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Summary

Background TDI-induced asthma exhibits clinical, functional and morphological simi-
larities with allergen-induced asthma, suggesting that an immunological mechanism is
involved in the sensitization to TDL In vitro studies using the technique of cloning
lymphocytes demonstrated that a great proportion of T-cell clones derived from bronchial
mucosa of subjects with TDI-induced asthma produced IL-5 and interferon-gamma, but not
IL-4, upon in vitro stimulation.
Objectives To investigate in vivo the role of IL-4 and IL-5 on the inflammatory response
of the bronchial mucosa to TDI in sensitized subjects, we performed a quantitative analysis
of bronchial biopsies.
Methods We obtained bronchial biopsies from six subjects with TDI asthrha 48 h after an
asthmatic reaction induced by TDI challenge (challenged group), in six subjects with TDI
asthma 1-4 weeks after the last exposure to TDI (chronic group), and in six non-asthmatic
controls. The number of eosinophils, mast cells, T-lymphocytes, and IL-4 and IL-5 protein
positive cells was determined by immunohistochemistry in the area 100/^m beneath the
epithelial basement membrane.
Results The characteristic increase of submucosal eosinophils, but not of mast cells and
T-lymphocytes, was observed in the subjects with TDI-induced asthma when compared
with controls. No differences were detected between the two groups of asthmatics. In the
subjects with TDI-induced asthma, cell immunoreactivity for IL-5 was increased when
compared with normal controls. There was no difference in the expression of IL-5 protein
between challenged and chronic asthmatics. In contrast, the expression of IL-4 protein was
increased only in the asthmatic subjects tested after recent exposure to TDI.
Conclusions We demonstrated that TDI asthma 48 h after specific bronchial challenge
was associated with increased numbers of cells expressing IL-4 and IL-5, whereas chronic
TDI asthma was associated with increased expression of IL-5, but not of IL-4. The results
suggest that subjects who developed TDI asthma exhibit increased production of IL-5 even
in the absence of a recent trigger by the exogenous sensitizer and that production of TH2-like
cytokines in TDI-induced asthma may not always be co-ordinately regulated in vivo.
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Introduction

Exposure to isocyanates in the workplace can induce
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occupational asthma. The mechanism by which these
chemicals can induce sensitization is unknown. Clinical
and functional alterations in this form of occupational
asthma are similar to those found in common asthma [1-3].
Morphological studies in workers with asthma induced by

© 1997 Blackwell Science Ltd



lL-4 and IL-5 protein expression in asthma 1293

toluene diisocyanate (TDI) have shown infiltration of
eosinophils and mast cells in the bronchial mucosa [4-6].
Furthermore, lymphocyte expression of IL-2 receptor (CD25)
is enhanced in TDI-asthma as demonstrated by immuno-
histology [7]. Although atopy is not a predisposing factor
in TDI asthma, all these similarities with allergen-induced
asthma suggest that an immunological mechanism is
involved in the sensitization to TDL This hypothesis was
explored in previous in vitro studies by using the technique
of cloning lymphocytes from bronchial mucosa tissue. We
demonstrated that, at variance with atopic asthma [8], the
majority of T-cell clones derived from bronchial biopsies of
subjects with TDI-induced asthma had the CD8 phenotype,
and produced IL-5 and interferon-7, but not IL-4, upon in
vitro stimulation [9].

To investigate in vivo the role of IL-4 and IL-5 on the
inflammatory response of the bronchial mucosa to TDI in
sensitized subjects, we performed a quantitative analysis of
bronchial biopsies obtained from subjects with TDI-induced
asthma at different intervals from the last exposure to
isocyanates, i.e. 48 h after specific bronchial challenge and
1-4 weeks after the last exposure to TDI. By immuno-
histochemistry, the numbers of eosinophils, mast cells,
T-lymphocytes, and IL-4 and IL-5 protein positive cells
were compared in TDI-asthma and in normal controls.

Methods

Subjects

We examined 12 patients with occupational asthma induced
by toluene diisocyanate and six control subjects never
exposed to isocyanates. The control subjects had no history
of asthma or chronic bronchitis and were not atopic. They
had normal baseline FEV, [10] and normal bronchial
reactivity to methacholine, i.e. greater than I.4mg [11].

Occupational asthmatic patients had been exposed to
isocyanates at work until 4-6 days before the first study
day. The diagnosis of TDI-induced asthma was based on
clinical history and on the response to a bronchial pro-
vocation challenge with TDI. Three asthmatics were
atopic, as determined by positive skin test to at least one
common allergen extract, but their symptoms were not
related to the exposure to such allergens. Asthmatic patients
had been treated with inhaled bronchodilators used as
needed.

All asthmatic and control subjects were non-smokers- and
had been free of clinical, symptomatic respiratory infections
for at least 2 months. They had not received oral or inhaled
corticosteroids within the preceding month nor had they
received antiasthma drugs within 24 h of the study.

The study conformed to the Declaration of Helsinki and
each subject gave written informed consent.

Design of the study

All subjects underwent interview, chest radiography,
ECG, routine blood tests, skin test with common allergen
extracts, lung function measurements, and inhalation chal-
lenge with methacholine. Asthmatic subjects underwent
inhalation challenge with TDI and they were not sub-
sequently exposed to isocyanates at work. Inhalation
challenges with methacholine and TDI were performed
using the previously described methods [1]. Fibreoptic
bronchoscopy was performed, as described elsewhere [12],
48 h after the asthmatic reaction induced by TDI challenge
in six sensitized subjects, to examine the acute phase of the
disease, and 1-4 weeks after the last exposure to TDI in
the other six asthmatic subjects, to examine the chronic
phase of the disease.

Bronchoscopy and bronchial biopsies

At least one endobronchial biopsy was taken through
the bronchoscope (Olympus BF, type IT 10, Olympus Co.,
Tokyo, Japan) with sterile forceps (FB 15C, Olympus
Co.) from the subcarenae of basal segment bronchi of the
right lower lobe. The biopsies were placed in phosphate
buffered saline (PBS) and then embedded in OCT medium
(Miles Scientific, Naperville, IL, USA) and snap frozen in
isopentane precooled in liquid nitrogen and stored at —80°C
for immunohistochemistry.

Immunohistochemistry

Serial sections 6;Lim thick were obtained as described [13].
Two sections at a regular interval of 100/tm were used for
each immunostaining. Eosinophils, mast cells, T-lympho-
cytes, and IL-4 and IL-5 cell immunoreactivity were
assessed by a panel of mouse monoclonal antibodies: anti-
eosinophil cationic protein (EG-2; Pharmacia, Fairfield, NJ,
USA), antitryptase (Dako M 7052, Dako Ltd, High
Wycombe, UK), anti-CD3 (Dako A452), anti-IL-4 [4B2
H12A1, kind gift of DrM. Johnson, Glaxo, Ware, UK] [14],
anti-IL-5 (MoAb7, kind gift of DrM. Johnson, Glaxo, Ware,
UK) [15]. Monoclonal antibody binding was detected with
the alkaline phosphatase anti-alkaline phosphatase method
(Dako APAAP Kit System K 670) and fast-red substrate
[16]. Two sections were examined for each quantification.
For each section, the numbers of positively stained cells
were counted in several non-overlapping high power fields
until all the available area from the reticular basement
membrane to a depth of 100 ^m was covered. The results
were expressed as number of cells per square mm of tissue
examined, and the mean value for each subject was
obtained. To avoid observer bias, the slides were coded
prior to analysis and read blind.
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Data analysis

Group data were expressed as medians and interquartile
range. Differences between groups were assessed using
the Kniskall-Wallis test. The Mann-Whitney f/-test was
carried out after the Kruskall-Wallis test, when appropriate.
The chi-square test was used to compare the frequencies of
positive immunostaining. Correlation coefficients were
calculated using the Spearman rank method. Probability
values of P < 0.05 were accepted as significant. The coeffi-
cients of repeatability of measurements performed on the
two sections of the same biopsy [17] were 82, 120, 430, 11
and 16 cells/mm^ for EG-2, Tryptase, CD-3, IL-4 and IL-5,
respectively. The intraobserver reproducibility, assessed
with the coefficient of variation on at least three replicate
measurements of morphometric parameters by the same

observer, ranged between 8 and 12%. The interobserver
level of agreement, assessed using the correlation coefficients,
ranged between 0.82 and 0.97.

Results

The characteristics of asthmatic and control subjects are
reported in Table 1. Occupational asthmatics were all males,
whereas the control group included males and females.
Control subjects were older than the asthmatic subjects,
but the difference was not statistically significant. Three of
the occupational asthmatics had positive skin test to common
allergens, but their respiratory symptoms were not related
to the exposure to such allergens. No differences were
found between the asthmatics who had the bronchoscopy

Table 1. Characteristics of the subjects

Subjects
in)

Sex
(M/F)

Age Atopy
(years) (+ / - )

Baseline
FEV,

(% pred)§

PD20FEV,
methacholine

(mg)

Chronic TDI-induced asthma (1-4 weeks after last exposure)

1
2
3
4
5
6

Median
Interquartile

M
M
M
M
M
M

range

37
31 +
30
39
43
43
38*

31-43

Challenged TDI-induced asthma (48 h after

7
8
9

10
11
12
Median
Interquartile

M
M
M
M
M
M

range

Normal control

13
14
15
16
17
18
Median
Interquartile

F
M
F
F
F
M

range

51
56
39
24

23 +
20 -f
32

23-51

54
34
63
46
59
62
56

46-62

99
108
107
113
91

120
107

99-113

last exposure)

92
88

115
104
96

134
100

92-115

95
94

121
126
Ul
99

105
95-121

>1.44
0.53

>1.44
>1.44

0.73
>1.44
>1.44

0.73-1.44

1.08
0.36

>1.44
0.30
0.32

>1.44
0.72*

0.32-1.44

>1.44
>1.44
>1.44
>1.44
>1.44
>1.44
>1.44

Exposure to TDI
before asthma

(years)

2.0
1.8
2.5
1.0

26.5
28.0

2.2
1.8-26.5

25.0
37.0
16.0

1.5
3.0
3.0
9.5

3.0-25.0

Duration
of asthma

(years)

2.0
0.3
0.5
4.0
1.5
1.0
1.2

0.5-2.0

5.0
4.0
0.6
3.5
3.0
0.7
3.2

0.7-4.0

Maximal fall of
FEV, after TDI

. early (%)

2
76
5
5

12
1

5
2-12

8
1

51
56
0

24
16

1-51

late (%)

18
11
44
35
26
40
38

26-44

36
26
4
6

28
29
27

6-29

§ Predicted values from reference 10. * Significantly difference from normal controls, P<0.05.
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Table 2. Eosinophils, mast cells and T-lymphocytes in the bronchial mucosa of subjects with TDI-
induced asthma examined 1 -4 week (chronic, n = 6) or 48 h (challenged, n = 6) after the last exposure to
TDI and of normal control subjects (n = 6)

Subjects

Chronic TDI asthma

Challenged TDI asthma

Normal control

Eosinophils
EG-24- cells/mm^

220*
(113-334)

193*
(66-333)

3
(3-3)

Mast cells
Tryptase-h cells/mm^

163
(66-209)

51
(11-125)

78
(15-81)

T-lymphocytes
CD3-H cells/mm^

374
(139-501)

233
(74-528)

280
(207-388)

Data are expressed as medians (interquartile range). * Significantly different from normal controls,
/>< 0.005.

performed 48 h after the TDI challenge and those examined
1-4 weeks after the last exposure to TDI for any of the
clinical and functional variables in Table 1.

Bronchoscopy was well tolerated by the subjects and
satisfactory endobronchial biopsies were obtained in all the
cases. The characteristic increase of submucosal eosino-
phils, but not of mast cells and T-lymphocytes, was
observed in the subjects with TDI-induced asthma com-
pared with controls. No differences were detected between
the two groups of asthmatics (Table 2).

Immunoreactivity for IL-4 was present in eight (67%) of
12 asthmatic and in one (17%) of six normal biopsies
(x^ — 2.25, NS). Interleukin-4 expression was increased in
the challeged asthmatic subjects (12 (2.5-13) cells/mm^)
when compared with the chronic asthmatics (1 (0-2) cells/
mm^, P<0.05). Interleukin-4 expression in challenged TDI
asthma was also significantly increased when compared
with controls (P<0.02), whereas no differences were
found between chronic TDI asthma and controls (Fig. 1).

Interleukin-5 protein expression was increased in TDI
asthma when compared with normal controls (Fig. 2).
Immunoreactivity for lL-5 was present in nine (75%) of
12 asthmatic, but in none of six normal biopsies (x^ = 5.44,
P<0.05). No difference in IL-5 expression was detected
between the two groups of asthmatic subjects (95 (0-10)
cells/mm^ in challenged TDI asthma; 13.5 (10-23), cells/
mm^ in chronic TDI asthma). Interleuldn-5 expression was
increased significantly in chronic TDI asthma iP<Q.Ol) and
nearly to significance (P = 0.06) in challenged TDI asthma
when compared with controls (Fig. 2).

When the asthmatic subjects were grouped together, the
numbers of IL-5"'" cells were positively correlated with the
numbers of tryptase -|- cells (Spearman correlation coefficient
p = 0.56; P < 0.05). No other correlations were found between
morphological measurements and clinical or functional data.

Discussion

This study examined the expression of IL-4 and IL-5
proteins in the bronchial mucosa of subjects with occu-
pational asthma induced by TDI at different intervals from
the last exposure to TDI, i.e. 48 h after specific bronchial
challenge and 1-4 weeks after the last exposure to TDI in a
relatively chronic stage of the disease. We demonstrated

CJ
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P<0.02

P<0.05

Challenged
TDI

asthma

Chronic
TDI

asthnna

Normal
control

Fig. 1. Individual counts for IL-4 protein positive cells in the
bronchial mucosa of subjects with TDI-induced asthma examined
1-4 week (chronic) or 48 h after the last exposure to TDI (chal-
lenged) and of normal control subjects.The results are expressed
as number of cells per mm^ of tissue examined. Horizontal bars
represent median values.
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Fig. 2. tndividual counts for IL-5 protein positive cells in the
bronchial mucosa of subjects with TDt-induced asthma examined
t-4 week (chronic) or 48 h after the last exposure to TDI (chal-
lenged) and of normal control subjects. The results are expressed
as number of cells per mm^ of tissue examined. Horizontal bars
represent median values.

tliat challenged TDI asthtna was associated with iticreased
numbers of cells expressing IL-4 and IL-5, whereas chronic
TDI asthma was associated with increased expression of
IL-5, but not of IL-4.

Previous studies by our and other groups have established
that in asthma induced by isocyanates, bronchial mucosa
infiltration of eosinophils and mast cells is associated with
chronic activation of lymphocytes and production of pro-
inflammatory cytokines, such as IL-lj3 and TNFa [6,7,18].
However, studies on Th2-type cytokine expression in vivo
have not been carried out previously. By using the technique
of cloning lymphocytes, it has been demonstrated that a
great proportion of T-cell clones derived from bronchial
mucosa of patients with TDI-induced asthma produced IL-5
upon stimulation in vitro, whereas IL-4 was detected only in
a minority of T-cell clones [9]. The present study confirms
the findings at the clonal levels as far as chronic TDI asthma
is concerned. The increased expression of IL-4 in the group
of subjects tested 48 h after the last exposure to TDI may
appear in contrast with the T-cell clone results. The clones
are likely to have represented only a small proportion of the
T-lymphocytes infiltrating the bronchial mucosa. Instead,
the immunohistology technique stains all the cells present
in the tissue which contain a sufficient quantity of cytokine
to be detected by the monoclonal antibody. However, using
this technique alone, we might have missed cells expressing

the message for cytokines, but not actually producing or
storing these proteins. Aside from T cells, recent studies
indicate that mast cells and eosinophils can also be a source
of IL-4 and IL-5 [19,20]. In this study we were not able to
localize the cell source of IL-4 and IL-5. In atopic asthma,
Bradding et al. [15] showed that IL-5 immunoreactivity
expression localized to both mast cells and eosinophils,
while IL-4 mainly to mast cells, but neither to T cells.

The mismatch of gender between asthmatics and controls
is unlikely to explain for the differences observed. There is
no evidence that the three atopies among the asthmatics
could bias towards detection of IL-4 in the asthma group
compared with non-atopic controls. Indeed, two of the
atopic asthmatics had relatively high IL-4 counts (13 and
20 cells/mm^), but the other one did not (2 cells/mm^). On
the other hand, two non atopic asthmatics exhibited rela-
tively high lL-4 immunoreactivity (11 and 13 cells/mm^).
The statistics do not show any difference in IL-4 expression
between atopic and non atopic TDI asthma. This is in keep-
ing with the finding of a similar pattern of IL-4 and IL-5
mRNA and protein in bronchial biopsies from patients with
atopic and non-atopic asthma [21].

The observation that IL-5 expression rises at any stage
of TDI asthma is of interest because IL-5 promotes the
differentiation, vascular endothelial adhesion, and survival
of eosinophils [22]. In this regard, our current finding of
a similar increase in numbers of activated eosinophils in
the two groups of asthmatic subjects is consistent with a
persistent activity of IL-5.

The mechanism by which IL-4 participates in the acute
stage of bronchial infiammation in TDI asthma remains to
be elucidated. IL-4 acts as an IgE isotype-specific switch
factor [23], promotes mast cell growth [24], and induces the
expression of vascular cell adhesion molecule (VCAM-1),
an adhesion molecule involved in the migration of mono-
nuclear cells and eosinophils into the site of tissue infiam-
mation [25]. However, in TDI asthma, specific IgE have
never been demonstrated to have a role and no differences in
cell infiltration were detected between acute and chronic
TDI asthma. IL-4 induces chettiotaxis of fibroblasts and
stimulates the synthesis of matrix proteins such as collagen I
and III, and fibronectin [26,27]. It has been hypothesized
that these cells are responsible for the characteristic sub-
epithelial fibrosis due to deposition of collagen I, III and V
observed in asthma [28], including TDI-induced asthma.
The absence of IL-4 protein in bronchial mucosa of subjects
with chronic TDI asthma might suggest a mechanism for the
reduction of the number of fibroblasts and of the thickness
of subepithelial collagen observed in the airway of TDI
asthmatic subjects after cessation of exposure [29]. A con-
firmation of this hypothesis would require a properly
designed study including bronchoscopy performed before
and after TDI challenge.
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In conclusion, these and previous data suggest that
subjects who developed TDI asthma are predisposed to
overexpress proinflammatory cytokines (TNFa and IL-l/S)
and IL-5 even in the absence of a recent trigger by an
exogenous sensitizer. They likewise confirm that expression
of IL-4 and IL-5 in asthma may not always be co-ordinately
regulated in vivo [30,31].
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