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-ABSTRACT- 

Potential biomarkers for predicting the phenotype of 

isocyanate-induced occupational asthma 

 

Background and objective: Considering the poor prognosis of occupational asthma (OA), 

it is critical to identify useful serologic markers to recognize susceptible subjects among 

isocyanate-exposed workers. Previously, we reported upregulated expression of vitamin D 

binding protein (VDBP) and downregulated expression of annexin V in the 

bronchoalveolar lavage fluid (BALF) of patients with isocyanate-induced OA (isocyanate-

OA) compared to that of asymptomatic exposed controls (AECs) through proteomic 

analysis. However, the use of these proteins for identifying patients with isocyanate-OA 

was not validated. Toluene diisocyanate (TDI) is the most common cause of isocyanate-

OA, and is a one of the leading cause of OA worldwide. TDI exposure induces oxidative 

stress and epithelial cell-derived inflammation, which are thought to play a role in the 

pathogenesis of TDI-induced OA (TDI-OA). Recent studies suggested a role of clusterin 

(CLU) and progranulin (PGRN) in oxidative stress-mediated airway inflammation. In this 

study, we evaluated the clinical relevance of serum VDBP and annexin V for identifying 

suspected subjects from isocyanate-exposed individuals. In addition, we aimed to 

investigate the CLU and PGRN involvement in airway inflammation in TDI-OA with their 

clinical significance. 

 

Materials and Methods: Sixty-one patients with isocyanate-OA, 180 AECs, and 58 

unexposed healthy normal controls (NCs) were enrolled. To validate the clinical relevance 

of VDBP and annexin V, their levels were measured in the sera of each group by enzyme-

linked immunosorbent assay (ELISA). The sensitivities and specificities of the VDBP for 

detecting isocyanate-OA were determined using receiver operating characteristic (ROC) 

curves. In TDI-exposed subjects, the serum levels of CLU and PGRN were measured using 
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ELISA and the diagnostic values were evaluated using ROC curves. To investigate their 

roles, we evaluated their production by human airway epithelial cells (HAECs) in 

response to TDI exposure as well as the effects of co-culturing with neutrophils. 

 

Results: Serum VDBP levels were significantly higher in the isocyanate-OA group 

compared to that in the AEC and NC groups (P<0.001). However, there was no significant 

difference between study groups with respect to annexin V levels. To identify isocyanate-

OA among isocyanate-exposed workers, the optimal serum cut-off level of VDBP was 

selected as≥311 µg/mL using ROC curve. The sensitivity and specificity for predicting 

isocyanate-OA were 69% and 81%, respectively. When isocyanate-exposed subjects were 

classified into two groups: low and high serum level groups, based on the cut-off value of 

VDBP (≥311 µg/mL), the high-level VDBP group showed significantly lower PC20 

methacholine levels than that of the low group (P=0.001). Lower serum CLU and PGRN 

levels were noted in the TDI-OA group than in the AEC and NC groups (P<0.05). The 

sensitivity and specificity for predicting TDI-OA phenotype with combined use of 

CLU (≤125 μg/mL) and PGRN (≤68.4 ng/mL) levels were 72.4% and 89.8%, 

respectively. TDI-human serum albumin (HAS) stimulation induced the release of 

CLU/PGRN from HAECs significantly in a dose-dependent manner, which positively 

correlated with the levels of IL-8 and folliculin levels. However, co-culture with 

neutrophils significantly decreased CLU/PGRN production from HAECs. Intracellular 

ROS production in epithelial cells co-cultured with neutrophils tended to increase initially, 

but decreased gradually at a higher ratio of neutrophils. 

 

Conclusion: The present study suggests that VDBP level could be used as a serologic 

marker for detection of isocyanate-OA among isocyanate exposed workers, as well as for 

predicting the severity of airway hyper-responsiveness. In addition, this is the first study to 

demonstrating the involvement of CLU and PGRN in the pathogenesis of TDI-OA 
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probably through protective roles against TDI-induced oxidative stress-mediated 

inflammation. We also suggest that the combined CLU/PGRN serum level may be used as 

a potential serological marker for identifying patients with TDI-OA among TDI-exposed 

workers. 

Keyword: biomarker, clusterin, isocyanate occupational asthma, progranulin, VDBP 
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Part-I 

Vitamin D binding protein as a serologic biomarker in 

isocyanate induced occupational asthma. 

 

A. INTRODUCTION 

Isocyanates are a family of highly reactive low molecular-weight chemicals. Toluene 

diisocyanate (TDI), methylene diphenyl diisocyanate (MDI), and hexamethylene-

diisocyanate (HDI), the most commonly used isocyanates, are widely used in the 

manufacturing of flexible and rigid foams, polyurethane, fibers, coatings such as paints, 

varnishes, and elastomers (Wisnewski et al., 2006), and in addition are increasingly used in 

the automobile industry and building insulation materials. Isocyanates are the most 

frequent cause of occupational asthma (OA) in most countries (Meredith et al., 1996;  

Mannino, 2000; Lefkowitz et al., 2015). OA has been observed in about 10% of people 

exposed to isocyanate (Parket al., 2002), however, it is not easy to discriminate isocyanate-

OA among isocyanate-exposed workers due to a lack of a reliable in vitro testing or special 

equipment for inhalation challenge tests. Furthermore, a long-term follow-up study 

revealed that more than 50% of patients with isocyanate-OA have permanent lung function 

impairment even after complement avoidance of exposure and medical treatment (Park et 

al., 1997), which suggests that early recognition of isocyanate-OA is critical. Therefore, it 

has been needed to develop serum biomarkers to screen susceptible subjects among the 

isocyanate-exposed workers. 

Proteomic analysis, a process of purifying and identifying individual proteins from cells 

or tissues, has been used to identify serologic markers for disease diagnosis, as disease-

related changes in protein expression can be identified by this analysis (Colantonio et al., 
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2005). Previously, we performed proteomic analysis using bronchial alveolar lavage fluids 

(BALFs) of subjects with MDI-induced OA and asymptomatic exposed controls (AECs), 

where differential protein expression was observed between the two groups (Hur et al., 

2008). Especially, vitamin D binding protein (VDBP) was upregulated in BALF of patients 

with isocyanate-OA compared to that in the AECs, whereas annexin V expression was 

down regulated. 

VDBP, also known as Gc globulin (group-specific component), is the main carrier for 

vitamin D and its metabolites in plasma. Vitamin D metabolites are known to be associated 

with immune modulation of Th2 mediated inflammation (Cantorna et al., 2004). Moreover, 

several epidemiological studies have demonstrated an association of vitamin D status in 

patients with asthma (Paul et al., 2012). These findings suggested the possibility that 

VDBP likely contributes to the pathogenesis of asthma. Furthermore, VDBP is known to 

be involved in immunological roles such as the actin cleavage system, macrophage 

activation, and chemotaxis of neutrophils, monocytes, and fibroblasts (White et al., 2000; 

Meier et al., 2006). The diverse immunologic role of VDBP and our recent proteomic 

results suggest the possibility that VDBP is involved in airway inflammation of isocyanate-

OA. 

Annexin V, also known as annexin A5, is a member of the annexin family of calcium-

dependent phospholipid binding proteins which are involved in membrane related activity 

(Gerke et al., 2005). Although the annexins are thought mainly to act via intracellular 

mechanisms, annexin V has extracellular functions (van Genderen et al., 2008; Lizarbe et 

al., 2013). Annexin V is known to have anti-apoptotic, anti-thrombotic, and anti-

inflammatory properties through binding to phosphatidylserine expressed on the plasma 

membrane. Annexin expression was increased in proteomic analysis using lung tissue and 

the BALF of a mouse chronic asthma model (Wong et al., 2008). Moreover, it was 

suggested that annexin V may be play a protective role against exercise induced broncho-

constriction of asthma (Tahan et al., 2015).These finding suggest that annexin V may be 

involved in the pathogenic mechanism of isocyanate-OA. 
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In the present study, we sought to identify a new serologic biomarker for screening 

susceptible subjects exposed to isocyanate through evaluation of the clinical relevance of 

candidate biomarkers, VDBP and annexin V. 
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B. MATERIALS AND METHODS 

1. Study subjects 

Sixty-one patients with isocyanate-OA, 180 AECs, and 58 unexposed healthy normal 

controls (NCs) were enrolled in this study. The subjects with isocyanate-OA were 

confirmed by positive response to the methacholine and isocyanate bronchial challenge 

tests. Atopy was determined by a positive skin test to at least one common inhalant 

allergen including house dust mites, dog fur, cat fur, tree and grass pollen mixtures, 

mugwort and ragweed pollens, and Alternaria (Bencard, Bradford, UK). Serum samples 

from all subjects were collected at their initial evaluation and stored at -80℃. Additionally, 

for five patients with isocyanate-OA and seven with AECs accepted for additional blood 

samplings, serum was collected before and after the isocyanate bronchial challenge test to 

evaluate the relevance of VDBP and annexin V. This study was reviewed and approved by 

the Institutional Review Board of Ajou Medical Center, Suwon, Korea. All participants 

provided written informed consents prior to the study. 

 

2. Methacholine and isocyanate bronchial challenge tests 

Airway responsiveness to methacholine was tested using the five-breath dosimeter 

protocol (Crapo et al., 2000). The methacholine PC20 level was determined by interpolation 

from the dose-response curve. The isocyanate (TDI or MDI) bronchial challenge test was 

performed according to a previously described method (Wisnewski et al., 2001). 

 

3. Measurement of VDBP and annexin V in sera. 

The levels of VDBP and annexin V in sera were measured using commercially 

available enzyme-linked immunosorbent assay (ELISA) kits [Immundiagnostik AG 
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(Bensheim, Germany), Thermo Fisher Scientific (Carlsbad, CA, USA), respectively] 

following manufacturer’s instructions. For VDBP, the sera sample was diluted 1: 10,000, 

immediately prior the assay, to ensure that the measured values were within the optimal 

range of the standard curve. The inter- and intra-assay variations in VDBP and annexin V 

were 19.3% and 5.0%, 11% and 10%, respectively. 

 

4. Statistical Analyses 

Values are presented as the mean ±SD, unless otherwise specified. The significance of 

the differences between groups was evaluated by the Student’s t-test and chi-square test. 

Comparison of serum VDBP and annexin V levels in each group was performed using 

ANOVA with Bonferroni correction. Wilcoxon’s test also was used to compare VDBP and 

annexin V levels in sera obtained before and after the isocyanate bronchial challenge test 

within the group. A receiver operating characteristic (ROC) curve was constructed to 

evaluate the diagnostic value of the serum VDBP for identifying isocyanate-OA from 

isocyanate-exposed workers, and the area under the curve (AUC) with 95% confidence 

interval (CI) was computed. Sensitivity and specificity were calculated according to the 

identified optimal cut-offs. All analyses were carried out using the SPSS 22.0 software 

(IBM Corp., Armonk, NY). P<0.05 was considered to indicate statistically significant 

differences.  
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C. RESULTS 

1. Characteristics of study subjects 

The clinical characteristics of the study subjects are summarized in Table 1. The NC 

group was significantly younger and included more women compared with those of the 

isocyanate-exposed workers (P<0.05), which has been attributed to selection bias. 

However, there were no significant differences in age, sex, smoking history, and atopy 

status between subjects in the isocyanate-OA and AEC groups, which are collectively the 

isocyanate-exposed workers. Working duration was shorter and lung function also was 

lower in the isocyanate-OA group compared to that in the AEC group (P=0.024 and 

P=0.002, respectively).  
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Table 1. Clinical characteristics of the subjects in the three study groups 

 
Isocyanate-OA 

(n = 61) 

AEC 

(n = 180) 

NC 

(n = 58) 
P-value 

Age (years)
a
 43.48 ± 8.98 40.98 ± 8.58 28.80 ± 6.13

†
 0.001 

Sex (M/F) 34/26 116/64 21/37 0.267 

Working duration (years)
a
 6.70 ± 4.56

‡
 10.75 ± 6.70 NA 0.024 

Atopy (%) 21 (34.4%) 13 (7.2%) 5 (8.6%) 0.325 

Smoking history (%) 12 (19.6%) 45 (25%) 1 (1.7%) 0.237 

Total IgE (IU/mL)
a
 281 ± 340 232 ± 355 82 ± 104 0.183 

FEV1 (%)
a
 85.1 ± 25.2

‡
 100.9 ± 17.8 97.9 ± 6.6 0.002 

Isocyanate-OA, isocyanate induced occupational asthma; AEC, asymptomatic exposed control; 

NC, unexposed healthy normal control; NA, not available  
a
 Values are shown as the mean ± SD. 

†P<0.05 (isocyanate-OA or AEC vs. NC), ‡ P<0.05 (isocyanate-OA vs. AEC) 

Significant differences were determined by ANOVA with Bonferroni correction. 
 



 

8 

 

2. Changes in VDBP and annexin V levels in sera during the isocyanate 

bronchial challenge test 

To evaluate the clinical relevance of VDBP and annexin V, the changes in 

expression levels of these proteins in sera before and after the isocyanate bronchial 

challenge test were evaluated. VDBP levels showed a significant increase after the 

isocyanate bronchial challenge test in the isocyanate-OA group, whereas no 

significant change was noted in the AEC group (Fig. 1). No significant changes in 

annexin V levels in sera before and after isocyanate bronchial challenge test were 

observed in the isocyanate-OA and AEC groups. 

 

 

 

Fig. 1.Change in VDBP levels in sera 

before and after isocyanate-bronchial 

challenge test. Solid circles, isocyanate-

induced occupational asthma (isocyanate 

-OA) group; open circles, asymptomatic 

exposed control(AEC) group. Statistical 

significance was evaluated by the 

Wilcoxon signed-rank test. *P < 0.05 
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3. Serum levels of VDBP and annexin V in study subjects 

For validation of VDBP and annexin V, we measured levels of these proteins in 

the sera of subjects in the isocyanate-OA, AEC, and NC groups. We found that 

serum VDBP was significantly higher in the isocyanate-OA group compared to that 

of the AEC and NC groups (497.30±432.71 µg/mL, 283.27±114.47 µg/mL, and 

250.94±42.72 µg/mL, respectively, P<0.001; Fig. 2). Especially, VDBP levels 

showed a significant difference after age and sex adjustment (P<0.001). However, 

there was no significant difference between study groups for annexin V serum levels 

(Table 2). 

 

Table 2. Comparison of serum levels of potential biomarkers in study subjects 

 Isocyanate-OA 

(n = 61) 

AEC 

(n = 180) 

NC 

(n = 58) 

VDBP (µg/mL) 497.31 ± 432.71 283.27 ± 114.47
†
 250.94 ± 42.72

†
 

Annexin V ( ng/mL) 9.82 ± 27.65 14.43 ± 69.66 11.83 ± 15.64 

Isocyanate-OA, isocyanate induced occupational asthma; AEC, asymptomatic 

exposed control; NC, unexposed healthy normal control 

Values are shown as the mean ± SD. 

†P<0.001 (isocyanate OA vs. AEC or NC group) 

Statistical significance of differences was determined by ANOVA with 

Bonferroni correction 
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Fig. 2. Comparison of serum VDBP levels between study groups. Isocyanate-

OA, isocyanate induced occupational asthma; AEC, asymptomatic exposed control; 

NC, unexposed healthy normal control. Statistically significant differences 

between the groups were assessed by ANOVA with Bonferroni correction. The line 

indicates the mean value for each group. *P<0.001. 
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4. Diagnostic value of serum VDBP 

A ROC curve analysis was performed to evaluate the value of serum VDBP in 

discriminating between subjects with isocyanate-OA and AECs. We selected the 

optimal cut-off value from the ROC curve to achieve the highest sensitivity and 

specificity (Fig. 3). When the cut-off for serum VDBP was selected as ≥311 µg/mL, 

the sensitivity and specificity were 69% and 81%, respectively, and the AUC was 

0.765 (95% CI, 0.688–0.843, P<0.001). At this level of VDBP, the positive 

predictive value (PPV) and negative predictive value (NPV) were 55% and 88%, 

respectively.  

 

 

 

 

 

 

 

 

Fig. 3. ROC curve for serum levels of VDBP. Arrows indicate the optimal cut-off 

value for VDBP with area under the curve of 0.765. 
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Table 3. Diagnostic value of serum VDBP level 

 VDBP(μg/mL) 

 Positive Negative Positive rate 

Isocyanate-OA(n=61) 42 19 68.8% 

AEC(n=180) 35 145 19.4% 

NC (n=56) 5 53 8.6% 

VDBP, vitamin D binding protein; Isocyanate-OA, isocyanate induced 

occupational asthma; AEC, asymptomatic exposed control; NC, unexposed 

healthy normal control. 

Cut-off value of VDBP level = 311 μg/mL 

Sensitivity 69%, specificity 81%, positive predictive value (PPV) 55%, negative 

predictive value (NPV) 88%. 

 

 

5. Association of VDBP and clinical parameters 

Next, we evaluated the association of VDBP level and clinical parameters in the 

isocyanate-exposed subjects (Table 4). When isocyanate-exposed subjects were 

classified into two groups: low and high groups, based on the cut-off value of VDBP 

(≥311 µg/mL), the high-level VDBP group showed significantly lower 

PC20methacholine values than that of the low group (5.10±8.19 vs 14.80±11.25, 

P=0.001; Table 4). Lung function was also shown to be lower in the high-level 

VDBP group, although the difference was not statistically significant. There were no 

significant associations between serum VDBP levels and other clinical parameters 

such as age, sex, atopy status, total IgE, or working duration.  
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Table 4. Comparison of clinical characteristic between positive and negative 

VDBP groups among the isocyanate-exposed subjects 

Clinical characteristics 

Serum VDBP levels (≥ 311 μg/mL) 

P-value 

High group 

(n=77) 

Low group 

(n=164) 

Age (years)  43.26±8.71 40.84±8.66 0.051 

Sex(M/F)  29/17  12/11  0.442  

Atopy status  18/20  6/16  0.174  

Disease duration (years)  10.40±6.73 11.28±7.70 0.509 

Exposed period to TDI (years)  9.50±5.61 7.92±6.21 0.395 

FEV1 (%)  87.82±22.46 97.11±22.07 0.083 

MchPC
20 

(mg/mL)  5.10±8.19 14.80±11.25 0.001 

Total IgE (IU/mL)  307±350 224±346 0.225 

VDBP, vitamin D binding protein;FEV1, forced expiratory volume in 1s; Mch 

PC20, concentration of methacholine required to produce a 20% decrease in 

FEV1 

High and low groups divided by cut-off value of VDBP 

P-value was determined by Student’s t-test 
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D. DISCUSSION 

This study demonstrates, for the first time, that VDBP has clinical relevance to 

isocyanate-OA. Previously, there have been some reports that VDBP was identified 

in the BALF of patients with asthma by proteomic analysis (Noel-Georis et al., 2002; 

Wu et al., 2005), although the role of VDBP had not been investigated. Our recent 

proteomic study showed that VDBP expression in the BALF of isocyanate-OA 

patients was increased compared with that of AECs patients, which suggests that 

VDBP may be involved in the pathogenesis of isocyanate-OA (Hur et al., 2008). 

However, there have not been any studies to validate the clinical relevance of VDBP 

in subjects with isocyanate-OA. In this study, VDBP levels in the sera of subjects 

with isocyanate-OA were significantly increased after an isocyanate bronchial 

challenge test, whereas the levels of VDBP in AECs showed no significant changes. 

With previous proteomic data, it was suggested that VDBP is involved in airway 

inflammation of isocyanate-OA. Moreover, higher VDBP levels were detected in 

sera from patients with isocyanate-OA than in AEC and NC subjects. Therefore, 

VDBP was considered as a novel serologic marker for discriminating isocyanate-OA 

patients from AEC patients. 

Early recognition of isocyanate-OA and prompt removal from isocyanate 

exposure improves the long-term prognosis for sensitive individuals (Park et al., 

1997). It is very important to develop relevant serologic markers for screening and 

diagnostic tests to identify susceptible workers. In the present study, we evaluated 

the possibility of using VDBP as a serologic biomarker for identifying isocyanate-

OA. A ROC curve was applied to calculate the optimal VDBP values and select 

areas with >60% sensitivity and >50% specificity. At these optimal AUC values, the 

sensitivity and specificity to discriminate isocyanate-OA patients from AECs were 

69% and 81%, respectively. Several serologic markers have been reported for 

isocyanate-OA, such as specific IgE and IgG antibodies, TDI-human serum albumin 

conjugate, serum specific IgG, CK 19, and a volatile form of TDI (Cartier et al., 
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1989; Park et al., 2002; Choi et al., 2004; Ye et al., 2006; Wisnewski 2007; Palikhe 

et al., 2011). Considering that diagnostic sensitivity of these markers was less than 

50%, they are of little value to be clinically applied. In contrast, our results showed 

significantly improved sensitivity for identifying isocyanate-OA using serum VDBP 

level. We recently reported that combined serum ferritin and transferrin levels could 

be a good marker for discriminating between subjects with MDI-OA and MDI-

exposed workers with 71.43% sensitivity (Hur et al., 2008), however, this marker 

was limited only to cases of MDI-induced OA, not cases of TDI-induced OA which 

are the majority of isocyanate-OA (Sastre et al., 2010). Therefore, VDBP can be 

more useful than combined ferritin and transferrin levels for identifying isocyanate-

OA including TDI-OA as well as MDI-OA. Furthermore, we demonstrate that 

consistently higher levels (≥311 µg/mL) of VDBP are associated with severe airway 

hyper-responsiveness, although we found no association between the VDBP level 

and clinical characteristics of isocyanate-OA, including baseline lung function, 

asthma symptoms, or duration of exposure. Based on these findings, we propose that 

VDBP level can be a serologic marker for discriminating OA from AEC, as well as 

for predicting severity of airway hyper-responsiveness. 

Despite potential involvement of VDBP in isocyanate-OA, its pathologic role 

remains largely unknown. We focused on the function of VDBP as a major protein 

of vitamin D, which is known to be associated with immune modulation of T helper 

2 mediated inflammations and an individual’s susceptibility to asthma. Previous 

studies demonstrated that the 25(OH)D3-VDBP complex migrates to target tissues 

and is taken up into cells by endocytic mechanism via megalin and cubulin (Nykjaer 

et al., 2001; Rowling et al., 2006). Megalin, a large glycoprotein that functions as an 

endocytic receptor for multiple ligands, is highly expressed in renal epithelial cells 

as well as in alveolar epithelial cells (Lundgren et al., 1997; Chishimba et al., 

2010).We demonstrated that TDI exposure suppressed VDBP and 25(OH)D3 uptake 

along with downregulating megalin expression in a dose- and time-dependent 
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manner in RLE-6TN cells (Kim et al., 2012). These results suggest that TDI 

exposure may lead to higher VDBP levels in exposed tissue, such as BALF, in 

susceptible workers by suppressing megalin expression in lung alveolar cells. In 

addition, we demonstrated that decreased intracellular production of 1,25(OH)2D3 

which caused by inhibiting uptake of 25(OH)D3-VDBP complex could involve in 

TDI-induced VEGF production (Kim et al., 2012), which appears to play a role in 

the pathogenesis of isocyanate-OA (Lee et al., 2002; Choi et al., 2004).  

VDBP is known as the main carrier protein of vitamin D and its metabolites in 

plasma, however, less than 5% of circulating VDBP is actually complexed with 

vitamin D metabolites, leaving a considerable amount of the protein available for 

other functions (Cooke et al., 1989; White et al., 2000). VDBP is synthesized by 

many tissues including liver, kidney, gonad, and fat. It is also expressed by 

neutrophils, contributes to macrophage activation, and augments monocyte (Piquette 

et al., 1994). In particular, VDBP has been reported to increase chemotaxis of 

neutrophils at sites of inflammation (Kew et al., 1988; Perez et al., 1988; Yamamoto 

et al., 1996; Yamamoto et al., 1996; Binder et al., 1999). Previous studies have 

demonstrated that neutrophils contribute to the development of isocyanate-OA 

through increased neutrophil expression in bronchial mucosa, as observed by 

immunohistochemistry, and increased MPO and IL-8levels in induced sputum after 

bronchoprovocation with isocyanate (Park et al., 1998; Jung et al., 1999). A 

significant correlation has been demonstrated between VDBP and neutrophils in 

BALF collected after allergen bronchial challenge in asthma patients (Bratke et al., 

2014). Moreover, it has been shown in a mouse model of lung inflammation that 

VDBD is involved in neutrophil recruitment to the lung. Therefore, we speculate 

that increased VDBP induced by isocyanate aggravates the airway inflammation 

related to neutrophils. 

In this study, we did not find any clinical relevance of annexin V among the 

groups analyzed, although annexin V expression was downregulated in proteomic 
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analysis using BALF of patients with MDI isocyanate-OA. Annexin V is highly 

expressed in cells that have a barrier function including the vascular endothelium 

and airway epithelial cells (van Genderen et al., 2008). In addition, it has anti-

apoptotic, anti-thrombotic, and anti-inflammatory properties (Kenis et al., 2007; van 

Genderen et al., 2008; Lizarbe et al., 2013). Considering these functions of annexin 

V, further studies on the relevance of annexin V in different types of isocyanate-OA 

are needed. 
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Part-II 

Role of clusterin and progranulin in toluene 

diisocyanate-induced occupational asthma 

 

A. INTRODUCTION 

TDI is the most common cause of isocyanate-OA, and is a one of the leading 

cause of OA worldwide (Mapp 2001; Vandenplas 2011). TDI-induced OA (TDI-OA) 

is characterized by chronic airway inflammation with hyper-responsiveness and 

airway remodeling. The pathogenesis of TDI-OA is more complicated than that of 

non-OA. Although it is not fully elucidated, oxidative stress is thought to play a key 

role in the development of TDI-OA (Lummus et al., 2011; Shin et al., 2013). TDI 

exposure induces oxidative stress, leading to the formation of reactive oxygen 

species (ROS) and nitrogen species, direct tissue injury, and alteration in various 

antioxidant systems, causing inflammation of the epithelium. With increased 

production of ROS, activated airway epithelial cells produce cytokines and recruit 

inflammatory cells, such as neutrophils, into the airways, which then increase the 

airway inflammation and lead to a more severe asthma with airway remodeling 

(Park et al., 2009; Shin et al., 2013; Fajt et al., 2017). 

Clusterin (CLU), a very sensitive cellular biosensor of oxidative stress, is present 

in almost all types of human tissue and has been implicated in many diseases related 

to oxidative stress, including neuro-degeneration, cardiovascular diseases, metabolic 

syndromes, cancer, and aging (Trougakos 2013; Rohne et al., 2016).Recently, CLU 

has been shown to protect airway fibroblasts from cigarette smoking-induced 

oxidative stress (Heller et al., 2003). Several studies have suggested a relevant 

relationship between CLU and asthma (Kwon et al., 2014; Cho et al., 2016). These 

findings suggest that CLU may be involved in oxidative stress-related airway 
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inflammation of TDI-OA, however its association with TDI-OA has not yet been 

determined. 

Progranulin (PGRN) is a multifunctional protein that plays a key role in the 

maintenance and regulation of normal tissue development, proliferation, 

regeneration, and host defense response (Jian et al., 2013; Palfree et al., 2015). It is 

highly expressed in epithelial and myeloid cells (Daniel et al., 2000). Recently, 

PGRN was reported to suppress cellar apoptosis, as well as inflammation (Jian et al., 

2013; Zhou et al., 2015).In addition, serum levels of PGRN in asthmatic patients 

were found to be significantly lower than those in healthy controls, although its 

exact role in asthma is unknown (Park et al., 2016). PGRN has been reported to play 

a protective role through inhibition of human alveolar epithelial cell apoptosis in 

oxidative stress-mediated airway inflammation (Lee et al., 2017).These observations 

suggest the possibility that PGRN is involved in airway inflammation of TDI-OA. 

Neutrophils have been considered to play a role in airway inflammatory 

responses of patients with TDI-OA (Hur et al., 2008; Shin et al., 2013). Neutrophils 

are primary defensive cells against various stimuli. TDI-exposed airway epithelial 

cells could produce IL-8, which recruits neutrophils to the airway and activates them. 

Actually, several studies supporting that neutrophils and their mediators are involved 

in airway inflammation and remodeling of TDI-OA have been reported (Shin et al., 

2013). Moreover, it has been reported that neutrophils could release ROS, exerting 

pathological effects on the airway epithelial cells in asthmatic patients (Cowburn et 

al., 2008; McGovern et al., 2016). These findings suggest that neutrophils may be 

involved in oxidative stress-related airway inflammation in TDI-OA. 

Based on these observations, we hypothesized that two epithelial proteins, CLU 

and PGRN, play roles in the development of airway inflammation in TDI-OA. We 

compared serum levels of CLU and PGRN between patients with TDI-OA, AECs, 

and NCs. To investigate their functions, we evaluated CLU and PGRN production 

from epithelial cells in response to TDI exposure as well as the effects of neutrophils.  
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B. MATERIALS AND METHODS 

1. Study subjects 

Sixty-eight patients with TDI-OA (diagnosis was confirmed by positive 

responses to TDI bronchial challenge test), and control groups comprising 99 AECs 

whose working environment was similar to those of TDI-OA and 122 NCs were 

enrolled in this study. The subjects with TDI-OA stopped taking anti-asthmatic 

drugs for one week prior to the study. Serum samples from all the subjects were 

collected during their initial evaluation and stored at −80°C. Atopic status was 

investigated by skin prick test using common aeroallergens (Bencard, Bradford, UK), 

and pulmonary function tests, including forced expiratory volume in 1 second 

(FEV1), were performed for TDI-exposed subjects. Total IgE levels were measured 

using an ImmunoCAP immunofluorimetric assay (Thermo Fisher Scientific, 

Immuno- Diagnostics, Uppsala, Sweden) according to the manufacturer’s 

instructions. This study was reviewed and approved by the Ajou University Institute 

Review Board. All participants provided written informed consent prior to the study. 

 

2. Measurement of CLU/PGRN and other inflammatory cytokines levels 

Levels of CLU and PGRN were measured in sera and cell-free supernatants using 

commercial enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, 

Minneapolis, MN, USA) according to the manufacturer's protocols. The lower 

detection limits of CLU and PGRN were 3.1 and 0.54 ng/mL, respectively. Other 

inflammatory mediators, IL-8 and folliculin (FLCN) as epithelial cell activation 

markers, were measured in cell-free supernatants using commercially available 

ELISA kit [Endogen (Woburn, MA, USA), CUSABIO Biotech (Wuhan, Hubei 

Province, China), respectively] to evaluate their possible association with CLU and 

PGRN in TDI-induced inflammation in the airway epithelium. 

 

 



 

21 

 

3. Human airway epithelial cell (HAEC) culture  

Two HAECs, A549 cells and primary small airway epithelial cells (SAECs), 

were purchased from American Type Culture Collection (Manassas, VA, USA) and 

cultured as described previously (Ban et al., 2016). Briefly, A549 cells were cultured 

in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% 

heat-inactivated fetal bovine serum, penicillin (100 IU/mL), and streptomycin (50 

μg/mL). SAECs were cultured in SAGM 
TM 

Small Airway Epithelial Cell Growth 

Medium (Lonza, Walkersville, MD, USA), supplemented with bovine pituitary 

extract, hydrocortisone, human epidermal growth factor, epinephrine, transferrin, 

insulin, retinoic acid, triiodothyronine, gentamicin/amphotericin-B, and bovine 

serum albumin. Cells were maintained at 37°C in humidified air with 5% CO2. 

 

4. CLU/PGRN production from HAECs stimulated with TDI 

Vapor-type TDI-human serum albumin (HSA) conjugate was kindly provided by 

Dr. Adam Wisnewski (Yale University, New Haven, CT, USA). A549 cells and 

SAECs were each seeded (2×10
5
 cells/mL) in 12-well plates, and subsequently 

treated with 2, 20, or 200 μg/mL TDI-HAS conjugate, or serum free medium as a 

control. After 24 hours of incubation, the supernatant was collected and stored at 

−70°C for further experiments. Next, in the supernatant samples, we measured the 

levels of CLU, PGRN, IL-8, and FLCN using commercial ELISA kits to evaluate 

their involvement in epithelial inflammation. No effect of TDI-HSA conjugate was 

observed on cell viability (data not shown). 

 

5. Isolation of human blood neutrophils and co-culture of neutrophils with 

HAECs 

Blood samples were collected from healthy donors into BD Vacutainer®  tubes 

containing acid citrate dextrose solution (BD Biosciences, Franklin Lakes, NJ, USA), 

stored at room temperature, and processed within 2 h of collection. Highly purified 

peripheral blood neutrophils (PBNs, >95%) were obtained as previously described 



 

22 

 

(Pham et al., 2017). Cell purity was determined by hematoxylin and eosin staining 

and flow cytometry using CD68 and CD11b expression. Cell viability (>98%) was 

assessed by trypan blue staining. To investigate the relationship between 

neutrophilic inflammation and the production of CLU and PGRN by HAECs, 

HAECs and PBNs were co-cultured. A549 cells and SAECs were seeded (2×10
5
 

cells/mL) into 12-well plates in serum free media and cultured with or without the 

presence of PBNs. Several ratios of HAECs to PBNs—2:1, 1:1, and 1:2.5—were 

applied. After 24-h co-incubation, the neutrophils were removed by washing the 

wells slowly with warm 1×PBS. The HAECs were detached by trypsinization and 

washed with warm 1×PBS for further experiments. The supernatants were collected 

and CLU and PGRN levels were analyzed. 

 

6. Intracellular reactive oxygen species measurement 

2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) was purchased from 

Molecular Probes, Inc (Eugene, OR, USA). Briefly, after the co-culture assay, PBNs 

and HAECs were incubated with 50 μM of H2DCFDA for 30 min at 37℃. 

Subsequently, cells were kept on ice and analyzed immediately on a FACS Canto II 

flow cytometer (BD Biosciences, San Jose, CA, USA). 

 

7. Statistical analysis 

The data of serum CLU and PGRN levels were log-transformed prior to 

statistical analysis to correct for skewed distributions. Values are presented as the 

mean ± SD, unless otherwise specified. Continuous variables were compared using 

Student’s t-test or Mann–Whitney U-test; categorical variables were analyzed by 

chi-square test. Statistical correlations were analyzed using Pearson’s coefficient. A 

ROC curve was constructed to evaluate the diagnostic value of the serum CLU and 

PGRN for discrimination between TDI-OA and AECs, and the AUC with 95% 

confidence interval was computed. Sensitivity and specificity were calculated 

according the identified optimal cutoffs. Statistical analyses were performed using 
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SPSS software version 22.0 (IBM Corp., Armonk, NY, USA). P<0.05 was 

considered to indicate statistically significant differences. 
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C. RESULTS 

1. Clinical characteristics of study subjects 

Table 5 shows the clinical characteristics of the study groups. The mean age of 

the patients with TDI-OA was 42±10.4 years, which was not significantly different 

compared to that of the subjects of the two control groups (P>0.05, respectively). 

There was a male predominance in the TDI-OA and AEC groups compared to that 

in the NCs (67.6% and 68.0% vs. 45.1%; P=0.003 and P=0.001, respectively). The 

prevalence of smokers in the AEC group (48.8%) was significantly higher than that 

in TDI-OA (27.3%) and NC groups (15.3%) (P=0.01 and P<0.001, respectively). 

The period of TDI exposure of the subjects in TDI-OA group was significantly 

shorter than that in the AEC group (6.19±3.97 years vs.12.2±8.21 years, P<0.001). 

No significant differences were noted in baseline FEV1(%) and total IgE levels 

between the groups (TDI-OA vs. AEC; AEC vs. NC groups, P>0.05 for both). 
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Table 5.Clinical characteristics of study subjects 

 
TDI OA 

(n = 68) 

AEC 

(n = 100) 

NC 

(n = 122) 

P-value 

TDI-OA vs. 

AEC 

TDI-OA vs. 

NC 

AEC vs. 

NC 

Age (years)
a

 42 ± 10.4 41.17 ± 8.7 43.14 ± 12.2 0.579 0.519 0.164 

Sex (male, %)
b

 46 (67.6%) 68 (68.0%) 55 (45.1%) 0.997 0.004 0.001 

Atopy (%)
 b

 25 (46.3%) NA 56 (57.9%) NA 0.001 0.634 

Smoking history (%)
b

 15 (27.3%) 40 (48.8%) 18 (15.3%) 0.034 0.170 <0.001 

TDI exposure duration (years)
a

 6.19 ± 3.97 12.2±8.21 NA 0.005 NA NA 

Asthma duration (years)
a

 6.68 ± 4.11 NA NA NA NA NA 

Serum total IgE (IU/L)
a

 263.2 ± 556.8 241.2 ± 656.8 46.1 ± 33.8 0.367 0.211 0.520 

FEV1 (%)
a

 86.4 ± 23.5 90.2 ± 21.2 NA 0.642 NA NA 

Mch PC
20 

(mg/mL)
a

 8.04 ± 14.64 NA NA NA NA NA 

TDI-OA, TDI induced occupational asthma; AEC, asymptomatic exposed control; NC, unexposed healthy normal control; FEV1, forced 

expiratory volume in 1s; Mch PC20, concentration of methacholine required to produce a 20% decrease in FEV1; NA, not available 

a
Data are shown as the mean ± SD, P -value obtained with Student’s t-test 

b
Data are shown as the prevalence (%), P value obtained with the Chi-square test 
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2. Lower serum CLU/PGRN levels were associated with the phenotype of 

TDI-OA 

Log-transformed serum levels of CLU and PGRN in TDI exposed workers, 

including the subjects with TDI-OA and AEC, were significantly lower than those in 

the NC group (P<0.001 for each). The log-transformed serum levels of CLU and 

PGRN in patients with TDI-OA were significantly lower than those in the AEC 

group (P<0.05 for each). They remained significant after adjusting for gender, atopy, 

and smoking as shown in Fig. 4. 

 

Fig. 4. Comparison of serum clusterin (A) and progranulin levels (B) among the 

three study groups. TDI-OA, TDI-induced occupational asthma; AEC, 

asymptomatic exposed control; NC, unexposed healthy normal control. Statistically 

significant differences between the groups were assessed by ANCOVA. Box-and-

whisker plots represent the 25
th
 and 75

th
 percentiles, with the median lines and error 

bars representing the 10
th
 and 90

th
 percentiles. The red line indicates the mean value 

for each group. *P < .05; ** P < .001.  
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We investigated whether serum CLU and PGRN can function as biomarkers for 

screening TDI-OA among TDI-exposed workers using ROC curve analysis (Fig. 5). 

When the cutoffs for CLU and PGRN were selected as ≤125 μg/mL and ≤68.4 

ng/mL, the sensitivities and specificities were 60.4% and 68.2% for CLU, 62.3% 

and 74.1% for PGRN, respectively (AUC=0.678, P<0.001; AUC=0.712, P<0.001). 

Combined use of the CLU and PGRN values enhanced the possibility to 

discriminate TDI-OA for AEC; when either of two parameters were satisfied, 

sensitivity and specificity were 72.4% and 53.4%, respectively (AUC=0.629; 

P=0.003) (Table 6), whereas if both parameters were satisfied, the sensitivity and 

specificity were 58.6% and 89.8%, respectively (AUC = 0.656; P<0.001) (Table 6). 

 

 

 

Fig. 5. ROC curve for the best cut-off value of serum clusterin/progranulin (A), 

as well as combined values (B, C) to identify TDI-OA subjects. Arrows indicate 

the optimal cutoff value. 
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Table 6. Sensitivities, specificities, and area under the ROC curve values with 95% 

confidence intervals. 

 Sensitivity Specificity 
AUC 

(95% CI) 

P 

value 

Clusterin ≤ 125 μg/mL 60.4% 68.2% 0.678 
(0.631–0.794) 

<0.001 

Progranulin ≤ 68.4 ng/mL 62.3% 74.1% 0.712 
(0.611–0.763) 

<0.001 

Combined value     

-both clusterin ≤125 μg/mL 
and progranulin ≤68.4 ng/mL 58.6% 89.8% 0.656 

(0.569–0.743) 
<0.001 

-either clusterin ≤ 125 μg/mL 
or progranulin ≤ 68.4 ng/mL 72.4% 53.4% 0.629 

(0.550–0.708) 
0.003 

ROC, receiver operating characteristic; AUC, area under the curve; CI, confidence 

intervals 

 

 

3. Association of serum levels of CLU/PGRN and clinical parameters 

Next, we compared clinical parameters based on serum CLU and PGRN levels. 

When TDI-OA subjects were classified into two groups: low and high serum level 

groups, based on the cut-off values of CLU and PGRN (≤125 μg/mL and ≤68.4 

ng/mL, respectively), no significant associations were noted between serum 

CLU/PGRN levels and clinical parameters including age, gender, atopy status, total 

IgE level, disease duration, baseline FEV1(%), and number of peripheral blood 

eosinophils and neutrophils. 
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4. Production of CLU/PGRN in HAECs after TDI exposure 

To investigate the effects of TDI exposure on CLU and PGRN production from 

HAECs, we measured CLU and PGRN levels from A549 cells and SAECs treated 

with 2-200μg/mL TDI-HSA conjugate. TDI-HSA stimulation induced the release of 

CLU from both A549 cells and SAECs in dose–dependent manners (P<0.05 for both, 

respectively), although CLU production from SAECs was significantly lower than 

that from A549 cells (Fig.6). Similar effects of TDI on PGRN production in HAECs 

were observed. TDI-HSA conjugate induced the release PGRN from HAECs, 

especially from SAECs, in a dose-dependent manner, and the level peaked at the 

medium dose of 20 μg/mL TDI-HSA conjugate. In addition, a significant correlation 

was observed between CLU and PGRN levels in the culture media (r=0.408, P=0.03). 

Fig. 6. Clusterin (A) and progranulin production (B) from human airway 

epithelial cells after TDI exposure. HAECs, human airway epithelial cells; TDI-

HSA, TDI-human serum albumin conjugate; SAECs, small airway epithelial cells. 

Two HAECs, A549 cells and SAECs, were seeded (2×10
5 

cells/mL) into 12-well 

plates and stimulated with TDI-HSA conjugate (2, 20, and 200 μg/mL) for 24 h. 

Clusterin and progranulin released from A549 cells and SAECs were measured by 

ELISA. Data are presented as the mean ± SEM of duplicate results from at least 

three independent experiments. *P < .05, ** P < .001 obtained by one-way ANOVA 

with LSD post-hoc test.  
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5. Association of CLU/PGRN with IL-8 and FLCN production after TDI 

exposure 

In our previous reports, we found that TDI-HSA induced A549 cells to produce 

IL-8 and FLCN, which are known markers of activated epithelial cells (Pham et al., 

2017;Palomino et al., 2015). Thus, we evaluated the association of CLU/PGRN 

production with IL-8 and FLCN level produced from HAECs after TDI-HSA 

conjugate exposure. The CLU level showed positive correlations with IL-8 

and FLCN levels from A549 cells (r=0.3786, P=0.043; r=0.538, P=0.031, 

respectively) (Fig. 7A, 7B). However, in samples derived from SAECs, a 

positive correlation was found between CLU and IL-8 (r=0.392; P=0.047), but 

no correlation was noted between CLU and FLCN (r=0.146, P=0.5) (Fig. 7E, 

7F). Positive correlations were found between PGRN, and IL-8 and FLCN produced 

from A549 cells (r=0.378, P=0.014; r=0.597, P=0.014, respectively) and SAECs 

(r=0.439, P<0.001; r=0.691, P=0.002, respectively) (Fig. 7C, 7D, 7G, 7H). 
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Fig. 7. Correlation of clusterin/progranulin with IL-8 and folliculin produced 

from human airway epithelial cells after TDI exposure. HAECs, human airway 

epithelial cells; SAECs, small airway epithelial cells. Correlations between 

clusterin/progranulin and IL-8 and FLCN in cell-free supernatants collected from 

A549 cells (A-D) and SAECs (E-H) were analyzed by Pearson’s correlation 

coefficient. 



 

３２ 

 

6. Effect of neutrophil on CLU/PGRN production from HAECs 

As neutrophilic airway inflammation contributes to TDI-OA, HAECs were co-

cultured with PBNs collected from healthy controls at different cell number ratios. 

We observed that CLU levels in the supernatants of A549 co-cultured cells 

decreased significantly with an increase in the ratio of incubated neutrophils, 

although those in SAECs were not statistically significant due to a negligible amount 

of CLU (Fig.8A). PGRN levels markedly decreased in SAEC when co-cultured with 

neutrophils (P<0.001). The PGRN levels in the supernatants of A549 cells co-

cultured with a small percentage of neutrophils were rather increased, and decreased 

significantly with an increase in the ratio of incubated neutrophils (P < 0.05) 

(Fig.8B). 

Fig. 8. Effects of neutrophils on clusterin (A) and progranulin production (B) 

from human airway epithelial cells. HAECs, human airway epithelial cells; PBNs, 

peripheral blood neutrophils; SAECs, small airway epithelial cells. Two HAECs 

(2×10
5 
cells/mL), A549 cells and SAECs, were co-cultured with different numbers of 

PBNs for 24 h. The ratios represent the number of epithelial cells to that of PBNs. 

The levels of clusterin and progranulin released into the culture supernatants were 

measured by ELISA. Data are presented as the mean ± SEM of duplicate results 

from at least three independent experiments. *P < .05, **P < .001 obtained by one-

way ANOVA with LSD post-hoc test. 
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7. ROS production from A549 cells co-cultured with neutrophils 

Intracellular ROS production in epithelial cells co-cultured with neutrophils 

tended to increase initially (Fig. 9), but, decreased gradually with an increase in the 

ratio of incubated neutrophils. 

 

 

Fig. 9. Intracellular ROS production from A549 cells co-cultured with 

neutrophils. PBNs, peripheral blood neutrophils. A549 cells (2×10
5 
cells/mL) and 

neutrophils were incubated with 50 μM H2DCFDA for 30 min at 37°C. The ratios 

represent the number of A549 cells to that of PBNs. Data are presented as the mean 

± SEM of duplicate results from at least three independent experiments.  
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D. DISCUSSION 

Oxidative stress and its defense system is an important mechanism in the 

pathogenesis of TDI-OA (Shin et al., 2013). Several studies have demonstrated that 

TDI exposure is directly linked to ROS generation to induce airway epithelial 

inflammation, although its exact mechanisms are not completely understood (Zuo et 

al., 2013; Pham et al., 2014; Qu et al., 2017). Recently, CLU and PGRN have been 

implicated to play protective roles against oxidative stress-mediated airway 

inflammation. However, the involvement of CLU and PGRN in the development of 

TDI-OA has not been studied. This is the first study demonstrating decreased serum 

levels of CLU and PGRN in TDI-exposed workers, including TDI-OA and AEC 

groups, compared to those in NCs. In addition, significantly lower serum levels of 

CLU and PGRN were noted in patients with TDI-OA compared to those in AECs. 

These findings suggest the involvement of CLU and PGRN in the pathogenesis of 

airway inflammation in TDI-OA. 

CLU, also known as apolipoprotein J, is a heterodimeric glycoprotein with a 

molecular weight of approximately 80kDa (Jones et al., 2002). CLU is a very 

sensitive cellular biosensor of oxidative stress, protects cells from deleterious effects 

of free radicals and their derivatives, and suppresses the deleterious effects of 

oxidants (Jones et al., 2002; Rohne et al., 2016). Owing to its chaperon-related 

property, CLU seems to actively arbitrate in the pathogenesis of oxidative injury 

(Trougakos 2013). In fact, an increase in CLU levels reflects a state of oxidative 

stress or accompanying inflammation in related diseases (Trougakos et al., 2009). 

Previous studies have reported elevated CLU levels in the serum and sputum from 

patients with asthma (Kwon et al., 2014; Cho et al., 2016). Moreover, it was 

demonstrated that CLU expression correlated with increased oxidative stress in 

asthmatic patients (Kwon et al., 2014).Because oxidative stress generation plays a 

key role in the pathogenesis of TDI-OA, serum CLU levels in TDI-OA subjects were 

expected to be high. However, our results demonstrated that serum levels of CLU 
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were significantly lower in subjects with TDI-OA compared with those in AEC or 

NC groups. To understand these findings, we investigated CLU production in 

HAECs after TDI exposure. Our study demonstrated that TDI exposure could 

increase CLU production from HAECs in a dose-dependent manner, which was 

consistent with previously reported CLU responses to oxidative stress (Viard et al., 

1999; Trougakos et al., 2009; Kwon et al., 2014). A previous study demonstrated that 

TDI exposure induced ROS generation in a dose dependent manner (Hur et al., 

2009). Considering that CLU can reduce oxidative stress and prevent excessive 

inflammation (Wu et al., 2012), we speculated that CLU has a protective role against 

occupational TDI exposure-induced oxidative stress in the airway mucosa of subjects. 

It is speculated that the lower serum CLU level observed in the TDI-OA group may 

be derived from increased utilization of CLU to protect against oxidative stress-

mediated inflammation in the airway epithelial cells. 

Several studies have suggested that neutrophils contribute to the airway 

inflammation in TDI-OA (Shin et al., 2013), although eosinophilic airway 

inflammation was recognized as an important feature of asthma. In this study, we 

evaluated the effects of neutrophils in CLU production from HAECs. Consequently, 

co-culture with PBNs significantly decreased CLU production from HAECs, despite 

an initial increase in ROS production from A549 cells co-cultured with neutrophils. 

These findings suggest that TDI exposure could induce CLU production initially, 

which may decrease under persistent airway inflammation by chronic TDI exposure. 

CLU has been known to be upregulated in oxidative stress (Trougakos et al., 2009). 

However, it was reported that CLU levels during asthma exacerbations under high 

oxidative burden were lower than those in children with stable asthma or in healthy 

controls (Cho et al., 2016). Additionally, it was demonstrated that severe forms of the 

disease correlated with lower levels of CLU (Newkirk et al., 1999; Nakamura et al., 

2002). Recently, it was reported that downregulated CLU expression promoted 

oxidative stress in the lung tissue, which could be associated with further 

aggravation of airway inflammation in a murine CLU-knockout model of asthma 
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(Hong et al., 2016). Therefore, we speculated that TDI exposure could induce CLU 

production initially, and neutrophilic inflammation, due to persistent TDI exposure, 

may induce CLU dysregulation, leading to decreased CLU production; however, we 

could not confirm the changes in CLU production from HAECs co-cultured with 

neutrophils after chronic TDI exposure in the present study. 

PGRN, known granulin-epithelin precursor, proepithelin, or PC-cell derived 

growth factor, plays a protective role in maintaining cellular homeostasis (Jian et al., 

2013; Jian et al., 2016). PGRN has a potent anti-inflammatory action by inhibition of 

neutrophil degranulation. In addition, secreted PGRN undergoes proteolysis, 

releasing its constituent granulin peptide, which stimulates IL-8 expression in 

epithelial cells and leads to neutrophil recruitment. Because of these functions of 

PGRN, it has been implicated in various inflammatory diseases (Tang et al., 2011; 

Wu et al., 2011; Thurner et al., 2014) and neutrophilic airway diseases (Ungurs et al., 

2014; Park et al., 2016). However, in this study, any significant correlations were not 

noted between serum neutrophil counts and PGRN levels. Other studies reported that 

PGRN expression was induced by various harmful stimuli, such as hypoxia and 

tissue injury (He et al., 2003; Guerra et al., 2007). PGRN deficiency leads to 

increased apoptosis in the lungs of mice administered with lipopolysaccharides (Yu 

et al., 2016). Furthermore, PGRN knockdown increased activation of endoplasmic 

reticulum stress and PGRN protected airway epithelial cells from apoptosis induced 

by oxidative stress caused by cigarette smoke (Lee et al. 2017). The present study 

showed that TDI exposure resulted from increased PGRN production in HAECs, 

similar to the CLU response, and PGRN production was positively correlated with 

CLU production. Although the exact mechanisms underlying the functions of PGRN 

in the pathogenesis of TDI-OA remain unclear, with increasing evidence, we could 

speculate that PGRN could have a protective role in oxidative stress-induced 

inflammation in the airway epithelial cells of TDI-OA. In addition, the lower serum 

PGRN levels that were noted in the present study may be attributed to several factors. 

PGRN secretion from HAECs may decrease due to continuous consumption. 
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Considering that neutrophils are activated in the airway mucosa of TDI-OA, various 

proteolytic enzymes induced by neutrophil activation may possibly be involved in 

the degradation of secreted PGRN, leading to decreased levels of PGRN in the sera 

of patients with TDI-OA. 

In the present study, we investigated CLU and PGRN responses using two types 

of HAECs—A549 cells and SAECs—to elucidate their involvement in the 

pathogenesis of TDI-OA. A549 cells are a model of alveolar epithelial type II cell 

line, whereas SAECs are sourced from 1-mm diameter airways at the distal portion 

of the human respiratory tract. Interestingly, our results showed that CLU production 

was more prominent in A549 cells than in SAECs, whereas PGRN production was 

higher in SAECs than in A549 cells. Unlike PGRN and CLU responses in other co-

culture experiments with PBNs, PGRN production form A549 cells co-cultured with 

a lower number of neutrophils increased significantly, which is consistent with the 

initial increment of ROS production from A549 cells co-cultured with neutrophils. 

Although the exact mechanism underlying the anti-oxidant action of CLU and 

PGRN remains unclear, these findings suggest that there are differences in responses 

with respect to the airway epithelial cell types against oxidative stress-induced 

airway inflammation by TDI exposure. We speculated that CLU plays a protective 

role mainly in alveolar epithelial cells and PGRN plays a role predominantly in 

SAECs against oxidative stress induced by TDI exposure; PGRN plays a protective 

role in not only SAECs, but also alveolar epithelial cells, during airway 

inflammation progresses. The mechanisms regulating TDI-induced oxidative stress 

require further investigations. 

Airway epithelial cells produce various cytokines and initiate immune responses 

in TDI- OA. IL-8, a well-known potent activating and chemotactic factor of 

neutrophils (Palomino et al., 2015), is released from airway epithelial cell and plays 

an important role in TDI-induced airway inflammation. FLCN, a protein involved in 

maintaining the integrity and function of airway epithelial cells and lung fibroblasts 
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(Goncharova et al., 2014), was recently suggested to be involved in the airway 

inflammation in TDI-OA. IL-8-activated neutrophils induce FLCN production from 

HAECs, which augment airway inflammation after TDI-exposure (Pham et al., 

2017). In the present study, we further investigated the relationship between 

CLU/PGRN and IL-8 and FLCN secreted from HAECs after TDI exposure. We 

consistently found that TDI exposure stimulates HAECs to produce IL-8 and FLCN, 

which significantly correlated with CLU/PGRN production after TDI exposure. 

These findings may be consistent with the responses during epithelial inflammation 

due to TDI exposure, suggesting a protective mechanism of CLU and PGRN from 

TDI-induced epithelial inflammation. 

Early recognition of TDI-OA and prompt removal from isocyanate exposure 

improves the long-term prognosis for sensitive individuals (Park et al., 1997), 

therefore, development of relevant serological markers for identifying susceptible 

workers is an important task. In the present study, we evaluated a possibility of CLU 

and PGRN as serological biomarkers for screening patients with TDI-OA among 

exposed workers; their sensitivity and specificity were in the range 60.4–62.3% and 

68.2–74.1%, respectively. Although the sensitivity and specificity of these markers 

for a single biomarker were too low to be applied clinically, the combined serum 

level of CLU and PGRN increased the sensitivity of diagnostic testing with 72.4% 

sensitivity and 89.8% specificity, which were comparable to those reported in 

previous studies (Park et al., 2002; Ye et al., 2006; Palikhe et al., 2011; Pham et al., 

2014). These findings suggested that serum values of the two epithelial cell markers, 

CLU and PGRN, can be employed as potential biomarkers for identifying subjects 

with TDI-OA among TDI-exposed workers. Previous studies indicated that CLU and 

PGRN are biomarkers of severity in adult asthmatic patients (Kwon et al., 2014; 

Park et al., 2016). However, significant association between CLU and PGRN and 

clinical parameters was not shown in this study, which may be due to the 

involvement of more complicated mechanisms than those in non-OA. 
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There are several limitations in the present study. First, the serum levels of CLU 

and PGRN showed skewed distribution. However, we performed log transformation 

of these data to achieve normal distributions prior to statistical analyses, which 

showed statistical significance. Second, CLU and PGRN expression has been known 

to be affected by various conditions, such as infection and inflammatory diseases 

(Trougakos et al., 2009; Jian et al., 2013). Although none of the study subjects had 

other active diseases, the subjects might have other conditions that could affect CLU 

and PGRN expression. Further, replication studies would be needed in other cohorts. 
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CONCLUSION 

In conclusion, our study demonstrates that VDBP level could be used as a 

serologic marker for the detection of isocyanate-OA among isocyanate exposed 

workers, as well as for predicting the severity of airway hyper-responsiveness. 

Further studies are needed to elucidate the role of VDBP in the pathogenesis of 

isocyanate-OA. In addition, the present study demonstrated the involvement of CLU 

and PGRN in the pathogenesis of TDI-OA, with protective roles against TDI-

induced oxidative stress-mediated inflammation. However, further mechanistic 

studies should be performed to clarify their roles. We also suggest that the combined 

serum level of CLU and PGRN may be used as a potential serological marker for 

diagnosing TDI-OA among TDI-exposed workers. 

  



 

４１ 

 

REFERENCES 

1. Ban GY, Pham DL, Trinh TH, Lee SI, Suh DH, Yang EM, et al. Autophagy 

mechanisms in sputum and peripheral blood cells of patients with severe asthma: 

a new therapeutic target. Clin Exp Allergy 46: 48-59,2016. 

2. BinderR, Kress A, Kan G, Herrmann K, Kirschfink M. Neutrophil priming by 

cytokines and vitamin D binding protein (Gc-globulin): impact on C5a-mediated 

chemotaxis, degranulation and respiratory burst. Mol Immunol 36: 885-

892,1999. 

3. Bratke K, Wendt A, Garbe K, Kuepper M, Julius P, Lommatzsch M, et al. 

Vitamin D binding protein and vitamin D in human allergen-induced 

endobronchial inflammation. Clin Exp Immunol 177: 366-372,2014. 

4. Cantorna M. Zhu Y, Froicu M, Wittke A. Vitamin D status, 1,25-

dihydroxyvitamin D3, and the immune system. Am J Clin Nutr 80: 1717S-

1720S,2004. 

5. Cartier A, Grammer L, Malo JL, Lagier F, Ghezzo H, Harris K, et al. Specific 

serum antibodies against isocyanates: association with occupational asthma. J 

Allergy Clin Immunol 84: 507-514,1989. 

6. Chishimba L, Thickett DR, Stockley RA, Wood AM. The vitamin D axis in the 

lung: a key role for vitamin D-binding protein. Thorax 65: 456-462,2010. 

7. Cho YS, Sol IS, Kim YH, Park YA, Lee KE, Hong JY, et al. Relationship 

between sputum clusterin levels and childhood asthma. Clin Exp Allergy 46: 

688-695,2016. 

8. ChoiJH, Nahm DH, Kim SH, Kim YS, Suh CH, Park HS, et al. Increased levels 

of IgG to cytokeratin 19 in sera of patients with toluene diisocyanate-induced 

asthma. Ann allergy asthma immunol 93: 293-298,2004. 

9. Choi JH, Suh YJ, Lee SK, Suh CH, Nahm DH, Park HS. Acute and chronic 



 

４２ 

 

changes of vascular endothelial growth factor (VEGF) in induced sputum of 

toluene diisocyanate (TDI)-induced asthma patients. J Korean med sci 19: 359-

363,2004. 

10. Colantonio DA, Chan DW. The clinical application of proteomics. Clin Chim 

Acta 357: 151-158,2005. 

11. Cooke NE, Haddad JG. Vitamin D binding protein (Gc-globulin). Endocr Rev 

10: 294-307,1989. 

12. Cowburn AS, Condliffe AM, Farahi N, Summers C, Chilvers ER. Advances in 

neutrophil biology: clinical implications. Chest 134: 606-612,2008. 

13. Crapo RO, Casaburi R, Coates AL, Enright PL, Hankinson JL, Irvin CG, et al. 

Guidelines for methacholine and exercise challenge testing-1999. This official 

statement of the American Thoracic Society was adopted by the ATS Board of 

Directors, July 1999. Am J Respir Crit Care Med 161: 309-329,2000. 

14. Daniel R, He Z, Carmichael KP, Halper J, Bateman A. Cellular localization of 

gene expression for progranulin. J Histochem Cytochem 48: 999-1009,2000. 

15. Pham DL, Trinh TH, Ban GY, Kim SH, Park HS. Epithelial folliculin is 

involved in airway inflammation in workers exposed to toluene Diisocyanate. 

Exp Mol Med 49:e396, 2017. 

16. Fajt ML, Wenzel SE. Development of New Therapies for Severe Asthma. 

Allergy, asthma Immunol Res 9: 3-14,2017. 

17. Gerke V, Creutz CE, Moss SE. Annexins: linking Ca2+ signalling to membrane 

dynamics. Nat Rev Mol Cell Biol 6: 449-461,2005. 

18. Goncharova EA, Goncharov DA, James ML, Atochina-Vasserman EN,  

Stepanova V, Hong SB, et al. Folliculin controls lung alveolar enlargement and 

epithelial cell survival through E-cadherin, LKB1, and AMPK. Cell Rep 7: 412-

423,2014. 



 

４３ 

 

19. Heller AR, Fiedler F, Braun P, Stehr SN, Bodeker H, Koch T. Clusterin protects 

the lung from leukocyte-induced injury. Shock 20: 166-170,2003. 

20. Hong GH, Kwon HS, Moon KA, Park SY, Park S, Lee KY, et al. Clusterin 

Modulates Allergic Airway Inflammation by Attenuating CCL20-Mediated 

Dendritic Cell Recruitment. J Immunol196: 2021-2030,2016. 

21. HurGY, Choi GS, Sheen SS, Lee HY, Park HJ, Choi SJ, et al. Serum ferritin and 

transferrin levels as serologic markers of methylene diphenyl diisocyanate-

induced occupational asthma. J Allergy Clin Immunol 122: 774-780,2008. 

22. HurGY, Choi SJ, Shin YS, Kim SH, Park HS. Update on the Pathogenic 

Mechanisms of Isocyanate-induced Asthma. World Allergy Organ 1: 15-18,2008. 

23. HurGY, Kim SH, Park SM, Ye YM, Kim CW, Jang AS, et al. Tissue 

transglutaminase can be involved in airway inflammation of toluene 

diisocyanate-induced occupational asthma. J Clin Immunol 29: 786-794,2009. 

24. Jian J, Konopka K, Liu C . Insights into the role of progranulin in immunity, 

infection, and inflammation. J Leuko Biol 93: 199-208,2013. 

25. JianJ, Li G, Hettinghouse A, Liu C. Progranulin: A key player in autoimmune 

diseases. Cytokine 101:48-55, 2018. 

26. JonesSE, Jomary C. Clusterin. Int J Biochem Cell Biol 34: 427-431,2002. 

27. Jung KS, Park HS. Evidence for neutrophil activation in occupational asthma. 

Respirology 4: 303-306,1999. 

28. Kenis H, Hofstra L, Reutelingsperger CP. Annexin A5: shifting from a 

diagnostic towards a therapeutic realm. Cell Mol Life Sci 64: 2859-2862,2007. 

29. Kew R, Webster RO. Gc-globulin (vitamin D-binding protein) enhances the 

neutrophil chemotactic activity of C5a and C5a des Arg. J Clin Invest 82: 364-

369,1988. 



 

４４ 

 

30. Kim SH, Choi GS, Nam YH, Kim JH, Hur GY, Kim SH, et al. Role of vitamin 

D-binding protein in isocyanate-induced occupational asthma. Exp Mol Med 44: 

319-329,2012. 

31. Kwon HS, Kim TB, Lee YS, Jeong SH, Bae YJ, Moon KA, et al. Clusterin 

expression level correlates with increased oxidative stress in asthmatics. Ann 

Allergy Asthma Immunol 112: 217-221,2014. 

32. Lee KY, Park SY, Park S, Hong GH, Moon KA, Kim YS, et al. Progranulin 

protects lung epithelial cells from cigarette smoking-induced apoptosis. 

Respirology 22:1140-1148, 2017. 

33. Lee YC, Kwak YG, Song CH. Contribution of vascular endothelial growth 

factor to airway hyperresponsiveness and inflammation in a murine model of 

toluene diisocyanate-induced asthma. J Immunol 168: 3595-3600,2002.  

34. Lefkowitz D, Pechter E, Fitzsimmons K, Lumia M, Stephens AC, Davis L, et al. 

Isocyanates and work-related asthma: Findings from California, Massachusetts, 

Michigan, and New Jersey, 1993-2008. Am J Ind Med 58: 1138-1149,2015. 

35. Lizarbe MA, Barrasa JI, Olmo N, Gavilanes F, Turnay J. Annexin-phospholipid 

interactions. Functional implications. Int J Mol Sci 14: 2652-2683,2013. 

36. Lummus ZL, Wisnewski AV, Bernstein DI. Pathogenesis and disease 

mechanisms of occupational asthma. Immunol Allergy Clin North Am 31: 699-

716, 2011. 

37. Lundgren S, Carling T, Hjalm G, Juhlin C, Rastad J, Pihlgren U, et al. Tissue 

distribution of human gp330/megalin, a putative Ca(2+)-sensing protein. J 

Histochem Cytochem 45: 383-392,1997. 

38. ManninoDM. How much asthma is occupationally related? Occup Med 15: 359-

368,2000. 

39. Mapp CE. Agents, old and new, causing occupational asthma. Occup Environ 



 

４５ 

 

Med 58: 354-360, 290,2001. 

40. McGovern TK, Chen M, Allard, Larsson K, Martin JG, Adner M. Neutrophilic 

oxidative stress mediates organic dust-induced pulmonary inflammation and 

airway hyperresponsiveness. Am J Physiol Lung Cell Mol Physiol 310: L155-

165,2016. 

41. Meier U,Gressner O, Lammert F, Gressner AM. Gc-globulin: roles in response 

to injury. Clin Chem 52: 1247-1253,2006. 

42. Meredith S, Nordman H. Occupational asthma: measures of frequency from four 

countries. Thorax 51: 435-440,1996. 

43. NakamuraT, Nishida K, Dota A, Kinoshita S. Changes in conjunctival clusterin 

expression in severe ocular surface disease. Invest Ophthalmol Vis Sci 43: 1702-

1707,2002. 

44. Newkirk MM, Apostolakos P, Neville C, Fortin PR. Systemic lupus 

erythematosus, a disease associated with low levels of clusterin/apoJ, an 

antiinflammatory protein. J Rheumatol 26: 597-603,1999. 

45. Noel-Georis I, Bernard A, Falmagne P, Wattiez R. Database of bronchoalveolar 

lavage fluid proteins. J Chromatogr B Analyt Technol Biomed Life Sci 771: 221-

236,2002. 

46. Nykjaer A, Fyfe JC, Kozyraki R, Leheste JR, Jacobsen C, Nielsen MS, et al. 

Cubilin dysfunction causes abnormal metabolism of the steroid hormone 25(OH) 

vitamin D(3). Proc Natl Acad Sci USA 98: 13895-13900,2001. 

47. PalfreeRG, Bennett HP, Bateman A. The Evolution of the Secreted Regulatory 

Protein Progranulin. PloS one 10: e0133749,2015. 

48. Palikhe NS, Kim JH, Park HS. Biomarkers predicting isocyanate-induced 

asthma. Allergy Asthma Immunol Res 3: 21-26,2011. 



 

４６ 

 

49. Palomino DC, Marti LC. Chemokines and immunity. Einstein (Sao Paulo) 13: 

469-473,2015. 

50. Park HS, Cho SH, Hong CS, Kim YY. Isocyanate-induced occupational asthma 

in far-east Asia: pathogenesis to prognosis. Clin Exp Allergy 32: 198-204,2002. 

51. Park HS, Hwang SC, Nahm DH, Yim HE. Immunohistochemical 

characterization of the cellular infiltrate in airway mucosa of toluene 

diisocyanate (TDI)-induced asthma: comparison with allergic asthma. J Korean 

Med Sci 13: 21-26,1998. 

52. ParkHS, Kim SR, Lee YC. Impact of oxidative stress on lung diseases. 

Respirology 14: 27-38,2009. 

53. Park HS, Lee SK, Kim HY, Nahm DH, Kim SS. Specific immunoglobulin E and 

immunoglobulin G antibodies to toluene diisocyanate-human serum albumin 

conjugate: useful markers for predicting long-term prognosis in toluene 

diisocyanate-induced asthma. Clin Exp Allergy 32: 551-555,2002. 

54. Park HS, Nahm DH.Prognostic factors for toluene diisocyanate-induced 

occupational asthma after removal from exposure. Clin Exp Allergy 27: 1145-

1150,1997. 

55. ParkSY, Hong GH, Park S, Shin B, Yoon SY, Kwon HS, et al. Serum 

progranulin as an indicator of neutrophilic airway inflammation and asthma 

severity. Ann Allergy Asthma Immunol 117: 646-650,2016. 

56. Paul G, Brehm JM, Alcorn JF, Holguin F, Aujla SJ, Celedon JC. Vitamin D and 

asthma. Am J Respir Crit Care Med 185: 124-132,2012. 

57. Perez HD, Kelly E, Chenoweth D, Elfman F. Identification of the C5a des Arg 

cochemotaxin. Homology with vitamin D-binding protein (group-specific 

component globulin). J Clin Invest 82: 360-363,1988. 

58. Pham LD, Ban GY, Kim SH, Shin YS, Ye YM, Chwae YJ, et al. Neutrophil 



 

４７ 

 

autophagy and extracellular DNA traps contribute to airway inflammation in 

severe asthma. Clin Exp Allergy 47: 57-70,2017. 

59. Pham LD, Kim MA, Yoon MG, Lee SI, Shin YS, Park HS. Serum specific IgG 

response to toluene diisocyanate-tissue transglutaminase conjugate in toluene 

diisocyanate-induced occupational asthmatics. Ann Allergy Asthma Immunol 113: 

48-54,2014. 

60. Piquette CA, Robinson-Hill R, Webster RO. Human monocyte chemotaxis to 

complement-derived chemotaxins is enhanced by Gc-globulin. J Leukoc Biol 55: 

349-354,1994. 

61. QuJ, Li Y, Zhong W, Gao P, Hu C. Recent developments in the role of reactive 

oxygen species in allergic asthma. J Thorac Dis 9: E32-e43,2017. 

62. Rohne P, Prochnow H, Koch-Brandt C. The CLU-files: disentanglement of a 

mystery. Biomol Concepts 7: 1-15,2016. 

63. Rowling MJ, Kemmis CM, Taffany DA, Welsh J. Megalin-mediated endocytosis 

of vitamin D binding protein correlates with 25-hydroxycholecalciferol actions 

in human mammary cells. J Nutr 136: 2754-2759,2006. 

64. Sastre J, Sastre B, Fernandez-Nieto M, Perez-Camo I, Sanchez JJ, del Pozo V. 

Serum ferritin and transferrin levels are not serologic markers of toluene 

diisocyanate-induced occupational asthma. J Allergy Clin Immunol 125: 762-

764,2010. 

65. Shin YS, Kim MA, Pham LD and Park HS. Cells and mediators in diisocyanate-

induced occupational asthma. Curr Opin Allergy Clin Immunol 13: 125-

131,2013. 

66. Tahan F, Akar HH, Saraymen B. Exhaled breath condensate annexin A5 levels 

in exercise-induced bronchoconstriction in asthma: A preliminary study. Allergol 

Immunopathol 43: 538-542,2015. 



 

４８ 

 

67. Tang W, Lu Y, Tian QY, Zhang Y, Guo FJ, Liu GY, et al. The growth factor 

progranulin binds to TNF receptors and is therapeutic against inflammatory 

arthritis in mice. Science 332: 478-484,2011. 

68. Thurner L, Stoger E, Fadle N, Klemm P, Regitz E, Kemele M, et al. 

Proinflammatory progranulin antibodies in inflammatory bowel diseases. Dig 

Dis Sci 59: 1733-1742,2014. 

69. Trougakos IP. The molecular chaperone apolipoprotein J/clusterin as a sensor of 

oxidative stress: implications in therapeutic approaches - a mini-review. 

Gerontology 59: 514-523,2013. 

70. Trougakos IP, Gonos ES. Chapter 9: Oxidative stress in malignant progression: 

The role of Clusterin, a sensitive cellular biosensor of free radicals. Adv Cancer 

Res 104: 171-210,2009. 

71. Ungurs MJ, Sinden NJ, Stockley RA. Progranulin is a substrate for neutrophil-

elastase and proteinase-3 in the airway and its concentration correlates with 

mediators of airway inflammation in COPD. Am J Physiol Lung Cell Mol 

Physiol 306: L80-87,2014. 

72. van Genderen HO, Kenis H, Hofstra L, Narula J, Reutelingsperger CP. 

Extracellular annexin A5: functions of phosphatidylserine-binding and two-

dimensional crystallization. Biochim Biophys Acta 1783: 953-963,2008. 

73. Vandenplas O. Occupational asthma: etiologies and risk factors. Allergy Asthma 

Immunol Res 3: 157-167,2011. 

74. Viard I, Wehrli P, Jornot L, Bullani R, Vechietti JL, Schifferli JA, et al. Clusterin 

gene expression mediates resistance to apoptotic cell death induced by heat 

shock and oxidative stress. J Invest Dermatol 112: 290-296,1999. 

75. White P, Cooke N. The multifunctional properties and characteristics of vitamin 

D-binding protein. Trends Endocrinol Metab 11: 320-327,2000. 



 

４９ 

 

76. WisnewskiAV. Developments in laboratory diagnostics for isocyanate asthma. 

Curr Opin Allergy Clin Immunol 7: 138-145,2007. 

77. Wisnewski AV, Redlich RA, Mapp CE, Bernstein DI. (2006. ). Polyisocyanates 

and their prepolymers. In: Bernstein IL, Chan-Yeung M, Malo JL, Bernstein DI, 

editors. Asthma in the workplace. New York: Informa healthcare, 457-478, 2006. 

78. Wisnewski AV, Redlich CA. Recent developments in diisocyanate asthma. Curr 

Opin Allergy Clin Immunol 1: 169-175,2001. 

79. Wong WS, Zhao J. Proteome analysis of chronically inflamed lungs in a mouse 

chronic asthma model. Int Arch Allergy Immunol 147: 179-189,2008. 

80. WuH, Siegel RM. Medicine. Progranulin resolves inflammation. Science 332: 

427-428,2011. 

81. Wu J, Kobayashi M, Sousa EA, Liu W, Cai J, Goldman SJ, et al. Differential 

proteomic analysis of bronchoalveolar lavage fluid in asthmatics following 

segmental antigen challenge. Mol Cell Proteomics 4: 1251-1264,2005. 

82. WuZC, Yu JT, Li Y, Tan L. Clusterin in Alzheimer's disease. Adv Clin Chem 56: 

155-173,2012. 

83. Yamamoto N, Naraparaju VR. Role of vitamin D3-binding protein in activation 

of mouse macrophages. J Immunol 157: 1744-1749,1996. 

84. Yamamoto N, Naraparaju VR. Vitamin D3-binding protein as a precursor for 

macrophage activating factor in the inflammation-primed macrophage activation 

cascade in rats. Cell Immunol 170: 161-167,1996. 

85. YeYM, Kim CW, Kim HR, Kim HM, Suh CH, Nahm DH, et al. Biophysical 

determinants of toluene diisocyanate antigenicity associated with exposure and 

asthma. J Allergy Clin Immunol 118: 885-891,2006. 

86. Ye YM, Nahm DH, Kim CW, Kim HR, Hong CS, Park CS, et al. Cytokeratin 



 

５０ 

 

autoantibodies: useful serologic markers for toluene diisocyanate-induced 

asthma. Yonsei Med J 47: 773-781,2006. 

87. YuY, Xu X, Liu L, Mao S, Feng T, Lu Y, et al. Progranulin deficiency leads to 

severe inflammation, lung injury and cell death in a mouse model of endotoxic 

shock. JCell Mol Med 20: 506-517,2016. 

88. Zhou M, Tang W, Fu Y, Xu X, Wang Z, Lu Y, et al. Progranulin protects against 

renal ischemia/reperfusion injury in mice. Kidney Int 87: 918-929,2015. 

89. Zuo L, Otenbaker NP, Rose BA, Salisbury KS. Molecular mechanisms of 

reactive oxygen species-related pulmonary inflammation and asthma. Mol 

Immunol 56: 57-63,2013.  



 

５１ 

 

- 국문요약-  

이소시아네이트에 의한 직업성 천식 예측을 위한 

잠재적인 생체지표들 

 

연구배경 및 목적:이소시아네이트는 전세계적으로 직업성 천식을 

유발하는 가장흔한 원인 중 하나이다. 하지만, 이소시아네이트천식은 

예후가 좋지 않은 질환으로, 조기 진단을 통해 이소시아네이트에 대한 

노출을 차단시키는 것이 치료에 있어 매우 중요하다. 본 연구에서는 

이소시아네이트 천식 환자를 조기에 감별해 낼 수 있는 혈청 생체지표를 

찾고자 하였다. 이소시아네이트 천식환자의 기관지폐포세척액을 이용한 

단백질체학(proteomics) 비교분석 선행연구에서 비타민D결합단백과 

아넥신V(annexinV)  단백의 발현이 대조군과의 차이가 있음을 

확인하였기에, 본 연구에서는 이 두 단백이 잠재적 혈청 생체지표로서 

유효성이 있는지를 코호트를 대상으로 검증하고자 하였다. 두번째로, 

이소시아네이트의 가장 흔한 형태인 톨루엔 디이소시아네이트(TDI) 에 

의한천식에서유용한 혈청 생체지표를 찾고자 하였다. 최근 

클루스테린(clusterin) 과 프로그래뉼린(progranulin) 이 산화스트레스 

매개 기도염증반응에 관여함이 보고되었다. TDI 천식의 발병기전이 

명확하게 밝혀지지는 않았으나 산화스트레스 및 호중구성 염증반응이 

병인 기전에 관여하는 것으로 알려져 있기에, 본 연구에서는 

클루스테린과 프로그래뉼린이 TDI  천식의 병인 기전에 관여하는지, TDI 

천식을 감별해 낼 수 있는 혈청 생체지표로서의 가능성이 있는지 

조사하고자 하였다. 
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방법: 61명의 이소시아네이트 천식환자, 180 명의 무증상 이소시아네이트 

노출군, 58 명의 이소시아네이트 비노출 정상대조군을 대상으로 혈청내 

비타민D결합단백과 아넥신V 수치를 비교분석하였고, ROC (Receiver 

operating characteristic curve) 분석을 통해 생체지표로서의 진단적 

가치 여부를 평가하였다. 또한, T DI 노출군을 대상으로 클루스테린과 

프로그래뉼린의 혈청수치를 비교분석하였고, ROC 분석을 진행하였다. 

TDI 천식에서 클루스테린과 프로그래뉼린의 역할을 규명하기 위해 

사람기도상피세포모델에서 TDI 노출후 클루스테린과 프로그래뉼린의 

발현정도 및 TDI 노출에 의한 기도상피세포 활성화의 지표로 알려진 

인터루킨8(IL - 8) 과 폴리큘린( folliculin ) 과 이들 두 단백과의 관련성을 

조사하였다. 또한, 사람기도상피세포모델과 호중구와 공동 배양 후 

클루스테린과 프로그래뉼린의 생성을 측정하였고, 사람기도상피세포 

모델에서 만들어지는 활성산소(reactive oxygen species) 와의 관련성을 

평가하였다. 

결과: 혈청 비타민D결합단백 수치는이소시아네이트 천식 환자군에서 

무증상 노출군과 비노출 정상 대조군에 비해 유의하게 높았으나, 

아넥신V의 혈청값은 연구대상자간의 유의한 차이가 없었다. ROC 곡선 

분석에서 비타민D결합단백의 절단값(cutoff value) 을 311 μg/mL  

이상으로 선택하였을 때, 이소시아네이트 천식을 예측하는 비타민D결합 

단백의 민감도와 특이도는 각각 69% 와 81% 였다. 특이 비타민D결합 

단백의 절단값( ≥311 μg/mL) 을 기준으로 높은 비타민D결합단백을 보인 

이소시아네이트 천식 환자군이 그렇지 않은 그룹에 비해 메타콜린 PC20 

값이 유의하게 낮았다( P=0.001). 클루스테린과 프로그래뉼린의 혈청 

값은 TDI  천식 환자군에서 무증상 TDI 노출군과 TDI 비노출 

정상대조군에 비해 유의하게 낮았다. 이들 두 단백은 TDI 천식의 임상 

표현형과 유의한 관련성은 없었으나 ROC 분석을 이용하여 클루스테린과 
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프로그래뉼린의 절단값을 각각 125 μg/mL 이하, 68.4ng/mL 이하로 

선택하여 두 단백을 함께 사용하였을 경우, TDI 천식 예측을 위한 

민감도는 72.4% 였고, 특이도는 89.8% 였다. 사람기도상피세포모델에TDI 

자극을 주었을 때, 클루스테린과 프로그래뉼린의 생성은 TDI 자극 

농도에 비례하여 증가하였으며, IL - 8과 폴리큘린과도 유의한 양의 

상관관계를 보였다. 하지만, 사람기도상피세포와 호중구를 함께 

배양하였을 때 클루스테린과 프로그래뉼린의 생성은 배양되는 호중구의 

비율이 증가할수록 유의하게 감소하였고, 호중구와 함께 배양된 

사람기도상피세포모델로부터 활성산소생성은 초기에는 증가하는 경향이 

있었으나, 배양된 호중구의 비율이 많아질 수록 점차적으로 감소하였다.  

결론:혈청내 비타민D결합단백은 이소시아네이트 노출 근로자 중 

천식환자를 검출할 수 있을 뿐만 아니라, 이소시아네이트 천식환자의 

기도과민 정도를 예측할 수 있는 생체지표가 될 수 있음을 확인하였다. 

클루스테린과 프로그래뉼린 단백 또한 TDI 천식환자를 검출할 수 있는 

잠재적 생체지표가 될 수 있으며, 이들 두 단백이 TDI 천식 발병에 있어 

산화스트레스 매개 염증반응에 보호적 역할과 관련됨을 처음으로 

확인하였다.  

핵심어: 비타민D결합단백, 생체지표, 이소시아네이트직업성 천식,       

클루스테린, 프로그래뉼린,  


