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Toluene diisocyanate (TDI) is an industrially important polymer cross-linker used in the production of poly-
urethane. Workplace exposure to TDI and other diisocyanates is reported to be a leading cause of low molecular
weight–induced occupational asthma (OA). Currently we have a limited understanding of the pathogenesis of
OA. Monoclonal antibodies (MAbs) that recognize TDI bound proteins would be valuable tools=reagents, both
in exposure monitoring and in TDI-induced asthma research. We sought to develop toluene diisocyanate (TDI)-
specific MAbs for potential use in the development of standardized immunoassays for exposure and biomarker
assessments. Mice were exposed 4 h=day for 12 consecutive weekdays to 50 ppb, 2,4;2,6 TDI vapor (80=20
mixture). Splenocytes were isolated 24 h after the last exposure for hybridoma production. Hybridomas were
screened in a solid-phase indirect enzyme-linked immunosorbent assay (ELISA) against a 2,4 TDI–human serum
albumin (2,4 TDI-HSA) protein conjugate. Three hybridomas producing 2,4 TDI-HSA reactive IgM MAbs were
obtained. The properties of these MAbs (isotype and reactivity to various protein-isocyanate conjugate epitopes)
were characterized using ELISA, dot blot, and Western blot analyses. Western blot analyses demonstrated that
some TDI conjugates form inter- and intra-molecular links, resulting in multimers and a change in the elec-
trophoretic mobility of the conjugate. These antibodies may be useful tools for the isolation of endogenous
diisocyanate-modified proteins after natural or experimental exposures and for characterization of the toxicity of
specific dNCOs.

Introduction

D iisocyanates (dNCO) are a leading cause of occu-
pational asthma in industrialized countries.(1) Clinical

similarities between diisocyanate-induced asthma and asth-
ma caused by protein allergens suggest similar immuno-
pathogenic mechanisms may be involved; however the
association between anti-dNCO IgE and dNCO allergy and
asthma is poor.(2,3) Attempts to elucidate the pathogenic
mechanisms of diisocyanate-induced asthma are hampered
by the extreme reactivity of these chemicals, the lack of
dNCO-specific immunoreagents, and questions concerning
appropriateness of present animal models. Conjugation
(haptenation) of diisocyanate to human proteins after expo-
sure is commonly accepted as the primary event in the de-
velopment of dNCO-induced allergic sensitization and
asthma.(4,5) Diisocyanates have been shown to bind skin and
lung proteins, and major adducts found in the blood are he-
moglobin and albumin.(6) TDI-conjugated lung proteins have
been suggested to include keratin, tubulin, laminin, and ac-
tin.(6–9) Diisocyanates have also been shown to bind to airway

epithelial cell proteins in vitro(10) and TDI has been co-localized
with tubulin on cilia of exposed differentiated human airway
epithelial cells.(8) Although TDI seems to form conjugates
with a select group of proteins, the actual target proteins and
the type(s) of chemical linkages involved in dNCO patho-
genesis remain to be identified.

The antigenic epitopes of TDI-conjugated proteins and the
subsequent steps leading to respiratory disease are poorly
understood.(11) The dNCO-HSA conjugates are commonly
used as the antigen of choice for dNCO-specific antibody
measurements from exposed workers. Diisocyanates can
self-polymerize, they can form inter- and intramolecular
cross-links between themselves and proteins, and they can
haptenate proteins at single or multiple sites.(12,13) This com-
plex chemistry presents a major difficulty in the preparation
of the most relevant antigens for in vitro antibody measure-
ments and the development of standardized screening assays
for dNCO exposure using patients’ sera.(14)

Polyclonal antibodies against hexamethylene diisocyanate
(HDI)–albumin conjugates have been previously produced
and were proposed to be useful reagents for biomonitoring
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HDI exposures.(15) To our knowledge, no attempts have pre-
viously been made to produce MAbs from mice exposed to
TDI vapor. In this article, we describe the production and
characterization of monoclonal antibodies from TDI vapor–
exposed mice.

Material and Methods

Conjugation of diisocyanates, monoisocyanates,
or diisothiocyanates to proteins

Keyhole limpet hemocyanin (KLH, hemocyanin from
Megathura crenulata), mouse serum albumin (MSA, fraction
V), human serum albumin (HSA, fraction V), lysozyme
(chicken egg white), keratin protein (derived from hair, wool,
horn, nails, or other similar tissues in animals), and collagen
(calf skin type 1 species) were obtained from Sigma Aldrich
(St. Louis, MO). Dimethyl phenyl isocyanates (DMPI) (2,3
DMPI, 3,5 DMPI, and 2,5 DMPI) were obtained from Alfa
Aesar (Wade Hill, MA). 2,4 toluene diisocyanate (2,4 TDI), 2,6
toluene diisocyanate (2,6 TDI), hexamethylene diisocyanate
(HDI), o-toluene isocyanate (OTI), p-toluene isocyanate
(PTI), phenyl isocyanate (PI), toluene diisothiocyanate phenyl
isocyanates (2,4 TITC and 2,6 TITC), and methylene bis-
cyclohexylisocyanate (MDI) were obtained from Sigma Aldrich.

All proteins were prepared at 5 mg=mL in phosphate-
buffered saline (PBS, pH 7.4). Five mL aliquots of each dNCO,
mono-isocyanate (NCO), or dithioisocyanate (dNCS) were
added to 450mL dry HPLC grade acetone (Sigma) and infused
with rapid stirring into the protein solution at a rate of
1.2 mL=h at room temperature (RT) using a syringe pump
(model 100; KD Scientific, Holliston, MA) until a molar ratio
of 1:40 protein-dNCO (NCO or dNCS) was achieved. The
resulting conjugates were centrifuged at 300 g for 10 min, then
dialyzed with 3�buffer changes in 1�PBS buffer at 48C using
molecular porous membrane tubing (MWCO, 12–14,000 kDa;
Spectrum Laboratories Rancho Dominguez, CA). HSA was
acylated with acetic anhydride to block all available primary
amines prior to reaction with 2,4 TDI in a separate prepara-
tion. The conjugates were filtered through 0.45mm syringe
filters (Millipore, Billerica, MA) and stored in aliquots at
�208C. The full list of conjugates is shown in Table 1.

Experimental animals

Female specific-pathogen-free inbred C57BL=6 mice were
purchased from Jackson Laboratories (Bar Harbor, ME) at 5 to
6 weeks of age. Upon arrival, the mice were quarantined for
2 weeks and acclimated to a 12-h light=dark cycle. Animals
were housed in ventilated microisolator cages under envi-
ronmentally controlled conditions at the NIOSH animal fa-
cility in compliance with AAALAC approved guidelines and
an approved IACUC protocol. The animal rooms were mon-
itored for specific pathogens through a disease surveillance
and sentinel animal program. Food and water were provided
ad libitum.

TDI exposure system

Toluene diisocyanate was purchased from Bayer Cor-
poration (TDI, Mondur TD80 Grade A, 80=20 mixture of 2,4
and 2,6 isomers, respectively; Pittsburgh, PA). The TDI ex-
posure system has been described in detail previously.(16)

Briefly, mice were exposed in a 1200 L stainless steel live-in

chamber (Unifab Corp., Kalamazoo, MI) supplied with HEPA
purified and conditioned air supply providing nine air
changes per hour and maintaining temperature and humidity
at 23� 28C and 50� 5%, respectively. Mice were housed in-
dividually in hanging stainless steel mesh cages and remained
in the chamber on weekdays and returned to ventilated
shoebox style cages on weekends. Generation of a TDI vapor
atmosphere was achieved by passing dried HEPA filtered air
over a 50 cm2 surface of liquid TDI followed by dilution to the
desired concentration with HEPA filtered and humidified air.
The TDI concentration (50� 5 ppb) in the chamber was con-
tinuously monitored using a Remote Intelligent Sensor (RIS)
TDI analyzer (Scott Safety and Health, Monroe, NC). The RIS
units were calibrated against a fluorescamine assay with a
detection limit of 10 ng=mL, as previously described.(16) Five
mice were exposed to TDI vapor for 4 h=day, for 12 consec-
utive work days. Lymph nodes and spleens were collected
24 h following the final exposure.

Monoclonal antibody production

Spleens and lymph nodes were removed aseptically and
lymphocytes harvested after lysing red blood cells by osmotic
shock. Hybridomas were produced following standard tech-
niques as previously described(17) using SP2=0-AG14 myelo-
mas (ATCC# CRL-1581) as fusion partners and polyethylene
glycol (molecular weight 1500 kDa) as the fusogen.

Hybridoma cultures were maintained in Dulbecco’s mod-
ified Eagle medium (Life Technologies, Rockville, MD), sup-
plemented with 1 mM pyruvate, 100 U=mL penicillin,
100 mg=mL streptomycin, 0.292 mg=mL L-glutamine, 100mM
sodium hypoxanthine, 16mM thymidine, 10% fetal calf serum
(HyClone, Logan, UT), and 100 U=mL IL-6 (Boehringer
Mannheim, Germany). Culture supernatant fluid from wells
with cell growth were screened using an indirect ELISA using
2,4 TDI-HSA as the solid-phase antigen. Aliquots of stable
TDI-specific hybridomas were frozen in a mixture of 10%
(v=v) dimethylsulfoxide and 90% fetal calf serum for storage
in liquid nitrogen.

Enzyme-linked immunosorbent assay

Format for hybridoma screening. Hybridoma screening
tests were carried out using an indirect ELISA according to the
method of Schmechel and colleagues.(18) MaxiSorp ELISA
plate wells (Nalge Nunc International, Naperville, IL) were
coated with 5 mg=mL of 2,4 TDI-HSA and incubated overnight
at room temperature (RT). The plates were kept in a plastic
box containing moist filter paper. Following overnight incu-
bation and all subsequent ELISA steps, wells were washed
three times with 200 mL PBS with 0.05% Tween-20
(PBST)=well. The plates were blocked by incubating for 1 h at
RT in 200mL=well PBST containing 1% non-fat dry milk
powder (PBSTM). Initial hybridoma culture supernatant
(CSN) fluids were diluted 1:5 in PBSTM and 100mL=well were
incubated for 1 h at 378C. Bound antibodies were labeled by
incubation with 100 mL=well of Biotin-SP-conjugated Affinity
Pure goat anti-mouse IgGþ IgM secondary antibody (diluted
1:5000 in PBSTM; Jackson ImmunoResearch) for 1 h at 378C.
One hundred mL of alkaline phosphatase-conjugated strep-
tavidin (dilution of 1:5000 in PBSTM; Jackson Immuno-
Research) was added and incubated for 1 h at 378C. The
ELISA was developed by incubating 100 mL p-nitrophenyl
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phosphate-containing buffer=well (0.5 mg=mL) of buffer
(97 mL diethanolamine, 100 mg MgCl2 diluted in one liter
distilled water, pH 9.8) at RT for 30 min. The optical density
(OD) was determined spectrophotometrically at 405 nm using
an UltraMicroplate Reader, Model ELx800 (Bio-Tek Instru-
ments, Winooski, VT). Assay background controls were pro-
cessed in parallel and contained plain cell-free culture
medium instead of MAb supernatant fluid. Optical densities
greater than three times the OD405 of the background controls
were considered to be positive.

Antibody isotyping and quantification. Antibodies pro-
duced by TDI-specific hybridomas were isotyped using a
mouse monoclonal isotyping reagent kit ( Jackson Im-
munoResearch) according to the manufacturer’s instructions. In
brief, plates were coated with antigen (2,4 TDI-HSA), blocked,
and washed as described for the screening ELISA. To deter-
mine the isotype, bound MAbs were incubated with 100mL of
Biotin-SP-conjugated goat anti-mouse isotype-specific second-
ary antibodies (IgM, IgG1, IgG2a, IgG2b, or IgG3).

The monoclonal antibodies were quantified using isotype-
specific ELISA kits ( Jackson ImmunoResearch) according to
the manufacturer’s instructions. The amount of specific anti-
body in the supernatant was determined from a standard
curve generated with specific antibodies of known concen-
trations. The standards and supernatant were assayed in
parallel.

ELISA Format for MAb reactivity. We tested the MAb’s
reactivity toward proteins conjugated to several different
dNCOs, NCOs, and dNCSs using an alkaline phosphatase-
mediated indirect ELISA. PolySorp ELISA plate wells (Nalge
Nunc) were coated with 5mg=mL of test antigen (see Table 1) by
overnight incubation at RT. The plates were processed as pre-
viously described for the antibody screening ELISA, except
Biotin-SP-conjugated Affinity Pure goat anti-mouse IgM (di-
lution of 1:5000; Jackson ImmunoResearch) was used as sec-
ondary antibody. The results represent the average OD405 of
four ELISA well replicates, which were corrected by subtracting
the average OD405 of four ELISA background control wells.

Western blot analysis of MAb reactivity

Protein-isocyanate conjugates were separated by SDS-
PAGE (5 mg=lane, 6% separation gels) and transferred over-
night at 15 mA to nitrocellulose membranes (0.2 mm, Bio-Rad,
Hercules, CA). The membranes were blocked with 3% bovine
serum albumin (BSA) in PBST for 1 h before being reacted
with a 1:10 dilution of MAb CSNs for 1 h. After washing, the
blot was incubated with Biotin-SP-conjugated Affinity Pure
goat anti-mouse IgM secondary antibody (dilution of 1:5000
in 3% BSA in PBST; Jackson ImmunoResearch) for 1 h at 378C.
Immune complexes were labeled with alkaline phosphatase-
conjugated streptavidin ( Jackson ImmunoResearch) by incu-
bating a 1:5000 dilution in 3% BSA in PBST for 1 h at 378C.
Protein bands were visualized using a nitroblue tetrazolium=
bromo-chloro-indolyl phosphate substrate reagent kit (NBT=
BCIP, Promega, Madison, WI). Color was allowed to de-
velop for 5 min and stopped by washing the membranes with
distilled=deionized H2O.

Dot blot analysis

A dot blot analysis was carried out to evaluate the MAb
reactivity towards native and denatured protein conjugates.
Native TDI-conjugates (4mL of 5mg=mL of antigen per spot)
were spotted onto a nitrocellulose membrane (0.2 mm, Bio-
Rad) and allowed to dry overnight. The dot blots were re-
peated using denatured TDI conjugates that were treated with
2-mercaptoethanol (final concentration 25 mL=L) at 1008C for
10 min prior to spotting. All the other steps were identical to
the Western blot protocol with regard to incubation times and
color development.

Results

Conjugate analysis

Figure 1 is a representative SDS-PAGE Coomassie blue
stained protein gel of diisocyanate-, monoisocyanate-, and
diisothiocyanate-conjugated HSA.The protein stain showed
extensive cross-linking of the 2,4 TDI-HSA and the other
diisocyanates. Minor higher MW protein bands were observed

FIG. 1. SDS-PAGE Coomassie blue stained protein gel of antigens used to characterize anti-TDI MAb reactivity. Protein-
isocyanate conjugates were separated by SDS-PAGE (5 mg=lane, 6% separation gel). The protein bands were visualized by
staining the gel with Coomassie blue (Bio-Rad). Lane 1, Precision Plus Protein standard (Bio-Rad); lane 2, HSA; lane 3, 2,4
TDI-HSA; lane 4, 2,6 TDI-HSA; lane 5, 2,4;2,6 TDI-HSA; lane 6, 2,3 DMPI-HSA; lane 7, 2,5 DMPI-HSA; lane 8, 3,4 DMPI-HSA;
lane 9, OTI-HSA; lane 10, PTI-HSA; lane 11, HSA; lane 12, MDI-HSA; lane 13, HDI-HSA; lane 14, 2,4 TITC-HAS; and lane 15,
2,6 TITC-HSA.

TDI (VAPOR)-HSA MONOCLONAL ANTIBODIES 225



in the unconjugated HSA standard (lane 2). There are up-
ward shifts in the dNCO-conjugated HSA in lanes 3, 4, 5,
12, and 13. This indicates the formation of polymers
through intermolecular cross-linking. It is also apparent that
inter-molecular cross-linking of dNCS haptenated protein
(lanes 14 and 15) was not as extensive as that seen with
dNCO. The apparent lower molecular weight of some
dNCO-HSA conjugates compared to unconjugated HSA
may be due to intra-molecular cross-linking that prevents
complete denaturation and an increase in electophoretic
mobility of the conjugates. The monoisocyanates are not
capable of cross-linking nucleophilic moieties within or be-
tween proteins (lanes 6–10).

Hybridoma production

A total of 10 hybridomas were obtained and subsequent
isotyping showed that they all secreted IgMs (data not
shown). All hybridomas produced k light chain antibodies;
their concentrations in the culture supernant fluid ranged
from 82 to 467 ng=mL. Although most MAbs strongly re-
acted with dNCO-HSA conjugates, they also showed sig-
nificant cross-reactivity with dNCO-unconjugated HSA
(data not shown). Only three MAbs, designated as 16F4,
29E5, and 56F9, were found to preferentially react with
conjugated HSA and were selected for further character-
ization (Table 1).

Reactivity studies

ELISA. Preliminary ELISAs were performed to optimize
the antigen concentration and to select the linear range of the
MAb reactivity against 2,4 TDI-HSA. Based on the reactivity
shown in Figure 2, an antigen concentration of 5mg=mL was
selected for the analysis of all three MAbs. Each antibody was
titrated as shown in Figure 3, and MAbs 16F4, 29E5, and 56F9
were used at a concentration of 10 ng=mL, 80 ng=mL, and

30 ng=mL, respectively, to ensure an antibody concentration
in the linear range of reactivity.

Table 1 provides a summary of the reactivity of the MAbs
toward proteins conjugated with dNCOs, NCOs, and NCSs. It
can be seen that all three MAbs react with 2,4 TDI-HSA, 2,6
TDI-HSA, HDI-HSA, 2,4 TDI-MSA, and 2,4 TDI-KLH. MAbs
16F4 and 29E5 also react with 2,4;2,6 TDI-HSA conjugates and
MDI-HSA. MAbs 16F4 and 59F9 also react with 2,6 TDI-MSA.
16F4 was the only MAb to react with 2,3 DMPI and 2,5 DMPI
while 29E5 was the only MAb to react with 2,6 TDI-KLH.
None of the other conjugates were recognized by the MAbs in
the ELISA format.

Western blot analyses. The representative Western blot
analysis for MAb 56F9 (Fig. 4) showed that it reacted with the
denatured TDI-conjugated proteins. The pattern of reactivity
of all three MAbs was similar, varying only in intensity of the
reaction (data not shown). The MAbs bound to TDI-conjugated
proteins that contained both intra- and intermolecular TDI-
mediated cross-links. There was also some reactivity in the
Western blot analyses that was not seen in the ELISA assay
format. All the MAbs reacted with the methyl substituted
monoisocyanates in Western blot, yet only 16F4 was reactive
in ELISA (see Table 1). The OTI-HSA and PTI-HSA conjugates
had greater reactivity in Western blot analyses than in ELISA
for all three MAbs.

Dot blot analysis

Figure 5A and B are representative dot blots showing MAb
56F9 reactivity to native and denatured protein conjugates,
respectively, using MAb 56F9. MAbs 16F4 and 56F9 had
similar reactivity towards both the native and denatured
forms of the isocyanate protein conjugates. All the MAbs
showed the strongest reactivity towards 2,4 TDI-HSA, 2,4
TDI-KLH, and 2,6 TDI-KLH and reacted the least with 2,4;2,6

FIG. 2. Optimization of coating concentration of 2,4 TDI-HSA. Each value represents the mean of duplicate wells. The mean
control OD405 was 0.02.
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TDI-HSA (mix). MAb 29E5 had no other unique reactivity
while MAbs 16F4 and 56F9 also reacted with 2,6 TDI-HSA, the
methyl substituted monoisocyanates, HDI-HSA and MDI-
HSA. The pattern of reactivity of the MAbs for denatured
conjugated proteins observed in the dot blots (Fig. 5B) was
consistent with that observed with the Western blot analyses.

Discussion

Toluene diisocyanate is a high production chemical with
major uses in the production of flexible polyurethane foams,
elastomers, and coatings. Exposure to diisocyanates can occur
in both polyurethane production and during the use of
the diisocyanate containing products by the consumer. Both

aromatic and aliphatic diisocyanates are etiological agents of
hypersensitivity diseases including asthma, rhinitis, allergic
contact dermatitis, and hypersensitivity pneumonitis.(16,19–21)

In vivo conjugation of TDI to proteins in the human airways
is thought to be a primary event in TDI exposure.(4) However,
the characterization of dNCO haptenated proteins is compli-
cated by the ability of the dNCOs to haptenate multiple
proteins to self-polymerize and form both intra- and inter-
molecular cross-links with diverse proteins and non-protein
species.

The antigens used in the characterization of the MAbs
produced in the present study can be divided according to (1)
the chemical nature of the carrier protein as basic (lysozyme),
acidic (HSA), or insoluble (keratin); (2) the origin of the carrier
protein as animal or human; and (3) the chemical nature of the
isocyanate adduct. The TDI-adduct formation was modified
by changing the position of the NCO group on the benzene
ring, removing one NCO, substituting one NCO with a me-
thyl group, or substituting dNCO groups with dNCS groups.

The isocyanate functional groups in TDI can potentially
react with a hydroxyl group (in hydrophobic pockets) to form
a urethane linkage, a thiol group to form a thiourea, or an
amine group to form a urea. 2,4 TDI is an asymmetrical
molecule and thus has two isocyanate groups of different
reactivity. The 4 position is more reactive than the 2 position
because it is more accessible. 2,6 TDI is a symmetrical mole-
cule and thus has two isocyanate groups of similar reactivity,
similar to the 2 position of 2,4 TDI. Reaction of one isocyanate
group will cause a change in the reactivity of the second iso-
cyanate group since both isocyanate groups are attached to
the same aromatic ring. The first NCO of a diisocyanate may
form a urea linkage with a primary amine of a protein while
the second NCO may be hydrolyzed to an amine with the
potential to react with additional NCO groups to undergo
intra- or intermolecular cross-linking with other proteins

FIG. 3. Representative antibody titration. MAb titration was performed to identify the MAb concentration to be used in
subsequent reactivity studies. Log-linear responses were found for MAb up to 100 ng=mL under the present ELISA condi-
tions.

FIG. 4. Western blot analyses of MAb 56F9. Lane 1, Preci-
sion Plus Protein standard (Bio-Rad); lane 2, HSA; lane 3, 2,4
TDI-HSA; lane 4, 2,6 TDI-HSA; lane 5, 2,4;2,6 TDI-HSA; lane
6, 2,3 DMPI-HSA; lane 7, 2,5 DMPI-HSA; lane 8, 3,4 DMPI-
HSA; lane 9, OTI-HSA; and lane 10, PTI-HSA.
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resulting in dimers, trimers, and so forth.(12) Intra- and inter-
molecular crossing can also be mediated by a single dNCO
molecule reacting to two separate amino acids. All MAbs
produced herein reacted with proteins that contained intra-
and intermolecular TDI-mediated cross-linking, suggesting
that their reactivity was not impaired by the presence of cross-
linking.

Examination of the MAbs reactivity towards mono-
isocyanate-haptenated proteins was used to assess the need
of molecular cross-linking on the ability of the MAbs to
recognize TDI-haptenated proteins. OTI and PTI are mono-
isocyanates with the second isocyanate group removed from
the ortho and para positions relative to the methyl group. 2,3
DMPI, 2,5 DMPI, and 3,5 DMPI are monoisocyanates with
the ortho and para positions substituted with methyl groups.
PI has only one isocyanate and no methyl group attached to
the phenyl ring. All monoclonal antibodies recognized
monoisocyanate haptenated albumin, suggesting that the
cross-linking was not critical to immune recognition. The
assay format, however, was found to influence the MAb
reactivity with the various haptenated species. Having an
isocyanate or a substitution at the ortho position on the tolyl
group was critical to MAb recognition in the ELISA format.
This was true for all three MAbs, suggesting a possible in-
fluence of ELISA plate chemistry in the interactions between
the MAbs and haptenized protein. The MAbs recognized
haptenated albumin in which there was substitution of one
isocyanate on the tolyl group (in the Western blot and dot
blot formats) but not simple removal of the isocyanate. In-
terestingly, higher molecular weight proteins than
*66.5 kDa in the stock HSA as observed in the protein blot
were also haptenated by TDI and recognized by the MAbs
(Figs. 1 and 4). These MAb recognized MDI- and=or HDI-
conjugated HSA, in addition to the TDI-HSA. This suggests
that the resultant bond formation following reaction of the

dNCO to protein was important in the recognition of TDI-
haptenated proteins by the MAbs.

The reactivity of the antibodies may also be influenced by
the choice of the experimental carrier protein. The MAbs re-
acted with 2,4 TDI bound to HSA or MSA and also to KLH,
which is a non-mammalian protein, indicating the importance
of the dNCO-protein bond rather than the source species of
the carrier protein. Although lysozyme and keratin were
demonstrated by matrix-assisted laser desorption ionization
and=or loss of primary amines (data not shown) to be hap-
tenated, none of the MAbs in the present study showed re-
activity toward their conjugates. This may be due to poor
binding of the conjugates to the ELISA plate surface, lower
haptenation rates, or steric inaccessibility of the TDI group on
these carrier proteins.

A total of 10 MAbs (all IgMs) generated from TDI vapor-
exposed mice were isolated during the initial screening
against TDI-HSA; however, only three MAbs showed no or
very low reactivity to unconjugated HSA. The reason for the
high reactivity of the other MAbs with HSA is not known but
we were unable to block this binding with either milk or BSA.
It is possible that haptenation of proteins may also lead to
recognition of the self protein by the immune system as seen
with exposure to aldehydes(22) although this has not been
investigated for isocyanate exposures. Interestingly, these TDI
vapor-sensitized mice had IgG anti-2,4 TDI-MSA titers of
18,106� 7,994 (sera dilution to reach an ELISA OD>0.1). IgM
anti-2,4 TDI-MSA was not assessed in these mice; however,
anti-2,4 TDI-MSA IgM was not observed in the sera of another
group of mice exposed to an identical inhalation protocol
(data not shown).

Future potential applications of these MAbs include the
isolation of endogenous carrier proteins that are conjugated
after natural or experimental exposure episodes. The purified
proteins can then be identified and their structure and chemical

FIG. 5. (A, B) Dot blot analysis of MAb 56F9. (A) Native proteins; (B) denatured proteins. The protein lay out is identical in
both panels. Lane A1, HSA; lane A2, 2,4 TDI-HSA; lane A3, 2,6 TDI-HSA; lane A4, 2,4;2,6 TDI (industrial mix)-HSA; lane A5,
2,5 DMPI-HSA; lane B1, 3,4 DMPI-HSA; lane B2, 2,4 DMPI-HSA; lane B3, OTI-HSA; lane B4, PTI-HSA; lane B5, MDI-HSA;
lane C1, HDI-MSA; lane C2, 2,4 TITC-HSA, lane C3, 2,6 TITC-HSA, lane C4, PI-HSA; lane C5, KLH; lane D1, 2,4 TDI-KLH;
lane D2, 2,6 TDI-KLH; lane D3–D5, negative controls.
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linkages determined by mass spectrometry. We recently
demonstrated the potential for such methods for isocyanate-
peptide adducts using tandem mass spectrometry.(23) The
MAbs may also be useful reagents for the development of
immunoassays designed for dNCO exposure assessments.

In summary, we have successfully developed monoclonal
antibodies that recognize dNCO protein adducts from TDI
vapor-exposed mice. The specificity of these antibodies was
demonstrated by ELISA, Western blot, and dot blot analyses.
The antibodies may be useful tools for the identification of
endogenous dNCO-modified proteins and the characteriza-
tion of the importance of the type of chemical linkage in terms
of isocyanate toxicity.
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