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Abstract

Purpose of Review Work-related asthma is a common disor-
der among adult asthma patients, and in the case of occupa-
tional asthma, it is induced by workplace exposures.

Recent Findings Occupational asthma provides an excellent
model and benchmark for identifying and testing different
allergy or inflammatory biomarkers associated with its incep-
tion or progression. Moreover, specific inhalation challenge
with the incriminated agent represents an experimental setting
to identify and validate potential systemic or local biomarkers.
Some biomarkers are mainly blood-borne, while local airway
biomarkers are derived from inflammatory or resident cells.
Genetic and gene—environment interaction studies also pro-
vide an excellent framework to identify relevant profiles asso-
ciated with the risk of developing these work-related
conditions.

Summary Despite significant efforts to identify clinically rel-
evant inflammatory and genomic markers for occupational
asthma, apart from the documented utility of airway inflam-
matory biomarkers, it remains elusive to define specific
markers or signatures clearly associated with different end-
points or outcomes in occupational asthma.
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Introduction

Occupational asthma (OA) is defined as a type of asthma
caused by the workplace [1]. Two types of OA are distin-
guished: allergic OA, which is induced by sensitizers and
appears after a latency period of sensitization to the causal
agent, and irritant-induced OA, which is due to acute high-
level exposure to respiratory irritants or to persistent exposure
to moderate—high-level exposure to respiratory irritants [2, 3].

Substances causing allergic OA are classified into low-
molecular-weight (LMW) compounds (often chemicals) or
high-molecular-weight (HMW) agents (primarily proteins or gly-
coproteins). HMW agents usually induce an immediate or a dual
asthmatic response, similar to the airway inflammation found
after inhalation challenges with common aeroallergens, through
an immunoglobulin (Ig) E-mediated mechanism. LMW agents
often induced late asthmatic responses, and the underlying path-
ologic mechanism is still being debated, with the exception of
some few demonstrated IgE-mediated mechanisms, such as
some cases of OA induced by isocyanates or red cedar dust [4].

Since OA has been defined as an inflammatory disease,
progress has been made in the search for biological and ge-
netic markers that might serve as complementary tools: to
facilitate the diagnosis of OA; to identify reliable predictors
of the disease or its prognosis in groups of workers; and for a
better characterization of personal susceptibility to develop
OA before exposure to one particular agent. Early detection
might allow for improved treatment outcomes and even be
useful in the primary prevention of OA. Biological and geno-
mic markers would help identify susceptible workers.

This review focuses on recent research in this field and
provides an update on current knowledge in the role of bio-
logical and genetic biomarkers in OA. An English literature
search using electronic engines (PubMed and EMBASE) was
conducted in peer review journals using OVID and the SOD
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(Documents Obtaining Service from the Health Public Service
Libraries in Madrid, Spain) in order to perform the most suit-
able and representative articles in this genetic and biomarkers
in OA review. The search was limited to published studies and
review articles from 2010 to June 2016 but some previous
referential articles in this field have been expressly included.

Airway Inflammatory Markers Following Specific
Inhalation Challenge

Specific inhalation challenge (SIC) constitutes the reference
standard for the diagnosis of OA [5¢¢]. A positive response is
defined by a fall in forced expiratory volume in 1 s (FEV;)
>15 % from baseline [See]. If airflow obstruction is not in-
duced by inhalation of the specific agent, an increase in non-
specific bronchial responsiveness, sputum eosinophils, or ex-
haled nitric oxide after specific antigen challenge supports the
likelihood that the patient has OA or non-asthmatic eosino-
philic bronchitis due to that allergen [6].

Over the past two decades, there has been growing interest in
the noninvasive assessment of eosinophilic airway inflammation
through sputum cell analysis and the measurement of fractional
concentrations of exhaled nitric oxide (FeNO) as complementary
tools to conventional lung function tests in the diagnosis and
management of asthma. The analysis of induced sputum cell
counts is regarded as a useful and additional tool in the investi-
gation of OA [5¢¢]. However, sputum induction and processing
are time-consuming, and it is usually restricted to tertiary centers.
In contrast, FeNO is easy to measure and is feasible in almost all
patients, providing immediate results. However, it is more sensi-
tive to confounding factors, such as smoking, atopy, and treat-
ment with inhaled corticosteroids, as compared with sputum eo-
sinophil counts [7]. Although FeNO could be considered as an
induced sputum surrogate to measure eosinophilic airway in-
flammation, its real value in the investigation of OA remains,
at least, controversial.

Induced Sputum Associated with the SIC

The use of differential cell counts in induced sputum (IS)
during the investigation of OA can improve its utility by
bringing an additional objective measure to this investigation.
Although inadequate maneuvers during the performance of
the spirometry could affect the reliability of FEV| and PC,,
these airway inflammation parameters are not affected by
improper maneuvers during sputum induction [7]. The best
timing for the collection of sputum with respect to the exposure
to occupational agents is likely to be 7-24 h after exposure [8].

Eosinophil counts and eosinophilic cationic protein (ECP)
concentration rapidly increased, observing higher levels in less
than 24 h after specific challenge in IS samples of responder
workers compared with the non-responders or controls [9]. The
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magnitude of increase in sputum eosinophil counts occurring
after exposure to occupational agents that should be regarded
as clinically significant is not clearly established. A combination
of a greater than 0.26 x 10%ml increase in sputum eosinophil
numbers and a decrease in the concentration of methacholine
inducing a 20 % fall in FEV| of at least 1.8-fold compared with
baseline values predicted a 20 % fall in FEV in 96 % (95%CI =
70-99 %) of patients [10]. Vandenplas et al. concluded that a
>3 % increase in sputum eosinophils at the end of the first chal-
lenge day was the most accurate parameter for predicting the
development of an asthmatic response on subsequent challenges.
With a sensitivity of 67 % and a specificity of 97 %, an increase
of sputum eosinophils could help identify a subject who would
develop an asthmatic reaction only after repeated exposure [11].
Malo et al. performed a retrospective study confirming that ele-
vated sputum eosinophils (=3 %), in combination with a normal
nonspecific bronchial provocation test, exhibited the highest pre-
dictive value for the diagnosis of OA caused by HMW and
LMW agents [12]. Coupling information on the level of eosino-
phils to responsiveness to methacholine increased positive pre-
dictive values for OA from 39 to 69 %. The current study shows
that sputum eosinophilia is common after exposure to both types
of sensitizers, HMW and LMW, and following all types of asth-
matic responses [10, 13¢].

A post-challenge increase in sputum neutrophil count has
also been documented [11, 14, 15], especially after exposure
to LMW agents with and without asthma [13e, 16].
Nevertheless, the interpretation of changes in sputum neutro-
phil counts requires further validation.

In a retrospective study of 82 subjects with OA confirmed
with a positive SIC (41 sensitized to LMW and 41 to HMW
agents), Prince et al. assessed changes in airway inflammatory
cells following SIC in sensitized workers [14]. They also
looked for possible influencing factors on the pattern of in-
flammatory responses to SIC. In the LMW group, eosinophil
counts increased following late asthmatic responses, as well as
neutrophil numbers. In the HMW group, eosinophil percent-
ages increased, both after early and dual asthmatic responses.
Interestingly, the increased neutrophil count was higher in
current smokers than in ex-smokers or non-smokers. The
length of exposure to the agent, tobacco use, and baseline
percentage of eosinophils were independent predictors of the
change in eosinophils, whereas age and baseline neutrophil
percentage were predictors of the change in neutrophils.

Sanchez-Vidaurre et al. compared the inflammation cell per-
centages and inflammatory markers in sputum samples of sub-
jects with and without OA [13¢]. Thirty-four subjects tested pos-
itive to SIC and were diagnosed with OA, 10 due to HMW
agents and 24 to LMW agents. Seventeen subjects presented a
negative SIC. Increases in sputum eosinophils, neutrophils, and
interleukin (IL)-10 concentration and decrease in leukotriene B4
levels were observed in patients with HMW-induced OA, but not
in those exposed to LMW agents. Increased sputum neutrophils
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and increased IL-8 levels were observed in subjects exposed to
LMW agents who were diagnosed as having other respiratory
diseases [13¢].

However, some interfering factors might modify the spu-
tum cell response and the interpretation of sputum results.
Treatment with corticosteroids might blunt eosinophil influx,
endotoxin contamination might favor sputum neutrophilia,
and relatively high levels of exposure to chemicals might pro-
duce irritant effects [7].

Fractional Exhaled Nitric Oxide Associated with SIC

Nitric oxide (NO), produced in the respiratory tract by the acti-
vation of NO synthase in various cell types, is detectable in
exhaled air. This noninvasive biomarker has been used in asthma
as an indicator of the presence of mainly eosinophilic inflamma-
tion and response to treatment with corticosteroids [17]. FeNO
can be measured online with fixed or portable instruments, or
exhaled air can be collected for offline FeNO measurements [7].

Assessment of changes in FeNO levels during SIC may be
useful in subjects who fail to provide suitable sputum samples
[7, 16], but the role of FeNO in occupational challenge testing
remains unproven. Several prospective studies have investigated
FeNO changes after SIC in this setting [8, 18, 19¢¢]. A signifi-
cant increase in FeNO level was observed only 24 h after pos-
itive challenges, while there was a significant increase in sputum
cosinophil at 7 h [8, 20]. Pedrosa et al. showed a significant
14 ppb FeNO change 24 h after positive SIC (n=21) compared
with negative tests (n = 13) with HMW agents, and retrospective
receiver—operator curve analysis achieved a sensitivity of 81 %
and a specificity of 92 % in identifying a positive result from a
12 % increase in FeNO [21].

However, Sastre et al. found that only LMW agents induced
a significant increase in FeNO after a positive SIC [22]. Sixty-
eight subjects studied with suspect of OA were enrolled, 45
with a positive SIC (27.9 % to HMW and 72.1 % to LMW
agents) and 23 with a negative SIC. In subjects with a negative
SIC, they found a significant increase in FeNO levels only in
smokers. Moreover, there was no FeNO increase depending on
the type of asthmatic reaction in the SIC, in contrast to
Ferazzoni et al. [20] who reported that the magnitude of
FeNO increase was greater in subjects who experienced an
immediate asthmatic reaction induced by isocyanates.

Walters et al. included 16 workers undertaking SICs to
predominantly LMW agents [23]. Negative control challenges
were associated with mean changes in FeNO of 9 % or
1.1 ppb. Subsequent positive SICs were associated with mean
changes in FeNO of 7 % or 2.1 ppb, with no significantly
different levels to controls. Only 2 from 16 (13 % from the
included workers) experienced clinically relevant FeNO
changes after the SIC. Three other studies have demonstrated
an increase in FeNO levels 24 h after exposure to HMW and

LMW agents, with a good correlation with sputum eosinophil
measurements [8, 20, 24].

However, the measure of changes in FeNO levels seems to be
a less reliable tool than changes in sputum eosinophils to discrim-
inate between a positive or a negative SIC [8]. One of the reasons
for the discrepancies among the studies might pertain to the
different phenotypes of patients. Lemiere et al. [19+] wondered
whether the increase of FeNO levels following a positive SIC
was restricted to the phenotypes of subjects sharing common
clinical characteristics. They analyzed, in a prospective observa-
tional study, consecutive subjects who had been investigated for
possible OA, through the performance of a SIC from 2006 to
2012, by using a statistical cluster analysis. One hundred and
seventy-eight subjects underwent SIC, and 98 had a positive
cluster analysis result. The cluster analysis performed in the
OA subgroup identified three distinct phenotypes. Cluster 1 in-
cluded milder asthmatic subjects than clusters 2 and 3. Cluster 3
contrasted greatly with clusters 1 and 2 with lower number of
atopic subjects, no exposure to HMW agents, and greater number
of late reactions. Furthermore, FeNO changes during SIC were
restricted to clusters 1 and 2, in which the subjects were mainly
exposed to HMW agents. The molecular weight of the agent
(HMW vs. LMW) was the only factor associated with an in-
crease in FeNO (OR =4.2, 95%CI = 1.1-16.8) in subjects with
apositive SIC, concluding that an increase in FeNO was strongly
associated with asthmatic reactions induced by HMW agents. In
conclusion, measurement of changes in FeNO levels after the
SIC in OA appears more effective for ruling in asthma than for
ruling it out.

Biological Markers in the Diagnosis of OA
Sputum Biomarkers

Sputum studies have shown that exposure to occupational agents
at work and in the laboratory can induce an eosinophilic [7, 11]
and, less consistently, a neutrophilic inflammation of the airways
in sensitized subjects [25]. According to this, an increase in spu-
tum eosinophils might precede functional changes after repeated
exposures to low doses of occupational agents in sensitized sub-
jects who develop asthmatic reactions induced by common in-
halant allergens, as well as HMW and LMW occupational agents
[11]. Moreover, sputum eosinophilia could play a role as a pos-
sible determinant of the decline in FEV, in patients with OA.
Talini et al. published in 2015 the results of a cohort of 39 patients
with OA, routinely followed up between 1990 and 2009, while
they were still exposed at work [26¢]. Twenty-three participants
were sensitized to LMW agents and 16 to HMW compounds,
according to a positive SIC. In a multivariate analysis, only per-
sistent exposure to the implicated agent and higher baseline spu-
tum eosinophil levels significantly (>3 %) correlated with a great-
er decline in FEV].
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The differential diagnosis between asthma and chronic ob-
structive pulmonary disease (COPD) associated with work could
offer another specific role for induced sputum. Exposure to va-
pors, gases, dusts, and fumes could induce COPD, even in never-
smoker workers. In some problematic cases, particularly in pa-
tients who have contraindications against a SIC, induced sputum
might allow the assessment of biomarker profiles, helping the
distinction between both diseases. Kleniewska et al. demonstrat-
ed in a cohort of 20 patients with COPD and 24 with OA that
asthmatics had significantly higher sputum eosinophils percent-
ages in comparison to COPD patients (p =0.004), although
COPD patients had higher eosinophil percentages than healthy
controls (p =0.009) [27]. Additionally, increased concentrations
of matrix metalloproteinase (MMP)-9 and IL-1f3 in IS were de-
tected in COPD patients compared to OA workers. MMP-9
levels in IS also increase in allergic OA patients who underwent
SIC on two consecutive days with flour, but no changes in the
levels of other MMPs have been reported [28].

Fractional Exhaled Nitric Oxide

An accurate and reproducible diagnostic role has been postu-
lated for determining FeNO in cases of OA in which the pres-
ence of airway inflammation is observed [7]. Elevated levels of
FeNO were found mainly in cases of OA induced by substances
of HMW in which the existence of an I[gE-mediated mechanism
was demonstrated, such as baker’s asthma. Baatjies et al. stud-
ied the usefulness of FeNO in 424 supermarket bakery workers
in a cross-sectional study using a questionnaire and determining
the presence of specific IgE to wheat, rye, and alpha-amylase
[29]. The median FeNO level during the work shift was 15 ppb,
decreasing among smokers (12 ppb) and raised in atopic sub-
jects, up to 21 ppb. Furthermore, increased FeNO levels were
associated with IgE to cereals independently of current smoking
or presence of atopy. Moreover, in a stratified analysis in a
subgroup of atopic and non-smoker workers, FeNO showed
the strongest relationship with the detection of specific IgE to
wheat or rye (OR =9.43, 95%CI =4.44-20.04), work-related
allergic rhinitis (OR =8.13, 95%CI =3.72-17.76), and proba-
ble baker’s asthma (OR =6.72, 95%CI=2.5-18.06). Tafuro
et al. obtained similar results in warehouse workers with mite-
induced allergy [30]. More recently, Van der Walt et al. evalu-
ated 150 spice mill workers in a cross-sectional study using
European Community Respiratory Health Survey question-
naires, spirometry, FeNO, and serum-specific IgE to garlic, chili
pepper, and wheat [31]. They showed that FeNO levels
>50 ppb were significantly associated with asthma-like symp-
toms due to spice dust, particularly in individuals sensitized to
garlic and chili pepper (OR =17.04, 95%CI=2.30-126.03).
Some LMW allergens, such as isocyanates, increase FeNO
levels in OA. Jonaid et al. investigated the association between
FeNO, using a handheld device, and occupational isocyanate
exposure [32]. In a sample of 229 workers recruited from
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several spray-painting companies located in the Netherlands,
and classified depending on their involvement in spray painting
or in other tasks, isocyanate exposure above the median level
was not associated with FeNO levels, but in atopic and non-
smokers workers, a marginally significant association between
FeNO and exposure to isocyanates was observed. As expected,
FeNO was negatively associated with current smoking and
positively with atopy, separately. Moreover, a borderline signif-
icant association was found between FeNO and work-related
conjunctivitis, rhinitis, and asthma-like symptoms after adjust-
ment for confounders such as age, gender, or atopy. This result
suggests that increased FeNO levels might indicate increased
airway inflammation in atopic and non-smoker workers ex-
posed to isocyanates, and especially at higher levels of expo-
sure. Concordantly, Shiryaeva et al. compared FeNO levels in
two seafood worker populations involved in the processing and
not in fishing (Norwegian salmon workers vs. Russian trawler
workers), but with different workplace conditions [33]. Russian
trawler workers are often located on the lower desks of the ships
in confined and narrow spaces, natural ventilation, and manual
or semiautomatic process lines. In contrast, Norwegian salmon
workers do their job in factories, highly automatized and me-
chanical ventilation systems. They found substantially higher
FeNO levels among asthmatic trawler workers compared to
asthmatic salmon workers, while this last group of asthmatics
did not have significantly higher levels compared to non-
asthmatic salmon workers. Again, smoking, presence of specif-
ic IgE, exposure conditions at the workplace, or even
population/genetic-based differences might have influenced
the FeNO levels.

Conversely, it has not been shown that the determination
of FeNO can be discriminative in non-eosinophilic OA, such
as asthma suffered by janitorial workers. Vizcaya et al.
studied 42 cleaners with asthma and/or recent respiratory
symptoms in comparison to 53 healthy cleaners [34]. They
found no significant differences in the levels of FeNO. Cases
and controls did not differ in the percentages of detectable
levels of interleukins and growth factors. Cases had significant
levels of total IgE, but atopy was clearly higher among the
asthmatics [34].

According to these reported data, measuring FeNO could
be helpful as a marker of persistent allergen exposure in sen-
sitized patients with OA, particularly induced by HMW
agents, and also for some, but not for all, LMW agents.
However, many different factors influence the FeNO levels,
so its role as a complementary tool in the clinical management
of OA patients remains unclear.

Serum Markers in OA
Because blood eosinophilia has been associated with eosino-

philic airway inflammation, serum ECP has also been pro-
posed as a candidate marker for OA [35]. In 12 bakery plant



Curr Allergy Asthma Rep (2016) 16: 63

Page 50f 13 63

workers diagnosed with baker’s asthma who clinically im-
proved with a job relocation at the workplace, while the spu-
tum ECP levels did not show a significant difference at
6 months, there was a remarkable difference in serum ECP
levels after the intervention (12.2+3.0 vs. 2.8 £3.1 pg/l,
p=0.004) [36]. In 43 patients with allergic OA, serum ECP
was significantly increased compared to the controls
(»=0.009), and shorter time interval since the removal from
exposure to the implicated agent correlated with higher ECP
levels (rS=0.375) [37]. The ECP levels in nasal lavage sig-
nificantly increased in patients with glutaraldehyde [38], and
the reproducibility of ECP concentrations in nasal lavage has
been validated in the setting of SIC in OA [39].

Classically, specific IgE tests for HMW agents exhibited
the highest overall specificity relative to SIC for the diagnosis
of OA (79 %, 95%CI=150.5-93.3 %) [40]. This specificity
could be increased by considering a single nonspecific chal-
lenge test. Apart from specific IgE, there is much less evi-
dence for other molecules. Combined, the serum levels of
ferritin and transferrin showed a specificity of 85.7 % for the
diagnosis of methylene diisocyanate (MDI)-OA [35], but
these results were neither confirmed in toluene diisocyanate
(TDI)-exposed workers by Sastre et al. [41]. Serum IgG to
tissue transglutaminase and serum cytokine MMP-9 levels
have been proposed as useful biomarkers for identifying cases
of TDI-OA among exposed workers [42]. However, serum
MMP-9, IL-1f3, or IL-6 seem to be less useful than the anal-
ogous assay in IS in order to establish a work-induced COPD
[27]. In addition, expression of vitamin D binding protein
(VDBP) was upregulated in patients with isocyanate-OA,
and the sensitivity and specificity for predicting the phenotype
of isocyanate-OA with VDBP were 69 and 81 %, respectively
[43]. Higher levels of urine isoprostanes, prostaglandin iso-
mers produced from polyunsaturated fatty acids, have been
found in patients with non-atopic moderate persistent asthma,
but also in workers exposed to formaldehyde, suggesting a
possible role for these molecules in primary prevention [44].
Urine cysteinyl-leukotriene (LT) and 8-iso-prostaglandin in
the exhaled breath condensate, a stable oxidative stress marker
that is increased in asthmatics reflecting also non-eosinophilic
inflammation, have also been measured for the follow-up of
patients with OA [37].

In conclusion, an integrative approach that combines clin-
ical parameters with biomarkers is being investigated for OA.
However, potential biomarkers remain currently to be
validated.

Genetic Markers in Occupational Asthma
The genetic mechanisms behind complex diseases, such as

OA, are derived from multiple genes with minor effects.
This means that candidate gene approaches are not sufficient

to understand the pathogenesis of these kinds of diseases.
Other hypothesis-free approaches like genome-wide associa-
tion studies could help clarify these genetic mechanisms as
they screen hundreds of thousands of single nucleotide poly-
morphisms (SNPs) simultaneously using microarray systems
[45, 46]. To facilitate the understanding of the described ge-
netic markers, we are addressing LMW- and HMW-induced
OA separately. They are all summarized in Table 1.

OA Caused by LMW Agents

The best-studied model is the occupational exposure to isocy-
anates, mainly TDI, and only a small proportion of subjects
exposed to isocyanates develop OA, suggesting the presence
of some susceptibility factors.

Human Leukocyte Antigen Allele Studies

Human leukocyte antigen (HLA) is a genomic region located
at chromosome 6p21, which encodes for six HLA “classical”
genes as well as other “non-classical” HLA genes [69]. HLA
class II genes, whose molecules (HLA-DR, HLA-DQ, and
HLA-DP) are involved in binding antigen-derived peptides
and their presentation to T lymphocytes, have been involved
in TDI-induced OA [47]. Bignon et al. reported that European
workers harboring HLA-DQB1*0503 and the allelic combi-
nation DQB1*0201/0301 were at increased risk of TDI-OA
[48]. Balboni et al. obtained similar results among unrelated
Italian Caucasian workers with TDI-OA, TDI-exposed sub-
jects without OA, and unexposed normal subjects [49]. There
was a significant positive association between the disease and
HLA-DQB1*0503 and a protective association between the
disease and HLA-DQB1*0501, which differed in just one
single position. These findings were later confirmed in a sim-
ilar population [47], although not by Rihs et al. [70]. However,
in this last study, subjects were exposed to different types of
isocyanates, not only TDI, confirmed diagnosis mainly
through symptoms, and used airway resistance instead of spi-
rometry to determine airway responsiveness. Furthermore,
there are important differences in HLA associations, accord-
ing to geographical influence. Those associations described in
European populations differ from those published in Asians.
The HLA haplotype associated with TDI-OA in Korean pop-
ulations is DRB1*1501-DQB1*0602-DPB1*0501 [51].
Yucesoy et al. investigated the association between SNPs lo-
cated across the major histocompatibility complex and sus-
ceptibility to diisocyanate (DI)-induced OA [52]. There were
associations between an increased risk of DI-OA HLA-E
rs1573294, HLA-DPB1 rs928976, HLA-B rs1811197,
HLA-DOA rs3128935, and HLA-DQA2 157773955 SNPs.
For other LMW agents, a higher frequency of HLA
DQB1*0603 and DQB1*0302 alleles and a reduced
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frequency of the DQB1*0501 allele have been reported in
western red cedar sawmill workers with OA when compared
with healthy workers [50]. Among chemical workers exposed
to organic anhydrides, HLA class II allele DQB1*0501 was
associated with increased IgE sensitization [71].

CTNNA3 (Alpha-T Catenin)

Currently, the strongest genetic marker of TDI-OA is «-caten-
in. Two different studies, conducted on populations of differ-
ent genetic backgrounds, Koreans and Caucasians [45, 53¢¢],
have replicated results. CTNNA3 is the gene coding for «-
catenin, located on chromosome 10q21.3. «-Catenin is a key
protein of the adherence junctional complex in epithelial cells
and plays an important role in cellular adherence. This pro-
tein is primarily expressed in the testes and heart, with
low-level expression in several other tissues, including
the brain [72, 73].

Two SNPs of the CTNNA3 gene (rs10762058 and
rs7088181) showed significant associations with TDI-OA in
two independent studies performed with 84 patients and 263
unexposed healthy controls from Korea [47] and 130 patients
vs. 131 unexposed healthy controls of Caucasian origin [53e].
These two SNPs are in strong linkage disequilibrium, and the
minor haplotype HT2 /GG/ carriers had significantly lower
PC,o methacholine levels than in non-carrier subjects, sug-
gesting that genetic polymorphisms of CTNNA3 confer a risk
of TDI-OA through increased airway hyper-responsiveness to
methacholine due to airway inflammation. Likewise, Kim
et al. found significantly lower CTNNA3 mRNA expression
in carriers with the minor haplotype HT2 compared with non-
carriers. This led the authors to speculate that downregulation
of CTNNAS3 in genetic polymorphisms might disturb the de-
fense systems of the airway epithelium in stressful environ-
ments, such as exposure to TDI [45]. Another SNP located in
the 3’ downstream region (rs1786929) has been significantly
associated with the development of TDI-induced OA. Those
subjects with /TC/ or /CC/ genotypes showed significantly
higher IgG against cytokeratin 19 than those having a /TT/
genotype [45]. However, this last result was not replicated in a
Caucasian population [53ee].

Antioxidant Gene Polymorphisms

A number of enzymatic antioxidants, including glutathione S-
transferases (GSTs), manganese superoxide dismutase
(SOD2), and microsomal epoxide hydrolase (EPHX1), play
a major protective role in redox imbalance in the lung as well
as help regulate inflammatory responses [74, 75]. Because
oxidative stress is an important early event in the pathway
for DI-induced respiratory damage, genetic variability within
genes coding for antioxidant defense systems might directly
influence the ultimate expression of OA.

Glutathione S-Transferases

It is a group of three enzymes: GSTM1 (chromosome 1p13.3),
GSTP1 (chromosome 11q13), and GSTT1 (chromosome
22q11.2). There is a good rationale to explore GST genotypes
as GSTs modify the biotransformation of isocyanates and ex-
cretion of metabolic products [76], and reduced glutathione
directly inhibits in vitro binding of DI with albumin [77].
GSTP1 is the most highly expressed GST in the respiratory
epithelium. The Ile'%Val substitution in GSTP1 (rs1695) has
been reported to alter the kinetics of the enzyme, and minor
allele homozygosity (Val'®*/Val'%) was shown to confer a
protective effect on asthma [78, 79]. However, reports on the
role of this variant in OA are inconsistent. Mapp et al. reported
a protective effect of the Val'® allele against TDI-OA [54].
Consistently, Yucesory et al. found a reduced risk for DI-OA
in workers with the Val'® allele in comparison with asymp-
tomatic exposed workers. This author also found that GSTP1
1s762803 was a risk factor of DI-OA, when comparing sub-
jects with a positive SIC vs. a negative one [55], whereas
Piirila et al. did not find such effect in workers exposed to
TDI, hexamethylene diisocyanate (HDI), and MDI [56].
Nevertheless, the functional consequence of this last SNP is
unknown.

Regarding GSTM1 and GSTT1 enzymes, both are
expressed weakly in the lungs [80, 81]. Null alleles of
GSTM1 and GSTT1 genes in homozygosis result in the com-
plete absence of enzyme activity and confer susceptibility to
atopic bronchial and childhood asthma [82—84]. Moreover,
GSTMI null genotype was associated with increased risk of
TDI-OA [56]. On the contrary, Yucesoy et al. found that the
null allele of GSTM1 was associated with a reduced risk of
DI-OA, according to the result in the SIC [55]. Data regarding
GST enzymes are still controversial and inconsistent.

Manganese Superoxide Dismutase

SOD2 enzyme (chromosome 6q25.3) is an essential first line
of defense against superoxide formed by the tetravalent reduc-
tion of oxygen during mitochondrial electron transport and
catalyzes the dismutation of superoxide radicals into hydrogen
peroxide. SOD2, one of the three known isoforms of SOD, is
unique in that it is inducible by stimuli that cause oxidative
stress [85]. The SOD2 gene contains a single nucleotide poly-
morphism (rs4880 SNP) that results in an Ala — Val substitu-
tion, which decreases the activity of SOD2. The rs4880 SNP
has been widely studied and found to be associated with sev-
eral respiratory diseases, including childhood asthma [86] and
bronchial hyperresponsiveness [87]. The homozygous minor
allele of SOD2 rs4880 has been associated with a higher risk
of DI-OA, although only when comparing positive and nega-
tive SICs, but not when comparing subjects with positive SIC
vs. asymptomatic exposed workers [55].
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Microsomal Epoxide Hydrolase

EPHX1 (chromosome 1q42.1) is involved in the detoxifica-
tion of epoxides and expressed in most tissues, including the
airway epithelium. Two common variations located in exon 3
(Tyr113His, rs1051740) and exon 4 (His139Arg, rs2234922)
have been reported to reduce and increase in vitro enzyme
activity, respectively [88]. More recently, these variants have
been associated with asthma, among other respiratory diseases
[89]. Moreover, Yucesoy et al. analyzed eight SNPs in the
EPHXI1 gene and found that the minor allele of EPHX1
1528544502 SNP conferred protection against DI-OA when
compared with patients SIC+ and SIC— [55]. On the other
hand, the carrier of the minor alleles for EPHX1 rs1051741
and for EPHX1 rs2740171 conferred an increased risk of DI-
OA, comparing DI-OA confirmed by SIC vs. asymptomatic
exposed workers.

N-Acetyltransferases

N-acetyltransferase (NAT) enzymes are involved in the
activation/inactivation of numerous xenobiotics. The
NAT1 and NAT2 genes are both located on chromo-
some 8 (8p21.3-23.1 and 8p21.3-23.1 and 8p22, re-
spectively) and catalyze the N-acetylation and O-acety-
lation of aromatic and heterocyclic amines [90]. They
are also involved in the deactivation of pro-
inflammatory cysteinyl-LT, which are potent mediators
of airway narrowing [91]. Both NAT1 and NAT2 are
expressed in the airway epithelium and show wide
inter-individual variation [92]. NATs are also known to
be involved in the deactivation of aromatic amines that
can be formed from DI in aqueous environments [93].
Because oxidative stress is an important early event in
DI-induced respiratory damage, genetic modification of
the enzymatic activity of NATs could directly influence
the expression of the disease.

Yucesoy et al. studied 18 SNPs within the NAT1 and
NAT2 genes on 132 DI-OA French Caucasian patients
and 148 HDI-exposed asymptomatic workers [57].
NAT?2 rs2410556 and rs4271002 were individually signif-
icantly associated with the DI-OA diagnosis in the univar-
iate analysis. In the logistic regression model comparing
asthmatics and asymptomatic worker groups, rs2410556
(p=0.004) and rs4271002 (p <0.001) single nucleotide
polymorphisms and the genotype combination, NAT2
rs4271002*NAT1rs11777998, showed associations with
DI-OA risk (p=0.014). In a second model, comparing
only confirmed DI-OA, the NAT2 rs4271002 variant and
the combined genotype, NAT1 rs8190845*NAT2
rs13277605, were significantly associated with DI-OA
risk (»p =0.022 and p =0.036, respectively) [57].

@ Springer

Th2 Gene Markers

A candidate gene study was performed in 103 isocyanate-
exposed workers with DA confirmed by a positive SIC test,
115 symptomatic workers with negative SIC tests, and 150
asymptomatic spray painters exposed to HDI [94]. As Th2
cytokine gene polymorphisms of IL-4 receptor alpha (IL-
4RA) and IL-13 have been associated with allergic asthma
and/or allergic sensitization, workers were genotyped for IL-
4RA (I50V), IL-4RA (Q551R), IL-4RA (E375A), IL-13
(R110Q), and CD14 (C159T) SNPs. Specific genotype com-
binations (i.e., IL-4RA 11 +1L-13 RR, IL-4RA 11+ CD14 CT,
and IL-4RA 1I+1IL-13 RR + CD14 CT) were associated with
DI-OA compared with SIC-negative workers, but only among
HDI-exposed workers. When comparing HDI-exposed
workers with DI-OA (n=150) and a group of asymptomatic
HDI-exposed workers (n = 150), the association between DI-
OA and the IL-4RA 11+ CDI14 CT and IL-4RA 1I+1L-13
RR + CD14 CT genotype combinations trended toward statis-
tical significance (p <0.10) after adjustment for relevant con-
founding variables [95, 96].

Inflammatory Response Genes

A recent study analyzed SNPs on genes selected based on
their role in asthmatic inflammatory processes and previously
reported associations with asthma phenotypes [58]. These
genes were TNF-«, IL-1«, IL-13, IL-1RN, IL-10, TGF-31,
ADAM33, ALOX-5, PTGS1, PTGS2, and NAG-1/GDF15.
Most of the SNPs analyzed were not significantly associated
with DA. However, TNFx rs1800629 and PTGS2 rs20417
SNPs conferred an increased risk of DA in a group of
Caucasian French Canadians, whereas TGFB1 rs1800469
and PTGS1 rs5788 showed a protective effect [58].

Epigenetic Marker: Interferon-y Promoter Methylation

Promoter methylation is an epigenetic modification of gene
expression. Environmental exposures may influence disease
expression through modification of promoter regions, down-
regulating gene transcription by this novel mechanism. A sta-
tistically significant increase in the methylation of the IFN-y
promoter in DI-OA has been described compared with both
exposed workers with lower respiratory symptoms and nega-
tive specific inhalation test and asymptomatic exposed
workers [59¢]. Subset analysis showed that [IFN-y methylation
was significantly associated with the DA status in subgroups
such as non-smokers, workers with absence of airway hyper-
responsiveness (defined as PC,, = 32 mg/ml), male gender, or
workers with MDI exposure only. According to the ROC
analysis, the sensitivity was 77.5 % and the specificity was
80 % for identifying DA workers in a multivariate predictive
model after adjusting for type of DI exposure, smoking status,
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methacholine PC,(, and gender. However, this finding has to
be replicated in patients with different ethnic backgrounds and
longitudinal studies to test its capacity in predicting the risk of
DI-OA.

OA Caused by HMW Agents

Toll-Like Receptors and CD14 Polymorphisms in Animal
Workers Exposed to Indoor Dust and Endotoxin

Occupational exposure to organic dust has been shown to be
associated with chronic airways disease, and endotoxin, pres-
ent in organic dust, appears to be a major causative agent
contributing to airway inflammation and obstruction [97].
Gao et al. investigated the association between Toll-like re-
ceptors TLR2 and TLR4 polymorphisms and OA in 374
Canadian swine operators [60]. TLR2 recognizes ligands from
Gram-positive bacteria, whereas TLR4 responds to endotoxin
from Gram-negative bacteria. Workers with genotype /AA/ in
TLR2-16933 T/A polymorphism had significantly greater
mean values of lung function tests than workers with wild-
type genotypes (/AT/ or /TT/). This result was also observed
for TLR2— Arg677Trp polymorphism among the workers. No
such significant differences were observed for Asp299Gly and
Thr3991le polymorphisms in the TLR4 gene. The authors
suggested that TLR2 polymorphisms might be protective of
airway disease in individuals exposed to Gram-positive organ-
isms in the inhaled airborne dust. However, Pacheco et al.
found that the TLR4-8551 G variant, which is less responsive
to endotoxin, was significantly associated with a higher risk of
atopy and laboratory animal sensitization in a group of 335
workers [98]. Nevertheless, these TLR4 variants were not
predictors of laboratory animal-induced symptoms.

CD14 is a co-receptor, in association with TLR4 and MD-
2, for the detection of bacterial lipopolysaccharides (endotox-
in). In a study including Caucasian laboratory animal workers,
more highly endotoxin-exposed workers with CD14-1619 G
alleles had significantly lower FEV; and FEF,5_;5 percent-
ages predicted than those with CD14-1619AA [61]. Atopic
workers were particularly affected by cumulative endotoxin
exposures.

Microsomal Epoxide Hydrolase Polymorphisms in Cotton
Textile Workers (Endotoxin-Exposed)

Microsomal epoxide hydrolase (mEH) is an enzyme which
catalyzes the hydrolysis of reactive oxidative species generat-
ed by endotoxin exposure into less reactive and more
hydrosoluble compounds. In the coding region of the mEH
gene, two relatively common genetic polymorphisms are
characterized. In exon 3, the Tyrl113His (C113T) polymor-
phism results in a 40-50 % decrease in enzyme activity, and

thus, the His allele has been called the “slow allele.” In exon 4,
the His139Arg (G139A) polymorphism is associated with a
25 % increase of enzyme activity, with the Arg allele termed
the “fast allele” [88]. Hang et al. investigated whether poly-
morphisms in mEH modify the association between endotoxin
exposure and faster decline in lung function in a 20-year pro-
spective cohort study of 265 cotton textile mill workers
(endotoxin-exposed) and 234 silk workers (non-endotoxin-
exposed) in Shanghai, China [62]. Endotoxin exposure was
associated with a faster decline in lung function among sub-
jects with “slow” mEH genotypes (His/His) over 20 years
compared to non-endotoxin-exposed workers. An annual dif-
ference of —6.7 ml/year was observed.

ADRf2, TLR4, IL-18, IL-4R«, IL-13, and CD14
in Baker’s Asthma

Israel et al. studied a Korean cohort of bakery workers to
identify genetic loci associated with susceptibility to baker’s
asthma [63]. Several candidate SNPs in [32-adrenergic recep-
tor (ADRf32), TLR4, IL-18, and IL-4R & were analyzed based
upon known pathogenic mechanisms. A haplotype of three
ADRB2 SNPs (GAA composed of 46 A/G, 252 A/G, and
523 A/C) was found to be significantly associated with
work-related respiratory symptoms in bakery workers.
Among the IL-18 SNPs, genotypes of —137 G/C promoter
(GC or CC) and its haplotype ht3 /ACC/ were significantly
associated with the rate of sensitization to wheat flour [99]. A
subsequent study focused primarily on TLR4 genetic poly-
morphisms (homozygotes for the —2027 G and —1608 C and
haplotype 2 /GC/) revealed a significant protective association
between genetic polymorphisms and risk of work-related re-
spiratory symptoms [64]. A mutant allele of IL-4R o Ile”*Val
A/G was associated with a higher prevalence of work-related
respiratory symptoms, whereas the wild-type IL-4R«x allele
GIn*"®Arg A/G was associated with higher sensitization to
wheat flour [65].

Acouetey et al. examined genetic susceptibility loci in 351
bakery apprentices in France [100]. IL-13 R130Q/IL-4R«x
S478P or IL-13 R130Q/IL-4Rax Q551R were significant pre-
dictors of decreased lung functions in bakery workers. These
findings suggest that genetic polymorphisms in innate im-
mune response genes, such as TLR4, were potential markers
for work-related respiratory symptoms in bakery workers,
whereas genetic polymorphisms of IL-4Ra/IL-13 might be
genetic markers for increased sensitization to wheat flour
and development of work-related respiratory symptoms.
Recently, Marraccini et al. identified a polymorphism in
CD14 (1s2569190) that might be differentially expressed in
Italian bakery workers (p = 0.06) [66]. The /TT/ genotype was
more frequent among occupational asthma or rhinitis group
than healthy controls or an atopic group.
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HLA in Animal Workers

Jeal et al. performed HLA typing for the DRB1 and DQB1
loci in 109 laboratory workers sensitized to rat proteins and
397 referents [67]. HLA-DR7 was significantly associated
with sensitization (OR = 1.82), respiratory symptoms at work
(OR =2.96), and sensitization combined with symptoms
(OR =3.8), whereas workers with HLA-DR3 were less likely
to be sensitized. In Finish asthmatic farmers allergic to cow
dander and sensitized to Bos d 2, the HLA-DR/DQ genotypes
were determined and compared with the genotypes of 151
unrelated controls. The frequencies of HLA class II alleles
DRB1*0101, DRB1*0404, DQB1*0302, and DQB1*0501
were significantly higher among Bos d 2-sensitized than
among controls. In addition, the allergic subjects expressed
significantly lower frequencies of HLA-DRB1*0301 and
DQB1*0201 alleles than did the control subjects [68].

Conclusions

Currently, the best-known biomarkers in OA are those asso-
ciated with lower airway inflammation, particularly of the
eosinophilic type (cell counts in induced sputum and FeNO
levels). FeNO can be helpful in the diagnosis of OA, particu-
larly to rule in asthma, and it might play a role in the manage-
ment of OA patients, but its real value in the assessment of OA
remains controversial. Induced sputum could be considered as
a consolidated and helpful tool in the diagnosis and follow-up
of OA patients. Unfortunately, it is not easily accessible in
many centers.

Candidate gene association studies have failed to identify
reliable predictors of OA, probably due to the low case fre-
quencies of OA syndromes and the intrinsic limitations of
candidate gene methodological approaches. Future investiga-
tions including genome-wide association studies might be
able to identify high-risk genotypes. Furthermore, gene ex-
pression profiling in human cells or with biologic specimens
obtained from exposed workers with OA might assist in the
identification of biologically relevant genes.

There is a clear need to identify potential biomarkers relat-
ed with work-related respiratory disorders. Further research is
needed, including longitudinal studies, to find reliable biolog-
ical and genetic markers for OA.
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