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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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