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a b s t r a c t

We explored acquired immunity resulting from vaccination in 3 to 7-year-old children, chronically
exposed to multiple heavy metals and metalloids, in an e-waste recycling area (Guiyu, China). Child
blood levels of ten heavy metals and metalloids, including lead (Pb), arsenic (As), mercury (Hg), chro-
mium (Cr), cadmium (Cd), manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn) and selenium (Se), and
seven vaccine antibodies (diphtheria, pertussis, tetanus, hepatitis B, Japanese encephalitis, polio, mea-
sles) were measured. The exposed group had higher levels of blood Pb, Mn, Cu, Zn and Cr compared to
the reference group (P < 0.05). Levels of all vaccine antibodies in the exposed group were significantly
lower than in the reference group (P < 0.01). All vaccine antibodies negatively correlated with blood
concentrations of Cu, Zn and Pb, based on spearman rank correlation analysis. Multiple logistic regres-
sion and univariate analyses identified the location of residence (Guiyu), high blood Pb (>10 mg/dL) and
high blood Cu and Zn (upper median value of each group) to be inversely associated with seven antibody
titers. Antibody titers increased with age, BMI, high blood Mn (>15 mg/L), and high blood Cd and Ni
(upper median value of each group). Results suggest multiple heavy metal and metalloid exposure,
especially to Pb, Zn and Cu, may be a risk factor inhibiting the development of child immunity, resulting
in decreased child antibody levels against vaccines.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the increasing global demand for electrical and electronic
products, and the short lifespan of these products, e-waste con-
tinues to be a rapidly growing worldwide environmental problem
(Heacock et al., 2016), with a large amount of e-waste from
developed countries being shipped for disposal and recycling to
developing countries, such as China, India and Nigeria (Awasthi
et al., 2016; Lundgren, 2012). For example, Guiyu township,
located in the Guangdong province of southern China, has been
involved in e-waste recycling for more than 30 years, and is one of
e by David Carpenter.
est, School of Environment,
the largest e-waste processing centers in China (Brigden et al.,
2005). Heavy metals and metalloids can be found in e-waste,
including Pb, Cu, Cr, Mn, Ni, Hg, Cu, As, and Zn, many of which are
potentially, or known to be, hazardous (Heacock et al., 2016; Song
and Li, 2015). In the process of e-waste dismantling and recycling,
involving activities such as sorting, open burning, and acid leach-
ing, fly ash particulates containing heavy metals, such as Pb, Cu, Zn,
Hg, Cd and heavy metalloids (As, Sb), are emitted into the envi-
ronment, and epidemiological studies indicate higher levels of
heavymetals in the air (Zeng et al., 2016b), soil, road dust andwater
surrounding e-waste dismantling locations (Alabi et al., 2012; Huo
et al., 2007; Leung et al., 2008; Yekeen et al., 2016; Zhang et al.,
2014).

Heavy metals and metalloids enter the human body through
oral intake, inhalation, dermal contact, and hair (Eastman et al.,
2013; Paolo et al., 2011; Wang et al., 2009), to cause acute and
chronic toxicity, such as damage to blood components, lungs,
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kidney, liver, and the peripheral nervous, central nervous and im-
mune systems, occasionally resulting in lethality (Vallverdu-Coll
et al., 2015b; Zeng et al., 2016a). Our previous studies show that
children in Guiyu have a significantly higher heavy metal content
(Pb, Cd, Cr) than reference groups (Xu et al., 2013; Yang et al., 2013;
Zeng et al., 2016b; Zheng et al., 2013), which is of particular
concern, compared with adults, since children are more susceptible
to heavy metals and metalloids (Guney and Zagury, 2014). Studies
have shown that heavy metals and metalloids affect the human
immune system. Pb increases the secretion of pro-inflammatory
cytokines, such as IL-6 and TNF (Gillis et al., 2012), and prolonged
exposure to lead nitrate causes significant decreases in lymphocyte
and monocyte levels (Sharma et al., 2010). Our previous cross-
sectional results show elevated Pb levels associate with the lower
percentages of NK cells and altered platelets, IL-1b and IL-27 in
preschool children (Zhang et al., 2016). Li et al. found a potential
link between exposure to pollutants from e-waste recycling and
both elevated oxidative stress and altered generation of reactive
oxygen species (ROS) levels by white blood cells, suggesting po-
tential ROS-related health effects for residents at e-waste sites (Li
et al., 2013). Pb can also affect both cell-mediated and antibody-
mediated immunity, and decrease total serum antibody levels in
rats (Heo et al., 1997; Mishra et al., 2006). Low concentrations of
mercuric chloride will affect immune cells and increase suscepti-
bility to infectious diseases (Gardner et al., 2010) and inorganic and
organic Hg can increase the release of inflammatory factors
(Gardner et al., 2009). Ni is a ubiquitous metal that is responsible
for allergic skin reactions in some cases, and chronic arsenic
exposure can influence the immune response by inducing alter-
ations in lung gene and protein expression (Kozul et al., 2009). Our
recent studies demonstrate a negative association between blood
lead and antibody levels, against hepatitis B surface antigen, lower
antibody titers against measles, mumps, and rubella (MMR)
vaccination with higher Blood Pb levels in children from Guiyu (Lin
et al., 2016; Xu et al., 2015). The ability of heavy metals and met-
alloids to inhibit immune responses suggests that heavy metal and
metalloid exposure could exert profound effects on vaccine anti-
body levels, and thus result in broad susceptibility to a variety of
infections.

In 2005, a central government regulation on vaccine distribution
and vaccination divided the country's approved vaccines into two
categories. The first category requires residents to be vaccinated,
but at no cost to the residents. They can help improve oversight of
these vaccines to better protect the health of children in China. The
vaccines we study belong to the first category. According to the
national childhood immunization schedule of the People's Republic
of China, children are required to be vaccinated against diphtheria,
pertussis and tetanus (all administered at three-, four-, five-and 18-
months of age), hepatitis B (administered at birth, one- and six-
months of age), Japanese encephalitis (inoculated at eight-and
24-months of age), polio (inoculated at two-, three and four-
months of age), and measles (inoculated at eight-and 18-months
of age). Understanding the susceptibility of children living in e-
waste areas, following vaccination, is necessary to prevent and
control infectious disease. However, the associations between
multiple heavy metals (except Pb) and metalloids and the levels of
antibody titers, following vaccination, have yet to be reported in
children from e-waste areas. In this study, we measured the con-
centrations of multiple heavy metals and metalloids, and levels of
antibodies against vaccinated agents, including diphtheria,
pertussis, tetanus, hepatitis B, Japanese encephalitis, polio, and
measles, in 3- to 7-year-old preschool children. The aim of this
study is to determine the association between heavy metal and
metalloid concentrations and vaccine antibody levels in order to
identify whether exposure to multiple heavymetals andmetalloids
affects child immunity.
2. Materials and methods

2.1. Study population and sample collection

A total of 284 children, 3- to 7-years of age, residing in Guiyu
(n ¼ 157) and Haojiang (n ¼ 127), were recruited in 2012. The
sampling location Guiyu was previously described (23�3270N,
116�3420E) (Wu et al., 2010). Haojiang is located about 50 km east of
Guiyu, and was used as a reference area (23�170N, 116�430E). The
main industry in Haojiang is fishing, with no e-waste recycling
work being performed there (Fig. 1). The populations in these two
areas have similarities in cultural background, lifestyle and socio-
economic status. Detailed explanations of the study and question-
naires were administered to the children's parents or guardians.
The questionnaire addressed factors that might influence child
heavy metal and metalloid levels in the blood, such as the resi-
dence, physical status, dietary habits, nutrition and work environ-
ment of the parents. A medical and health history, including
vaccination history, respiratory symptoms (wheeze, cough, dys-
pnea, phlegm) and allergic disease (such as asthma), was also taken
into consideration.

After informed consent was obtained from the parents or
guardians, a total of 2 ml venous blood was collected by trained
nurses, placed on ice and stored at �20 �C until analysis. Physical
indices (height and weight, and head and chest circumference)
were also measured. To avoid heavy metal and metalloid contam-
ination, all plastic tubes and containers used for collection of blood
samples were pre-washed, soaked in dilute nitric acid (HNO3) and
rinsed with deionized water. This study protocol was approved by
the Human Ethics Committee of Shantou University Medical
College.
2.2. Levels of heavy metals and metalloids in blood samples
analysis by inductively coupled plasma mass spectrometry (ICP-MS)

One mL of blood was digested with five mL of 68% HNO3 in a
microwave oven (XT-III, Shanghai Xintuo, China) for 2.5 min. After
digestion, ultrapure water was added to a final volume of ten mL.
The concentrations of Zn, Cu, Se, Mn, Ni, Pb, As, Hg, Cr and Cd were
determined by ICP-MS (Agilent 7700� ICP-MS, USA) (Moeller et al.,
2007). An internal standard comprised of a mixture of Bi (Bismuth),
In (Indium), Re (Rhenium) and Sc (scandium), all at a final con-
centration of 10 mg/L, was added on-line to all samples and stan-
dard solutions.
2.3. Detection of the levels of seven vaccine antibodies by ELISA

Antibody levels in serum were measured by the relevant
enzyme-linked immunosorbent assay (ELISA) kit (R&D systems,
USA), using an enzyme microplate reader (Labsystems Multiskan
MS 352, Finland) and microplate washer (Thermo Labsystems AC8,
Finland). Briefly, solid phase enzyme-linked immunosorbent assay
(ELISA) based on the sandwich principle is performed. Thewells are
coated with antigen, and specific antibodies of samples binding to
the antigen coated wells are detected by a secondary enzyme
conjugated antibody (E-Ab) specific for human IgG. After the sub-
strate reaction, the intensity of the developed color is proportional
to the amount of IgG-specific antibodies to be detected. Results of
samples can be quantified directly according the standard curve, for
instance, the Tetanus IgG (IU/mL) (Supplemental Fig. 1).



Fig. 1. The location of study areas. The location of study areas in Shantou, Guangdong Province. The sampling location Haojiang (23�170N, 116�430E) is located about 50 km east of
Guiyu (23�3270N, 116�3420E).
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2.4. Statistical analysis

Statistical analyses were performed using SPSS software,
version 13.0 (SPSS Inc., Chicago, IL, USA). We expressed the central
tendency and spread of variables by the mean or the medium, and
the 25th to 75th percentile interval. The Mann-Whitney U test, t-
test and chi-square test were used to compare the differences be-
tween the exposed and reference groups. Spearman rank correla-
tion (rs) was used to assess any correlations. Multiple logistic
regression analysis was used to evaluate the possible impact of
heavy metals and metalloids in relation to the titer of the seven
vaccine antibodies. All p-values were derived with a two-sided
hypothesis, and a p < 0.05 and p < 0.01 were considered statisti-
cally significant.

3. Results

3.1. Demographic characteristics

Table 1 shows the characteristics of the participants. No signif-
icant differences were found in terms of gender, age, height and
family income in these two groups (p > 0.05). The weights
(p ¼ 0.01), head circumferences (p ¼ 0.05), and chest circumfer-
ences (p ¼ 0.006) of children in the exposed group were all lower
compared with the reference group. Regarding the educational
level of the parents, mothers from Guiyu had a higher education
level than the reference group (p�< 0.001). In contrast, only 6.4% of
the fathers from the exposed region received a university
education, compared to approximately 38% in the reference group
(p�<�0.001). A large percentage of fathers in both groups were
smokers, with a proportion of 78.1% and 61.4% for the exposed and
reference groups, respectively (p ¼ 0.01).

3.2. Child blood heavy metal and metalloid concentrations

For hazardous metals, the median level of blood Pb was higher
in the exposed group compared to the reference group (9.43 vs.
6.79 mg/dL, p�<�0.001) (Table 2). In the exposed group, 43.3% of
children had Pb levels above the 10 mg/dL threshold toxicity con-
centration (Atlanta and GA., 2013), as opposed to 9.4% of children in
the reference group. In contrast to Pb, lower median values were
observed for As and Cd in the exposed group compared to the
reference group (5.53 vs. 6.56 mg/L, p¼ 0.002, and 0.12 vs. 0.27 mg/L,
p ¼ 0.005, respectively). There were significant differences in
essential elements, such as Mn, Cu, Zn and Cr, in the exposed group,
with elevated concentrations ranging from 8% higher forMn, to 35%
higher for Cr. In contrast, the level of Se in the exposed group was
lower, and the levels of Ni or Hg were unchanged between the two
groups.

3.3. Antibody titer distributions in participants

Although the levels of antibodies, induced by vaccination, for all
seven microorganisms were above the protective cutoff, six anti-
body titers (against diphtheria, pertussis, tetanus, Japanese en-
cephalitis, polio, measles) in child blood plasma from the exposed



Table 1
Characteristics of the study population in exposed and reference groups.

Characteristic Exposed group Reference group p

n n% Mean ± SD n n% Mean ± SD

Sex 157 127 0.05
Male 70 44.6 72 56.7
Female 87 55.4 55 43.3

Age (year) 4.62 ± 0.91 4.56 ± 0.80 0.59
Height (cm) 104.56 ± 6.89 105.39 ± 6.94 0.32
Weight (kg) 17.05 ± 2.73 18.00 ± 3.29 0.01
Head circumferences (cm) 49.82 ± 3.38 50.47 ± 1.73 0.05
Chest circumferences (cm) 51.51 ± 4.29 52.81 ± 3.49 0.006
Mother's education levels (years) 157 127 <0.001
� 6 32 20.6 10 30.9
7e9 83 53.6 31 51.7
10e12 32 20.6 52 14.1
>12 8 5.2 34 3.4

Father's education levels (years) 157 126 <0.001
� 6 16 10.2 3 2.4
7e9 100 19.8 26 20.6
10e12 30 19.2 50 39.7
> 12 10 6.4 47 37.3

Paternal smoking status 157 127 0.01
No 34 21.9 49 38.6
Yes 121 78.1 78 61.4

Average monthly household income (RMB) 157 127 0.68
< 1000 3 2.1 3 2.4
1000e1500 10 6.9 6 4.7
1501e2000 25 17.2 17 13.4
> 2000 107 73.8 101 79.5

Table 2
Blood concentrations of heavy metals and metalloids in exposed and reference groups.

Elements Exposed group (n ¼ 157) Reference group (n ¼ 127) p-value

Median(P25eP75) Boundary value [n (n %)] Median (P25eP75) Boundary value [n (n %)]

Pb (mg/dL) 9.43 (6.84e13.13) 68 (43.3)a 6.79 (4.89e8.17) 12 (9.4)a <0.001
As (mg/L) 5.53 (3.62e7.16) 55 (35.0)b 6.56 (4.67e8.55) 64 (50.4)b 0.002
Hg (mg/L) 1.92 (1.01e2.88) 76 (48.4)c 2.25 (1.04e3.82) 72 (56.7)c 0.051
Cd (mg/L) 0.12 (0.11e0.29) 64 (40.8)b 0.27 (0.11e0.36) 77 (60.6)b <0.001
Cr (mg/L) 14.38 (6.32e27.66) 88 (56.1)b 10.64 (3.1e19.14) 54 (42.5)b 0.005
Mn (mg/L) 16.31 (10.42e25.19) 89 (56.7)d 15.08 (0e25.01) 64 (50.4)d 0.030
Ni (mg/L) 4.41 (1.55e8.51) 77 (49.0)b 3.44 (0.53e8.28) 63 (49.6)b 0.059
Cu (mg/L) 919.10 (835.37e1033.65) 78 (49.7)b 842.45 (750.00e933.74) 64 (50.4)b <0.001
Zn (mg/L) 4746.39 (4004.64e6022.31) 78 (49.7)b 4313.03 (3893.73e5439.74) 64 (50.4)b 0.039
Se (mg/L) 135.77 (116.15e169.09) 78 (49.7)b 149.06 (120.15e181.06) 63 (49.6)b 0.027

a Boundary value :10 mg/dL.
b Boundary value: median value of heavy metals and metalloids in each group.
c Boundary value :2 mg/L.
d Boundary value :15 mg/L.
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group were significantly lower than the reference group (Table 3).
The exceptionwas the antibody titer against hepatitis B, which was
not significantly different between groups. Remarkably, opposite
trends of antibody titers occurred in children from three to seven
years of age. Antibody titers in the exposed group decreased with
increasing age, whereas antibody titers of the reference group
increased (Fig. 2).

3.4. Correlations between heavy metals and metalloids and
antibody titers

Spearman correlation analysis was applied for heavy metal and
metalloid concentrations and antibody titers (Table 4). For haz-
ardous metals, five antibodies (against pertussis (r ¼ �0.148,
p�<�0.05), tetanus (r ¼ �0.143, p�<�0.05), hepatitis B (r ¼ �0.125,
p�<�0.05), Japanese encephalitis (r ¼ �0.161, p�<�0.05), and mea-
sles (r ¼ �0.146, p�<�0.05)) were negatively correlated with blood
Pb levels. All seven antibody titers were positively correlated with
blood Cd. None of the antibody titers correlatedwith blood As or Hg
concentrations. Regarding essential metals, all of the antibody ti-
ters, except for Japanese encephalitis virus, positively correlated
with blood Mn (p�<�0.01). All of the antibody titers, except for
tetanus (p ¼ 0.053) and hepatitis B (p ¼ 0.07), were negatively
correlated with blood Cu (p�<�0.05). Pertussis and hepatitis B
antibody titers were positively correlated with Se (p�<�0.05),
whereas antibody titers for hepatitis B and Japanese encephalitis
were negatively correlated with blood Zn (p�<�0.05). There was no
statistical correlation between blood Cr or Ni with antibody titers.
The associations between metal and metalloid levels (Pb, Cd, Mn,
Cu, Zn, Se) and antibody titers suggested that some vaccine-
induced antibody levels negatively correlated not only with toxic
metals (Pb), but also essential metals (Cu, Zn) in blood. On the
contrary, some antibody levels positively correlated with Cd, Mn
and Se.



Table 3
Vaccine antibody levels in exposed and reference areas.

Vaccine antibody levels Exposed (n ¼ 157) Reference (n ¼ 127) p-value

Mean ± SD Median (P25 ~ P75) Mean ± SD Median (P25 ~ P75)

Diphtheria (pg/mL) 227.35 ± 33.80 209.32 (196.18e261.30) 240.42 ± 30.90 254.14 (207.35e263.81) 0.0038
Pertussis (pg/mL) 1106.15 ± 131.38 1040.41 (987.41e1247.56) 1164.88 ± 116.39 1215.65 (1034.98e1256.92) 0.0007
Tetanus (pg/mL) 16.30 ± 3.41 14.52 (13.37e19.87) 17.69 ± 3.27 19.21 (13.80e20.41) 0.010
Hepatitis B (pg/mL) 140.70 ± 14.08 136.70 (127.91e154.29) 142.92 ± 13.32 145.89 (130.63e154.65) 0.3295
Japanese encephalitis (pg/mL) 42.82 ± 3.80 42.32 (39.45e45.96) 43.90 ± 3.30 44.28 (41.32e46.46) 0.0094
Polio (U/L) 27.69 ± 2.91 26.81(25.16e30.44) 29.12 ± 3.02 30.19(25.98e31.66) 0.0002
Measles (IU/L) 286.06 ± 38.61 268.87 (253.40e327.05) 305.48 ± 39.30 322.85 (261.54e335.59) 0.0001
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3.5. Logistic regression analyses between blood heavy metals and
metalloids and antibody titers

Before analysis, the cut-off values formultiple logistic regression
analysis were set as follows, 5 mg/dL for high Pb, 10 mg/dL for higher
Pb, 15 mg/L for Mn, and 2 mg/L for Hg (Al-Abed et al., 2008; Atlanta
and GA., 2013; Wheeler and Brown, 2013; Williams et al., 2012).
Participants with a metal level lower than the cut-off value served
as thematched control group. Accordingly, for regression analysis, a
heavy metal and metalloid was considered to be positively asso-
ciated with antibody titer if the odds ratio (OR) of the antibody titer
was larger than 1-fold. If not, the metal was considered to act as a
negative factor (Table 5) (p�<�0.05). Age (OR: 1.53e1.776), BMI (OR:
1.283e1.379), blood Cd (OR: 2.097e2.429) and blood Mn (OR:
2.524e3.13) increased along with elevated antibody titers
(p < 0.05). The OR of blood Ni for four vaccines (pertussis, tetanus,
polio and measles) was 1.618 (p ¼ 0.044), 1.868 (p ¼ 0.009), 1.763
(p ¼ 0.018) and 1.665 (p ¼ 0.033), respectively. The OR of blood Zn
for diphtheria antibody titers was 0.477 (p ¼ 0.002).

After controlling for confounding factors, including sex, age,
BMI, area (Guiyu/Haojiang), high/low Pb (5 mg/dL < Pb < 10 mg/dL),
higher/low (Pb > 10 mg/dL), high/low As, high/low Hg, high/low Cd,
high/low Cr, high/low Mn, high/low Ni, high/low Cu, high/low Zn,
high/low Se), levels of all seven vaccine antibody titers increased
with increasing age and BMI. The ORs for location of residence
(Guiyu) and antibody titers for polio and measles were 0.529 (95%
CI: 0.280e1.001, p ¼ 0.05) and 0.472 (95%CI: 0.250e0.890,
p ¼ 0.02), respectively. The OR for high blood Pb (Pb ¼ 5e10 mg/dL)
and diphtheria and pertussis antibody titers was 0.54 (95%CI:
0.247e1.180, p ¼ 0.05) and 0.361 (95%CI: 0.160e0.818, p ¼ 0.015),
respectively, and the OR for higher blood Pb (Pb > 10 mg/dL) and all
seven antibody titers ranged from 0.31 to 0.454 (diphtheria
p ¼ 0.031, pertussis p ¼ 0.01, tetanus p ¼ 0.058, hepatitis B
p ¼ 0.025, Japanese encephalitis p ¼ 0.041, polio p ¼ 0.04, and
measles p¼ 0.08). The OR for high blood Cd and five antibody titers
ranged from 1.93 to 2.154 (diphtheria p ¼ 0.018, pertussis
p ¼ 0.0039, tetanus p ¼ 0.0016, hepatitis B p ¼ 0.021, polio
p¼ 0.018). The OR for high blood Cu and five antibody titers ranged
from 0.471 to 0.598 (diphtheria p ¼ 0.081, pertussis p ¼ 0.07,
tetanus p ¼ 0.049, hepatitis B p ¼ 0.097, Japanese encephalitis
p ¼ 0.014). The OR for high blood Zn and three antibody titers
ranged from 0.483 to 0.563 (Japanese encephalitis p ¼ 0.021, polio
p ¼ 0.076, measles p ¼ 0.062). The OR for high blood Mn and all
seven antibody titers ranged from 2.037 to 3.823-fold (p�<�0.05).
The OR for high blood Ni and tetanus and measles antibody titers
was 2.163 (95%CI: 1.122e4.171, p�¼�0.021) and 1.887- (95%CI:
0.250e0.890, p ¼ 0.054). There was no relationship between high
blood As, Hg, Se and Cr for all seven antibody titers. All these data
showed that heavy metals and metalloids of Pb, Cd, Cu, Zn, Ni and
Mn were collectively responsible for the imbalance of antibody ti-
ters in preschool children.
4. Discussion

The association between child health and the environment has
become one of the core issues of global health. In particular, young
children are more likely to be susceptible to harmful substances in
the environment, such as heavy metals and metalloids, due to
“hand-to-mouth” habits (Guney and Zagury, 2012; Mattioli et al.,
2015). Heavy metal and metalloid exposure are associated with
immune suppression or immune dysfunction, which may lead to
increased risk of infectious diseases (Cao et al., 2016; Zeng et al.,
2016a). Recently, PM2.5- associated metals exert a great impact
on mycoplasma pneumonia infections in childhood (Hou et al.,
2016). We found some respiratory system related health conse-
quences for children living in this area. There were the high prev-
alence of respiratory symptoms and decreased lung function in
children from Guiyu, such as wheezing, dyspnea, cough, and
phlegm, compared to the reference children (Zeng et al., 2016b;
Zheng et al., 2013). Quantification of vaccine-induced antibodies
in residents of environmentally contaminated areas provides a
great opportunity to investigate the immunotoxicity of environ-
mental exposure on the human body (Van Loveren et al., 2001;
Verguet et al., 2015). Currently, there are few reports evaluating
child immune function from the e-waste dismantling regions.

In this study, the significantly higher blood levels of several
metals, including toxic (Pb) and essential metals (Cr, Mn, Cu, Zn), in
e-waste-exposed children, could be attributed to the serious e-
waste pollution, containing excess essential metals, in the exposed
area. The phenomenon of high levels of multiple metals in Guiyu
children is in agreement with the heavy metal contamination
measured in the air, dust, sediment and rivers in Guiyu (Grant et al.,
2013; Wong et al., 2007). The high percentage of children with
blood Pb levels in the exposed group is consistent with our previ-
ous findings (Huo et al., 2007; Liangkai et al., 2008). Although a
previous study showed elevated hair mercury concentrations in
Guiyu, we do not find a significant difference in blood Hg or blood
Ni between the exposed and reference areas in our study. This
could be due to the diet of the residents and a coal power plant in
the reference area. The reference area is closer to the beach than the
exposed area and individuals living there have a preference for
seafood. The robust relationships between Hg, As, Cd and Se clearly
reflect seafood as a common source (Al-Abed et al., 2008). Intake of
fish and coal combustion of a coal-fired power plant in the refer-
ence area could be the reason for increased blood As, Cd and Se
observed in residents of the reference area (Hwang et al., 2010;
Myers et al., 2003; Tang et al., 2013).

After examining immune indicators, we found lower antibody
titers of seven vaccines in the e-waste-exposed area comparedwith
the reference area, suggesting a reduced immunity in children
living in e-waste areas. Evidence has proved that heavy metals and
metalloids, such as Cr, Mn, Cu, Zn and Se, can adversely affects the
immune function of marine mammals, including harbor seals and



Fig. 2. Child vaccine antibody variation trends with age. The figure shows different trends of seven antibody titers with age (from 3 to 7 years of age). With age increasing, antibody
titers of exposed group were decreasing while antibody titers of the reference group were increasing.



Table 4
Spearman correlation coefficients between vaccines and blood heavy metals and metalloids (n ¼ 284).

Pba As Hg Cd Cr Mn Ni Cu Zn Se

Diphtheritis Vaccine Antibody Levels (pg/mL) �0.098 0.051 �0.010 0.282 �0.037 0.166 0.089 �0.142 �0.103 0.044
p-value 0.099 0.390 0.862 0.000 0.532 0.005 0.135 0.017 0.084 0.462
Pertussis Vaccine Antibody Levels (pg/mL) �0.148 0.072 0.005 0.291 �0.084 0.160 0.082 �0.197 �0.074 0.122
p-value 0.013 0.229 0.932 0.000 0.158 0.007 0.166 0.001 0.212 0.040
Tetanus Vaccine Antibody Levels (pg/mL) �0.143 0.082 0.036 0.247 �0.003 0.204 0.114 �0.115 �0.051 0.102
p-value 0.016 0.166 0.541 0.000 0.965 0.001 0.055 0.053 0.389 0.087
Hepatits B Vaccine Antibody Levels (pg/mL) �0.125 0.050 0.047 0.195 �0.027 0.159 0.086 �0.108 �0.140 0.122
p-value 0.035 0.405 0.426 0.001 0.656 0.007 0.150 0.070 0.018 0.040
Japanese Encephalitis Vaccine Antibody Levels (pg/mL) �0.161 0.054 0.008 0.225 �0.069 0.116 0.018 �0.155 �0.140 0.078
p-value 0.007 0.368 0.888 0.000 0.244 0.051 0.765 0.009 0.018 0.189
Polio Vaccine Antibody Levels (U/L) �0.104 0.098 0.017 0.262 �0.023 0.163 0.092 �0.148 �0.075 0.080
p-value 0.081 0.100 0.774 0.000 0.698 0.006 0.122 0.012 0.208 0.179
Measles Vaccine Antibody Levels (IU/L) �0.146 0.088 0.045 0.296 �0.003 0.169 0.080 �0.161 �0.080 0.080
p-value 0.014 0.138 0.454 0.000 0.966 0.004 0.176 0.007 0.179 0.180

a Units of heavy metals and metalloids are mg/L except for Pb of mg/dL. Bold value: p-value < 0.05.
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rats (Antje et al., 2005; Chih-Hung et al., 2012; Seth et al., 2003;
Vallverdu-Coll et al., 2015a). Ni can enhance immune responses and
can be used as a hapten to stimulate the production of antibodies
(Noel-Brune et al., 2013). Ni is reported to be associated with im-
mune suppression, resulting in increased incidence of infectious
diseases (Rosato et al., 2011). Our data showed that all essential
element levels were within normal ranges. No significant correla-
tion was found for As, Hg and Cr with antibodies by both spearman
correlation and logistic regression analyses, while Ni was associ-
ated with increasing antibody titers after logistic regression anal-
ysis, indicating that Ni exposure might be involved in the immune
regulation and activation.Other metals, for instance, Mn was asso-
ciated with increasing antibody titers, whereas high blood Cu and
Zn act as adverse factors for antibody titers. These results demon-
strate a possibly combined immunotoxic effect of some high
exposure of metals andmetalloids, in particular with Pb, Cu and Zn,
on preschool children, resulting in decreased immune function and
even a failing vaccination, which increases health risks for the
premature children.

Further, our data on the whole show that all vaccine antibody
levels are positively associated with age and BMI. High blood levels
of Pb negatively correlate with vaccine antibody levels, which is in
accordwith a previous study (Pikula et al., 2010), as well as our own
study showing a negative association between blood Pb and hep-
atitis B vaccine antibody in children (Xu et al., 2015). The antibody
response to vaccines is regulated by Th1/Th2 cells and cytokine
production. Expression of IFN-g has been shown to be up-regulated
and IL-4 down-regulated following Pb exposure (Radbin et al.,
2014). In general, Pb could skew the humoral immune response
away from making protective antibody responses against specific
pathogens, and may impair the ability of a child to generate an
adequate immune response to a vaccine.

Our previous study only focused on exposure to one heavy
metal (Pb) and one or three vaccine antibodies in children (Lin
et al., 2016; Xu et al., 2015). In the current study, we extend our
analysis of blood heavy metals to ten metals and metalloids,
enlarge the panel of the first category vaccine-induced antibodies,
and evaluate acquired immunity by measuring antibody titers after
immunization. With the exception of hepatitis B antibody levels, all
vaccine-induced antibodies of children from the exposed area are
lower than those from the reference area. Our previous study
included children in 2011 and 2012, and used S/CO ratios of pro-
tection significance scope of hepatitis B virus antibody (HBsAb) as
comparison unit, whereas this study only includes children in 2012
and uses ELISA for HBsAb values. Another reason is that some
childrenwith lower HBsAb titers in the prior analysis (in 2011) have
increased HBsAb titers in 2012 because their parents had been
informed and had an extra vaccine boost in 2011. Still, multiple
logistic regression and univariate analysis performed here indicate
that hepatitis B antibody levels negatively correlate with blood Pb
concentration, consistent with our previous study. Studies have
reported heavy metals and metalloids in relation to vaccine anti-
bodies in vitro or in animal studies (Hemdan et al., 2006; Krocova
et al., 2000; Mishra, 2009; Sorvari et al., 2007). However, the cur-
rent study provides the necessary confirmation in humans for the
association between heavy metals and metalloids and vaccine an-
tibodies, especially for children. We find that the decline in anti-
body titers, with increasing age (from 3 to 7 years of age), occurs
more rapidly in children from the exposed area compared with the
reference. Although this comparative result is contradictory to the
overall trend of positive relationship of age and antibody titers, it
suggests that antibody production and formation may be inhibited
by exposure to heavy metals and metalloids at relevant levels of
environmental exposure, particularly in e-waste-exposed area,
which exerts a joint effect on immune imbalance, thus potentially
affecting child immune function against toxic hazards.

This study is limited by the possibility that dietary habits in early
life may affect the results resulting from exposure to heavy metals
and metalloids. Many studies have indicated that fish consumption
may increase our body burden for heavy metals and metalloids,
which was not included in our questionnaire. With regard to po-
tential confounding effects, secondhand or third hand smoking, or
persistent organic pollutants released by e-waste pollution pose
another source of risk affecting child immunity. Therefore, further
study will be continued to investigate effects of more heavy metals
and metalloids and organic pollutants on child immunity to help
design evidence-based prevention policies and develop platforms
for dialogue with relevant stakeholders. Correct supplementation
of metal micronutrients is also important to maintain the body's
balance of heavymetals andmetalloids in children living in e-waste
areas. Though data is limited so far upon the frequency of infections
or allergic diseases in our subjects, we have found some respiratory
system related health consequences for children living in this area.

5. Conclusions

In summary, this is the first study to simultaneously investigate
different blood heavy metal and metalloid concentrations and
seven vaccine-induced antibody titers in children from an e-waste
polluted and a reference area. These results indicate that heavy
metal and metalloid pollution is still serious in e-waste exposed
areas, and has an adverse effect on the immune system of children.
Our study suggests that compositions of e-waste metals may pro-
vide joint toxicity on child immunity, rather than additive effects of



Table 5
Univariate and multivariable logistic regression analyses between vaccines and blood heavy metals and metalloids.

Variables Diphtheria Pertussis Tetanus Hepatitis B Japanese encephalitis Polio Measles

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value OR (95%CI) p value OR (95%CI) p value OR (95%CI) p value OR (95%CI) p value

Sex (female/male)
Univariate 0.798 (0.501, 1.272) 0.343 0.821 (0.515, 1.308) 0.406 0.798 (0.501, 1.272) 0.343 0.821 (0.515, 1.308) 0.406 0.893 (0.561, 1.423) 0.635 0.798 (0.501, 1.272) 0.343 0.893 (0.561, 1.423) 0.635
Adjusted 0.864 (0.492, 1.515) 0.836 1.009 (0.565, 1.803) 0.975 0.964 (0.542, 1.714) 0.901 1.056 (0.595, 1.874) 0.852 1.031 (0.584, 1.819) 0.917 1.052 (0.584, 1.894) 0.867 1.220 (0.680, 2.189) 0.505

Age
Univariate 1.530 (1.155, 2.026) 0.003 1.663 (1.249, 2.213) <0.001 1.669 (1.254, 2.223) <0.001 1.581 (1.192, 2.099) 0.002 1.776 (1.329, 2.375) <0.001 1.675 (1.257, 2.230) <0.001 1.768 (1.323, 2.363) <0.001
Adjusted 1.615 (1.167, 2.233) 0.006 1.784 (1.274, 2.497) 0.001 1.698 (1.216, 2.372) 0.002 1.615 (1.162, 2.246) 0.004 1.890 (1.350, 2.648) <0.001 1.769 (1.256, 2.491) 0.001 1.993 (1.412, 2.813) <0.001

BMI
Univariate 1.326 (1.119, 1.572) 0.001 1.379 (1.158, 1.641) <0.001 1.283 (1.086, 1.516) 0.003 1.378 (1.157, 1.641) <0.001 1.283 (1.086, 1.516) 0.003 1.368 (1.150, 1.628) <0.001 1.336 (1.126, 1.585) 0.001
Adjusted 1.232 (1.007, 1.506) 0.024 1.363 (1.096, 1.694) 0.005 1.261 (1.023, 1.554) 0.029 1.366 (1.103, 1.691) 0.004 1.271 (1.033, 1.563) 0.023 1.366 (1.093, 1.707) 0.006 1.326 (1.066, 1.648) 0.011

Area(Guiyu/Haojiang)
Univariate 0.490 (0.305, 0.788) 0.003 0.447 (0.277, 0.720) 0.001 0.432 (0.268, 0.698) 0.001 0.421 (0.261, 0.680) <0.001 0.487 (0.302, 0.783) 0.003 0.361 (0.222, 0.585) <0.001 0.363 (0.224, 0.589) <0.001
Adjusted 0.592 (0.326, 1.075) 0.304 0.679 (0.362, 1.274) 0.228 0.659 (0.353, 1.232) 0.192 0.626 (0.336, 1.167) 0.14 0.723 (0.390, 1.340) 0.303 0.529 (0.280, 1.001) 0.05 0.472 (0.250, 0.890) 0.02

5 mg/dL < Pb < 10 mg/dL
Univariate 0.546 (0.286, 1.044) 0.067 0.461 (0.238, 0.892) 0.022 0.733 (0.387, 1.389) 0.341 0.516 (0.268, 0.992) 0.047 0.544 (0.283, 1.045) 0.068 0.591 (0.309, 1.130) 0.112 0.642 (0.337, 1.220) 0.176
Adjusted 0.540 (0.247, 1.180) 0.050 0.361 (0.160, 0.818) 0.015 0.638 (0.287, 1.416) 0.269 0.455 (0.204, 1.016) 0.055 0.595 (0.270, 1.311) 0.198 0.537 (0.238, 1.215) 0.136 0.571 (0.255, 1.281) 0.174

Pb > 10 mg/dL
Univariate 0.404 (0.197, 0.830) 0.014 0.324 (0.156, 0.673) 0.003 0.452 (0.222, 0.920) 0.029 0.353 (0.171, 0.729) 0.005 0.335 (0.162, 0.693) 0.003 0.384 (0.187, 0.789) 0.009 0.395 (0.193, 0.810) 0.011
Adjusted 0.454 (0.179, 1.151) 0.031 0.259 (0.096, 0.699) 0.008 0.388 (0.146, 1.031) 0.058 0.330 (0.125, 0.873) 0.025 0.366 (0.140, 0.959) 0.041 0.355 (0.132, 0.956) 0.04 0.416 (0.156, 1.110) 0.08

High blood As
Univariate 1.326 (0.832, 2.114) 0.236 1.364 (0.855, 2.175) 0.192 1.403 (0.880, 2.238) 0.155 1.289 (0.809, 2.055) 0.286 1.326 (0.832, 2.114) 0.236 1.485 (0.931, 2.371) 0.097 1.253 (0.786, 1.997) 0.343
Adjusted 1.330 (0.702, 2.519) 0.567 1.202 (0.621, 2.325) 0.585 1.085 (0.564, 2.090) 0.806 0.973 (0.506, 1.872) 0.935 1.529 (0.793, 2.947) 0.205 1.258 (0.642, 2.465) 0.504 0.935 (0.479, 1.823) 0.843

High blood Hg
Univariate 1.122 (0.704, 1.788) 0.628 1.030 (0.646, 1.641) 0.901 1.000 (0.628, 1.593) 1 0.920 (0.577, 1.466) 0.725 0.798 (0.500, 1.272) 0.342 0.893 (0.561, 1.423) 0.635 1.122 (0.704, 1.788) 0.628
Adjusted 1.033 (0.580, 1.839) 0.817 0.874 (0.481, 1.590) 0.659 0.735 (0.405, 1.336) 0.313 0.693 (0.382, 1.258) 0.228 0.736 (0.410, 1.323) 0.306 0.650 (0.352, 1.200) 0.169 0.996 (0.545, 1.823) 0.99

High blood Cd
Univariate 2.289 (1.423, 3.682) 0.001 2.097 (1.307, 3.366) 0.002 2.429 (1.508, 3.913) <0.001 2.097 (1.307, 3.366) 0.002 1.364 (0.855, 2.175) 0.192 2.429 (1.508, 3.913) <0.001 2.159 (1.344, 3.468) 0.001
Adjusted 2.110 (1.138, 3.914) 0.018 1.930 (1.035, 3.601) 0.039 2.149 (1.155, 3.997) 0.016 2.080 (1.118, 3.870) 0.021 1.120 (0.607, 2.065) 0.717 2.154 (1.143, 4.060) 0.018 1.818 (0.969, 3.413) 0.063

High blood Cr
Univariate 1.058 (0.664, 1.685) 0.812 1.151 (0.723, 1.834) 0.553 1.058 (0.664, 1.685) 0.812 1.029 (0.646, 1.638) 0.906 1.119 (0.703, 1.783) 0.635 1.058 (0.664, 1.685) 0.812 1.000 (0.628, 1.592) 1
Adjusted 0.588 (0.301, 1.147) 0.119 0.720 (0.370, 1.402) 0.334 0.582 (0.298, 1.138) 0.113 0.656 (0.338, 1.273) 0.213 0.917 (0.482, 1.745) 0.792 0.558 (0.281, 1.106) 0.095 0.555 (0.281, 1.094) 0.089

High blood Mn
Univariate 3.130 (1.924, 5.092) <0.001 2.680 (1.656, 4.337) <0.001 2.594 (1.605, 4.193) <0.001 2.524 (1.562, 4.077) <0.001 1.821 (1.136, 2.920) 0.013 2.755 (1.701, 4.461) <0.001 2.608 (1.613, 4.217) <0.001
Adjusted 3.823 (2.043, 7.155) <0.001 3.076 (1.589, 5.954) 0.001 3.173 (1.644, 6.123) 0.001 3.302 (1.701, 6.410) <0.001 2.037 (1.072, 3.872) 0.03 3.640 (1.843, 7.189) <0.001 3.412 (1.738, 6.696) <0.001

High blood Ni
Univariate 1.485 (0.931, 2.371) 0.097 1.618 (1.013, 2.585) 0.044 1.868 (1.166, 2.991) 0.009 1.444 (0.905, 2.303) 0.123 1.485 (0.931, 2.371) 0.097 1.763 (1.102, 2.821) 0.018 1.665 (1.042, 2.662) 0.033
Adjusted 1.316 (0.728, 2.381) 0.323 1.697 (0.884, 3.255) 0.112 2.163 (1.122, 4.171) 0.021 1.434 (0.751, 2.736) 0.274 1.887 (0.990, 3.598) 0.054 2.000 (1.024, 3.906) 0.042 1.926 (0.994, 3.732) 0.052

High blood Cu
Univariate 0.477 (0.297, 0.765) 0.002 0.463 (0.288, 0.744) 0.001 0.477 (0.297, 0.765) 0.002 0.491 (0.306, 0.787) 0.003 0.400 (0.248, 0.644) <0.001 0.477 (0.297, 0.765) 0.002 0.505 (0.315, 0.810) 0.005
Adjusted 0.532 (0.293, 0.967) 0.081 0.564 (0.305, 1.041) 0.067 0.540 (0.293, 0.998) 0.049 0.598 (0.326, 1.098) 0.097 0.471 (0.259, 0.856) 0.014 0.559 (0.300, 1.044) 0.068 0.644 (0.348, 1.193) 0.162

High blood Zn
Univariate 0.477 (0.297, 0.765) 0.002 0.869 (0.545, 1.383) 0.553 0.844 (0.530, 1.345) 0.477 0.821 (0.515, 1.308) 0.406 0.636 (0.398, 1.016) 0.058 0.798 (0.501, 1.272) 0.343 0.754 (0.473, 1.202) 0.236
Adjusted 0.703 (0.384, 1.289) 0.295 0.706 (0.379, 1.317) 0.274 0.609 (0.328, 1.130) 0.116 0.659 (0.356, 1.221) 0.185 0.483 (0.261, 0.894) 0.021 0.563 (0.298, 1.062) 0.076 0.548 (0.292, 1.030) 0.062

High blood Se
Univariate 1.000 (0.628, 1.592) 1.000 1.151 (0.723, 1.834) 0.553 1.326 (0.832, 2.114) 0.236 1.289 (0.809, 2.055) 0.286 1.058 (0.664, 1.685) 0.812 1.253 (0.786, 1.997) 0.343 1.184 (0.743, 1.887) 0.477
Adjusted 0.989 (0.513, 1.907) 0.974 1.253 (0.644, 2.440) 0.507 1.568 (0.805, 3.054) 0.186 1.686 (0.866, 3.281) 0.124 1.162 (0.601, 2.246) 0.656 1.362 (0.689, 2.694) 0.375 1.315 (0.670, 2.581) 0.426

Note: Adjusted confounding factors were sex, age, BMI, Area (Guiyu/Haojiang), high/low Pb (5 mg/dL < Pb< 10 mg/dL), higher/low Pb (Pb > 10 mg/dL), high/low As, high/low Hg, high/low Cd, high/low Cr, high/lowMn, high/lowNi,
high/low Cu, high/low Zn, high/low Se.
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single e-waste pollutants.
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