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Abstract

Objective—To investigate the association between single nucleotide polymorphisms (SNPs)
located across the major histocompatibility complex and susceptibility to diisocyanate-induced
asthma (DA).

Methods—The study population consisted of 140 diisocyanate-exposed workers. Genotyping
was performed using the Illumina GoldenGate major histocompatibility complex panels.
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Results—The HLA-E rs1573294 and HLA-DPB1 rs928976 SNPs were associated with an
increased risk of DA under dominant (odds ratio [OR], 6.27; 95% confidence interval [CI], 2.37 to
16.6; OR, 2.79, 95% ClI, 0.99 to 7.81, respectively) and recessive genetic models (OR, 6.27, 95%
Cl, 1.63 to 24.13; OR, 10.10, 95% CI, 3.16 to 32.33, respectively). The HLA-B rs1811197, HLA-
DOA rs3128935, and HLA-DQAZ2 rs7773955 SNPs conferred an increased risk of DA in a
dominant model (OR, 7.64, 95% Cl, 2.25 to 26.00; OR, 19.69, 95% CI, 2.89 to 135.25; OR, 8.43,
95% Cl, 3.03 to 23.48, respectively).

Conclusion—These results suggest that genetic variations within HLA genes play a role in DA

risk.

Diisocyanates, low-molecular-weight reactive chemicals used in the production of paints
and polyurethanes, are one of the most common causes of occupational asthma. Toluene
diisocyanate (TDI), 4,4’-diphenylmethane diisocyanate (MDI), and hexamethylene
diisocyanate (HDI) are the most commonly used isocyanates. Between 5% and 15% of
workers with continuous long-term exposure to diisocyanates develop asthma.l=3 Toluene
diisocyanate alone was reported to account for between 2.9% and 13% of all occupational
asthma cases in Korea.* Genetic association studies have underscored the importance of
human leucocyte antigen (HLA) genes within major histocompatibility complex (MHC) as
susceptibility loci for a number of complex diseases with an immune/inflammatory nature
including occupational asthma.>~’ Since both HLA class 1 and 11 molecules are involved in
the presentation of antigens to T-cell receptors, genetic research has focused on identifying
interindividual differences in their ability to bind peptides and influence T-cell recognition.
Evidence has shown that certain HLA class Il alleles contribute to the risk of asthma caused
by diisocyanates and other low-molecular-weight sensitizers (eg, trimellic anhydride and
platinum salts).8-10 Earlier studies reported associations between the HLA-DQB1 alleles and
altered risk of diisocyanate-induced asthma (DA).811 Recently, haplotypes including HLA-
DRBL1, -DQB1, and -DPBL1 alleles were found to be associated with an increased risk of TDI
asthma in Koreans.12:13 Hur et al 14 also reported an association between a haplotype
carrying the HLA-DRB1, -DQB1, and -DPB1 alleles and elevated serum-specific
immunoglobulin G (1gG) levels in MDI-exposed workers.

Although the HLA complex is one of the most extensively studied regions in the human
genome, other genes in the MHC region have not yet been sufficiently investigated with
regard to disease association. The MHC, located on the short arm of chromosome 6 (6p21.3,
28 970 148- 33 883 424 bp), is one of the most polymorphic and gene-dense regions of the
genome. This region spans nearly 4 Mb and encodes more than 180 highly polymorphic
genes, many of which influence immune function, susceptibility to complex diseases, and
the outcome of tissue transplantation.1® In addition to genes in the HLA complex, several
functionally important genes are located in this region including the genes for complement
proteins C4, C2, and Factor B, the cytokines tumor necrosis factor « and 4, and TAP
(antigen peptide transporter) genes that function in antigen processing.

The dense genetic organization and extensive linkage disequilibrium (LD) patterns of the
region complicate the search for susceptibility alleles. Although various MHC variants have
been shown to be involved in susceptibility to autoimmune, infectious, and inflammatory
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diseases, thus far, only a limited number of HLA genes have been examined with respect to
DA. This is the first study investigating the association of single nucleotide polymorphisms
(SNPs) located across the entire MHC region with DA in a well-characterized worker
population using microarray technology.

MATERIALS AND METHODS

Subjects

Genotyping

The study population consisted of 140 workers exposed to diisocyanates (HDI, MDI, and
TDI). Of these, 73 were diagnosed with DA (DA+) on the basis of a positive specific
inhalation challenge (SIC) test and 67 were asymptomatic workers (AWSs) exposed to HDI.
Symptomatic subjects were recruited from occupational pulmonary disease clinics located in
Canada (Hopital du Sacré-Coeurde Montréal, Montréal, 124 subjects; Laval Hospital,
Sainte-Foy, 12 subjects; University Health Network, Toronto, Ontario, 2 subjects) and Spain
(Fundacidn Jiménez Diaz, Madrid, 2 subjects). The subjects underwent SIC testing with the
appropriate work-relevant diisocyanate chemicals according to previously described
protocols.16:17 Patients were classified as DA+ on the basis of their positive response to SIC.
A decrease in FEV; (forced expiratory volume in the first second of expiration) of at least
20% from prechallenge baseline during the early and/or late asthmatic response was defined
as a positive SIC test. The AW controls were recruited in Quebec, Canada, from HDI-
exposed painters and evaluated by occupational history, spirometry, and skin prick testing.
Data regarding age, sex, ethnicity, smoking status, and time of exposure were collected by
questionnaire. Atopy was evaluated by skin prick testing to common aeroallergens, defined
by a positive reaction of at least 3 mm greater than saline control for at least one allergen.
Antibodies were detected by isotype-specific enzyme-linked immunosorbent assay tests, as
previously described.18 Whole blood was collected for genetic testing. All subjects provided
written informed consent, and the study protocol was approved by institutional review
boards of National Institute for Occupational Safety and Health and each participating
institution.

Genomic DNA was extracted from whole blood samples by using the QlAamp blood kit
(QIAGEN Inc, Chatsworth, CA). Genotyping was performed according to the standard
protocol provided by Illumina using the MHC Panel Set and Golden Gate protocol (Illumina
Inc, San Diego, CA). The MHC SNP set consisted of two oligonucleotide pools, MHC
Mapping Panel and MHC Exon-Centric Panel for 1228 and 1293 SNP loci, respectively.
Both panels cover 2360 independent loci spaced at an average of 2.08 kb (range, 0.005 to
71.05 kb). Genotyping was performed in a 16-well format universal BeadChips. A total of
250 ng to 1 pg DNA was used for each assay, depending on the source. Genotypes were auto
called using the BeadStudio software.

The genotype confidence score of the assay was set to 0.5. Data quality was assessed by
controlling for discrepancies between 161 overlapping SNPs in the two panels. SNPs with
more than two discrepant calls were removed from further analysis. In the remaining
overlapping SNPs, consistency was 99.9%. Replicate sample comparisons within and across
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DNA genotyping plates also demonstrated high agreement (data not shown). Alleles that
were not called in a sample were coded as missing in the analysis. A total of 140 samples
and 2202 SNPs passed our quality control criteria and included in the final analysis.

Statistical Analyses

All statistical analyses were conducted using either SAS/STAT for Windows or R
programming within Bioconductor. Comparisons between groups on demographic variables
were analyzed using two-sample t tests and chi-squared tests for continuous and categorical
variables, respectively. Initial analyses, including tests for Hardy-Weinberg Equilibrium,
allele, and genotype frequencies, were calculated using the Fisher exact test. A Bonferroni
adjustment for multiple comparisons from the array was performed on the 2 by 3 genotype
and 2 by 2 allele frequency tables. Unadjusted odds ratios (OR) were calculated using
contingency tables. Adjusted ORs were calculated using logistic regression while adjusting
for age, exposure time (months), smoking (current/ex/never), pack years, height, sex, and
atopic status. Since underlying genetic models are unknown a priori, the association between
each SNP and DA status was analyzed using three genetic models. These include a dominant
model (comparing homozygous wild-type genotype with variant allele-carrying genotypes),
recessive model (comparing wild-type allele-carrying genotypes with homozygous variant
genotype), and an additive model. Prior to the final analyses, we utilized the MICE
algorithm (Multiple Imputations by Chained Equations) to impute missing data. Three
independent imputations were generated and age, sex, height, exposure duration, smoking,
and atopy were appended to each data set. There were no substantive differences between
the 3 imputations and we present the results from the first imputation. SNAP2 tools were
used to update annotations of significant SNPs according to doSNP135 and to find proxy
SNPs within 500 kb based on LD and physical distance.1® RegulomeDB was used to
annotate SNPs with known and predicted regulatory elements.20

RESULTS

Subject Characteristics

The demographic characteristics of the study groups included in the statistical analyses are
described in Table 1. A total of 92% of the symptomatic workers diagnosed with DA (DA+)
and 99% of the asymptomatic exposed workers (AW) were white French Canadians. Mean
age was higher in the DA+ group than in AW controls (42.4 vs 30.0 years). While the DA+
group consisted of subjects exposed to HDI, MDI, and TDI (39, 15, and 18, respectively),
the AW controls were exposed to HDI in the workplace. The AW controls had less duration
of exposure to isocyanates than the DA+ group (63.4 vs 146.3 months). The frequency of
atopy was similar in groups (54% in DA+ and 56% in AWSs). The number of pack years was
higher in the DA+ group than in AW controls (9.4 vs 6.2 years). The allele frequencies in
the control population were in Hardy—Weinberg equilibrium (data not shown).

Genotype Distribution and Genetic Models

SNPs in HLA-E, HLA-B, HLA-DOA, HLA-DQAZ2, and HLA-DPBL1 genes (rs1573294,
rs1811197, rs3128935, rs7773955, and rs928976, respectively) remained significantly
associated with DA after the Bonferroni adjustment for multiple testing. Table 2 shows the
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distribution of genotypes in the study population. There were no SNPs that were statistically
significant under an additive model and thus only the dominant and recessive models are
presented (Table 3). The rs1573294 SNP was associated with an increased risk of DA under
dominant and recessive genetic models (OR, 6.27, 95% confidence interval [CI], 2.37 to
16.61; OR, 6.27, 95% ClI, 1.63 to 24.13, respectively). The HLA-B rs1811197, HLA-DOA
rs3128935, and HLA-DQAZ2 rs7773955 SNPs conferred an increased risk of DA in a
dominant model (OR, 7.64, 95% Cl, 2.25 to 26.00; OR, 19.69, 95% Cl, 2.89 to 135.25; OR,
8.43, 95% Cl, 3.03 to 23.48, respectively). The HLA-DPB1 rs928976 SNP was also
associated with higher risk of DA under dominant and recessive genetic models (OR, 2.79,
95% Cl, 0.99 to 7.81; and OR, 10.10, 95% Cl, 3.16 to 32.33). No association was found
between non-HLA gene variants and DA.

Regulatory Information for Significant Associations

Five unique significant SNPs were used as inputs to the SNP Annotation and Proxy Search
tool to find highly correlated SNPs within 500 kb (using an r2 of 1).20 This led to the
identification of an additional 34 correlated SNPs using data from the International HapMap
Project.2! The total set of 39 SNPs was then used as inputs to the RegulomeDB® web
resource, which integrates data from the ENCODE projects and other data sources regarding
various types of functional assays including DNasel-seq, ChlP-seq, RNAseq, and eQTL
analyses. RegulomeDB showed that SNP rs1811197 has the potential to affect antigen
binding and is linked to expression of a gene target. We were unable to find information
pertaining to the possible functional role for the other significant SNPs.

DISCUSSION

In this study, significant associations were found between SNPs mapped to the MHC class |
(HLA-E, HLA-B) and class Il (HLA-DOA, HLA-DQAZ2, and HLA-DBP1) genes and DA in a
group of exposed workers. Serum specific antibodies for diisocyanate antigens and the
presence of eosinophils and activated T-cells in bronchial biopsies of workers with DA
suggest a mechanistic role for antigen-specific immunological mechanisms.22-25 T cells are
activated by the interaction of the T-cell receptor with antigenic peptides complexed to
MHC molecules. The class | (HLA-A, -B, -C, -E, -F, and -G) and class Il (HLA-DR, -DQ, -
DM, and -DP) MHC molecules are responsible for the presentation of antigenic peptides to
CD8* and CD4* T cells, respectively.26 Since HLA molecules are highly polymorphic,
specific peptide epitopes presented to T cells widely vary across the HLA genes and their
alleles. The average SNP density varies from 1 to >60 SNPs per kb across the MHC region
and these variations are located mainly in the class | and class Il HLA molecules. Therefore,
it is plausible that genetic variations in the HLA genes markedly influence individual
susceptibility.

In our analysis, two SNPs in MHC class | genes, HLA-B and HLA-E, were independently
associated with DA. The carriage of the minor allele for HLA-B rs1811197 SNP was
associated with an increased risk of DA. Functional annotation of SNPs using RegulomeDB
showed that the rs1811197 affects the expression level of the HLA-C gene. HLA-B and HLA-
C are classical MHC class | molecules that play a central role in antigen processing/
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presentation and immune regulation. Data on the association between HLA-B and HLA-C
SNPs/alleles and asthma are restricted to a few studies. Beghe et al2” examined possible
associations of class | (HLA-A, HLA-B, and HLA-C) alleles with DA in 142 subjects with
TDI-asthma and a comparator group of 50 asymptomatic exposed subjects. No significant
associations were identified between HLA class | alleles and TDI-asthma.2” Nevertheless,
associations between different HLA-B alleles (HLA-B8, B12, B16 and Bw61) and asthma
phenotypes have been reported.28-30 HLA-E, a nonclassical MHC class | molecule, plays an
important role in both natural and acquired immune responses by binding peptides derived
from the leader sequence of other HLA class | molecules. We found rs1573294 SNP that
mapped to HLA-E to be associated with an increased risk of DA. Although the functional
consequence of this SNP is unknown, this association suggested a possible involvement of
the HLA-E region in susceptibility to DA. A functional role for MHC class | molecules in
the elicitation of DA has not been defined. Hypothetically, it is possible that reactive
diisocyanates, known to penetrate cell membranes, could significantly modify endogenous
cytosolic proteins, which could then be taken up by proteasomes and digested into antigenic
peptides. Peptides could be transported to the endoplasmic reticulum, bound and captured by
class | molecules, and transported to the cell surface for antigen presentation.

The HLA class Il region is one of the most gene-dense regions in the human genome and is
associated with many diseases and the dense LD pattern can complicate the identification of
functional variants. We found a significant association between SNPs mapping to HLA-
DPB1, HLA-DQAZ2, and HLA-DOA genes and increased risk of DA. The HLA-DPB1
rs928976 SNP has not been previously associated with any disease risk, and no functional
data have been reported to date. Nevertheless, previous studies found a significant
contribution of other HLA-DPB1 alleles to asthma risk. A haplotype including DPB1*05
(DRBI*15-DPB1*05) was strongly associated with TDI-induced asthma in a Korean
populationl3 and the allelic frequencies of HLA DQB1*06-DPB1*05 and DRB1*15-
DQB1*06-DPB1*05 were significantly higher in TDI asthmatic patients. The same
investigators later conducted another study that included subjects with TDI asthma,
asymptomatic exposed controls, and unexposed normal controls using high-resolution HLA
analysis. The frequency of the HLA DRB1*1501-DQB1*0602-DPB1*0501 haplotype was
found to be significantly higher in TDI asthmatic patients than in asymptomatic exposed and
normal controls.12 Genetic variants in the HLA-DP locus were also associated with the risk
of other asthma phenotypes, including allergic, pediatric, and aspirin-intolerant asthma.31-33
These reports support our finding and suggest involvement of HLA-DBP1 in asthma
pathogenesis.

We also identified two SNPs mapping to the HLA-DOA and DQAZ2 genes that were
associated with DA (rs3128935 and rs7773955, respectively). HLA-DO is a nonclassical
class Il heterodimer consisting of @ and £ chains, which are encoded by the HLA-DOA and
HLA-DOB genes. HLA-DOA has been proposed to have functional implications in
autoimmunity and can inhibit the activity of HLA-DM genes in vitro that regulates the
antigen loading and presentation of specific peptides.3* A recent study identified an SNP in
HLA-DOA gene (rs9276977) significantly associated with rheumatoid arthritis in African
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Americans.3> Nevertheless, there are no studies showing association between HLA-DOA
SNPs and asthma phenotypes.

HLA-DQ consists of a and fchains that are encoded by HLA-DQAL and HLA-DQB1,
respectively. These two loci are adjacent to each other and in close genetic linkage to HLA-
DR. HLA-DQ was the first asthma-susceptibility locus to be identified and plays a major role
in peptide loading of MHC Il molecules.26 Our results showed a significant association
between HLA-DQAZ2 rs7773955 SNP and DA risk. Although the functional role of this SNP
is not known, previously reported associations between HLA-DQ alleles and asthma
phenotypes suggest a role for DQ in the asthmatic process. Bignon et all! found that the
HLA DQB1*0503 and the allelic combination DQB1*0201/0301 were associated with
susceptibility to DA. On the contrary, the DQB1*0501 allele and the DQA1*0101-
DQB1*0501-DR1 haplotype were reported to be protective.ll Although not replicated in
other European populations, Mapp et al 837 confirmed these results and also reported an
association between HLA-DQB1*0503 allele with an aspartic acid at residue 57 and TDI
asthma.38 Previous genome wide association studies have also shown associations between
SNPs in the HLA-DQ/DR region and asthma phenotypes.3940 The major strengths of this
study include a well-defined phenotype and selection of candidate regions based on their
functional role in disease pathogenesis. In addition, genetic associations were tested while
adjusting for potential confounding factors and results were corrected for multiple
comparisons.

The major limitations include small sample size due to the relative rarity of DA compared
with other types of asthma; however, rigorous phenotypic characterization in this population
helps maximize the discriminatory potential between study groups. Another limitation is that
the controls were younger and had shorter exposure period than cases. This was
unintentional due to difficulty in the recruitment of age-matched workplace controls.
Nevertheless, it has been reported that nearly 40% and 60% of subjects exposed to
isocyanates become symptomatic within 1 year and after 5 years of exposure, respectively.*!

Taken together, this study showed novel associations between SNPs in MHC class | (HLA-
E, HLA-B) and class Il (HLA-DOA, HLA-DQAZ2, and HLA-DBP1) genes and DA. The
present results are consistent with the hypothesis that an immunological mechanism is
involved in DA and that genetic variations within HLA genes play a major role in DA risk.
Identification of significant polymorphisms and their allelic variations within the MHC is
potentially important as the structural diversity of the MHC alleles influences peptide
binding and controls disease susceptibility. For example, hypersensitivity syndrome induced
by antiviral drug abacavir is strongly associated with the HLA-B*5701 allele that excluding
those with this particular allele prior treatment is effective in preventing drug reactions.*2
Further studies are needed to validate the results reported herein and identify causative
alleles behind these associations using high-resolution mapping.

Acknowledgments

This work was supported in part by an interagency agreement between National Institute of Environmental Health
Sciences and National Institute for Occupational Safety and Health (Agreement No. Y1-ES0001), NIOSH/CDC
RO1 OH 008795 and CDC Seed Funding for Public Health Genomics Research Program.

J Occup Environ Med. Author manuscript; available in PMC 2015 September 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yucesoy et al.

References
1

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

JO

Page 8

. Wisnewski AV, Redlich CA. Recent developments in diisocyanate asthma. Curr Opin Allergy Clin

Immunol. 2001; 1:169-175. [PubMed: 11964686]

. Redlich CA, Karol MH. Diisocyanate asthma: clinical aspects and immunopathogenesis. Int

Immunopharmacol. 2002; 2:213-224. [PubMed: 11811926]

. Bernstein JA. Overview of diisocyanate occupational asthma. Toxicology. 1996; 111:181-189.

[PubMed: 8711734]

. Park HS, Park JN, Kim JW, Kim SK. Clinical and immunological evaluation of isocyanate-exposed

workers. J Korean Med Sci. 1992; 7:122-127. [PubMed: 1326284]

. Lincoln MR, Montpetit A, Cader MZ, et al. A predominant role for the HLA class Il region in the

association of the MHC region with multiple sclerosis. Nat Genet. 2005; 37:1108-1112. [PubMed:
16186814]

. Mapp CE, Beghe B, Balboni A, et al. Association between HLA genes and susceptibility to toluene

diisocyanate-induced asthma. Clin Exp Allergy. 2000; 30:651-656. [PubMed: 10792356]

. Bernstein DI. Genetics of occupational asthma. Curr Opin Allergy Clin Immunol. 2011; 11:86-89.

[PubMed: 21325943]

. Mapp CE, Balboni A, Baricordi R, Fabbri LM. Human leukocyte antigen associations in

occupational asthma induced by isocyanates. Am J Respir Crit Care Med. 1997; 156:5139-S143.
[PubMed: 9351595]

. Young RP, Barker RD, Pile KD, Cookson WO, Taylor AJ. The association of HLA-DR3 with

specific IgE to inhaled acid anhydrides. Am J Respir Crit Care Med. 1995; 151:219-221. [PubMed:
7812558]

. Newman Taylor AJ, Cullinan P, Lympany PA, Harris JM, Dowdeswell RJ, du Bois RM.
Interaction of HLA phenotype and exposure intensity in sensitization to complex platinum salts.
Am J Respir Crit Care Med. 1999; 160:435-438. [PubMed: 10430710]

Bignon JS, Aron Y, Ju LY, et al. HLA class Il alleles in isocyanate-induced asthma. Am J Respir
Crit Care Med. 1994; 149:71-75. [PubMed: 8111601]

Choi JH, Lee KW, Kim CW, et al. The HLA DRB1*1501-DQB1*0602-DPB1*0501 haplotype is a
risk factor for toluene diisocyanate-induced occupational asthma. Int Arch Allergy Immunol.
2009; 150:156-163. [PubMed: 19439981]

Kim SH, Oh HB, Lee KW, et al. HLA DRB1*15-DPB1*05 haplotype: a susceptible gene marker
for isocyanate-induced occupational asthma? Allergy. 2006; 61:891-894. [PubMed: 16792590]
Hur GY, Lee KW, Lee HY, etal. HLA class Il allele and 1gG sensitization to methylene
diisocyanate in exposed workers. Ann Allergy Asthma Immunol. 2009; 103:174-175. [PubMed:
19739432]

Consortium-MHC. Complete sequence and gene map of a human major histocompatibility
complex. Nature. 1999; 401:921-923. [PubMed: 10553908]

Sastre J, Fernandez-Nieto M, Novalbos A, De Las Heras M, Cuesta J, Quirce S. Need for
monitoring nonspecific bronchial hyperresponsiveness before and after isocyanate inhalation
challenge. Chest. 2003; 123:1276-1279. [PubMed: 12684321]

Malo JL, Ghezzo H, Elie R. Occupational asthma caused by isocyanates: patterns of asthmatic
reactions to increasing day-to-day doses. Am J Respir Crit Care Med. 1999; 159:1879-1883.
[PubMed: 10351934]

Campo P, Wisnewski AV, Lummus Z, et al. Diisocyanate conjugate and immunoassay
characteristics influence detection of specific antibodies in HDI-exposed workers. Clin Exp
Allergy. 2007; 37:1095-1102. [PubMed: 17581205]

Boyle AP, Hong EL, Hariharan M, et al. Annotation of functional variation in personal genomes
using RegulomeDB. Genome Res. 2012; 22:1790-1797. [PubMed: 22955989]

Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O’Donnell CJ, de Bakker PI. SNAP: a web-
based tool for identification and annotation of proxy SNPs using HapMap. Bioinformatics. 2008;
24:2938-2939. [PubMed: 18974171]

ccup Environ Med. Author manuscript; available in PMC 2015 September 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yucesoy et al.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 9

Altshuler DM, Gibbs RA, Peltonen L, et al. International HapMap 3 Consortium. Integrating
common and rare genetic variation in diverse human populations. Nature. 2010; 467:52-58.
[PubMed: 20811451]

Park HS, Kim HY, Nahm DH, Son JW, Kim Y. Specific 1gG, but not specific IgE, antibodies to
toluene diisocyanate-human serum albumin conjugate are associated with toluene diisocyanate
bronchoprovocation test results. J Allergy Clin Immunol. 1999; 104:847-851. [PubMed:
10518831]

Bentley AM, Maestrelli P, Saetta M, et al. Activated T-lymphocytes and eosinophils in the
bronchial mucosa in isocyanate-induced asthma. J Allergy Clin Immunol. 1992; 89:821-829.
[PubMed: 1532807]

Cartier A, Grammer L, Malo JL, et al. Specific serum antibodies against isocyanates—association
with occupational asthma. J Allergy Clin Immun. 1989; 84:507-514. [PubMed: 2794294]
Lummus ZL, Wisnewski AV, Bernstein DI. Pathogenesis and disease mechanisms of occupational
asthma. Immunol Allergy Clin N Am. 2011; 31:699-716. vi.

Neefjes J, Jongsma ML, Paul P, Bakke O. Towards a systems understanding of MHC class | and
MHC class Il antigen presentation. Nat Rev Immunol. 2011; 11:823-836. [PubMed: 22076556]

Beghe B, Padoan M, Moss CT, et al. Lack of association of HLA class | genes and TNF alpha-308
polymorphism in toluene diisocyanate-induced asthma. Allergy. 2004; 59:61-64. [PubMed:
14674935]

Morris MJ, Vaughan H, Lane DJ, Morris PJ. HLA in asthma. Monogr Allergy. 1977; 11:30-34.
[PubMed: 876121]

Wang WX, Yang SZ, Chui XW, Zhang HL. Association of HLA-Bw61 with asthma in the
Chinese. Tissue Antigens. 1988; 32:215-217. [PubMed: 3217937]

Sjostedt L, Willers S, Orbaek P. Human leukocyte antigens in occupational allergy: a possible
protective effect of HLA-B16 in laboratory animal allergy. Am J Ind Med. 1996; 30:415-420.
[PubMed: 8892546]

Noguchi E, Sakamoto H, Hirota T, et al. Genome-wide association study identifies HLA-DP as a
susceptibility gene for pediatric asthma in Asian populations. PLoS Genet. 2011; 7:e1002170.
[PubMed: 21814517]

Choi JH, Lee KW, Oh HB, et al. HLA association in aspirin-intolerant asthma: DPB1*0301 as a
strong marker in a Korean population. J Allergy Clin Immunol. 2004; 113:562-564. [PubMed:
15007363]

Caraballo L, Marrugo J, Jimenez S, Angelini G, Ferrara GB. Frequency of DPB1*0401 is
significantly decreased in patients with allergic asthma in a mulatto population. Hum Immunol.
1991; 32:157-161. [PubMed: 1774196]

Denzin LK, Fallas JL, Prendes M, Yi W. Right place, right time, right peptide: DO keeps DM
focused. Immunol Rev. 2005; 207:279-292. [PubMed: 16181343]

Reynolds RJ, Kelley JM, Hughes LB, Yi N, Bridges SL Jr. Genetic association of htSNPs across
the major histocompatibility complex with rheumatoid arthritis in an African-American
population. Genes Immun. 2010; 11:94-97. [PubMed: 19741715]

Marsh DG, Meyers DA, Bias WB. The epidemiology and genetics of atopic allergy. N Engl J Med.
1981; 305:1551-1559. [PubMed: 6796882]

Balboni A, Baricordi OR, Fabbri LM, Gandini E, Ciaccia A, Mapp CE. Association between
toluene diisocyanate-induced asthma and DQB1 markers: a possible role for aspartic acid at
position 57. Eur Respir J. 1996; 9:207-210. [PubMed: 8777952]

Rihs HP, Barbalho-Krolls T, Huber H, Baur X. No evidence for the influence of HLA class Il in
alleles in isocyanate-induced asthma. Am J Ind Med. 1997; 32:522-527. [PubMed: 9327077]
Moffatt MF, Gut IG, Demenais F, et al. A large-scale, consortium-based genomewide association
study of asthma. N Engl J Med. 2011; 363:1211-1221. [PubMed: 20860503]

Li X, Howard TD, Zheng SL, et al. Genome-wide association study of asthma identifies RAD50-
IL13 and HLA-DR/DQ regions. J Allergy Clin Immunol. 2010; 125:328-335. e311. [PubMed:
20159242]

J Occup Environ Med. Author manuscript; available in PMC 2015 September 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yucesoy et al. Page 10

41. Malo JL, Ghezzo H, D’Aquino C, L’Archeveque J, Cartier A, Chan-Yeung M. Natural history of
occupational asthma: relevance of type of agent and other factors in the rate of development of
symptoms in affected subjects. J Allergy Clin Immunol. 1992; 90:937-944. [PubMed: 1460199]

42. Martin AM, Nolan D, Gaudieri S, et al. Predisposition to abacavir hypersensitivity conferred by
HLA-B*5701 and a haplotypic Hsp70-Hom variant. Proc Natl Acad Sci U S A. 2004; 101:4180-
4185. [PubMed: 15024131]

J Occup Environ Med. Author manuscript; available in PMC 2015 September 16.



1duosnuepy Joyiny 1duosnuey Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Yucesoy et al.

J Occup Environ Med. Author manuscript; available in PMC 2015 September 16.

Page 11




1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Yucesoy et al.

TABLE 1
The Demographic Characteristics of the Study Groups

AWSs (n =67) DA+ Cases (n=73)

Age (mean * SE) 30.0+0.93 42.4 +1.32°
Sex (female/male) 5/62 10/63
Exposure (mean months + SE) 634271 146.3 + 16.36 "
Exposure (HDI; MDI; TDI) 67 HDI 39; 15; 18
Ethnicity (%, French Canadian) 99 92
Atopy (positive/negative) 36/27 41/32
Smoking Status (cur/ex/never) 26/13/28 11/26/36~
Smoking (pack/years + SE) 6.2+1.11 9.4 +1.66
*P <0.05.

Page 12

AW, asymptomatic workers; DA+, symptomatic workers diagnosed with DA; HDI, hexamethylene diisocyanate; MDI, 4,4’-diphenylmethane

diisocyanate; TDI, toluene diisocyanate.
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