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Introduction

Asthma is a chronic inflammatory disorder of the central and
peripheral airways in which both cellular and humoral immune
mechanisms are involved. Occupational asthma can be a good
model for studying pathogenic mechanisms of asthma. More
than 300 agents that cause asthma have been reported [1] and
isocyanate, especially toluene diisocyanate (TDI), is known as
the most prevalent cause of asthma in Korea as well as in other
parts of the world. In particular, several immunological and
non-immunologic mechanisms have been suggested in TDI-
induced asthma [2]. However, in the case of high molecular
weight agents, including citrus red mite, grain dust, and drugs
such as protease, enzyme and herbal agents, IgE-mediated re-
sponse is the main pathogenic mechanism in this country [3-6].
To further understand the pathogenic mechanisms of asthma,
recent progress in cellular and humoral mechanisms of TDI-
induced asthma are summarized in this paper.

Specific IgE antibody response: heterogeneity and
longitudinal study

Several groups of investigators have detected IgE antibodies
specific to TDI-human serum albumin (HSA) conjugate in the
sera of workers showing positive bronchial challenge to TDI;
the prevalence varied between 0 and 50% of workers [7-11].
Maestrelli et al. [12] revealed that there were increased numbers
of IL-5 and IL-4 expressing cells in the bronchial mucosa of
TDI-induced asthma patients. Our recent investigation using
our conjugate showed a 13% prevalence of specific IgE in TDI-
induced asthma patients by ELISA. However, when specific [gE
bindings were determined with several forms of TDI-HSA con-
jugates, marked variation was noted depending on the prepara-
tory conditions of the conjugate [13] and type of TDI-HSA
conjugate used [14]. ELISA inhibition test using three types of
TDI-HSA conjugates, that were known to be sensitive among
the conjugates prepared in the same condition, revealed signifi-
cant inhibitions by only one conjugate and minimal inhibitions
by the other two conjugates (Fig. 1) suggesting that specific I[gE
bindings to a new antigenic determinant of TDI-HSA conjugate
can be heterogeneous and differ from one individual to another.
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These findings may be responsible for the variable results in the
prevalence study of serum-specific IgE antibody to TDI-HSA
conjugate in TDI-induced asthma.

Although precise antigenic determinants of each patient’s
specific IgE antibody to reactive chemicals remain to be further
investigated, there is a possibility that TDI-HSA may have
particular changes of a three-dimensional configuration, result-
ing in generation of new antigenic epitopes. Antibodies against
new antigenic determinants of the conjugate could be produced
in vivo. Therefore, TDI-carrier conjugates generated in vivo may
vary among individuals sensitized to TDI. These differences
in vivo may be one of the possible explanations for individual
difference in specific IgE response patterns and variable results
in the prevalence of specific IgE. A previous study [10] reported
that specific IgE to isocyanate is a more specific than sensitive
index of occupational asthma and that sensitivity was highest
when blood was taken less than 30days from last exposure,
which is consistent with the observed half-life of approximately
6months. However, our recent study [15] on the changes of
specific IgE antibody response to TDI-HSA conjugate in asth-
matic patients with high specific IgE during the initial visit
showed that specific IgE continued to fall for several years.
Their mean half-life ranged from 2.3 to 4.8years, which was
quite different from the study by Piirild et al. [11].

It is certain that IgE-mediated responses as well as non-IgE-
mediated mechanisms may contribute to the development of
asthmatic symptoms in TDI-exposed workers. Although the
results of specific IgE to methylene diisocyanate (MDI) and
hexamethylene diisocyanate (HDI) may be different [16], spe-
cific IgE antibody to TDI-HSA conjugate may persist for sev-
eral years after the last exposure to TDI. Specific IgE response
to TDI-HSA conjugate can be heterogeneous and differ from
one individual to another.

Specific IgG as a pathogenic role

The clinical significance of specific IgG response to occupa-
tional antigens seems to be complex, eliciting variable responses
according to the different antigens. In a study on reactive dye
asthma [17], we showed that the prevalence of specific IgG and
1gG4 was significantly higher in symptomatic workers, but there
was no correlation with exposure intensity or exposure dura-
tion. In contrast, some studies in other occupational settings
have suggested that the presence of specific IgG may represent a
response to high-dose exposure not related to the development
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Fig. 1. Percentage inhibition of specific IgE bindings to Ajou toluene
diisocyanate (TDI)-human serum albumin (HSA) conjugate by ELISA with
serial additions of Hop Japanese pollen, three kinds of TDI-HSA
conjugates, Ajou and two CM conjugates (98,99).
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Fig. 2. Comparison of specific IgG binding to TDI-HSA conjugate
determined by using ELISA in four different groups: group |, patients with
TDI-induced asthma; group Il, exposed subjects with asthma who had
negative results on TDI-BPT; group lll, unexposed subjects with allergic
asthma who are sensitive to house dust mite allergen; and group IV,
unexposed healthy control subjects. Significant differences were noted
between groups by cross-tab analysis (P < 0.05).

of respiratory symptoms [18,19]. For isocyanate-induced
asthma, there have been a few reports suggesting a pathogenic
role of specific IgG to HDI- and MDI-HSA conjugates [20,21],
as they showed greater association between specific IgG to
MDI- and HDI-HSA and their bronchoprovocation results.
Although other investigators have suggested that specific [gG
to MDI was only an indicator of MDI exposure [22], we have
recently shown that the prevalence of serum-specific IgG anti-
body to TDI-HSA conjugates was higher than that of specific
IgE in TDI-induced asthma [23]. Furthermore, it was signifi-
cantly higher in subjects showing positive responses on TDI-
bronchoprovocation test (BPT, 46%) compared with subjects
with negative responses (7.7%) on TDI-BPT, allergic asthma
(0%) or to unexposed healthy control subjects (0%). There was
no significant difference in specific IgG level regardless of the
presence of serum-specific IgE antibody to TDI-HSA conjugate
or atopic status (Fig. 2). A longitudinal study [15] on serum-
specific IgG response in TDI-induced asthma patients after
complete avoidance and anti-asthmatic medications showed
that it may persist for several years, ranging from 1.7 to 6.7
years. There were no significant differences in the prevalence of
specific IgG depending upon the type of asthmatic responses
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Table 1. Testcharacteristics of toluene diisocyanate (TDI)-human serum
albumin (HSA)-specific IgE and IgG antibodies in identifying TDI-induced
asthma confirmed by TDI-bronchoprovocation test among exposed
workers

Specific IgE Specific IgG

antibody antibody
Sensitivity (%) 14 46
Specificity (%) 92.3 92.3
Positive predictive value (%) 87.5 95.8
Negative predictive value (%) 21.8 30.8

during TDI-BPT. Table 1 summarizes sensitivity, specificity
and positive and negative predictive values of specific IgE and
IgG antibodies for identifying TDI-induced asthma in exposed
subjects. The sensitivity of specific IgG in the diagnosis of TDI-
induced asthma based upon TDI-BPT was higher than that
of specific IgE. It was speculated that the presence of serum-
specific IgG antibody to TDI-HSA conjugate was closely asso-
ciated with TDI-BPT results, and that it may be used to monitor
the condition before clinical diseases occur. Also, serum-specific
IgG may persist for several years after the last exposure to TDI.

The cellular immune response

It is known that inflammatory mechanisms composed of eosi-
nophils, mast cells and T lymphocytes, especially the IL-2
receptor-positive type [2,12,24,25], and increased level of cyto-
kines produced by Th2 cells, are involved in the bronchial
mucosa of TDI-induced asthma, similarly to allergic asthma.
Other immune responses reported in diisocyanate asthma in-
clude lymphoproliferative responses and cytokine/chemokine
production [26,27]. Our recent data applying a comparative
immunohistochemical analysis of bronchial mucosa between
TDI-asthma and allergic asthma, have revealed that signifi-
cantly higher numbers of mast cells and neutrophils are noted
in TDI-asthma [28], while there is no significant difference in T
cell count. A significant correlation was also found between
neutrophil and mast cell counts. With regard to T cell cytokine
secretion, the production of IFN-y was observed in both per-
ipheral mononuclear cells and T cell lines that were collected
from newly diagnosed TDI-induced asthma subjects [26]. There
have been a few studies to demonstrate the role of CD8" T
lymphocytes in the airway mucosa of TDI-induced asthma.
They succeeded in the cloning of a specific T cell line that was
derived from T cellsin theairway mucosa of TDI-induced asthma
[29,30]. These results suggest that lymphocytes as well as other
inflammatory cells such as eosinophils, mast cells and activated
neutrophils may contribute to the development of TDI-induced
bronchoconstriction. Further studies will be needed to docu-
ment the role of CD8™ T cells in TDI-induced asthma.

Neutrophil activation

The bronchoalveolar lavage fluid of isocyanate-induced asthma
patients shows neutrophilia, especially in those with late asth-
matic response [31]. As with grain dust-induced occupational
asthma [32], neutrophil counts in the bronchial mucosa of
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TDI-asthma patients are significantly higher than those of
allergic asthma [28], as shown in Fig. 3. Furthermore, serum
neutrophil chemotactic activity increased significantly 10min
after TDI challenge, decreased at 60min and then remained
without significant change for up to 420min in subjects with
positive challenges, while no significant changes were noted in
negative responders [33].

The origin of these activities is complete so far. However, on
the basis of the time course, we speculate that neutrophil che-
motactic activity found in that study may have originated from
mast cells, which is comparable with the study by Saite et al.
[34]. In that study, TDI-HSA conjugate itself did not have
neutrophil chemotactic activity. Further studies are needed to
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characterize the serum neutrophil chemotactic activity released
after TDI inhalation, particularly in TDI-induced asthma.
Moreover, when the level of myeloperoxidase (MPO), a neu-
trophil activation marker, was determined during TDI chal-
lenges, a significant increase in sputum was noted 420min
after bronchial challenge relative to baseline value in TDI-
induced asthma patients, while no significant changes were
found in negative responders as shown in Fig. 4 [33]. In addi-
tion, the major neutrophil-related cytokine, IL-8, was abundant
in the sputum of patients with TDI-asthma and increased
significantly at 420min after TDI bronchial challenge in posi-
tive responders. A significant correlation was found between
percentage increase of IL-8 and post-challenge MPO level
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(r=0.89, P=0.02). These results suggest that IL-8 released after
exposure to TDI might have contributed to neutrophilic infil-
tration into airway mucosa in TDI-induced asthma. These
findings suggested a potential role of neutrophil in the patho-
genesis of TDI-induced asthma.

Role of bronchial epithelial cells

Mounting evidence suggest that diisocyanates bind to airway
epithelial cell proteins, and are taken up by epithelial cells
[35,36]. These interactions lead to airway inflammation com-
posing of cytokine and chemokine production and cellular
recruitment [2]. Studies on the toxicity of diisocyanates on air-
way epithelium have also been reported in the past years. MDI
and HDI prepolymers were shown to induce airway epithelial
barrier dysfunction that was partly associated with glutamine
levels [37,38]. Specific effects of TDI on the expression of lung
cytokine P450 enzymes have also been documented [39]. We
also tried to culture human bronchial epithelial cell line, Beas-
2B cells under exposure to TDI-HSA conjugates in order to
identify the source of IL-8 that was found in the sputum of TDI-
induced asthma patients [40]. IL-8 and RANTES production
was significantly increased with additions of peripheral mono-
nuclear cell culture supernatant derived from a TDI-induced
asthma patient in a dose-dependent manner. Further investiga-
tions will be needed to elucidate the underlying mechanism of
IL-8 and RANTES production with exposure to TDI.

Specific antibodies as prognostic factors

Long-term follow-up studies of subjects with isocyanate asthma
have suggested that asthmatic symptoms may persist in some
subjects for months or years after work withdrawal [41-44]. Our
previous studies also demonstrated that among 35 TDI-asthma
patients, 51-58% of them had persistent asthmatic symptoms
after 2years, despite complete avoidance of exposure and ade-
quate anti-asthmatic medications. In those studies, favourable
outcome was associated with a short duration of asthmatic
symptoms before diagnosis, immediate cessation of exposure
after diagnosis, milder degree of airway hyper-responsiveness at
diagnosis, and the presence of specific IgE to TDI-HSA.
Regarding the role of specific antibodies as prognostic factors
of isocyanate-induced asthma patients, there has been an inter-
esting study on the prognostic value of specific IgE to isocya-
nate-HSA [11]. This suggested that favourable outcome was
associated with IgE-mediated responses and differences in
prognosis were noted with different isocyanates, and it was
confirmed that TDI had the worst prognosis.

We expanded our investigation by examining both serum-
specific IgE and IgG antibodies to TDI-HSA conjugate in pre-
dicting long-term prognosis of TDI-asthma among subjects
followed for more than Syears [45]. Two groups of TDI-induced
asthma patients were compared: group I, no improvement in
airway hyper-responsiveness with persistent asthma during a
S-year follow-up period; group II, partial improvement in air-
way hyper-responsiveness with persistent symptoms. Although
there were no significant differences in prevalence of specific IgE
to TDI-HSA conjugate between groups (P>0.05), the preva-
lence of specific IgG tended to be higher in group I than in
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the favourable prognostic group (group II, 0.05<P<0.1).
Moreover, the levels of specific IgG were significantly higher
in group I than in group II, whereas levels of specific IgE were
significantly higher in group II than in group I, which was
comparable with another study [11]. When comparing clinical
parameters according to long-term prognosis, no significant
differences were noted in exposure duration, sex, age, atopic
status or total IgE level. It confirmed that favourable outcome is
related to a milder degree of airway hyper-responsiveness to
methacholine at initial diagnosis. These results also suggested
that high serum-specific IgG at initial diagnosis may be used
as a poor prognostic factor in predicting persistent asthmatic
symptoms.

Role of transforming growth factor-B, (TGF-B,) in
airway mucosa of TDI-induced asthma related to asthma
symptoms

The underlying mechanism to explain the poor prognosis of
TDI-induced asthma is still unknown. The expression of TGF-
B1, which is an anti-inflammatory and fibrosing cytokine, is
increased in the airway mucosa of bronchial asthma patients
[46,47]. We applied immunohistochemistry with monoclonal
antibodies to TGF-B; in bronchial mucosa from 22 subjects
with TDI-induced asthma and compared the frequency and
intensity of their expressions between the two groups (group I,
10 newly diagnosed patients; group II, 12 subjects with persis-
tent asthma symptoms for more than Syears after the diagnosis)
[48]. Grade of TGF-, expression in group II was significantly
higher in the bronchial epithelium, vascular endothelium and
smooth muscle than in those of group I (Fig. 5 and Fig. 6).
When a second biopsy was performed after Syears in the same
patients in group II, TGF-B; expression was significantly in-
creased. Significant correlations were noted between the
duration of asthma after diagnosis and grade of TGF-f; ex-
pression in epithelium, vascular endothelium and smooth mus-
cle. These findings suggest that TGF-B; may contribute to the
development of chronic airway inflammation in TDI-induced
asthma.

Conclusion

Recent investigations have added new insights into diisocyanate
asthma, including: (i) the identification of diisocyanate-conju-
gated proteins that may act as antigens with individual differ-
ences; (i) the pathogenic role of specific IgG as well as specific
IgE, and their possible role in predicting long-term prognosis;
and (iii) the potential involvement of neutrophil and epithelial
cells in response to TDI exposure. As more than 50% of TDI-
induced asthma patients had persistent asthmatic symptoms
after complete avoidance, further studies will be needed to
develop early diagnostic markers and clarify the underlying
mechanism that causes persistent asthma symptoms.
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Fig. 5. Expression of TGF-B4 in airway mucosa of a TDI-induced asthmatic subject that was collected 5years later.
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