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Abstract
Purpose of review—Isocyanates, reactive chemicals used to generate polyurethane, are a
leading cause of occupational asthma worldwide. Workplace exposure is the best-recognized risk
factor for disease development, but is challenging to monitor. Clinical diagnosis and
differentiation of isocyanates as the cause of asthma can be difficult. The gold-standard test,
specific inhalation challenge, is technically and economically demanding, and is thus only
available in a few specialized centers in the world. With the increasing use of isocyanates,
efficient laboratory tests for isocyanate asthma and exposure are urgently needed.

Recent findings—The review focuses on literature published in 2005 and 2006. Over 150
articles, identified by searching PubMed using keywords ‘diphenylmethane’, ‘toluene’ or
‘hexamethylene diisocyanate’, were screened for relevance to isocyanate asthma diagnostics. New
advances in understanding isocyanate asthma pathogenesis are described, which help improve
conventional radioallergosorbent and enzyme-linked immunosorbent assay approaches for
measuring isocyanate-specific IgE and IgG. Newer immunoassays, based on cellular responses
and discovery science readouts are also in development.

Summary—Contemporary laboratory tests that measure isocyanate-specific human IgE and IgG
are of utility in diagnosing a subset of workers with isocyanate asthma, and may serve as a
biomarker of exposure in a larger proportion of occupationally exposed workers.
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Introduction
Diisocyanates (toluene diisocyanate, TDI; hexamethylene diisocyanate, HDI; and
diphenylmethane diisocyanate, MDI) or functionally similar polymeric isocyanates are the
obligate cross-linking agent for the commercial production of polyurethane, a polymer upon
which modern society has become dependent. Millions of tons of isocyanate are produced
and consumed annually throughout the world in a wide variety of end-use work
environments [1,2–5,6•,7•]. Workplace exposure remains the best-recognized risk factor for
isocyanate asthma, but is complicated to quantitate, involving mixtures of isomers and
‘prepolymers’ diluted in solvents, in aerosol and vapor phases. In certain occupational
settings, exposure can cause isocyanate asthma and long-lasting bronchial hyperreactivity
[1,8,9,10•,11•]. Early recognition of isocyanate asthma and prompt removal from isocyanate
exposure improves the long-term prognosis for sensitive individuals [9]. There thus exists
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the need for practical screening/diagnostic tests for isocyanate asthma as well as tests that
can monitor personal exposure.

The clinical presentation of isocyanate asthma is strikingly similar to common
environmental asthma, prompting the hypothesis that the disease has an immunological
basis, although subtle differences have been noted [9,10•,12•]. Animal models support this
hypothesis, and are beginning to dissect the potential role of individual genes with
transgenic strains [13••,14••,15,16••,17,18]. Allergists and immunologists have overcome
substantial challenges working with reactive isocyanates to develop serology assays for
isocyanate-specific antibodies [19–21]. Such assays have provided evidence to support
allergic asthma to isocyanate in a small percentage of workers, but cannot detect isocyanate-
specific IgE in the majority of sensitive individuals. These results have left great uncertainty
in the field. Does isocyanate asthma involve mechanisms of pathogenesis (e.g. non-IgE)
distinct from those in common atopic asthma or are specific IgE antibodies present, but our
detection assay for them is flawed? Are we using the wrong antigenic form of isocyanate in
our serology tests, or testing workers at the wrong time (after removal from exposure)? Does
isocyanate asthma, as presently defined, possibly represent a spectrum of diseases, which
only in some cases is associated with an antibody response [3,9,10•]?

The present review summarizes the rationale and use of clinical laboratory tests for immune
responses that reflect isocyanate exposure and asthma, with emphasis on data generated
within the past year. The potential utility of ‘isocyanate-specific’ serum IgE and IgG as
biomarkers and the isocyanate antigen recognized by these immunoglobulins are described
[22••,23]. Clinical usage and limits of contemporary assays for isocyanate asthma and
exposure are discussed along with promising future assays [20,24,25••].

Immunological tests as markers of isocyanate asthma
The natural history of isocyanate asthma generally resembles that of a type I hypersensitivity
response, including an early lag time (during which systemic sensitization is thought to
occur) and increasing sensitization to extremely low exposure doses, resulting in early, late
and dual phase asthmatic responses. Allergen-specific IgE is a key aspect of diseases that
involves type I hypersensitivity (e.g. asthma) and also serves as a biomarker of allergic
sensitization to many common asthmogens (e.g. cat dander, dust mite allergens), and a target
of immunotherapy [26]. Therefore, by analogy, isocyanate-specific IgE may indicate the
potential for IgE-mediated inflammatory responses in the airways upon respiratory tract
isocyanate exposure. When present, isocyanate-specific serum IgE is strongly predictive of
isocyanate asthma [21,27]. An improvement of traditional isocyanate serology as a
diagnostic aid can probably be achieved with specific attention to exposure (see below) and
the isocyanate antigen (see ‘Isocyanate antigen’ section below).

Isocyanate exposure and half-life of IgE
The short half-life of unbound serum IgE (approximately 2 days) is of unique importance to
occupational illnesses such as isocyanate asthma, in which exposure to the causative agent
occurs exclusively in the workplace [26,28,29]. Brief periods (weeks) away from the
workplace (i.e. exposure) may result in a decrease in serum IgE levels, to levels undetectable
by conventional radioallergosorbent test (RAST) [27]. In some cases, the socioeconomics of
isocyanate asthma may impede an individual from seeking medical attention until the
condition becomes severe enough to prevent them from working [8]. In addition, isocyanate
usage in the workplace may be sporadic, adding further time variability between exposure
and serology [30••]. This situation differs considerably from common environmental
aeroallergens, in which exposure is often more ubiquitous (i.e. dust mite). A clearer
definition of isocyanate-specific IgE responses, in relation to exposure, will probably require
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prospective studies, because this information is usually unavailable in retrospect, and cross-
sectional studies may be limited by ‘healthy worker’ effects [4,22••,30••,31–34]. Without
accurate exposure information, negative isocyanate-specific IgE assays may lead to
misdiagnosis and false conclusions about pathogenic mechanisms.

Immunological tests as markers of isocyanate exposure
The best-recognized risk factor for isocyanate asthma described to date is exposure, but
airborne exposure is practically and technically difficult to quantify [4,6•,7•,8, 30••,32,35••].
Furthermore, the internal exposure dose of isocyanate may differ substantially from that
measured using external monitors, especially in workers using personal protective
equipment [36,37]. Respiratory tract exposure has been the focus of most industrial hygiene
efforts to date, although skin exposure also occurs and may be immunologically important
(see ‘Immunological sensitization through skin exposure’ section).

Immunological responses to isocyanates may serve as surrogate biological indicators of
isocyanate exposure. Immunoglobulins of the IgG subclass have a half-life of approximately
30 days, and have been suggested to represent a potentially useful, integrated, biomarker of
long-term exposure [38•,39]. IgG that recognizes isocyanate-albumin conjugates is almost
never observed in unexposed individuals [20,22••,39,40,41•]. Among exposed workers, the
serum titer of isocyanate-specific IgG has been documented to correlate closely with
occupational exposure levels [39]. Elevated levels of IgG among individuals with isocyanate
asthma, reported in some studies, may reflect increased exposure of these individuals, which
may partly explain their disease development [21,22••,39].

In workers who develop isocyanate-specific IgG responses, these levels might provide a
useful indicator of industrial hygiene and personal protection from exposure. Such
individuals may serve as sentinels for a given work environment, and act as biologically
responsive indicators of engineering efforts to reduce exposure.

The biological role of isocyanate-specific IgG in response to exposure remains unclear. A
pathogenic role seems unlikely, given its occurrence in asymptomatic individuals, and some
have proposed a protective role. Potential differences in isocyanate-specific IgG between
individuals with isocyanate asthma and asymptomatic individuals (i.e. epitope specificity,
affinity, IgG subclass) have yet to be studied.

Immunological sensitization through skin exposure
Accumulating evidence suggests that skin may have become a more dominant route of
occupational isocyanate exposure in recent years, with the common use of less volatile
isocyanate formulations (see ‘Isocyanate isomers and prepolymers’ section), and better
respiratory hygiene. Isocyanates can cause allergic contact dermatitis in rare cases, and
commercial patch tests for dermatological sensitivity have recently been re-evaluated
[42,43]. More importantly, however, animal studies have suggested that isocyanates
penetrate skin tissue and induce systemic sensitization, which under appropriate conditions
can elicit ‘asthma’ (e.g. airway inflammation and physiological responses) upon subsequent
respiratory tract exposure [13••,14••,44,45,46•,47•,48]. The dosage and frequency of skin
exposure appears to exert substantial effects upon the quality of the elicited immune
response [13••,14••]. Heightened awareness of skin exposure in the workplace appears
warranted on the basis of these data.

The contribution of skin exposure to the systemic isocyanate-specific humoral immune
response in humans remains unclear. Studies in workplaces with extremely low levels of
airborne isocyanates have suggested that skin exposure alone may induce systemic
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sensitization [49]. The potential differences between immune responses generated via skin
compared with airway exposure are, however, challenging to dissect in clinical studies,
because exposure on-the-job rarely occurs exclusively at one site [4,30••,50•]. Future
clinical–epidemiological investigations are needed to clarify the potential contribution of
skin exposure to human systemic immune sensitization, including isocyanate-specific IgE
and IgG [50•,51•].

Isocyanate antigen
The basis of allergen serology is the specific three-dimensional structure of the allergen,
which remains incompletely defined for isocyanates, and has been a major obstacle to
research and clinical studies. Isocyanates change their structure upon reacting with self-
molecules (and create neo-epitopes described below), and are thus more challenging to
standardize than common aeroallergens that can be molecularly defined by DNA sequence
(dust, cat allergens). A theoretical understanding of, and technical methods for, generating
biologically relevant isocyanate antigens are crucial to isocyanate immunoassays.

Early investigators assumed that isocyanates act as haptens, which is true, but only partly
accounts for their immunogenicity. Perhaps equally important, isocyanates create new (neo)
epitopes, through intra and intermolecular cross-links that change the charge and
conformation of (self) carrier proteins [52,53]. This fundamental concept, which has evolved
slowly over the past 40 years, has an important impact on the development of ‘isocyanate
antigens’ used for immunological assays. For haptens, increased conjugation to the carrier
protein increases epitope density and generally improves sensitivity for detecting specific
immunoglobulins. If the critical epitope is a unique conformation induced by a specific
isocyanate cross-linkage, ‘over-reactivity’, or use of the wrong carrier protein may lead to
biologically irrelevant isocyanate-protein conjugates (antigens), as depicted in Fig. 1 [22••,
54,55]. Isocyanate ‘antigens’ used for clinical studies should reflect those in vivo, in the
airway microenvironment where epithelial fluid is exposed to low (occupational) levels of
isocyanate [33].

Isocyanate-albumin conjugate(s)
To date, the only protein shown to act as an effective isocyanate ‘carrier’ (for inducing
antibodies), in occupationally exposed individuals, is albumin [22••,39,54,55]. Isocyanate
conjugated to proteins other than albumin have not been extensively evaluated, but the few
that have (see below) are not recognized by human antibodies.

Reaction products between isocyanate and albumin (and their antigenicity) are highly
dependent upon reaction conditions. Exposure of fluid phase albumin (i.e. in the epithelial
lining fluid) to occupational (approximately 20 ppb) levels of isocyanate vapors results in
limited, highly specific chemical conjugates [23,39]. Recent studies have suggested that
serum IgE, which recognizes such isocyanate vapor-exposed albumin can be found in 40–
50% of TDI and HDI asthma sufferers, but only 1–4% of exposed asymptomatic individuals
[23,39]. In addition, vapor isocyanate-albumin-specific IgG strongly correlates with
occupational exposure levels in asymptomatic individuals. In contrast, isocyanate-albumin
conjugates made by reacting fluid phase albumin with more concentrated liquid phase
isocyanate (the method used in most studies before 2004) are less sensitive in detecting IgE
and are more likely to be recognized by IgG from unexposed individuals [22••,39].

Two isocyanate conjugation sites to human albumin have recently been identified for HDI
vapor (Fig. 2) [39]. One site, Lys414, is part of a di-lysine motif unique to human albumin,
which is noteworthy given that isocyanates conjugated with albumin from cow, mouse or
chicken (ovalbumin) are not recognized by human antibodies [39,54,55]. The other potential
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HDI conjugation site is His247, which is exposed on the surface of albumin, and under
physiological conditions possesses a secondary amine with a favorable pKa for nucleophilic
addition with isocyanate. It appears likely that TDI may also conjugate with His247 (personal
observations) [22••].

Therefore, a major isocyanate antigen in exposed humans is isocyanate conjugated with
albumin. Under physiological conditions of occupational exposure, isocyanate vapors react
with human albumin in a highly specific manner, which in turn produces a highly specific
antigen. Albumin conjugates, formed with isocyanate under reaction conditions that deviate
substantially from those in vivo (pH, concentration, etc.) may be immunologically different,
and could lead to artifacts in serology studies.

Isocyanate ‘prepolymers’ and isomers
As mentioned in the introduction, occupational isocyanate exposure is complex, involving
mixtures of different isocyanate isomers and ‘prepolymers’ diluted in solvents, in aerosol
and vapor phases. For example, industrial blends of TDI isomers (e.g. 2,4 versus 2,6-TDI)
may be used in 80 : 20 or 65 : 35 ratios, whereas crude MDI contains a mixture of multiple
isomers as well as polymers (see Table 1) [40,56]. For HDI, biuret and isocyanurate
‘prepolymers’ are predominately used in autobody finishes, but contain trace amounts of
more volatile HDI ‘monomer’.

Recent studies have documented differences in the antigenicity of albumin conjugates
prepared with different isomers or polymers of the same isocyanate [22••,40].
Immunoassays for isocyanate-specific antibodies should thus ideally use antigens prepared
with the same isocyanate polymer/isomer used ‘on-the-job’. Given the high cross-reactivity
of different isocyanates, it is possible that a limited number of isomers or polymeric
formulations may be universally applicable, but will require empirical testing to define.

Using current isocyanate laboratory tests in clinical practice
Contemporary isocyanate laboratory tests have improved considerably since their initial
description, and are probably of greater utility than past publications may suggest. For the
clinician, the presence of isocyanate-specificIgEor IgG in a patient’s serum is a helpful piece
of evidence in differentiating isocyanates as a potential cause of asthma, although this
information alone is not sensitive enough to serve as an exclusive diagnostic. The major
utility of isocyanate laboratory tests are: (1) to confirm the presence of an isocyanate-
specific type I hypersensitivity response in individuals with suspected disease; or (2) to
document exposure on the basis of isocyanate-specific IgG titers.

Isocyanate-specific serum IgE can be found in a substantial fraction of isocyanate asthma
sufferers, up to 50% as suggested by recent studies, depending upon the isocyanate-albumin
conjugates used as antigens [22••,27,39]. The most sensitive assay currently performed is
the ‘conventional’ (paper disk-125I) isocyanate-RAST, although newer non-isotopic
enzyme-linked immunosorbent assay approaches perform similarly [22••,27,39]. A limited
number of commercial vendors offer isocyanate-specific IgE assays (or measure isocyanate-
specific IgE); however; the antigenic basis for such tests is unclear [57]. The utility of
isocyanate-specific IgE testing is primarily limited to actively employed individuals,
because, as mentioned above, isocyanate-specific IgE levels can decreasebelow detection
limits after brief periods away from exposure.

‘Isocyanate’-specific IgE should always be measured in parallel with total IgE levels and a
‘control’ sample (i.e. ‘mock’ exposed albumin), because serum samples with high IgE show
elevated non-specific binding in vitro [19]. Inhibition tests are helpful to confirm specificity
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[19]. The presence of isocyanate-specific IgE in workers’ serum is a strong indicator of
isocyanate asthma, and is rarely (< 5%) observed in non-sensitized workers, especially after
controlling for total IgE and non-specific binding [22••,27,39].

Serum levels of isocyanate-specific IgG are helpful to confirm that an individual has
experienced previous exposure to isocyanate. Serial measurements over time may help
monitor subsequent exposures and probably represent an integrated marker of the past
several months, rather than hours to days.

Like all immunoassays, those for isocyanate should be performed with well-characterized
‘antigens’, and should be interpreted only in the context of clinically defined positive
(isocyanate asthmatic individuals) and negative control samples (exposed and unexposed).
In performing and assessing the significance of isocyanate serology tests, advice from
experienced investigators can be extremely helpful, because important practical details of
isocyanate serology, developed over decades of research, often through trial and error,
commonly remain unpublished, or are under-recognized.

Future assays for isocyanate sensitivity
Future assays for isocyanate sensitivity will probably fall into two different categories, those
aimed at improving current serology approaches and those not focused on antibody
responses to exposure, but rather based on novel immune ‘readouts’ (see below).

Isocyanate-specific IgE detection can probably be improved by incorporating newer vapor
and ‘prepolymer’ isocyanate-albumin conjugates into existing methodologies. The most
commonly used matrix for clinical IgE measurements is the capsulated polymer, Immuno-
CAP [58]. Until recently, coupling allergens to Immuno-CAP was performed exclusively by
the manufacturer, which offers assays for TDI, MDI and HDI, but provides little information
on these ‘antigens’ [57,59]. The recent availability of Streptavidin-ImmunoCAP (to which
any biotin labeled allergen may be coupled) should allow individual researchers to explore
the potential utility of the ImmunoCAP matrix with antigenically distinct isocyanate
antigens [59].

Allergen microarrays are a relatively new approach under development, and are especially
effective for simultaneously analysing IgE binding to thousands of different proteins or
epitopes. Using this approach, protein allergens are spotted onto glass slides and serum IgE
binding is detected with a fluorescent labeled anti-IgE [60•]. For limited allergens tested to
date, serum IgE binding patterns differ with clinical status. The technique has a sensitivity
comparable to CAP methods, and can be performed with very little serum. ‘Allergen’
microarray approaches have yet to be applied to isocyanate-exposed workers, but are ideally
suited to analysing a wide range of different isocyanate-albumin conjugates and potential
epitopes.

Cell-based immunoassays with novel immunological readouts may also be useful in the
diagnosis of isocyanate asthma, especially if the disease involves predominately IgE/IgG-
independent mechanisms as many have suggested [23,61•]. Bernstein and colleagues [20]
have recently reported an in-vitro assay of isocyanate antigen-induced monocyte/
macrophage chemoattractant protein (MCP) 1 production by peripheral blood mononuclear
cells (PBMCs), which in preliminary studies differentiates isocyanate asthmatic individuals.
MCP-1 is the major histamine-releasing factor (other than IgE) produced by human PBMCs,
and is probably one of several mediators differentially induced by isocyanate in sensitive
individuals [62].
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Future cell-based assays using discovery science approaches such as expression profiling,
proteomics and metabolomics may identify patterns of immunological responses that define
isocyanate sensitivity and differentiate susceptible from tolerized or unsensitized workers.
An important determinant of all such future studies will probably be the form of isocyanate
(antigen) used as the immunological stimulus.

Conclusion
Insights into the immune responses and pathology induced by isocyanate exposure continue
to emerge through sustained research efforts. Characterization of isocyanate antigenicity has
reached unprecedented levels by combining technologies such as matrix-assisted laser
desorption/ionization mass spectrometry and in-vitro exposure systems designed to mimic
the biochemistry and biophysics of the airway microenvironment. These advances are
beginning to optimize immunological tests for isocyanate-specific immune responses.

A major advance has been theoretical and technical changes in our perception of isocyanate
antigens, and how these reaction products form, which has evolved with empirical guidance.
Novel methods for generating isocyanate-albumin conjugates via exposure to vapor (rather
than liquid) isocyanate produces ‘antigens’ of potentially greater biological relevance than
classic methods, which are prone to generating ‘over’-reacted and potentially artifactual
‘antigens’. The isomer and polymer composition of isocyanates also contributes
substantially to antibody recognition. Further optimization of isocyanate antigens may
increase the sensitivity/specificity of isocyanate-specific IgE tests to the point at which it
becomes a viable method of isocyanate-induced disease control. Even if isocyanate IgE
testing only identifies a fraction of isocyanate asthmatic individuals, widespread screening
may still be cost-effective, given the long-lasting decrements in lung function that sensitized
workers may face if their disease goes unrecognized.

Despite recent advances in understanding isocyanate immunogenicity, the appropriateness
of IgE testing for isocyanate sensitization continues to be questioned, based partly on past
failures/low sensitivity and partly on alternative (IgE-independent) hypotheses of
pathogenesis. Newer immunoassays, based on the hypothesis that isocyanate-induced
cellular (versus humoral) responses are more important in isocyanate asthma pathogenesis,
are beginning to be developed. Using PBMCs, such assays may focus on specific readouts
(MCP-1 protein), or patterns of gene/protein/metabolite expression, which may prove to
correlate with or define clinical status.

In summary, serology studies on isocyanates have evolved over recent years and
improvements make measurements of isocyanate-specific IgE and IgG useful information in
the clinical workup of occupationally exposed individuals. Although possibly restricted to a
subset of workers, isocyanate-specific IgE, when present, is strongly predictive of
isocyanate asthma, and specific IgG may provide sentinel host exposure information, which
may help guide industrial hygiene efforts. Newer tests for isocyanate sensitivity, based on
cellular responses, may provide greater diagnostic sensitivity in the future.
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MCP monocyte/macrophage chemoattractant protein

MDI diphenylmethane diisocyanate

PBMC peripheral blood mononuclear cell

RAST radioallergosorbent test

TDI toluene diisocyanate
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Figure 1. Neo-epitopes induced by isocyanate conjugation to human albumin
A two-dimensional model in which albumin is shown by a line and isocyanate is shown by a
star, depicts new conformations formed by isocyanate cross-linking, which may be
recognized as foreign by the host immune system.
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Figure 2. Structural three-dimensional model of the hexamethylene diisocyanate conjugation
sites of human albumin
Major hexamethylene diisocyanate conjugation sites after vapor exposure, His-247 and
Lys-414 are enlarged and ringed.
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Table 1

Isocyanate isomers and ‘pre-polymers’

Isomer Ratio

Toluene diisocyanate 80 : 20

Toluene diisocyanate (2,4 : 2,6) 65 : 35

Diphenylmethane diisocyanate Mixture

Diphenylmethane diisocyanate (4,4′, 2,4′, 2,2′)

Monomer Polymer

Hexamethylene diisocyanate Biuret isocyanurate
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