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SUMMARY

Thirteen subjects who experienced only the expected irritant respiratory and
ocular effects from occupational exposure to toluene diisocyanate (TDI) were
compared with eight workers who appeared clinically to be sensitized to this
substance, as manifested by the prompt development of asthmatic symptoms on
exposure to minute concentrations of TDI. In an attempt to document an im-
munological response to TDI in the latter group, several conjugates of TDI with
human serum albumin were prepared. Gel diffusion, leucocyte histamine release,
PCA in guinea-pigs, passive haemagglutination, passive transfer (P-K) and a few
direct skin tests all failed to show antibodies to TDI. In lymphocyte culture,
however, TDI-human serum albumin complexes produced stimulation of lympho-
cytes from seven of the eight subjects suspected of being sensitized and none of
the controls.

INTRODUCTION

Toluene diisocyanate (TDI) is a volatile, highly reactive substance which combines notably
with hydroxyl or amino groups. It is widely used as a polymerizing agent in the production
of polyurethane foams, lacquers, adhesives, insulation, fibres and other items. Exposure to
concentrations of TDI in excess of 0-05 ppm causes many workers to develop irritative
symptoms including conjunctival burning, itching, lacrimation, dry cough and nasal con-
gestion (Fuchs & Valade, 1951; Reinl, 1953; Swensson, Holmquist & Ludgren, 1955;
Gandevia, 1964). Brugsch & Elkins (1963) reviewed more than 300 cases reported in the
world literature between 1951 and 1960, including two fatalities (Reinl, 1953; Schurmann,
1955) where lower respiratory tract involvement was severe. Isocyanates also are primary
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skin irritants. It has been observed that some workers, after repeated exposures and a latent
period of a few weeks to months, develop asthmatic symptoms upon re-exposure to minute
concentrations of TDI (Fuchs & Valade, 1951; Swensson et al., 1955; Woodburry, 1956;
Brugsch & Elkins, 1963). Such individuals become unable to work where TDI is used, and
this has created a very significant industrial medicine problem, particularly in plastics
manufacturing, in many areas of the world (note references). The type of onset and exquisite
sensitivity is suggestive of typical extrinsic asthma, but an immunological mechanism for this
disorder has not been adequately documented. We, therefore, undertook to determine
whether an immunological response to TDI could be demonstrated in these individuals.

MATERIALS AND METHODS

Preparation of antigen

Conjugates of TDI (Eastman) with human and rabbit serum albumin were prepared by a
modification of the procedure of Scheel, Killens & Josephson (1964), which involved very
slowly adding a solution of TDI in dioxane dropwise to a 19 solution of albumin at a
temperature of 4-11°C with constant stirring. The concentration of TDI in dioxane was
varied so that approximately equal volumes of TDI-dioxane solution and albumin solution
were mixed. Initially the pH was maintained approximately at 8-:5 with NaOH (Scheel et al.,
1964). Because of the frequent occurrence of precipitates, however, subsequently the pH of
the human serum albumin (HSA) solution was adjusted to 4-5 with HCI and maintained at
this pH throughout the addition of TDI-dioxane solution. Extensive dialysis against pH 7-4,
0-15 M-phosphate buffered saline was used to remove unreacted TDI and dioxane and to
adjust the pH to 7-4. Several conjugates were prepared varying the amount of TDI added from
10 to 160 mg/g HSA, hoping in this manner to make preparations with differing numbers
of haptens per molecule of albumin. These TDI-HSA conjugates are referred to as TDI-
HSA 10, 20, 40, 80 and 160. TDI-RSA denotes conjugates of TDI and rabbit serum albumin.

The development of protein conjugates was confirmed by ultraviolet spectrophotometry.
Comparison of the optical densities of unreacted albumin and the conjugates showed an
increase in absorbance maximal at 255 mu (Fig. 1) and proportional to the amounts of TDI
used in the preparation of these particular conjugates (Fig. 2).

Immunological activity of conjugates

In an attempt to demonstrate that the TDI-HSA and TDI-RSA conjugates could elicit
TDI specific antibodies, quantities of TDI-HSA 20 or 40 or TDI-RSA 20 or 40 (3:3 mg
protein/ml) were emulsified with 2 volumes of complete Fruend’s adjuvant (Difco). Indivi-
dual rabbits were injected with 1-2 ml of the emulsion divided equally into four sites weekly
for 1 month. The injections were repeated three additional times over a 2-3-month period.

Subjects

Twenty-one adult subjects who had been exposed to TDI in the course of their employ-
ment were studied. Eight of these had typical symptoms of severe asthma on exposure to
small amounts of TDI. Thirteen workers had experienced only irritative symptoms on
exposure to moderate or high concentrations of TDI. Detailed clinical observations and



Fic. 1. Ultraviolet absorbance of various conjugates of TDI with human serum albumin (HSA).

FiG. 2. Ultraviolet absorbance of conjugates prepared by the addition of increasing amounts

of TDIL.
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industrial hygiene data concerning the work environment of most of these subjects have been
reported upon previously (Bruckner et al., 1968).

Immunological studies

In vitro histamine release from human leucocytes was determined by a procedure similar
to that described by Lichtenstein & Osler (1964), using a modified spectrofluorometric
method (Shore, Burkhalter & Cohn, 1958) for measuring histamine. Passive cutaneous
anaphylaxis (PCA) (Ovary, 1958), tanned cell haemagglutination tests (Boyden, 1951), gel
diffusion, skin tests and passive transfer (Prausnitz—Kiistner) tests were performed by stan-
dard methods.

Lymphocytes were cultured by a modification of the method of Bach & Hirshhorn (1964)
and Girard et al. (1967). Heparinized blood (1 mg heparin/10 ml blood) was allowed to
sediment for 1 hr at 37°C. The leucocyte-rich supernatant was mixed with an equal volume
of Eagle’s minimal essential medium (MEM, Grand Island Biological Co.) and placed in
2-o0z glass prescription bottles for 1 hr to effect a partial separation of lymphocytes from the
other leucocytes which tend to adhere to glass surfaces. The decanted cell suspension con-
tained 60-90%, mononuclear cells. After centrifugation at 160 g for 10 min, the cells were
washed with 10 ml of MEM and again centrifuged for 5 min at 160 g. The cells were then
resuspended in 1 ml of residual supernatant and counted. Aliquots of 2-5x 10° cells were
placed in conical glass tubes in 4 ml of culture medium consisting of MEM to which 15%;
foetal calf serum (Difco), 200 mm-1-glutamine, 300 units of penicillin and 300 ug of strepto-
mycin had been added. In patients with a history of allergy to penicillin or streptomycin,
these were omitted. Then 01 ml of TDI-HSA conjugate solution containing 1 mg protein/ml
was added to appropriate tubes in all patients studied. In addition, one-tenth of this quantity
of conjugate was utilized in many cultures. As positive controls to determine the ability of
the lymphocytes to respond to stimulation, cultures containing 2 ul phytohaemagglutin P
(PHA, Difco) were incubated in tightly stoppered tubes in the vertical position for 3 days at
37°C along with 3-day control cultures to which no PHA was added. Tubes to which TDI-
HSA conjugates were added were harvested along with antigen-free control tubes at 6 days.
All cultures were done in duplicate.

Following culture the tubes were centrifuged at 40 g for 5 min and the supernatant
discarded. Four drops of a fresh 3:1 solution of absolute methanol and glacial acetic acid
and 3 ml of 1%/ sodium citrate were added to swell the cells, and the tubes were centrifuged
at 40 g for 5 min. As much of the supernatant as possible was removed, and 3 ml of the
methanol-acetic acid fixative were added. After 10 min the tubes were centrifuged at 40 g for
10 min and all but 0-5 ml of supernatant was removed. The cells were resuspended, and a drop
of the suspension was placed on a coverslip and allowed to air dry. The coverslips were
inverted into a drop of 0-5% aceto orcein on a slide and examined microscopically. To
determine the percentage of blast cell transformation, 2000 cells from each duplicate set
of tubes was counted by an observer who did not know the source of the slides.

Subsequently, additional studies were performed to confirm the microscopic observation
of lymphocyte stimulation by tritiated thymidine uptake employing a modification of the
method of Moorhead & McFarland (1966). Heparinized blood (1 mg heparin/10 ml) was
drawn into a plastic syringe in which the blood was allowed to sediment for 1 hr at 37°C.
The supernatant plasma was expressed through a bent 18 guage needle into a plastic tube,
and the white blood cells (WBC) were counted. The leucocyte suspension was added in
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quantities sufficient to give a final concentration of 0-625 x 10° WBC/ml to the same culture
medium (MEM, 1-glutamine, penicillin and streptomycin) used previously in a plastic Erlen-
meyer flask. Additional autologous plasma, obtained by centrifuging the residual red cell
layer remaining in the syringe, was added to bring its final concentration up to 20%;.
After mixing, 4-ml aliquots were distributed by plastic pipettes into 15-ml plastic culture
tubes (Falcon). Antigen was added in the manner described previously to triplicate tubes.

After 6 days in culture, 1-5 uc of tritiated thymidine (specific activity approximately 163
c/mM, New England Nuclear Coporation) was added to each tube 2 hr prior to harvest. Then
the tubes were centrifuged at 180 g at 4°C for 5 min and all except 1 ml of the supernatants
was discarded. The cells were resuspended in the residual supernatant and transferred to
glass tubes (because the plastic tubes were dissolved by subsequently used reagents). The
plastic tubes were washed twice with cold saline to assure adequate removal and transfer of
the cells. The glass tubes were centrifuged at 275 g at 4°C for 10 min, and the cells were
washed once more with 5 ml cold saline. Then S ml of cold 109 trichloroacetic acid (TCA)
were added. The precipitates were resuspended vigorously, and the tubes allowed to stand at
room temperature for at least 20 min. After centrifugation at 4°C at 1700 g for 20 min, the
precipitates were washed with 5-ml quantities of 59, TCA. Care was taken to remove all of
the TCA solution possible following the last centrifugation. Then 0-5 ml of NCS solubilizer
(Nuclear Chicago Corporation) was added and the tubes vigorously agitated on a Vortex
mixer. When the precipitate had completely dissolved, the solutions were transferred to
scintillation vials. The tubes were washed twice with 5-5 ml of scintillation fluid (5-0 g PPO
and 0-3 g POPOP/I toluene), and the washings were added to the scintillation vials. The
radioactivity was measured on a Packard Tri-Carb (Series 3000) refrigerated liquid scintilla-
tion spectrometer.

RESULTS

PCA tests

Six hours after intracutaneous injections with 0-1 ml of serum from rabbits immunized
with TDI conjugates, 1 ml of undiluted TDI-HSA 40 or TDI-RSA 20 and 0-5 ml Evans
blue dye were injected intravenously into albino guinea-pigs. When Kkilled after 30 min,
extravasation of dye was found in both rabbit anti-TDI-HSA and rabbit anti-TDI-RSA
sites when challenged with TDI-HSA 40 or TDI-RSA 20, respectively. Positive PCA
reactions also were obtained with TDI-HSA 40 challenge of an anti-TDI-HSA serum
neutralized with HSA, while HSA failed to elicit a reaction with this neutralized serum.
Likewise, TDI-RSA elicited reactions with rabbit anti-TDI-RSA serum °‘neutralized’
with RSA, while RSA failed to produce PCA with the anti-TDI-RSA serum with or without
‘neutralization’ with RSA. These results suggest that some of these rabbit antibodies were
TDI-specific, though reactivity with denatured albumin cannot be excluded.

PCA tests were carried out as described above using sera from six sensitive and three non-
sensitive human subjects challenged with undiluted TDI-HSA 40 antigen. Rabbit anti-TDI-
HSA 40 was used to provide a positive control. PCA reactions were not elicited with any of
the human sera.

Gel diffusion tests
The undiluted sera from seven sensitive and six non-sensitive subjects were diffused on
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micro-Ouchterlony slides against undiluted antigen and a 1:10 dilution of TDI-HSA 20, 40,
80 and 160. No lines of precipitation were formed.

In vitro histamine release from subjects’ leucocytes

No histamine release was observed when the washed leucocytes from six sensitive and
three non-sensitive individuals were incubated with TDI-HSA conjugates. As expected,
histamine release did occur when pollen extracts were added to the leucocytes of allergic
subjects.

Passive haemagglutination

The sera of six sensitive and three non-sensitive subjects were studied. Tanned red cells
were sensitized with TDI-HSA 40 and TDI-HSA 160 in varying dilutions. Rabbit anti-
TDI-HSA serum again served as a positive control and produced agglutination in dilutions
greater than 1:10,000, largely due to anti-HSA antibodies. None of the human sera caused
agglutination.

Passive transfer (P-K) tests

These were performed on several occasions employmg sera from six sensitive and three
non-sensitive persons. Twenty-four hours after injecting 0-1-ml aliquots of serum into
volunteers known to serve as satisfactory recipients, the sensitized sites were challenged with
undiluted TDI-HSA 40, 80 and 160, which had been sterilized by Millipore filtration. The
tests were repeated with TDI-HSA 40 and 640 concentrated by negative pressure dialysis to
a protein content of 15 mg/ml. The P-K tests were all negative except for one control serum
which repeatedly reacted to the concentrated TDI-HSA 40. This patient did not have a
history of asthma on exposure to TDI but had had asthma when working with other amines.

Direct skin tests

These were restricted in number in order to facilitate access to subjects at a large chemical
manufacturing corporation where most of the blood specimens were obtained. Both scratch
and intracutaneous tests using undiluted TDI-HSA 40 (3 mg protem/ml) and 160 (2-55 mg
protein/ml) were negative on three sensitive subjects.

Lymphocyte cultures

As shown on Table 1, lymphocytes from none of eleven exposed, non-sensitive subjects in
the first group studied showed significant blast cell transformation when cultured with
TDI-HSA 40 (0-1 mg protein). Cultures with one-tenth of this quantity of antigen also were
negative. All subjects responded to PHA. In addition, the cells of two subjects never exposed
to TDI were similarly cultured with no response to TDI.

Table 2 demonstrates that lymphocytes from six of seven sensitive subjects showed
significant blast cell transformation when cultured with TDI-HSA 40 (0-1 mg protein in
4 ml culture). Cultures with one-tenth of this antigen concentration showed similar results.
Patient L.S. did not exhibit a definite response, but his last exposure to TDI was over 3}
years previous to his culture. Patient K.B. did not show unequivocal stimulation with TDI-
HSA 40 but did when TDI-HSA 160 (0-1 mg protein) was used. Positive tests were obtained
on three occasions with both K.A.’s and F.F.’s cells using TDI-HSA 40. Both of these sub-
jects also showed positive responses to TDI-HSA 80 and 160. Subjects C.P. and E.P. (No.
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1 in Tables 1 and 2, respectively) were of special interest in that these brothers had similar
exposure to TDI in their joint work making polyurethane foams for insulation. Only E.P.
clinically appeared to be sensitized, and on simultaneous lymphocyte cultures only his cells
were stimulated by TDI-HSA 40.

TasBLE 1. Lymphocyte cultures of clinically non-sensitive subjects

%% blasts/2000 cells counted

Subject Exposed Asthma TDI-HSA 40
6-day control (0-1 mg protein) PHA
1. C.P. + — 9 8 32%
2. W.D. + - 55 4-5 53
3. R.T. + - 73 74 57
4. GK. + - 62 67 69
5. RS. + - 6 75 51-7
6. V.M. + - 1-4 1-8 65
7. MM. + - 17 2-3 50
8. W.A. + - 0-7 09 73
9. M.S. + - 2-8 41 66
10. N.V. + - 17 39 51-5
11. T.R. + - 3-8 ) 66 71
* A different lot of PHA was used in this experiment than in subsequent ones.
TasLE 2. Lymphocyte cultures of clinically sensitive subjects
% blasts/2000 cells counted
Subject Exposed Asthma TDI-HSA
. 6-day control (0-1 mg protein) PHA
1. E.P. + + 8 20 30%
2. KA.} + + 1 375 69
3. LS. + + 4 7-7 50
4. JH. + + 65 19 59
5. F.F.t + + 75 33 635
6. E.D. + + 49 23-8 62
7. K.B. + + 1 14-5* 62

* TDI-HSA 160 (0-1 mg protein).
T Also cultured with TDI-HSA 80 and 160 (0-1 mg protein).
1 A different lot of PHA was used in this experiment than in subsequent ones.

The second group studied is shown on Table 3. F.F. was also included in the previous
group. A.G. and F.F. showed significant (P <0-01) increase in tritiated thymidine uptake as
well as blast cell transformation when cultured with antigen. Culture of A.G.’s cells with
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TDI-HSA 80 (0-1 mg protein) showed 13-8% blast cell transformation, but the tritiated

thymidine cultures with this antigen were technically unsatisfactory. One subject with a
history of irritative symptoms had negative cultures.

TABLE 3. Lymphocyte cultures evaluated by tritiated thymidine (*H) uptake

Control TDI-HSA 40* TDI-HSA 160t
Clinically
Subject sensitive 3H uptake 3H uptake 3H uptake
(CPM) % blastsi (CPM) 9 blastst (CPM) % blastst
A.G. + 77 40 342 10-2
77 494
121 445
F.F. + 209 46 ND ND 848 132
289 715
354 794
O.H. - 82 55 51 64 ND ND
86 75
64 94

CPM, Counts/min of triplicate cultures; ND, not done.

* 0-1 mg protein. 1 0-01 mg protein. i Based on counting 2000 cells.

DISCUSSION

Since TDI has a marked irritant action on mucous membranes, respiratory symptoms and
injury would be expected following inhalation of high concentrations of this substance. This
has been well documented both in humans and experimental animals (Woodbury, 1956;
Zapp, 1957; Duncan et al., 1962; Silver, 1963; Brugsch & Elkins, 1963; Niewenhuis e? al.,
1965). The occurrence of symptoms in a few individuals at much lower concentrations of
TDI poses the problem of whether these persons are simply unusually reactive to its irritant
effects or whether they have acquired immunologically mediated hypersensitivity. Difficulty
in making this distinction is compounded by the fact that highly reactive substances, such as
TDI, are not only likely to be irritants but also are apt to sensitize, presumably by readily
conjugating with suitable carriers to form antigens. Several facts indirectly support the
possibility that sensitization occurs in some exposed individuals: the usual latent period of
weeks to years between the beginning of exposure and the development of extreme reactivity
to TDI (Bruckner et al., 1968), a progressively shorter exposure-response interval, the
specificity of this marked intolerance to TDI-type compounds alone, the relatively common
past history of personal allergy in this group (Bruckner et al., 1968), the fact that the symp-
toms are quite typical of bronchial asthma, and the not infrequent occurrence of eosinophilia
(Woodbury, 1956; Silver, 1963; Brugsch & Elkins, 1963). Sweet (1968) provoked asthmatic
symptoms and a significant decrease in vital capacity and FEV, in an apparently sensitized
subject by inhalational challenge with a concentration of TDI which produced no effect on
normals or other asthmatic individuals. However, no direct evidence for an immunological
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response to TDI in these individuals appears to have been recorded. Attempts to sensitize
guinea-pigs by inhalation of TDI have generally been unsuccessful (Zapp, 1957). Scheel et al.
(1964) reported TDI specific antibodies to be present in the sera of rabbits immunized by
intravenous injection of TDI-egg albumin conjugates. PCA tests in guinea-pigs and gel
diffusion were reported positive, but their data do not exclude reactivity with the carrier
protein used in these tests. More recently Thompson & Scheel (1968) reported inability to
sensitize Pertussis immunized rats by one or two prolonged inhalational exposures to TDI.
Konzen et al. (1966), working with p, p-diphenylmethane diisocyanate (MDI), reported that
humanssubjected to MDI inhalations produced a transient antibody response as demonstrated
by PCA in guinea-pigs. However, there was no indication that the exposed subjects became
sensitized, and, conversely, sera of asthmatics usually fail to produce PCA in guinea-pigs
with ordinary allergens, such as pollen extracts (Fisher, Middleton & Menzel, 1965), even
when P-K tests are strongly positive. Direct skin tests of apparently sensitized humans with
TDI itself have failed to show positive results (Swennson et al., 1955; Sweet, 1968).

Failure, in our studies, of gel diffusion, PCA and passive haemagglutination to demonstrate
the presence of circulating antibodies to TDI in our apparently sensitized patients was not
unexpected. Precipitin reactions with unconcentrated serum and PCA in guinea-pigs, as
just noted, are almost invariably negative when studying other allergens causing extrinsic
asthma. Although Ishizaka & Ishizaka (1968) have recently shown that IgE antibodies are
capable of producing haemagglutination, there is much evidence that antibodies other than
atopic reagins are responsible for most of the haemagglutinating activity of allergic serum
(Mathews & Speer, 1961 ; Perelmutter, Freedman, & Sehon, 1962).

There were greater expectations that skin tests, P-K tests and in vitro histamine release
from leucocytes might provide relevant evidence of sensitization. Among the several factors
which might account for failure to have obtained positive results in these tests, possible
unsuitability of the TDI-HSA test antigens merits major consideration. Because TDI will
react even with water and with itself, it is impossible accurately to estimate from our data the
number of TDI haptens per molecule of HSA in the various conjugates which were prepared.
It is possible, therefore, that the increasing ultraviolet absorbance noted when larger amounts
of TDI were added to a fixed amount of HSA (Fig. 2) may largely have been due to conjuga-
tion with increasing numbers of HSA molecules rather than the expected increasing degree
of conjugation of each HSA molecule. Thus, the immunological valence of TDI-HSA
conjugates may not have been suitable for eliciting biological effects such as skin test re-
activity.

Clinical assessment of which TDI-exposed subjects appeared to exhibit sensitization to
this compound was made by one individual independently of knowledge of the results of the
lymphocyte cultures. The finding of lymphocyte stimulation in seven of eight apparently
sensitized subjects and none of thirteen non-sensitized individuals indicates a significant
association (P<0-01), and the results were reproducible. The possibility of error in the
microscopic identification of blast cells is well recognized but was minimized in the present
work by having one experienced individual examine all the slides. More importantly, all
preparations were read ‘blind’. In a limited number of experiments the results were confirmed
by finding significant, albeit slight, lymphocyte stimulation by the tritiated thymidine uptake
technique. Work in this laboratory using the described methods has shown the tritiated
thymidine uptake to be less sensitive than the microscopic technique with some other
antigens, in agreement with some observations elsewhere (Mills, 1966). Also, the experiments
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employing tritiated thymidine were done at a time when the subjects’ TDI sensitivity seemed
to be waning, as judged by microscopic criteria.

In a limited number of observations comparing results after 4, 5, 6 and 7 days of culture,
6 days appeared to be optimal. In a few experiments with serial dilutions of TDI-HSA 40
and 80, the largest amount of antigen used (final concentration of 25 ug protein/ml culture)
gave the greatest degree of lymphocyte stimulation. With TDI-HSA 160, one-tenth of this
antigen concentration sometimes was optimal, larger amounts appearing to have a toxic
effect on the cells. With the tritiated thymidine method, the use of autologous plasma,
rather than foetal calf serum, employing plastic culture tubes, and omitting adsorption of
the leucocytes on to glass yielded less variable results. Larger amounts of suitable antigens
might have been more stimulating, but problems in preparing highly substituted conjugates
and their toxicity for cells set limitations on this approach. Only HSA was tried as a carrier.

While lymphocyte transformation initially was found to occur in association with delayed
hypersensitivity (Pearmain, Lycette & Fitzgerald, 1963), it also occurs in apparent associa-
tion with immediate hypersensitivity, including atopy (Lycette & Pearmain, 1963; Wiener &
Brasch, 1965; Zeitz, Van Arsdel & McClure, 1966; Girard et al., 1967). Of particular rele-
vance to this study is the fact that several investigators (Hirschhorn ef al., 1963 ; Holland &
Mauer, 1964; Ripps, Fellner & Hirschhorn, 1965; Girard et al., 1967; Halpern, Ky &
Camache, 1967) have found stimulation of lymphocytes by drug allergens. Possibly the
TDI conjugates used in this work have an analogous effect, the mechanisms of which are not
very well understood.

Finally, it should be pointed out that this work does not prove that the immunological
mechanisms responsible for the susceptibility of the lymphocytes from TDI-sensitive asth-
matics to stimulation by TDI conjugates are the same as those responsible for their asthma.
As shown so clearly by the ubiquity of immunological response to penicillin antigens
(Levine et al., 1966), for example, the occurrence of some forms of immunological response
to drugs and other low molecular weight compounds is not necessarily associated with
clinical manifestations of hypersensitivity. However, the fact that in the present work
evidence of an immunological response was found only in individuals suspected of being
sensitized supports, but does not prove, the hypothesis that TDI asthma is allergic.
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