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Abstract: Lead (Pb) is a toxic metal known for its wide-ranging adverse health effects. However, a
compound of Pb is still used in the caulking process to repair wooden fishing boats. The present
study aimed to measure Pb exposure and its immunologic effects in boatyard workers in Nakhon
Si Thammarat province, Thailand, in comparison with an age-matched control group of farmers.
The age, body mass index, and smoking history in workers (n = 14) and controls (n = 16) did not
differ. The median blood Pb concentration was 8.7-fold higher in workers than controls (37.1 versus
4.3 µg/dL, p < 0.001). Workers had 8.4% lower phagocytic active cells than controls (89.9% versus
98.1%, p = 0.019). In response to a mitogen stimulation, the peripheral blood mononuclear cells
(PBMCs) from workers produced 2-fold higher ratios of interleukin-4 (IL-4) to interferon-γ than the
PBMCs from controls (p = 0.026). Furthermore, Pb-exposed workers had 33.9% lower cytotoxic T (Tc)
cells than controls (24.3% versus 36.8%, p = 0.004). In stark contrast, the percentage of regulatory T
(Treg) cells in workers was 2.7-fold higher than controls (6.1% versus 2.3%, p < 0.001). In all subjects,
blood Pb showed positive correlations with the percentages of Treg cells (r = 0.843, p < 0.001) and IL-4
(r = 0.473, p = 0.041) while showing an inverse correlation with the percentages of Tc cells (r = −0.563,
p = 0.015). These findings indicate that chronic high Pb exposure may cause a shift towards humoral
immune response, together with a suppression of cellular immunity, thereby suggesting an elevation
in cancer risk in Pb-exposed workers.
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1. Introduction

Lead (Pb) is a heavy metal with versatile properties, including malleability, ductility, poor
conductivity, softness, and corrosion resistance, and it has thus been used for several thousands of years,
causing widespread distribution in the environment worldwide [1,2]. Due to its non-biodegradability,
Pb accumulates in the environment and hazards increase over time, evident from numerous reports of
Pb contamination in the environment by industrial, mining, and agricultural activities [1–3]. Pb has no
known biological role, but it can accumulate in the body, causing toxicity in many tissues and organs,
immune system included [1–12]. It is of concern that there is increasing evidence for the negative
effects of chronic exposure to high-level Pb on cancer risk and mortality that has recently emerged
from prospective cohort studies of Pb-exposed workers [13,14].

The immune system provides important defense mechanisms that reduce the potential adverse
effects of exposure to harmful biological agents, mutant cells, and certain chemicals [15]. Studies in
humans and experimental animals have demonstrated the adverse effects of Pb exposure on the body’s
immune system [16–21]. In one study, Pb-poisoned children were found to have lower numbers of
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CD4+CD8+ helper T cells (Th), while their CD3+CD8+ cytotoxic T cell (Tc) levels were higher than
those of a control group [16]. Workers in a factory manufacturing lead stearate were found to have a
decreased number of CD45RO+ memory T cells [17]. A decrease in lymphocyte proliferation was noted
in another study of occupationally exposed workers [18]. A reduction in humoral immunity by 53.6%
was observed in mice receiving Pb in drinking water [19]. In other studies, altered subpopulations
of circulating CD4+ T cells (T cells) and CD8+ T cells (T cytotoxic cells) were noted, together with
evidence for Th1 up-regulation occurring simultaneously with Th2 down-regulation [20,21].

Nakhon Si Thammarat Province, located in the southern region of Thailand, is not an industrial
estate area. However, there are many shipyards in operation, especially in coastal areas such as the
districts of Pak Phanang, Mueng, Thasala, and Si-Chon. Many occupations are associated with the
shipyards, including boat caulkers and fishing net workers, using lead bars [22]. In a previous report
published in 2007, 48% to 67% of caulkers, painters, and mechanics working in the shipyards of Pak
Phanang and Thasala districts were found to have blood Pb concentrations >40 µg/dL [23]. The present
study was undertaken to assess Pb exposure experienced by current boatyard workers by measuring
their blood Pb concentrations. In addition, it examined the adverse effects of such exposure, with a
focus on the function of immune cells, which included phagocytic activity, proliferation, and cytokine
production, and T cell subpopulation profiles.

2. Materials and Methods

2.1. Study Subjects

The Committee on Human Rights Related to Research Involving Human Subjects at Walailak
University approved all experimental protocols in the present study (approval no. 14/057, 1 August
2014). A total of fourteen Pb-exposed workers (boat caulkers and fishing net workers included) from
Pak Phanang district, Nakhon Si Thammarat Province, Thailand, were enrolled in this study. Additional
age-matched farmers (n = 16) were enrolled as controls. The main criterion for inclusion in the worker
group was blood Pb concentration ≥25 µg/dL. For controls, blood Pb levels were <25 µg/dL. The blood
Pb level of 25 µg/dL was an exposure limit for Pb-exposed workers, based on the Occupational Safety
and Health Administration (OSHA) [24].

2.2. Sampling and Blood Analysis

From each subject, a 50-mL blood sample was drawn from the median cubital vein in the morning,
before working and without fasting. The blood sample of each subject was divided into three aliquots of
5, 10, and 35 mL. The 5-mL aliquots of whole blood, in BD Vacutainer®EDTA tube (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) were assayed for Pb concentrations, using the graphite furnace
atomic absorption spectrometer, AAnalystTM 600 (PerkinElmer, Wellesley, MA, USA), available at
Toxicology Laboratory, Department of Pathology, Faculty of Medicine, Ramathibodi Hospital, Mahidol
University, Bangkok, Thailand. Whole Blood Metals Control LymphochekTM Levels 1, 2 and 3 were
used for quality assurance and control (Bio-Rad, Hercules, CA, USA). The coefficients of variation of
blood Pb concentrations were within 10%. None of study subjects had blood Pb concentrations below
the detection limit of 1.0 µg/dL [25]. The 10-mL aliquots of blood samples contained heparin as an
anticoagulant were assayed for T cell subpopulations and phagocytic activity. The 35-mL aliquots of
blood samples contained heparin as an anticoagulant were subjected to preparation of mononuclear
cells, as detailed in Section 2.3.

2.3. Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs were isolated by the Ficoll density gradient centrifugation method [26] from 35-mL
aliquots of blood samples, collected in BD Vacutainer®Lithium Heparin tubes (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). Cells were counted and cell viability was determined by trypan
blue staining. The PBMCs 2 × 106 cells/mL were cultured in RPMI 1640 GibcoTM culture medium
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(Thermo Fisher, Waltham, MA, USA) supplemented with 15% fetal bovine serum (Merck, Darmstadt,
HE, Germany) and 1% penicillin-streptomycin Gibco™ (Thermo Fisher Scientific, MA, USA).

2.4. Phagocytic Activity Assay

Phagocytosis activity was determined using the IgG-FITC Phagocytosis assay kit (Cayman
Chemical, Ann Arbor, MI, USA). The instructions in the manufacturing manual were slightly modified.
One milliliter of buffy coat from heparinized blood was mixed with 9 mL FACSTM lysing solution (Becton
Dickinson and Company, Franklin Lakes, NJ, USA), and the samples were incubated for 15 min at room
temperature. The cells were centrifuged for 5 min at 400× g at room temperature. The supernatant
was carefully decanted, and cells were adjusted with PBS to a concentration of 1 × 106 cells/mL. Cells
were transferred into polypropylene FACSTM tubes (Becton Dickinson and Company, Franklin Lakes,
NJ, USA) and mixed with the latex beads rabbit IgG-FITC solution. Subsequently, cells were incubated
in the dark in an incubator with 5% CO2, 37 ◦C for 1 h. The percentages of active phagocytic cells were
determined by BD FACSCaliburTM flow cytometry (Becton Dickinson and Company, Franklin Lakes,
NJ, USA).

2.5. Cytokine Assay

To stimulate cytokine production, separated PBMCs were mixed with phytohemagglutinin (PHA)
at a concentration of 5µg/mL (Merck, Darmstadt, HE, Germany) before they were incubated at 5%
CO2, 37 ◦C for 48 h [21]. Supernatants were harvested from each well and stored at −80 ◦C until they
were measured for levels of cytokines, namely interleukin-4 (IL-4) and interferon-γ (IFN-γ), by ELISA
human cytokine development kits (PeproTech, Rocky Hill, NJ, USA). Each sample was analyzed in
triplicate, and controls and unstimulated blanks were analyzed simultaneously.

2.6. Proliferation Assay

A total of 2 × 106 cells/mL of PBMCs in complete medium were grown in 96-well plates and
stimulated with 5 µg/mL PHA [13] and incubated at 37 ◦C, 5% CO2 for 48 h. Following incubation,
3-(4-5-dimethylthaizolyl-2)-2,5-diphenyltetrazolium bromide (Merck, Darmstadt, HE, Germany) was
added and the cells were incubated at 37 ◦C for a further 4-h period. Then, 100 µL of dimethyl sulfoxide
(DMSO) was added and samples were mixed thoroughly by repeated pipetting and incubated at room
temperature in the dark for 2 h. The absorbance wavelength of 570 nm and the reference wavelength of
630 nm were measured by a Thermo ScientificTM MultiskanTM GO microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). Each sample was analyzed in triplicate, and controls and unstimulated
blanks were analyzed simultaneously.

2.7. Determination of T Cell Subpopulations by the Flow Cytometry

Cells were stained before they were incubated with FACS lysing solution, containing
paraformaldehyde for fixing cells (https://www.bdbiosciences.com/ds/is/tds/23-1358.pdf). To control
for staining variability, negative isotype control was used for every sample tested. The negative isotype
control ensured that the observed staining was due to specific antibody binding to the target rather
than an artefact or background. The utility of Fc receptor blocking reagents was unnecessary when
the negative isotype was used. For CD4 and CD8, at least 10,000 event cells were collected as the
concentrations of Th and Tc cells were 800 and 500 cells/µL, respectively. For Treg cells, at least 20,000
events were collected as there was 1–2% of CD4 T cells.

2.7.1. Helper T Lymphocytes and Cytotoxic T Lymphocytes

To a 5-mL FalconTM polystyrene tube (Becton Dickinson and Company, Franklin Lakes, NJ, USA),
fifty microliters of EDTA blood was added per 10 µL of BD Tritest CD4/CD8/CD3 (Becton Dickinson and
Company, Franklin Lakes, NJ, USA). The method followed the manufacturer’s manual. The negative
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control tube was reacted with the BD FastImmuneTM γ1 PE/CD45 PerCP control (Becton Dickinson and
Company, Franklin Lakes, NJ, USA). Samples were analyzed by BD FACSCaliburTM flow cytometry
(Becton Dickinson and Company, Franklin Lakes, NJ, USA). Cytotoxic T (Tc) cells are CD3+CD8+,
while helper T (Th) cells are CD3+CD4+. The data were analyzed by BD CellQuest software version
5.0, 2002 (Becton Dickinson and Company, Franklin Lakes, NJ, USA).

2.7.2. Regulatory T Lymphocytes

To a 5-mL FalconTM round-bottom polystyrene tube (Becton Dickinson and Company, Franklin
Lakes, NJ, USA), fifty microliters of buffy coat of EDTA blood was added per 10 µL of isotype control
(PE-CyTM 7 Mouse IgG1κ isotype control (Becton Dickinson and Company, Franklin Lakes, NJ, USA)
and cocktail of human regulatory T cells (CD4/CD25/CD127) (Becton Dickinson and Company, Franklin
Lakes, NJ, USA) antibody in each sample. The regulatory T (Treg) cells (CD4+CD25brightCD127dim)
were analyzed by flow cytometry. Events collected using a FACSCaliburTM (Becton Dickinson and
Company, Franklin Lakes, NJ, USA) were analyzed using CellQuest version 5.0, 2002 (Becton Dickinson
and Company, Franklin Lakes, NJ, USA).

2.8. Statistical Analysis

GraphPad Prism software version 8.01, 2018 (GraphPad Software, San Diego, CA, USA) was used
to analyze data. The Mann–Whitney U test was used to determine differences in age, body mass index
(BMI), and blood Pb concentration in controls versus workers. Difference in smoking history was
determined by odds ratio and chi-square test. Spearman’s rank correlation was used to identify the
correlations between blood Pb concentration and seven measured immunologic parameters, including
proliferation index, percentages of phagocytic cells, levels of cytokines, and percentages of T cell
subpopulations. The result was considered statistically significant when p-values were less than 0.05 in
a two-sided test.

3. Results

3.1. Characteristics of Study Workers and Controls

Table 1 provides the characteristics of the control group and worker group. Participants in the
control group were men, while the worker group had nine men and five women. Half of the study
workers were exposed to Pb for more than 10 years. Age, BMI, hemoglobin, hematocrit, and smoking
history of both groups did not differ. Thus, demographic characteristics of the two groups were
apparently homologous. The median blood Pb concentration in the worker group was 37.07 µg/dL.
This blood Pb concentration was 8.7-fold higher than the controls (p < 0.001). It was also higher than
the OSHA exposure limit for Pb-exposed workers of 25 µg/dL [24].

3.2. Profiling of Cytokine Production and Other Immunologic Parameters

Table 2 provides a profile of the immunologic parameters measured. These included the
percentage of helper T (Th) lymphocytes (CD3+CD4+) together with cell proliferation index and
cytokine production in response to stimulation by a mitogen. The median percentage of Th lymphocytes
in workers was similar to that of controls (60.74% versus 56.31%, p = 0.395). In the cell proliferation
and cytokine production assay, peripheral blood mononuclear cells (PBMCs) from study subjects were
used, with PHA as a stimulant mitogen. The median PHA-stimulated cell proliferation index was 1.14
in workers and 1.50 in controls (p = 0.226). The median level of interferon-gamma (IFN-γ) generated in
response to PHA stimulation was 12.14 pg/mL in workers and 20.07 pg/mL in controls (p = 0.103), while
the median level of interleukin-4 (IL-4) was 175.58 pg/mL in workers and 155.65 pg/mL in controls
(p = 0.060). Interestingly, the median ratio of IL-4/IFN-γ was approximately 2-fold higher in workers
compared with controls (15.03 versus 7.01, p = 0.026). Hence, there was a shift towards humoral
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immune response in Pb-exposed workers, evident from an increase in IL-4 production concomitant
with a decrease in IFN-γ production, which has a suppressive effect on cell-mediated immunity.

Table 1. Demographic data of control and worker groups.

Descriptors All Subjects Controls Workers Odds
Ratio p-Value 1

Number 30 16 14
Age, years 53.0 ± 9.7 51.5 ± 8.8 54.0 ± 11.3 - 0.595

Range, years 28–69 36–66 28–69
BMI, kg/m2 22.9 ± 4.1 23.7 ± 4.7 24.0 ± 4.6 - 0.874

Range, kg/m2 16.9–32.5 19.1–32.5 16.9–30.3
Hemoglobin, g/dL 13.9 ± 1.2 14.1 ± 1.1 13.4 ± 1.2 - 0.550

Range, g/dL 11.7–16.4 12.2–16.4 11.7–15.6
Hematocrit, % 41.8 ± 3.2 42.4 ± 2.9 40.9 ± 3.0 - 0.698

Range, % 36.3–48 37.7–48 36.3–45.2
Blood Pb concentration, µg/dL 16.17 ± 18.68 4.28 ± 1.12 37.07 ± 11.09 - <0.001

Range, µg/dL 3.02–58.47 3.02–4.24 25.11–58.47
Sex - -

Male 25 16 9
Female 5 0 5

Occupation - -
Caulker 10 0 10

Fishing net worker 4 0 4
Agriculturist 16 16 -

Duration of Pb exposure - -
0 year 16 16 0

1–5 years 3 0 3
5–10 years 4 0 4
>10 years 7 0 7

Smoking history 1.158 0.282
Yes 14 6 8
No 16 10 6

Age, BMI, hemoglobin, hematocrit, and blood Pb concentration are presented as median ± standard deviation
(SD).—means no data or not determined. 1 The p-values for age, BMI, and blood Pb were derived from the
Mann–Whitney U test. The p-value for smoking history was derived from chi-square test. Significant different at
p-value < 0.05.

Table 2. Profiling of immunologic parameters.

Parameters Group Median SD Range 95% CI p-Value 1

Th (%) Controls 56.3 10.1 41.3–78.4 51.9–68.4
0.395Workers 60.7 9.3 45.8–77.2 56.9–69.9

Proliferation index
Controls 1.50 0.35 1.06–2.41 1.22–1.66

0.226Workers 1.14 0.26 1.09–1.66 1.09–1.66

IFN-γ (pg/mL) Controls 20.1 9.3 3.2–30.0 3.2–30.0
0.104Workers 12.1 4.6 3.6–20.6 10.0–15.5

IL-4 (pg/mL) Controls 155.6 40.0 103.4–252 112.1–163
0.060Workers 175.6 67.2 99.2–334 114.7–215

IL-4/IFN-γ ratio Controls 7.0 15.6 3.5–50.4 3.5–50.4
0.026Workers 15.0 11.8 6.1–48.1 10.3–31.3

1 The p-value was derived from the Mann–Whitney U test, significant difference at p-value < 0.05.

3.3. Effects of High Pb Exposure on Innate Immunity

Figure 1 provides results of an investigation on innate immunity, where white blood cells
separated from the buffy coats of fresh heparinized blood samples from subjects who were tested for



Toxics 2020, 8, 56 6 of 13

their phagocytic activity. As the effect of smoking on the percentage of phagocytic cells was minuscule,
data from non-smokers and smokers in the group of workers or controls were pooled. The median
percentage of phagocytic active cells was 8.4% lower in workers than controls (89.92% vs. 98.11%,
p = 0.019).
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3.4. Effects of High Pb Exposure on the Populations of Cytoxic and Regulatory T Lymphocytes

Figure 2 provides boxplots that compare the percentages of cytotoxic T (Tc) lymphocytes
(CD3+CD8+) in controls and workers, stratified by smoking status. As an effect of smoking on
percentage of Tc lymphocyte was statistically insignificant, data from non-smokers and smokers in the
group of workers or controls were pooled. The median percentage of Tc lymphocytes in the worker
group was 33.9 % lower than the control group (24.30% versus 36.76%, p = 0.004).
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Figure 3 provides boxplots that compare the percentages of regulatory T (Treg) lymphocytes
(CD4+CD25brightCD127dim) in controls and workers, stratified by smoking status. As the effect of
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smoking on the percentage of Treg lymphocytes was statistically insignificant, data from non-smokers
and smokers in the group of workers or controls were pooled. The median percentage of Treg
lymphocytes in the worker group was 2.7-fold higher than the control group (6.10% versus 2.28%,
p < 0.001). Pb-exposed workers appeared to have a decreased percentage of Tc cells concomitantly
with an increased percentage of Treg cells, thereby suggesting suppression of cellular immunity.Toxics 2020, 8, x FOR PEER REVIEW 8 of 12 
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Figure 3. Effects of high Pb exposure on the percentage of regulatory T lymphocytes. The flow cytometry
strategies (dot plots) show side scatter vs. CD4 (FITC) (A), isotype control stained (B), the regulatory
T (Treg) lymphocytes in one control subject (C) and one Pb-exposed worker (D). Boxplots compare
percentages of regulatory Treg lymphocytes in controls versus workers, non-smokers, and smokers
included (E). Outliers were the data points below or above 1.5× interquartile range. The p-value was
derived from the Mann–Whitney U test, in which outliers were included.
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3.5. Blood Pb in Relation to Cytokines amd Immunologic Parameters

Table 3 provides results of the Spearman’s rank correlation analysis of blood Pb concentration
and seven immunologic parameters measured for an entire group (controls plus workers, n = 30).
Blood Pb concentration did not correlate with phagocytic activity, proliferative response, IFN-γ, or % T
helper cells (p ≥ 0.05). However, blood Pb concentrations showed significant positive correlations with
the percentages of Treg cells (r = 0.843, p < 0.001) and IL-4 (r = 0.473, p = 0.041), while showing an
inverse correlation with the percentages of Tc cells (r = −0.563, p = 0.015). Thus, Pb-exposed workers
were found to have elevated IL-4 production levels together with an elevated percentage of Treg cells,
while having a decreased percentage of Tc cells.

Table 3. The Spearman’s rank correlation analysis of blood Pb concentrations and seven immunologic
parameters.

Blood Pb Versus
Immunologic Parameters

Phagocytic
Activity

Proliferation
Index IFN-γ IL-4 %Th %Tc %Treg

Spearman’s rho −0.209 −0.329 −0.319 0.473 0.358 −0.563 0.843
p-value (two-tailed) 0.364 0.231 0.213 0.041 0.121 0.015 <0.001
Significant (α = 0.05) No No No Yes No Yes Yes

4. Discussion

In this study, we investigated Pb exposure levels in occupational settings together with adverse
effects of such exposure levels on the function of the body’s immune system. The blood Pb concentrations
in study workers showed a wide range, 25.11 to 58.47 µg/dL, while the blood Pb concentrations in
age-matched farmers (a control group) were in a narrow range, 3.02 to 4.24 µg/dL. The most likely
source of Pb in the control group is the diet, as Pb is present in virtually all foodstuffs [27,28]. The effects
of Pb on lymphocyte proliferation, natural killer (NK) cell cytotoxicity, and IFN-γ production by
PBMCs have been seen in occupationally exposed persons [29]. In parallel, some effects of Pb on
the immune response have been seen in animal models, such as the innate immune system in zebra
fish [30] and the humoral and cell-mediated immune responses in mice [31,32].

Compared with a former report [23], Pb exposure levels among boatyard workers in our study
workers remained as high as previously observed. In addition, we observed a decrease in phagocytic
activity of the neutrophils from boatyard workers. This finding agreed with a previous report [31].
The decreased phagocytic activity may be attributable to the action of IL-1, as it is known to be involved
in the stimulation of neutrophils and the recruitment activated cells into the site of injury [33]. However,
IL-1 was up-regulated after exposure to mixtures of Pb and arsenic [30].

IFN-γ, produced by CD8+ Th1 cells, represents a component of cell-mediated immunity known
for its anti-viral and anti-parasitic propensities [34]. IFN-γ inhibits the proliferation of Th2 cells and acts
in synergy with other cytokines, notably TNF-α, to impede the proliferation of normal and transformed
cells [34]. In a recent review, in vivo, in vitro, and ex vivo studies have been used to confirm that IFN-γ
production is inhibited by Pb [35]. It is of relevance that the levels of IFN-γ produced by PBMCs from
workers showed a tendency to be lower than those from controls. In an early study [36], Pb acetate
was found to be involved in immediate hypersensitivity reactions (degranulation of rat mast cells) and
allergic hypersensitivity, which was mediated by Th2 [36]. Exposure to low-dose Pb led to a decrease in
IFN-γ Th1 cytokine and proinflammatory cytokines TNF-α and IL-1 while inducing IL-4 and/or IL-10
to maintain a Th2 immune response [37]. It has been suggested that Pb may increase susceptibility to
infection and the incidence of allergic hypersensitivity [35,37].

IL-4 is a Th2 cytokine secreted by activated Th2 and NKT cells. It is a potent inducer of naïve
CD4+ T cells and directs their differentiation into Th2 effector cells. IL-4 is known as a marker of
humoral immunity [38]. In the present study, PBMCs from workers showed a tendency to produce
more IL-4 together with less IFN-γ than controls. Consequently, the IL-4/IFN-γ ratio produced by
PBMCs from workers was 2-fold higher than the control group. This indicated toxicity of Pb on
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cytokine production, which is consistent with previous studies in the following ways. In BALB/c mice,
levels of the IL-4 gene were increased after exposure to heavy metals, Pb included [39]. Elevated IL-4
after Pb exposure may cause an induction of type 2 helper T (Th2) cells and M2 macrophages [40].
In effect, the increased production of IL-4 seen in boatyard workers might confer upon them increased
susceptibility to infection, allergic hypersensitivity, and/or autoimmune diseases dominated by Th2.

A significant increase in Treg observed among workers in the present study is similar to previous
experimental studies [41,42]. Up-regulation of IL-2RB in lymphocytes after exposure to heavy metals
was observed in addition to the higher expression of Treg differentiation [43,44]. It is suggested
that Pb may activate TGF-β, one of the main regulatory cytokines [41], which in turn stimulates the
differentiation of regulatory T cells, promoting FoxP3 expression [45]. The link between Treg cells
and cytokine suppression was confirmed by a study targeting the PI3-AKT pathway that caused
the inhibition Treg proliferation [46]. In the present study, a significant reduction in Tc lymphocytes
(CD3+CD8+) was observed in boatyard workers. Likewise, a significant decrease in the percentage of
CD4+ Th cells was noted in a study of Pb-exposed children [47].

5. Conclusions

Herein, we have demonstrated that boatyard workers continue to be exposed to toxic high
levels of Pb, as reflected by their blood Pb levels, which are 8.7-fold higher than the farmer control
group. The immunological effects associated with such toxic exposure levels among study workers are
reduced phagocytic activity, altered cytokine profiles (an increase in IL-4 concomitant with a decrease
in IFN-γ), and deranged subpopulations of Tc and Treg cells, causing suppression of cell-mediated
immunity. These findings may explain the increased risk of death from cancer and increased incidence
of lung cancer and brain cancer in workers with high exposure, seen in cohort studies of Pb-exposed
workers [13,14]. Public measures are required in order to reduce workplace exposure, as is a further
study with a larger sample size to substantiate these important observations.
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