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ABSTRACT
Background: Multi-wall carbon nanotubes (MWCNTs) are manufactured nanomaterials to which workers
and the general population will be increasingly exposed in coming years. Little is known about potential
human health effects of exposure to MWCNTs, but effects on the lung and the immune system have
been reported in animal and mechanistic studies.
Objectives: We conducted a cross-sectional study to assess the association between occupational expos-
ure to MWCNTs and effects on lung health and the immune system.
Methods: We assessed 51 immune markers and three pneumoproteins in serum, complete blood cell
counts (CBC), fractional exhaled nitric oxide (FENO), and lung function among 22 workers of a MWCNT
producing facility and 39 age- and gender-matched, unexposed controls. Measurements were repeated
four months later among 16 workers also included in the first phase of the study. Regression analyses
were adjusted for potentially confounding parameters age, body mass index, smoking, and sex, and we
explored potential confounding by other factors in sensitivity analyses.
Results: We observed significant upward trends for immune markers C-C motif ligand 20 (p¼ .005), basic
fibroblast growth factor (p¼ .05), and soluble IL-1 receptor II (p¼ .0004) with increasing exposure to
MWCNT. These effects were replicated in the second phase of the study and were robust to sensitivity
analyses. We also observed differences in FENO and several CBC parameters between exposed and non-
exposed, but no difference in lung function or the pneumoproteins.
Conclusions: We observed indications of early effects of occupational exposure to MWCNTs on lung
health and the immune system.
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Introduction

Multi-wall carbon nanotubes (MWCNTs) are a type of manufac-
tured nanomaterials that have many potential (industrial, medical)
applications due to their unique physicochemical properties (Stark
& Stoessel, 2015). Although production is currently generally small
scale, increased production of MWCNTs is expected in the coming
years which will increase exposure to both producers (workers
involved in manufacture and application) and users of MWCNTs
(Bekker et al., 2015; Kuempel et al., 2016).

There is considerable evidence from animal and in vitro studies
that MWCNTs induce inflammation, oxidative stress, pulmonary
fibrosis, mesothelioma-like effects, and cardiovascular effects (Kim
et al., 2015; Kuempel et al., 2017; NIOSH, 2013). Data in humans
relating to biological perturbations involving the lungs and
immune system due to exposure to MWCNTs are available from a

handful of epidemiological studies conducted in occupationally
exposed populations. Lee et al. (2015) reported an effect of occu-
pational exposure to MWCNT on oxidative stress markers (hydro-
gen peroxide, malondialdehyde, 4-hydroxy-2-hexenal, and n-
hexanal) in exhaled breath condensate in a small Korean popula-
tion (n¼ 18) (Lee et al., 2015). No effects on lung function or
hematology were reported. Wu et al. (2014) reported a null effect
of occupational exposure to carbon nanotubes (type not further
specified) on fractional exhaled nitric oxide (FENO; a marker of
lung inflammation) based on a cross-sectional analysis of a
Taiwanese population (n¼ 57). In further publications based on
this population, but augmented with workers that were exposed
to other engineered nanomaterials (n¼ 364), associations were
reported with worsening of allergic dermatitis, increased levels of
small airway damage marker (Club Cell Secretory Protein 16;
CC16) and lung function test parameters (Liao et al. 2014a, b).
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Fatkhutdinova et al. conducted a small scale pilot study among 11
workers with more than 1 year exposure to MWCNT and 14 non-
exposed controls (Fatkhutdinova et al., 2013, 2016; Shvedova
et al., 2016). The authors reported significant associations between
exposure to MWCNT and levels of interleukins (IL)-1b, IL-4, IL-5,
IL-6, IL-8, tumor necrosis factor a (TNF-a), and Krebs von den
Lungen-6 (KL-6) measured in sputum and levels of IL-1b, IL-4,
IL-10, and TNF- a measured in serum (Fatkhutdinova et al., 2016).
The same authors also reported genome-wide differential expres-
sion in messenger-RNA and non-coding RNA between workers
exposed to MWCNT and non-exposed controls (Shvedova et al.,
2016).

Although suggestive, evidence from these studies is limited
due to their size and the absence of quantitative exposure assess-
ment and the heterogeneity of the study populations in terms of
the engineered nanoparticles to which subjects were exposed.

We conducted a cross-sectional study among workers occupa-
tionally exposed to MWCNTs in a MWCNT production facility and
non-exposed controls. We assessed the association between quan-
titative measures of MWCNTs (Kuijpers et al., 2015) and a set of
markers of lung health and early perturbations of the immune sys-
tem; complete blood cell counts (CBC), 51 circulating inflamma-
tion markers (Chaturvedi et al., 2011; Shiels et al., 2013), three
pneumoproteins, lung function: forced expiration volume in 1 s
and forced vital capacity (FEV1, FVC), and FENO. We were able to
collect repeated measurements for a subset of markers.

Methods

Study population

We conducted a cross-sectional study among 21 workers of a
MWCNT producing facility and 29 age- and gender-matched,
unexposed controls. Controls were selected from four different
locations in the vicinity of the MWCNT producing facility among
which three locations were at companies not involved in the pro-
duction or use of MWCNTs (a consumer electronics store, a chem-
ical plant, and an occupational health services company). The
fourth location was a department at the MWCNT facility not
involved in producing or handling of MWCNTs. The study was
approved by the Commission for Medical Ethics of UZ Leuven (ref-
erence number S54607) and conducted in two phases. During
phase 1 (June 2013) previously synthesized MWCNTs were bagged
and incorporated into coatings, dispersions, and plastics. During
the phase 2 (October 2013), in addition to these activities,
MWCNTs were also actively synthesized. In phase 2, a subset of
the study population (10 exposed individuals and six matched
controls) were included.

Assignment of MWCNT exposure

The collection of the exposure measurements that formed the
basis of the MWCNT exposure assignment in this study has been
described before (Kuijpers et al., 2015). Briefly, breathing zone
measurement of inhalable particulate matter was taken from
workers in different parts of the production and research & devel-
opment process across seven days. MWCNT mass was estimated
by determining elemental carbon (EC) levels in the collected par-
ticulate matter. The procedure is described in Tromp et al. (2017)
and is summarized in the Supplementary material. Based on
exposure measurements and individual task patterns, workers at
the MWCNT production and laboratory facility were divided into
three exposure groups: operators, lab personnel with relatively
high exposure (lab high), and lab personnel with relatively low

exposure (lab low). Exposure to MWCNTs was assigned using an
exposure score (i.e. 1, 2, and 3) and by estimating the geometric
mean (GM) MWCNT mass concentration for each exposure group
using a mixed model.

Assessment of health outcomes

Questionnaires
All individuals participating in the study completed a question-
naire that was previously validated within the ELON study (Rijcken
et al., 1996). The questionnaire was used to acquire information
on general demographic information, health history, respiratory
health, asthma and allergies, complaints of the circulatory system,
lifestyle factors including smoking, and alcohol consumption, radi-
ation exposure history, family medical history and work history.
This baseline questionnaire was distributed once per individual
included in the study during phase 1. Study participants also com-
pleted a questionnaire that was used to acquire information on
smoking, alcohol consumption, health, and medication use
(among other factors) in the 24 h before the biological samples
were collected.

Complete blood cell counts, immune markers, and
pneumoproteins
Whole blood was collected in the morning hours (before midday)
by standard phlebotomy of venipuncture of forearm veins in a sit-
ting position. CBC were determined in fresh blood at the clinical
laboratory of the University Hospitals Leuven, Gasthuisberg,
Belgium. Circulating blood cytokines, interleukins, and chemokines
were determined by Luminex (Austin, TX) multi-analyte profiling
kits according to a procedure described in Shiels et al. (2013).
Markers were selected to reflect several key components of
inflammation, including acute-phase proteins, pro- and anti-
inflammatory cytokines, chemokines, growth factors, and angio-
genesis factors (Shiels et al., 2013) and based on their perform-
ance and reproducibility in multiplexed assays (Chaturvedi et al.,
2011). To combine the information available from independent
immune markers, we calculated two inflammation scores based
on four independent markers (CRP, BCA-1/CXCL13, MDC/CCL22,
and IL-RA; and CRP, SAA, CXCL9, and sTNFRII) that were reported
to be significantly predictive of lung cancer risk (Shiels et al.,
2013, 2015). Risk scores were calculated by summing the z-scores
of the independent markers. We assessed the impact of adding
white blood cell count measurements to the risk scores. Serum
samples were also assayed for pneumoproteins CC16, SP-A, and
SP-D using standard ELISA kits from R&D Systems (Minneapolis,
MN) according to the instructions of the manufacturer and quanti-
fied using SoftMaxPro 5.4.5 ELISA analysis software (Molecular
Devices, Sunnyvale, CA). All markers in blood were analyzed in
duplicate and the average concentration was used for further stat-
istical analysis. To assess technical variability in the assessment of
these markers we calculated the intraclass correlation coefficient
(ICC) for each marker, using duplicate split samples (ICCdup).

Lung function
Lung function was performed using the EasyOne electronic spir-
ometer (ndd Medizintechnik, Zurich, Switzerland), which meets
standards by the European Respiratory Society (ERS) and
American Thoracic Society (ATS) (Miller et al., 2005). Tests were
done in sitting positions, repeated until at least three technically
correct maneuvers were obtained, and were validated by a certi-
fied lung function technician. The best value from the technically
correct maneuvers was selected according to the maximum value
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method of the European Respiratory Society (Quanjer et al., 1993).
Individuals for which not at least two acceptable and reproducible
tests were collected were excluded from the analysis. We meas-
ured FEV1 and FVC and calculated the percentage of predicted
values for these measures using European Respiratory Society
equations (Quanjer et al., 1993).

Fractional exhaled nitric oxide (FENO)
FENO was measured in ppb using the NIOX MINO (Aerocrine,
Solna, Sweden). Subjects inhaled filtered air through the monitor
until reaching full lung capacity. Next the subject exhaled through
the device at an approximate flow of 50mL/s. FENO was meas-
ured with an electrochemical sensor.

Statistical analyses

To assess the volatility of markers measured in blood over time,
we calculated an ICC based on marker measurements from phase
1 and phase 2 (ICCrep). Analyses of the association between
markers measured in blood, FENO, and lung function parameters
(FEV1, FVC, and FEV1/FVC) and exposure were conducted using
multiple linear regression.

We used Tobit regression models to account for left censoring
caused by values below the detection limit for all markers (includ-
ing, for consistency, markers that were not left censored). We
excluded markers from statistical analysis if the percentage of con-
centrations below the limit of detection was higher than 60%. We
specified a lognormal distribution for all continuous outcome
markers in the Tobit regression. We used simple multiple linear
regression to model FEV1 and FVC on a linear scale. All analyses
were adjusted for potentially confounding parameters age, body
mass index, smoking, and sex. Analyses were conducted separ-
ately for phases 1 and 2.

We conducted categorical analysis comparing three categories
of exposed workers (operators, lab high, and lab low) to non-
exposed controls. In addition, we conducted analyses assessing
the trend across exposure categories (assigning values of 0–3 to
the exposure categories based on their exposure ranking), and
conducted linear regression using the assigned actual exposure
estimates for each category (Kuijpers et al. 2015). Analysis of the
risk scores (both on a linear scale and after natural log-transform-
ation) was conducted in phase 1 only, following the same strategy
as for individual markers, but using linear regression.

We conducted a series of sensitivity analyses for phase 1 to
assess the robustness of our noteworthy findings by additionally
correcting univariably for information from the baseline question-
naire: alcohol use (reported by 51 subjects), doctor diagnosed car-
diovascular disease (n¼ 3), doctor diagnosed chronic disease
(n¼ 24), doctor diagnosed inflammatory disease (n¼ 17),

metabolic disease (n¼ 2), educational level, previous exposure to
chemicals (n¼ 16), previous exposure to nanoparticles (n¼ 17),
previous exposure to particulates (n¼ 6); the latter three catego-
ries were created based on reported jobs and tasks in the workers
occupational history, for information from the questionnaire cov-
ering the 24 h before blood collection: self-reported ‘recent
infection’ (n¼ 1), and for white blood cell count (as a marker of
infection), excluding laboratory workers that potentially had previ-
ous exposure as an operator (n¼ 2), excluding the manager of the
operators (n¼ 1; initially categorized as operator), jack-knifing con-
trols by location, and excluding smokers and females.

For our most robustly associated markers we conducted a
Kruskal–Wallis test to assess whether measurements from opera-
tors, lab workers, and controls could have originated from the
same distribution and a Wilcoxon test to assess whether measure-
ments from operators and controls were significantly different
from each other.

A p value of .05 was used as cut-off value to declare statistical
significance. Because we consider this an exploratory pilot study
with limited statistical power, we do not report which of our find-
ings survived a correction for multiple testing (Benjamini &
Hochberg 1995). All statistical analyses were conducted in R ver-
sion 3.03 (R Core Team, 2014).

Results

We included 22 workers exposed to MWCNTs and 39 non-exposed
workers (controls) (phase 1). A subset of 10 exposed workers and
six controls was assessed a second time (phase 2). We provide fur-
ther details on the study population in Table 1. In phase 1, we
assigned GM MWCNT mass concentrations of 1, 7, and 45 EC lg/m3

to exposure groups “lab low”, “lab high”, and “operators”, respect-
ively. We measured higher exposure levels among operators dur-
ing phase 2 as a result of the primary production process which
was active in phase 2, resulting in an assigned GM MWCNT mass
concentration of 57lg/m3. No individual MWCNTs (diameter
<10 nm, length >1 lm) were observed in the collected inhalable
particulate matter samples. In general, the particle size of the
MWCNT agglomerates ranged from 200 nm to 100 lm, indicating
a modal distribution with a mode diameter between 650 and
1000 nm (Kuijpers et al. 2015). Although the exposure groups
were generally matched on gender and age, the operators were
on average slightly older than the rest of the study population
and the only group that was exclusively male.

We measured 51 immunological markers in blood collected in
phases 1 and 2 of the project. Five markers (IL-3, IL-33, thymic
stromal lymphopoietin, thrombopoietin, and stem cell factor) were
excluded from statistical analysis because the percentage of con-
centrations below the limit of detection was higher than 60%.

Table 1. Demographic characteristics of the study population. In between brackets characteristics of the subset of individuals that also partici-
pated in phase 2.

Controlsb Lab lowc Lab highd Operatorse

Individuals (n)a 39 (6) 9 (2) 6 (1) 7 (7)
Median agea 31.7 (37.1) 32.2 (32.2) 30.1 (28) 36.2 (36.2)
Percentage womena 18 (0) 33 (0) 17 (0) 0 (0)
Median BMIa 24.4 (26.1) 25.7 (31.9) 25.4 (32.4) 25.3 (25.2)
Percentage smokersa 37 (0) 56 (50) 50 (100) 29 (29)
Exposure rankinga 0 (0) 1 (1) 2 (2) 3 (3)
Assigned GM EC exposure (lg/m3)a 0 (0) 1 (1) 7 (7) 45 (57)
aTop row: phase 1, June 2013. Second row (in between brackets): phase 2, October 2013.
bIndividuals not exposed to MWCNT working in the MWCNT factory or in nearby companies.
cLaboratory personnel performing tasks with relatively low exposure.
dLaboratory personnel performing tasks with relatively high exposure.
eOperators working with the reactor.
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Median ICCdup of the immunological markers in phase 1 was 0.82
(IQR: 0.63, 0.93) and in phase 2 0.95 (IQR: 0.83, 0.98). Median
ICCrep was 0.51 (IQR: 0.36, 0.66). The median Pearson correlation
between immunological markers measured among controls in
phase 1 and phase 2 was 0.62.

In phase 1, we observed trends in immune marker concentra-
tions with exposure to MWCNTs for C–X–C motif chemokine
11 (CXCL11) [upwards; increasing with increasing exposure], C–C
motif ligand 20 (CCL20) [upwards], Interleukin 16 (IL-16) [down-
wards], eskine and cutaneous T-cell-attracting chemokine (CTACK)
[downwards], basic fibroblast growth factor (FGF-BASIC) [upwards],
and soluble IL-1 receptor II (sIL-1RII) [upwards] (Table 2).

For CCL20 and sIL-1RII, estimates from trend analysis were sig-
nificant regardless of the approach for exposure assessment (rank-
ing: b¼ .1309; p¼ .0051 and b¼ .0975; p¼ .0004, respectively, and
assignment: b¼ .0093; p¼ .0087 and b¼ .0057; p¼ .0079, respect-
ively). For these two markers, we also observed significant

differences in blood concentrations between operators or lab-
workers and controls (with the exception of a non-significant
decrease in the concentration of CCL20 among low-exposed lab
workers). We observed no consistent association between expos-
ure to MWCNT and the two inflammation scores (Supplemental
Material, Table S1), although we did observe significant elevation
of the inflammation score among higher exposed lab workers (lab
high). After log-transformation the inflammation score reported in
Shiels et al. (2013) was no longer significantly elevated among
higher exposed lab workers.

Among the markers that were significantly associated with
MWCNT exposure in phase 1, we observed significant trends in
blood concentration with exposure to MWCNT (either assigned
exposure ranking, or assigned GM MWCNT) for CCL20 (upwards;
blood concentrations among operators also significantly elevated),
CTACK (upwards; blood concentrations among operators also sig-
nificantly elevated), FGF-BASIC (upwards; blood concentrations

Table 2. Difference in immunological marker concentration (ng/mL) between workers exposed to multi-walled carbon nanotubes and controls in phase 1a.

Markerb Lab lowc Lab highc Operatorsc Trend rankingc Trend GMc

BCA-1 �0.0681 (p¼ .6138) 0.2883 (p¼ .0609) �0.0161 (p¼ .9108) 0.0268 (p¼ .5385) 0.0001 (p¼ .9815)
CCL19 MIP3B �0.0420 (p¼ .7467) 0.1589 (p¼ .2834) �0.0030 (p¼ .9826) 0.0160 (p¼ .6974) 0.0002 (p¼ .9536)
CCL20 MIP3A �0.0794 (p¼ .5880) 0.3318 (p5 .0470) 0.3986 (p5 .0106) 0.1309 (p5 .0051) 0.0093 (p5 .0087)
CCL21 6CKINE �0.1033 (p¼ .4037) �0.2435 (p¼ .0844) �0.0538 (p¼ .6830) �0.0461 (p¼ .2399) �0.0012 (p¼ .6801)
CRP �0.2522 (p¼ .2333) 1.1658 (p< .0001) �0.2775 (p¼ .2179) 0.0583 (p¼ .4706) �0.0044 (p¼ .4665)
CTACK �0.2101 (p5 .0440) �0.2223 (p¼ .0616) �0.1769 (p¼ .1112) �0.0781 (p5 .0186) �0.0037 (p¼ .1477)
CXCL11 I-TAC 0.2126 (p¼ .2480) 0.5221 (p5 .0128) 0.2867 (p¼ .1432) 0.1396 (p5 .0169) 0.0064 (p¼ .1550)
CXCL6 GCP-2 0.1220 (p¼ .4473) 0.1408 (p¼ .4417) 0.1100 (p¼ .5197) 0.0485 (p¼ .3352) 0.0023 (p¼ .5403)
CXCL9 MIG 0.0875 (p¼ .5335) 0.3569 (p5 .0258) �0.0296 (p¼ .8430) 0.0386 (p¼ .3951) �0.0005 (p¼ .8931)
EGF 0.6687 (p5 .0357) 0.0332 (p¼ .9272) 0.5705 (p¼ .0927) 0.1718 (p¼ .0951) 0.0113 (p¼ .1462)
ENA-78 0.4597 (p5 .0415) 0.3475 (p¼ .1765) 0.1031 (p¼ .6675) 0.0864 (p¼ .2334) 0.0017 (p¼ .7561)
EOTAXIN �0.1145 (p¼ .4003) 0.0503 (p¼ .7457) 0.0061 (p¼ .9663) 0.0021 (p¼ .9602) 0.0004 (p¼ .8975)
EOTAXIN-2 �0.2825 (p¼ .2786) �0.0101 (p¼ .9729) �0.0899 (p¼ .7459) �0.0356 (p¼ .6642) �0.0014 (p¼ .8173)
FGF_BASIC 0.0375 (p¼ .8268) 0.3667 (p¼ .0607) 0.2635 (p¼ .1487) 0.1079 (p5 .0458) 0.0061 (p¼ .1381)
G-CSF 0.0300 (p¼ .8554) 0.3018 (p¼ .1078) 0.2278 (p¼ .1936) 0.0914 (p¼ .0774) 0.0053 (p¼ .1801)
GRO 0.3358 (p¼ .1017) 0.0834 (p¼ .7215) 0.0986 (p¼ .6516) 0.0487 (p¼ .4549) 0.0016 (p¼ .7469)
IL-16 �0.1685 (p¼ .2722) �0.2769 (p¼ .1134) �0.2707 (p¼ .0973) �0.1051 (p5 .0288) �0.0059 (p¼ .1077)
IL-1RA 0.1324 (p¼ .5452) 0.2403 (p¼ .3354) 0.3976 (p¼ .0878) 0.1296 (p¼ .0579) 0.0088 (p¼ .0907)
IL-29 IFNL1 0.1917 (p¼ .5333) �0.3770 (p¼ .3128) �0.1891 (p¼ .5761) �0.0813 (p¼ .4096) �0.0052 (p¼ .4868)
IL-7 0.0166 (p¼ .9349) 0.1763 (p¼ .4466) 0.3140 (p¼ .1465) 0.0968 (p¼ .1279) 0.0071 (p¼ .1396)
IL-8 �0.0601 (p¼ .8720) 0.3083 (p¼ .4684) 0.2514 (p¼ .5266) 0.0938 (p¼ .4225) 0.0060 (p¼ .4968)
IP-10 �0.1318 (p¼ .3611) 0.1967 (p¼ .2317) 0.2459 (p¼ .1092) 0.0761 (p¼ .0979) 0.0059 (p¼ .0882)
MCP-1 �0.2512 (p5 .0352) �0.1665 (p¼ .2207) 0.1794 (p¼ .1576) 0.0121 (p¼ .7592) 0.0043 (p¼ .1435)
MCP-2 0.0287 (p¼ .7445) 0.0415 (p¼ .6798) �0.1015 (p¼ .2791) �0.0182 (p¼ .5120) �0.0023 (p¼ .2780)
MCP-4 �0.2193 (p¼ .0540) �0.2444 (p¼ .0578) �0.0656 (p¼ .5855) �0.0543 (p¼ .1355) �0.0013 (p¼ .6508)
MDC �0.0519 (p¼ .7382) �0.0009 (p¼ .9957) 0.2475 (p¼ .1342) 0.0570 (p¼ .2445) 0.0056 (p¼ .1280)
MIP-1B �0.1368 (p¼ .4452) �0.0390 (p¼ .8487) 0.0110 (p¼ .9539) �0.0081 (p¼ .8851) 0.0005 (p¼ .9100)
MIP-1D 0.0936 (p¼ .4826) 0.0062 (p¼ .9676) �0.0826 (p¼ .5600) �0.0149 (p¼ .7229) �0.0020 (p¼ .5241)
SAA �0.2739 (p¼ .4100) 0.5399 (p¼ .1542) 0.0338 (p¼ .9239) 0.0589 (p¼ .5803) 0.0019 (p¼ .8180)
SAP 0.0403 (p¼ .6538) 0.2173 (p5 .0340) 0.0140 (p¼ .8833) 0.0306 (p¼ .2880) 0.0005 (p¼ .8365)
SDF-1Aþ B �0.0737 (p¼ .3750) �0.1970 (p5 .0374) 0.1084 (p¼ .2201) �0.0004 (p¼ .9889) 0.0023 (p¼ .2513)
SEGFR 0.0500 (p¼ .2851) �0.0111 (p¼ .8346) �0.0059 (p¼ .9055) �0.0004 (p¼ .9762) �0.0002 (p¼ .8279)
SGP130 �0.1161 (p¼ .1567) �0.0692 (p¼ .4588) �0.1378 (p¼ .1140) �0.0465 (p¼ .0714) �0.0029 (p¼ .1412)
sIL-4R �0.0785 (p¼ .1391) 0.1472 (p5 .0149) 0.0246 (p¼ .6634) 0.0195 (p¼ .2696) 0.0009 (p¼ .5266)
sIL-6R 0.0206 (p¼ .8363) 0.2607 (p5 .0217) �0.0370 (p¼ .7268) 0.0225 (p¼ .4866) �0.0006 (p¼ .8090)
sIL-1RII 0.1835 (p5 .0344) 0.2191 (p5 .0268) 0.2646 (p5 .0042) 0.0975 (p5 .0004) 0.0057 (p5 .0079)
STNFRI 0.0692 (p¼ .5348) 0.2394 (p¼ .0595) �0.0596 (p¼ .6151) 0.0168 (p¼ .6390) �0.0012 (p¼ .6548)
STNFRII �0.0055 (p¼ .9757) 0.2001 (p¼ .3312) �0.1556 (p¼ .4182) �0.0142 (p¼ .8039) �0.0032 (p¼ .4532)
SVEGFR2 0.0825 (p¼ .2400) 0.0404 (p¼ .6135) �0.0827 (p¼ .2685) �0.0114 (p¼ .6124) �0.0020 (p¼ .2444)
SVEGFR3 0.1844 (p¼ .3147) 0.4586 (p5 .0282) 0.1397 (p¼ .4739) 0.0956 (p¼ .1019) 0.0032 (p¼ .4768)
TARC 0.1456 (p¼ .5135) 0.4358 (p¼ .0862) 0.0929 (p¼ .6952) 0.0799 (p¼ .2575) 0.0022 (p¼ .6808)
TGF-A 0.0084 (p¼ .9716) 0.2802 (p¼ .2973) 0.3768 (p¼ .1333) 0.1237 (p¼ .0940) 0.0086 (p¼ .1238)
TNF-B 0.0992 (p¼ .7507) 0.2064 (p¼ .5621) 0.4822 (p¼ .1468) 0.1445 (p¼ .1389) 0.0107 (p¼ .1474)
TNFA_1 �0.0963 (p¼ .5149) 0.1677 (p¼ .3199) 0.0715 (p¼ .6497) 0.0324 (p¼ .4882) 0.0019 (p¼ .5816)
TRAIL �0.0297 (p¼ .7787) �0.1501 (p¼ .2123) 0.1841 (p¼ .1012) 0.0253 (p¼ .4580) 0.0040 (p¼ .1163)
VEGF �0.0722 (p¼ .7619) 0.1909 (p¼ .4823) 0.2390 (p¼ .3461) 0.0764 (p¼ .3064) 0.0056 (p¼ .3185)
aEstimates from Tobit regression, corrected for age, BMI, sex, and smoking.
bMarkers were specified to be lognormally distributed in the Tobit model.
cLab low: Laboratory personnel performing tasks with relatively low exposure; lab high: laboratory personnel performing tasks with relatively high exposure; opera-
tors: operators working with the reactor; trend ranking: trend estimate based on a ranking of the exposure categories; trend GM: trend estimate based on assigned
EC exposure estimates (lg/m3).
The bolded values are the p-values that are significant (p< .05).
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among operators and higher exposed lab personnel also signifi-
cantly elevated) in phase 2 (Supplemental material, Table S2). The
effect for CTACK was in the opposite direction of what
was observed during phase 1. For sIL-1RII, we observed a non-
significant upward trend with exposure to MWCNT and we
observed significantly elevated blood concentrations among oper-
ators and higher exposed lab personnel.

In Figure 1, we show boxplots of the distributions of the markers
that were most robustly associated with MWCNT exposure in phases
1 and 2 (CCL20, sIL-1RII, and FGF-BASIC). The effect of exposure to
MWCNT on blood concentrations of sIL-1RII was robust (both in dir-
ection of effect and statistical significance) to all sensitivity analyses
(Supplemental Material, Table S3). The effect of exposure to
MWCNT on blood concentrations of CCL20 was generally stable
across sensitivity analyses. While the direction of the effect for the
three exposure categories remained unchanged in each sensitivity
analysis, the effect for the highest exposure category “operator” lost
its formal statistical significance after correction for alcohol use, pre-
vious exposure to particulates, and when we excluded females and
smokers. Results for FGF-BASIC were robust to the sensitivity analy-
ses in terms of the direction of the effect. The effects among higher
exposed lab workers and operators became stronger after correc-
tion for educational level and when we excluded females and smok-
ers, now reaching statistical significance. Our findings for sIL-1RII,
CCL20, and FGF-BASIC were not (partially) explained by a strong
correlation between these markers (Supplemental material, Figure
S1). While FGF-BASIC was strongly correlated to several other
immunological markers, the correlations with sIL-1RII and CCL20
were low in phase 1 (0.21 and 0.31, respectively) and slightly higher
in phase 2 (0.25 and 0.64, respectively).

Median ICCrep for the 23 parameters that were measured as
part of the CBC was 0.69 (IQR: 0.54, 0.79). We observed significant
depression in neutrophils and significant elevation in monocytes,
mean platelet volume, immature platelet fraction, and immature
reticulocytes fraction with increasing exposure to MWCNT in
phase 1 (Table 3) and phase 2 (Supplemental material, Table S4).
For neutrophils, monocytes, and mean platelet volume, the results
were robust to all sensitivity analyses (Supplemental material,
Table S5), with the exception of a correction for previous exposure
to nanoparticles which resulted in a loss of formal significance for
mean platelet volume (p¼ .1134). The result for immature platelet

fraction and immature reticulocytes fraction was not robust in the
sensitivity analyses. Neutrophils and white blood cells were ele-
vated among the higher exposed lab workers in phase 1, but this
effect was not replicated in phase 2. In phase 2, we observed sev-
eral significant associations that were not observed in phase 1.

We observed significantly lower FENO among operators com-
pared to controls during phase 1 (Table 4). This effect was robust
(both in direction of effect and statistical significance) to all sensi-
tivity analyses (Supplemental Material, Table S6), with the excep-
tion of a correction for previous exposure to nanoparticles, which
resulted in a loss of formal significance (p¼ .069). We observed
significant trends based on assigned GM MWCNT mass concentra-
tions in the full population as well as among male non-smokers.
Trends based on exposure ranking were in the same direction,
but were not significant.

Acceptable spirometry data were collected from 55 individuals.
We observed some indication for a larger (percentage of the pre-
dicted) FVC among operators compared to controls, but observed
no significant trends with FVC, FEV1, and FEV1/FVC with exposure
to MWCNTs, regardless of the approach for exposure assessment
that we used (Table 5). Results were similar among non-smoking
males (Supplemental Material, Table S7).

ICCdup for the pneumoproteins was high (>0.94) and ICCrep for
CC16, SP-A, and SP-D was 0.81, 0.77, and 0.48, respectively. We
observed no significant trends in blood concentrations of the
pneumoproteins with exposure to MWCNTs in phase 1, regardless
of the approach for exposure assessment that we used (Table 6).
This observation was confirmed by visual assessment of the vari-
ation in pneumoprotein concentrations across exposure categories
(Figure 2). We observed similar results when we restricted the
dataset to male non-smokers and in phase 2 (results not shown).

Discussion

We observed an indication for an effect of exposure to MWCNTs
on selected immune markers (CCL20, sIL-1RII, FGF-BASIC), FENO,
and selected blood parameters (neutrophils, monocytes, and
mean platelet volume) in a small scale cross-sectional study in a
population occupationally exposed to MWCNT.

The observed increase in CCL20, sIL-1RII, and FGF-BASIC may
be indicative of an inflammatory reaction. CCL20 is a chemokine

Figure 1. Boxplots showing the distribution of Ln-transformed concentrations of CCL20, sIL-1RII, and FGF-BASIC during phase 1 and phase 2, by exposure category.
Kruskal–Wallis rank sum test p values for phase 1 were .6172, .02232, .1527, for CCL20, sIL-1RII, and FGF-BASIC, respectively. Wilcoxon rank sum test p values (operators
versus controls) for phase 1 were .4352, .01087, and .1188. Kruskal–Wallis rank sum test p-values for phase 2 were .018, .2097, and .1018, for CCL20, sIL-1RII, and FGF-
BASIC, respectively. Wilcoxon rank sum test p values (operators versus controls) for phase 2 were .0047, .1375, and .0734.
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involved in antimicrobial activity that has been reported to be
negatively associated with emphysema in patients with chronic
obstructive pulmonary disease (Carolan et al., 2014; Crane-
Godreau et al., 2009). CCL20 production and secretion was shown
to be suppressed when cells were exposed to cigarette smoke
(Crane-Godreau et al., 2009). Although the literature is scarce,
these reports contradict our finding of elevated levels of CCL20
among MWCNT exposed workers, for which we would expect the
effect to be in the same direction as for cigarette smoke. SIL-1RII
is a decoy receptor that binds proinflammatory interleukin 1 (IL-1),
reducing its activity (Aka et al., 2015). The observed increase in
SIL-1RII might, therefore, be indicative of an IL-1-mediated
response as a result of exposure to MWCNT. While we did not
assess IL-1 in the current study, it has been reported to play a
role in cigarette smoke induced inflammation (Pauwels et al.,
2011). FGF-BASIC is a member of a family of proteins with growth,
anti-apoptotic, and differentiation promoting activity (Powers
et al., 2000). Tumor cell expression of FGF-BASIC has been

reported as marker for cancer prognosis (Barclay et al., 2005;
Rades et al., 2014), but we are not aware of any literature relating
exposure to environmental agents to changes of FGF-BASIC in
peripheral blood. Considering the small number of identified
markers we refrain from the formal identification of enriched path-
ways. Two of the inflammatory markers included in our study
were also measured in serum by Fatkhutdinova et al. (2016): IL-8
and TNF-a. We did not replicate the significant association
between exposure to MWCNT and TNF-a reported in that study,
though the non-significant effect we observed was in the same
direction (upregulation) (Fatkhutdinova et al., 2016). Eleven of the
immune markers we assessed in our study have been reported to
be predictive of lung cancer risk (CRP, SAA, sTNFRII, IL-1RA, IL-7,
TGF-A, ENA 78/CXCL5, MIG/CXCL9, BCA-1/CXCL13, TARC/CCL1,
MDC/CCL22) (Shiels et al., 2013, 2015). These markers and two risk
scores based on these markers were not consistently associated to
exposure to MWCNTs in our study. We, therefore, did not observe
indirect evidence of a potential increased risk of lung cancer due
to exposure to MWCNTs. CRP is also an established marker of
acute phase inflammation and a risk factor for cardiovascular dis-
ease. CRP has been reported to be significantly affected by ambi-
ent particle exposure (including nano-sized particles) (Li et al.
2012). We did not replicate this finding in our study.

Depression in FENO as result of exposure to MWCNT would
suggest that MWCNT exposure may have an inhibitory effect on
NO synthase in the airways (Malinovschi et al., 2006). Depression
of FENO has been reported in response to cigarette smoke
(a source of particulate exposure) (Malinovschi et al., 2006).
However, this effect might be related to the high concentrations
of NO in cigarette smoke itself (inducing a negative feedback loop
resulting in downregulation of NO synthase) (Malinovschi et al.,
2006), an effect that we would not expect as result of exposure to
MWCNTs. Our results are in contrast with the study by Wu et al.

Table 3. Difference in complete blood cell counts between workers exposed to multi-walled carbon nanotubes and controls in phase 1a.

Markerb,c Lab lowd Lab highd Operatorsd Trend rankingd Trend GMd

Hemoglobin (g/dL) 0.0151 (p¼ .6691) 0.0640 (p¼ .0943) 0.0419 (p¼ .2402) 0.0183 (p¼ .0830) 0.0010 (p¼ .2306)
Hematocrit (%) 0.0020 (p¼ .9556) 0.0482 (p¼ .2051) 0.0494 (p¼ .1639) 0.0176 (p¼ .0914) 0.0011 (p¼ .1521)
RBC (1012/L) 0.0194 (p¼ .5768) 0.0507 (p¼ .1793) 0.0264 (p¼ .4532) 0.0132 (p¼ .2053) 0.0006 (p¼ .4462)
MCV (fL) �0.0176 (p¼ .2014) �0.0026 (p¼ .8633) 0.0229 (p¼ .1010) 0.0044 (p¼ .2914) 0.0005 (p¼ .0894)
MCH (pg) �0.0044 (p¼ .7390) 0.0132 (p¼ .3623) 0.0158 (p¼ .2415) 0.0052 (p¼ .1948) 0.0004 (p¼ .2192)
MCHC (g/dL) 0.0132 (p¼ .1968) 0.0161 (p¼ .1479) �0.0073 (p¼ .4829) 0.0007 (p¼ .8202) �0.0002 (p¼ .4800)
RDW (%) �0.0096 (p¼ .4689) 0.0020 (p¼ .8903) �0.0048 (p¼ .7222) �0.0013 (p¼ .7372) �0.0001 (p¼ .7691)
Reticulocytes (109/L) 0.0740 (p¼ .5448) 0.0256 (p¼ .8468) �0.1006 (p¼ .4159) �0.0180 (p¼ .6226) �0.0023 (p¼ .3986)
IRF (%) 0.0545 (p¼ .7856) 0.2744 (p¼ .2065) 0.3552 (p¼ .0800) 0.1201 (p5 .0439) 0.0080 (p¼ .0762)
Ret-He (pg) 0.0133 (p¼ .2844) �0.0019 (p¼ .8892) 0.0023 (p¼ .8537) 0.0009 (p¼ .8066) 0.0000 (p¼ .9220)
WBC (109/L) 0.0724 (p¼ .3566) 0.2847 (p5 .0008) �0.0739 (p¼ .3532) 0.0189 (p¼ .4597) �0.0015 (p¼ .4451)
Neutrophils (%) 0.0105 (p¼ .8736) 0.0242 (p¼ .7345) �0.1692 (p5 .0111) �0.0374 (p¼ .0620) 20.0037 (p5 .0117)
Neutrophils (109/L) 0.0897 (p¼ .4340) 0.3191 (p5 .0103) �0.2338 (p5 .0441) �0.0148 (p¼ .6910) �0.0050 (p5 .0678)
Eosinophils (%) �0.3551 (p¼ .1914) �0.2615 (p¼ .3751) 0.3226 (p¼ .2414) 0.0314 (p¼ .7056) 0.0075 (p¼ .2305)
Eosinophils (109/L) �0.7728 (p¼ .0810) 0.0985 (p¼ .8350) 0.3826 (p¼ .3818) 0.0716 (p¼ .5885) 0.0098 (p¼ .3233)
Basophils (%) �0.1708 (p¼ .4653) �0.3039 (p¼ .2056) 0.0893 (p¼ .6908) �0.0207 (p¼ .7575) 0.0020 (p¼ .6945)
Lymphocytes (%) �0.0507 (p¼ .6234) �0.0926 (p¼ .4088) 0.2040 (p¼ .0513) 0.0360 (p¼ .2552) 0.0045 (p¼ .0547)
Lymphocytes (109/L) 0.0214 (p¼ .8561) 0.1912 (p¼ .1357) 0.1163 (p¼ .3313) 0.0514 (p¼ .1457) 0.0027 (p¼ .3114)
Monocytes (%) �0.0172 (p¼ .8369) 0.0473 (p¼ .6014) 0.2174 (p5 .0102) 0.0571 (p5 .0232) 0.0049 (p5 .0093)
Monocytes (109/L) 0.1027 (p¼ .2600) 0.3369 (p5 .0007) 0.1407 (p¼ .1274) 0.0779 (p5 .0056) 0.0033 (p¼ .1384)
Plateletes (109/L) �0.0234 (p¼ .7547) �0.0388 (p¼ .6322) �0.1086 (p¼ .1517) �0.0317 (p¼ .1543) �0.0024 (p¼ .1530)
MPV (fL) �0.0296 (p¼ .2857) 0.0233 (p¼ .4371) 0.0799 (p5 .0044) 0.0207 (p5 .0148) 0.0018 (p5 .0035)
IPF (%) 0.0203 (p¼ .9069) 0.2086 (p¼ .2674) 0.3488 (p5 .0471) 0.1093 (p5 .0343) 0.0079 (p5 .0439)
aEstimates from Tobit regression, corrected for age, BMI, sex, and smoking.
bMarkers were specified to be lognormally distributed in the Tobit model.
cRBC: red blood cells; MCV: mean corpuscular volume: MCH: mean corpuscular hemoglobin: MCHC: mean corpuscular hemoglobin concentration; RDW: red blood cell
distribution width; IRF: immature reticulocytes fraction; Ret-He: reticulocyte hemoglobin equivalent; WBC: white blood cells; MPV: mean platelet volume; IPF: imma-
ture platelet fraction.
dLab low: Laboratory personnel performing tasks with relatively low exposure; lab high: laboratory personnel performing tasks with relatively high exposure; opera-
tors: operators working with the reactor; trend ranking: trend estimate based on a ranking of the exposure categories; trend GM: trend estimate based on assigned
EC exposure estimates (lg/m3).
The bolded values are the p-values that are significant (p< .05).

Table 4 Difference in fractional exhaled nitric oxide (ppb) between workers
exposed to multi walled carbon nanotubes and controls in phase 1a,b.

Exposure categoryc Total study population Among non-smoking males

Lab low 0.2478 (p¼ .4019) �0.2407 (p¼ .5331)
Lab high 0.0841 (p¼ .7943) 0.1070 (p¼ .7517)
Operators �0.8816 (p¼ .0115) �0.9674 (p¼ .0081)
Trend ranking �0.1768 (p¼ .0809) �0.2053 (p¼ .0576)
Trend GM �0.0204 (p¼ .0086) �0.0201 (p¼ .0123)
aEstimates from Tobit regression, corrected for age, BMI, sex, and smoking.
bFractional exhaled nitric oxide concentration was specified to be lognormally
distributed in the Tobit model.

cLab low: Laboratory personnel performing tasks with relatively low exposure;
lab high: laboratory personnel performing tasks with relatively high exposure;
operators: operators working with the reactor; trend ranking: trend estimate
based on a ranking of the exposure categories; trend GM: trend estimate based
on assigned EC exposure estimates (lg/m3).
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(2014), in which no significant effect of exposure to carbon nano-
tubes (type not further specified) on FENO was observed, while
exposure to nanosized titanium dioxide significantly increased the
risk of elevated FENO levels (>35 ppb) (Wu et al., 2014). Other lit-
erature generally reported elevation in FENO (e.g. in response to
air pollution; Van Amsterdam et al., 1999; Zuurbier et al., 2011) as
potential indicator of eosinophilic inflammation. In our study,
eosinophil concentrations measured in peripheral blood in phase
1 were non-significantly elevated in operators compared with con-
trols and laboratory workers, and therefore did not corroborate
our finding for FENO. The clinical relevance of our finding for
FENO is unclear. A FENO greater than 50 ppb has been suggested
as a clinically relevant cut point to indicate that eosinophilic
inflammation is likely, while levels smaller than 25 ppb are consid-
ered an indication that eosinophilic inflammation is less likely

(Dweik & Boggs 2011). In our study, five individuals had a FENO
greater than 50 ppb (none of them were exposed to high levels of
MWCNTs), while the majority (n¼ 51) had levels lower than
25 ppb. While all blood counts were within clinical reference
ranges, we observed significant depression of neutrophils and sig-
nificant elevation of monocytes and mean platelet volume among
operators compared to controls. Neutrophils play a role in inflam-
mation and have been reported to increase after exposure to par-
ticulates (Salvi et al. 1999). Decreases in neutrophil counts can
originate from viral infections, drug use, and exposure to certain
solvents, among other causes (Gibson & Berliner 2014), but have
not been reported to be lower in relation to exposure to particu-
lates and are therefore not likely explained by exposure to
MWCNTs. Lee et al. (2015) reported that no noticeable abnormal-
ities were observed in hematology and blood biochemical marker

Table 5. Difference in lung function between workers exposed to multi-walled carbon nanotubes and controls in phase 1a.

Exposure categoryb FEV1c FEV1%c,f FVCd FVC%d,f FEV1/FVCe FEV1/FVC%e,f

Lab low 0.0093 (p¼ .9700) 0.1611 (p¼ .9768) �0.0280 (p¼ .9274) �0.7952 (p¼ .8730) 1.3312 (p¼ .6484) 0.6232 (p¼ .8550)
Lab high 0.0717 (p¼ .7647) 0.3231 (p¼ .9511) 0.1236 (p¼ .6790) 0.5312 (p¼ .9110) 0.1141 (p¼ .9678) �0.8263 (p¼ .8000)
Operators 0.3294 (p¼ .1954) 6.7278 (p¼ .2274) 0.6075 (p¼ .0585) 8.1841 (p¼ .1060) �2.5288 (p¼ .3977) �1.7899 (p¼ .6010)
Trend ranking 0.0859 (p¼ .2356) 1.5690 (p¼ .3172) 0.1558 (p¼ .0895) 1.8980 (p¼ .1837) �0.5245 (p¼ .5392) �0.5054 (p¼ .5990)
Trend GM 0.0073 (p¼ .1817) 0.1485 (p¼ .2180) 0.0136 (p¼ .0494) 0.1832 (p¼ .0944) �0.0593 (p¼ .3600) �0.0421 (p¼ .5700)
aEstimates from linear regression, corrected for age, BMI, sex, and smoking. Analyses of ‘percentage of predicted values’ were corrected smoking only.
bLab low: Laboratory personnel performing tasks with relatively low exposure; lab high: laboratory personnel performing tasks with relatively high exposure; opera-
tors: operators working with the reactor; trend ranking: trend estimate based on a ranking of the exposure categories; trend GM: trend estimate based on assigned
EC exposure estimates (lg/m3).

cForced expiratory volume in 1 s (L).
dForced vital capacity (L).
eRatio forced vital capacity and forced expiratory volume in 1 s.
fPercentage of predicted values calculated using European Respiratory Society equations (Quanjer et al., 1993).

Table 6. Difference in pneumoproteins (ng/mL) between workers exposed to multi-walled carbon nanotubes and controls in phase 1a.

Markerb Lab lowc Lab highc Operatorsc Trend rankingc Trend GMc

CC16 �0.2080 (p¼ .1876) 0.0939 (p¼ .5987) �0.1767 (p¼ .2910) �0.0409 (p¼ .4073) �0.0034 (p¼ .3618)
SP-A 0.4344 (p¼ .0799) 0.2476 (p¼ .3753) 0.1227 (p¼ .6368) 0.0783 (p¼ .3094) 0.0021 (p¼ .7191)
SP-D �0.0287 (p¼ .8811) �0.1077 (p¼ .6229) 0.0975 (p¼ .6335) 0.0095 (p¼ .8720) 0.0021 (p¼ .6362)
aEstimates from Tobit regression, corrected for age, BMI, sex, and smoking.
bMarkers were specified to be lognormally distributed in the Tobit model.
cLab low: Laboratory personnel performing tasks with relatively low exposure; lab high: laboratory personnel performing tasks with relatively high exposure; opera-
tors: operators working with the reactor; trend ranking: trend estimate based on a ranking of the exposure categories; trend GM: trend estimate based on assigned
EC exposure estimates (lg/m3).

Figure 2. Boxplots showing the distribution of Ln-transformed concentrations of CC-16, SP-A, and SPD during phase 1 and phase 2, by exposure category.
Kruskal–Wallis rank sum test p values for phase 1 were .1388, .4333, .706, for CC-16, SP-A, and SPD, respectively. Wilcoxon rank sum test p values (operators versus
controls) for phase 1 were .4, .8576, and .4529. Kruskal–Wallis rank sum test p values for phase 2 were .5381, .2996, .7483, for CC-16, SP-A, and SPD, respectively.
Wilcoxon rank sum test p values (operators versus controls) for phase 2 were .5338, .2343, and .6282.
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measurements among workers exposed to MWCNT, although did
not analyze subclinical changes in these parameters. Interestingly,
neutrophils are involved in the production of NO in the airways
(Ricciardolo, 2003) which corresponds to our observation of
decreased FENO. Monocytes also play a role in inflammation and
have been shown to increase after exposure to particulates
(Chaudhuri et al., 2012; Goto et al., 2004; Ishii et al., 2005), provid-
ing a suggestion of biological plausibility of this finding. Elevated
mean platelet volume would indicate a high number of larger,
younger platelets in the blood, resulting from upregulated bone
marrow production and release of platelets into circulation and
has been suggested as marker of platelet activation (Shah et al.,
2012). Platelet activation has been associated in the literature with
exposure to particulates in the form of ambient air pollution, but
the direction of the effect has been inconsistent (Frampton et al.,
2012; Strak et al., 2013).

We observed no effect of exposure to MWCNT on lung func-
tion. The non-significantly increased FVC among operators com-
pared to controls might be attributable to insufficient correction
for the effect of sex on FVC (although we did correct for sex both
the regression models and in the predicted values). Our study did
not have sufficient statistical power to detect subtle effects of
MWCNT on lung function.

The null effect of exposure to MWCNTs on pneumoproteins
CC16, SP-A, and SP-D that we observe in our current study
contradicts with previously published in vitro studies that dem-
onstrated an effect of exposure to MWCNTs on the production
of these pneumoproteins (Chen et al., 2015; Han et al., 2010).
Potential explanations include limited statistical power in our
study (a false negative finding), differences between the in vitro
studies and ours with regards to the levels and patterns of
exposure that lung cells incurred and the types of MWCNTs
that were used.

Strengths of our study include a relatively high contrast in
exposure to MWCNTs (Liou et al., 2015) within the study popula-
tion, quantitative exposure assessment, and detailed assessment
of potential confounding factors. Even though our study is cur-
rently the largest that has evaluated the biological effects of
MWCNT exposure in a human population, an important limitation
is still its modest sample size. We conducted a series of sensitivity
analyses to assess the influence of confounding on the note-
worthy findings in the main analysis. To avoid identifying too
many false positive findings, we did not explore the impact of
negative-confounding on the markers for which we did not
observe an association with MWCNT exposure in the main
analysis.

Replication of our findings in an independent study popula-
tion exposed to MWCNT is crucial. Setting up sufficiently large
studies to allow the assessment of subtle health effects due to
exposure to MWCNT is a challenge. In an inventory of engi-
neered carbonaceous nanomaterial manufactures in the USA,
the average number of workers per company that handled
engineered carbonaceous nanomaterial was 10 (Schubauer-
Berigan et al., 2011). Furthermore, the type of MWCNTs that are
produced across companies, and within companies over time
varies considerably. Therefore, large-scale collaborations between
research groups and companies are needed to be able to study
the early health effects of MWCNT exposure with sufficient stat-
istical precision.

In conclusion, in this molecular cross-sectional study, we
observed some indications of early biological perturbations associ-
ated with exposure to MWCNTs. We view this as an exploratory
study and, therefore, a false discovery rate correction was not con-
ducted. We have assessed the robustness of our findings in a

series of sensitivity analyses and by conducting a repeat assess-
ment of selected markers among the highest exposed workers.
However, considering our modest sample size and our cross-
sectional study design, influence of selection biases cannot fully
be excluded. Our findings warrant follow-up in other MWCNT
exposed populations incorporating personal exposure estimates.
In addition, studies are needed that assess the potential impact of
exposure to MWCNT on human health including outcomes such
as non-malignant respiratory disease, oxidative stress, and cardio-
vascular disease.
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