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Abstract

Background—Isocyanates, a leading cause of occupational asthma, are known to induce

adaptive immune responses; however, innate immune responses, which generally precede and

regulate adaptive immunity, remain largely uncharacterized.

Objective—Identify and characterize cellular, molecular and systemic innate immune responses

induced by hexamethylene diisocyanate (HDI).

Methods—Human peripheral blood mononuclear cells (PBMCs) were stimulated in vitro with

HDI-albumin conjugates or control antigen, and changes in phenotype, gene, and protein

expression were characterized by flow cytometry, microarray, Western blot and ELISA. Cell

uptake of isocyanate was visualized microscopically using HDI-albumin conjugates prepared with

fluorescently-labeled albumin. In vivo, human HDI exposure was performed via specific

inhalation challenge, and subsequent changes in PBMCs and serum proteins were measured by

flow cytometry and ELISA. Genotypes were determined by PCR.

Results—Human monocytes take-up HDI-albumin conjugates and undergo marked changes in

morphology and gene/protein expression in vitro. The most significant (p 0.007 – 0.05) changes in

mircoarray gene expression were noted in lysosomal genes, especially peptidases and proton

pumps involved in antigen processing. Chemokines that regulate monocyte/macrophage

trafficking (MIF, MCP-1), and pattern recognition receptors that bind chitin (chitinases) and

oxidized low-density lipoprotein (CD68) were also increased following isocyanate-albumin

exposure. In vivo, HDI exposed subjects exhibited an acute increase in the percentage of PBMCs

with the same HDI-albumin responsive phenotype characterized in vitro (HLA-DR+/CD11c+ with

altered light scatter properties). An exposure-dependent decrease (46±11%; p<0.015) in serum

concentrations of chitinase-3-like-1 was also observed, in individuals that lack the major (type 1)

human chitinase (due to genetic polymorphism), but not in individuals possessing at least one

functional chitinase-1 allele.

Conclusions—Previously unrecognized innate immune responses to HDI and HDI-albumin

conjugates could influence the clinical spectrum of exposure reactions.
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INTRODUCTION

Isocyanates, highly reactive chemicals used to make polyurethane, are a leading cause of
occupational asthma world-wide.1 The natural history, clinical symptoms, and pathology of
isocyanate asthma are similar to common environmental asthma, suggesting the disease is
caused by a similar immune-mediated process.2, 3 However, prototypic pathologic indices of
common environmental asthma differ from isocyanate asthma. T-helper type 2 (TH2) cells,
which are crucial to common environmental asthma and proliferate vigorously in response
to causative allergens in vitro, exhibit comparatively minimal responses to isocyanate.3–6

Allergen-specific IgE, atopy, and elevated total serum IgE, which are strongly associated
with common environmental asthma, are not generally associated with isocyanate
asthma.7, 8 Thus, in contrast to common allergens, the cell types and effector molecules
stimulated by isocyanate exposure remain unclear, including those that promote the
development of pathogenic hypersensitivity responses vs. apparent “tolerance”. The
characteristic differences between isocyanate and common environmental asthma, have lead
to the hypothesis that (low molecular weight) isocyanate chemicals elicit immune responses
fundamentally distinct from those induced by common environmental allergens, which are
generally (high molecular weight) proteins.2, 8, 9

Uncertainty regarding the immunologic basis of isocyanate asthma, is due in part, to
isocyanate’s unique chemical reactivity, which presents a theoretical and technical obstacle
to mechanistic studies.10 Isocyanates react rapidly with proteins in vitro and in vivo, and
isocyanate-protein conjugates are believed to represent the major immunogenic form of the
chemical.6, 9, 11, 12 In exposed humans, albumin in the airway fluid is a major target for
isocyanate and isocyanate-albumin conjugates are the only known “isocyanate antigen”
specifically recognized by rearranged antigen receptors of the adaptive immune system (i.e.
IgG).9, 13, 14 However, as mentioned above, antigenic isocyanate-albumin conjugates do not
stimulate vigorous in vitro TH2 cellular responses.4, 7 Instead, limited recent studies suggest
that human monocyte responses may play an important role in clinical isocyanate exposure
outcome.15, 16

Monocytes are crucial cells of the innate arm of the immune system that circulate in an
immature form, and differentiate into “tissue macrophages”, dendritic cells and alveolar
macrophages.17–20 Monocytes possess the capacity to modulate immune responses by
secreting chemokines and processing/presenting exogenous and “self” antigens.21–23

Functional responses of monocytes (and other cells of the innate immune system) are also
governed, in part, via germline-encoded pattern-recognition receptors, evolved to detect
specific molecular motifs.24

The present study investigates human monocyte responses to a major commercial
isocyanate, hexamethylene diisocyanate (HDI), primarily used in protective spray coatings
(e.g. automobiles, aircraft).10 Data were derived from in vitro experiments on human
PBMCs, and clinical studies of human subjects before and after specific inhalation
challenge. The findings are discussed in the context of immune mechanisms that may
modulate pathologic responses to exposure.

MATERIALS AND METHODS

Human subjects and samples

The study was approved by the Human Investigations Committee of Yale University, and
written informed consent was obtained from all participants. Thirty-one subjects were
recruited prospectively from the SPRAY study and Yale’s Occupational and Environmental
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Medicine Clinic in New Haven CT.25 Peripheral blood was obtained by venipuncture and
mononuclear cells were purified by density gradient centrifugation.

Preparation of isocyanate antigens

HDI (Sigma; St. Louis, MO) was conjugated to endotoxin-free human albumin (albØ)
(Sigma) as previously described, with slight modifications to minimize processing steps that
might introduce contaminants (i.e. endotoxin, trace metals, glycerol etc.).5 Briefly, 100 µl of
HDI was added to 25 ml of a 0.5% (w/v) solution of albØ in tissue-culture grade phosphate
buffered saline (PBS) pH 7.2 (Gibco; Grand Island, NY), and mixed end-over-end for 2 hrs.
The isocyanate-albumin conjugated reaction product (HDI-albØ) was immediately sterile
filtered (0.2 µm) for use in culture. FITC-labeled human albumin (albFITC) (Sigma) was
used to generate fluorescently labeled isocyanate conjugates (HDI-albFITC), using an
abbreviated reaction time (20 min) to prevent quenching of the fluorochrome signal.
Adipoyl chloride (Sigma) exposed, timellitic anhydride (TMA) (TCI America; Portland,
OR) and DNCB conjugated albumin were prepared according to previously published
methods, except using endotoxin-free albumin.26–28 For HDI-albØ and TMA-albØ

conjugates, the molar ratios of chemical:albumin were 36:1 and 38:1 respectively, based on
chemical substitution analysis, performed as previously described.29 Heat denatured/
aggregated albumin was prepared by placing samples of 0.5% albØ in PBS, pH 7.2, into a
rapidly boiling water bath for 10 min. Control antigen for all studies was “mock exposed”
albØ, which had been processed the same as the HDI- albØ (equal concentration, mixing,
filtration etc.), except omitting the HDI.

In vitro culture and processing

Human peripheral blood mononuclear cells (PBMCs) were cultured at 2 × 106 cells/ml in
RPMI 1640 media (Gibco) supplemented with 10% autologous serum and stimulated with
500 µg/ml of HDI-albØ or control antigen or 5 µg/ml concanavalin A (ConA) (Sigma). An
Olympus microscope (Nashua, NH) was used to photograph cultures with a Pentax camera
under automatic exposure settings. Cells were cytospun on slides with a Shandon Cytospin
(Cheshire, UK) and stained with Diff-Quick (VWR; Bridgeport, NJ), or RNA was isolated
using RNA-easy columns from Qiagen (Valencia, CA) and DNA was removed with a kit
from Ambion (Austin, TX). In other experiments, cell proteins were solubilized with Cell
Lytic-M™ lysis buffer (Sigma) supplemented with a protease inhibitor cocktail (Sigma).

Flow cytometry

Cells were incubated with fluorochrome-conjugated monoclonal antibodies (mAbs) to HLA-
DR, CD11c, CD3 and CD19 and data were acquired on a FACscan and analyzed with Cell
Quest software, from Becton-Dickinson (San Jose, CA).

Immunofluorescence analysis (IFA)

PBMCs were incubated with 50 µg/ml of albFITC or HDI-albFITC for varying amounts of
time, washed, fixed with paraformaldehyde (Sigma) and settled onto poly-L-lysine (Sigma)
coated coverslips. In some experiments, cells were incubated with phycoerythrin-conjugated
mAbs to CD3 or CD14 (Becton-Dickinson), or a lysosomal stain, Lysotracker-Red DND-99
(Molecular Probes; Eugene, OR) before fixation. Coverslips were mounted with anti-fade
mounting media and viewed under a Nikon Microphot-FXA microscope (Melville, NY).

Microarray studies

DNA-free, total RNA, from 5-day PBMC cultures of individual subjects was transcribed to
labeled cDNA with the the MICROMAX™ TSA labeling and detection kit (PerkinElmer;
Shelton, CT), according to the manufacturers instructions. Labeled cDNA was hybridized to
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a broad spectrum 4.6K cDNA microarray (Gene Expression Omnibus repository platform
GPL993). Fluorescence hybridization data were acquired on an Axon GenePix 4000A
scanner and processed using GenePix software (Molecular Devices Corp; Sunnyvale, CA).
The fold increase in gene expression was calculated based on the ratio of the average median
fluorescence intensity of duplicate spots after subtraction of background signal. A 2-fold
change in expression was statistically significant using a Student’s t-test. Hierarchical
cluster analysis and gene ontology (GO) groupings were completed using GeneSpring
software (Agilent Technologies; Palo Alto, CA). Data underwent Lowess normalization
before clustering. Significance of enrichment for genes in GO groups was determined using
a Fischer Exact Test.

Protein studies

Cell proteins were Western blotted as previously described, using mAbs specific for CD68,
cathepsin B, and Annexin, (Santa Cruz; Santa Cruz, CA).26 Chitinase-1 enzyme activity
levels in culture supernatants were determined as previously reported, based on
spectrophotomtric measurements of cleavage of a fluorescent chitin analogue.30 Chitinase 3
like-1, monocyte chemoattractant protein (MCP)-1 and macrophage migration inhibitory
factor (MIF) concentrations, in serum or culture supernatants, were quantitated by ELISA,
using kits respectively from Quidel Corp (San Diego, CA), BD Biosciences-Pharmingen
(San Diego, CA) and R&D Systems (Minneapolis, MN). Statistical significance of changes
in chemokine concentrations or enzyme activity were determined using Student t-test or
ANOVA.

In vivo respiratory tract isocyanate exposure

Human subjects were exposed to 15–20 parts per billion (ppb) of isocyanate for up to 2 hrs,
in an isocyanate exposure chamber as previously described.31

Genotyping

Chit-1 genotype was determined by PCR using primers that span the polymorphic region, a
24-bp duplication in exon 10.32 PCR with the forward primer 5’ CTC CCT GCA CAG TCA
GCT AT 3’ and the reverse primer 5’ TAG GAT GTT TGG CTC CTT GG 3’ amplify an 86
bp fragment corresponding to the normal allele and an 110 bp fragment corresponding to the
polymorphic allele.

RESULTS

Characterization of isocyanate-albumin conjugates

The antigenicity of hexamethylene diisocyanate (HDI)-albumin conjugates used in the
present study (HDI-albØ) was confirmed by Western blot with serum from exposed workers
(Fig. 1A). Serum IgG binding to HDI-albØ is associated with chemical conjugation, cross-
linking, and conformational changes in albumin, highlighted by reducing SDS-PAGE, native
gel electrophoresis (Fig. 1B and C) and previously published studies.33 [Fig. 1 also shows

other “modified” albumins used in later experiments (see below)].

Isocyanate-albumin induced changes in cell morphology

HDI-albØ induced cellular immune responses were studied in vitro using PBMCs from
individuals participating in a study on HDI exposure health effects. Microscopic
examination of cultures (Fig. 2A & B) revealed that HDI-albØ, but not control “mock
exposed” albØ, induced striking morphologic changes in PBMCs from all study subjects
(N=31). The HDI- albØ responsive cells could be purified by plastic adherence (Fig. 2C),
and co-expressed high levels of monocyte/macrophage-associated cell membrane proteins
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(HLA-DR and CD11c) (Fig. 2D), but not T- or B-cell specific markers CD3 (Fig. 3C) or
CD19 (not shown). Morphologic changes observed under the light microscope were
accompanied by a marked shift in side and forward light scatter in flow cytometry studies,
consistent with changes in cell shape and complexity (Fig. 2D).

Isocyanate-albumin uptake

To better understand the marked cell morphology changes induced by isocyanate-albumin,
we performed additional studies that trace the chemical-protein conjugate’s cell uptake and
subcellular distribution. HDI conjugates were prepared with fluorescently-labeled albumin
(albFITC), which could be directly visualized through fluorescence microscopy. As shown in
Fig. 3A, HDI-albFITC uptake occurred within 30 minutes of culture, at which time it was
localized around the cell membrane. Over time (72 hrs), HDI-albFITC accumulated deeper
inside the cytoplasm, with a staining pattern suggestive of localized sequestration. In
contrast, little or no staining was observed in cultures incubated with control antigen, “mock
exposed” albFITC. The cells that take-up high levels of HDI-albFITC were further phenotyped
as CD14+/CD3−, in double stain experiments (Fig. 3B & C).

Isocyanate-albumin induced changes in gene expression

To help understand the molecular changes underlying the human PBMC response to HDI-
albØ, we profiled gene expression changes using a broad spectrum, 4.6k cDNA microarray.
HDI-albØ-induced genes were identified relative to control cultures stimulated with “mock
exposed” albØ, and further stratified through hierarchical clustering and gene ontology
(GO). As shown (Fig. 4), HDI-albØ induced substantial changes in gene expression of
PBMCs from each of 4 different subjects tested. The most significant changes (p values .007
to .05) were consistently observed in lysosomal genes, especially proteases and proton pump
subunits associated with antigen processing (Fig. 4B). Several of the HDI-albØ induced
genes are also known to be highly dysregulated in genetic lysosomal storage diseases,
including chitinase-1 (T94272), tartrate-resistant acid phosphatase (ACP5), and GM2
ganglioside-activating protein (GM2A).34–36 Consistent with the microarray data, cellular
lysosomal content was also elevated in cultures of PBCMs stimulated with HDI-albØ (Fig
5).

Isocyanate-albumin induced changes in cellular proteins

To determine if HDI-albØ-induced gene expression profiles extend to the protein level, to
validate specific microarray findings, and to begin evaluating the specificity of the response
for isocyanate, we performed additional Western blots experiments. Protein levels for two of
the genes whose expression was most consistently elevated in microarray experiments,
CD68 and cathepsin B (CTSB), were substantially increased by HDI-albØ. CD68 was not
induced by other stimuli tested, including mitogen or albumin exposed to adipoyl chloride,
another reactive chemical of similar size and bi-functionality (Fig. 6A). The HDI-albØ

induced cathepsin B protein differed in size from the lysosomally-processed fully mature
form37 found in control cultures (Fig. 6A), supporting the gene expression and cytology data
(above) suggestive of altered lysosomal activity.

Isocyanate-albumin induced changes in secreted proteins

We also evaluated isocyanate-albumin induced changes in monocyte secreted proteins of
particular interest to asthma. The chemokine MIF, an important modulator of asthma
severity,38 rapidly accumulated in the culture media of PBMCs stimulated with isocyanate-
albumin. Compared to control cultures, MIF levels were increased >2–fold by 6 hours (not
shown) and continued to increase for at least 72 hrs (Fig. 6B). Another chemokine, MCP-1,
which acts as an autocrine factor for monocytes (and induces histamine release from mast
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cells)39 was variably increased at the protein level in culture supernatants; however was
consistently upregulated at the message level based by RT-PCR (not shown). Chitinase-1, a
soluble secreted pattern-recognition receptor, was significantly increased by isocyanate-
albumin, based on enzyme activity in PBMC culture supernatants (Fig. 6C), consistent with
the microarray data, and morphologic changes (Figs. 1 & 2), reminiscent of Gauchers’ cells,
which are known to be a major source of chitinase-1 in vivo.34, 40

Specificity of the in vitro human response to isocyanate-albumin conjugates

Additional experiments were performed to determine if in vitro responses to HDI-albØ were
HDI-dependent, or merely reflected biophysical/biochemical changes in albumin (solubility,
conformation, aggregation), known to influence any proteins’ immunogenicity.41 Heat
denatured/aggregated albumin, as well as albumin conjugated with other reactive, asthma-
causing chemicals (see Fig. 1), were compared with HDI-albØ for their ability to induce
chemokine and chitinase-1 secretion. As shown in Fig. 7, HDI-albØ, but not heat denatured/
aggregated albØ or TMA-albØ, induced marked MIF, MCP-1 and chitinase-1 production.
HDI-albØ was also distinct from DNCB-albØ, which induced MIF (consistent with previous
reports)28 but not chitinase-1 or MCP-1. Thus, the human cellular response to HDI-albumin
exhibits HDI-specificity and does not reflect nonspecific consequences of biochemical/
biophysical changes, or chemical conjugation.

Monocyte activation in vivo in exposed subjects

To begin to determine if isocyanate exposure, in vivo, has effects on human monocytes,
similar to those observed in vitro, we studied human subjects exposed to HDI under
controlled laboratory settings. Human volunteers breathed for 2 hours from a chamber,
conditioned with 15–20 parts per/billion of HDI, the short-term exposure limit
recommended by the NIOSH. Following the exposure period, cells with the HDI responsive
phenotype defined in vitro (Fig. 1D) were quantitated in the peripheral blood by flow
cytometry. As shown (Fig. 8A–C), HDI exposure induced an acute, 3 to 5-fold increase in
the percentage of HLA-DR+/CD11c+ cells with altered light scatter in the peripheral blood
of exposed individuals (N=5), which returned to near baseline levels by 24 hours post
exposure.

In vivo chitinase response to isocyanate exposure

Based upon our microarray findings, we further explored the potential in vivo effect of
isocyanate exposure on chitinases, a family of innate immune proteins that bind chitin, a
polysaccharide found in fungi, parasites, and nematodes, but not in mammals.40, 42 We
focused on two different chitinases, chitinase-1, the major human chitinase, which possesses
true chitin-degrading capabilities,40, 43 and chitinase 3-like-1 (HC-gp39, YKL-40), which
binds, but cannot cleave chitin.44, 45 An “inactivating” polymorphism exists in chitinase-1
and individuals with 2 polymorphic alleles (~6% of the population) are deficient in the
enzyme’s activity throughout their body.32 Chitinase 3-like-1 is thought to play a role in
tissue remodeling and serum levels have recently been associated with human asthma
severity.46

In the present study, chitinase-1 enzyme activity and chitinase 3-like-1 protein
concentrations were measured in serum before, and 24-hours after specific inhalation
challenge with HDI. In the majority of subjects (N=6), there was no significant change in
chitinase-1 or chitinase 3-like-1 following exposure (Fig. 9A & B). However, in a subset of
subjects who were chitinase-1 deficient due to genetic polymorphism (N=4), isocyanate
exposure caused a 46±11% (p < 0.015) decrease in serum concentrations of chitinase 3-

like-1 (Fig. 9B).
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DISCUSSION

The present studies demonstrate that human monocytes, important cells of the innate arm of
the immune system, respond to hexamethylene diisocyanate in a manner that could modulate
exposure outcome. In vitro, HDI-albumin conjugates were shown to be taken-up by
monocytes, and stimulate marked changes in morphology, phenotype and gene/protein
expression. In clinical studies, respiratory tract exposure to HDI vapors increased the
percentage of circulating HLA-DR+/CD11c+ blood cells with the HDI-albumin responsive
phenotype observed in vitro. Furthermore, a multi gene (chitinase) / environment
(isocyanate exposure) interaction was observed in vivo, which affects the serum
concentrations of chitinase 3-like-1, a soluble pattern-recognition receptor recently
associated with human asthma.46 Together, the data describe previously unrecognized
effects of HDI on the innate arm of the human immune system, which may provide novel
insights into HDI’s immunogenicity and help explain unusual features of exposure-induced
asthma.

The present findings are consistent with limited reports on human cellular responses to
isocyanate published to date, including pronounced effects of cells and cytokines/
chemokines other than the prototypic, adaptive, TH2-type driven by common environmental
allergens. Lummus et. al. have shown that isocyanate-albumin conjugates stimulate PBMCs
to produce chemokines in vitro, with profiles typical of monocyte-dominated responses
(MCP-1, IL-8, TNF-a),16 while Bernstein et. al. further demonstrated that isocyanate-
albumin induced in vitro MCP-1 production by PBMCs was associated with clinical
responses to inhalation challenge tests.15 The present data suggest chemokine responses
represent part of a much broader cellular reaction triggered by isocyanate, which may
contribute to the chemical’s potent (hyper)sensitizing capability.

Innate immune responses to isocyanate, as described in this study, could influence exposure
outcomes through several different, though not necessarily independent, pathways.
Isocyanate-induced chemokine production may create a microenvironment that favors
further development of pathologic immune responses. Two isocyanate-antigen induced
chemokines, MIF and MCP-1, have well characterized pro-inflammatory properties, and
contribute to the airway pathology observed in common environmental asthma.38, 39

Isocyanate-induced up-regulation of germ-line encoded (innate immune) pattern recognition
receptors, may also alter secondary “signals” that influence antigenic responsiveness.24 Two
isocyanate-antigen induced pattern-recognition receptors (CD68 and chitinases) bind ligands
(oxidized LDL, and chitin respectively) that evoke potent immunostimlatory
responses.40, 47, 48 Isocyanate’s effects on lysosomes, the cellular compartment where
exogenous antigens are processed, might further modulate adaptive responses.23 General
disruption of lysososmal equilibrium underlies and/or contributes to the activity of some
well-known immunomodulatory drugs/agents (e.g. lysosomotropic amines), as well as the
classical concept of lysosomal stabilization/labilization as a mechanism of immune
regulation.49, 50 Recent studies have identified the specific lysosomal proteases and proton
pumps induced by isocyanate antigen (e.g. cathepsin B, legumaine a.k.a. AEP) as important
determinants of “antigen fate”, differentially expressed in functionally distinct antigen-
presenting cells (macrophage vs. dendritic cells).51, 52 The present data suggest lysosomal
effects may represent a previously unappreciated mechanism by which isocyanates might
stimulate the human immune system. Thus, innate immune responses to isocyanate could
influence isocyanatye’s antigenicity in multiple ways that differ from other common
allergens.

Isocyanate’s affects on the innate arm of the human immune system may at first seem
surprising, given the modern history (1930s) of isocyanate usage, and the prevailing theory
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that the innate immune system evolved to specifically detect pathogen-associated molecular
patterns (PAMPs).10, 53 However, the data fit well with recent hypotheses suggesting
overlap between PAMPs and damage associated molecular patterns (DAMPs), based on
shared hydrophobic moitifs, as well as what is known about isocyanate’s chemistry.53, 54

Commercially used isocyanates are highly hydrophobic, comprised almost entirely of carbon
and hydrogen.10 Their bivalent nature and intra-molecular cross-linking ability are also
known to alter the “normal” structure of albumin, perhaps exposing stimulatory hydrophobic
regions (“hypos”) or creating other “damage” moieties that might act as innate immune
signals.33, 54 Enzymatic or hydrolytic metabolism of isocyanate might yield derivatives
similar to other immunomodulatory agents described above (lysosomotropic amines).10, 50

Additionally, isocyanate conjugation raises the isoelectric point of albumin, and increases its
sensitivity to (acid) precipitation at lysosomal pH (unpublished observations). Thus,
multiple characteristics of isocyanates could contribute individually or coordinately towards
their ability to stimulate innate immune responses

A major strength of the present study is the use of human subjects (PBMCs, serum,
albumin), rather than laboratory animals, given well-recognized species-specific differences
in gene polymorphisms/mutations and expression, as well as isocyanate responsiveness. For
example, in contrast to humans, murine macrophages do not express chitinase-1 and lack the
inactivating polymorphism of the gene. Furthermore, chitinase-1 over-producing cells,
observed in Gauchers disease, a genetic human lysosomal storage disorder, exhibit striking
morphologic similarities with HDI-responsive cells, but are not known to occur in other
species. Chitinase 3-like-1, which has recently been linked to human asthma, possess several
polymorphisms in humans; however its expression, activity, disease association and genetics
in other species are less understood.46 Another strength of the present study was use of
specific inhalation challenge for in vivo exposures, which allowed precise dosing and timing
of sample acquisition in relation to exposure. The use of human subjects for the present
study did, however, impose certain limitations, particularly for in vivo studies, which
required intensive safety precautions, specialized well-calibrated equipment, physician and
industrial hygienist oversight.55, 56 Safety and ethical concerns precluded human subjects
from repeated exposures, and limited the dosage, timing and available tissue samples/
subjects. Thus, potential differences in human monocyte responses between subjects with
different levels of exposure and/or isocyanate sensitivity, could not be deduced from the
present data. Future studies will address this provocative possibility, but will require
substantial subject characterization and selective recruitment, beyond the scope of the
present study.

In summary, we have identified and characterized effects of HDI and HDI-albumin
conjugates on the innate arm of the human immune system. The data highlight lysosomal
responses, known to affect antigen processing, as well as a family of pattern-recognition
receptors, (chitinases) recently linked to asthma. These newly defined HDI-induced
responses provide unique perspectives on the chemical’s immunogenicity and suggest
several mechanisms by which innate immune responses to exposure could modulate the
development of allergy/asthma. Future studies will address whether qualitative individual
variation in the innate immune response to HDI influences the outcome of occupational
exposure and/or helps explain potential differences between isocyanate asthma and
prototypical “atopic”/IgE-dependent asthma.
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ABBREVIATIONS

PAMP pathogen-associated molecular pattern

DAMP damage-associated molecular pattern

MIF migration Inhibitory Factor
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MCP monocyte chemoattractant protein

PBMC peripheral blood mononuclear cells

HDI hexamethylene diisocyanate

TMA trimellitic anhydride

DNCB 1,4-dinitro-1-chlorobenzene

FITC fluorescein isothiocyanate
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Figure 1.

Characterization of isocyanate-albumin conjugates. Pooled serum IgG from autobody shop
workers was blotted (panel A) against control “mock exposed” endotoxin-free albumin
(albØ) (lane 1), HDI-albØ (lane 2), heated/aggregated albØ (lane 3), TMA-albØ (lane 4), and
adipoyl chloride-albØ (lane 5). Parallel protein stains of SDS-PAGE (panel B) and native
gels (panel C) highlight changes in albumin’s conformation, as reflected by gel migration.
The major band observed under SDS-PAGE, is monomeric albumin, while fainter upper
bands are likely “multimers”. Albumin multimers that occur spontaneously (see arrows in
lane 1- panel C), but not those chemically/physically-induced (lanes 2–4, panel B, and lane 2
panel A), are dissociated under disulfide-reducing conditions (lanes 2–4, panel B). *Note:
Western blots with serum from unexposed human subjects were uniformly negative against
the conjugates shown above.
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Figure 2.

Isocyanate-albumin induced phenotypic changes in PBMCs. Cells were cultured with 500
µg/ml HDI-albØ or control antigen (albØ) for 3 days and photographed under the light
microscope at 400X. Panel A- live cultures, Panel B- cytospins, Panel C- live cultures
initiated with plastic adherent PBMCs. Panel D- Flow cytometry light scatter and two-
dimensional histogram staining for HLA-DR and CD11c of PBMCs. Cells with increased
light side scatter are highlighted by boxed region and correspond to circled area of
histogram plot. SSC= side scatter, FSC= forward scatter.
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Figure 3.

Isocyanate-albumin is taken-up and accumulates in cells of monocyte lineage. PBMCs were
cultured with fluorescently labeled control “mock exposed” albumin (albFITC) or HDI-
albFITC, and analyzed under phase contrast (left frame) and fluorescence (right frame)
microscopy at different time points shown (panel A). HDI-albFITC, but not albFITC is taken-
up along the outer cell membrane in a subset of cells, and accumulates over time. Monocyte-
derived cells (panel B), but not T cells (panel C) are the major cell type that take up HDI-
albFITC (green), as shown by dual staining with PE (red)-labeled α-CD14 or α-CD3, at 2hr
and 3 day time points respectively.
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Figure 4.

Isocyanate-albumin induced changes in gene expression. Cluster analysis of genes most up/
down regulated in PBMCs cultured with HDI-albumin for 5 days. Color and intensity
represents the fold change in cDNA microarrays (4.6k) comparing cultures stimulated with
HDI-albØ vs. control “mock exposed” albØ. Panel A- Top 1% of affected genes based on
fold change in expression. Panel B- Lysosome gene ontology subset; GO:0005764-
Functional Cluster-Cellular Component: cell: intracellular: cytoplasm: vacuole: lysosme;
one third (29/95) of genes (those >2-fold change in expression) are shown.
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Figure 5.

Isocyanate-albumin induced increases in lysosomal content. PBMCs cultured with 500 µg/
ml HDI-albØ or control antigen (albØ) for 5 days were incubated with a lysosomal
membrane stain (red/pink) and counterstained with DAPI (blue) before settling onto poly-
lysine coated coverslips. Representative fields were photomicrographed at 200X.
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Figure 6.

Isocyanate-albumin induced changes in intracellular and secreted proteins. Panel A- is a
composite of representative Western blots of cultures of PBMCs from four different subjects
(lanes 1–4). Equivalent amounts of cell protein from PBMCs cultured with 500 µg/ml of
“mock-exposed” albØ (control), HDI-albØ, mitogen, or adipoyl-chloride for 5 days, were
blotted with mAb against CD68, cathepsin B, and annexin 1. Panel B- MIF levels (pg/ml) in
the culture media of PBMCs from 7 additional human subjects (identification numbers 242–
318 shown on X-axis) similarly stimulated with 500 µg/ml of “mock-exposed” albØ (open
bars) or HDI-albØ (filled bars) for 72 hrs. Panel C- Chitotriosidase enzyme activity (nmol/
hr/ml) on day 5 of the same cultures.
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Figure 7.

Specificity of the human innate immune response to isocyanate-albumin. PBMCs from non-
isocyanate exposed individuals (N=4) were cultured with 500 µg/ml of control “mock
exposed” albØ, HDI-albØ, heated/aggregated albØ, TMA-albØ, DNCB-albØ. The
concentrations of MIF (open bars) and MCP-1 (filled bars) in the culture supernatants at 48
hours were measured by ELISA, and chitinase-1 enzyme activity (stripped bars) on day 5
was measured fluorometrically as described in the methods.
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Figure 8.

In vivo monocyte/macrophage response to isocyanate exposure. The peripheral blood cells
of human subjects exposed to 20 ppb isocyanate (HDI) for 2 hrs, were analyzed by flow
cytometry. Panel A shows light scatter and Panel B shows HLA-DR/CD11c dot plots from a
representative subject pre-exposure, 2hr and 24 hr post exposure. The percentages of cells in
the gated region or quadrant are shown. Panel C summarizes the percentage of HLA-DR+/
CD11c+ cells with shifted light scatter (as gated) in the peripheral blood of five different
subjects at each time point (mean +/− S.E.). Pre-exposure and 2 hr post-exposure values are
significantly different (p<0.01).

Wisnewski et al. Page 20

Clin Exp Allergy. Author manuscript; available in PMC 2011 July 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 9.

In vivo effect of isocyanate exposure on chitinases. Chitinase-1 enzyme activity levels
(panel A) and chitinase 3-like-1 protein levels (panel B) in study subjects’ serum were
measured pre- and (24 hrs) post- respiratory tract exposure. Each line represents
measurements from a single individual, with at least one active (+) chitinase allele (N=6), or
two copies (−/−) of the non-active (polymorphic) allele (N=4, the only 4 subjects in our
study population with this genotype.)
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