1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Environ Mol Mutagen. Author manuscript; available in PMC 2019 March 28.

-, HHS Public Access
«

Published in final edited form as:
Environ Mol Mutagen. 2018 March ; 59(2): 144-150. doi:10.1002/em.22142.

Occupational exposure to diesel engine exhaust and serum
cytokine levels

Yufei Dail2, Dianzhi Ren3, Bryan A. Bassig?, Roel Vermeulen*, Wei HuZ2, Yong Niul, Huawei
Duanl, Meng Yel, Tao Meng?, Jun Xu®, Ping Binl, Meili Shenl, Jufang Yang3, Wei Fu3, Kees
Meliefste4, Debra Silverman?2, Nathaniel Rothman?, Qing Lan?”", and Yuxin Zhengl"

1Key Laboratory of Chemical Safety and Health, National Institute for Occupational Health and
Poison Control, Chinese Center for Disease Control and Prevention. Beijing, China 20ccupational
and Environmental Epidemiology Branch, Division of Cancer Epidemiology and Genetics,
National Cancer Institute. Rockville, Maryland, U.S.A. 3Chaoyang Center for Disease Control and
prevention, Chaoyang, China #Institute for Risk Assessment Sciences, Utrecht University, Utrecht,
The Netherlands ®Hong Kong University, Hong Kong, China

Abstract

The International Agency for Research on Cancer has classified diesel engine exhaust (DEE) as a
human lung carcinogen. Given that inflammation is suspected to be an important underlying
mechanism of lung carcinogenesis, we evaluated the relationship between DEE exposure and the
inflammatory response using data from a cross-sectional molecular epidemiology study of 41
diesel engine testing workers and 46 unexposed controls. Repeated personal exposure
measurements of PM, s and other DEE constituents were taken for the diesel engine testing
workers before blood collection. Serum levels of six inflammatory biomarkers including
interleukin (IL)-1, IL-6, IL-8, tumor necrosis factor (TNF)-a, macrophage inflammatory protein
(MIP)-1B, and monocyte chemotactic protein (MCP)-1 were analyzed in all subjects. Compared to
unexposed controls, concentrations of MIP-1p were significantly reduced by ~37% in DEE
exposed workers (P < 0.001) and showed a strong decreasing trend with increasing PM5 5
concentrations in all subjects (Pireng < 0.001) as well as in exposed subjects only (Ptreng = 0.001).
Levels of IL-8 and MIP-1p were significantly lower in workers in the highest exposure tertile of
PM, 5 (>397pg/m3) compared to unexposed controls. Further, significant inverse exposure-
response relationships for IL-8 and MCP-1 were also found in relation to increasing PM, 5 levels
among the DEE exposed workers. Given that IL-8, MIP-1p, and MCP-1 are chemokines that play
important roles in recruitment of immunocompetent cells for immune defense and tumor cell
clearance, the observed lower levels of these markers with increasing PM> 5 exposure may provide
insight into the mechanism by which DEE promotes lung cancer.
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Introduction

Diesel engine exhaust (DEE) is generated from incomplete combustion of diesel fuel and is
a predominant contributor to urban air pollution [Zheng et al. 2007]. DEE is a complex
mixture consisting of gaseous and organic components such as carbon monoxide (CO),
nitrogen dioxide (NO>), sulphur dioxide (SO,), and polycyclic aromatic hydrocarbons
(PAHS), which are absorbed onto carbon core particles. Exposure to DEE has been
associated with several adverse health effects in humans, including cardiovascular diseases
[Langrish et al. 2012; Lanki et al. 2008; Peters et al. 2004], respiratory diseases such as
allergy [Riedl and Diaz-Sanchez 2005], asthma [Jerrett et al. 2008; McCreanor et al. 2007],
and chronic obstructive pulmonary disease [Hart et al. 2012; Hart et al. 2009], as well as
lung cancer [Pedeli et al. 2011; Silverman et al. 2014; Vermeulen et al. 2014]. Recently,
DEE was classified as carcinogenic to humans (Group 1) by the International Agency for
Research on Cancer (IARC) based on its association with lung cancer in epidemiological
studies [International Agency for Research on Cancer 2013].

Growing evidence suggests a close relationship between chronic inflammation and cancer
[Balkwill and Mantovani 2001; Hanahan and Weinberg 2011]. Circulating levels of
inflammatory markers have been associated with lung cancer in recent prospective cohort
studies [Pine et al. 2011; Shiels et al. 2013], suggesting that evaluations of the relationship
between known or suspected lung carcinogens and inflammatory markers may provide
important insight into the biologic plausibility and mechanistic characteristics of these
exposure and lung cancer associations. We have previously reported in a cross-sectional
molecular epidemiological study of diesel engine testing workers and factory workers
unexposed to DEE that DEE exposure is associated with an increase in total lymphocyte
counts and three of the four major lymphocyte subsets including CD4*T cells, CD8* T cells,
and B cells, which play a key role in the inflammatory process [Lan et al. 2015]. Cytokines
are also suspected to be involved in cancer-related inflammation [Lu et al. 2006]. A few
short-term human controlled DEE exposure studies provided evidence that DEE can affect
cytokine expression. Healthy volunteers who were exposed to DEE under controlled
conditions for 1 or 2 hours had significant increases in expression of interleukin (IL)-13 and
IL-8 in the bronchial epithelium cells and lavage fluid [Behndig et al. 2006; Pourazar et al.
2004; Stenfors et al. 2004]. Xu Y et al [Xu et al. 2013] observed a trend towards increased
serum IL-6 concentrations in volunteers exposed to DEE for 3h. However, these effects were
associated with an acute inflammatory response after short-term DEE exposure under
experimental conditions, which are not necessarily generalizable to the general population
and to potential immune-related effects from chronic DEE exposure.

Considering the important roles of proinflammatory cytokines in the initiation and
maintenance of inflammation, we have previously conducted a study of 137 DEE exposed
workers and 106 unexposed controls and found that the exposed workers had decreased
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serum levels of IL-1pB, IL-6, IL-8, and macrophage inflammatory protein (MIP)-1p
compared to the unexposed controls [Dai et al. 2016]. To our knowledge, this is the only
human study in a non-experimental setting that evaluated associations between occupational
DEE exposure and circulating cytokine levels; but this study did not evaluate exposure-
response relationships between the cytokines and DEE exposure levels. In the present study,
we aimed to replicate our previous findings in a separate study population with varying DEE
exposure levels and to expand on our previous study by evaluating the exposure-response
relationships between serum cytokine levels and DEE constituents based on personal
exposure assessments.

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. 2015]. Briefly, the study
consists of 41 male workers who are responsible for testing the diesel engines in a diesel
engine manufacturing company and 46 unexposed male workers selected from 4 facilities
included a bottling department of a brewery, a water treatment plant, a meat packing facility,
and an administrative facility. Based on detailed walk-through surveys, no DEE sources
were identified in any of these workplaces. Four control facilities were selected from the
same local region as the diesel engine manufacturing company in China. The exclusion
criteria for control workers involved having exposure to DEE, other types of particulates, or
any known or suspected genotoxic, hematotoxic or immunotoxic chemicals. Control workers
were frequency matched to exposed workers by age (+ 5 years) and smoking status. The
participation rates for DEE exposed workers and controls were approximately 90% and
80%, respectively. The study was integrated into a regular health exam administered by the
local Center for Disease Control and conducted in March 2013. All workers completed a
questionnaire that inquired about demographic and lifestyle characteristics and provided a
peripheral blood sample. Informed consent was obtained from all subjects and the study was
approved by Institutional Review Boards at the US National Cancer Institute and the
National Institute of Occupational Health and Poison Control, China CDC.

DEE exposure was assessed by particulate matter (PM), s, elemental carbon (EC), organic
carbon (OC), and soot. The exposure assessment survey in the diesel factory was conducted
from October 2012 to March 2013 and included all workers in the testing facility. As
described previously [Lan et al. 2015], repeated full —shift personal air samples were
collected using a cyclone attached to the lapel near the breathing zone with an aerodynamic
cut-off of 2.5um (PM, 5) at a flow rate of 3.5L/min using quartz or Teflon filters. Exposure
assessments were also conducted for a subset of the controls from each factory except for
the beer factory, where no measurements could be obtained.

Cytokine measurements

Serum concentrations of IL-1, IL-6, IL-8, tumor necrosis factor (TNF)-a, MIP)-1pB, and
monocyte chemotactic protein (MCP)-1 were measured using BD Cytometric Bead Array
Human Soluble Protein Flex Set system (BD Biosciences). These immune markers were
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selected in the current study for evaluation of exposure-response associations with DEE
constituents to follow-up on our findings from a previous cross-sectional study of DEE in a
separate study population [Dai et al. 2016]. Human Soluble Protein Master Buffer Kit,
Human IL-1p Flex Set (Bead B4), Human IL-6 Flex Set (Bead A7), Human IL-8 Flex Set
(Bead A9), Human MCP-1 Flex Set (Bead D8), Human MIP-1p Flex Set (Bead E4), and
Human TNF Flex Set (Bead C4) were used for cytokine detection per the manufacturer’s
protocol (BD Biosciences). Sample measurements were performed using a BD Canto and
BD LSRFortessa flow cytometer, and data was analyzed with FCAP Array Software (Soft
Flow Inc., Pecs, Hungary). The detection limits for IL-1, IL-6, IL-8, TNF-a, MIP-1p, and
MCP-1 were 2.3, 1.6, 1.2, 1.2, 0.8, and 1.3 pg/ml, respectively. If the concentration of a
cytokine was lower than the assay detection limit, one half of the detection limit value was
substituted for the cytokine level for that sample. The number of samples below detection
for IL-1, IL-6, IL-8, TNF-a, MIP-1pB, and MCP-1 was 51 (58%), 1 (1%), 0 (0%), 59 (67%),
0 (0%), and 0 (0%), respectively.

Statistical analysis

Results

Unadjusted summary measures are presented for all endpoints. Linear regression using the
natural logarithm of each endpoint was used to test for differences in the serum
concentration of cytokines between DEE exposed and control workers. To evaluate dose-
response trends, linear regression was used to compare cytokine levels across tertiles of
PM, 5 and EC exposure relative to control workers, as well as for exposed workers only. As
we previously reported [Lan et al. 2015], a very high correlation was observed between EC
and OC (Spearman r = 0.86, p < 0.0001) and between EC and soot (Spearman r =0.91, p <
0.0001). Therefore, separate analyses were not conducted for OC and soot. All linear
regression models were adjusted for age (as a continuous variable), current smoking status
(yes or no), current alcohol consumption (yes or no), body mass index (BMI), and recent
infection (flu or respiratory infections in the previous month, yes or no). Interaction between
DEE exposure and smoking was analyzed by adding cross-product terms to the generalized
linear models. For IL-1p and TNF-a, which both had a large percentage of non-detectable
values in the overall study population (>50%), differences in concentrations between DEE
exposed workers and control workers were evaluated using Spearman correlations and the
Wilcoxon rank sum test, rather than linear regression. Multiple comparisons were accounted
for by applying a 20% false discovery rate (FDR) criterion to the p-values from the linear
regression models, using the Benjamini-Hochberg method [Benjamini and Hochberg 1995].
The statistical analyses were performed using SPSS 19.0.

The demographic characteristics of the study subjects are summarized in Table I. Except for
alcohol use, the distributions of age, BMI, and current smoking were not significantly
different between DEE exposed workers and controls. The average number of years of
employment among DEE-exposed workers was 20.8+6.0 years. The unadjusted exposure
levels of PM, 5, EC, and OC for exposed workers were 0.37+0.07mg/m3, 58.1 + 24.0ug/m3,
and 138.1 + 27.2ug/m3, respectively (Table I1). Based on detailed walk-through surveys, no
DEE sources were identified in any of the control factories, and it was therefore assumed
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that exposure levels of these DEE constituents for control workers were the result of
background outdoor levels in this region of China. The adjusted exposure levels of PM> s,
EC, and OC for exposed workers that considered background exposure levels were
0.15+0.07pg/m3, 47.0+24.0pg/m3, and 69.4+27.2ug/m?3, respectively (Table I1).

Associations between DEE exposure and serum cytokine concentrations are shown in Table
I11. Concentrations of MIP-1p were 37% lower in DEE exposed workers compared to
controls (A<0.001), adjusted for age, smoking status, alcohol use, BMI, and recent infection.
After stratifying by smoking status, a statistically significant difference in MIP-1p levels
between exposed and control workers was present only among current smokers. The
findings for MIP-1p remained statistically significant after adjusting for multiple
comparisons. A borderline significant interaction between DEE exposure and smoking was
observed with respect to levels of MIP-1p (P=0.06). In addition, a significantly higher level
of 1L-8 was observed in smokers compared to non-smokers among control workers. There
were no statistically significant differences in concentrations of IL-1p, IL-6, IL-8, TNF-a, or
MCP-1 between DEE exposed workers and controls.

We further analyzed the exposure-response relationships for cytokines across controls and
DEE exposed workers, with concentrations categorized into tertiles of exposure based on
personal air monitoring for PM, 5 (Table 1V). A significant exposure-dependent decline in
MIP-1B (Pgreng< 0.001) and a borderline significant decline in 1L-8 (Pyeng = 0.053) with
increasing PM> 5 concentrations was observed across all subjects, and the concentrations of
MIP-1pB and IL-8 were significantly lower in workers exposed to the highest levels of PM 5
(median, range: 408, 397-536 pg/m3) compared to unexposed controls (reduced by 56.7%
and 21.0%, respectively) (Table 1V). In analyses conducted among the DEE exposed
workers only, a significant exposure- response relationship for MIP-1p and IL-8 as well as
MCP-1 was also found in relation to increasing PM> 5 concentration, and these associations
also remained significant after adjustment for multiple comparisons (Table 1V). The
correlations between PM, 5 concentrations and these three chemokines were weak to
moderate in the overall study population (rgp ranging from -0.16 to —0.43), but were
stronger in exposed subjects only (rsy ranging from - —0.43 to —0.51; Table 1V). There were
no associations between air levels of EC or OC and cytokine levels in analyses comparing
DEE exposed and control workers, or among exposed workers only (data not shown).

In non-smokers, a significant exposure-response relationship for MIP-1p and IL-8 was also
found in relation to increasing PM> 5 concentrations among the DEE exposed workers only
(Ptreng< 0.001 and 0.01, respectively), but not among all subjects. The correlation
coefficients between PM, 5 concentrations and the two chemokines in DEE exposed non-
smokers were —0.70 (MIP-1B) and —0.71 (IL-8) (both P=0.005).

Discussion

In this cross-sectional molecular epidemiological study, which included workers exposed to
DEE for about 20 years and unexposed workers, we found that occupational DEE exposure
was associated with a significant decline in serum levels of MIP-1p compared to unexposed
controls and that increasing PM> 5 concentrations were associated with a strong decreasing
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trend in MIP-1p levels in all subjects as well as in exposed workers only. Further, significant
exposure- response relationships were also observed for IL-8 and MCP-1 among the DEE
exposed workers, and the levels of IL-8 and MIP-1p were significantly lower in workers in
the highest exposure tertile of PM, 5 (>397ug/m3) compared to unexposed controls. These
findings are consistent with our previous report in a separate study population showing that
occupational DEE exposure is associated with a decrease in levels of cytokines [Dai et al.
2016], which provides further indication that DEE exposure can alter immune function.

IL-8, MIP-1p, and MCP-1 belong to the chemokine family that are expressed and released
by a wide range of normal cells such as monocytes, neutrophils, macrophages, keratinocytes,
fibroblasts, and endotheliocytes. Our previous studies showed a decrease in neutrophils
(4146+1164 cells/pl) and monocytes (310£110 cells/ul) in DEE exposed workers compared
with controls (46331530 cells/ul and 330150 cells/ul, respectively), although the
differences were not statistically significant (P=0.07 and 0.08, respectively) [Lan et al. 2015
and Dai et al. 2016]. An /n vitro study showed that DEE exposure suppresses the release of
cytokines from human and murine alveolar macrophages [Amakawa et al.2003]. Therefore,
the suppressed function and decreases in the number of chemokine-producing cells caused
by DEE exposure may partly contribute to the decreases in chemokines that we observed in
DEE exposed workers in the current study. The chemokines play an important role in
eliciting an immune response by recruiting T cells, macrophages, and NK cells to sites of
tumor growth or infections. Among these cells, alveolar macrophages are the first line of
lung defense and are responsible for eliminating most foreign particulate matter and
microorganisms from the distal airways. An /n vivo study showed that DEE exposure
suppresses macrophage function and decreases the pulmonary clearance of Listeria
monocytogenes in rats [Yang et al. 2001]. Considering the biological function of
chemokines on recruiting macrophages, we speculate that the suppressive effect of DEE
exposure on these chemokines could decrease the clearance of the particulate matter
component of DEE and in turn expand the airway inflammatory process, which is
increasingly being recognized as playing an important role in the aetiology of lung cancer
[Shiels et al. 2011]. Although an exposure-response relationship was observed for levels of
IL-8, MCP-1, and MIP-1p in exposed workers, a statistically significant decline in these
three cytokines was only observed among the highest exposed workers compared with
controls, suggesting that the immune-related effects of DEE may be most apparent only at
higher levels of exposure. Whether an exposure threshold exists for these effects will require
evaluation in larger studies.

There are currently a limited number of available epidemiological studies that have
evaluated associations between long-term exposure to combustion-related air pollution and
the inflammatory response [Brook et al. 2010]. However, controlled human exposure studies
have provided evidence that airway inflammation, characterized by increasing neutrophils
and B lymphocytes in bronchoalveolar lavage after exposure to diesel exhaust particles, is
observed at higher concentrations with a threshold dose approximating 300ug/m3, which is
close to our high level of exposure (>397ug/m3) [Ghio et al. 2012]. An in-vivo study also
reported that chronic inhalation of DEE affects cytokine expression in murine lung
depending on the dose, i.e. IL-4 expression levels increased following low-dose DEE
exposure (100pg/m3) but were suppressed by high-doses of DEE exposure (3000pg/m?3)
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[Saito et al. 2002]. Ambient DEE levels are typically lower than the range of exposures
found in controlled human exposure studies, occupational exposure studies, and in-vivo
studies. Therefore, the effects of DEE exposure on the immune system at lower
concentrations of exposure that are typically present in the general population will require
further study in other populations.

A multi-ethnic study reported that smokers have significantly higher levels of inflammatory
markers compared to never smokers [Mcevoy et al. 2015], which is consistent with our
finding that smoking is associated with a significant increase in IL-8 levels, suggesting that
careful evaluation of smoking status is needed in studies of DEE exposure and the
inflammatory response. To control for this potential confounding effect, we adjusted for
smoking status in the overall analyses that compared levels of cytokines in DEE exposed
workers and unexposed controls, and we also conducted analyses that evaluated interactions
between DEE exposure and smoking status. We observed that the inverse association
between DEE exposure and MIP-1 levels was present among current smokers, but not
among non-smokers. Further larger studies are needed to replicate these findings and explore
the mechanism of interaction between DEE exposure and smoking on the inflammatory
response.

The main strength of the current study was the selection of a study population that was
employed in specific occupational settings where the potential exposure misclassification
was well controlled and the uncertainties were less than those studies conducted in the
general population. We also conducted detailed individual exposure assessments, which
included repeated personal air samples, to elucidate the exposure-response relationships. A
limitation of the current study is the relatively small number of workers included,
particularly in analyses stratified by smoking status and by exposure level. As such, these
findings should be viewed as exploratory and will require further exploration in larger
studies. Moreover, the subjects in our study were generally healthy male workers, and so the
results may not be generalizable to other populations with different baseline characteristics
or to females.

In summary, we observed a statistically significant exposure-dependent decline in the serum
levels of MIP-1B with increasing air levels of PM, 5 among DEE exposed workers. Further,
levels of IL-8 and MIP-1p were significantly decreased in workers with the highest levels of
DEE exposure compared to controls. Our findings suggest that DEE exposure is associated
with declines in chemokines that are responsible for eliciting an immune response. These
changes may reflect a process of immune dysregulation that contributes to the initiation of
carcinogenesis in individuals occupationally exposed to DEE. However, our findings require
replication in larger populations with a wider range of DEE exposure levels.

This research was supported by intramural funds from the National Cancer Institute in USA and the National Key
Technology Research and Development Program in China (2014BAI112B02).
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Characteristics of workers in the control and diesel engine exhaust exposure groups in a cross-sectional
molecular epidemiology study in China

Table I.

Variables Control (n=46)  Diesel engine exhaust exposure (n=41) P
Age (years, mean=SD) 42473 43.046.1 0.70%
BMI (kg/m?, meanSD) 25.3+3.9 24.6+2.9 0.317
Current smoking status 0'9517
Yes, n (%) 30 (65.2) 27 (65.9)
No, n (%) 16(34.8) 14 (34.1)
Current alcohol use 0.04717
Yes, n (%) 42 (91.3) 31 (75.6)
No, n (%) 4(8.7) 10 (24.4)
Current infection 0.4717
Yes, n (%) 26 (56.5) 20 (48.8)
No, n (%) 20 (43.5) 21 (51.2)
Working years (years, mean+SD) - 20.8+6.0 -

a .
ttest for difference between two groups

s

BMI, body mass index

XZ test for difference between two groups
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Table Il.

Air concentrations of diesel engine exhaust components among exposed workers and controls

Exposure Control (n=46) Exposed worker (n=41)

PM, 5 (mg/m?, mean+SD)
Background adjusted 0 0.15+0.07
Unadjusted 0.20+0.07 0.37+0.07
Elemental carbon (ug/mS3, mean+SD)
Background adjusted 0 47.0£24.0
Unadjusted 11.1+1.3 58.1+24.0
Organic carbon (ug/m?3, mean=SD)
Background adjusted 0 69.4+27.2
Unadjusted 68.7+4.1 138.1+27.2

Unadjusted values are original measurements. Adjusted values reflect background outdoor levels in this region.
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