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Analysis of Lung Gene Expression Reveals a Role for Cl2 Channels in
Diisocyanate-induced Airway Eosinophilia in a Mouse Model of
Asthma Pathology
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Abstract

Diisocyanates are well-recognized causes of asthma. However,
sensitized workers frequently lack diisocyanate-specific IgE,
which complicates diagnosis and suggests the disease involves
IgE-independent mechanisms. We used a mouse model of methylene
diphenyl diisocyanate (MDI) asthma to identify biological pathways
that may contribute to asthma pathogenesis. MDI sensitization and
respiratory tract exposure were performed in Balb/c, transgenic
B-cell (e.g., IgE)-deficientmice and a genetic background (C57BL/6)-
matched strain. Eosinophils in airway fluid were quantitated by flow
cytometry. Lung tissue gene expression was assessed using
whole-genome mRNAmicroarrays. Informatic software was used to
identify biological pathways affected by respiratory tract exposure
and potential targets for disease intervention. Airway eosinophilia
and changes (.1.5-fold; P value, 0.05) in expression of 192 genes
occurred in all three mouse strains tested, with enrichment in
chemokines and a pattern associated with alternatively activated
monocytes/macrophages. CLCA1 (calcium-activated chloride
channel regulator 1) was the most upregulated gene transcript
(.100-fold) in all exposed mouse lungs versus controls, followed

closely by SLC26A4, another transcript involved inCl2 conductance.
Crofelemer, a U.S. Food and Drug Administration–approved Cl2

channel inhibitor, reduced MDI exposure induction of airway
eosinophilia, mucus, CLCA1, and other asthma-associated gene
transcripts. Expression changes in a core set of genes occurs
independent of IgE in a mouse model of chemical-induced airway
eosinophilia. In addition to chemokines and alternatively activated
monocytes/macrophages, the data suggest a crucial role for Cl2

channels in diisocyanate asthma pathology and as a possible target
for intervention.
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Clinical Relevance

This research provides a model for studying occupational
asthma. The data identify changes in lung gene expression that
may help decipher pathogenic mechanisms and lead to new
ways to treat and prevent disease.

Diisocyanates are widely used throughout
the world in polyurethane production,
binders, elastomers, and protective coatings
(1). Methylene diphenyl diisocyanate
(MDI) is the most abundantly produced
and utilized diisocyanate, with continually
evolving applications (e.g., spray-on truck
bed liners, spray polyurethane foam

insulation, self-expanding mattresses,
three-dimensional printing) (2, 3). The
supply and demand of MDI is projected
to increase in the foreseeable future (4).

The capacity of diisocyanates to cause
asthma was first documented in 1951 by
French physicians Fuchs and Valade (5).
The clinical presentation, pathology, and

natural history of diisocyanate asthma is
similar to that caused by environmental
allergens and thus theorized to involve an
underlying immunologic component and
genetic predisposition (6, 7). However,
diisocyanate asthma is not associated
with well-recognized asthma risk factors
(atopy and smoking), and, perhaps more
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importantly, allergen (e.g., diisocyanate)-
specific IgE is not detectable in the majority
of affected workers (8, 9). The unusual
characteristic of diisocyanate asthma has
prompted the hypothesis that its
pathogenic mechanisms differ from
asthma caused by environmental allergens,
which are typically high-molecular-weight
compounds (e.g., proteins and pollen)
(7, 8, 10, 11).

Deciphering the mechanisms of
diisocyanate asthma has been challenging
and lags behind models of more common
atopic environmental asthma. A major
obstacle has been the development of animal
models for investigating the genes and
pathways central to diisocyanate asthma
(12–14). Rodent models, which are readily
amenable to transgenic studies, have been
challenging to develop, as their distinct
upper airway anatomy and its “scrubbing
effect” creates a barrier against chemical
delivery to the lower airways (15–17).
Recently, our laboratory has developed
a novel approach for delivering MDI to the
lower airways in the form of reversibly
reactive glutathione (GSH) conjugates (18).
After respiratory tract exposure to GSH-
MDI conjugates, MDI can be found bound
to the epithelium lining small airways and
airway fluid proteins (18, 19). Furthermore,
MDI-GSH respiratory tract exposure of
immune-sensitized mice, but not naive
animals, elicits asthma-like lung
pathology, airway eosinophilia, and
mucus production (18).

The present study characterizes gene
expression changes in the lungs of immune-
sensitized mice that receive MDI-GSH via
the respiratory tract. Whole-genome
mRNA arrays were used to define global
changes in gene expression, and informatics
was used to identify affected biological
pathways. A core set of gene transcripts
were associated with MDI-induced airway
eosinophilia in multiple mouse strains,
including transgenic B-cell–deficient
mice, consistent with IgE-independent
mechanisms of pathogenesis. The findings
suggest a potentially important role for
chloride channels, especially CLCA1
(calcium-activated chloride channel protein 1),
in response to isocyanate exposure.
As CLCA1 regulates the chloride channel,
ANO1 (anoctamin 1), the data also suggest
a potential pharmacologic target against
diisocyanate-induced pathology (20).

The drug crofelemer is one of the most
potent inhibitors known for ANO1, providing

.90% inhibition, with a half maximal
inhibitory concentration (IC50)z6.5 mM (21).
Crofelemer is a purified proanthocyanidin
oligomer extracted from the blood-red bark
latex of the South American plant Croton
lechleri (dragon’s blood) (21). The sap of C.
lechleri has been used medicinally for many
years in South American countries (22). In the
United States, crofelemer is approved by the
U.S. Food and Drug Administration for the
treatment of noninfectious diarrhea in adult
patients with HIV/AIDS on antiretroviral
therapy, is taken orally, and does not get
absorbed systemically (23). The influence of
respiratory tract delivery of crofelemer on the
response to MDI in immune-sensitized animals
is evaluated as part of the present study.

This study defines global changes
in lung gene expression induced by
diisocyanate exposure in an animal model
of occupational asthma and provides new
data connecting lung chloride channels
with asthma-like (airway eosinophilia and
mucus) responses to chemical exposure.
The findings are discussed in the context of
diisocyanate occupational asthma pathology
and potential targets for pharmacologic
intervention. Previously undefined effects
of airway chloride channel inhibition on
lung gene expression are also discussed.

Methods

Preparation of MDI-GSH Conjugates
Generation and characterization of MDI-
GSH reaction products was accomplished
as previously described using reduced
glutathione and 4,49-methylenebis(phenyl
isocyanate) (CAS No. 101-68-8) from
Sigma-Aldrich (18). Control solutions were
prepared by adding GSH to MDI that was
“mock” reacted in buffer without GSH
(during which time MDI hydrolyzes and
forms low-molecular-weight ureas
incapable of reversibly conjugating
GSH) (18, 24). An aliquot of each
sample was analyzed by reverse-phase
liquid chromatography-coupled mass
spectrometry to verify the dominate
reaction products between MDI and GSH,
as previously described (18, 24).

Skin Sensitization and Airway
Exposures of Mice
Eight-week-old male Balb/cJ, C57BL/6J,
or B-cell–deficient mice (B6.129S2-
Ighmtm1Cgn) backcrossed to C57BL/6J
were obtained from Jackson Labs, housed

under pathogen-free conditions, and fed
ad libitum with automated water supply
under 12-hour day/night light cycles.
Immunologic sensitization to MDI via skin
exposure and subsequent respiratory tract
exposure to MDI-GSH conjugates were
performed as previously described (18, 25).
All studies followed guidelines established
in the Guide for the Care and Use of
Laboratory Animals prepared by the
Institute of Laboratory Animal Resources,
National Research Council (26) and were
approved by Yale’s Institutional Animal
Care and Use Committee.

Crofelemer Preparation and
Treatment
Mytesi tablets from Napo Pharmaceuticals
were solubilized as previously described
(27). The concentration of the final solution
was calculated based on the extinction
coefficient of crofelemer of 7.6 ml/(mg cm)
at 280 nm (27). In some studies, 4 hours
before MDI exposure, mice received either
mock exposure (ultrapure water) or the
murine equivalent of the recommended
human daily dose (z4 mg/kg) of Mytesi
(28) via intranasal administration under
light anesthesia (isoflurane) of 50 ml of
a 1.6 mg/ml crofelemer solution.

BAL Analysis and Lung Tissue RNA
Purification
BAL and lung tissue samples were obtained
48 hours after the last respiratory tract
exposure and processed as previously
described (18, 25). Flow cytometry
analysis of BAL cells for eosinophils was
accomplished using the protocol defined
by Stevens and colleagues. (29). Perfused
lung tissue was obtained for histology, and
RNA was purified using an RNeasy kit from
Qiagen according to the manufacturer’s
recommendations.

Lung Gene Expression (Microarray)
Analyses
Processing of RNA and microarray analyses
were performed by the Yale Center for
Genome Analysis as described online
(30, 31). All reactions and hybridizations
were performed using Affymetrix Mouse
Clariom-S arrays according to the
manufacturer’s protocol. Data analysis and
software are described in the METHODS

section of the data supplement. Complete
microarray data are available in the Gene
Expression Omnibus (GEO) database
(accession number: GSE136146).
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Real-Time PCR Studies
Bio-Rad’s PrimePCR SYBR Green
Assay for CLCA1 aka murine CLCA3
(qMmuCID0009928) and ACTB
(qMmuCED0027505) were used according to
manufacturer’s directions, with cDNA prepared
using an iScript cDNA synthesis kit (Bio-Rad).

Statistical Analyses
Significance of differences in BAL cell
numbers, real-time PCR data, and
microarray fluorescence values were
determined based on ANOVA. False
discovery rate (FDR) P values for
microarrays were calculated using the
approach of Benjamini (32).

Results

Airway Eosinophilia in a Mouse Model
of MDI Asthma
We initially measured airway eosinophilia in
a mouse model of MDI asthma, in which
chemical is delivered to the respiratory tract
as reversibly reactive GSH conjugates (18).
Eosinophils in the BAL were quantitated by
flow cytometry on the basis of their
expression of CD451, CD11B1, Siglec-F1,
and CD11Clo, as Stevens and colleagues
describe (29). BAL from MDI-sensitized
and exposed Balb/c mice contained
significantly (P, 0.05) increased numbers
of eosinophils versus controls, as we
have previously reported (Figure 1) (18).
Moreover, respiratory tract MDI
exposure induced airway eosinophilia in
B-cell–deficient transgenic mice, as well as
C57BL/6, the genetic background for the
B-cell–deficient mice (Figure 1). Histology
analysis further demonstrated lung tissue
eosinophilia and substantial airway mucus
in MDI-sensitized/exposed B-cell–deficient
mice (see Figure E1 in the data
supplement). The data are consistent with
clinical findings of diisocyanate asthma
without chemical-specific IgE, which can
only be produced by B cells (33).

Core Changes in Lung Tissue Gene
Expression in a Mouse Model of MDI
Asthma
Lung gene expression in ourmousemodel of
MDI asthma was initially analyzed using
principal component analysis and Venn
diagrams. By principal component analysis
(Figure 2), MDI and control mice were
readily differentiated, as were differences
between species. In Balb/c mice, 551 gene

transcripts were differentially expressed
(.1.5-fold change fluorescence; P, 0.05)
in MDI-exposed versus control mice. In
C57BL/6 mice, 602 gene transcripts, and in
B cell deficient mice 1,385 gene transcripts,
were differentially expressed in MDI-
exposed versus control mice. At the core of
the molecular changes that MDI respiratory
tract exposure causes in sensitized hosts
(vs. control mice) from all three mouse
strains tested, were 192 differentially expressed
transcripts; 163 consistently increased and
29 consistently decreased (GEO data set
accession number GSE136146).

Lung Tissue Gene Transcripts with
Largest Changes in a Mouse Model of
MDI Asthma
Volcano plots (Figure 3) of the microarray
data readily identify CLCA1 as the gene
transcript with the greatest relative increase
in MDI-exposed versus control animals
of all three mouse strains tested. CLCA1
had previously been identified as the most
upregulated protein in BAL fluid from
sensitized/exposed Balb/c mice in the
present MDI asthma model (18). A second
Cl2 conductance-related gene transcript,
the solute carrier family 26, member 4
(SLC26A4 aka pendrin), was the eighth
most increased transcript in Balb/c mice,
the second most increased transcript in
C57BL/6, and the third most increased
transcript in B-cell–deficient mice exposed
to MDI versus control mice.

The 10 core transcripts most increased
in MDI-exposed mice versus control mice

(among the top 8 in each mouse strain tested)
and the 5 transcripts most consistently
decreased are listed in Table 1. The genes
encoding many of these transcripts have well-
established associations with asthma, airway
eosinophilia, and mucus in human patients
and/or experimental animal models of
asthma or cytokine-induced airway
inflammation (20, 34–38). The proteins
corresponding to eight gene transcripts
(CLCA1, CHIL4, CHITL3, RETNLA,
FCGBP, C1QB, PIGR, and CTSS) were
significantly (P, 0.05) increased in BAL
fluid in prior proteomic studies of the current
MDI asthma model in Balb/c mice (18).

Grouping/Classification of Lung
Tissue Genes Differentially Expressed
in a Mouse Model of MDI Asthma
More than half of 92 transcripts increased
more than twofold in MDI-sensitized and
-exposed versus control mice can be
grouped into functional categories, as shown
in the cluster analysis in Figure 4. These
include transport proteins (CLCA1,
SLC26A4, SLC5A1 SLC7A8, and
ATPV06D2), chemokines (CCL6, CCL8,
CCL9, CCL11, CCL12, CCL17, and
CCL22), complement proteins (C1QA,
C1QB, C1QC, C3, C3AR1, and CFB), Ig-Fc
related proteins (FCGBP, FCGR2B,
FCGR3, and PIGR), CD20-like proteins,
growth factors, nuclear factors, and
numerous genes related to
monocyte/dendritic cell maturation,
alternatively activated macrophages, and
related innate immune responses including
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Figure 1. Airway eosinophilia induced by respiratory tract exposure to methylene diphenyl
diisocyanate (MDI). The number of eosinophils collected by BAL (y-axis) from MDI-sensitized mice
from different genetic backgrounds exposed to MDI (1) or control (2). The figure shows the
mean6SEM from one of three representative experiments with n=6 mice/group. *P,0.001 and
**P,0.05 by ANOVA.
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CLEC7A (Dectin1), CD209E (DC-SIGN),
LY86, MGL2, and chitinases (CHIA, CHIL3,
CHIL4, aka AMCASE, YM1, and YM2) (39).

Mouse Strain Differences in Lung
Tissue Gene Expression in a Mouse
Model of MDI Asthma
Limited strain differences were noted in the
MDI response between Balb/c, C57BL/6, and
B-cell–deficient mice (Figures E2–E4). HAL
(histidine ammonia lyase) was increased
in MDI versus control (5.8-fold; FDR
P value,1026) exposed Balb/c mice, but not
C57BL/6 or B-cell–deficient mice. In contrast,
phospholipase A2 group IVC (PLA2G4C)
was increased in MDI versus control (more
than ninefold; FDR P value, 1024) exposed
C57BL/6 and B-cell–deficient mice, but not
Balb/c mice. B-cell–deficient mice, compared
with C57BL/6 and Balb/c mice, exhibited
higher expression levels of uncharacterized
genes Gm3893, Gm10600, and TMEM254
and lower levels of CD19, CD79A, and
J-chain transcripts (as expected). In
addition, strain differences between Balb/c
and C57BL/6 lung expression of TRIM30D,
APOBEC3, and PYDC4 were noted under
all conditions (Figure E4).

Bioinformatic Analyses of Lung
Tissue Gene Expression in a Mouse
Model of MDI Asthma
Two different bioinformatic software
programs were used to analyze the biological

pathways and networks associated with the
MDI-induced gene expression changes.
Transcriptome Analysis Console identified
chemokines as the most significantly
affected pathway, with seven upregulated
genes and no downregulated genes.
Ingenuity Pathway Analysis associated the
gene expression data with five canonical
pathways: granulocyte adhesion and
diapedesis, agranulocyte adhesion and
diapedesis, atherosclerosis signaling,
phagosome formation, and complement
system. The top network is shown in
Figure E5 and includes 19 focus molecules
related to cell-to-cell signaling/interaction,
hematological, and immunologic disease.
Analysis matching of the lung gene
expression data demonstrated closest
similarity with GEO data set GSE35979 on
IL-13–induced mouse lung inflammation.
Perhaps most notably, Ingenuity Pathway
Analysis identified crofelemer as the
only drug to target CLCA1, the transcript
most increased in the lungs of
MDI-sensitized/exposed mice versus
control mice (Figure E6).

Effect of Crofelemer on Isocyanate
Exposure-induced Changes in
Immune Sensitized Mice
Crofelemer in ultrapure water was delivered
intranasally at the murine equivalent of the
recommended human daily dose (on
a mg/kg basis) 4 hours before MDI

exposure, as described in the METHODS

section. Gene expression, airway
eosinophilia, and mucus levels were
subsequently assessed in mice exposed to
MDI, MDI1 crofelemer, or crofelemer
alone versus control animals.

Crofelemer pretreatment significantly
reduced lung tissue CLCA1 transcript
levels in MDI-sensitized/exposed mice (as
well as control mice), as shown in the
volcano plots and bar graphs in Figure 5. In
MDI-sensitized/exposed mice, crofelemer
also reduced expression of other top
transcripts (defined in Table 1) increased
in MDI versus control mice. Of note, lung
tissue from mice given crofelemer alone
(vs. “mock”-treated control mice) exhibited
numerous changes in histone cluster 1 and
2 gene transcripts, also highlighted in the
volcano plot in Figure 5A.

Effect of Crofelemer on Isocyanate
Exposure-induced Airway
Eosinophilia and Mucus
Along with changes in gene transcription,
crofelemer abrogated MDI-induced airway
eosinophilia as measured by flow cytometry.
As shown in Figure 6, BAL from mice
treated with crofelemer before MDI
exposure contained significantly (P, 0.05)
reduced levels of eosinophils versus mice
exposed to MDI without crofelemer
pretreatment, indistinguishable from that of
control mice treated with crofelemer alone.

A B

PCA3 11.2%

PCA1 55.3%

C57BL6BALB/cPCA2 25.3%

B-cell deficient

2,163

92

259 632

59

192

502

Figure 2. Principal component analysis (PCA) and Venn diagram visualization of microarray data. Lung gene expression affected by MDI respiratory tract
exposure was evaluated in different mouse strains. (A) In the PCA, Balb/c mice are circles, C57BL/6 mice are squares, and B-cell–deficient mice
are circled in black; blue are control exposed and red are MDI exposed. (B) In the Venn diagram, the subset of lung tissue genes differentially
expressed (.1.5-fold; P,0.05) in MDI versus control exposed hosts are depicted for Balb/c, C57BL/6, and B-cell–deficient mice. Genes differentially
expressed in all three strains are identified by the overlapping core. Data include n=3 control Balb/c, n=3 MDI-exposed Balb/c, n=6 control C57BL/6,
n=14 MDI-exposed C57BL/6, n=9 control B-cell–deficient, and n=7 MDI-exposed B-cell–deficient mice.
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Pretreatment of mice with crofelemer
also abrogated MDI induction of airway
mucus based on periodic acid-Schiff
staining of lung tissue sections (Figure 7).
Although MDI-sensitized/exposed C57BL/6
mice developed increased airway mucus
(and associated tissue eosinophilia), mice
pretreated with crofelemer before MDI
exposure (or exposed to crofelemer alone)
failed to develop similar pathology.

Together, gene expression, flow
cytometry, and histology data from in vivo
studies support the hypothesis that CLCA1
(possibly acting through ANO1, the
channel it regulates) plays an important
role in diisocyanate exposure–induced
asthma-like airway inflammation.

Validation of Microarray Data
for CLCA1
Real-time quantitative PCR was performed
for the gene (CLCA1) most increased in
sensitized MDI-exposed versus control
mice. Changes in CLCA1 expression were
calculated based on the DDCt approach,
with b-actin (ACTB) as a reference gene
(40). Analysis of RNA samples from
replicate animals in each exposure group
were consistent with microarray data and
confirmed increased CLCA1 transcript
levels in MDI-sensitized/exposed mice
(vs. control mice) and diminution of this
response in crofelemer-treated mice
(Figure E7). Real-time quantitative PCR
analysis also validated microarray-defined
decreases in baseline CLCA1 expression
in control mice treated with crofelemer
(Figure E7).

Discussion

This study focuses on molecular changes
associated with MDI-induced airway
eosinophilia using a mouse model of MDI
asthma in which chemical is delivered to
the lower airways as reversibly reactive
GSH conjugates. Studies were performed
in multiple mouse strains, including
B-cell–deficient mice, given the frequent
lack of “antigen-specific” IgE in
hypersensitized individuals and the
possibility that diisocyanate allergy/asthma
occurs via IgE-independent mechanisms
(33). The data identify a core set of
192 gene transcripts associated with
MDI-induced airway eosinophilia in all
sensitized mouse strains tested, including
B-cell–deficient mice. Gene expression
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Figure 3. Volcano plots of microarray data. Lung tissue whole-genome mRNA microarray data of
MDI-sensitized mice exposed to MDI (glutathione conjugates) versus control are shown for (A) Balb/c,
(B) C57BL/6, and (C) B-cell–deficient mice. Fold change is expressed on the x-axis and false
discovery rate P value is expressed on the y-axis. The gene transcript (CLCA1) most increased in
MDI-exposed versus control mice is highlighted, along with a second Cl2 conductance–related gene
(SLC26A4). Data include n=3 control Balb/c, n=3 MDI-exposed Balb/c, n=6 control C57BL/6,
n=14 MDI-exposed C57BL/6, n=9 control B-cell–deficient, and n=7 MDI-exposed B-cell–deficient
mice. CLCA1 = chloride channel accessory 1; SLC26A4 = solute carrier family 26 member 4.
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patterns for myeloid lineage, including
innate cells and alternatively activated
macrophages, were markedly increased in
MDI-exposed mice, consistent with prior
BAL proteomic studies using the present
mouse model and in vitro studies with
human blood cells (10, 18, 41). The data
also identify significant MDI-induced
changes in transport molecules, with the
greatest relative change in CLCA1, a gene
previously associated with human asthma
and known to regulate the chloride channel
ANO1 (20). Experimental treatment of
mice with a potent ANO1 inhibitor,
crofelemer (23), limited MDI-associated
increases in CLCA1 (and other top
MDI-induced genes) transcripts and
abrogated airway eosinophilia and mucus.
Together, the data suggest a role for Cl2

channels in diisocyanate asthma pathology
and as possible targets for pharmacologic
intervention.

The present CLCA1 gene expression
data are consistent with our recent mass
spectrometry–based identification of
CLCA1 as the most upregulated protein in
airway fluid of MDI-sensitized and
-exposed mice (18). Increases in CLCA1
transcripts have been observed in other
mouse models of allergic and T-helper cell
type 2 cytokine-driven airway
inflammation, and genetic polymorphism
has been associated with human asthma
(18, 35, 37, 42, 43). Woodruff and

colleagues identified CLCA1 as the most
upregulated transcript in epithelial cells
from human patients with asthma versus
healthy control subjects (35). CLCA1
expression is believed to play an important
role in asthma pathogenesis by serving as
the master regulator of IL-13 to mucin gene
expression signaling (44). The ability of
diisocyanate to induce CLCA1 is
remarkable, given the noted lack of
T-helper cell type 2 T-cell (e.g., IL-4, IL-13)
and associated antigen-specific IgE
responses among patients with isocyanate
asthma (7, 9, 10, 33, 45).

Another apical airway Cl2 channel
gene associated with asthma, SCL26A4 (aka
Pendrin) (46), was also among the gene
transcripts most increased in mice exposed
to MDI via the respiratory tract versus
control mice. MDI exposure–associated
changes in Cl2 channel transcripts are
consistent with the chemical’s induction of
mucus observed histologically in sensitized
mice and workers and the well-established
importance of chloride secretion to airway
mucus levels (7, 18, 47). A role for Cl2

channels in asthma has been recognized
previously, and certain inhibitors,
(e.g., niflumic acid) have been shown to
suppress airway inflammation (48). In the
present study, crofelemer, a more potent
and specific Cl2 channel inhibitor than
niflumic acid (IC50 6.5 vs. 26.5 mM for
ANO1 channel) (21, 48), suppressed

MDI-induced asthma-like pathology, further
suggesting an important contribution of
airway Cl2 conductance to asthma (21).

The possibility that crofelemer might
be used in the treatment of asthma should
be considered with caution, as potential
adverse health effects from respiratory
dosing will require investigation beyond
the scope of this study. The present
microarray data suggest that intranasal
delivery of crofelemer causes significant
gene expression increases in histone
cluster 1 genes, tenascin C, NADH
dehydrogenase subunit 6, and numerous
uncharacterized murine genes (Figure 5A
and not shown). Some crofelemer-treated
mouse lungs also contained localized
pockets of tissue inflammation
resembling monocytic pneumonia.
Future investigation will better define
the health effects of crofelemer delivery
to the lower respiratory tract, including
potential toxic as well as therapeutic
responses.

Bioinformatic analyses of differential
gene expression in our MDI-asthma model
noted marked overlap with prior published
animal models of asthma (GSE35979) as
well as clinical investigations. A prominent
similarity was MDI’s induction of
chemokine genes and the predicted
canonical pathway for granulocyte
adhesion and diapedesis in all animals
tested, including B-cell–deficient mice.

Table 1. Lung Tissue Gene Transcripts Most Affected in Mouse Model of Methylene Diphenyl Diisocyanate Asthma Pathology

Gene Symbol Gene Name
BALB/c

Fold Change
C57BL/6

Fold Change
B Cell2/2

Fold Change

CLCA1 Chloride channel accessory 1 5,820 (9.6310213) 228 (2.1310211) 214 (8.931027)
SLC26A4 Solute carrier family 26, member 4, pendrin 18 (1.231022) 95 (6.0310213) 74 (1.731027)
MUC5AC Mucin 5, subtypes A and C,

tracheobronchial/gastric
58 (6.231027) 54 (2.4310211) 56 (4.831029)

MMP12 Matrix metallopeptidase 12 3.9 (0.93) 42 (3.131029) 60 (1.031026)
RETNLA Resistin-like alpha 57 (231026) 41 (2.9310211) 45 (1.631029)
RNASE2A RNase, RNase A family, 2A (liver,

eosinophil-derived neurotoxin)
95 (3.131026) 39 (1.231028) 194 (1.231029)

CCL8 Chemokine (C-C motif) ligand 8 (MCP2) 66 (4.531027) 38 (1.2310210) 31 (1.331027)
FCGBP Fc fragment of IgG binding protein 16.6 (9.231027) 29 (3.9310212) 20 (1.631029)
CHIA Chitinase, acidic 1 (AMCase) 7.3 (0.23) 19 (9.9310211) 29 (5.031029)
CHIL4 Chitinase-like 4 (YM-2) 62 (1.131028) 12 (1.4310210) 13 (4.131028)
PON1 Paraoxonase 1 24.1 (0.59) 24.8 (0.0004) 24.4 (0.0067)
DUSP1 Dual specificity phosphatase 1 23.4 (0.99) 22.54 (0.0036) 22.43 (0.023)
DUSP8 Dual specificity phosphatase 8 22.9 (0.93) 22.4 (0.0031) 22.0 (0.14)
ADAMTS1 A disintegrin-like and metallopeptidase with

thrombospondin type 1 motif, 1
22.5 (0.43) 21.8 (0.0029) 22.19 (0.0378)

NR4A1 Nuclear receptor subfamily 4, group A,
member 1, Nur77

212.1 (0.017) 23.1 (0.0016) 22.4 (0.079)

Data are shown as false discovery rate (P value).
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The present chemokine gene expression
data are consistent with the pathology
observed in our MDI-asthma mouse model
as well as human disease, where patients’
MDI-induced blood cell chemokine
production associates with chemical
sensitivity better than their antigen-specific
serum IgE (10). In the present study,
relatively high levels of CCL11 (eotaxin)
transcript explain the marked eosinophilia

in MDI-sensitized/exposed hosts, whereas
relative increases in CCL12 transcript
(the mouse chemokine with greatest
homology to human MCP-1) are
consistent with the association of
isocyanate asthma with “antigen”-
induced blood cell MCP-1 production
in vitro (10). The mechanism through
which MDI exposure induces
chemokine production is likely an

important aspect of pathogenesis that
remains poorly understood.

The present gene expression data
are consistent with prior studies noting
the ability of isocyanates to induce
myeloid/innate immune responses and
alternatively activated macrophages
in vitro and in vivo (18, 41). Specific gene
transcripts CHIL3, CHIL4 (YM1, YM2),
RETNLA (RELMA, FIZZ1), CLEC7A
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(Dectin1), CLEC10A (MGL2), and CD209E
(DC-SIGN) are considered markers for
alternatively activated macrophages (39, 49)
and are among the transcripts most
strikingly increased in MDI-exposed
(vs. control) mice in each of the genetic
strains tested herein. However, the
mechanism through which isocyanates
induce alternative macrophage
activation remains puzzling, as this
process is believed to involve cytokines
(IL4/IL13) generally not associated with
human isocyanate asthma (7, 9, 10, 33).
A search of available gene expression
data (e.g., GEO) from human lung

that might be compared with the
present data was unsuccessful. However,
an early microarray study (with a 4K
gene chip) of human peripheral blood cells
exposed to hexamethylene diisocyanate
also noted increases in chitinases,
lysosomal ATPase, and ACP5 consistent
with stimulation of monocyte/macrophage
lineages (41).

The present gene expression data
highlight differences in lung gene
expression between different mouse strains
both in response to MDI and in control
animals. The most substantial differences
were noted in HAL and PLA2G4C,

which were differentially expressed in
response to MDI in Balb/c versus
C57BL/6 mice. The data also identified
MDI-induced expression of several
uncharacterized murine gene transcripts
with similarity to each other, and
limited homology (,50%) with
human FAM205A2 in B-cell–deficient
mice versus C57BL/6 wild-type mice.
The impact of strain differences in
MDI exposure responses to the
development of MDI asthma remains
unknown but could be relevant to
individual differences in sensitivity
noted among workers with similar
exposures (50).

The strengths and weaknesses of the
present study are important to recognize
when considering the findings’ clinical
relevance. The strengths include the well-
controlled animal model (including hosts
lacking B cells/IgE), whole-genome
expression assessment, bioinformatic-
guided discovery experiments, and real-
time PCR validation of microarray findings
on CLCA1 expression. The major
weaknesses include translational unknowns
inherent to all animal models of human
disease and the use of reversibly reactive
GSH conjugates to achieve lower airway
MDI exposure, possibly bypassing
unrecognized in vivo reactions. As with all
microarray data, the possibility of batch
effects due to technical issues cannot be
ruled out. In addition, it should be
recognized that crofelemer is not entirely
specific for ANO1 and also inhibits the
CFTR (cystic fibrosis transmembrane
conductance regulator) with a similar IC50

(z7 mM) but to a lesser extent (,60% for
CFTR vs. .90% for ANO1) (21). Future
studies should clarify the relevance of the
present animal model to occupational
asthma caused by diisocyanate exposure
and the extent to which airway Cl2

conductance is involved.
In summary, we used an animal model

of MDI-induced airway eosinophilia to
characterize changes in lung gene
expression after respiratory tract exposure
of sensitized hosts. Studies were performed
in multiple mouse strains (including
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Figure 6. Effect of crofelemer on airway eosinophilia in MDI-sensitized/exposed hosts. Eosinophils in
the BAL (CD11clo, Siglec-F1) are highlighted in flow cytometry contour plots of BAL cells from
(A) representative MDI-sensitized mice exposed to crofelemer alone, (B) respiratory tract MDI, or
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Figure 5. (Continued). genes and (B) genes most increased in MDI versus control exposed lung tissue. (C) Mean6SEM of microarray fluorescence signals
(log2) for genes of interest (as labeled) in MDI-sensitized/exposed mice6 crofelemer (drug) pretreatment versus control mice, with and without crofelemer
treatment as labeled. *Indicates P, 0.05 between groups. Studies were performed with n=6 control, n=14 MDI, n=4 MDI1 crofelemer, and n=5
crofelemer-only treated C57BL/6 mice. CHIA = chitinase acidic; CHIL4 = chitinase-like 4; FCGBP = Fc fragment of IgG binding protein; MMP12 = matrix
metallopeptidase 12; MUC5AC = mucin 5AC; RNASE2A = ribonuclease RNase A family member 2A.
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B-cell–deficient mice) to identify lung gene
expression changes (including those that
might be IgE independent) at the core of
MDI-induced pathology. Genome-wide

profiling defined 192 differentially expressed
genes in all MDI-sensitized/exposed
mice versus control mice, dominated by
relative increases in transcripts for

CLCA1, other transport proteins, and
markers of myeloid differentiation
(e.g., innate cells and alternatively
activated macrophages). Respiratory
tract dosing of mice with crofelemer (an
inhibitor of ANO1, the Cl2 channel
regulated by CLCA1) before exposure
to MDI reduced chemical-induced
changes in expression of key asthma
genes, airway eosinophilia, and
mucus levels. Together, the data provide
a model for IgE-independent asthma-
like pathology in response to
diisocyanate exposure and accumulating
evidence of an important role for
alternatively activated macrophages.
The data also suggest that exposure-
induced CLCA1 and/or Cl2 conductance
plays an important role in diisocyanate-
induced pathology and may be a target
for disease intervention. n
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