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CHEST

New Kids on the Block

The Emerging Role of Apolipoproteins in the
Pathogenesis and Treatment of Asthma

Ahead of the Curve

Xianglan Yao, MD, PhD; Alan T. Remaley, MD, PhD; and Stewart J. Levine, MD, FCCP

New treatments are needed for patients with severe asthma. We hypothesized that a clinically
relevant experimental model of house dust mite (HDM)-induced murine asthma could be used to
discover new pathways that regulate disease severity. In HDM-challenged mice, genome-wide
expression profiling of the asthmatic lung transcriptome identified apolipoprotein E (apoE) as a
steroid-unresponsive gene with persistently upregulated expression despite dexamethasone
treatment. ApoE and low-density lipoprotein receptor (LDLR) knockout mice were used to dem-
onstrate that apoE, which is produced by lung macrophages, functions in a paracrine fashion by
binding to LDLRs expressed on ciliated airway epithelial cells, to negatively modulate airway
hyperreactivity, mucin gene expression, and goblet cell hyperplasia. Furthermore, administra-
tion of an apoE mimetic peptide, which corresponded to the LDLR-binding domain of apoE,
prevented the induction of airway inflammation, airway hyperreactivity, and goblet cell hyperpla-
sia in HDM-challenged apoE knockout mice. This suggests that therapeutic strategies that acti-
vate the apoE-LDLR pathway, such as apoE mimetic peptides, may represent a novel treatment
approach for patients with asthma. Similarly, we showed that administration of a 5A apolipopro-
tein A-I mimetic peptide attenuated the induction of HDM-mediated asthma in mice. These pre-
clinical data suggest that apoE and apoA-I mimetic peptides might be developed into alternative
treatments for patients with severe asthma. Future clinical trials will be required to determine
whether inhaled apolipoprotein E or apolipoprotein A-I mimetic peptides are effective for the
treatment of severe asthma, including patients with phenotypes that lack effective therapeutic
options. CHEST 2011; 140(4):1048-1054

Abbreviations: ABCA1 = ATP-binding cassette transporter Al; AHR = airway hyperreactivity; apoA-I = apolipoprotein
A-I; apoE = apolipoprotein E; HDM = house dust mite; LABA =long-acting B,-agonist; LDLR = low-density lipoprotein
receptor; Th =T helper

ew therapeutic approaches are needed for the
5% to 10% of patients with asthma who have
severe disease.! The 2007 Expert Panel 3 Report
from the National Heart, Lung, and Blood Institute’s
National Asthma Education and Prevention Program
recommends that oral corticosteroids be added if
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patients are persistently symptomatic despite high
doses of inhaled corticosteroids plus long-acting
B,-agonists (LABAs).2 Corticosteroids, however, can
be associated with significant adverse effects, such as
weight gain, diabetes, impaired host defense, osteo-
porosis, and aseptic necrosis. Omalizumab (Xolair), a
monoclonal anti-IgE antibody, can also be used to
reduce the frequency of asthma exacerbations and
the dose of inhaled corticosteroids, but requires par-
enteral administration and is limited to patients with
elevated blood IgE levels.? Bronchial thermoplasty
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FIGURE 1. A and B, Identification of apoE as a corticosteroid-unresponsive gene in an experimental
murine model of HDM-induced asthma. Asthma was induced in wild-type A/] mice by daily nasal
administration of HDM or saline (control) 5 days per week for 6 consecutive weeks. Mice were treated
with 1 mg/kg dexamethasone (dex) or saline (vehicle), which was administered via an osmotic mini-
pump, during weeks 4 to 6. A, Hierarchical cluster analysis of lung mRNA transcripts that were upregu-
lated twofold or greater in the HDM + vehicle group as compared with the control + vehicle group.
mRNA transcripts that were upregulated twofold or greater in the HDM + dex group were considered
corticosteroid-unresponsive. B, Lung mRNA expression of apoE was assessed by quantitative real-time
reverse transcription-polymerase chain reaction and presented as relative mRNA expression. C and D,
ApoE and apoA-I mimetic peptides attenuate the induction of airway inflammation and goblet cell
hyperplasia in an experimental murine model of HDM-induced asthma. C, Administration of the
apoE(130-149) mimetic peptide to apoE knockout mice attenuates airway inflammation and goblet
cell hyperplasia. Histologic sections of lung were stained with H & E or PAS and images obtained
at X200 or X1,000. D, Administration of the 5A apoA-I mimetic peptide to wild-type A/] mice attenuates
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is a new treatment option that involves several bron-
choscopies to deliver thermal energy that ablates air-
way smooth muscle.* This procedure has recently
been approved by the US Food and Drug Adminis-
tration for adult patients with asthma who have per-
sistent symptoms despite inhaled corticosteroids plus
LABAs. Although these advances have given patients
with severe asthma additional treatment options, it
would be advantageous for clinicians to be able to
offer additional therapeutic approaches that are effi-
cacious and do not require parenteral administration
or invasive procedures.

USING A MURINE MODEL OF EXPERIMENTAL
HoustE DuUST MITE-INDUCED ASTHMA
TO IDENTIFY NEW MECHANISMS
OF DISEASE PATHOGENESIS

Asthma has a complex pathogenesis that is mani-
fested by airway inflammation, airway hyperreac-
tivity (AHR), and airway remodeling responses.356
Our laboratory hypothesized that a clinically rele-
vant experimental model of house dust mite (HDM)-
induced murine asthma could be used to identify
pathways that regulate disease severity.” HDM
(Dermatophagoides pteronyssinus) was selected to
induce asthma because it is a common aeroallergen
that is an environmental trigger and risk factor for the
development of persistent asthma.”s HDM is a com-
plex mixture of proteins and lipopolysaccharide that
induces airway inflammation via allergic and nonal-
lergic mechanisms.!" Furthermore, the mechanism
of HDM-induced asthma depends on toll-like recep-
tor 4 signaling by airway epithelial cells, which acti-
vates both innate and adaptive immune responses.'2
In this model system, nasal HDM challenges to wild-
type A/] mice, which is a strain that has enhanced
susceptibility to asthma, induced airway inflamma-
tion, airway remodeling, and AHR.131* We reasoned
that we could use this model system to identify pul-
monary genes that are upregulated in response to
HDM challenge and remain persistently upregu-
lated despite corticosteroid treatment. Consistent
with this concept, genome-wide expression profil-
ing of the asthmatic lung transcriptome identified
apolipoprotein E (apoE) as one of 68 candidate
steroid-unresponsive genes with persistently increased
expression despite dexamethasone treatment in HDM-
challenged mice, which was confirmed by real-time
quantitative polymerase chain reaction (Figs 1A, 1B).

APOE Is AN ENDOGENOUS NEGATIVE REGULATOR
OF AHR AND GOBLET CELL HYPERPLASIA IN
MURINE EXPERIMENTAL HDM-INDUCED ASTHMA

Although apolipoproteins play a key role in lipid
metabolism by serving as structural components of
plasma lipoproteins, a role for these proteins in mod-
ulating asthma pathogenesis and disease severity had
not previously been identified.'> ApoE is a protein com-
ponent of very-low-density lipoproteins, chylomicron
remnants, and intermediate-density lipoproteins, as
well as a subclass of high-density lipoproteins, that
mediates high-affinity binding of apoE-containing
lipoprotein particles to the low-density lipoprotein
receptor (LDLR).1617 ApoE plays an important role
in cholesterol homeostasis, as evidenced by the find-
ing that apoE knockout (apoE~/~) mice develop hyper-
cholesterolemia and spontaneous atherosclerosis.'s
The function of apoE, however, is not limited to
cholesterol transport but has also been implicated
in Alzheimer disease, host susceptibility to infec-
tion, and presentation of lipid antigens by antigen-
presenting cells.!71920 ApoE has also been found to
modulate lung morphogenesis, as apoE ~~ mice have
reduced developmental alveologenesis and abnormal
pulmonary function with increased airway resistance,
as well as high dynamic and static compliance.?!

To characterize the role of apoE in asthma patho-
genesis, we used a genetic approach. First, we showed
that apoE is expressed by macrophages in the lung.
Next, apoE~~ mice received nasal HDM challenges
to induce experimental asthma and their phenotype
was compared with wild-type mice.'* In this experi-
mental murine model of HDM-induced asthma, AHR,
goblet cell hyperplasia, and mucin (Muc5AC) gene
expression were increased in apoE*/* mice, whereas
airway inflammation was not affected. Thus, using
this experimental murine model of HDM-induced
asthma, a novel function was identified for apoE as
an endogenous negative regulator of AHR and goblet
cell hyperplasia.

Additional experiments assessed whether the asth-
matic phenotype of apoE~/~ mice could be rescued
by administration of an apoE mimetic peptide. The
apoE protein, which is composed of 299 amino acids,
has a helical horseshoe configuration that contains two
distinct functional domains.!” The amino-terminus
contains an LDLR-binding domain, which corresponds
to amino acids 134 to 150, whereas the carboxy termi-
nus contains a lipid-binding domain, which corre-
sponds to amino acids 244 to 272 of the apoE protein

airway inflammation and goblet cell hyperplasia. Histologic sections of lung were stained with H & E
or PAS stains and images obtained at X200 or X1,000. apoA-I = apolipoprotein A-I; apoE = apolipopro-
tein E; Dex = dexamethasone; H & E =hematoxylin and eosin; HDM =house dust mite; PAS = periodic
acid-Schiff. (A-C, reprinted with permission of the American Thoracic Society*; D, reprinted with per-
mission from The American Association of Immunologists, Inc.%)
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FIGURE 2. Structures of full-length apoE and the 5A apoA-I mimetic peptide. A, Protein structure of
apoE. A model of the protein structure of apolipoprotein E is shown. The amino-terminus (N-terminus),
which contains the LDLR-binding domain, is separated from the carboxy-terminus (C-terminus), which
contains the lipid-binding domain, by a hinge region. The boxes indicate amphipathic a-helices and
the amino-terminus forms a four- hehx antiparallel bundle. The apoE(l'BO 149) mimetic peptide corre-
sponds to amino acids 130 to 149 of full-length apoE, which is located in the LDLR- bm(i3 ing domain in
helix #4 of the amino-terminal antiparallel bundle. B, Structure of the 5A apoA-I mimetic peptide. The
5A peptide is a 37 amino acid long llzlhehcal peptide, containing a proline between the two amphipathic
helices. 5 Alanine substitutions are made in the hydrophobic face of the second helix to reduce its lipid
affinity. LDLR = low-density lipoprotein receptor. See Figure 1 legend for expansion of other abbre-
viation. (A, adapted with permission from the American Society for Biochemistry and Molecular

Biology.!T)

(Fig 2A). Both of these domains exist in amphi-
pathic helical parts of the protein, which is a structural
motif that enables apolipoproteins to bind to lipids. It
has been recognized that peptides corresponding
to the LDLR-binding domain of apoE are biologi-
cally active and can suppress experimental models of
inflammation and neurotoxicity as well as mediate
antiviral effects.>? Furthermore, apoE mimetic pep-
tides have been shown to have beneficial effects in
experimental animal models of septic shock, ocular
inflammation, and neurologic disease.2+262” We showed
that systemic administration of an apoE(130-149)
mimetic peptide, which corresponded to amino acids
130 to 149 of the apoE LDLR-binding domain, res-
cued the phenotype of enhanced AHR and goblet
cell hyperplasia in HDM-challenged apoE~'~ mice.
Furthermore, the apoE(130-149) mimetic peptide
significantly attenuated the induction of eosinophilic
airway inflammation (Fig 1C), IgE production, and
expression of T-helper (Th) 2 (IL-4, IL-13) and Th17
(IL-17A) cytokines, as well as chemokines that medi-
ate the chemotaxis of eosinophils and T cells (CCL7,
CCL11, CCL17).

The apoE(130-149) mimetic peptide was also used
to characterize the role of the LDLR in experimental
HDM-induced asthma. First, ciliated airway epithe-
lial cells were found to express the LDLR. Second,
we reasoned that if the LDLR were the relevant
receptor for apoE in the airway, then the phenotype
of LDLR~/~ mice should recapitulate that of apoE~~
mice.

Similar to apoE~~ mice, HDM-challenged LDLR~/~
mice displayed enhanced AHR, mucin gene expres-

www.chestpubs.org

sion, and goblet cell hyperplasia as compared with
wild-type mice, whereas airway inflammatory responses
were not altered. Administration of the apoE(130-149)
mimetic, however, did not rescue the phenotype of
enhanced AHR and goblet cell hyperplasia in LDLR~~
knockout mice, which is consistent with the conclu-
sion that the LDLR mediates the negative regulatory
effects of apoE on AHR and goblet cell hyperplasia.

To summarize our findings, apoE, which is pro-
duced by lung macrophages, was found to function
in a paracrine fashion by binding LDLRs expressed
on ciliated airway epithelial cells and thereby nega-
tively modulate AHR, mucin gene expression, and
goblet cell hyperplasia in a murine model of HDM-
induced asthma. Furthermore, administration of an
apoE mimetic peptide was shown to prevent the induc-
tion of airway inflammation, airway hyperreactivity,
and goblet cell hyperplasia in apoE~'~ mice. Taken
together, these data demonstrate that therapeutic strat-
egies that activate the apoE-LDLR pathway, such as
apoE mimetic peptides, may represent a novel treat-
ment approach for patients with asthma.

THE 5A APOLIPOPROTEIN A-I MIMETIC
PEPTIDE ATTENUATES THE INDUCTION OF
EXPERIMENTAL HDM-INDUCED ASTHMA

We next hypothesized that apolipoprotein A-I
(apoA-I) mimetic peptides, which like apoE contain
a tandem array of amphipathic helices, might be
similarly effective at attenuating disease severity in
asthma. ApoA-I is a key component of high-density
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lipoproteins that mediate reverse cholesterol transport
from cells via binding to the ATP-binding cassette
transporter A1 (ABCA1).252 ApoA-I also has antiin-
flammatory, antioxidant, and antithrombotic proper-
ties.?* Furthermore, apoA-I attenuates immune cell
functions that may be important for asthma, includ-
ing dendritic cell differentiation and maturation,
T-cell activation, and neutrophil degranulation.?!-%
A limitation regarding the therapeutic use of apoA-I,
however, is the difficulty in generating sufficient quanti-
ties of recombinant protein that are free of lipopoly-
saccharide contamination.?s Thus, apoA-I mimetic
peptides have been developed that recapitulate the
secondary structure of the native apoA-I protein,
which contains 10 amphipathic a-helices, and have
cardioprotective, antioxidant, and antiinflammatory
properties.2s ApoA-I mimetic peptides have been
shown to have beneficial effects in experimental ani-
mal model systems of atherosclerosis, Alzheimer dis-
ease, ovarian cancer, septic shock, sickle cell disease,
diabetes, obesity, and heart transplant rejection.2s3+41
Furthermore, apoA-I mimetic peptides have advanced
to clinical trials of patients with coronary artery
disease .42

Because airway inflammation is a key pathogenic
manifestation of asthma, we hypothesized that apoA-I
mimetic peptides might also be used as a novel thera-
peutic approach for asthma. In our studies, we used
the 5A apoA-I mimetic peptide, which is a biheli-
cal amphipathic peptide that mediates cholesterol
efflux and reduces atherosclerosis via the ABCA1
transporter (Fig 2B).2 A potential advantage of the
5A apoA-I mimetic peptide over other apoA-I mimetic
peptide constructs is that it is more specific for pro-
moting cholesterol efflux from cells by the ABCA1
transporter because of its reduced hydrophobicity,
which also makes the peptide less cytotoxic.?? The
5A apoA-I mimetic peptide has also been used to
attenuate atherosclerosis, acute vascular inflammation,
and oxidative stress in experimental animal models
systems. 4344

In our experimental model of HDM-induced asthma,
systemic administration of the 5A peptide to wild-
type A/] mice attenuated the induction of the key
pathogenic manifestations of asthma, including air-
way inflammation, airway hyperreactivity, and airway
remodeling.*> In particular, the 5A apoA-I mimetic
peptide downregulated the induction of HDM-
induced airway inflammation (Fig 1D%) by mecha-
nisms that included the reduced expression of Th2
(IL-4, IL-5, IL-13) and Th17 (IL-17A) cytokines, the
attenuated expression of chemokines that are chemot-
actic for T cells, dendritic cells, and eosinophils
(CCL7, CCL11, CCL17, CCL24), and the diminished
recruitment of alternatively activated macrophages.
In contrast, the 5A peptide did not reduce total serum
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IgE levels, which suggested that the mechanism by
which the 5A peptide attenuates airway inflammation
did not involve impaired allergic sensitization to
HDM antigens. The 5A apoA-I mimetic peptide also
attenuated the induction of AHR, as well as several of
the key manifestations of airway remodeling, which
included goblet cell hyperplasia and the expression
of the Muc5AC mucin gene and Clca3, a calcium-
activated chloride channel that is associated with the
development of goblet cell hyperplasia.*6 Similarly,
the 5A peptide reduced the expression of genes asso-
ciated with subepithelial collagen deposition, includ-
ing type 1 (Collal) and type 3 (Col3al) collagens.*”
Taken together, these results show that administra-
tion of a 5A apoA-I mimetic peptide attenuates the
induction of many of the key pathogenic features
of HDM-induced asthma, including airway inflam-
mation, airway hyperreactivity, and airway remodel-
ing. Recently, another apoA-I mimetic peptide, D4F,
which was designed to protect against inflammation
from lipid oxidation, has also been shown to decrease
airway hyperresponsiveness and inflammation in an
ovalbumin sensitization model of asthma in mice.

FUTURE DIRECTIONS: DEVELOPMENT OF
APOE AND APOA-I MIMETIC PEPTIDES
AS NOVEL THERAPEUTIC APPROACHES

FOR THE TREATMENT OF ASTHMA

We have used clinically relevant murine models
of experimental HDM-induced asthma to show that
apoE and apoA-I mimetic peptides can attenuate
the induction of airway inflammation, airway hyper-
reactivity, and goblet cell hyperplasia (Fig 3). An

LDL Receptor ABCA1

Airway
Inflammation

Airway
Remodeling

Airway
Hyperreactivity

FIGURE 3. ApoE and apoA-I pathways in the lung attenuate the
induction of experimental house dust mite-induced asthma.
ABCA1 = ATP-binding cassette transporter Al; LDL = low-density
lipoprotein. See Figure 1 for expansion of the other abbreviations.
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important future direction for our laboratory is
to advance these findings from the “bench-to-the-
bedside” and initiate clinical trials of apoE and
apoA-I mimetic peptides to determine whether these
approaches represent efficacious and safe treatments
for patients with asthma, especially those with severe
or refractory disease. Furthermore, we plan to develop
inhalational preparations of apoE and apoA-I mimetic
peptides that will allow site-directed delivery to the
lungs of patients with asthma and thereby poten-
tially avoid or limit systemic distribution and adverse
effects. An additional benefit of inhaled apoE and
apoA-I mimetic peptides is that administration would
not require either parenteral administration or inva-
sive procedures.

In particular, we envision a potential role for apoli-
poprotein mimetic peptides as new treatments for
patients with severe asthma, based on their targeting
of novel pathways that modulate asthma pathogenesis.
If efficacious, apolipoprotein mimetic peptides might
be developed either as an alternative to oral corti-
costeroids or as an adjunctive medication that per-
mits a reduction in corticosteroid dose. Although
the apoE and apoA-I mimetic peptides appear to be
broadly effective in experimental murine models, it
is not yet known whether they will be efficacious in
a general population of patients with severe asthma
or will need to be targeted to patients with specific
severe asthma phenotypes.* For example, since the
endogenous apoE-LDLR pathway primarily regu-
lates AHR and goblet cell hyperplasia, apoE mimetic
peptides might be an efficacious approach for the treat-
ment of patients with severe asthma with a paucigran-
ulocyticinflammatory phenotype, who have symptoms
in the absence of airway inflammation and would
not be expected to benefit from the antiinflammatory
effects of corticosteroids.* Similarly, studies may be
aimed at assessing whether apolipoprotein E or apo-
lipoprotein A-I mimetic peptides can decrease airway
inflammation in patients with neutrophil-predominant
asthma, which has limited responsiveness to inhaled
corticosteroids.®® Thus, future clinical trials will be
required to determine whether inhaled apolipopro-
tein E or apolipoprotein A-I mimetic peptides can be
developed into novel therapeutic approaches for the
treatment of severe asthma, especially for patients
with phenotypes that do not have effective therapeu-
tic options.
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