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Abstract

To evaluate the immunotoxicity of trichloroethylene (TCE), we conducted a cross-sectional 

molecular epidemiology study in China of workers exposed to TCE. We measured serum levels of 

IL-6, IL-10, and TNF-α, which play a critical role in regulating various components of the 

immune system, in 71 exposed workers and 78 unexposed control workers. Repeated personal 

exposure measurements were taken in workers before blood collection using 3 M organic vapor 

monitoring badges. Compared to unexposed workers, the serum concentration of IL-10 in workers 

exposed to TCE was decreased by 70% (P = 0.001) after adjusting for potential confounders. 

Further, the magnitude of decline in IL-10 was >60% and statistically significant in workers 

exposed to <12 ppm as well as in workers with exposures ≥ 12 ppm of TCE, compared to 

unexposed workers. No significant differences in levels of IL-6 or TNF-α were observed among 

workers exposed to TCE compared to unexposed controls. Given that IL-10 plays an important 
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role in immunologic processes, including mediating the Th1/Th2 balance, our findings provide 

additional evidence that TCE is immunotoxic in humans.
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Introduction

Trichloroethylene (TCE) is a volatile chlorinated solvent that has been commonly used as a 

metal degreaser and general purpose solvent in the occupational setting, and has been 

estimated to be present in about one-third of municipal water supplies in the United States 

[Jollow et al. 2009]. Exposure to TCE has been reported to result in several adverse health 

effects in humans, including toxicities involving the skin, kidney, and central nervous and 

immune systems, and has also been shown to induce autoimmune related effects in 

occupationally exposed workers and in animal models [United States Environmental 

Protection Agency, 2011]. TCE is currently classified as a known carcinogen (Group 1) by 

the International Agency for Research on Cancer (IARC), based on convincing evidence in 

humans for an association with renal cell carcinoma, and has been associated with several 

other cancers including non-Hodgkin lymphoma (NHL) in some epidemiologic studies 

[Guha et al., 2012].

We have previously reported in a cross-sectional study of Chinese factory workers that 

exposure to TCE results in declines in various markers of immune function, including in 

total lymphocytes, specific lymphocyte subsets including CD4+ T cells, markers of B-cell 

activation, and serum immunoglobulins [Lan et al., 2010; Hosgood et al., 2011; Zhang et al., 

2013]. Alterations in some of these specific markers have been associated with risk of NHL, 

indicating that an association between TCE and NHL may be biologically plausible [Grulich 

et al., 2007; De Roos et al., 2012]. Cytokines are signaling molecules secreted by immune 

cells and play an important role in regulating immune and inflammatory processes, 

including maintaining homeostasis between cell-mediated and humoral immune responses. 

Imbalances in the Th1/Th2 ratio result in immune dysfunction, and have been reported to be 

associated with autoimmune or atopic conditions, as well as some hematological 

malignancies including NHL [Lucey et al., 1996].

Tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-10 (IL-10) are 

key cytokines regulating lymphoid development and the immune response, and deregulated 

concentrations of these cytokines have been associated with NHL and demonstrated to be 

important prognostic factors in NHL patients [Blay et al., 1993; Kurzrock, 1997; Warzocha 

et al., 1998]. Further, genetic variation in the IL-10 and TNF genes in particular have 

emerged as susceptibility loci for overall NHL and for specific NHL subtypes [Rothman et 

al., 2006]. Given our previous observations that TCE exposure alters immune parameters 

that are potentially relevant to lymphomagenesis, and some evidence that TCE alters the 

concentration of other key cytokines in mice [Griffin et al., 2000; Blossom et al., 2007] and 

in occupationally exposed workers, including IL-2, IL-4, and interferon-gamma (IFN-γ) 
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[Iavicoli et al., 2005], we postulated that TCE exposure may alter the serum concentration of 

IL-6, IL-10, and TNF- α in our cross-sectional study of occupationally exposed factory 

workers in Guangdong, China. To the best of our knowledge, this is the first epidemiological 

study to evaluate levels of these cytokines in relation to TCE exposure in humans.

Materials and Methods

Study Population and Exposure Assessment

The study design and exposure assessment protocol for this cross-sectional molecular 

epidemiology study has been described previously [Lan et al. 2010]. Briefly, six factories 

were identified in Guangdong, China that used TCE for metal (n = 4), optical lense (n = 1), 

and circuit board (n = 1) cleaning processes along with four control facilities in the same 

geographic region that did not use TCE. The exposed factories were selected based on their 

use of TCE for manufacturing, having low to negligible levels of other chlorinated solvents, 

and having no detectable benzene, styrene, ethylene oxide, formaldehyde, or 

epichlorohydrin levels. Exposed workers were frequency matched to unexposed workers by 

sex and age (±5 years). Any worker with a history of cancer, chemotherapy, radiotherapy, or 

a previous occupation with notable exposure to benzene, butadiene, styrene, and/or ionizing 

radiation was excluded from the study. All workers completed a questionnaire that inquired 

about demographic and lifestyle characteristics, and each worker had a brief physical 

examination that included an evaluation for evidence of a current respiratory infection. 

Informed consent was obtained from all subjects and the study was approved by the 

Institutional Review Boards at the United States National Cancer Institute and the 

Guangdong National Poison Control Center in China. Two to three personal air exposure 

measurements using a 3 M organic vapor monitoring badge were collected for a full work 

shift in exposed workers and in a subgroup of controls on separate work days before blood 

collection as detailed previously [Lan et al., 2010].

Assay

Following completion of the exposure monitoring period, all subjects were asked to provide 

a 29 mL peripheral blood sample as described previously [Lan et al., 2010]. Serum 

concentrations of IL-6, IL-10, and TNF-α from 71 exposed workers and 78 controls were 

measured using a multiplex high sensitivity human cytokine Milliplex (Billerica, MA) assay 

for the BioPlex200 (BioRad, Hercules, CA) platform according to the manufacturer's 

instructions. Samples were assayed in duplicate with 50 μL of serum per well and data were 

reported in pg/mL. Measurements from blinded quality control replicates interspersed 

among the samples did not identify outlier batches. A similar percentage of subjects had 

levels of IL-10 (16.8%) and IL-6 (17.4%) below LOD (0.15 pg/ml for IL-10; 0.10 pg/mL for 

IL-6), and levels of TNF-α were below LOD (0.05 pg/mL) in 6.0% of subjects. 

Concentrations of cytokines below LOD were substituted using the LOD/√2. The coefficient 

of variation for the assays was <13% (IL-6: 10.1%; IL-10: 12.8%; TNF-α: 11.7%) for all 

measured cytokines and intraclass correlation coefficients were each ≥97%.
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Statistical Analysis

Unadjusted summary measures were calculated for IL-6, IL-10, and TNF- α in exposed 

workers and controls. Linear regression using the natural logarithm of each endpoint was 

conducted in order to assess differences in the serum concentration of cytokines in exposed 

workers and controls, as well as to test for a dose-response trend across TCE exposure 

groups based on the median exposure level in the overall study population (unexposed 

controls, <12 ppm, ≥12 ppm). All models were adjusted for the matching factors, age (as a 

continuous variable) and sex. Other potential confounders evaluated in the models included 

current smoking (yes/no), alcohol consumption (yes/no), BMI, and recent infection (yes/no). 

These variables were included in the final model if the regression coefficient of the TCE 

exposure variable was altered by ±10%. Moreover, given our previously published findings 

that showed significant decreases in lymphocyte counts associated with TCE exposure, and 

since these cytokines are produced by lymphocyte subsets, we further adjusted the models 

for total lymphocytes if this variable altered the parameter estimate by ±10% when included 

in the age and sex adjusted model. All statistical analyses were conducted using SAS v. 9.2 

(Cary, NC).

Results and Discussion

Exposed workers were similar to controls with respect to most demographic characteristics, 

though a higher percentage of exposed workers reported current smoking as compared to 

controls (Table I). The mean TCE exposure level in the 71 exposed workers was 23.4 ppm, 

5.1 ppm in the low exposed group (<12 ppm), and 41.2 ppm in the high exposed group (≥12 

ppm; Table I).

Exposure to TCE resulted in a 70% decline in serum IL-10 concentrations relative to 

controls (P = 0.001 for exposed vs. unexposed workers), adjusted for age, sex, and total 

lymphocyte counts. In contrast, there were no statistically significant differences in 

concentrations for IL-6 (P = 0.19 for exposed vs. unexposed workers), adjusted for age and 

sex, or for TNF-α (P = 0.73 for exposed vs. unexposed workers), adjusted for age, sex, and 

total lymphocyte counts. Mean serum concentrations of the three cytokines according to 

TCE exposure levels are shown in Figures 1A–1C. The magnitude of decline in IL-10 levels 

was >60% for the low and high TCE exposure categories with a 78% decline in workers 

exposed to <12 ppm of TCE (P = 0.002) and a 62% decline for exposures ≥12 ppm (P = 

0.04), compared to unexposed workers and adjusted for age, sex, and total lymphocyte 

counts (Fig. 1A). There was no evidence for a difference in the IL-10 effect between 

workers exposed to low and high levels of TCE in analyses restricted to exposed workers (P 

= 0.31). Further, no significant differences were observed for either IL-6 or TNF-α levels in 

workers exposed to low or high levels of TCE compared to unexposed controls (Figs. 1B 

and 1C). Adjustment for additional variables, including current smoking and recent 

infection, resulted in similar results (data not shown).

To the best of our knowledge, this is the first study to consider the effect of TCE on serum 

levels of IL-6, IL-10, or TNF-α in healthy adult workers. Our finding of a reduction in IL-10 

levels in exposed workers, which was independent of smoking status, declines in 

lymphocyte counts, and other demographic factors that may influence serum cytokine levels, 
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provides further indication that TCE exposure can alter immune functioning at relatively 

low exposure levels.

IL-10 is an immunoregulatory cytokine and reduced levels of IL-10 may in part favor pro-

inflammatory conditions, as this cytokine has been demonstrated to suppress chronic 

inflammation through apoptotic effects on developing macrophages and mast cells [Bailey et 

al., 2006]. Several lines of evidence have emerged suggesting that TCE exposure, in 

addition to resulting in immunosuppression as characterized by declines in lymphocytes and 

CD4+ T cells in particular [Lan et al., 2010], may result in the dysregulation of cell-

mediated and humoral immune responses. Indeed, an accelerated autoimmune response, 

characterized by alterations in cytokine profiles, have been observed in animal models 

following early exposure to relatively low doses of TCE, and epidemiologic evidence in 

humans has suggested a role of TCE in the development of autoimmune disease, particularly 

for scleroderma in men [Griffin et al., 2000; Cooper et al., 2009].

Although few studies evaluating changes in cytokine levels in relation to TCE exposure 

have been conducted in humans, some studies in mice exposed to various levels of TCE or 

its metabolites have indicated an elevation in the type 1 cytokine IFN-γ following initial 

exposure [Griffin et al., 2000; Blossom et al., 2007], with one study observing a 

simultaneous decrease in secretion of the type 2 cytokine IL-4 from activated CD4+ T cells 

following 4 weeks of TCE exposure [Griffin et al., 2000]. A similar immune response was 

observed in the one previous occupational study conducted in TCE exposed factory workers, 

as levels of the type 1 cytokines IFN-γ and IL-2 were significantly increased in these 

workers whereas the levels of the anti-inflammatory cytokine IL-4 were reduced relative to 

unexposed workers [Iavicoli et al., 2005]. Our results showing a decrease in IL-10 levels in 

exposed workers are consistent with this type of immune response, given that IL-10 is 

involved in the inhibition of Th1 cytokine production and T-cell proliferation [Kidd, 2003].

IL-10 levels, as well as genetic variation in the IL-10 gene, have been extensively studied 

with respect to cancer risk and prognosis [Kidd, 2003; Howell and Rose-Zerilli, 2006]. 

Whereas IL-10 may contribute to a reduction in immune surveillance, leading to a poorer 

cancer prognosis, other evidence suggests that IL-10 may also have immunostimulating 

properties leading to tumor regression [Mocellin et al., 2005], suggesting that an increase as 

well as a reduction in IL-10 concentration may be relevant to cancer risk. For NHL in 

particular, higher blood levels of IL-10 and IL-10 polymorphisms that lead to increased 

IL-10 expression have been associated with a poorer prognosis in NHL patients [Blay et al., 

1993; el-Far et al., 2004; Lech-Maranda et al., 2004], while other evidence has indicated that 

IL-10 SNPs associated with lower production of IL-10 are associated with aggressive forms 

of NHL and less favorable prognosis in NHL patients [Cunningham et al., 2003; Bogunia-

Kubik et al., 2008]. Thus, our finding of reduced IL-10 levels in TCE-exposed workers 

provides some biologic plausibility for the suggestive epidemiologic evidence implicating a 

role for TCE in lymphomagenesis, but further studies are needed to evaluate additional 

immune markers and the underlying mechanism in occupationally exposed workers in order 

to characterize the full extent of the immunotoxicity resulting from TCE exposure.
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In summary, we found that the serum concentration of IL-10 was markedly reduced in 

workers exposed to TCE compared to controls, and that these declines occurred in workers 

exposed to <12 ppm as well as ≥12 ppm of TCE. Conversely, no change in IL-6 or TNF-α 

levels according to TCE exposure status was evident. Given that immunologic alterations 

are suspected to play a role in lymphomagenesis, and IL-10 plays an important role in 

immunologic processes, our findings provide additional evidence that TCE is immunotoxic 

in humans and some support for the biologic plausibility that TCE may be associated with 

NHL. However, our findings require replication in larger studies and in other exposed 

populations.
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Fig. 1. 
A–C: Mean serum concentrations of cytokines in workers according to exposure categories 

of trichloroethylene (control, <12 ppm, ≥12 ppm). Twelve ppm was the median TCE 

exposure level of the exposed subjects. P-values compare low exposed workers and high 

exposed workers to controls and are indicated as *P < 0.05; **P < 0.01. Levels of IL-10 and 

TNF-α were adjusted for age, sex, and total lymphocyte counts, and IL-6 was adjusted for 

age and sex. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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Table I
Demographic Characteristics of the Study Population from a Cross-Sectional Molecular 
Epidemiology Study of TCE in China

Control n = 78 Exposed n = 71 Low exposed n = 35 High exposed n = 36

Characteristic (n, %) (n, %) <12 ppma (n, %) ≥12 ppma (n, %)

Sex (n, %)

 Male 56 (72) 51 (72) 21 (60) 30 (83)

 Female 22 (28) 20 (28) 14 (40) 6 (17)

Mean age (SD) 27 (±7) 25 (±7) 24 (±5) 27 (±8)

 BMI (SD) 22 (±3) 22 (±3) 21 (±3) 22 (±3)

Smoking (n, %)

 Yes 29 (37) 32 (45) 17 (49) 15 (42)

 No 49 (63) 39 (55) 18 (51) 21 (58)

Alcohol use (n, %)

 Yes 28 (36) 25 (35) 12 (34) 13 (36)

 No 50 (64) 46 (65) 23 (66) 23 (64)

Recent infection (n, %)

 Yes 16 (21) 13 (18) 7 (20) 6 (17)

 No 62 (79) 58 (82) 28 (80) 30 (83)

Mean TCE air exposure, ppm (SD) <0.03 23.4 (37.9) 5.1 (3.7) 41.2 (46.9)

Median TCE air exposure, ppm <0.03 12.3 4.0 29.3

a
Based on the median exposure level among exposed workers in the overall study population.
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