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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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