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Rationale: Distinct sets of corticosteroid-unresponsive genes modu-
late disease severity in asthma.
Objectives: To identify corticosteroid-unresponsive genes that
provide new insights into disease pathogenesis and asthma ther-
apeutics.
Methods: Experimental murine asthma was induced by nasal ad-
ministration of house dust mite for 5 days per week. Dexametha-
sone and apolipoprotein E (apo E) mimetic peptides were admin-
istered via osmotic minipumps.
Measurements and Main Results: Genome-wide expression profiling
of the lung transcriptome in a house dust mite–induced model
of murine asthma identified increases in apo E mRNA levels that
persisteddespitecorticosteroidtreatment.Housedustmite–challenged
apo E2/2 mice displayed enhanced airway hyperreactivity and
goblet cell hyperplasia, which could be rescued by administra-
tion of an apo E(130–149) mimetic peptide. Administration of the
apo E(130–149) mimetic peptide to house dust mite–challenged
apo E2/2 mice also inhibited eosinophilic airway inflammation, IgE
production, and the expression of Th2 and Th17 cytokines. House
dust mite–challenged low-density lipoprotein receptor (LDLR)
knockout mice displayed a similar phenotype as apo E2/2 mice
with enhanced airway hyperreactivity, goblet cell hyperplasia, and
mucin gene expression, but could not be rescued by the apo E(130–
149) mimetic peptide, consistent with a LDLR-dependent mecha-
nism.
Conclusions: These findings for the first time identify an apo E–LDLR
pathway as an endogenous negative regulator of airway hyperreac-
tivity and goblet cell hyperplasia in asthma. Furthermore, our results
demonstrate that strategies that activate the apo E–LDLR pathway,
such as apo E mimetic peptides, might be developed into a novel
treatment approach for patients with asthma.
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Asthma is a highly prevalent disease with a complex pathogen-
esis manifested by airway inflammation, remodeling, and hy-
perreactivity (1, 2). Corticosteroids, via their ability to suppress
airway inflammation, are the primary treatment for asthma (3).
Although inhaled corticosteroids effectively control symptoms
in most patients, a subset of 5–10% of individuals with asthma
has severe disease that is refractory to treatment with high doses
of inhaled or oral corticosteroids (4–6). Corticosteroids mediate

their effects at the transcriptional and post-transcriptional levels
by mechanisms that involve the transrepression of proinflam-
matory genes and the transcriptional activation of antiinflam-
matory genes (7). Thus, severe asthma that is refractory to
treatment with corticosteroids may be associated with the
persistent expression of key disease causality and severity genes.
Consistent with this concept, dysregulated gene expression has
been documented in peripheral blood mononuclear cells and
bronchoalveolar lavage cells from corticosteroid-resistant pa-
tients with asthma (8–10). Murine asthma models have also
identified corticosteroid-unresponsive genes and the dissocia-
tion of airway inflammation from airway hyperreactivity (AHR)
and remodeling responses in response to corticosteroid treat-
ment (11–13). Taken together, these human and murine studies
suggest that distinct sets of corticosteroid-unresponsive genes
modulate disease severity in severe asthma that is refractory to
corticosteroid therapy.

We hypothesized that the identification of corticosteroid-
unresponsive genes may provide new insights into disease
pathogenesis and identify novel therapeutic approaches for
patients with asthma. Genome-wide profiling of the lung tran-
scriptome from a clinically relevant house dust mite (HDM)
challenge model of asthma identified the up-regulated expres-
sion of apolipoprotein E (apo E), which remained persistently
elevated despite treatment with corticosteroids. Here, we show
that an apo E–low-density lipoprotein receptor (LDLR) path-
way functions as an endogenous negative regulator of AHR
and goblet cell hyperplasia in asthma. Furthermore, these
findings demonstrate that therapeutic strategies that activate
the apo E–LDLR pathway, such as apo E mimetic peptides,
may represent a novel treatment approach for patients with
asthma.

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Human and murine studies suggest that distinct sets of
corticosteroid-unresponsive genes modulate disease sever-
ity in asthma.

What This Study Adds to the Field

This study identifies an apolipoprotein E–low-density
lipoprotein receptor pathway as an endogenous negative
regulator of airway hyperreactivity and goblet cell hyper-
plasia in house dust mite–induced asthma. Furthermore, it
demonstrates that strategies that activate the apolipopro-
tein E–low-density lipoprotein receptor pathway, such as
apolipoprotein E mimetic peptides, might be developed
into a novel treatment approach for patients with asthma.
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METHODS

Mice

Female A/J, C57BL/6, apo E2/2, LDLR2/2 (6–8 wk old) were obtained
from Jackson Laboratories (Bar Harbor, ME). Both the apo E2/2and
LDLR2/2 mice were maintained on a C57BL/6 background. Experi-
mental protocols were approved by the Animal Care and Use Commit-
tee of the National Heart, Lung, and Blood Institute, Bethesda, MD.

HDM-Induced Asthma and Therapeutic Interventions

Asthma was induced by nasal inhalation of HDM (Dermatophagoides
pteronyssinus) extract (Greer, Lenoir, NC), 25 mg of protein in 10 ml of
saline, for 5 days each week (14). The HDM extract contained 0.05 units
per ml of endotoxin. Selected groups of mice had osmotic minipumps
(Model 2004; Alzet, Cupertino, CA) implanted to administer dexameth-
asone (1 mg/kg/d), saline, apo E(130–149) mimetic peptide (1 mg/kg/d),
or the apo E(scrambled) control peptide (1 mg/kg/d) (Genescript USA,
Piscataway, NJ). The sequence of the apo E(130–149) mimetic peptide
was TEELRVRLASHLRKLRKRLL, whereas the sequence of the apo
E(scrambled) control peptide was LREKKLRVSALRTHRLELRL
(15). In the treatment model, mice were challenged with nasal HDM
for 6 weeks and osmotic minipumps containing dexamethasone or saline
were implanted for Weeks 4 through 6. In the apo E mimetic peptide
experiments, osmotic minipumps containing the apo E(130–149) mi-
metic peptide or the apo E(scrambled) control peptide were implanted
coincident with administration of nasal HDM, which was administered
for 5 consecutive weeks.

Quantitative Real-Time Polymerase Chain Reaction

Lungs were minced into 1-mm pieces in RNAlater (Ambion, Austin,
TX) and stored at 2808C before isolation of total RNA using the
mirVana kit (Ambion). RNA was treated with 10 units of DNase I per
20 mg of RNA before reverse transcription using the High-capacity
cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA).
Polymerase chain reaction (PCR) was performed on duplicate 1mg
cDNA samples using TaqMan Universal PCR Master Mix, FAM dye-
labeled Taqman MGB probes, and a 7500 Real Time PCR System run-
ning Sequence Detector version 2.1 software. Gene expression was
quantified relative to expression of 18S rRNA using the control sample
as calibrator to calculate the difference in Ct values (DDCt) and
presented as relative mRNA expression.

Lung Genome-Wide Transcriptome Analysis

Total RNA was incubated with oligo dT/T7 primers and reverse
transcribed into double-stranded cDNA. In vitro transcription and biotin
labeling of the purified cDNA was performed using T7 RNA poly-
merase at 378C for 16 hours. The yield and integrity of the biotin-labeled
cRNA were determined using a nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE) and an Agilent 2100
bioanalyzer (Agilent Technologies, Palo Alto, CA). A total of 20 mg
of biotin-labeled RNA were fragmented to approximately 200 base pairs
by incubation in fragmentation buffer (0.2 M tris-acetate pH 8.2, 0.5 M
potassium acetate, 0.5 M magnesium acetate) for 35 minutes at 948C
before hybridization. The size of fragmented RNA was assessed using an
Agilent 2100 bioanalyzer (Agilent Technologies). RNA was hybridized
to mouse genome 430 2.0 gene chips for 16 hours, followed by washing
and staining on a fluidics station (Affymetrix, Palo Alto, CA).

Affymetrix GCOS version 1.4 was used to calculate the signal
intensity and the percent present calls (Affymetrix). The signal intensity
values obtained for probe sets were transformed using an adaptive
variance-stabilizing, quantile-normalizing transformation (http://abs.cit.
nih.gov/geneexpression.html). Transformed data were subjected to
a principal component analysis to detect outliers. One-way analysis of
variance and appropriate post hoc tests were performed on each probe
set. Probe sets that were twofold elevated above control by HDM-
challenge and decreased to less than twofold elevated by corticosteroid
treatment were classified as corticosteroid-responsive genes. Probe sets
that were twofold elevated above control after HDM-challenge and
remained twofold elevated despite corticosteroid treatment were classi-
fied as corticosteroid-unresponsive genes. Classifications were based on
P less than 0.001 and a twofold change cutoff. Fold cutoff filters and false

discovery rate analysis filters were used to address multiple comparisons.
Two-way hierarchical clustering was used to compile sample and gene
sets with similar expression patterns. The hierarchical cluster was
performed with the JMP5.1 statistical software package (SAS Institute,
Cary, NC) using the ward method.

Bronchoalveolar Lavage and Lung

Histopathologic Examination

Bronchoalveolar lavage was performed with 0.5 ml phosphate-buffered
saline (PBS) 3 3 and cells were suspended in 0.3 ml RPMI with 10%
fetal bovine serum after lysis of red blood cells with ACK buffer for 2
minutes at 48C. Total cell counts were performed using a hemocytometer
and bronchoalveolar lavage fluid (BALF) differentials were performed
on Diff-Quik-stained cytospin slides (Siemens, Healthcare Diagnostics,
Inc., Newark, DE). Lungs were then inflated with 1 ml 10% formalin at
a pressure of 25 cm H2O, fixed in 10% formalin for at least 24 hours,
dehydrated through gradient ethanol, embedded in paraffin, and the
sagittal sections were cut at a thickness of 5 mm. Sections were stained
with hematoxylin and eosin and periodic acid–Schiff (PAS).

Inspection of lung sections revealed intraanimal and interanimal
heterogeneity regarding the presence of goblet cell hyperplasia within
individual airways. To quantify goblet cell hyperplasia throughout the
entire lung of each animal, all the airways present (large [conducting],
medium [central], and small [distal]) within a representative lung section
were inspected and the number of airways that contained PAS-positive
cells was recorded. Goblet cell hyperplasia is presented as the percent-
age of airways that contained PAS-positive cells. The number of airways
inspected in each animal is also presented.

Measurement of AHR

Airway resistance to increasing doses of methacholine was measured in
anesthetized mice using an Elan RC Fine Pointe system (Buxco,
Wilmington, NC). After tracheal cannulation with a 19-gauge beveled
metal catheter, mice were mechanically ventilated with a constant
inspiratory flow before nebulization of PBS or increasing doses of
methacholine. Airway resistance was recorded at 10-second intervals
for 3 minutes and average values are presented as cm H2O/ml/s.

Measurement of Serum IgE

Total serum IgE was measured with an OptEIA (BD Biosciences
Pharmingen, San Diego, CA).

Confocal Microscopy

Lungs were instilled with OCT (Tissue-Tek; Sakura Finetek, Torrance,
CA) and snap-frozen in liquid nitrogen. Cryostat lung tissue sections
were cut into 10 mm thickness, mounted on Plus(1) slides and stored at
2808C. For immunofluorescence analysis, slides were air dried, fixed
in 4% paraformaldehyde in PBS for 15 minutes, washed three times in
PBS, permeabilized in 0.1% Triton X-100 in PBS for 10 minutes, washed
three times in PBS, and incubated in blocking buffer (Aurion Blocking
Solution; Electron Microscopy Sciences, Hatfield, PA) for 1 hour before
incubation overnight at 48C with primary antibodies diluted in 0.1%
Aurion BSA-c (Electron Microscopy Sciences). Primary antibodies were
used at the following concentrations: goat polyclonal anti–apo E
antibody (Santa Cruz, Santa Cruz, CA), 1:25 dilution; rabbit polyclonal
anti-LDLR antibody (Novus Biologicals, Littleton, CO), 1:100 dilution;
rat polyclonal anti-CD68 antibody, 1:50 dilution (Abcam, Cambridge,
MA); mouse monoclonal anti-acetylated a-tubulin, 1:50 dilution
(Abcam). Sections were washed three times in PBS and incubated with
species-specific secondary antibodies conjugated to Alexa Fluor 488 or
Alexa Fluor 568 (Molecular Probes, Carlsbad, CA) at a 1:400 dilution.
Sections were mounted using Vectashield mounting medium with DAPI
(Vector Laboratories, Burlingame, CA) and visualized using a Leica SP
laser scanning confocal microscope (Leica, Heidelberg, Germany).
Immunofluorescence was absent when lung sections were reacted with
the appropriate control antibodies, which included nonimmune rabbit,
rat, and goat serum, and a mouse IgG2b isotype control.

Statistics

Results are presented as mean 6 SEM. A one-way analysis of variance
followed by Bonferroni multiple comparison test was used to determine
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statistical significance, except for analyses of AHR, which used a two-
way analysis of variance with a Bonferroni posttest test (GraphPad
Prism version 5.0a). A P value less than 0.05 was considered significant.

RESULTS

Corticosteroid Treatment Dissociates AHR From Airway

Inflammation and Goblet Cell Hyperplasia in a HDM

Model of Asthma

A treatment model of HDM-induced asthma was established to
identify pulmonary genes that demonstrate persistently up-
regulated expression despite corticosteroid therapy. Wild-type
A/J mice received saline or HDM by nasal administration 5 days
per week for 6 weeks. The A/J strain was selected for these ex-
periments based on its phenotype of enhanced susceptibility to the
induction of asthma and allergen-mediated AHR (16–18). Dexa-
methasone (1 mg/kg) or saline was administered by an osmotic

minipump during weeks 4 through 6. HDM-induced asthma was
associated with significant increases in the total number of
inflammatory cells in BALF (see Figures E1A and E1B in the
online supplement), which were suppressed to baseline levels by
dexamethasone. Similarly, lung histology showed a reduction in
peribronchial inflammatory cell infiltration in dexamethasone-
treated mice (Figure E1C). Dexamethasone significantly reduced
goblet cell hyperplasia in HDM-challenged mice to levels that
were similar to control mice (Figures E1C and E1D). Dexameth-
asone also suppressed pulmonary mRNA levels of MUC5AC and
CLCA3 (Gob5) (Figures E2A and E2B). Corticosteroid treat-
ment was associated with a small, but statistically significant
decrease in AHR in HDM-challenged mice; however, airway
resistance remained significantly higher than control mice (Figure
E2C). These data demonstrate that AHR is dissociated from
airway inflammation and goblet cell hyperplasia in response to
corticosteroid treatment in this HDM-induced model of asthma.

Figure 1. Identification of apolipoprotein E (apo E) as a corticosteroid-unresponsive gene in a treatment model of house dust mite (HDM)–induced

asthma. (A–C ) Asthma was induced in wild-type A/J mice by daily nasal administration of HDM or saline (Control) 5 days per week for 6 consecutive

weeks. Treatment with 1 mg/kg dexamethasone (Dex) or saline (Vehicle) was administered via osmotic minipump during weeks 4–6 in selected
groups. (A and B) Hierarchical cluster analysis of lung mRNA transcripts that were up-regulated twofold or greater in the HDM 1 Vehicle group

compared with the Control 1 Vehicle group. mRNA transcripts with expression levels that remained greater than or equal to twofold increased

compared with the Control 1 Vehicle group were considered corticosteroid-unresponsive (A), whereas mRNA transcripts that were suppressed by
corticosteroid treatment to levels less than twofold below that of the Control 1 Vehicle group were considered corticosteroid-responsive (B). Expression

levels were sorted based on the mean intensity of genes in the first column of the Control 1 Vehicle group (n 5 5 mice per group). (C ) Lung mRNA

expression of apo E was assessed by quantitative real-time polymerase chain reaction and presented as relative mRNA expression (n 5 10 mice;

*P , 0.01 compared with Control 1 Vehicle; **P , 0.05 HDM 1 Vehicle vs. HDM 1 dexamethasone). (D) Sections of lungs from wild-type
C57BL6 mice that had been challenged with HDM, 5 days per week for 5 weeks, were reacted with antibodies against CD68 and apo E, and

secondary antibodies conjugated with Alexa Fluor 488 (green) or Alexa Fluor 568 (red ), followed by immunofluorescence confocal laser scanning

microscopy.
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Figure 2. Apolipoprotein E (apo E) is a negative regulator of airway hyperreactivity and mucin gene expression in house dust mite (HDM)–induced

asthma. Asthma was induced in wild-type ( W T ) C57BL6 and apo E2/2 mice by nasal administration of HDM or saline (Control) 5 days per week for

5 consecutive weeks. (A) Lung mRNA levels of apo E in W T and apo E2/2 mice were assessed by quantitative real-time polymerase chain reaction

and presented as relative mRNA expression (n 5 6 mice; P , 0.001; W T Control vs. W T HDM). (B) Airway resistance (cm H2O/ml/s) was measured
after nebulization of increasing doses of methacholine (n 5 9 mice; *P , 0.05 compared with W T Control; **P , 0.01 WT HDM vs. apo E2/2 HDM).

(C and D) Quantification of lung mRNA levels for MUC5AC and CLCA3 by quantitative real-time polymerase chain reaction presented as relative

mRNA expression (n 5 6–10 mice; *P , 0.001 compared with W T Control; **P , 0.01, W T HDM vs. apo E2/2 HDM). (E ) Histologic sections of lung
were stained with hematoxylin and eosin (H&E) or periodic acid–Schiff (PAS) stains and images were obtained at 3200 or 31,000.
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Identification of Apo E as a Corticosteroid-Unresponsive

Gene in HDM-Induced Asthma

Genome-wide expression profiling of the asthmatic lung tran-
scriptome was performed to identify corticosteroid-unrespon-
sive genes, which were defined as transcripts whose expression
remained twofold elevated after HDM-challenge despite corti-
costeroid treatment. Sixty-eight genes were corticosteroid-
unresponsive (Figure 1A; Table E1), whereas 352 genes were
corticosteroid-responsive (Figure 1B; Table E2). From this data
set, apo E was selected as a candidate corticosteroid-unresponsive
gene in asthma. Quantitative real-time PCR (qRT-PCR) con-
firmed that lung expression of apo E mRNA was significantly
increased in HDM-challenged mice and remained greater than
twofold elevated despite corticosteroid treatment (Figure 1C).
Finally, confocal immunofluorescence microscopy demon-
strated that apo E was expressed primarily by CD681 alveolar
macrophages in the lungs of HDM-challenged mice (Figure 1D).

Apo E is an Endogenous Negative Regulator of AHR and

Goblet Cell Hyperplasia in HDM-Induced Asthma

Having identified that apo E gene expression was increased
in the lungs of asthmatic mice, apo E2/2 mice were used to

assess its role in disease pathogenesis. Apo E mRNA levels
were increased in the lungs of wild-type C57BL/6 mice in
response to HDM-challenge, whereas apo E mRNA was not
detected in the lungs of apo E2/2 mice (Figure 2A). AHR
was significantly increased in HDM-challenged apo E2/2

mice compared with HDM-challenged wild-type mice (Fig-
ure 2B). Furthermore, the basal level of AHR in saline-
challenged apo E2/2 mice was increased to a level similar to
that of HDM-challenged wild-type mice. This demonstrates
that apo E functions as an endogenous negative regulator of
AHR, both at baseline and in asthma. MUC5AC (Figure 2C)
and CLCA3 (Figure 2D) mRNA levels were significantly
increased in the lungs of HDM-challenged apo E2/2 mice
compared with wild-type mice, which correlated with a sig-
nificant increase in goblet cell hyperplasia (Figure 3A). In
contrast, there was no difference in airway inflammation
between HDM-challenged apo E2/2 mice and wild-type mice
based on lung histology (Figure 2E) and BALF cell counts
(see Figure E3). These data are consistent with the conclu-
sion that apo E functions as an endogenous negative regu-
lator of AHR and goblet cell hyperplasia in HDM-induced
asthma.

Figure 3. Administration of an apolipoprotein E (apo E)(130–149) mimetic peptide to apo E2/2 mice attenuates house dust mite (HDM)–induced asthma.

An osmotic minipump containing either apo E(130–149) or an apo E(scrambled) peptide was implanted before the induction of asthma in apo E2/2 mice
by nasal administration of HDM or saline (Control) 5 days per week for 5 consecutive weeks. Wild-type C57BL6 mice ( WT ) were also challenged with HDM

or saline (Control) 5 days per week for 5 consecutive weeks, where indicated. (A) Goblet cell hyperplasia presented as the percentage of airways containing

periodic acid–Schiff positive cells (n 5 8–13 mice; *P , 0.0001 vs. HDM-challenged apo E2/2 mice). A total of 33 6 1.2 airways were inspected in each

mouse. (B and C) Numbers of total cells (n 5 8 mice; *P , 0.001) and inflammatory cell types (n 5 8 mice; *P , 0.05, HDM vs. HDM 1 apo E[130–149])
in bronchoalveolar lavage fluid (BALF). (D) Quantification of serum IgE levels (n 5 8 mice; *P , 0.01, HDM vs. HDM 1 apo E[130–149]).
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Administration of an Apo E Mimetic Peptide Rescues the

Phenotype of Enhanced AHR and Goblet Cell Hyperplasia

in HDM-Challenged Apo E2/2 Mice

We next assessed whether administration of an apo E mimetic
peptide that corresponds to the receptor binding domain (amino
acids 130–149) of the native apo E protein could rescue the
phenotype of enhanced AHR and mucin gene expression in
HDM-challenged apo E2/2 mice (15). An apo E(130–149)
mimetic peptide or control scrambled apo E peptide were
systemically administered to apo E2/2 mice via an osmotic
minipump before the induction of asthma by daily nasal HDM
challenge, 5 days per week for 5 weeks. As shown in Figure 4A,
the apo E(130–149) mimetic peptide completely inhibited the
induction of AHR in HDM-challenged apo E2/2 mice, whereas
the control scrambled peptide had no effect. Similarly, the apo
E(130–149) mimetic peptide, but not the scrambled control
peptide, significantly reduced mRNA levels of MUC5AC and
CLCA3 (Figures 4B and 4C), and goblet cell hyperplasia in
HDM-challenged apo E2/2 mice (Figure 4D; Figure 3A). These
results demonstrate that administration of an apo E mimetic
peptide rescues the phenotype of asthmatic apo E2/2 mice and
confirms an important role for apo E as an endogenous
negative regulator of AHR and goblet cell hyperplasia in
asthma.

Administration of the apo E(130–149) mimetic peptide also
significantly inhibited the induction of allergen-mediated
airway inflammation. HDM-challenged apo E2/2 mice treated
with the apo E(130–149) mimetic peptide, but not the scram-
bled control peptide, had a significant reduction in total BALF
cells (Figure 4B) and BALF eosinophils and macrophages
(Figure 3C). Similarly, lung histology showed a marked re-
duction in peribronchial inflammation in HDM-challenged
apo E2/2 mice that received the apo E(130–149) mimetic
peptide (Figure 4D). Treatment with the apo E(130–149)
mimetic peptide, but not the scrambled control, also signifi-
cantly reduced plasma IgE levels (Figure 3D), and mRNA
levels of Th2 (IL-4 and IL-13) and Th17 (IL-17A) cytokines
(Figure 5). Similarly, treatment with the apo E(130–149) mi-
metic peptide, but not the scrambled control peptide, also
inhibited mRNA levels of chemokines with chemotactic activity
toward eosinophils and T cells (CCL7, CCL11, and CCL24), and
products of alternatively activated macrophages (arginase 1,
chitinase 3-like 3 [Chi3L3, YM1], and Fizz1 [resistin-like a])
(2, 19–22). Taken together, these data demonstrate that admin-
istration of an apo E(130–149) mimetic peptide to apo E2/2

mice inhibits the induction of key manifestations of asthma,
including eosinophilic airway inflammation, AHR, goblet cell
hyperplasia, and IgE production.

Figure 4. Administration of an apolipoprotein E (apo E)(130–149) mimetic peptide to apo E2/2 mice attenuates house dust mite (HDM)–induced

asthma. An osmotic minipump containing either apo E(130–149) or an apo E(scrambled) peptide was implanted before the induction of asthma in

apo E2/2 mice by nasal administration of HDM or saline (Control) 5 days per week for 5 consecutive weeks. (A) Airway resistance (cm H2O/ml/s) was
measured after nebulization of increasing doses of methacholine (n 5 10 mice; *P , 0.001 vs. Control; **P , 0.001 HDM vs. HDM 1 apo E[130–

149]). (B and C ) Quantification of lung mRNA levels for MUC5AC and CLCA3 by quantitative real-time polymerase chain reaction presented as

relative mRNA expression (n 5 6 mice; *P , 0.01 HDM vs. HDM 1 apo E[130–149]). (D) Histologic sections of lung were stained with hematoxylin
and eosin (H&E) or periodic acid–Schiff (PAS) stains and images obtained at 3200 or 31,000.
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Apo E Modulates AHR and Goblet Cell Hyperplasia Via

a LDLR-Dependent Pathway

Because apo E binds to receptors belonging to the LDLR
family, we investigated whether HDM-induced asthma is me-
diated via the LDLR. First, we assessed whether the LDLR is
expressed in asthmatic airways. Confocal immunofluorescence
microscopy demonstrated that LDLR is expressed by ciliated
airway epithelial cells, as indicated by coexpression with cells
positive for acetylated a-tubulin (Figure 6A) (23). LDLR expres-
sion was localized to cilia and punctate cytoplasmic vesicular
structures. Next, we hypothesized that if apo E regulates the
induction of AHR and goblet cell hyperplasia via the LDLR,
then HDM-challenged LDLR2/2 mice should display a similar

phenotype as apo E2/2 mice, with the exception that the apo
E(130–149) mimetic peptide should be incapable of attenuating
the manifestations of asthma in LDLR2/2 mice. As shown in
Figure 6B, the phenotype of HDM-challenged LDLR2/2 mice
resembled that of apo E2/2 mice, with enhanced AHR as
compared with wild-type asthmatic mice. LDLR2/2 mice also
demonstrated enhanced basal levels of AHR, with increases in
airway resistance similar to that of HDM-challenged wild-type
mice. Similarly, mRNA levels of MUC5AC and CLCA3 (Figure
7A) and goblet cell hyperplasia (Figures 7B and 7C) were
increased in HDM-challenged LDLR2/2 mice compared with
wild-type mice. Also similar to apo E2/2 mice, there was no
difference in peribronchial inflammatory cell infiltration (Figure
7C) or BALF inflammatory cell counts (see Figure E4) between

Figure 5. Administration of an apolipoprotein E (apo E)(130–149) mimetic peptide to apo E2/2 mice attenuates house dust mite (HDM)–induced
asthma. An osmotic minipump containing either apo E(130–149) or an apo E(scrambled) peptide was implanted before the induction of asthma in

apo E2/2 mice by nasal administration of HDM or saline (Control) 5 days per week for 5 consecutive weeks. Quantification of lung mRNA levels for

IL-4, IL-13, IL-17A, CCL7, CCL11, CCL17, arginase 1 (Arg1), Chi3L3, and Fizz1 (resistin-like a) by quantitative real-time polymerase chain reaction

presented as relative mRNA expression (n 5 6 mice; *P , 0.05, Control vs. HDM; **P , 0.05, HDM vs. HDM 1 apo E[130–149]).
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HDM-challenged wild-type and LDLR2/2 mice. However, in
contrast to apo E2/2 mice, administration of the apo E(130–149)
mimetic peptide to HDM-challenged LDLR2/2 mice did not
attenuate the induction of AHR (Figure 6B), mRNA levels of
MUC5AC and CLCA3 (Figure 7A), goblet cell hyperplasia
(Figures 7B and 7C), or airway inflammation (Figure 7C; see
Figure E4). These findings demonstrate that apo E negatively
regulates the induction of AHR and goblet cell hyperplasia via
a LDLR-dependent mechanism.

DISCUSSION

Approximately 5–10% of individuals with asthma have severe
disease that is refractory to treatment with high-doses of inhaled
or oral corticosteroids (5, 6). These individuals with severe
asthma have a clinical phenotype characterized by persistent
symptoms and increased use of health care resources (6). Here,
we sought to identify corticosteroid-resistant genes that modu-
late disease severity in asthma. We used a clinically relevant
murine model of asthma induced by repeated exposure to HDM
(D. pteronyssinus), a common aeroallergen that is an environ-
mental trigger and risk factor for the development of persistent
asthma (14, 24). HDM is a complex mixture of proteins and
lipopolysaccharide, which can induce airway inflammation via
allergic and nonallergic mechanisms (25–27). Furthermore, the
mechanism of HDM-induced asthma, involves Toll-like receptor
4 signaling in airway epithelial cells, with resultant activation of
innate and adaptive immune responses (28). Here, we show that
administration of systemic corticosteroids to mice with estab-
lished HDM-mediated asthma significantly suppressed airway
inflammation and goblet cell hyperplasia, but not AHR, which
demonstrates dissociation of these responses. We next performed
a genome-wide screen of lung transcriptome expression in
corticosteroid-treated asthmatic mice, which led to the identifi-
cation of apo E as a novel corticosteroid-unresponsive gene in

HDM-induced asthma that is primarily expressed by CD681

alveolar macrophages.
Apo E plays a key role in lipoprotein metabolism by serving

as a high-affinity ligand for the LDLR (29, 30). Consistent with
its important role in cholesterol homeostasis, apo E knockout
mice develop hypercholesterolemia and spontaneous atheroscle-
rosis (30). The role of apo E in disease pathogenesis is not
limited to cholesterol metabolism, because the e4 allele of the
human apo E gene modulates synthesis and clearance of the
amyloid-b peptide and has been linked to Alzheimer disease (31,
32). Apo E modulates host susceptibility to infection by malaria,
HIV, and herpes simplex virus (32). Apo E has also been shown
to facilitate the presentation of lipid antigens to antigen-presenting
cells via a process that involves the endocytosis of apo E–lipid-
antigen complexes via the LDLR (33). Here, we identify a new
function for apo E in modulating the pathogenesis of HDM-
induced asthma. Not only was AHR increased in apo E2/2 mice
after the induction of asthma, but basal levels of airway
resistance in apo E2/2 mice were similar to those of HDM-
challenged wild-type mice. Goblet cell hyperplasia, and mRNA
levels of the MUC5AC mucin gene and CLCA3 (Gob5), a
calcium-activated chloride channel that is associated with goblet
cell hyperplasia, were also elevated in HDM-challenged apo E2/2

mice (34). These findings identify apo E as an endogenous
negative regulator of AHR and goblet cell hyperplasia in
HDM-induced asthma.

Apo E is a 34-kD, 299 amino acid protein that folds into
a helical horseshoe configuration that contains a distinct LDLR-
binding domain, corresponding to amino acids 134 to 150 of the
amino-terminus, and a major lipid-binding domain, correspond-
ing to amino acids 244 to 272 of the carboxy-terminus (32). The
amino-terminus of apo E is comprised of a four amphipathic
a-helices, with the LDLR-binding domain located in helix 4
(35). Apo E mimetic peptides, which correspond to the LDLR-
binding domain, have been shown to bind LDLR family

Figure 6. Low-den-
sity lipoprotein re-

ceptor (LDLR)2/2

mice recapitulate the

asthma phenotype
of apolipoprotein E

(apo E) 2/2 mice, but

are resistant to rescue

by the apo E(139–
149) mimetic pep-

tide. (A) Sections of

lungs from wild-type
C57BL6 ( WT ) mice

were reacted with an-

tibodies against the

low-density lipopro-
tein receptor (LDLR)

and acetylated

a-tubulinandsecond-

ary antibodies conju-
gated with Alexa

Fluor 488 (green) or

Alexa Fluor 568
(red), respectively,

before immunofluorescence confocal laser scanning microscopy. Differential interference contrast (DIC) images are shown in the bottom right panel.
The arrow indicates ciliated airway epithelial cells, whereas the scale bar denotes 8.23 mm. (B) An osmotic minipump containing either apo E(130–149)

or an apo E(scrambled) peptide was implanted before the induction of asthma in LDLR2/2 mice by nasal administration of house dust mite (HDM) or

saline (Control) 5 days per week for 5 consecutive weeks. W T were similarly challenged with HDM or saline (Control) 5 days per week for 5 consecutive

weeks. Airway resistance (cm H2O/ml/s) was measured after nebulization of increasing doses of methacholine (n 5 9 mice; *P , 0.05 vs. WT 1 Control;
**P , 0.001 vs. WT 1 HDM). The WT 1 HDM and LDLR2/2 1 Control groups are superimposed. The LDLR2/2 1 HDM, LDLR2/2 1 HDM 1 apo

E(scrambled), and LDLR2/2 1 HDM 1 apo E(130–149) groups are also superimposed.
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members and thereby suppress inflammation and neurotoxicity,
and to mediate antiviral effects (15, 36–39). We confirmed that
apo E functions as a negative regulator of AHR and goblet cell
hyperplasia in asthma by demonstrating that the phenotype of
HDM-challenged apo E2/2 mice could be rescued by systemic
administration of an apo E mimetic peptide. The apo E(130–149)
mimetic peptide also significantly attenuated the induction of
eosinophilic airway inflammation, IgE production, and mRNA
levels of Th2 and Th17 cytokines, and chemokines for eosinophils
and T cells (CCL7, CCL11, CCL17) and products of alternatively
activated macrophages (arginase 1, Chi3L3 [YM1], and Fizz1
[resistin-like a]) (2, 19–22, 40). This demonstrates that apo E
pathways also suppress the initiation of airway inflammation in
asthma, which is consistent with prior reports describing anti-
inflammatory and immune modulatory functions of apo E in
animal models of bacterial infection, endotoxemia, and septic
shock (41, 42).

Apo E is a ligand for members of the LDLR family, of which
LDLR is the prototypical receptor (43). Because apo E functions
as a negative regulator of AHR and goblet cell hyperplasia, we
investigated whether the LDLR might serve as the relevant
receptor for apo E in the asthmatic airway. First, we showed by
confocal laser scanning microscopy that ciliated airway epithelial
cells express the LDLR. Furthermore, LDLR expression colo-
calized with acetylated a-tubulin consistent with expression by
cilia, and in cytoplasmic vesicular structures. Interestingly, motile
cilia, which had previously been thought to serve a purely me-
chanical role, have recently been shown to express bitter taste
receptors and thereby function as chemosensors that interact
with the external environment (44). We then hypothesized that
the phenotype of LDLR2/2 mice in an induction model of
asthma should recapitulate that of apo E2/2 mice if the LDL
receptor were the relevant receptor for apo E in the airway.
Consistent with this conclusion, HDM-challenged LDLR2/2

Figure 7. Low-density lipoprotein receptor (LDLR)2/2 mice recapitulate the asthma phenotype of apolipoprotein E (apo E) 2/2 mice, but are

resistant to rescue by the apo E(139–149) mimetic peptide. An osmotic minipump containing either apo E(130–149) or an apo E(scrambled)

peptide was implanted before the induction of asthma in LDLR2/2 mice by nasal administration of house dust mite (HDM) or saline (Control) 5 days
per week for 5 consecutive weeks. Wild-type C57BL6 ( W T ) mice were similarly challenged with HDM or saline (Control) 5 days per week for 5

consecutive weeks. (A) Quantification of lung mRNA levels by quantitative real-time polymerase chain reaction presented as relative mRNA

expression (n 5 6 mice; *P , 0.05 vs. W T 1 Control; **P , 0.01 W T 1 HDM vs. LDLR2/2 1 HDM; P 5 NS, LDLR2/2 1 HDM vs. LDLR2/2 1 HDM 1

apo E[130–149] mimetic peptide). (B) Goblet cell hyperplasia presented as percent of airways with periodic acid–Schiff positive airway epithelial cells
(n 5 10–15 mice; *P , 0.0001 vs. W T 1 Control; **P , 0.0001 W T 1 HDM vs. LDLR2/2 1 HDM; P 5 NS, LDLR2/2 1 HDM vs. LDLR2/2 1 HDM 1

apo E[130–149] mimetic peptide). A total of 29 6 1 airways were inspected in each mouse. (C) Histologic sections of lung were stained with

hematoxylin and eosin (H&E) or periodic acid–Schiff (PAS) stains and images obtained at 3200 or 31,000.
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mice displayed enhanced AHR, mucin gene expression, and gob-
let cell hyperplasia compared with wild-type mice, whereas air-
way inflammatory responses were not altered. In contrast to apo
E2/2 mice, administration of the apo E(130–149) mimetic did not
rescue the phenotype of enhanced AHR and goblet cell hyper-
plasia in LDLR2/2 knockout mice, which is consistent with the
conclusion that the LDLR mediates the negative regulatory
effects of apo E on AHR and goblet cell hyperplasia. Taken
together, this demonstrates that via binding to LDLRs expressed
on ciliated airway epithelial cells, apo E functions in a paracrine
fashion negatively to modulate AHR, mucin gene expression,
and goblet cell hyperplasia. We are currently conducting addi-
tional studies to identify the mechanisms by which the apo E–
LDLR interaction attenuates these cardinal manifestations of
asthma, which may involve the modified expression of key genes
or proteins that initiate airway responses after HDM exposure.

It is important to address several points regarding our study.
First, our model of HDM-induced asthma demonstrated that
AHR remained elevated despite corticosteroid treatment and
represented a steroid-resistant end point, whereas airway in-
flammation and goblet cell hyperplasia were abrogated by
corticosteroid treatment. This is consistent with the conclusion
that ours is not a model of steroid-resistant inflammation.
Therefore, a role for apo E in the pathogenesis of steroid-resistant
airway inflammation would need to be defined either in human
patients or in murine models of severe, corticosteroid-refractory
asthma. Second, we used corticosteroid treatment as a tool to
identify candidate genes that modulate asthma pathogenesis,
which led to the identification of apo E. Consistent with this, in
the absence of steroids, we show that apo E negatively regulates
allergen-mediated AHR and goblet cell hyperplasia. Corticoste-
roid treatment, however, decreased apo E mRNA levels in
HDM-challenged mice. Therefore, we do not believe that corti-
costeroids mediate their beneficial effects in asthma via the
modulation of apo E gene expression. Third, HDM-induced
airway inflammation was not modified in either apo E2/2 or
LDLR2/2 mice. This is consistent with the conclusion that
endogenous apo E does not modulate airway inflammation.
Instead, our results suggest that endogenous apo E functions as
a disease severity gene that attenuates excessive AHR and goblet
cell hyperplasia in HDM-induced asthma. Furthermore, our
results show that mechanistic pathways exist that selectively
regulate AHR and goblet cell hyperplasia, but are dissociated
from those mediating airway inflammation. Lastly, the prepara-
tion of HDM that we used contained low levels of endotoxin
(0.05 EU/ml), which makes it unlikely that the asthmatic phenotype
was solely a consequence of endotoxin-induced inflammation
(45).

To the best of our knowledge, we have for the first time
identified an apo E–LDLR pathway as an endogenous negative
regulator of AHR and goblet cell hyperplasia in asthmatic air-
ways. Furthermore, we show that administration of an apo E
mimetic peptide inhibits the induction of HDM-mediated
asthma. Thus, our findings establish the novel concept that strat-
egies that activate the apo E–LDLR pathway, such as apo E
mimetic peptides, might be used as a novel treatment approach
for patients with asthma.
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