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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 
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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 
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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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