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concentration of 0.04 µg/L. The concentrations of the bio-
marker of systemic inflammation, CRP, were not affected 
by exposure in the TCWs. Current smoking and body 
mass index have a large impact on the measured biomarker 
concentrations.
Conclusions  The results suggest that former and current 
TCWs have lower serum CC-16 concentrations than ref-
erents, while the concentrations of SP-D decreased during 
exposure. The serum biomarker of systemic inflammation, 
CRP, was not altered during exposure. Current smoking 
and BMI were related to the concentrations of all measured 
biomarkers.

Keywords  CC-16 · SP-D · Tunnel construction · 
α-Quartz · Diesel exhaust

Introduction

Tunnel construction workers’ exposure by inhalation is 
to a large extent related to the geology of the work area, 
type of explosives used, the use of diesel-operated engines, 
concrete and products used for lubricating the machinery. 
Thus, their occupational exposure is complex, including 
dust, α-quartz, emissions from diesel engines, oil mist and 
gases, such as nitrogen oxides and ammonia (Bakke et al. 
2014).

Respiratory diseases have been found to be frequent in 
tunnel construction workers (Oliver et al. 2001; Arcangeli 
et  al. 2004; Oliver and Miracle-McMahill 2006). Previ-
ous studies revealed that tunnel workers in Norway were 
at increased risk of long- and short-term lung function 
decline and chronic obstructive pulmonary disease (COPD) 
(Ulvestad et  al. 2000; Bakke et  al. 2001a; Ulvestad et  al. 
2001; Bakke et  al. 2004). In a more recent study, we 
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concluded that the overall exposure levels for many of the 
contaminants have been reduced since then (Bakke et  al. 
2014).

Although tunnel construction workers are at risk of 
developing pulmonary diseases caused by occupational 
exposure, no studies of pneumoproteins have to our knowl-
edge been conducted. Concentrations of lung-specific pro-
teins in serum have been proposed as markers for pulmo-
nary injury, based on the concept that these proteins move 
passively across the epithelial barrier into the blood in 
higher amounts at epithelial injury (Hermans and Bernard 
1999). Clara cell protein 16 (CC-16) and surfactant protein 
D (SP-D) are pneumoproteins commonly used as serum 
biomarkers for pulmonary injury. CC-16 is a 16-kDa anti-
inflammatory protein secreted predominantly from the non-
ciliated bronchiolar Clara cells, but also to a lesser extent in 
non-pulmonary tissues (Broeckaert and Bernard 2000; Lak-
ind et al. 2007). The highest expression of SP-D in human 
tissues is in the distant airways and alveoli, mainly in type 
2 pneumocytes (Jaw and Sin 2012). SP-D is also expressed 
in pulmonary Clara cells, goblet cells and tracheo-bron-
chial glandular cells (Sorensen et al. 2007).

The functions of these proteins are mainly related to 
immune defence and to the regulation of inflammation. 
SP-D modulates the function of various inflammatory 
cells like macrophages and lymphocytes, promotes lysis 
of microbes and phagocytosis of pathogens and modu-
lates cytokine and reactive oxygen networks (Jaw and Sin 
2012). In an inflammatory environment, SP-D also acts 
as an activator of NF-κB (Jaw and Sin 2012). Transgenic 
mice lacking SP-D develop spontaneously emphysema 
(Wert et al. 2000). The concentration of SP-D in serum is 
increased in a number of lung diseases, such as sarcoidosis 
and cystic fibrosis, but also in asthma and COPD (Hartl and 
Griese 2006; Bowler 2012). In vitro studies indicate that by 
inhibiting phospholipase A2 activity, CC-16 can attenuate 
inflammation. Also, inhibition of monocyte and polymor-
phonuclear chemotaxis and phagocytosis has been shown 
(Broeckaert and Bernard 2000).

Few studies have assessed serum pneumoproteins in 
workers exposed to components relevant for tunnel work-
ers’ exposure. One study reported lower CC-16 concen-
trations in silica-exposed quarry workers (Bernard et  al. 
1994). Workers diagnosed with slight silicosis and workers 
currently exposed to α-quartz had lower serum CC-16 con-
centrations (Wang et al. 2007). The workers with silicosis 
had also higher concentrations of SP-D in serum. Foundry 
workers had lower concentrations of CC-16 in serum after 
shift when compared to before shift (Bergamaschi et  al. 
2003). No statistically significant different serum CC-16 
concentrations were observed when nitric acid production 
workers exposed to nitrogen oxides were compared to ref-
erents (Hałatek et al. 2005).

When particles are phagocytized by macrophages dur-
ing pulmonary exposure, the cytokine TNF-α synthesized 
in the macrophages is assumed to induce the synthesis of 
cytokines, e.g. IL-6 in the lung epithelial cells (Martin 
et al. 1997). Circulating IL-6 is a powerful inducer of the 
synthesis of C-reactive protein (CRP) in the liver, which 
is considered a marker of systemic inflammation. Several 
studies have suggested that CRP may increase as a result 
of exposure to particulate matter, although a recent review 
concluded that the evidence is not conclusive (Li et  al. 
2012).

In this study, tunnel construction workers were exam-
ined before and towards the end of an 11-day work 
period when they were exposed to a variety of airborne 
contaminants. The main aim was to assess alterations in 
the concentrations of serum pneumoproteins and CRP 
during that period and to compare the alterations to ref-
erents working at the same tunnel construction sites. This 
study is part of a larger investigation of tunnel workers’ 
pulmonary health and biomarkers of endothelial activa-
tion and coagulation.

Materials and methods

Study design

All tunnel construction workers (n =  92) employed at 11 
tunnel construction sites were invited to participate in the 
study. One subject refused to participate, and one subject 
refused to give a blood sample. Referents, mainly admin-
istrative staff, were selected among subjects working at the 
same construction sites, but not involved directly in the tun-
nel construction. Fifty-two potential referents were invited, 
of whom one refused to participate. One referent refused to 
give a blood sample, but participated in other parts of the 
investigation. Thus, the participation rates were 98.9 and 
98.0 % among the exposed subjects and referents, respec-
tively. They were all males.

All subjects work 11  days consecutively and are then 
off work for 9  days. The duration of a work shift is nor-
mally 10–12 h, including two breaks of 30 min each. Blood 
samples were collected in all subjects before the start of 
the 11-day work period at around 4–6 p.m. (baseline) and 
at the same time of the day at the end of the work period 
(follow-up) together with spirometric measurements and 
the administration of a questionnaire.

Participation in the study was voluntary. An informed 
written consent was obtained from all participants prior 
to inclusion in the study. The study was approved by the 
Norwegian Regional Ethical Committee for Medical 
Research (REK2), according to the principles of the Hel-
sinki declaration.
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Work characteristics

Tunnel construction workers are engaged in rock drilling, 
charging of explosives and various support and finishing work 
as previously described (Bakke et  al. 2001b). Briefly, after 
rock drilling, charging of explosives and blasting, the rock is 
loaded and transported out of the tunnel using dump trucks. 
Debris is removed using a scalar. Rock support includes fas-
tening of unsafe rock with steel bolts and sealing of the rock 
by spraying wet concrete onto the excavated surface. Other 
work tasks include mounting of ventilation ducts, installa-
tion of electrical power supply and machine maintenance 
and repair. Tunnel construction workers can be grouped into 
drill and blast workers, support workers, mechanics, loaders, 
injection workers, shotcreting operators and shaft drillers. All 
investigated tunnels had a forced ventilation system using 
fans and ventilation ducting to reduce air contamination.

Clinical examinations

Background data were recorded with a questionnaire 
including respiratory symptoms, allergy, physician-diag-
nosed asthma and self-reported symptoms of cold at one 
of the two examinations (Randem et al. 2004). Participants 
were classified as never smokers, former smokers and cur-
rent smokers. Former smokers were defined as those who 
had stopped smoking more than 12 months earlier.

Spirometry was performed according to the Ameri-
can Thoracic Society (ATS)/European Respiratory Soci-
ety (ERS) guidelines (Miller et  al. 2005). Recorded were 
forced vital capacity (FVC), forced expiratory volume in 
one second (FEV1) and forced expiratory flow rate at 50 % 
(FEF50) of the FVC.

Ten millilitres of whole blood was collected from the 
cubital vein with vacutainers without additives after clean-
ing of the skin with ethanol (BD Vacutainer, Belliver Indus-
trial Estate, UK). Serum was separated by centrifugation at 
2,000g for 15 min after a rest of 45 min and pipetted into 
4.0  ml NUNC® polypropylene cryotubes (Sigma-Aldrich, 
St. Louis, MO, USA) for long-term storage at the National 
Institute of Occupational Health, Oslo, Norway (NIOH) at 
−70 °C until analysis.

Analysis of biomarkers

The serum concentrations of CC-16 and SP-D were meas-
ured with commercial ELISA kits (BioVendor Laboratory 
Medicine, Inc., Brno, Czech Republic). The imprecision 
was 9 % (coefficient of variation, CV) for CC-16, and 4 % 
for SP-D, as calculated from duplicate samples. The meth-
ods’ limits of detection (DL) were 1 µg/L for both CC-16 
and SP-D. No samples contained pneumoprotein concen-
trations below the DL.

CRP in serum was determined by use of an enzyme-
linked immunosorbent assays (DRG Instruments, Marburg/
Lahn, Germany) (DL 0.1 mg/L). The inter-assay coefficient 
of variation was <5 %. CRP concentrations below the DL 
were substituted with ½ DL.

Air sampling

Details on the air sampling have been published (Bakke 
et  al. 2014). Briefly, air samples were collected in the 
breathing zone of the workers and always outside personal 
protective respirators, if used. Personal air sampling was 
carried out on the two consecutive days before follow-up. 
No air samples were collected among the referents.

The particulate matter in the thoracic aerosol frac-
tion was collected on 37  mm 5.0-μm-pore-size polyvinyl 
chloride(PVC) filters (PVC502500, Millipore Corporation, 
MA, USA) using BGI GK2.69 cyclones (BGI Inc., MA, 
USA) operated at an air flow rate of 1.6 L/min.

Elemental carbon (EC) and organic carbon (OC) were 
collected on pre-cleaned quartz filters (Pallflex Tissue 
quartz 2500QAT-UP, Pall Corporation, Port Washing-
ton, NY, USA) using a 37-mm standard three-part “total” 
closed-face aerosol filter cassette (Millipore, MA, USA) 
purchased from Sunset Laboratory Inc., (Tigard, OR, 
USA). An air flow rate of 2.0 L/min was used.

Oil mist and oil vapour were collected with 37  mm 
standard three-part “total” aerosol filter cassette (Millipore, 
MA, USA) equipped with a 1.6  µm-pore-size glass filter 
(No. 1820-037, Whatman GF, Madistone, UK) on top of 
a 0.8-µm-pore-size cellulose acetate filter (AAWP03700, 
Whatman GF, Madistone, UK) and charcoal tubes (No. 
226-01, SKC, Blandford Forum, Dorset, UK) mounted in 
series at an air flow rate of 1.4 L/min.

Analysis of air samples

Details on the analysis of the collected air contaminants 
have been published (Bakke et al. 2014). Briefly, the masses 
of thoracic cyclone filters were measured gravimetrically 
using a Sartorius AG, MC 210p laboratory micro-balance 
(Göttingen, Germany) with a DL of 31 µg/m3 based on 8-h 
sampling at a flow rate of 1.6 L/min.

Oil mist was determined with a Spectrum 100 Fou-
rier transform infrared spectrophotometer (Perkin Elmer, 
Waltham, MA, USA). Oil vapour was determined using 
a Perkin Elmer Autosystem XL gas chromatograph and a 
flame ionization detector. The DLs for oil mist (0.05 mg/
m3) and oil vapour (0.1 mg/m3) were based on a 2-h sam-
pling period at a flow rate of 1.4 L/min. EC and OC were 
determined using an OCEC Dual-Optical Analyzer based 
on NIOSH Method No. 5040 (NIOSH 2003). The DLs of 
the method are approximately 2  ng/m3 (EC) and 2  µg/m3 
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(OC) based on an 8-h sampling period at a flow rate of 2.0 
L/min. The α-quartz content in the thoracic aerosol fraction 
was determined by X-ray diffraction spectrometry using 
NIOSH Method No. 7500 (NIOSH 2003). The DL was 
13  µg/m3 based on an 8-h sampling period at a flow rate 
of 1.6 L/min. All reagents and water used for the chemical 
analyses were of analytical quality.

Statistics

The exposure parameters were calculated as the mean of 
2 days of air sampling. The distributions of the continuous 
variables were assessed, and when skewness exceeded 2.0, 
the variable was log-transformed to achieve normal distribu-
tion. The geometric means (GM) are presented for these var-
iables; otherwise, the arithmetic mean (AM) values are pre-
sented. Student’s t test was applied for group comparisons 
of independent samples, while the paired sample t test was 
used to assess differences within the same subjects. Least 
square regression analysis was applied to assess univariate 
associations between variables, the Pearson’s correlation 
coefficient (Pearson’s r) being the measure of association. 
Multiple linear regression analysis (backwards procedure) 
was used to assess statistical associations between outcome 
variables and several independent variables simultaneously. 
The independent variables were currently exposed as a tun-
nel construction worker (1/0), age, BMI, current smoker 
(1/0), asthma (1/0), former smoking (1/0) and common 
cold (1/0). In an alternative approach, currently exposed 

was substituted with ever exposed as a tunnel construction 
worker (1/0). Associations between air exposure measures, 
biomarker concentrations at follow-up and the difference in 
biomarker concentrations between baseline and follow-up 
were studied among the TCWs. A two-tailed p value <0.05 
was considered to be of statistical significance. The statisti-
cal data package SPSS 18.0 was used.

Results

The tunnel construction workers were slightly younger and 
had lower body mass index (BMI) as compared to the ref-
erents (Table 1). There were more current smokers among 
the tunnel construction workers than among the referents. 
Their GM exposure to particulate matter in the thoracic 
aerosol fraction was 604 µg/m3. Sixteen referents were for-
mer tunnel workers.

There were no statistically significant differences in the 
serum concentrations of CC-16, SP-D or CRP between the 
tunnel construction workers and the referents at baseline 
(Table 2). The GM concentration of CRP was significantly 
lower in the tunnel construction workers at follow-up, 
whereas the serum concentrations of CC-16 and SP-D were 
comparable between the groups. However, highly statisti-
cally significantly lower concentrations of SP-D across the 
work period were measured among the tunnel construction 
workers (p =  0.001), while the concentrations across the 
work period were comparable in the referents. The differ-
ence in CC-16 across the work period was similar in the 
tunnel construction workers and the referents. The differ-
ence in SP-D concentrations between baseline and fol-
low-up was statistically significantly larger in the exposed 
tunnel construction workers as compared to the referents 
(Table 2). When excluding subjects reporting a cold at one 
or both examinations, the mean SP-D concentration was 
7.0  µg/L lower across the work period in the tunnel con-
struction workers (N = 78) as compared to 1.5 µg/L higher 
across the work period in the referents (N = 43), the differ-
ence in the concentration changes being statistically signifi-
cant (p = 0.02) (not tabulated).

The results from the multiple linear regression analysis 
showed that the concentrations of SP-D at baseline were 
not associated with being currently or ever exposed as tun-
nel construction worker (Table 3). In contrast, having ever 
been exposed, but not currently exposed, was associated 
with the concentrations of CC-16. The results were essen-
tially the same when assessing the pneumoprotein con-
centrations measured at follow-up. The concentrations of 
CRP were not associated with any of the exposure category 
variables. The difference between the SP-D concentrations 
measured at follow-up and at baseline was associated with 
being currently exposed, while the reporting of having a 

Table 1   Background and exposure data among 90 tunnel construc-
tion workers and 50 referents

a  Arithmetic mean
b  Prevalence
c  Geometric mean
d  Thoracic dust and α-quartz missing for five subjects. Elemental and 
organic carbon missing for six subjects

Exposed Referents p

Mean Min–max Mean Min–max

Agea 39.3 18–59 43.8 24–61 0.03

BMIa 25.7 19.9–37.0 27.2 20.3–42.7 0.02

Current smokers (%)b 36.7 – 22.0 – 0.09

 Cigarettes/daya 5.4 0–40 2.4 0–30 0.02

Former smokers (%)b 22.2 – 30.0 – 0.32

Years of tunnel worka 13.7 1–43 5.7 0–38 <0.001

Thoracic dust (µg/
m3)c,d

604 110–7,870 – – –

α-Quartz (µg/m3)c 74 5–1,041 – – –

Elemental carbon  
(µg/m3)c

51 4–172 – – –

Organic carbon  
(µg/m3)c

175 59–608 – – –
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common cold infection at either of the two examinations 
was nearly significantly (p  =  0.051) associated with the 
difference. Only age was associated with the difference for 
CC-16, while reporting a cold at either of the examinations 
accounted for the difference in CRP.

Having ever worked as tunnel construction worker was 
related to the concentrations of CC-16 both at baseline and 
at follow-up. Figure  1 shows that subjects that had never 
worked as tunnel construction workers had the highest con-
centrations of CC-16 at baseline, whereas referents who 
had previously been tunnel construction workers had the 
lowest concentrations. All subjects who had ever worked 
as tunnel construction worker had on average 5.4  µg/L 
CC-16 (95  % CI 5.0–5.8), whereas the subjects who had 
never worked as tunnel construction worker had 6.4 µg/L 
(95 % CI 5.6–7.1) (p =  0.03) after adjusting for age and 
daily current cigarette consumption. When adding years as 
a tunnel construction worker instead of ever exposed to the 
multiple regression model in addition to BMI and being a 
smoker, the model “CC-16baseline = 9.4 (p < 0.001) − 0.11 
BMI (p = 0.03) − 0.04 years in tunnel (p = 0.02) − 1.1 
current smoker (p = 0.005) (multiple r = 0.37; p < 0.001)” 
was calculated. The p values of the regression coefficients 

Table 2   The arithmetic mean (AM) concentrations of pneumopro-
teins and C-reactive protein (CRP) in serum of 90 tunnel construction 
workers and 50 referents at baseline, follow-up and the difference 
between follow-up and baseline

a  Geometric mean
b  Samples missing for two tunnel construction workers at follow-up 
and for the difference
c  p = 0.001 across work period

Exposed Referents p

Mean Min–max Mean Min–max

Baseline

 CC-16 (µg/L) 5.5 2.0–16.3 5.9 1.1–13.4 0.26

 SP-D (µg/L) 83.8 18.0–312.7 80.1 21.3–214.1 0.65

 CRP (mg/L)a 1.4 <DL–12.3 1.6 0.2–8.4 0.36

Follow-upb

 CC-16 (µg/L) 5.5 2.2–15.6 5.7 2.0–13.6 0.36

 SP-D (µg/L) 76.3 18.5–231.4 79.5 13.5–208.9 0.67

 CRP (mg/L)a 1.2 0.1–17.9 1.8 0.5–15.9 0.02

Difference

 CC-16 (µg/L) −0.1 −3.1 to 4.9 −0.2 −3.5 to 1.6 0.76

 SP-D (µg/L) −7.6c −81.3 to 93.5 −0.6 −60.1 to 51.4 0.04

 CRP (mg/L) 0.1 −9.9 to 12.3 0 −5.5 to 12.4 0.81

Table 3   Results from multiple linear regression analysis among all subjects (backwards procedure)

Presented are β-coefficients and the 95 % CI (in parentheses)
†  Not significant; * p < 0.10; ** p < 0.05; *** p < 0.01; **** p < 0.001
a  Cold reported at follow-up
b  Cold reported at baseline, follow-up or both

Age BMI Current smoker Cold Currently exposed Ever exposed Multiple r

Baseline

 SP-D 1.1**** (0.5–1.8) −2.1** (−4.1 to 
−0.1)

20.2*** (5.2–
35.3)

ns† ns ns 0.38****

 CC-16 ns −0.13** (−0.23 to 
−0.03)

−1.1*** (−1.9 to 
−0.4)

ns ns −1.1** (−2.0 to 
−0.3)

0.37****

 CRPlg 0.007** (0.001–
0.01)

0.04**** 
(0.02–0.06)

0.19** (0.05–
0.33)

ns ns ns 0.46****

Follow-up

 SP-D 1.1**** (0.5–1.7) −2.5*** (−4.4 to 
−0.7)

19*** (5–33) −25a,** (−49 to 
−0.7)

ns ns 0.44****

 CC-16 ns −0.16*** (−0.26 
to −0.05)

−1.4*** (−2.2 to 
−0.6)

ns ns −0.9**(−1.8 to 
−0.1)

0.40****

 CRPlg 0.008*** (0.002–
0.01)

0.03*** (0.007–
0.04)

0.18** (0.04–
0.32)

0.3a,** (0.07–
0.55)

ns ns 0.43****

Difference

 SP-D ns ns ns −9.6b,* (−19 to 
0.06)

−7.3** (−13.9 to 
−0.7)

ns 0.24**

 CC-16 −0.02** (−0.03 to 
−0.003)

ns ns ns ns ns 0.20**

 CRPlg ns ns ns 1.9b,** (0.3–3.4) ns ns 0.20**
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are shown in parentheses. The same independent variables 
were statistically significantly included in the model when 
the CC-16 concentrations measured at follow-up were 
assessed, but the p value for “years in tunnel” was stronger 
(p =  0.002). No statistically significant associations were 
observed between any of the air exposure measures and the 
biomarkers.

Smoking habits had a substantial impact on the deter-
mined biomarker concentrations (Table  4). The impact 
was comparable at baseline and at follow-up. The con-
centrations of CC-16 were around 20 % lower in smokers 
as compared to non-smokers, while the concentrations of 
SP-D and CRP were substantially higher. The differences 
in the concentrations between never smokers (N = 61) and 
former smokers (N = 35) were far from attaining statistical 
significance for any of the three biomarkers.

Slight associations between CC-16 and FEV1 at baseline 
(Pearson’s r =  0.23; p =  0.006) and at follow-up (Pear-
son’s r  =  0.22; p  =  0.008) were observed. Participants 

reporting wheezing had 4.8  µg/L (95  % CI 4.0–5.6) of 
CC-16 in serum at baseline as compared to 5.7 µg/L (95 % 
CI 5.3–6.2) among participants not reporting wheezing 
after adjusting for current smoking and BMI (p = 0.053). 
Other reported pulmonary symptoms were not associated 
with the measured pneumoprotein concentrations (results 
not shown).

Discussion

This is to our knowledge the first study of serum pneumo-
proteins in tunnel construction workers. The main result is 
that the serum concentrations of SP-D in currently exposed 
tunnel construction workers are lower at the end of a work 
period of 11  days. No alterations were observed in the 
concentrations of CC-16 related to current exposure. The 
results indicate, however, that subjects having ever worked 
as a tunnel construction worker had lower CC-16 concen-
trations. Also, number of years employed as a tunnel con-
struction worker was significantly associated with lower 
serum concentrations of CC-16, the point estimate of the 
reduction being around −0.04  µg/L/year. The concentra-
tions of the serum biomarker of systemic inflammation, 
CRP, were not altered during the work period. All biomark-
ers were associated with current smoking, the concentra-
tions of CRP and SP-D being higher and CC-16 lower in 
current smokers. The serum concentrations of CC-16 were 
slightly associated with FEV1. A possible association with 
reporting of wheezing and CC-16 was also observed.

Increased leakage of pneumoproteins into the vascu-
lar compartment after inhalation of various contaminants 
inducing injury to the alveolar–endothelial barrier has been 
proposed as a mechanism for increased blood levels of 
pneumoproteins (Broeckaert and Bernard 2000; Sorensen 
et  al. 2007). In the present study, the concentrations of 
SP-D decreased across the work period, while the CC-16 
concentrations remained unaltered. This could suggest that 
the barrier between blood and lung is not the target for the 
air contaminants assessed in this study or that the exposure 
has been too low to compromise the barrier. There are few 
studies available on the concentration of SP-D in serum 
as a biomarker of toxic injury to the lung and even fewer 
assessing exposure of relevance to tunnel construction 
workers. However, one study reported that silica-exposed 
pyrite mine workers without radiologically detectable sili-
cosis had SP-D concentrations comparable to the referents 
(Wang et  al. 2007). That study also reported that pyrite 
miners with radiographic-determined silicosis had signifi-
cantly higher concentrations of SP-D in serum. None of the 
participants in the present study had known silicosis, and 
their lung function measurements did not show a restric-
tive pattern indicating fibrosis. Further, their serum SP-D 
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Fig. 1   The arithmetic mean (and 95 % CI) concentrations of CC-16 
at baseline adjusted for age, BMI and amount of smoking (cig./day) 
according to work history as tunnel worker. p values: never versus 
former = 0.036, never versus current = 0.028

Table 4   The concentrations of pneumoproteins and C-reactive pro-
tein (CRP) in serum of tunnel construction workers and referents 
measured at baseline according to current smoking habits

AM arithmetic mean, Adj. adjusted for age and BMI
a  Geometric mean

Current smokers 
(N = 44)

Current non-smokers 
(N = 96)

p

AM 95 % CI AM 95 % CI

CC-16 (µg/L) 4.8 4.3–5.3 6.0 5.5–6.5 0.003

CC-16 (µg/L)Adj. 4.7 4.1–5.4 6.0 5.6–6.5 0.002

SP-D (µg/L) 97.1 80.3–114.0 75.7 68.2–83.3 0.02

SP-D (µg/L)Adj. 96.3 83.9–108.8 76.1 67.7–84.5 0.009

CRP (mg/L)a 1.90 1.48–2.43 1.27 1.02–1.57 0.03

CRP (mg/L)aAdj. 1.93 1.48–2.53 1.26 1.05–1.51 0.01
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concentrations were comparable with the referents as in the 
silica-exposed pyrite miners. The decline in the SP-D con-
centrations across the work period has never been shown 
previously, but could reflect acute effects induced by one 
of the exposure parameters, including α-quartz, which was 
assessed in this study. This acute effect of exposure is most 
likely reversible in the short term, as the SP-D concentra-
tions were comparable to that of the referents at baseline. 
It has been pointed out that the role of a relative SP-D defi-
ciency in the pathogenesis of pulmonary diseases needs 
to be further investigated (Orgeig et  al. 2010). Given the 
important roles of SP-D in the pulmonary physiology such 
as modulating functions of macrophages and neurophils, 
binding various microorganisms or under certain circum-
stances activating NF-κB, it is important to know the con-
sequences, if any, of altering the SP-D homeostasis induced 
by environmental exposures (Jaw and Sin 2012).

The referents and the tunnel construction workers had 
comparable concentrations of CC-16 in serum at baseline. 
However, the reference group also comprised subjects 
who were former tunnel construction workers. These sub-
jects had significantly lower CC-16 concentration than the 
other referents and concentrations comparable to current 
tunnel construction workers. The subjects who had never 
worked as tunnel construction worker had significantly 
higher CC-16 concentrations in serum than those who had 
ever worked as such. These results are in agreement with 
the aforementioned study of silica-exposed pyrite miners 
(Wang et  al. 2007). That study reported lower concentra-
tions of CC-16 in the silica-exposed subjects and no differ-
ences in the CC-16 concentrations in miners without silico-
sis, with silicosis or with suspected silicosis. Similar results 
were reported in quarry workers who had been exposed to 
silica-rich dust for on average 15.2 months (Bernard et al. 
1994).

Hyperplasia of Clara cells has been reported in rats 
exposed to α-quartz, but not after exposure to titanium 
dioxide (Albrecht et al. 2001). Potential pathological con-
sequences of this hyperplasia remain to be elucidated. It is, 
however, in this context of interest that one important func-
tion of Clara cells is to control the extent of inflammation 
(Reynolds and Malkinson 2010). Based on studies in mice, 
it was suggested that Clara cells inhibit pulmonary inflam-
mation induced by crystalline silica by inhibiting gene 
expression of matrix metalloproteinases in vivo (Yatera 
et al. 2001). These components are involved in the degrada-
tion of extracellular matrix. It appears that Clara cells may 
be involved in the pathogenesis of silica-induced pulmo-
nary fibrosis. We have, however, not been able to identify 
experimental studies assessing serum or bronchio-alveolar 
fluid concentrations of CC-16 after α-quartz exposure.

The tunnel construction workers are exposed to compo-
nents that are also typically present in ambient air pollution, 

such as nitrous oxides and other combustion products from 
diesel engines, although their exposure is substantially 
higher. Several epidemiological studies of subjects exposed 
to ambient air contaminants have shown increased concen-
trations of acute phase reactants such as CRP or fibrinogen 
in serum (Pope et al. 2004; Dubowsky et al. 2006; Rück-
erl et al. 2006; Shima 2007; Chuang et al. 2007; Li et al. 
2012). Generally, the exposure characterization has not 
been extensive in these studies, and a comparison with the 
present study is difficult. From the results of this study, it 
appears that exposure to diesel exhaust and α-quartz are not 
causing increased CRP, at least not at the air concentrations 
determined in this study.

There is a quite substantial impact of current smoking 
on the measured serum pneumoprotein concentrations, 
SP-D concentrations being around 30 % higher and CC-16 
being around 20 % lower in current smokers as compared 
to non-smokers. Higher concentrations of SP-D and lower 
concentrations of CC-16 in serum in current smokers is in 
accordance with previous reports (Robin et al. 2002; Berth-
oin et  al. 2004; Mutti et  al. 2006; Sorensen et  al. 2006a; 
Madsen et  al. 2008; Ellingsen et  al. 2010). Several stud-
ies have shown that the concentrations of CC-16 (Ber-
nard et  al. 1992; Lesur et  al. 1996; Shijubo et  al. 1998) 
and SP-D (Honda et  al. 1996; Betsuyaku et  al. 2004) 
are lower in BAL fluids in smokers as compared to non-
smokers. Increased pulmonary SP-D mRNA and protein 
expression were shown in cigarette smoke-exposed mice 
(Hirama et al. 2007). This could suggest that the decreased 
content of SP-D in BAL fluid is not related to decreased 
pulmonary synthesis, but to increased clearance, perhaps 
through the alveolar–capillary membrane. The proportion 
of Clara cells in the terminal and respiratory bronchioles 
was significantly reduced in Wistar rats exposed to ciga-
rette smoke, and also, CC-16 mRNA was substantially, 
although not significantly, lower (Liao et al. 2010). These 
latter animal studies could explain the rather contradictory 
results of the present study of increased serum SP-D and 
reduced CC-16 concentrations in smokers. However, it also 
shows the importance of collecting reliable smoking data, 
because smoking can operate as a confounder in studies of 
pneumoproteins.

BMI had a substantial impact on the measured pneu-
moprotein concentrations, higher BMI resulting in lower 
serum concentrations of SP-D and CC-16 and higher con-
centrations of CRP. A negative impact on the serum con-
centrations of SP-D related to BMI has been reported 
in humans (Sorensen et  al. 2006b; Zhao et  al. 2007; Ell-
ingsen et  al. 2010). SP-D-deficient mice had significantly 
higher weight gain than wild-type mice, and pulmonary 
lipid accumulation occurs in SP-D-deficient mice pheno-
types (Sorensen et  al. 2006b). However, the role of SP-D 
in obesity is not known. The association between obesity 
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and increased concentrations of CRP is well known (Choi 
et al. 2013).

In summary, former and current tunnel construction 
workers have lower serum CC-16 concentrations than the 
referents. The concentration of SP-D is decreased during 
exposure. Both current smoking and BMI are related to the 
concentrations of the measured biomarkers and must be 
appropriately accounted for in epidemiological studies. The 
serum concentrations of a biomarker of systemic inflamma-
tion, CRP, were not altered during exposure to particulate 
matter and diesel engine emissions.
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