), 

CD4+ terminally differentiated T cells (CD4+ TteRA), defined by CD27, 

CD45RA. (B) Percentage of CD8+ subsets: CD8+ naïve T cells (CD8+ Tn), CD8+ 

effector memory T cells (CD8+ Tem), CD8+ central memory T cells (CD8+ Tcm), 

CD8+ terminally differentiated T cells (CD8+ TteRA), defined by CCR7, 

CD45RA, CD27. (C) Percentage of CD4+ regulatory T cells (Treg), defined by 

CD3+CD4+CD127low/-CD25++. (D) Ratio of CD4+ naïve T cells to CD4+ 

memory T cells. Percentage CD4+ memory T cells was defined by (CD4+ Tcm 

events + CD4+ Tem events)/CD4+ events×100%. Ratio of CD4+ Tn to CD4+ Tm 

was defined as CD4+ Tn%/CD4+ Tm%. Data in A, B and D were presented in 

median and compared with Mann-Whitney U test. Data in C was presented in 

mean and compared with an independent sample t test. P < 0.05 was considered 

statistically significant. 
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there was no correlation between blood Pb levels and percentage of CD8+ 

central memory T cells (Table 2), indicating that Pb exposure mainly affects the 

CD4+ phenotype. When age,sex and father’s education levels were included in 

the model, linear regression analysis further demonstrated that Pb levels were 

positively associated with the percentage of CD4+ central memory T cells, 

whereas it was negatively associated with the percentage of CD4+ naïve T cells 

and the ratio of CD4+ naive T cells to CD4+ memory T cells (Table 3). 

 

Table 2. Spearman’s rank correlation analysis of the association between 

blood Pb levels (BLL) and percentage of T cell subsets in preschool children. 

 BLL 

  correlation coefficients P  

CD4+ Tn% -0.332  0.000  

CD4+ Tcm% 0.315  0.001  

CD4+ Tn: CD4+Tm -0.320  0.000  

CD8+ Tcm% 0.113  0.224  

Tn: naïve T cells; Tcm: central memory T cells; Tm: memory T cells. P < 0.05 was 

considered statistically significant. 

 

Table 3. Multi-variable adjusted linear regression analysis of the association 

between blood Pb levels and distribution of T cells. 

  BLLa 

   β P 

CD4+ Tn%b -0.290 0.001 

CD4+ Tcm%a 0.331 0.000 

(CD4+ Tn: CD4+ Tm)a -0.297 0.001 

All data were adjusted by age, sex and and father’s education levels. . a: Log transform. b: 

Square root transform. Tn: naïve T cells; Tcm: central memory T cells; Tm: memory T 

cells. β: standardized coefficients. P < 0.05 was considered statistically significant. 
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3.4  Higher Pb levels were associated with increased levels of IL-1 and 

Th17 cytokines in children   

The above results suggest that blood Pb levels may affect CD4+ naive T cell 

differentiation into memory phenotype. To further explore effect of Pb exposure 

on T cell differentiation, we firstly evaluated the levels of typical Th1/Th2/Th17 

cytokines and found that there was no significant difference in IFN-γ (Th1 

cytokine) expression between the exposed and reference groups (Table 4). 

However, expression of IL-9 and IL-13 (Th2 cytokines) in the exposed group 

was markedly lower than in the reference group (Table 4). Moreover, levels of 

IL-17A and IL-22 (Th17 cytokines) were both significantly higher in the 

exposed group than in the reference group (Table 4). However, there was no 

marked difference of IL-10 and IL-4 expression between two groups. Because 

the innate cytokines regulate T cell differentiation, we measured levels of 

IL-12p70, IL-1 cytokines (IL-1α, IL-1β and their inhibitor IL-1RA) in two 

 

Table 4.  Levels of cytokines in children from the exposed and reference 

groups. 

 Exposed group  Reference group 

 

Median 

(pg/mL) 
P25-P75  

Median 

(pg/mL) 
P25-P75 

P 

IFN-γ 1.21  0.77-1.81  1.17  0.73-1.80  0.527 

IL-4 3.97  3.34-4.60  4.03  3.09-5.13  0.317 

IL-9 5.15  3.38-6.97  14.65  8.70-17.41  0.000 

IL-13 3.67  3.12-3.67  4.41  3.70-5.02  0.000 

IL-17A 1.02  1.02-1.65  1.02  0.57-1.45  0.012 

IL-22 73.23  55.22-89.67  18.27  3.23-34.73  0.000 

IL-10 0.35 0.20-0.49  0.25 0.19-0.58  0.139 

IL-1α 1.30  0.63-1.64  0.65  0.48-0.93  0.000 

IL-1β 0.81  0.80-1.22  0.80  0.60-1.17  0.015 

IL-1RA 83.72  53.20-113.45  143.08  103.19-217.28 0.007 

Data were analyzed by Mann-Whitney U test. P < 0.05 was considered statistically 

significant. P25: 25th percentile; P75: 75th percentile. 
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Table 5. Spearman’s rank correlation between blood Pb levels and levels Th 

and IL-1 cytokines in preschool children from exposed and reference group. 

 BLL 

 Correlation coefficients P  

IFN-γ 0.063  0.429  

IL-4 -0.060  0.455  

IL-9 -0.321  0.000  

IL-13 -0.251  0.001  

IL-17A 0.133  0.096  

IL-22 0.397  0.000  

IL-1α 0.225 0.004 

IL-1β 0.188  0.018  

IL-1RA -0.204  0.010 

P < 0.05 was considered statistically significant. 

 

 

Table 6. Spearman’s rank correlation between IL-1β levels and levels Th 

cytokines in preschool children from exposed and reference group. 

 IL-1β 

 Correlation coefficients P  

IL-9 -0.036 0.655 

IL13 0.031 0.699 

IL-17A 0.465  0.000  

IL-22 0.368  0.000  

P < 0.05 was considered statistically significant. 

 

groups of children. We found that IL-1α and IL-1β levels were higher while 

IL-1RA levels were lower in children from the exposed group than in reference 

group (Table 4). Levels of IL-12p70 were under the detection limit and thus 

excluded from the analysis. Interestingly, blood Pb levels were positively 

associated with IL-1α and IL-1β levels, while negatively associated with 
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IL-1RA, IL-9 and IL-13 levels in children from the two groups (Table 5). 

Furthermore, we found that levels of IL-1β had a positive correlation with levels 

of IL-17A and IL-22 (Table 6). These data together indicate that higher blood Pb 

levels may promote a more proinflammatory cytokine environment that favors 

Th17 rather than Th2 differentiation in children from the e-waste-exposed 

group.  

 

4.  Discussion 

In this study, we explored the effect of Pb exposure on T cell differentiation in 

preschool children. We observed that children from Guiyu, an e-waste 

contaminated area, had an increased CD4+ memory T cells differentiation and 

higher levels of Th17 cytokines (IL-17A and IL-22) and IL-1 cytokines (IL-1α 

and IL-1β), accompanied by lower levels of IL-9, IL-13 and IL-1RA, when 

compared with children from Haojiang, a reference area with no e-waste 

contamination. Blood Pb levels were negatively associated with the percentage 

of naïve CD4+ T cells, ratio of CD4+ naïve T cells to CD4+ memory T cells, 

IL-1RA, IL-9 and IL-13 levels, whereas they were positively associated with the 

percentage of central memory CD4+ T cells, IL-1α, IL-1β and IL-22 levels in 

preschool children. These data together indicated that higher levels of Pb 

exposure might increase CD4+ memory T cell differentiation and favor Th17 

differentiation in preschool children exposed to e-waste. 

 

Our observations are consistent with a longitudinal study showing that the 

percentage of CD4+ naïve T cells decreases while the percentages of CD4+ and 

CD8+ memory T cells increase with age during the first 5 postnatal years (Teran 

et al., 2011). Additionally, we found that the higher blood Pb levels were 

negatively associated with the lower ratio of CD4+ naïve T cells to CD4+ 

memory T cells in children, suggesting that higher levels of Pb exposure might 

promote more CD4+ naïve T cell differentiation into CD4+ memory T cells in 

Guiyu children. Because in vivo and in vitro studies have suggested a regulatory 

role of Pb on T cell activation and differentiation (Farrer et al., 2008; Farrer et 

al., 2005; Li et al., 2014; Shen et al., 2001), we extended these studies to show 

that Pb exposure influences the development of specific subsets of memory T 
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cell in preschool children. We found that higher Pb levels associated with a 

higher percentage of CD4+ central memory T cells in children, indicating that 

higher levels of Pb exposure in Guiyu children may promote CD4+ central 

memory T cell development. Interestingly, we did not find an association 

between blood Pb levels and the percentage of CD8+ central memory T cells. It 

is possible that factors other than Pb exposure promoted CD8+ central memory T 

cell development. In addition, we observed unchanged CD3+ cell counts, 

percentages of CD4+ and CD8+ T cells and regulatory T cells between the 

exposed and reference groups, suggesting that relatively low levels of Pb 

exposure in our study do not disturb T cell differentiation at early stage or T cell 

homeostasis in periphery. These observations are not in line with the findings in 

previous studies. For example, in occupationally Pb-exposed workers (mean 

blood Pb level: 19 µg/dL), the number of CD3+CD45RO+ memory T cells is 

significantly decreased, while the percentage of CD8+ T cells is markedly 

increased (Sata et al., 1998). Significant reductions in the absolute counts and 

percentages of CD3+ and CD4+ T cells, along with unchanged values for CD8+ T 

cells, were also found in workers with mildly elevated blood Pb levels (>25 

µg/dL) (Fischbein et al., 1993). In addition, children with high blood levels of 

Pb (mean blood Pb level: 140.6 µg/dL) have a significant decrease in the 

percentage of CD4+ T cells and an increase in CD8+ T cells (Li et al., 2005). A 

possible explanation for the discrepancy between previous studies and ours 

could lie in the differences in age of subjects, or levels and duration of Pb 

exposure. Higher levels and longer time of Pb exposure may cause more T cell 

apoptosis or inhibition of CD4+ T cell differentiation in previous studies, 

resulting in the different observations between these studies and ours.  

 

T cell proliferation and differentiation could be regulated by innate 

inflammatory cytokines. IL-1 can directly promote CD4+ T cell proliferation and 

antigen-specific differentiation (Ben-Sasson et al., 2009) and has been suggested 

to induce Th17 differentiation in autoimmune encephalomyelitis in mice (Sutton 

et al., 2006). In addition, IL-12 was reported to promote Th1 differentiation. 

However, IL-12 was excluded from analyses because of the detection limit. The 

observation that higher levels of IL-1α and IL-1β were accompanied by lower 

levels of IL-1RA in the e-waste-exposed children indicates the presence of more 
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proinflammatory cytokines, which may promote more naïve T cell 

differentiation in these children. Moreover, blood Pb levels were positively 

correlated with levels of IL-1β, while levels of IL-1β were positively correlated 

with levels of IL-17A and IL-22, indicating that higher levels of Pb exposure 

may upregulate expression of inflammatory cytokines in Guiyu children which 

favored Th17 differentiation. Additionally, we found lower IL-9 and IL-13 levels 

in the e-waste-exposed group and a negative association between blood Pb 

levels and IL-9 and IL-13 levels, suggesting less Th2 activation/differentiation 

under Pb exposure. Interestingly, Pb has been documented to promote a Th2 

response in vitro and in vivo (Fernandez-Cabezudo et al., 2007; Gao et al., 2007; 

Iavicoli et al., 2004). The possible explanation here is that relatively low levels 

of Pb exposure in Guiyu children might stimulate a stronger innate immune 

response and a higher production of potent proinflammatory factors, which 

could promote more Th1/Th17 differentiation and overshadow a stimulatory role 

for Th2 differentiation in Guiyu children. As a result, relatively lower amounts 

of Th2 cytokines would be produced in the e-waste-exposed group. Indeed, a 

previous study has shown that Pb enhances TNF-α, IL-6, IL-12 and 

prostaglandin E2 production, whereas it downregulated IL-10 production 

following LPS stimulation of the macrophage (Flohé et al., 2002). Similar 

results were found in the prenatally Pb-exposed mouse pups (Li et al., 2014). 

Alternatively, interaction between Pb and other toxicants might result in 

suppression of a Th2 response in the e-waste-exposed children, considering that 

many other types of toxicants were also found in the local children (Xu et al., 

2015c; Yang et al., 2013). 

 

The higher level of IL-17A which was accompanied by a proinflammatory 

cytokine environment that favors Th17 differentiation in the e-waste-exposed 

children is concerning. Although Th17 cells play an important role against 

infection (Bystrom et al., 2013; Tsai et al., 2013), it is also a major player in the 

induction of autoimmune inflammation (Furuzawa-Carballeda et al., 2007) and 

was shown to promote autoimmune diseases (Aranami and Yamamura, 2008; 

Maddur et al., 2012; Mesquita Jr et al., 2009; Pappu et al., 2008). Because Pb 

can be accumulated in the body over time and higher IL-17A levels have been 

observed in children from Guiyu, further studies are needed to continually 
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monitor blood Pb levels and levels of Th17 cytokines to identify and follow up 

on children at high risk in Guiyu and take specific intervention in time to 

improve their health. 

 

There are several limitations in this study. First, the sample size for flow 

cytometry analysis is relatively small. A larger sample size in future studies is 

needed to confirm our observations. Second, due to limited volumes of blood 

samples, we only tested the effect of Pb exposure on T cell distribution in 

children. Other toxicants in addition to Pb should be tested in future studies to 

further demonstrate how these toxicants affect T cell differentiation, such as 

naïve CD8+ T cell differentiation. 

 

In summary, the present study provides evidence that higher levels of Pb 

exposure enhance CD4+ memory T cell differentiation and favor Th17 

differentiation in preschool children from Guiyu, an e-waste contaminated area, 

which may result in an excessive Th17 response and increased risk of 

Th17-mediated autoimmune diseases in the e-waste exposed children.  
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Supplementary materials 

 

Table S1. Distribution of total lymphocytes, CD3+, CD4+ and CD8+ T cells in 

peripheral blood from preschool children. 

  Exposed(n=62) Reference(n=56) P 

Count of Lymphocytes (×109/L) 3.705±1.029 4.124±1.109 0.042 

Lymphocytes % 43.027±8.543 46.914±10.542 0.035 

Count of CD3+ T cells (×109/L) 2.393±0.744 2.506±0.828 0.320 

CD3+ T cells % 64.245±7.286 60.295±10.166 0.016 

CD4+ T cells % 48.903±7.309 50.320±8.202 0.323 

CD8+ T cells % 37.784±7.13 35.711±7.648 0.130 

Data was expressed in mean±SD and compared with independent sample t test. P < 0.05 was 

considered statistically significant. 

 

Table S2. Distribution of T cell subsets in children from exposed and reference 

groups. 

  Exposed(n=62) Reference(n=56) P 

CD4+ Tn %a 70.200(61.950-73.600) 73.000(70.750-77.775) 0.000  

CD4+ Tem %a 4.300(3.200-5.300) 3.650(2.400-5.250) 0.375  

CD4+ Tcm %a 24.500(22.100-31.425) 22.450(18.200-24.275) 0.000  

CD4+ TteRA %a 0.250(0.100-0.525) 0.300(0.200-0.675) 0.184  

CD8+ Tn cells %a 50.987(41.828-58.801) 50.199(35.424-58.985) 0.213  

CD8+ Tem %a 3.375(2.258-5.590) 3.985(2.180-6.406) 0.288  

CD8+ Tcm %a 0.889(0.565-1.472) 0.618(0.421-1.139) 0.003  

CD8+ TteRA %a 11.480(4.878-16.750) 12.598(6.896-24.329) 0.081  

CD4+Tn%/CD4+

Tm%a 
2.358(1.626-2.788) 2.705(2.422-3.504) 0.000 

Treg %b 6.70±1.141 7.05±1.377 0.180  

Tn: naïve T cells; Tem: effector momeory T cells; Tcm: central memory T cells; TteRA: terminally 

differentiated memory T cells. Tm: memory T cells. CD4+ Tm% was defined by (CD4+ Tcm events + 

CD4+ Tem events)/CD4+ events×100%. a: data was expressed in median (25th percentile-75th 

percentile) and compared by Mann-Whitney U test. b: data was expressed in mean±SD and compared 

by independent sample t test. P < 0.05 was considered statistically significant.      
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Fig. S1. Gating strategy for phenotyping of CD4+ and CD8+ T cell subsets. T cells was defined by CD3+ 

cells in lymphocytes. CD4+ and CD8+ T cells were isolated from CD3+ T cells. CD4+ T cell subsets were 

further dvided into : CD4+ naïve T cells (CD3+CD8-CD4+ CD45RA+CD27+, CD4 Tn), CD4+ effector 

memory T cells (CD3+CD8-CD4+CD45RA-CD27-, CD4 Tem), CD4+ central memory T cells 

(CD3+CD8-CD4+CD45RA-CD27+, CD4 Tcm), CD4+ terminally differentiated T cells 

(CD3+CD8-CD4+CD45RA+CD27-, CD4 TteRA). CD8+ T cell subsets were further divided into: CD8+ 

naïve T cells (CD3+CD4-CD8+CD45RA+CD27+CCR7+, CD8 Tn), CD8+ effector memory T cells 

(CD3+CD4-CD8+CD4-CD45RA-CD27-CCR7-, CD8 Tem), CD8+ central memory T cells 

(CD3+CD4-CD8+CD45RA-CD27+CCR7+, CD8- Tcm), CD8+ terminally differentiated T cells 

(CD3+CD4-CD8+CD45RA+CD27+CCR7-, CD8 TteRA). 

 

 

 

Fig. S2. Gating strategy for analysis of CD4+ regulatory T cells (Treg), defined by CD3+ 

CD8-CD4+CD127low/-CD25++. 
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Abstract: Lead (Pb) has been proven to be able to regulate immune function. 

To evaluate its effect on development and function of natural killer (NK) cells in 

children, we recruited 285 preschool children from Guiyu, one of the largest 

electronic waste (e-waste) recycling areas in the world with high concentrations 

of Pb in the air, soil, water, sediment and plants. A total of 126 preschool 

children were recruited from Haojiang as a reference group. Blood Pb levels, 

distribution of NK cells, counts of blood cells and concentrations of cytokines 

and chemokines that are relevant to NK cell development and function in the 

children were evaluated. Results showed that children in Guiyu had higher blood 

Pb levels and lower percentage of NK cells than children from the reference area. 

A significantly negative association was found between the percentage of NK 

cells and blood Pb levels. Moreover, children in Guiyu had higher platelet 

counts and IL-1β concentrations, which were accompanied by lower levels of 

IL-2, IL-27, MIP-1α and MIP-1β. Blood Pb levels were positively correlated 

with platelet counts and IL-1β concentrations and negatively correlated with 

levels of IL-27 in children. Taken together, the elevated blood Pb levels might 

hamper NK cell development and function in children from the 

e-waste-recycling area. 

 

Keywords: E-waste; Lead; NK cells; Cytokines; Preschool children. 

 

 

1.  Introduction 

E-waste has been regarded as a leading source for environmental pollution and 

drawn wide concerns in recent years (Wang and Guo, 2006; Ziblat et al., 2015). 

Our previous studies showed that a large amount of environmental toxicants 

including heavy metals and organic pollutants could be detected in Guiyu, a 

typical e-waste-contaminated area in southern China with nearly a 30-year 

history of crude e-waste disposal (Leung et al., 2008; Xu et al., 2015a). Lead 

(Pb), as one of the conventional environmental chemicals, has been constantly 

detected in the air, soil, water, sediment and plants in Guiyu, and its levels are 

usually much higher than in other unpolluted areas (Bi et al., 2015; Huo et al., 

2007; Wu et al., 2010). High blood Pb levels also were observed among local 
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preschool children in our previous cross-sectional studies (Li et al., 2008; Zheng 

et al., 2008). In vivo and in vitro experiments demonstrate that Pb has a 

developmental toxicity and could cause low cognitive competence, poor 

memory and study performance and reduction of birth weight (Guo et al., 2010; 

Xu et al., 2012; Yang et al., 2013). Children are particularly vulnerable to this 

xenobiotic and are prone to suffering health risks for a long-term accumulation 

of Pb in the body (Cao et al., 2014, 2015; Zheng et al., 2013). 

 

Pb is known neurotoxic and able to cause dysfunction of hematopoietic system 

(Turgeon O'Brien et al., 2012). It has also been proved that Pb is toxic to 

immune system in humans, increasing risk for infections and other types of 

diseases (Garcia-Leston et al., 2012; Kakuschke et al., 2005; Kasten-Jolly et al., 

2010; Laffon et al., 2013). A previous in vitro study showed that co-exposure of 

Pb with other metals could decrease the viability and immune competence of 

human peripheral lymphocytes and mononuclear cells (Fortier et al., 2008). NK 

cells, as a unique subset of lymphocytes, can lyse virus-infected cells and tumor 

cells without the requirement for sensitization, and exhibit immunoregulatory 

functions in adaptive immune responses (Hayakawa and Smyth, 2006). Pb 

exposure has been suggested as a significant regulator of NK cell cytotoxicity. A 

previous study showed that low dose of Pb exposure in vivo and in vitro 

suppressed rat spleenic NK cell cytolytic activity, which may in part explain the 

tumor-promoted effect of this chemical (Talcott et al., 1985). Several 

population-based studies revealed that environmental pollutants affected 

development of immune system in children, resulting in a decrease of NK cell 

numbers and NK cell receptor expressions (Calderon-Garciduenas et al., 2009; 

De Celis et al., 2008). However, Data are still scarce regarding the effect of Pb 

exposure on NK cell development and function, especially in young child.  

 

Previous studies have found that some molecules, such as cytokines and 

chemokines are tightly correlated with NK cell functions (Brady et al., 2010; 

Exon et al., 1985; Farag and Caligiuri, 2006; Fu et al., 2014; McKenna et al., 

2000). For example, interleukin (IL)-2, IL-12, IL-15, IL-18, IL-21, IFN-α, 

TNF-α, IL-1, IL-6, IL-7, IL-27, MIP-1α and MIP-1β, are important signal 

molecules to regulate NK cell development, survival and functional actions 
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(Fauriat et al., 2010; Loza et al., 2002; Marcenaro et al., 2005; Neta et al., 2011; 

Fodil et al., 2014; Lee and Gasser, 2010; Suck, 2006). Several experimental 

studies have indicated that varying doses of Pb exposure were associated with 

alteration of interleukin levels including IL-1β, IL-6, IL-8 and TNF-α, causing 

neurodevelopmental impairments, angiogenesis and tumor metastasis (Li et al., 

2014; Lin et al., 2015; Liu et al., 2012b; Luna et al., 2012). As a widespread 

environmental toxicant, Pb may affect expression of cytokines/chemokines and 

subsequently affect NK cell development and function. 

 

To date, the link between exposure to high levels of environmental chemicals 

and probably abnormal immune regulation and functional status in children has 

not been fully proven and to some extent remains a matter of speculation. Our 

previous study showed a decreased immune response to hepatitis B vaccine in 

Guiyu children with chronic Pb exposure (Xu et al., 2015b). We speculated that 

the immune arms or immunoregulatory chain of local children are partially 

impaired by Pb exposure. We hypothesized that Pb affected the development and 

functional activity of NK cells through altering the counts of accessory cells and 

levels of cytokines/chemokines that are involved in NK cell development and 

function in children. To test the hypothesis, we determined blood Pb levels, the 

percentage of NK cell subsets, blood cell counts and levels of relevant 

cytokines/chemokines in children from Guiyu, and Haojiang, a reference area 

without e-waste contamination. Our study might help to predict NK 

cell-mediated immunity in children exposed to higher levels of Pb in later life.  

 

2.  Materials and methods 

 

2.1  Study population   

A total of 411 preschool children at 3 to 7 years of age were recruited from 

Guiyu (n = 285) and Haojiang (n = 126) in December, 2014. Haojiang was 

selected as the reference area because of its similarities to Guiyu in population, 

cultural background and socioeconomic status, and lack of e-waste pollution. All 

participants were given the written informed consent prior to enrollment. A 

questionnaire was delivered to every participant, including questions about 

general characteristics of both parents and children, dwelling environments, 
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parental education levels and works, child behavior habits, diet and 

physiological parameters. The study protocol was approved by the Human 

Ethics Committee of Shantou University Medical College, China.  

 

2.2  Sample collection 

Peripheral blood samples were collected in Pb-free tubes by trained nurses. The 

blood samples collected in EDTA-coated tubes were used for routine blood test 

and evaluation of blood Pb levels. Blood samples in anticoagulant-free tubes 

were centrifuged at room temperature for 10 min at 855 g to collect serum. 

Serum was stored at −80°C until use.  

 

2.3  Determination of blood Pb levels  

For analysis of Pb levels, 100 µL whole blood and 900 µL of 0.5% nitric acid 

(analytical reagent) were mixed, followed by vortexing, and subsequently 

digested for 10 min at room temperature. The blood Pb levels were analyzed by 

graphite furnace atomic absorption spectrophotometry (Jena Zeenit 650, 

Germany), based on the protocol described in our previous publication [Guo et 

al., 2010]. 

 

2.4  Flow cytometry analysis 

To determine the CD3-CD56bright CD16low/- and CD3-CD56dimCD16+ phenotype 

of NK cells, 100 µL whole blood was mixed with appropriate volume of the 

following monoclonal antibodies: CD3-APC-CY7, CD56-PE, 

CD16-PerCP-Cy5.5 (BD Bioscience, USA) and incubated for 15 minutes in the 

dark at room temperature, then 2 mL of 1× FACS lysing solution (BD 

Bioscience, USA) was added. The cell suspension was vortexed gently and 

incubated for another 10 min in the dark at room temperature. Cells were then 

pelleted by centrifugation at 500 g for 5 minutes and the supernatant was 

removed. Cells were washed twice, resuspensed in 200 µL wash buffer and were 

tested on an Aria I flow cytometer (BD Bioscience). Data was analyzed with 

FlowJo and DVIA software (version 6.1, BD bioscience). 
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2.5  Cytokine and chemokine assays 

Cytokines and chemokines were detected with a ProcartaPlex Human Cytokine 

& Chemokine Panel 1A (eBioscience, USA). Beads coated with anti-human 

IL-12, IL-23, IL-27, MCP-1, RANTES, GROα, SDF-1α, IP-10, eotaxin, 

GM-CSF, IFN-α, IFN-γ, IL-1α, IL-1β, IL-1 receptor antagonist, IL-10, IL-13, 

IL-15, IL-17A, IL-18, IL-2, IL-21, IL-22, IL-31, IL-4, IL-5, IL-6, IL-7, IL-8, 

IL-9, MIP-1α, MIP-1β, TNF-α and TNF-β were incubated with the serum 

samples and analysis was proceeded based on the manufacturer’s instructions. 

Data acquisition was performed using a Luminex 200 analyzer (Luminex, USA). 

 

2.6 Statistical analysis 

All statistical analyses were performed with SPSS 19.0 and GraphPad Prism 5.0 

software. The comparison between two groups was made by an 

independent-sample t test, Mann-Whitney U test and chi-square test. Median or 

mean ± SD were used to depict blood Pb levels, percentages of NK cell subsets, 

cell counts and cytokine/chemokine concentrations. Spearman’s rank correlation 

analysis was used to examine relationships between blood Pb levels, blood cell 

counts and cytokine and chemokine concentrations. Multiple linear regression 

analysis was used to assess the relevant factors contributing to Pb exposure, and 

association of blood Pb levels with percentage of NK cell subsets. A p < 0.05 in 

a two-tailed test was considered as statistically significant. 

 

3.  Results 

 

3.1  Characteristics of the study population 

A total of 411 children were enrolled in the study (Table 1), the mean age of 

children in the exposed group (n = 285) was 4.5 ± 0.9 years, and 4.3 ± 1.0 years 

in the reference group (n = 126) (p < 0.01). Sex, height, weight and body mass 

index (BMI) of children did not show significant differences (p > 0.05, 

respectively) between the two groups. The mean blood Pb level in the exposed 

group was higher than that in the reference group (6.00 ± 2.75 µg/dL vs. 3.92 ± 

1.96 µg/dL) (p < 0.01). More than 57% of children from the exposed group  
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Table 1. Descriptive statistics for the study population. 

Characteristics Exposed  
 (n = 285) 

Reference 
(n = 126) p 

Child’s age (years) 4.5 ± 0.9 4.3 ± 1.0 0.006a 

Gender [n (%)]   0.780b 

Male 153 (53.9) 66 (52.4)  

Female 131 (46.1) 60 (47.6)  

Height (cm) 105.12 ± 7.22 105.01 ± 8.21 0.894a 

Weight (kg) 16.80 ± 2.73 16.91 ± 3.44 0.751a 

Body mass index (BMI, kg/m2) 15.12 ± 1.24 15.27 ± 2.03 0.457a 

Blood Pb levels (µg/dL) 6.00 ± 2.75 3.92 ± 1.96 < 0.001a 

> 5 µg/dL [n (%)] 164 (57.5) 21 (16.7) < 0.001b 

≤ 5 µg/dL [n (%)] 121 (42.5) 105 (83.3)  
Family member daily smoking [n 
(%)] 

  0.001b 

non-smoking 66 (24.8) 54 (43.2)  
~ 2 cigarettes 49 (18.4) 19 (15.2)  
~ 10 cigarettes 59 (22.2) 30 (24.0)  
~ 20 cigarettes 61 (22.9) 13 (10.4)  
> 20 cigarettes 31 (11.7) 9 (7.2)  

Ventilation of house [n (%)]   < 0.001b 

Occasionally 42 (15.3) 1 (0.8)  
Frequently 233 (84.7) 125 (99.2)  

Residence as workplace [n (%)]   < 0.001b 

No 134 (51.9) 120 (96.0)  

Yes 124 (48.1) 5 (4.0)  
Distance of residence from road (m) 
[n (%)] 

  < 0.001b 

< 10 103 (37.9) 12 (9.5)  

~ 50 59 (21.7) 30 (23.8)  

~ 100 57 (21.0) 17 (13.5)  

> 100 53 (19.5) 67 (53.2)  
Mother’s work related to e-waste 
dismantling [n (%)]   0.001b 

No 242 (91.0) 125 (100.0)  

Yes 24 (9.0) 0 (0)  
E-waste contamination within 50 
meters away from living house [n 
(%)] 

  < 0.001b 

No 169 (65.5) 121 (96.0)  

Yes 89 (34.5) 5 (4.0)  
a Compared by independent-sample t test. b Compared by chi-square test. p < 0.05 

was considered statistically significant. 
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exceeded the limit value of Pb level (>5 µg/dL) according to standard of the U.S. 

CDC (Betts, 2012). In addition, significant differences between two groups were 

found in status of family smoking, housing ventilation, use of residence as a 

workplace, distance of residence from the road, mother’s work related to e-waste 

recycling, and e-waste contamination within 50 meters from residence (p < 

0.01). 

 

3.2  Blood Pb levels and related factors 

Multiple linear regression analysis was used to estimate whether specific factors 

were related with blood Pb levels (Table 2). We found ventilation of housing, 

use of residence as a workplace, distance of residence from the road, mother’s 

work related to e-waste recycling and e-waste contamination within 50 meters 

away from residence were all positively associated with blood Pb levels (β = 

0.142, β = 0.143, β = 0.115, β = 0.126 and β = 0.147, respectively), and e-waste 

contamination within 50 meters away from living house had a predominant 

contribution to the elevated Pb levels in children. 

 

Table 2. Multiple linear regression analysis of factors related to blood Pb levels 

(BLL) in children. 

Data was adjusted by age, family member’s daily smoking. Ba: unstandardized 

coefficients; βb: standardized coefficients. CI, confidence interval; *p < 0.05, **p < 

0.01 were considered statistically significant. 

 

 

 BLL  

 Ba β
b 95% CI for B 

Ventilation of house 1.344 0.142  (0.398, 2.290)** 

Residence as workplace 0.825 0.143  (0.217, 1.432)** 

Distance of residence from road 0.255 0.115 (0.023, 0.487)* 

Mother’s work related to  
e-waste dismantling 1.548 0.126 (0.233, 2.862)* 

E-waste contamination within  
50 meters away from living house 0.930 0.147  (0.231, 1.628)** 
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3.3  Percentages of NK cell subsets in peripheral blood  

We used a gating strategy to analyze distribution of NK cell subsets in child 

peripheral blood by collection CD3- populations with exclusion of CD3+ cells 

from lymphocyte population at first. The identified subsets were then analyzed 

based on CD16 and CD56 expression (Table 3). NK cells in human peripheral 

blood were characterized by surface expression of CD56, with approximately 

2% - 10% of these NK cells designated as CD56bright, and more than 90% of 

cells were classified as CD56dim. The CD56dim cells expressing CD16 were 

responsible for the cytotoxic effect. Results showed that the percentages of 

CD3-CD56+ NK cells in the CD3- population was significantly lower in the 

exposed group (mean 8.51%) compared with that in the reference group (mean 

11.69%) (p < 0.01). The percentages of CD3-CD56brightCD16low/- and 

CD3-CD56dimCD16+ subpopulations in CD3-CD56+ NK cells were both lower in 

the exposed group (mean 3.64% and 84.10%, respectively) than in the reference 

group (mean 4.62% and 87.21%, respectively) (p < 0.05, respectively). 

 

 

 

Table 3. Compositions of NK cell subsets (%) in peripheral blood of children. 

Exposed  Reference  
 

N Mean ± SD  N Mean ± SD 
p  

CD3-CD56+  56 8.51 ± 3.49  65 11.69 ± 5.24 < 0.001 

CD3-CD56brightCD16low/- 56 3.64 ± 2.24  65 4.62 ± 2.72 0.032 

CD3-CD56dimCD16+ 56 84.10 ± 7.25  65 87.21 ± 6.34 0.014 

Data were compared by independent-sample t test. p < 0.05 was considered 

statistically significant.  
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3.4  The association between blood Pb levels and NK cells   

The relationship between blood Pb levels and NK cells were shown in Table 4. 

We found that the percentages of CD3-CD56+ and CD3-CD56brightCD16low/- NK 

cells were both negatively correlated with blood Pb levels (Rs = -0.199, p = 

0.031 and Rs = -0.229, p = 0.013, respectively). Univariate linear regression 

analysis between blood Pb levels and NK cells further showed that increased Pb 

levels may mainly affect the CD3-CD56brightCD16low/- NK cells, which may 

cause a decline in the percentage of this subgroup (B = -0.182, 95% CI: -0.357, 

-0.007, p < 0.05) (Table 5). 

 

Table 4. Spearman correlations of blood Pb levels and NK cells in children. 

 CD3-CD56+  CD3-CD56brightCD16low/-  CD3-CD56dimCD16+ 

 Rs p  Rs p  Rs p 

BLL -0.199 0.031  -0.229 0.013  -0.097 0.298 

Rs: Spearman correlation coefficient. p < 0.05 were considered statistically 

significant. 

 

Table 5. Univariate linear regression analysis of the association between blood 

Pb levels and NK cells in children. 

 CD3-CD56+  CD3-CD56brightCD16low/-  CD3-CD56dimCD16+ 

 B 95% CI for B B 95% CI for B B 95% CI for B 

BLL -0.183 (-0.514,0.148) -0.180 (-0.357, -0.007)* -0.252 (-0.733, 0.229) 

Data was adjusted by age. B: unstandardized coefficients. CI: confidence interval;       

*p < 0.05 was considered statistically significant. 

 

3.5  Determination of of blood cell counts and concentrations of cytokines 

and chemokines  

In order to understand the internal microenvironment that was associated with 

the proliferation and activation of NK cells, we measured distribution of blood 

cells and concentrations of relevant cytokines/chemokines in children’s 
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peripheral blood. Blood cells including lymphocytes, platelets, erythrocytes, 

monocytes and neutrophils that could interact with NK cells were analyzed. We 

found that the counts of lymphocytes in the Guiyu group (median 3.71×109/L) 

were lower than that in the reference group (median 4.15×109/L) (p < 0.01). In 

contrast, the counts of platelets were higher in the Guiyu group (median 

315.00×109/L) than that in the reference group (median 285.00×109/L) (p<0.01). 

There was no significant difference in the counts of erythrocytes, monocytes and 

neutrophils between the exposed group (median 4.78×1012/L, 0.50×109/Land 

3.81×109/L, respectively) and the reference group (median: 4.73×1012/L, 

0.51×109/L, 3.85×109/L, respectively) ( p > 0.05) (Figure 1 and Table S1). 

Additionally, we found that IL-2, IL-27, MIP-1α and MIP-1β concentrations 

were significantly lower in the exposed group (median 7.97 pg/mL, 50.40 

pg/mL, 9.17 pg/mL and 758.06 pg/mL, respectively) compared with the 

reference group (median: 8.41 pg/mL, 106.28 pg/mL, 10.16 pg/mL and 791.44 

pg/mL, respectively) (p < 0.05, respectively) (Figure 2. and Table S2). In 

contrast, IL-1β concentrations were higher in the exposed group (median 

0.81pg/mL) compared with that in the reference group (median 0.80 pg/mL) (p 

< 0.05). IL-12 secretions were under detection limit and were exclulded from 

analysis (data not shown). There were no statistically significant differences in 

the concentrations of IL-15, IL-18, IL-21, IFN-α, TNF-α, IL-6 and IL-7 between 

two groups. The detection limit of cytokines and chemokines were shown in 

Supplemental Material (Table S2). 

 

3.6  The association between blood Pb levels and blood cell counts, 

cytokine and chemokine concentrations  

We found that counts of platelets, neutrophils and monocytes were correlated 

with blood Pb levels (Rs = 0.112, Rs = 0.139 and Rs = 0.120, p < 0.05, 

respectively). In terms of cytokines, serum IL-1β and IL-6 concentrations were 

positively associated with blood Pb levels (Rs = 0.162 and Rs = 0.222, 

respectively; p < 0.05 and p < 0.01, respectively). In contrast, IL-27 

concentrations were negatively associated with blood Pb levels (Rs = -0.306, p < 

0.01) (Table 6). 
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Figure 1. Blood cell counts in peripheral blood. Exposed group, n=80; 

Reference group, n=80. Results were presented as medians; Data were compared 

by Mann–Whitney U test.  *p < 0.05, **p < 0.01 were considered statistically 

significant. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Levels of cytokines and chemokines in peripheral blood. Exposed 

group, n=80; Reference group, n=80. Data were presented by medians and 

compared by Mann-Whitney U test. *p < 0.05, **p < 0.01 were considered 

statistically significant. 
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4.  Discussion 

In this study, we explored the distribution of blood NK cells, the counts of other 

types of blood cells and the levels of cytokines and chemokines that are relevant 

to NK cell development and function in preschool children from Guiyu, a 

typical e-waste-recycling area and Haojiang, a reference area without e-waste 

contamination. The relationships between these parameters and blood Pb levels 

were also evaluated in these preschool children. Our results showed that children 

in Guiyu persistently had higher blood Pb levels compared with the reference 

group (Guo et al., 2010; Huo et al., 2007; Xu et al., 2012; Yang et al., 2013; 

Zheng et al., 2013; Zheng et al., 2008). We analyzed certain factors including 

ventilation of housing, use of residence as a workplace, distance of residence 

from the road, mother’s work related to e-waste recycling and e-waste 

contamination within 50 meters away from residence, all of which were 

positively associated with blood Pb levels. It suggested that Pb accumulation 

continues in local children because of the e-waste pollution. In addition, 

percentages of NK cells and its subsets including CD3-CD56+, 

CD3-CD56brightCD16low/- and CD3-CD56dimCD16+ NK cells in the peripheral 

blood of Guiyu children were lower compared with the reference group and 

percentages of CD3-CD56+ and CD3-CD56brightCD16low/- NK cells were both 

negatively correlated with blood Pb levels. These observations indicate that the 

decreased percentages of NK cells to some extent may be caused by the elevated 

levels of Pb exposure. Pb exposure can disturb NK cell differentiation in 

children. Previous cross-section studies demonstrated that blood Pb levels 

negatively correlated with the distribution of NK cells in Pb-exposed workers 

(Mishra et al., 2003; Sata et al., 1997). They found that the numbers and 

percentages of CD16+ NK cells in the high-Pb-exposed group were significantly 

lower than those in the control and in the low-Pb-exposed group. Our finding in 

children from the e-waste-polluted area is partially consistent with those 

observations. The difference is that they found a negative correlation between 

the number of CD16+ NK cell subpopulations and Pb levels, instead of 

CD3-CD56brightCD16low/- NK cells in our results. The possible reason for the 

difference may stem from different levels of Pb exposure and age of subjects. 

The higher Pb levels and the longer period of exposure may cause apoptosis of 
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terminally differentiated NK cells in occupationally exposed workers, whereas 

the relatively lower levels of Pb exposure may disturb NK cell maturation into 

cytotoxic phenotype in preschool children in our study.  

 

Table 6. Spearman correlations between blood Pb levels and immune parameters 

in children. 

 BLL 
 

 Rs p 

Lymphocyte  -0.015 0.763 

Erythrocyte   0.059 0.235 

Platelet  0.112 0.024 

Neutrophil  0.139 0.037 

Monocyte  0.120 0.015 

IL-2  -0.033 0.685 

IL-15  0.087 0.280 

IL-18  -0.068 0.399 

IL-21  0.050 0.562 

IFN-α  0.008 0.924 

TNF-α  0.052 0.537 

IL-1β  0.188 0.018 

IL-6  0.222 0.005 

IL-27  -0.306 0.000 

MIP-1α  -0.048 0.557 

MIP-1β  -0.006 0.940 

Rs: Spearman correlation coefficient. p < 0.05 was considered statistically 

significant. 

 

For the internal deposition of Pb in children, approximately 73% of Pb 

eventually accumulates in bone (deSilva, 1981). A previous in vitro study 

showed that Pb exposure reduced somatic growth, longitudinal bone growth, and 

bone strength during the pubertal period (Ronis et al., 2001). Because NK cells 
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are derived from bone marrow cells, deposition of Pb in bone marrow would 

disrupt NK cell development and result in the decreased percentage of NK cells. 

In addition, one of the most important trace elements, zinc, influences the 

proliferation and differentiation of CD34+ progenitors and plays a crucial role in 

the development and differentiation of NK cells (Abbas et al., 2013; Muzzioli et 

al., 2007). Pb, as an antagonist that competes with zinc at zinc binding sites, can 

inhibit the biological function of zinc (Goering, 1993; Hsu and Guo, 2002). As a 

result, higher levels of Pb exposure may disrupt the development of NK cells at 

early stage in Guiyu children. It is worth to note that children from Guiyu had a 

lower count of lymphocytes, although it is not correlated with Pb levels. The 

lower count of lymphocytes suggests a possibility that lymphogenesis in general 

was inhibited in children from Guiyu, and Pb exposusre may combine with other 

environmental factors to result in the decreased percentage of NK cells in Guiyu 

children. CD56bright NK cells can constitutively express the high-affinity 

heterotrimeric IL-2 receptor (IL-2Rαβγ) and expand in vitro and in vivo in 

response to IL-2 stimulation (Calderon-Garciduenas et al., 2009). We found that 

levels of IL-2 were lower in the e-waste-exposed group, which may also 

contribute to a lower percentage of NK cell subsets in children from the 

e-waste-exposed group. However, blood Pb levels were not associated with 

levels of IL-2, suggesting that effect of Pb exposure on NK cell subsets was not 

dependent on the altered IL-2 expression in children.  

 

The cytotoxic activity of NK cells is associated with the levels of cytokines and 

chemokines, the numbers of activated NK cells in the body, and the expression 

of MHC class I molecules on the surface of tumor cells (Lee and Gasser, 2010; 

Suck, 2006). NK cells express a variety of cytokine and chemokine receptors. 

Therefore, cytokines and chemokines can regulate the development of NK cells, 

and NK cell-mediated anti-tumor immune response (Taub et al., 1995). IL-1β is 

a pleiotropic cytokine which promotes angiogenesis, tumor invasiveness and 

carcinogenesis. Elkabets et al. reported that IL-1β could enhance the ability of 

myeloid-derived suppressor cells to inhibit NK cell activity (Elkabets et al., 

2010; Li et al., 2014). We found that IL-1β concentrations were higher in the 

exposed group (p < 0.05), which may impair cytotoxic activity of NK cells in 

children from the exposed group. Our observation is in line with Li et al’s 
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finding that high expression of IL-1β and TNF-α were associated with maternal 

Pb exposure in mouse pups. Additionally, we found that levels of IL-27, MIP-1α 

and MIP-1β were lower in the exposed group. As a member of the IL-12 family 

of cytokines, IL-27 induces the production of IFN-γ and increases cytotoxicity 

of by human NK (Laroni et al., 2011; Ziblat et al., 2015) . It also increased   

viability of CD56bright and CD56dim NK subsets (Laroni et al., 2011). Moreover, 

MIP-1α and MIP-1β are involved in the recruitment of NK cells to various 

tissues and sites of chronic inflammation, and may facilitate or potentiate NK 

cell cytotoxic activity (Baschuk et al., 2014; Taub et al., 1995). The higher IL-1β 

levels that were accompanied by lower IL-27, MIP-1α and MIP-1β levels 

indicate a cytokine environment that may hamper NK cell survival and cytotoxic 

activity in children from the e-waste-exposed group. It is worth to note that 

blood Pb levels were not associated with levels of MIP-1α and MIP-1β, 

suggesting that the altered levels of MIP-1α and MIP-1β did not mediate effect 

of Pb exposure on NK cell function. In contrast, correlation analysis shows the 

concentrations of IL-1β and IL-27 were both related to blood Pb levels (Rs = 

0.162 and Rs = -0.306, respectively), suggesting possible ways with which Pb 

exposure may inhibit NK cell function in the children. Mechanistically, Pb may 

induce excessive ROS, which subsequently stimulates MPAKs and NF-κB 

signaling pathways to alter cytokine expression, as demonstrated by Liu and 

Cabral et al. (Cabral et al., 2015; Liu et al., 2012a). In addition, the NK cells 

cytotoxic function is also influenced by platelets. Platelets could aggregate on 

tumor cells, which impedes tumor cell lysis by NK cells (Li, 2008). Our results 

showed that the platelet counts were higher and were associated with the 

elevated Pb levels in children from the exposed group, which might not 

supportive for NK cell anti-tumor activity. Taken together, Pb exposure may 

upregulate IL-1β expression and platelet counts while downregulate IL-27 levels 

to hamper NK cell functional activity (Figure 3). 

 

There are some limitations in this study. Firstly, Guiyu children are exposed to 

multiple contaminants, including other types of heavy metals and organic 

pollutants, but we only investigate the effect of Pb on NK cells because of the  
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Figure 3. Main effects of Pb exposure on immune parameters in present study. 

Black arrows: higher levels of parameters in Guiyu children; Green arrows: 

lower levels of parameters in Guiyu children; Red arrows: the positive 

correlations between Pb and parameters; Blue arrows: the negative correlations 

between Pb and parameters. 

 

 

limited volume of blood samples. However, Pb is the most widespread 

environmental pollutant and was reported to regulates immune responses and 

cytokine production in a series of studies (Dudka et al., 2014; Dyatlov and 

Lawrence, 2002; Mishra et al., 2003). Secondly, there existed weak correlations 

between Pb and relevant immune parameters. Taking into account the duration 

and levels of exposure, the influence of Pb on these immune parameters may be 

more notable in the future. Finally, we did not directly measure the number of 

NK cell populations in peripheral blood. To better interpret the effects of Pb on 

the activity and function of NK cells, we need to detect more specific indicators, 

such as NK cell numbers, receptor expressions and NK cell-secreted 

granulysin/perforin. In addition, the toxicological effects of multiple 

contaminants on NK cells should be included in our future investigation. 
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5.  Conclusion 

We found that higher blood Pb levels were associated with lower percentages of 

CD3-CD56brightCD16low/- NK cells in Guiyu children. The elevated Pb levels 

may result in lower percentages of NK cells through alteration of the levels of 

platelets, IL-1β and IL-27, which collectively might hamper the function of NK 

cells. More parameters related to the functional activity of NK cells should be 

measured to elucidate Pb-induced toxicity on NK cell-mediated immunity in the 

future study. 
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Summary 

 

The developing lung and immune system are sensitive to stimulation of 

environmental toxicants. The aim of this thesis was to evaluate the effect of an 

early-life exposure to environmental toxicants on development of lung and 

immune cells and its implication in lung and immune-relevant diseases. To study 

the prenatal effect of environmental cigarette smoke exposure on lung 

development and lung pathology, a mouse model of maternal smoking during 

pregnancy was used. The effect of exposure to environmental toxicants on 

postnatal immune development was investigated in preschool children who 

living in a famous e-waste-contaminated area in China.  

 

Chapter 2 reviews the current literature about the effect of 

prenatal/early-postnatal exposure to widespread environmental toxicants on lung 

and immune cell development, which is linked to development of lung and 

immune diseases later in life. Prenatal/early-postnatal exposure to cigarette 

smoke, heavy metals or persistant organic pollutants were usually described to 

alter the lung structure and were associated with lower lung function and higher 

risk to develop asthma and COPD in offspring. Although effects on several 

signaling pathways that are relevant to lung branching, parenchymal- and airway 

epithelial differentiation have been explored, further efforts are needed to 

identify target genes in specific cell types that could be affected by early-life 

exposure to toxicants. Studies in animals and humans demonstrated that prenatal 

and early-postnatal exposure to cigarette smoke, heavy metals and persistent 

organic pollutants widely affected immune cell counts, baseline characteristics 

of cell-mediated- and humoral immunity in offspring and were linked with 

disturbed immune function in later life. It is worth to note that alterations in 

immune cell counts and adaptive immune responses by prenatal toxicants 

exposure were to some extent not persisted when evaluated in different 

endpoints, suggesting a plasticity of immune system. 

 

Chapter 3 describes a study in which the effect of prenatal smoke exposure on 

airway epithelial cell development and susceptibility to goblet cell metaplasia in 

neonatal offspring was investigated. Female C57BL/6 mice were exposed to 
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fresh air or cigarette smoke from 1 week prior to conception until birth. 

Immunohistochemistry and qRT-PCR were used to evaluate epithelial cell 

numbers and gene expression in lungs of 1-day-old pups. Maternal smoking 

during pregnancy decreased the number of airway ciliated cells as well as 

expression of transcription factor Foxj1, a master regulator of cilia genesis, in 

lungs from 1-day-old pups. In contrast, expression of transcription factors 

involved in goblet cell differentiation, such as Foxm1 and Spdef was increased 

in offspring from smoke-exposed mothers. This was accompanied by a higher 

mRNA expression of Hey1, a Notch target gene that regulates airway epithelial 

cell differentiation in fetal mice. The lower number of ciliated cells could affect 

mucociliary clearance and may explain the increased susceptibility of in utero 

smoke-exposed children to wheeze and develop childhood respiratory infections. 

In addition, increased expression of Spdef and Foxm1 could predispose for a 

higher susceptibility of goblet cell metaplasia in prenatally smoke-exposed 

offspring. 

 

In chapter 4 the investigations regarding the effects of maternal smoking during 

pregnancy were extended to the question whether prenatal smoke exposure 

affects susceptibility to cigarette smoke-induced inflammation and tissue 

remodeling in lung of adult offspring. In this study, 8-week-old C57BL/6 

offspring were postnatally exposed to air or cigarette smoke for 12 weeks. 

Maternal smoking during pregnancy down-regulated expression of the 

anti-inflammatory gene Aryl hydrocarbon receptor (Ahr) in prenatally 

smoke-exposed offspring lung. In addition, expression of anti-aging gene 

Sirtuin1 (Sirt1) and anti-oxidant gene Forkhead box class O 3a (Foxo3) were 

both decreased, whereas expression of cytokeratin 5 (Krt5) and trp63 (P63), two 

basal cell markers, was higher in offspring with prenatal smoke exposure. 

Offspring exposed to cigarette smoke for 12 weeks had more inflammation (M2 

macrophage infiltration), tissue remodeling (alpha smooth muscle layer) and 

expression of Muc5ac, cytochrome P450 family 1 subfamily A member 1 

(Cyp1a1) and Ahrr, the repressor of Ahr in lung. However, tissue remodeling and 

inflammation were not further enhanced by prenatal smoke exposure. This study 

suggests that prenatal smoke exposure may accelerate lung senescence in 

offspring. Of note is that all genes that were investigated have a role in the 
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oxidative stress response and are implicated in cell differentiation and apoptosis. 

The functionality of these genes can vary depending on the type of cell that is 

studied, type of organ and type of environment. We have investigated mRNA 

expression that was isolated from whole lung tissue and therefore we can only 

speculate on what expression profiles of the different pathways mean. Further 

analyses regarding expression and activation of the various genes/proteins 

within a particular pathway would be needed to get a better understanding on the 

role of that pathway in smoke-related lung disease. 

 

The next 2 chapters describe studies that were performed in peripheral blood 

cells isolated from preschool children that lived in Guiyu, a famous electronic 

waste (e-waste) recycling area, and in Haojiang, a place without e-waste 

contamination in Shantou, China. The roles of Pb exposure on T cell and NK 

cell differentiation and function were investigated in preschool children.  

 

Chapter 5 shows the effect of Pb exposure on T cell differentiation. The 

compositions of T cells were evaluated by flow cytometry. We observed a lower 

percentage of CD4+ naïve T cells and a lower ratio of CD4+ naïve to CD4+ 

memory T cells, as well as a higher percentage of central memory CD4+ and 

CD8+ T cells in children from the Pb-exposed group. Moreover, blood Pb levels 

were negatively associated with the percentage of CD4+ naïve T cells and the 

ratio of CD4+ naïve to CD4+ memory T cells, whereas they were positively 

associated with the percentage of CD4+ central memory T cells. Blood Pb levels 

were not associated with the percentage of CD8+ central memory T cells. 

Additionally, higher levels of IL-1α, IL-1β, Th17 cytokines (IL-17A and IL-22), 

in concomitant with lower levels of IL-1 receptor antagonist (IL-1RA) and Th2 

cytokines (IL-9 and IL-13) were found in children from the Pb-exposed group. 

Blood Pb levels were negatively associated with IL-1RA, IL-9 and IL-13 levels, 

whereas they were positively associated with IL-1α, IL-1β and IL-22 levels. 

Moreover, levels of IL-1β had a positive correlation with levels of IL-17A and 

IL-22. These data together suggest that higher levels of Pb exposure might 

increase CD4+ memory T cell differentiation and favor Th17 cell differentiation 

in preschool children from an e-waste contaminated area. Although Th17 

protects the host from infections, it plays an important role in autoimmune 
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inflammatory diseases. Accumulated Pb exposure may promote excessive Th17 

differentiation and increase the risk for Th17-mediated inflammatory diseases in 

Guiyu children in later life.  

   

In chapter 6 our analyses were extended to the effect of Pb exposure on NK cell 

development and function in preschool children from the same e-waste 

contaminated area. Compositions of NK cells and levels of 

cytokines/chemokines that are relevant to NK cell development and functional 

activity were evaluated in this study. The percentages of CD3-CD56+ NK cells, 

CD3-CD56brightCD16low/- and CD3-CD56dimCD16+ NK subsets were all lower in 

children from the Pb-exposed groups compared with the reference group. 

However, levels of IL-1β and platelet counts, which are involved in inhibition of 

NK cell cytotoxic activity, were higher in children from the Pb-exposed group. 

Expression of IL-2, IL-27, MIP1α and MIP1β, which were reported to promote 

NK cell proliferation/maturation and cytotoxic activity were lower in children 

from the Pb-exposed group compared with the reference group. Additionally, 

blood Pb levels positively associated with IL-1β levels and platelet counts, 

whereas they were negatively associated with the percentage of 

CD3-CD56brightCD16low/- NK cells and levels of IL-27. Our study suggests that 

higher levels of Pb exposure inhibit NK cell maturation and may hamper its 

functional activity in preschool children from the e-waste contaminated area. 

Because the number and cytotoxic activity of NK cells increases with age, 

persistent Pb exposure at early age may hamper NK cell function in the long 

term and increase susceptibility to virus infections in children from Guiyu. 
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General discussion 

 
Prenatal exposure to smoke: disturbed lung development and long-term 

effects on lung inflammation, senescence and repair in the postnatal life 

The developmental origin of health and disease hypothesis emphasizes the 

influence of the in utero environment on risk of diseases in later life. With 

regard to chronic lung diseases, a series of epidemiological studies linked 

maternal smoking during pregnancy with lower lung function [1-3], respiratory 

infections in the young child [4] and early onset of asthma and COPD [1-3, 5-9]. 

Airway epithelial layers are a physical and functional barrier to prevent 

toxicants and microbial attachment and entry into lung tissues. A defect in 

airway epithelial structure and function has been suggested to increase the risk 

to develop asthma [10]. Previous experimental studies mainly investigated the 

effect of prenatal smoke on alveolar development [11, 12] and structure 

alterations around the conducting airway [13]. Few studies focused on influence 

of prenatal smoke exposure on airway epithelial cell development and its 

implication in susceptibility of lung diseases in offspring [14].  

 

Cilated cells, together with club cells, goblet cells and serous cells make the 

mucociliary defense [15]. The airway ciliated cells are covered by a periciliary 

fluid layer and an additional mucous layer on top of that [16]. Once bacteria or 

particulates are attached to the mucous layer, the pathogens will be bonded by 

antimicrobial peptides and immunoglobulins and destroyed by neutrophils or 

macrophages present in the mucous layer [17]. Subsequently, the coordinated 

beating of cilia removes mucus out of the airways to prevent lung infection and 

injury. The cilia genesis is promoted by the master transcription factor Foxj1 in 

ciliated cells [18]. Dysfunction of ciliated cells, including decreased beat 

frequency, loss of cilia and number of cilated cells have been found in asthma 

and COPD [19, 20]. Epidemiological studies have linked prenatal smoke 

exposure with lower lung function, respiratory infections in young children, 

asthma and COPD [1-4, 21-24]. Interestingly, we found a lower number of 

ciliated cells (chapter 3), which was accompanied by lower Foxj1 expression in 

1-day-old pups after in utero smoke exposure. This observation may partially 

explain the association between maternal smoking during pregnancy and lower 
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lung function in offspring and higher risk for respiratory infections in young 

children that were found in epidemiological studies [2-4]. Our result is 

consistent with previous in vitro studies in which cigarette smoke extract (CSE) 

exposure decreased the differentiation of mouse nasal septal epithelium and 

primary human bronchial epithelial cells (HBEC) into ciliated cells at the 

air-liquid interface [25, 26], although transcription of Foxj1 was not changed in 

HBEC-derived cells. It is possible that CSE influenced Foxj1 protein translation 

rather than mRNA transcription in HBEC. Indeed, although the number of CC10 

and Muc5AC positive cells increased, no changes in CC10 and Muc5ac mRNA 

expression levels were found in that study [25]. In addition, we observed an 

up-regulated expression of Hey1, a Notch-target gene in the prenatally 

smoke-exposed offspring. This is of interest because Notch signaling was 

suggested to control the balanced cilated cell and club cell differentiation during 

lung development in mouse [27]. Disruption of Notch signaling favored ciliated 

cell fate whereas inhibited secretory club cell fate in mouse airway [27, 28]. The 

enhanced Notch signaling in the prenatally smoke-exposed offspring may have 

contributed to the observed lower ciliated cell number in these animals.  

 

As a member of the mucociliary defense system in the lung, goblet cells secrete 

mucus to stick pathogens and particulates on the airway surface. However, 

excessive mucus production from the increased numbers of goblet cells, due to 

smoke or allergen stimulation, may make the airway surface fluid layer too 

sticky and will decrease airway clearance efficiency. Goblet cell 

metaplasia/hyperplasia is suggested as one of the reasons for airway obstruction 

in asthma and COPD [29, 30]. In the mouse, goblet cells are suggested to be 

derived from club cells [31, 32]. Goblet cell metaplasia is promoted by 

expression of the transcription factors SPDEF [32], and FOXM1, which 

facilitates SPDEF expression [31]. Meanwhile, the transcription factors FOXA2 

and NKX2.1 were suggested to maintain club cell identity and prevent SPDEF 

expression [33]. Because we observed a higher house dust mite-induced goblet 

cell numbers in the prenatally smoke-exposed adult BALB/c offspring in our 

previous study [13], we asked whether the increased susceptibility for goblet cell 

metaplasia might result from a higher number of club cells or altered expression 

of goblet cell metaplasia-relevant genes in the prenatally smoke-exposed mice. 
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In our study (Chapter 3), we did not find an increase of club cell numbers in the 

prenatally smoke-exposed offspring, although transcription of Spdef and Foxm1 

was increased in these pups. In contrast, the expression of Nkx2.1 and Foxa2 

was not markedly changed (downward trend for Nkx2.1). As a result, in these 

mice the incidence of goblet cell metaplasia may also be higher after allergen 

exposure, as we observed in previous study [13]. However, the similar result 

was not found after 12 weeks of cigarette smoke exposure (Chapter 4). In mice, 

cigarette smoke has a relatively minor effect on development of goblet cells [34, 

35], which can be circumvented by additional infection in the lung by 

respiratory pathogens [36, 37]. Furthermore, prenatal and postnatal second hand 

smoke exposure were even shown to suppress goblet cell formation and mucus 

production in a recent study in BALB/c mice [38].  

 

Although chronic inflammation is widely accepted as a pathogenic mechanism 

for COPD, accelerated lung senescence has recently been suggested as an 

alternative mechanism for development of COPD [39-41]. Oxidative stress plays 

a pivotal role to promote cell senescence [42]. Oxidants such as reactive oxygen 

species (ROS) in cigarette smoke gas, or secreted by the activated inflammatory 

cells in lung, induce strong oxidative stress in COPD lung [43]. In vitro studies 

have shown that cigarette smoke extract promotes senescence in airway 

epithelial cells and fibroblasts [44, 45]. The senescent lung cells were suggested 

to release inflammatory cytokines and induce inflammation, which promotes 

further lung cell senescence and apoptosis, and eventually irreversible lung 

injury [39, 41]. To protect the lung from oxidative stress-induced injury, the 

protective anti-oxidant system in lung cells is also activated after cigarette 

smoke exposure. AHR, a transcription factor that is expressed in most of lung 

cells [46, 47], was suggested to suppress cigarette smoke-induced lung 

inflammation [48, 49] and protect lung fibroblast and alveolar epithelial cell 

lines from CSE-induced mitochondrial dysfunction and cell apoptosis [50]. 

Activation of AHR resulted in transcription of AHRR, the repressor of AHR, 

which competes with AHR to bind the AHR nucleus translocater to prevent 

further transcription activity initiated by AHR activation [51]. Because oxidative 

stress promotes senescence, optimal anti-senescence capacity is essential to 

protect lung cells from cigarette smoke-induced cell senescence. SIRT1, a 



Summary, general discussion and future perspectives 

 163 

master anti-senescence player in different cell types [52-57], was demonstrated 

to deacetylate FOXO3, a transcription factor with an anti-oxidant role [58], to 

protect mice against cellular senescence and emphysema induced by cigarette 

smoke [57].  

 

In our model (Chapter 4), maternal smoking during pregnancy down-regulated 

expression of Ahr. This effect still existed and contributed to lower Ahr 

expression in adult offspring after 12 weeks of cigarette smoke exposure, 

whereas expression of Ahrr, the repressor of Ahr was increased under postnatal 

cigarette smoke exposure. Additionally, expression of anti-senescence genes 

Sirt1 and Foxo3 were also downregulated in adult offspring by prenatal smoke 

exposure. Our observations suggest that maternal smoking may promote 

offspring lung senescence through down regulation of AHR-mediated 

anti-inflammatory responses and SIRT1-mediated anti-senescence activity. 

However, we did not observe obvious additive negative effects of prenatal 

smoke exposure on Sirt1 and Foxo3 expression in adult offspring with 12-week 

cigarette smoking exposure. The possible reason could be that 12 weeks of 

smoke exposure was not long enough to induce a marked loss of Sirt1 and 

Foxo3 and that detrimental effects will only become apparent when mice were 

exposed to cigarette smoke for a longer period of time or when they were 

exposed at an older age. The down regulation of expression of anti-oxidant 

genes in our model may result in more lung cell apoptosis in offspring and 

stimulate compensated lung cell proliferation for repair. Basal cells in the lung 

are considered as stem cells and start to proliferate upon lung injury for tissue 

regeneration [59]. We found that maternal smoking up-regulated expression of 

Krt5 and P63, two markers of basal cells in offspring, suggesting an increased 

presence of basal cell in offspring lung. Immunohistochemistry staining showed 

a few Krt5 positive cells in distal conducting airway and alveolus of offspring 

exposed to smoke. However, the number of Krt5-positive cells was low in the 

lung. Additional studies on lung apoptosis and regeneration should give us more 

insight into the effects of (prenatal) smoke exposure on basal cell proliferation 

or regeneration in our model.   

In our study (Chapter 4), maternal smoking during pregnancy reduced the alpha 

smooth muscle layer (SMA) around the airways but had no effect on other 
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markers of remodeling such as collagen III or Muc5ac expression in adult 

offspring. In contrast, SMA thickening and Muc5ac mRNA expression were 

increased in the offspring after 12-week smoke exposure. 

However, maternal smoking during pregnancy did not contribute to such an 

increase. This is different from our pervious observations [13]. The possible 

reason for the discrepancy with the previous study may be that a different mouse 

strain was used in the present study. In addition, we adopted a new smoke 

machine, a new smoke exposure protocol, and also a new batch of research 

cigarettes which had a lower concentration of nicotine and tar.  

 

Exposure to environmental toxicants in early childhood: a threat to immune 

cell development and functional performance. 

Memory immunity protects preschool children from various infectious diseases 

after vaccination program. However, the prerequisite of memory immunity is to 

successfully develop optimal numbers of memory T cells and memory B cells. 

As a widely spread immunotoxicant in environment, Pb at low levels were 

suggested to enhance T cell proliferation and promote Th2 differentiation [60]. 

Although the effect of Pb on T cell proliferation and differentiation has been 

intensively studied in vitro [60-62], its effect on T cell differentiation in young 

children is largely unknown. In this thesis (Chapter 5), we explored the effect of 

Pb exposure on T cell differentiation in preschool children. We observed an 

increased memory T cell differentiation from the Pb-exposed group. To explain, 

Pb exposure may have enhanced peptide:MHC interaction to facilitate T cell 

activation and differentiation, as was demonstrated in vitro [60]. Our observation 

is consistent with a previous study demonstrating that the percentage of CD4+ 

naïve T cells was decreased and the percentages of CD4+ and CD8+ memory T 

cells were increased along with age during the first 5 years of life [63]. The 

increased percentage of memory T cells in our study, however, is not in line with 

another previous study, in which the number of CD3+CD45RO+ memory T cells 

was significantly decreased in the occupationally Pb-exposed workers [64]. In 

addition, we did not find a difference in absolute counts of CD3+ T cells, as well 

as the percentages of CD4+ and CD8+ T cells, which are not consistent with 

previous studies [65, 66]. The discrepancy may result from different age and Pb 

levels in the studies. Much higher Pb levels in previous studies may cause T cell 
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apoptosis and inhibit T cell development and differentiation, which may result in 

less CD3+ T cell counts and disproportion of CD4+ and CD8+ T cells. It is also 

worth to note that the increased percentage of CD8+ central memory T cells in 

the Pb-exposed children did not associate with blood Pb levels in our study, 

suggesting that other factors, possibly other environmental toxicants derived 

from e-waste, stimulated CD8+ memory T cell development in local children. 

 

Balanced differentiation of helper T cells is important to prevent allergic 

diseases with a Th2-biased response [67, 68]. As in vitro and in vivo studies have 

suggested that Pb exposure promote Th2 differentiation [69, 70], we were 

interested in whether Pb exposure promoted the Th2 response in young children. 

To our surprise, expression of Th2 cytokines (IL-9 and IL-13) was lower in the 

Pb-exposed children, and levels of Th2 cytokines were negatively associated 

with blood Pb levels. In contrast, levels of Th17 cytokines (IL-17A and IL-22) 

were higher in the Pb-exposed children and were positively associated with 

blood Pb levels. This suggests that higher levels of Pb exposure may favor Th17 

responses rather than Th2 responses in Guiyu children. IL-1 cytokines (IL-1α 

and IL-1β) were suggested to promote helper T cell expansion and Th17 

differentiation in inflammatory diseases [71, 72]. We indeed observed higher 

levels of IL-1 cytokines, accompanied by lower levels of its inhibitor IL-1RA, in 

the Pb-exposed children. Importantly, Pb levels were positively associated with 

IL-1 levels whereas they were negatively associated with IL-1RA. These results 

indicate that Pb exposure may regulate T helper cell differentiation through 

inducing more production of proinflammatory cytokines which may favor Th17 

differentiation. Our observation that Pb exposure was associated with higher 

levels of IL-1 cytokines is consistent with previous animal studies [73, 74]. 

Regarding lower expression of Th2 cytokines in the Pb-exposed children, we 

speculate that relatively low levels of Pb exposure in our study stimulated a 

stronger innate immune response and higher production of potent 

proinflammatory cytokines, which mainly stimulated Th17 differentiation and 

overshadowed its stimulatory role for Th2 differentiation in the Pb-exposed 

children. We have to note that the Pb-exposed children were apparently healthy, 

there may exist other types of cytokines which may prevent excessive Th17 

differentiation in these children. However, our data demonstrate that at least Pb 
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exposure is a risk factor for the possibly excessive Th17 differentiation in these 

children in future. Considering the already existed higher levels of IL-17A in 

Guiyu children, continuous monitor of blood Pb levels and IL-17A 

concentrations may help to identify children at high risk and take intervention in 

time.   

 

Except for its role in T cell differentiation, Pb exposure also affected NK cell 

differentiation and functional activity in preschool children from the same 

e-waste recycling area. We observed a lower percentage of total NK cells, 

CD56brightCD16 low/- and CD56dimCD16+ cells in children from the Pb-exposed 

group than in the reference group. In addition, blood Pb levels were negatively 

associated with the percentage of CD56brightCD16 low/- NK subsets, a transitional 

NK subset that would further mature into cytotoxic NK cells [75, 76]. Our 

observation was partially in line with the result of a previous study, although in 

this study higher blood Pb levels were associated with the lower percentage of 

CD16+ NK cells in the Pb-exposed workers, rather than the lower percentage of 

CD16low/- NK cells in our study [77]. Except the difference in Pb levels, age may 

be the main reason for the discrepancy between the previous study and ours. As 

number and cytotoxic activity of NK cells progressively increase with age [78, 

79], there should be many more matured NK cells (CD16+) in the Pb-exposed 

workers than in preschool children. As a result, Pb exposure may mainly effect 

on matured NK cells in adult workers.   

 

NK cell development and function are regulated by a series of cytokines. For 

example, IL-2, IL-15 and IL-7 all can bind to γc [80] to promote generation of 

CD3-CD56bright NK cell in vitro, although most of these NK cells are 

functionally immature compared to the in vivo-derived primary blood CD56bright 

NK cells [81-83]. Other cytokines, such as IL-12, IL-21 can synergize with IL-2, 

IL-7 or IL-15 to promote NK cell proliferation, maturation and survival [84-86]. 

Moreover, IL-12 and IL-27 stimulate NK cell production of IFN-γ [87, 88], 

while IFN-α and IFN-β induce NK cell cytotoxic activity [88]. Additionally, 

chemokines such as MIP-1α and MIP-1β are suggested to be involved in the 

recruitment of NK cells to various tissues and sites of chronic inflammation, and 

facilitate or potentiate NK cell cytotoxic activity [89, 90]. In contrast, IL-1β 



Summary, general discussion and future perspectives 

 167 

could indirectly suppress NK cell development and NK cell-mediated anti-tumor 

activity through induction of Ly6C-negative myeloid-derived suppressor cells 

[91]. In our study, we observed lower levels of IL-2 in the Pb-exposed children, 

which may explain the decreased percentage of NK cells in general. We also 

observed lower levels of IL-27, MIP-1α and MIP-1β, which were accompanied 

by higher levels of IL-1β. Such a cytokine environment may decrease anti-viral 

and anti-tumor ability of NK cells in the Pb-exposed children. In addition, we 

found higher counts of platelets in Pb-exposed children, which also does not 

support NK cell function considering the negative role of platelets on NK 

cell-mediated cytotoxic activity [92]. The negative association between blood Pb 

levels and levels of IL-27, accompanied by a positive association between blood 

Pb levels and levels of IL-1β and platelet counts suggested that higher levels of 

Pb exposure may adversely affect NK cell development and function in a direct 

or indirect way in children from the Pb-exposed group. However, as Pb levels 

were not associated with levels of IL-2, MIP-1α and MIP-1β in our study, Pb 

exposure should not be the only factor that contributed to the lowered 

percentage of NK cells and impaired functional activity of NK cells in the 

Pb-exposed children. Considering that NK cell number and function increase 

along with age [78, 79], persistent chronic Pb exposure may hamper NK cell 

differentiation and its anti-viral and anti-tumor function in multiple ways in 

children from the e-waste contaminated area .  

 

Our study suggests that Pb may act on multiple cell types at the same time to 

regulate expression of cytokines/chemokines, which, at least in part, mediate the 

effect of Pb exposure on development and function of certain immune cells. The 

general profile of relevant cytokines/chemokines should be concerned when 

referring to Pb exposure-induced alteration in immune cell differentiation and 

function in children. 
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Future perspectives  

 

The studies presented in this thesis left us some questions for further study. 

Firstly, whether prenatal smoke exposure affects the Notch signaling pathway in 

airway epithelial cells? The Notch signaling pathway was suggested to control 

the balanced differentiation of ciliated and club cells on fetal airway [27]. 

Enforced expression of the active domain of Notch1 receptor in mouse airway 

epithelial cells was shown to increase mucus secreting cell numbers while 

decrease the ciliated cell numbers. Stimulation of mouse embryonic transplants 

or adult human airway epithelial cells with Notch agonists also gained similar 

phenotypes [93]. Down regulation of the Notch pathway gene expression was 

associated with smoking and COPD [94], although we do not know whether 

there exists a causal relationship between aberrant Notch signals and 

development of COPD. Interestingly, active Notch signaling was shown to be 

required for repair and regeneration in a SO2-exposed mouse model and in 

human airway basal cell differentiation in vitro [95].  

 

Our study showed the inhibition of ciliated cell differentiation and upregulated 

expression of the Notch target gene Hey1 in the lung of prenatally 

smoke-exposed pups. We speculate that the Notch signaling pathway may be 

disturbed during airway epithelial cell differentiation by prenatal smoke. 

However, it is not known which Notch receptors or ligands, or Notch target 

genes in what type of airway epithelial cells were affected by prenatal smoke. 

Moreover, whether the alteration of Notch signaling during the fetal stage would 

have long-term effect on Notch activation in postnatal life is still unknown. 

Previous studies in adult airway epithelial cells showed that Notch signaling was 

active at low level at steady state, and its activity increased during epithelial 

repair after lung injury [95]. To investigate the role of Notch signaling in our 

pre- and postnatal smoke-exposed mice (chapter 4), a recent pilot experiment 

(n=2 per group) showed a clear nuclear expression of Hey1 in airway epithelial 

cells from conducting airways, type II alveolar epithelium and alveolar 

macrophages (data not shown). Quantification of positive cells is necessary to 

conclude on differences between the (prenatal) smoke-exposed groups and 

controls. Further studies may provide possibly new ways to correct prenatal 
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smoke-induced airway epithelial cell dysfunction and reduce risk to develop 

chronic lung diseases, such as asthma and COPD in postnatal life.  

 

Secondly, how does maternal smoking during pregnancy down regulate 

expression of Sirt1 and Foxo3 in offspring lung? Lung cell senescence is 

suggested to play a crucial role in development of COPD [41], and cigarette 

smoking is the main reason for the accelerated pulmonary senescence [96]. 

Premature senescence in lung usually impairs tissue repair, induces local or 

systemic inflammation and has been described to deplete lung stem cells [97]. 

SIRT1 is considered as a main anti-senescence player in different types of cells 

[98-102]. A recent study showed that SIRT1 reduced lung cell senescence 

through deacetylation of FOXO3, which protected mice from cigarette smoke or 

elastase-induced emphysema [57]. These studies together indicate that normal 

expression of SIRT1 and FOXO3 in lung is essential to prevent premature lung 

senescence and decrease the risk of COPD. In our study, we found a lower 

expression of Sirt1 and Foxo3 in adult offspring with prenatal smoke exposure. 

Although we did not observe an additive effect of prenatal smoke exposure on 

the decreased expression of Sirt1 and Foxo3 induced by postnatal cigarette 

smoke exposure, it is possible that a longer period of smoke exposure may 

manifest strong detrimental effect of prenatal smoke exposure on expression of 

Sirt1 and Foxo3. Maternal smoking during pregnancy may regulate expression 

of Sirt1 and Foxo3 through epigenetic mechanisms, such as alteration of DNA 

methylation at specific sites in the promoter region to persistently down-regulate 

Sirt1 and Foxo3 expression in offspring and accelerate lung senescence. To 

understand the specific mechanisms by which maternal smoking during 

pregnancy decreased Sirt1 and Foxo3 expression would be helpful to find 

therapeutical targets and prevent premature lung senescence and development of 

COPD.  

 

Thirdly, what is a reliable biomarker of internal tissue damage in children who 

are exposed to e-waste? In our study, higher levels of IL-1β were found in the 

Pb-exposed children, which were positively associated with blood Pb levels. 

Although the children that were recruited in our study looked apparently healthy, 

the higher IL-1β levels suggest a higher subclinical inflammation in these 
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children. The macrophage is considered as a main source of IL-1β [103]. 

Therefore, the increased IL-1β expression in children from the e-waste recycling 

area may result from chronic macrophage activation. However, the question is 

what substance activated macrophages in these apparently healthy children? 

Studies have shown that macrophages can be activated by molecules released 

from the damaged tissues or cells [104, 105]. We speculate that the long-term 

accumulation of toxicants derived from e-waste may cause subclinical oxidative 

stress and subsequently cell death and tissue injury. As a result, molecules 

released from damaged cells or tissues might induce macrophage activation and 

IL-1β secretion. The interesting question here is whether a reliable molecular 

marker exists in blood that could reflect internal tissue damage? As 

macrophages can also be directly activated by metal debris or nanoparticles [106, 

107], IL-1β itself can not act as a reliable marker of tissue damage. A series of 

damage-associated molecules are worth to be tested in the future, such as heat 

shock proteins, uric acid, high mobility group1(HMGB1), IL-33 [108]. If the 

molecule that could reliably reflect the extent of cell or tissue damage in 

children, it can be used to identify and follow up on children at high risk in 

Guiyu and take specific intervention at an early stage to prevent injury caused 

by toxicants in local environment.   

 

In conclusion, we have shown that prenatal and early postnatal exposure to 

environmental toxicants in mice and children affects multiple pathways 

implicated in cell differentiation and function. Whether these alterations 

predispose for development of disease later in life will probably depend on the 

combination of the extent of early-life gene expression changes, genetic 

background and additional exposures in later life.   
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Inleiding 

Bevolkingsonderzoek laat zien dat kinderen van moeders die rookten tijdens de 

zwangerschap een grotere kans hebben op het krijgen van longinfecties en astma. 

Daarnaast lijkt het erop dat nakomelingen van een rokende moeder een groter 

risico hebben op het krijgen van de rookgerelateerde ziekte COPD (chronisch 

obstructieve longziekte), later in het leven. In China is het aantal vrouwen dat zelf 

rookt erg laag maar daar wordt de bevolking met name blootgesteld aan 

schadelijke stoffen die vrijkomen door het steeds groeiende aantal ouderwetse 

auto’s en de vervuilende industrie. Een voorbeeld hiervan is de recycling industrie, 

waarbij vaak op primitieve en onveilige wijze, zoals verbranding, elektronica 

wordt gerecycled. Daarbij komt een mengsel van chemicaliën vrij die bekend 

staan om hun schadelijke effecten op de gezondheid zoals lood, kwik, cadmium 

en chroom. Daarmee lopen zwangere vrouwen en jonge kinderen in gebieden 

waar elektronica recycling (e-waste) plaatsvindt een groot risico op het krijgen 

van gezondheidsproblemen. 

 

Doel van het onderzoek 

Het algemene doel van het onderzoek beschreven in dit proefschrift was het in 

kaart brengen van de effecten van blootstelling van zwangere moeders (muis) of 

jonge kinderen, aan een breed scala van giftige stoffen zoals sigarettenrook of 

stoffen die vrijkomen tijdens de recycling van elektronisch afval op de 

ontwikkeling van de long en het immuunsysteem. 

 

Roken tijdens de zwangerschap 

Helaas blijft 30% van de vrouwen roken tijdens de zwangerschap, ondanks vele 

aanwijzingen dat roken tijdens de zwangerschap schadelijk is voor de groei en 

ontwikkeling van het ongeboren kind, de foetus. Bevolkingsonderzoek laat zien 

dat kinderen van moeders (maar ook vaders) die rookten tijdens de 

zwangerschap een grotere kans hebben op het krijgen van infecties in de long, 

benauwdheid en astma. De oorzaak hiervan is het feit dat blootstelling aan 

sigarettenrook tijdens de zwangerschap de longontwikkeling van de ongeboren 

vrucht verstoort waardoor deze kinderen met een slechtere longfunctie geboren 

worden. Een slechte longfunctie is een risico factor voor het krijgen van astma 
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en COPD later in het leven. Daarnaast is in proefdier modellen aangetoond dat 

blootstelling aan sigarettenrook tijdens de zwangerschap effect heeft op de 

expressie van genen die belangrijk zijn voor een juiste ontwikkeling van de long. 

Dit zijn grotendeels dezelfde genen die belangrijk zijn bij herstel van 

longweefsel later in het leven. Vroege blootstelling, dus vóór de geboorte, heeft 

hiermee potentiële gevolgen op lange termijn die van invloed kunnen zijn voor 

de ontstaansmechanismen van een longziekte op de volwassen leeftijd. Het 

risico op COPD wordt verder nog verhoogd als vroeg blootgestelde personen 

zelf ook gaan roken of op latere leeftijd blootgesteld worden aan omgevingsrook 

of andere luchtvervuiling. 

 

Hoofdstuk 3 beschrijft een experimentele studie in muizen waarbij het effect 

van blootstelling aan sigarettenrook tijdens de zwangerschap op de ontwikkeling 

van het luchtwegepitheel, de laag cellen die de bekleding vormt van de 

luchtwegen, wordt onderzocht in nakomelingen. Deze studie liet een verstoorde 

ontwikkeling van epitheelcellen zien in pasgeboren nakomelingen (pups) van 

moeders die blootgesteld waren aan rook tijdens de zwangerschap. Deze pups 

hadden minder trilhaardragende cellen in de luchtwegen en het lagere aantal 

cellen ging gepaard met een lagere gen expressie van het gen Foxj1 dat 

belangrijk is voor de aanmaak van trilharen. Trilhaardragende cellen helpen de 

long schoon te houden aangezien ze met hun trilharen slijm, stof, microben en 

andere schadelijke stoffen naar de mond helpen te transporteren. Wanneer slijm 

aanwezig blijft vormt het een risico voor het ontstaan van infecties. Onze 

bevinding ondersteunt hiermee de observatie van het vaker voorkomen van 

luchtweg infecties bij jonge kinderen van rokende moeders. Bovendien hadden 

rookblootgestelde pups een hogere expressie van de genen Spdef en Foxm1, 

genen die betrokken zijn bij de aanleg en ontwikkeling van de 

slijmproducerende cel, ook wel slijmbekercel genoemd. Hoewel er nog geen 

slijmbekercellen aanwezig waren in de longen van de pasgeboren muizen kan 

deze bevinding wel de verhoogde gevoeligheid voor het ontstaan op latere 

leeftijd van teveel van deze slijmbekercellen verklaren.  

 

In hoofdstuk 4 werden de studies in dit muismodel voortgezet met aanvullende 

rook blootstellingen aan volwassen nakomelingen van moeders die blootgesteld 
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waren aan sigarettenrook tijdens de zwangerschap. Hierbij was de vraag of 

vroeg blootgestelde nakomelingen extra gevoelig waren voor ontsteking en 

weefsel verlittekening, ook wel remodelering genoemd, in de longen nadat ze 

zelf ook gedurende 3 maanden aan rook waren blootgesteld op volwassen 

leeftijd. Veranderingen in de long werden gekoppeld aan expressie van genen 

die belangrijk zijn bij ontsteking, het antioxidant systeem, longweefselherstel, 

veroudering en genen die gerelateerd zijn aan het onschadelijk maken van 

giftige stoffen (sigarettenrook) in het lichaam. Uit deze studie bleek dat 

volwassen nakomelingen van rokende moeders, ongeacht ze zelf ook aan rook 

waren blootgesteld,een lagere expressie hadden van genen die beschermend zijn 

met betrekking tot het ontwikkelen van ontsteking, oxidatieve stress en 

veroudering, en een hogere expressie van genen die belangrijk zijn voor 

longweefselherstel. Rookblootstelling aan de nakomelingen zelf, bevorderde 

weefselremodelering (meer verdikking van gladde spieren en hogere expressie 

van het slijmgerelateerde gen Muc5ac), ontsteking (macrofagen, dit is een 

bepaald type witte bloed cellen belangrijk voor opruimen van rookdeeltjes) en 

hogere genexpressie van genen die belangrijk zijn bij weefselherstel en het 

onschadelijk maken van giftige stoffen. Vroege blootstelling aan rook tijdens de 

zwangerschap verergerde deze effecten in de meeste gevallen niet. 

 

Elektronica afval, zwangerschap en blootstelling op de 

kinderleeftijd 

Bij recyclen van elektronica afval (e-waste) komt een mengsel vrij van een groot 

aantal chemicaliën die bekend staan om hun schadelijke effecten op de 

gezondheid zoals lood, kwik, cadmium, chroom en het kankerverwekkende 

polychloorbifenyl (pcb). Naar schatting wordt 20-50 miljoen ton potentieel giftig 

afval wereldwijd elk jaar geproduceerd. Veel ervan wordt op stortplaatsen in 

China, Ghana, Nigeria, India, Thailand, de Filippijnen en Vietnam op een 

onveilige manier gerecycled. Daarmee lopen zwangere vrouwen en jonge 

kinderen in ontwikkelingslanden waar primitieve elektronica recycling 

plaatsvindt een groot risico op het krijgen van gezondheidsproblemen. 

Blootstelling aan elektronica afval kan leiden tot een verstoorde 

hormoonhuishouding, verminderde schildklierfunctie, veranderingen in gedrag, 

verminderde longfunctie en verschillende vormen van kanker. 
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Zwangere vrouwen die blootgesteld zijn hebben een hogere kans op het krijgen 

van een spontane abortus, doodgeboorte, en te vroeggeboren kinderen die 

kleiner zijn en een lager geboortegewicht hebben. Daarnaast bleken mensen die 

elektronica afval recyclen een grotere kans te hebben op DNA schade dan 

controle personen uit dezelfde regio. 

 

In de hoofdstukken 5 en 6 werden studies beschreven die uitgevoerd waren in 

witte bloedcellen van jonge kinderen die in Guiyu wonen. Guiyu is een berucht 

gebied in Haojiang, China, waar recycling van elektronica afval plaatsvindt. 

Effecten in deze kinderen werden vergeleken met die in kinderen die in Shantou 

wonen waar geen elektronica afval wordt gerecycled. Het effect van blootstelling 

aan lood (Pb) op rijping en functie van T-lymfocyten en Natural Killer 

(NK)-cellen was het onderwerp van onderzoek. Beide celtypen zijn onderdeel van 

het immuunsysteem en nodig bij afweer tegen ziekteverwekkende stoffen en 

microben. Hoofdstuk 5 liet zien dat kinderen die in het vervuilde gebied wonen 

meer T-geheugencellen hebben dan kinderen die uit het controle gebied komen. 

T-geheugencellen zijn T-lymfocyten die ontstaan na een immuunreactie en 

zorgen ervoor dat het immuunsysteem sneller kan reageren bij een hernieuwde 

blootstelling aan dezelfde schadelijke prikkel. De hoeveelheid lood werd ook 

gemeten in het bloed van deze kinderen en die was positief geassocieerd met het 

aantal T-geheugen cellen. Daarnaast werden verhoogde hoeveelheden van 

verschillende signaalstoffen gemeten in het bloed van de kinderen uit het 

vervuilde gebied. Deze signaalstoffen, ook wel cytokinen genoemd, worden 

afgegeven door, onder andere, verschillende typen T-lymfocyten en zijn een 

indicatie dat het immuunsysteem geactiveerd is. Een groep cytokinen welke 

verhoogd aanwezig waren in kinderen uit het vervuilde gebied waren de 

zogenaamde Thelper-17 (Th17) cytokinen. Hieronder vallen de cytokinen IL-17 

en IL-22 en dit suggereert activatie van Th17 cellen in deze kinderen. Hoewel 

Th17 cellen iemand kan beschermen tegen virus infecties, is het ook een celtype 

dat geassocieerd is met het ontstaan van auto-immuun ziekten zoals reumatoїde 

artritis (reuma) en multiple sclerosis (MS). 
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In hoofdstuk 6 werden er in bloedanalyses gedaan gericht op de NK cellen. 

Kinderen die aan e-waste blootgesteld waren bleken een lager percentage NK 

cellen te hebben dan de kinderen die niet blootgesteld waren geweest. Cytokinen 

die nodig zijn voor rijping en activatie van NK cellen (IL-2, IL-27 , MIP1alfa en 

MIP1beta) waren ook verlaagd aanwezig in bloed van blootgestelde kinderen. 

Aantallen NK cellen nemen gewoonlijk toe met de leeftijd en zijn nodig voor de 

afweer tegen ziekteverwekkende microben. Het gevaar van langdurige 

blootstelling van deze kinderen aan e-waste is een verminderde functie van NK 

cellen op de lange termijn. 

 

Algemene conclusie van dit proefschrift 

De studies die beschreven staan in dit proefschrift laten zien dat blootstelling 

aan giftige stoffen tijdens de zwangerschap en de vroege kinderjaren de 

longontwikkeling en ontwikkeling van het immuunsysteem beïnvloedt. 

Pasgeboren pups van muizen die blootgesteld waren aan sigarettenrook tijdens 

de zwangerschap hadden minder trilhaardragende cellen in de long. Deze cellen 

zijn nodig voor afvoer van schadelijke stoffen naar de mond, waardoor het risico 

op infecties en schade aan de long vergroot is met gevolgen voor 

gezondheidsproblemen later in het leven. Daarnaast bleken volwassen 

nakomelingen van muizen die blootgesteld waren aan sigarettenrook tijdens de 

zwangerschap een verstoorde expressie te hebben van genen die betrokken zijn 

bij oxidatieve stress, veroudering en longweefsel herstel. Rookblootstelling aan 

de nakomelingen zelf stimuleerde in de long ontsteking, remodelering, 

veroudering en longweefsel herstel. Ook werd in deze muizen een verhoogde 

expressie gevonden van genen die betrokken zijn bij het onschadelijk maken van 

giftige stoffen. Dit effect werd niet verder versterkt door blootstelling tijdens de 

zwangerschap. 

 

Jonge kinderen die opgroeien in een vervuild gebied waar giftige stoffen 

vrijkomen na het onveilig recyclen van elektronica afval bleken een verstoord 

immuunsysteem te hebben. Dit kan gevolgen hebben voor de gezondheid van 

deze kinderen, op de korte of lange termijn. 



Acknowledgements 

 189 

Acknowledgements 

 

The presented work was performed in Department of Pathology and Medical 

Biology, University Medical Center Groningen in the Netherland and in the 

Laboratory of Environmental Medicine and Developmental Toxicology, Shantou 

University Medical College in China. I thank all the people that helped me to 

finish this thesis.  

First, I would like to thank my co-promoter and direct supervisor Dr. Machteld 

Hylkema in the UMCG. Machteld, thank you so much for giving me the 

opportunity to perform research in your group. This period not only added to my 

professional training but also opened my mind. I learned from you how to 

effectively and accurately present an idea to the audience and how to 

demonstrate a scientific question in logic, which made me confident to 

overcome the difficulties in my work. The period that I worked with you was 

quite happy and worth remembering. Dr. Huo, my supervisor in China, thank 

you for allowing me to join the sandwich PhD program and for always 

supporting me to explore the questions I am interested in. I appreciate your 

patience during the hard time of my study, and your effort to prepare a good 

platform for our studies.  

Also many thanks to Prof. dr. Wim Timens, my promoter, thank you for your 

help during my studies in Groningen. Your stimulating questions during my 

presentations during GRIAC meetings encouraged me to think about the 

question harder and do the presentation better. I also thank Corry-Anke 

Brandsma as you were always kind enough to help me, even if you were on a 

tight schedule. I very much enjoyed talking with you about both professional 

and non-professional issues.    

I am much obliged to Marjan Reinders and Wierd Kooistra for their help in the 

lab. Marjan, thank you for teaching me how to prepare samples, cut slides, do 

stainings and collect the data. You are always friendly and patient and gave me 

many kind helps not limited to lab work, I am grateful for that. Wierd, thank you 

for teaching me how to do PCR and operate the laser capture microdissection 

device. This has been very important for my work both in the UMCG and China 

and will pave the way to learn more complex molecular skills in my future 

studies. 



Chapter 8 

 190 

Many thanks to Juan, Karolin and Patricia. Juan’s help enabled me to finish the 

qRT-PCR work in the limited time. Our discussions did me a big favor to catch 

the key points of experimental skills and data interpretation. Karolin thank you 

for sharing your pyrosequencing skills with me before I left the UMCG. Maybe 

we could have become better friends if we would have worked together for a 

longer time. I appreciate Patricia’s valuable help for my work in Groningen and 

in China. Thank you for your suggestions regarding my animal experiment in 

Groningen. Your flow cytometry protocol was also useful for my studies in 

China. 

I also thank Andre Zandvoort and Michel Weij from the animal facility for their 

great help in setting up the smoke machine. 

I would like to thank Prof. dr. Marike Boezen, Prof. dr. Irene Heijink and Prof. 

dr. John Holloway for spending the time to read and evaluate my thesis.  

Many thanks to Lydia, Marian, Monique, Marinda, Tineke and all other 

members from the O&O lab for your kind helps. I greatly enjoyed working in 

such a friendly lab!  

I also would like to thank Xiang Zeng, Rae Wu, Jing Han, Rong Wang, Zheng 

Liang, Yuxuan Liu, Cheng Chen, Benhui Li, Ranran Li, Qi Cao and many other 

chinese students from the University of Groningen. Your wonderful friendship 

added to the happy time that I had in Groningen! 

I appreciate Professor Xijin Xu’s support for my work in China. I also appreciate 

Yuling Zhang, Zhijun Zeng, Yueqin Zhu, Yuan Hua, Yu Zhang, Yu liu, Tian Yang, 

Yifeng Dai, Yongzhan Zhu, Haiyue Xia, Xinye Zhou and all other members in 

Laboratory of Environmental Medicine and Developmental Toxicology in 

Shantou University Medical College. Your help in sample collection and serum 

isolation, and many other works are indispensible for my studies in China. I will 

never forget my time that I worked with you and wish you all the best for the 

future! 

Finally, I thank my family and my lovely wife for their never ending support in 

my life.  

 

Junjun 

April 20, 2016 

 


	Title and contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8



