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Diiisocyanates are asthma-causing chemicals used in the commer-
cial production of polyurethane. We have previously shown that
human lung epithelial cell proteins can become conjugated with
hexamethylene diisocyanate (HDI) and may be biologically impor-
tant in diisocyanate-induced asthma. The objective of this study
was to identify specific human lung and skin proteins that become
conjugated with diisocyanate after in vitro and in vivo exposure.
Following in vitro exposure of human airway epithelial cells (A549),
keratin 18, the 78-kD glucose-regulated protein, trans-1,2-dihy-
robenzene-1,2-diol dehydrogenase, and actin were identified as
prominent diisocyanate-conjugated proteins through use of a com-
bination of immunocytochemical and mass spectrometric tech-
niques. Following in vivo inhalation of an HDI aerosol, keratin 18
was also identified as the predominant diisocyanate-conjugated
protein in human endobronchial biopsy samples, whereas albumin
was the predominant diisocyanate-conjugated protein in broncho-
alveolar lavage fluid. Keratin was also identified as a predominant
diisocyanate-conjugated protein in human skin biopsy samples
after epicutaneous exposure to liquid-phase HDI, although the
major skin diisocyanate-conjugated protein (56-kD) differed from
the predominant lung diisocyanate-conjugated keratin (47-kD).
The data from this study identify keratin and other proteins as po-
tential “carriers” for diisocyanates in vivo, and suggest that HDI
conjugation of these proteins may play a role in the pathogenesis
of diisocyanate-induced asthma.

Diisocyanates are a leading cause of occupational asthma in
industrialized nations, where they are used in the commercial
production of polyurethane-based products. Diisocyanates are
uniquely suited for polyurethane production, since their
N=C=0 moieties react with the OH groups of polyols to form
polyurethanes efficiently, with virtually no byproducts. Hex-
amethylene diisocyanate (HDI), the focus of the present re-
port, is the most commonly used aliphatic diisocyanate (1).
The chemical reactivity of diisocyanate that has been ex-
ploited for the commercial production of polyurethane has
also hampered in vitro and in vivo studies of diisocyanate-
induced allergy and asthma. Diisocyanates react rapidly with
the OH groups of polyols as well as with the OH groups of
water, and with functional groups present on all proteins (1).
Diisocyanates react with amines, hydroxyls, and sulfydryls,
with the last of these reactions favored under “physiologic
conditions” in vivo (1, 2). This reactive nature of diisocyanates
has obscured studies of the immunopathogenesis of diisocy-
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anate-induced asthma, owing to uncertainty about the anti-
genic form of the chemicals that trigger allergic reactions.

Most immunologic studies of diisocyanate-induced asthma
have so far focused on the hapten-like nature of diisocyanate
conjugated to albumin as a carrier protein. These studies have
documented the presence of IgE that binds to diisocyanate—
albumin adducts in some but not all patients with diisocyan-
ate-induced asthma (3-5). Increased lymphocyte proliferative
responses to diisocyanate—albumin adducts have also been docu-
mented in some patients with diisocyanate-induced asthma,
but the magnitude of this response is significantly smaller than
that induced by other allergens, such as dust mite or pollen (6,
7). Few human studies to date have investigated the antigeni-
city of diisocyanates conjugated to carrier proteins other than
albumin, and the importance of the carrier moiety in determ-
ining the antigenicity of diisocyanate—protein adducts remains
unclear (8-10).

Recently, we reported studies suggesting that HDI-conju-
gated epithelial cell proteins may be important antigens in di-
isocyanate-induced asthma. We have shown that: (/) HDI can
be detected along the epithelial cell boundary of the airways
of exposed human subjects; (2) lung epithelial cell proteins
can act as carrier proteins for HDI; and (3) HDI-conjugated
human lung epithelial-cell proteins specifically induce prolif-
eration of peripheral blood mononuclear cells (PBMC) ob-
tained from patients with diisocyanate-induced asthma (11,
12). These data suggest that human airway epithelial cell pro-
teins may be important targets for diisocyanate conjugation
and entry into the human body, and may play a primary role in
the pathogenesis of diisocyanate-induced asthma. Therefore,
the objective of the present study was to identify the specific
human lung epithelial cell proteins that become conjugated
with HDI after exposure in vitro and in vivo. The study also
investigated skin proteins susceptible to HDI conjugation,
since skin is also a primary site of occupational exposure to
HDI. The implications of the study data with regard to under-
standing of the immunopathogenesis and diagnosis of diisocy-
anate-induced asthma are discussed.

METHODS

Reagents

A549 cells were obtained from the American Type Tissue Culture
Collection (Rockville, MD). HDI, monoclonal anticytokeratin p18
antibody, monoclonal antipancytokeratin (mixture) antibodies, key-
hole limpet hemocyanin (KLH), and protease inhibitor cocktail
were obtained from Sigma Chemical Co. (St. Louis, MO). Fetal bo-
vine serum (FBS), gentamicin, L-glutamine, and nonessential amino
acids (NEAA) were obtained from Gibco-BRL (Grand Island, NY).
Triton X-100 was obtained from Calbiochem (La Jolla, CA); horse-
radish peroxidase (HRP)-conjugated antirabbit Ig and antimouse Ig
from Pharmingen (San Diego, CA); enhanced chemiluminescence
(ECL) Western blotting detection reagents from Amersham (Cleve-
land, OH); Sepharose-4B from Pharmacia (Piscataway, NJ); Immo-
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bilon-P membranes from Millipore (Bedford, MA); and nitrocellulose
beads from BioRad Laboratories (Hercules, CA).

HDI Exposure of A549 Cells

Exposure of A549 human lung epithelial cells to HDI in vitro was
done as previously described (12). Briefly, A549 cells were cultured in
RPMI-1640 medium supplemented with 10% FBS, L-glutamine (2 mM),
NEAA (1 mM), and gentamicin (10 pg/ml). Cells were grown to con-
fluence in a 75-cm? tissue culture flask, washed with phosphate-buff-
ered saline (PBS), and exposed to HDI in PBS (containing 1 mM
CaCl, and 1 mM MgCl, to prevent detachment). HDI was serially di-
luted in acetone before being added to the cells in a volume of 10 ml
of PBS with a final acetone concentration of 0.5% (vol/vol) and final
HDI concentrations ranging from 19 to 300 uM (0.0003% to 0.005%
[vol/vol]). Samples were shaken vigorously and rocked for 20 min at
room temperature. Control flasks received vehicle in the same vol-
ume. The cells were washed three times with PBS, scraped, and resus-
pended in 3 ml of PBS or Tris buffer with protease inhibitors.

Crude Fractionation of A549 Cells

Unexposed control or HDI-exposed A549 cells suspended in 50 mM
Tris—HCI buffer, pH 7.4, containing 0.1% Triton X-100, 1 mM ethyl-
ene glycol-bis-(B-aminoethyl ether)-N,N,N' ,N'-tetraacetic acid (EGTA),
and 0.1 mM MgCl, were sonicated twice with 30-s pulses, followed by
a 30-s rest, on ice on a Bronson Ultrasonicator (Bronson Sonicator
Co., Danbury, CT). The cells were centrifuged for 30 min at 12,000 X g,
and the supernatant and pellet fractions were separated.

Generation and Characterization of HDI Antisera

HDI-specific antisera were raised in rabbits against HDI-KLH ad-
ducts as previously described (12). Briefly, HDI-conjugated KLH was
emulsified in a 1:1 ratio with complete Freund’s adjuvant, and a total
of 500 pg of immunogen was given intramuscularly at four different
sites to a New Zealand White rabbit (Millbrook Farms, Rehoboth,
MA). Following the initial immunization, rabbits were boosted at 3-wk
intervals with 250 g of immunogen in incomplete Freund’s adjuvant.
Rabbit antisera were generated and processed by the Yale University
Immunization Services in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH Pub-
lication No. 86-23, as revised). To remove serum antibody reactivity
directed at KLH carrier-specific epitopes, the antisera were twice
passed over a KLH-coupled Sepharose bead column. A 5-ml column
of KLH-coupled Sepharose was prepared, using cyanogen bromide-
activated Sepharose 4B according to the manufacturer’s directions,
with a 5 mg KLH/ml bed volume of beads. Five milliliters of antisera
were depleted per column. For dot-blot characterization of the pro-
cessed antisera, 2 ng of human serum albumin (HSA), HDI bound to
HSA (HDI-HSA), A549 cells, HDI-conjugated A549 cells, KLH, and
HDI-KLH, generated as previously described (12), were spotted on
nitrocellulose strips. The strips were probed with preimmune sera,
precolumn (anti-HDI-KLH) sera, the KLH-depleted fraction of anti-
sera, and the KLH-specific fraction of antisera at a 1:1,000 dilution in
5% dry milk, and were developed as subsequently described.

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis and Western Blot Analysis

HDI-exposed and unexposed A549 cells were separated on 7.5 to
12.5% polyacrylamide gradient gels and transferred onto Immobilon-
P membranes as described (12). The membranes were probed with
rabbit polyclonal anti-HDI antisera (1:2,000) and a secondary HRP-
conjugated antirabbit Ig (1:2,000), and were developed with ECL.
Fractionated A549 cells were transferred and probed similarly, and
some blots were later stripped (according to the manufacturer’s pro-
tocol) and reprobed with antikeratin antibodies (1:2,000) and a sec-
ondary HRP-conjugated antimouse Ig antibody (1:2,000). Protein
bands were visualized by Coomassie-R250 staining according to
the manufacturer’s instructions, excised, electroeluted, and reana-
lyzed by matrix-assisted laser desorptive ionization mass spectrome-
try (MALDI-MS) and Western blotting. The Yale Keck Center (New
Haven, CT) performed the MALDI-MS.
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Human Subjects and HDI Exposure

The part of the study involving human subjects was approved by the
Human Investigations Committee of Yale University, and informed
written consent was obtained from each subject. Three automobile
body shop workers with known prior workplace exposure to HDI and
two atopic asthmatic (non-HDI-exposed) subjects were studied. Sub-
ject 1 was a 22-yr—old male employed for 6 yr in an automobile body
shop. Subject 2 was a 67-yr-old male who had worked in an automo-
bile body shop for the preceding 25 yr. Subject 3 was a 47-yr-old male
employed for 21 yr in an automobile body shop, but for the 4 yr pre-
ceding the study as an office manager. None of the automobile body
shop workers had asthma as based on methacholine testing, peak
flow measurements, and questionaires. Control Subjects 4 and 5 were
26-yr-old and 27-yr—old individuals with atopic asthma (non-HDI-
induced), and were skin prick test-positive for mite and cat allergens.
Given the risks of HDI sensitization, we did not expose the control
subjects with non-HDI-induced asthma to HDI in this study. HDI
aerosol exposure of automobile body shop workers was done with a
closed-circuit system that delivers HDI biuret aerosol. The closed-cir-
cuit apparatus consists of a temperature- and humidity-controlled HDI
aerosol generation system and a Teflon-coated Plexiglas mixing cylin-
der with a face mask delivery system (13). HDI aerosol and vapor lev-
els in the closed-circuit HDI delivery chamber were quantitated with
Isochek samplers (ESA Laboratories Inc., Lowell, MA) and an Au-
tostep continuous isocyanate monitor (GMD Systems Inc., Pittsburgh,
PA). All three automobile body shop workers received a 2-h exposure
to HDI at 20-30 ppb. Thirty minutes after HDI exposure, the subjects
underwent bronchoscopy with bronchoalveolar lavage (BAL) and
multiple airway biopsies as previously described (11). Control (non—
HDI-exposed) subjects underwent identical bronchoscopy. The bron-
choalveolar lavage fluid (BALF) was subjected to low-speed (2,500 X
g) centrifugation, and soluble proteins were concentrated 30-fold with
a 10-kD-cutoff Millipore filter before use. Biopsy samples were snap
frozen in liquid N, and later homogenized and sonicated as described
earlier for A549 cells. Protein concentrations in the patient samples
were measured with a kit from BioRad. For BALF and biopsy stud-
ies, 20 pg of protein per lane were run on a minigel and subjected to
Western blotting as subsequently described.
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Figure 1. Dot-blot characterization of HDI-specific antisera. Antisera
raised against HDI-KLH were dot blotted as described in MeTHoDS
against unconjugated (—) and HDI-conjugated (+) proteins including
A: albumin; B: epithelial cell proteins; C: titrated KLH; and D: titrated
HDI-KLH. Reactivity of preimmune sera (lane 1), HDI-KLH immune se-
rum (lane 2), the anti-KLH fraction of HDI-KLH antisera (lane 3), and
the anti-KLH-depleted fraction of HDI-KLH antisera (lane 4) are shown.
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Epicutaneous exposure of human Subjects 2 and 3 was done by ap-
plying 100 .l of 0.1% (6 mM) HDI diluted in acetone and olive oil at
a ratio of 4:1 to the back, or by applying vehicle alone as a control.
Thirty minutes after HDI was applied, 0.5-mm punch biopsies were
obtained from unexposed and exposed sites, following local anesthe-
sia with 1% lidocaine. Skin biopsy samples were homogenized and
sonicated, and 20 pg of protein per lane were run on a minigel and
subjected to Western blotting as described earlier.

RESULTS

HDI Binding to Human Lung Epithelial
Cell Proteins In Vitro

We used an immunocytochemical technique to detect human
lung epithelial cell proteins bound by HDI after exposure in
vitro. HDI-specific antibody preparations were raised against
HDI-KLH adducts and were characterized by dot-blot assay
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Figure 2. SDS-PAGE and Western blot with anti-HDI antisera
of A549 cells exposed to HDI dose titration. (A) A549 cells un-
exposed (lane 1) or exposed to HDI concentrations of 19 uM
(lane 2), 38 uM (lane 3), 75 puM (lane 4), 150 uM (lane 5), or
300 pM (lane 6), separated by SDS-PAGE, and stained with
Coomassie blue. (B) Parallel Western blot with anti-HDI anti-
sera of the cell proteins shown in A.
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before and after preabsorbtion with KLH columns to remove
anti-KLH activity (Figure 1). Western blots of total human
lung epithelial cell proteins (A549 cells) done with anti-HDI
antisera after a dose-titration exposure to HDI in liquid phase
revealed detectable HDI-protein conjugation at exposure
concentrations = 38 uM (Figure 2). At relatively low doses
(38 to 75 pM), HDI-protein conjugation did not correlate
with protein levels (as detected by Coomassie staining), sug-
gesting that certain proteins are more susceptible to reactivity
with diisocyanates than others, including polypeptides of < 27
to kD, 36-kD, and 47-kD (Figure 2, lanes 3 and 4). At higher
doses (300 M), the HDI-protein conjugation pattern more
closely reflected relative protein levels, although some pro-
teins still appeared to be disproportionately conjugated with
HDI. Parallel sodium dodecylsulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) revealed that HDI exposure also
decreased the Coomassie staining of human lung epithelial
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Figure 3. Purification of a 47-kD HDI-conjugated human
75- '1 lung epithelial cell protein. (A) Coomassie blue-stained SDS-
PAGE gel of total cell proteins from HDI-exposed (lane T)
T - and unexposed (lane 2) A549 lung epithelial cells or from
- the 12,000 X g pellet (lane 3) and supernatant (lane 4) frac-
47- . S S tions of HDI-exposed cells. (B) Parallel Western blot, with
- anti-HDI antisera, of the cell proteins shown in A.
p ki il -
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Figure 4. Purification of HDI-conjugated proteins from human lung
epithelial cells exposed to HDI in vitro. Total proteins from unexposed
(lane 1) or HDI-exposed (lane 2) A549 cells, and electroelution purified
proteins (lanes 3 to 8) from HDIl-exposed A549 cells, were Western
blotted with anti-HDI antisera.

cell proteins, which may have been related to HDI interfer-
ence with Coomassie binding to the proteins.

Identification of Diisocyanate Bound Human
Lung Epithelial Cell Proteins

We identified predominant HDI-conjugated human lung epi-
thelial cell proteins by mass spectrometry of proteins from
HDI-exposed A549 cells separated by SDS-PAGE. One of
the predominant HDI-conjugated proteins was greatly en-
riched in a 12,000 X g pellet fraction of exposed A549 cells
(Figure 3). This 47-kD protein was determined to be keratin
18 through MALDI-MS, and this was further verified by par-
allel Western blotting with an monoclonal anti-keratin 18-spe-
cific antibody (data not shown). Additional HDI-conjugated
proteins were identified by first excising and electroeluting,
from SDS-PAGE gels, protein bands that corresponded to
prominent bands on parallel anti-HDI Western blots. These
purified proteins were then simultaneously reanalyzed by
Western blotting and MALDI-MS. The 78-kD glucose-regu-
lated protein (GRP78), actin, and trans-1,2-dihyrobenzene-
1,2-diol dehydrogenase were identified by this approach (Fig-
ure 4). Two of the predominant HDI-conjugated proteins in
exposed human airway epithelial cells, of ~ 100-kD and < 27-
kD, could not be identified by the algorithmic criteria of
MALDI-MS.
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Figure 6. Western blot and SDS-PAGE of BALF from unexposed and
HDI aerosol-exposed subjects. BALF from a representative unexposed
(lane T) and an HDI-exposed (lane 2) subject were subjected to West-
ern blotting with anti-HDI antisera. Lanes 3 and 4 show parallel SDS-
PAGE gels stained with Coomassie blue.

Detection of HDI-Bound Proteins in Human
Tissues Following Exposure In Vivo

To determine whether HDI binds to the same proteins in vivo
as in vitro, we probed human airway endobronchial biopsies,
BALF, and skin biopsy samples after HDI exposure in vivo.
Subjects were exposed via airways to 20-30 ppb aerosolized
HDI and via skin to 0.1% (vol/vol) (6 mM) HDI, both of
which are concentrations of HDI that might be encountered in
the workplace (14).

In human airway biopsy samples obtained from subjects
exposed to aerosolized HDI, we detected a 47-kD HDI-conju-
gated protein that comigrated with keratin 18 in parallel Western
blots probed with HDI-antisera and a monoclonal anti-keratin
18-specific antibody (Figure 5). A single HDI-conjugated pro-
tein was detected in human BALF from subjects exposed to
aerosolized HDI (Figure 6), and was probably albumin, on the
basis of an electrophoretic mobility corresponding to 68-kD
and parallel Coomassie stains. Albumin has previously been
shown to be the major diisocyanate-conjugated protein in
BALF from guinea pigs and rats exposed in vivo to toluene di-
isocyanate (TDI) in studies using similar immunocytochemical
methods to those used in our study, as well as radioisotope
tracing methods (15, 16).

We also identified two predominant HDI-conjugated pro-
tein bands in human skin biopsies from epicutaneously ex-
posed subjects, one at 56-kD and one > 97-kD (Figure 7).
These HDI-conjugated proteins comigrated with keratin pro-
teins in serial blots that were first probed with anti-HDI anti-

Figure 5. Western blot and SDS-PAGE of airway biopsies from un-
exposed and HDI aerosol-exposed subjects. Biopsy samples from
a representative unexposed (lanes 1, 3, 5) and an HDI-exposed
(lanes 2, 4, and 6) subject were subjected to Western blotting
with anti-HDI antisera (lanes 1 and 2) or monoclonal anti-keratin
18 antibody (lanes 3 and 4). Lanes 5 and 6 show parallel SDS-
PAGE gels stained with Coomassie blue.
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Figure 7. Western blot of unexposed and HDI-exposed human skin bi-
opsies. Unexposed (lanes T and 3) and HDIl-exposed (lanes 2 and 4)
skin punch biopsies from a representative subject were subjected to
Western blotting with anti-HDI antisera (lanes 1 and 2) or a panreac-
tive antikeratin antibody cocktail (lanes 3 and 4).

serum and then stripped and reprobed with panreactive anti-
keratin antibodies.

The results described here suggest that keratins and albu-
min were the primary HDI-conjugated proteins in the airways
and skin of the HDI-exposed subjects tested. Further studies
are needed to determine whether these same proteins are
equally susceptible to diisocyanate conjugation in all exposed
workers, or whether individual differences in HDI-protein
conjugation are related to the development of diisocyanate-
induced asthma.

DISCUSSION

Conjugation of diisocyanate to human proteins after occupa-
tional exposure is probably an important primary event in the
development of diisocyanate-induced allergy and asthma. In
the present study, through mass spectrometic and immunocy-
tochemical techniques, we identified human lung and skin
proteins that became conjugated to HDI after exposure. HDI-
conjugated proteins were detected in human airway epithelial
(A549) cells exposed in vitro to doses of HDI = 38 pM, and
were also detected in airway and skin biopsies from three sub-
jects exposed to 20-30 ppb aerosolized HDI or 0.1% (6 mM)
HDI in the liquid phase, both of which are concentrations of
HDI encountered in the workplace (14). Keratin 18 was iden-
tified as a predominant HDI-conjugated protein in human air-
way cells exposed to HDI both in vivo and in vitro, and is
probably the “predominant 47-kD HDI conjugated epithelial
cell protein” previously described (12). Additional human
airway proteins susceptible to HDI conjugation include the
78-kD glucose-regulated protein, trans-1,2-dihyrobenzene-1,2-
diol dehydrogenase, and actin. In BALF from inhalation-chal-
lenged subjects, albumin was identified as the major HDI-con-
jugated protein. In exposed human skin biopsies, we detected
a 56-kD HDI-conjugated protein that comigrated with keratin
in Western blot analyses.

The newly identified HDI-conjugated human proteins could
contribute to the pathogenesis of diisocyanate-induced asthma
through several different pathways. One possibility is that the
conjugated proteins may serve as carrier proteins that present
diisocyanates to the human immune system in a haptenlike man-
ner. Normally intracellular and/or structural proteins (such as
keratin or GRP78) could gain access to the immune system fol-
lowing cell death or damage to the epithelial layer that results
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in loss of its integrity. Alternatively, normal cellular proteins, if
“damaged” by HDI conjugation, could be processed by endog-
enous pathways, resulting in the presentation of HDI along with
molecules of the major histocompatibility system. A second
possibility is that diisocyanates directly crosslink cellular pro-
teins in a way that alters their conformation and makes them
immunogenic. A third possibility is that HDI conjugation mod-
ulates the function of proteins, which may lead to immune acti-
vation. Alternatively, HDI metabolites, resulting from interac-
tions with epithelial cell proteins, may be immunomodulatory.

Of the HDI-conjugated proteins newly identified in the
present study, the one most interesting with regard to its po-
tential for participation in the immunopathogenesis of diisocy-
anate-induced asthma may be keratin. The HDI-conjugated
keratin that we identified in exposed airway cells, keratin 18, is
highly expressed in the lung, where it heteropolymerizes with
keratin 8 (17). A likely candidate for the 56-kD HDI-conju-
gated protein detected in exposed human skin is keratin 10,
given its size and predominance in the outermost layers of hu-
man skin, the primary site of epicutaneous diisocyanate expo-
sure (18). Both keratin 18 and keratin 10 are type I (acidic)
keratins, rich in cysteines and with a highly conserved core re-
gion (19). Type 1 keratins are structurally related to all inter-
mediate filaments and have well-described roles in maintain-
ing cellular integrity and epithelial boundaries (19). Although
the potential pathogenic effects of diisocyanate-keratin conju-
gation are unknown, conjugation of HDI to keratin could af-
fect the function of the latter in maintaining epithelial integ-
rity. It is also possible that keratins act as “carrier” proteins
for diisocyanate, or that diisocyanate crosslinking of keratins
may cause the formation of “neoepitopes.” The identification
of HDI-conjugated keratins after both airway exposure to
aerosolized HDI and skin exposure to liquid HDI may help
explain the previously reported link between skin sensitization
to diisocyanates and the induction of airway hyerresponsive-
ness to these chemicals in guinea pigs (20). Furthermore, if the
antigenicity of diisocyanate depends on the carrier protein, as
classical hapten studies have shown for other T-cell responses,
then HDI-conjugated keratin may represent a major class of
previously unrecognized HDI antigens.

Additional HDI-conjugated proteins were detected in hu-
man lung cells exposed to HDI in vitro as compared with air-
way biopsies from subjects exposed to HDI in vivo. It remains
unclear whether these differences in HDI-protein conjugation
after in vitro and in vivo exposure are related to HDI exposure
dosage, the sensitivity of HDI detection by Western blotting,
or differences in normal airway epithelial cells as compared
with cell lines. Ethical and practical limitations of obtaining
larger sample sizes of airway tissue from exposed humans
have limited attempts to further investigate these differences.
However, preliminary studies in our laboratory, done with an-
imal models, suggest that these additional proteins may also
become conjugated to HDI in vivo, but that their turnover
may occur more rapidly than occurs in vitro (unpublished ob-
servations).

One of the HDI-conjugated proteins identified after in
vitro exposure of human airway epithelial cells was glucose-
regulated protein (GRP)78, which belongs to a family of
stress-inducible GRPs that show molecular and functional ho-
mology with heat-shock proteins and bind Ca*" (21). GRPs
have been implicated in the development of cytotoxic immu-
nity, and are known to function as molecular “chaperones” in
the trafficking of other “damaged” proteins (22, 23). Given
their recognized ability of isocyanates to be transferred from
protein to protein via “thiol shuttling” (2), we hypothesize
that diisocyanates could become covalently linked to GRP78
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while GRP78 is trafficking another diisocyanate-damaged
protein. Interestingly, GRP78 has previously been shown to
be associated with keratin intracellularly (24), and stress pro-
teins homologous to GRP78 have been found to act as molec-
ular chaperones in antigen processing (25). GRP78 could par-
ticipate in HDI-induced immunopathology by acting as a carrier
for diisocyanate, or might be involved in processing diisocyan-
ate epitopes for presentation to T cells.

The 37-kD HDI-conjugated protein in exposed human air-
way epithelial cells was identified as a product of the dihy-
drodiol dehydrogenase gene family. Didhydrodiol dehydroge-
nases, members of the aldo-keto reductase superfamily, are
believed to be involved in endogenous steroid metabolism,
and exhibit tremendous polymorphism (26, 27). Aldo—keto re-
ductases, such as didhydrodiol dehydrogenases, are ubiqui-
tously expressed, and were first recognized for their role in the
metabolism of polycyclic hydrocarbons, which are structurally
related to diisocyanates (28). Didhydrodiol dehydrogenases
may also effect keratin expression, and have been linked to
cellular differentiation and Ca** fluxes in skin (18).

The 42-kD HDI-conjugated protein in exposed human
airway epithelial cells was identified as actin. The conjugation
of HDI with actin in exposed cells is notable, given a recent re-
port describing the colocalization of TDI and tubulin in ex-
posed human airway cells (29) and the well-established associ-
ation of tubulin and actin. Additional studies should determine
whether actin serves as a carrier protein for diisocyanate in
vivo, or whether diisocyanate—actin conjugation could cause
cytoskeletal functional impairments that affect the immunoge-
nicity of diisocyanate.

In addition to the HDI-conjugated proteins that we identi-
fied in exposed human tissue samples, we identified albumin
as the predominant soluble extracellular HDI-conjugated pro-
tein in airway lavage fluid from aerosol-exposed subjects. Al-
bumin from BALF has previously been shown to be conju-
gated with diisocyanate in TDI-exposed animals (15), and
serum albumin conjugated with methyldiphenyldiisocyanate
has been reported in exposed animals and human workers (16,
30). In revealing HDI-conjugated albumin in BALF of ex-
posed human subjects, our results are consistent with these
findings. However, the role of HDI-conjugated albumin in the
pathogenesis of diisocyanate-induced asthma remains unclear.
Although the kinetics of isocyanate reactivity with albumin in
exposed airways are favorable, given that albumin is the pre-
dominant protein in airway fluid, the fate of soluble HDI-
albumin in airway fluid, and its interaction with the immune
system in diisocyanate-induced asthma, remain uncertain.

In summary, we have identified several human proteins that
are likely targets for diisocyanate conjugation following expo-
sure to HDI. HDI conjugation to keratins, albumin, actin, a
stress protein, and a metabolic enzyme was observed at expo-
sure doses equivalent to or below those that might be encoun-
tered in the workplace. The HDI-conjugated proteins that we
identified may represent markers of exposure, and may parti-
cipate in the pathogenesis of diisocyanate-induced asthma by
serving as carrier proteins. Alternatively, diisocyanate conjuga-
tion might affect the expression or function of the identified pro-
teins, which could contribute to the development of asthma.
Further studies are needed to determine whether significant dif-
ferences in HDI-protein conjugation occur in workers who de-
velop diisocyanate-induced asthma as compared with workers
who do not, or whether the pathogenesis of diisocyanate-induced
asthma depends on individual differences in the immune re-
sponse to the HDI-conjugated proteins identified in our study.

Acknowledgment: The authors would like to acknowledge Drs. Phil Aske-
nase, Mark Cullen, and Brian Smith for helpful discussions of our studies, as

2335

well as the Yale Asthma Specialized Center of Research team for their con-
tinued support and constructive criticisms. Drs. André Cartier, Yves Clou-
tier, Youcheng Liu, and Jim Virgulto were instrumental in the design and
validation of our closed-circuit HDI chamber. The Yale Keck Center per-
formed MALDI-MS.

References

1. Urlich H. Chemistry and technology of isocyanates. West Sussex, UK:
Wiley; 1996.

2. Day BW, Jin R, Basalyga DM, Kramarik JA, Karol MH. Formation, sol-
volysis, and transcarbamoylation reactions of bis(S-glutathionyl) adducts
of 2,4-and 2,6-diisocyanatotoluene. Chem Res Toxicol 1997;10:424-431.

3. Karol MH, Tollerud DJ, Campbell TP, Fabbri L, Maestrelli P, Sactta M,
Mapp CE. Predictive value of airways hyperresponsiveness and circu-
lating IgE for identifying types of responses to toluene diisocyanate
inhalation challenge. Am J Respir Crit Care Med 1994;149:611-615.

4. Cartier A, Grammer L, Malo J-L, Lagier F, Ghezzo H, Harris K, Patter-
son R. Specific serum antibodies against isocyanates: association with
occupational asthma. J Allergy Clin Immunol 1989;84:507-514.

5. Cullinan P. Occcupational asthma, IgE and IgG. Clin Exp Immunol 1998;
28:668-670.

6. Bernstein JA, Munson J, Lummus ZL, Balakrishnan K, Leikauf G. TCR
V-B segment expression in isocyanate asthma. J Allergy Clin Immunol
1997,99:245-252.

7. Avery SB, Stetson DM, Pan PM, Mathews KP. Immunological investiga-
tion of individuals with toluene diisocyanate asthma. Clin Exp Immu-
nol 1996;4:585-596.

8. Butcher BT, Mapp C, Reed MA, ONeil CE, Salvaggio JE. Evidence for
carrier specificity of IgE antibodies detected in sera of isocyanate-ex-
posed workers. J Allergy Clin Immunol 1982;69:5123.

9. Wass U, Belin L. Immunologic specificity of isocyanate-induced IgE an-
tibodies in serum from 10 sensitized workers. J Allergy Clin Immunol
1989:83:126-135.

10. Baur X. Immunologic cross-reactivity between different albumin-bound
isocyanates. J Allergy Clin Immunol 1983;71:197-205.

11. Redlich CA, Karol MH, Graham C, Homer RJ, Holm CT, Wirth JA,
Cullen MR. Demonstration of airway isocyanate-adducts in human
HDI-induced asthma. Scand J Work Environ Health 1997;23:227-231.

12. Wisnewski AV, Lemus R, Karol MH, Redlich CA. Isocyanate-conju-
gated human lung epithelial cell proteins: a link between exposure and
asthma. J Allergy Clin Immunol 1999;104:341-347.

13. Malo J-L, Ghezzo H, Elie R. Occupational asthma caused by isocyan-
ates: patterns of asthmatic reactions to increasing day-to-day doses.
Am J Respir Crit Care Med 1999;159:1879-1883.

14. Myer HE, O’Block ST, Dharmarajan V. A survey of airborne HDI,
HDI-based polyisocyanate and solvent concentrations in the manu-
facture and application of polyurethane coatings. Am Ind Hyg Assoc J
1993;54:663-670.

15. Jin R, Day BW, Karol MH. Toluene diisocyanate protein adducts in the
bronchoalveolar lavage fluid of guinea pigs exposed to vapors of the
chemical. Chem Res Toxicol 1993;6:906-912.

16. Kennedy AL, Singh G, Alarie Y, Brown WE. Autoradiographic analy-
ses of guinea pig airway tissues following inhalation exposure to '*C-
labled methyl isocyanate. Fund Appl Toxicol 1993;20:57-67.

17. Magin TM, Schroder R, Leitgeb S, Wanninger F, Zatloukal K, Grun C,
Melton DW. Lessons from keratin 18 knockout mice: formation of
keratin filaments, secondary loss of keratin 7 and accumulation of liver
specific aggregates. J Cell Biol 1998;140:1441-1451.

18. Rao KS, Babu KKR, Gupta PD. Keratins and skin disorders. Cell Biol
Int 1996;20:261-274.

19. Tyner AL, Eichman MJ, Fuchs E. The sequence of a type II keratin gene
expressed in human skin: conservation of structure among all interme-
diate filament genes. Proc Natl Acad Sci USA 1985;82:4683—4687.

20. Rattray NJ, Botham PA, Hext PM, Woodcock DR, Feilding I, Dearman
RJ, Kimber I. Induction of respiratory sensitization to diphenyl-
methane-4,4'-diisocyanate (MDI) in guinea pigs: influence of route of
exposure. Toxicology 1994;88:15-30.

21. Hendershot LM, Ting J, Lee AS. Identity of the immunoglobulin heavy
chain binding protein with the 78,000-dalton glucose regulated protein
and the role of posttranslational modification in its binding function.
Mol Cell Biol 1988;8:4250-4256.

22. Ellgard L, Molinari M, Helenius A. Setting the standards: quality control
in the secretory pathway. Science 1999;286:1805-1887.

23. Jamora C, Dennert G, Lee AS. Inhibition of tumor progression by sup-
pression of stress protein GRP78/BiP induction in fibrosarcoma B/
C10ME. Proc Natl Acad Sci USA 1996;93:7690-7694.



2336

24. Liao J, Price D, Omary MB. Association of glucose regulated protein
(grp 78) with human keratin 8. FEBS Lett 1997;417:316-320.

25. Bertorelli G, Bocchino V, Zhou X, Chetta A, Del Donno M, Foresi A,
Testi R, Olivieri D. Heat shock protein 70 upregulation is related to
HLA-DR expression in bronchial asthma: effects of inhaled glucocor-
ticoids. Clin Exp Allergy 1998;28:527-529.

26. Shiraishi H, Ishikura S, Matsuura K, Deyashiki Y, Ninomiya M, Sakai S,
Hara A. Sequence of the cDNA of a human dihyrodiol dehydroge-
nase isoform (AKR1C2) and tissue distribution of its mRNA. Bio-
chem J 1998;334:399-405.

27. Shiraishi H, Matsuura K, Kume T, Hara A. Expression of mRNAs for

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 162 2000

dihyrdodiol dehydrogenase isoforms in human tissues. Adv Exp Med
Biol 1999;463:539-544.

28. Molowa DT, Shayne AG, Guzelian PS. Purification and characterization
of chlordecone reductase from human liver. J Biol Chem 1986;261:12624—
12627.

29. Lange RW, Lantz RC, Stolz DB, Watkins SC, Sundareshan P, Lemus R,
Karol MH. Toluene diisocyanate colocalizes with tubulin on cilia of
differentiated human airway epithelial cells. Toxicol Sci 1999;50:64-71.

30. Sepai O, Henschler D, Sabbioni G. Albumin adducts, hemoglobin ad-
ducts and urinary metabolites in workers exposed to 4,4’-methylene-
diphenyl diisocyanate. Carcinogenesis 1995;16:2583-2587.



