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Abstract



New treatments are needed for asthmatics who are refractory to standard therapies,
such as individuals with a phenotype of “type 2 low” inflammation. This important
clinical problem could potentially be addressed by the development of
apolipoprotein A-I (apoA-I) mimetic peptides. Apolipoprotein A-I interacts with its
cellular receptor, the ATP-binding cassette subfamily A, member 1 (ABCA1), to
facilitate cholesterol efflux out of cells to form nascent HDL particles. The ability of
the apoA-I/ABCA1 pathway to efflux cholesterol from cells that mediate adaptive
immunity, such as antigen-presenting cells, can attenuate their function. Data from
experimental murine models have demonstrated that the apoA-I/ABCA1 pathway
can reduce neutrophilic airway inflammation primarily by suppressing the
production of granulocyte-colony stimulating factor. Furthermore, administration
of apoA-I mimetic peptides to experimental murine models of allergic asthma has
decreased both neutrophilic and eosinophilic airway inflammation, as well as
airway hyperresponsiveness and mucous cell metaplasia. Higher serum levels of
apoA-I have also been associated with less severe airflow obstruction in asthmatics.
Collectively, these results suggest that the apoA-I/ABCA1 pathway may have a
protective effect in asthma and support the concept of advancing inhaled apoA-I
mimetic peptides to clinical trials that can assess their safety and effectiveness.
Thus, we propose that the development of inhaled apoA-I mimetic peptides as a new
treatment could represent a clinical advance for severe asthmatics who are

unresponsive to other therapies.



Asthma is a common disease that affects over 7% of the population in the United
States!. Since the 1970s, administration of inhaled corticosteroids to suppress
airway inflammation has been the mainstay of asthma treatment2. However,
inhaled corticosteroids will only improve lung function in asthmatics with a
phenotype of “type 2 high” inflammation, as indicated by the increased expression
of IL-13-inducible genes in airway epithelial cells3. These “type 2 high” asthmatics
have eosinophilic airway inflammation, as well as increases in airway
hyperresponsiveness (AHR), mucin gene expression, subepithelial fibrosis, and total
IgE levels. In contrast, almost half of asthmatics have a phenotype of “type 2 low”
inflammation and do not show improvements in airflow obstruction in response to
treatment with corticosteroids. Therefore, new therapeutic approaches are needed
for asthmatics who do not respond to standard therapies, especially those with
severe disease. This clinical problem could be addressed by the development of

apolipoprotein A-I (apoA-I)-based therapies.

Apolipoprotein A-I is the major structural protein of high-density lipoproteins
(HDL), which has an important protective role in atherosclerotic vascular disease by
mediating reverse cholesterol transport out of cells*>. In particular, apoA-I, which
is synthesized in the liver and small intestine and secreted into the blood, interacts
with the ATP-binding cassette subfamily A, member 1 (ABCA1) on cells, such as
macrophages, to facilitate the transfer of excess cellular cholesterol and
phospholipids to nascent, discoidal HDL particles. Nascent HDL then matures into
spheroidal particles by a process involving the esterification and transfer of
cholesterol to the hydrophobic HDL particle core by lecithin-cholesterol
acyltransferase. These spheroidal HDL particles then efflux additional cholesterol
and phospholipids from peripheral cells via the ATP-binding cassette subfamily G,
member 1 (ABCG1) and the scavenger receptor class B member 1 (SRB1). In
addition to its role in reverse cholesterol transport, HDL particles have increasingly
been recognized to modulate innate and adaptive immune responses, as well as to

have anti-inflammatory, anti-oxidant, anti-thrombotic and anti-fibrotic properties®-8.



This Ahead of the Curve article will review the evidence supporting the concept of

developing apoA-I mimetic peptides for the treatment of asthma.

Insights from murine studies regarding the role of apoA-I in asthma.

Experimental results from murine models of experimental asthma have identified
an unexpected role for the apoA-I/ABCA1 pathway in the pathogenesis of asthma.
Apolipoprotein A-I and ABCA1 are both expressed by alveolar epithelial cells and
alveolar macrophages in the lung, whereas pulmonary vascular endothelial cells and
airway smooth muscle cells also express ABCA1°-14, Mice with a genetic deletion of
apoA-I have a phenotype of increased lung inflammation and oxidative stress, as
well as enhanced AHR and collagen deposition!5. In addition, levels of HDL, as well

as the anti-oxidant protein, paraoxonase 1, are reduced in Apoal-deficient mice.

Ovalbumin (OVA)-challenged Apoal-deficient mice have a phenotype consistent
with neutrophilic-predominant, “type 2 low” asthma with an increase in airway
neutrophils that involved multiple pathways, including type 1 cytokines (IFN-y,
TNF-a), a type 17 cytokine (IL-17A), a CXC chemokine (CXCL5), a vascular adhesion
molecule (vascular cell adhesion molecule-1) and granulocyte-colony stimulating
factor (G-CSF)?. In contrast, type 2 cytokines (IL-4, IL-5 and IL-13) were not
increased in this model. The enhanced neutrophilic airway inflammation in OVA-
challenged Apoal-deficient mice was primarily mediated by G-CSF, as
administration of a neutralizing anti-GSF antibody significantly reduced OVA-
induced bronchoalveolar lavage fluid (BALF) neutrophil numbers. This shows that
apoA-I can attenuate neutrophilic airway inflammation in type 2-low experimental

murine asthma via a G-CSF-dependent mechanism.

Apolipoprotein A-I can also attenuate lipopolysaccharide (LPS)-mediated
neutrophilic airway inflammation. This is relevant for asthma, as inhalational LPS

exposure has been associated with an increased risk for asthma and wheezing in the



United States, whereas LPS inhalation by asthmatics increases sputum neutrophils
and CXCL8 levels16-18, Furthermore, LPS signaling via Toll-like receptor 4 mediates
neutrophilic, as well as eosinophilic, airway inflammatory responses to inhaled
antigens in murine models of experimental asthmal?-21, Several mechanisms have
been identified by which apoA-I can suppress LPS-mediated neutrophilic airway
inflammation. LPS-challenged Apoal-deficient mice have increased numbers of
BALF neutrophils as compared to wild type mice?2. Suppression of CXCR2-mediated
neutrophil chemotaxis in response to CCL2 was identified as the mechanism by
which apoA-I attenuated LPS-induced neutrophil recruitment to the lung?2.
Additionally, apoA-I can directly bind and neutralize LPS, and it can also associate
with the LPS-binding protein as another mechanism to neutralize LPS activity?23-25.
Furthermore, apoA-I can directly suppress neutrophil activation, with associated

reductions in cellular adhesion, oxidative burst, and degranulation26 27,

Murine models of experimental asthma have also provided insights into the role of
ATP-binding cassette transporters in the pathogenesis of asthma. OVA-challenged
Tie2-hABCA1 transgenic mice, which conditionally over-express the human ABCA1
transporter under the Tie2 promoter in vascular endothelial cells and macrophages,
have attenuated neutrophilic airway inflammation, airway epithelial wall thickness,
and serum levels of OVA-specific IgE11l. The attenuated neutrophilic airway
inflammation in OVA-challenged Tie2-hABCA1 mice was associated with significant
reductions in G-CSF protein expression by pulmonary vascular endothelial cells and
alveolar macrophages, as well as reduced G-CSF protein levels in BALF. This
suggests that ABCA1 expression by vascular endothelial cells and macrophages may
reduce allergen-induced neutrophilic airway inflammation by suppressing G-CSF

production.

Experiments performed by several laboratories have independently shown that
administration of apoA-I or apoA-I mimetic peptides can attenuate the
manifestations of allergen-induced experimental asthma. First, intranasal

administration of the 5A apoA-I mimetic peptide to OVA-challenged Apoa-I



knockout mice suppressed increases in neutrophilic airway inflammation®.
Similarly, administration of the apoA-I mimetic peptide, L-4F, to wild type mice that
received inhaled LPS reduced the number of BALF neutrophils22. Second, systemic
administration of the 5A apoA-I mimetic peptide coincident with intranasal
administration of HDM to wild type A/] mice significantly reduced the induction of
airway inflammation with decreased numbers of BALF eosinophils, lymphocytes,
and neutrophils. This reduction in airway inflammation was associated with
decreases in type 2 cytokines (IL-4, IL-5 and IL-13), a type 17 cytokine (IL-17A), C-C
chemokines (CCL7, CCL11, CCL17 and CCL24), alternative macrophage activation,
AHR and mucous cell metaplasia28. Third, intranasal administration of the D4F
apoA-I mimetic peptide in a murine model of OVA-induced experimental asthma
reduced airway inflammation, AHR, TGF-3 and lung collagen deposition, as well as
total IgE and pro-inflammatory HDL in plasma?2?. Lastly, intranasal administration
of full-length human apoA-I to HDM-challenged mice reduced airway inflammation
with decreases in BALF eosinophils, neutrophils, lymphocytes and macrophages, as
well as AHR and lung levels of the airway epithelial cell-derived cytokines, IL-25, IL-
33 and TSLP, that promote allergic inflammation30. Administration of apoA-I also
increased the expression of airway epithelial cell tight junction proteins, as well as
levels of the anti-inflammatory and pro-resolving lipid mediator, lipoxin A439,
Collectively, these experiments support the concept of developing apoA-I-based

treatment approaches for asthma (Figure 1).

What are the potential cellular mechanisms by which the apoA-I/ABCA1

pathway may modulate asthma pathogenesis?

An important mechanism by which the apoA-I/ABCA1 pathway may modulate the
pathogenesis of asthma involves cholesterol efflux out of antigen-presenting cells
that mediate adaptive immunity. Reduction of cellular cholesterol levels diminishes
receptor localization to lipid raft domains and thereby attenuates signaling. For

example, Abcal/Abcg1 double knockout mice have enhanced signaling via the IL-



3/GM-CSF receptor with resultant increases in blood neutrophils and monocytes, as
well as bone marrow hematopoietic stem cells, common myeloid progenitor cells
and granulocyte-monocyte progenitor cells31.32, The enhanced responsiveness to
IL-3 and GM-CSF was caused by increased clustering of the common 3 subunit of the
IL-3/GM-CSF receptor within lipid rafts that formed in response to excess cellular
cholesterol. Treatment of murine antigen-presenting cells (e.g., dendritic cells,
macrophages and B cells) with apoA-I or HDL increases cholesterol efflux and
decreases the abundance of membrane lipid raft domains, which thereby reduces
MHCII density and attenuates T cell activation33. Similarly, treatment of dendritic
cells with recombinant HDL comprised of apoA-I and lipids in a murine model of
antigen-induced arthritis reduced cell surface expression of co-stimulatory
molecules and attenuated the ability of dendritic cells to activate IFN-y-producing
Th1 cells, as well as [L-17-producing Th17 cells, via an ABCA1- and SRB1-dependent
pathway34.

Additional mechanisms have been identified by which apoA-I may modulate
immune cell function. Apolipoprotein A-I can inhibit the differentiation of human
peripheral blood mononuclear cells into dendritic cells by increasing the production
of IL-10 and prostaglandin E235. In hypercholesterolemic Ldlr/Apoal double
knockout mice, administration of lipid-free apoA-I increased the number of
regulatory T cells (Tregs) and decreased the number of effector/effector memory T
cells in lymph nodes3¢. However, in a murine model of normocholesterolemic
systemic lupus erythematosus, apoA-I over-expressing transgenic mice had a
reduction in Th1 cells that was independent of cholesterol or changes in Tregs or
dendritic cells37. Instead, apoA-I increased the production of oxidized metabolites
of linoleic acid (e.g.,, HODEs) and arachidonic acid (e.g., HETEs) that activate
peroxisome proliferator-activated receptor-y. These studies suggest that the
mechanism by which apoA-I regulates T cell function may be context-dependent and
modified in the setting of hypercholesterolemia and obesity. In addition, apoA-I

blocks the contact-mediated activation of monocytes by stimulated T cells, with a



resultant decrease in TNF-a and IL-1(338. The role of the apoA-I/ABCA1 pathway in
modifying innate and adaptive immune responses in asthmatic patients, however,

has yet to be defined.

The apoA-1/ABCA1 pathway may also modulate the function of airway structural
cells in asthma. For example, ABCA1 mediates the efflux of cholesterol and
phospholipids from human airway smooth muscle cells in response to activation of
liver X receptors, LXR-a and LXR-[3, which are nuclear receptors that induce the
expression of both ABCA1 and ABCG114. This suggests that modulation of
cholesterol homeostasis in airway smooth muscle cells by ABCA1 may directly
influence the pathological manifestations of asthma. Taken collectively, the ability
of apoA-I to interact with the ABCA1 transporter and efflux cholesterol out of both
immune and structural cells represents a mechanism by which asthma severity may

be modified.

Insights from human studies regarding the role of apoA-I in asthma.

Recent studies have begun to investigate the role of apoA-I in human subjects with
asthma. For example, apoA-Ilevels in BALF were found to be decreased in mild-to-
moderate asthmatics who were not receiving asthma medications3?. Similarly,
protein levels of apoA-I were reduced in the lungs of wild type mice that had been
sensitized and challenged with OVA®. The reduction of apoA-I in BALF from mice
and humans suggests that disease severity might be augmented in asthmatics due to
lower levels of apoA-I in the lung. In addition, apoA-I has been shown to attenuate
IL-25, IL-33 and TSLP production by normal human bronchial epithelial cells in

response to cockroach extract or the house dust mite allergen, Der p13°.

Clinical studies have also demonstrated an association between higher serum apoA-
[ levels and less severe airflow obstruction in asthmatics. An analysis of 14,135

subjects without respiratory disease who participated in the Third National Health



and Nutrition Examination Survey found that serum levels of both apoA-I and HDL
were positively correlated with FEV139. Recently, we reported a cross-sectional
analysis of 159 atopic asthmatic subjects, which similarly showed a positive
correlation between FEV1 and serum levels of apoA-I, as well as HDL-C (HDL-
cholesterol)#0. Furthermore, serum samples were analyzed by nuclear magnetic
resonance (NMR) spectroscopy to identify the subset of HDL particles that mediated
the association with FEV1. This technique measures the NMR proton signal from the
terminal methyl group on lipids to determine the amount of each type of lipoprotein
particle and also categorizes lipoprotein particles based upon size*1. This analysis
identified that the subset of large HDL particles, but not the small- or medium-sized
HDL particles, were specifically associated with higher FEV1 in asthmatic subjects.
Interestingly, the concentration of large HDL particles has also been associated with

areduction in risk of cardiovascular disease in healthy women#2,

Can apoA-I be developed into a novel therapeutic approach for asthma?

We propose that the available data from animal and human studies support the
concept of developing apoA-I-based therapies for asthma. One approach for the
delivery of apoA-I to the lung for the treatment of asthma is to use apoA-I mimetic
peptides, which have successfully attenuated disease activity in murine asthma
models?8 29, ApoA-I mimetic peptides have an amphipathic o helical structure that
resembles the secondary structure of the native apoA-I protein, which is a tandem
array of 10 class A amphipathic a helices that mediate interactions with lipids#3 44,
ApoA-I mimetic peptides can facilitate reverse cholesterol transfer out of cells, as
well as promote anti-inflammatory, anti-oxidant and other anti-atherogenic
effects*>. Advantages of apoA-I mimetic peptides over full-length apoA-I relate to
the relative ease and lower cost of synthesis*. Murine asthma studies have used the
D4F and 5A apoA-I mimetic peptides, while additional apoA-I mimetic peptides are
actively being developed*> 46. The D4F apoA-I mimetic peptide is an 18 amino acid

peptide comprised of D-amino acids*’. The 5A apoA-I mimetic peptide is comprised



of two 18 amino acid peptides linked by a proline, one of which is a high lipid
affinity helix, while the other is a low lipid affinity helix#8. This design allows the 5A
peptide to specifically mediate phospholipid efflux from cells via ABCA1 with low-
associated cellular toxicity. The D4F apoA-I mimetic peptide has already been
safely administered by oral administration in clinical trials to human subjects with
cardiovascular disease, which provides evidence to support the concept that apoA-I
mimetic peptide therapy for asthma is potentially feasible4? 50, Furthermore, the 5A
peptide is currently being developed for human clinical trials of atherosclerotic
vascular disease by intravenous administration. Since medications can be directly
delivered to the respiratory system by inhalation, it would be reasonable for clinical
trials of apoA-I mimetic peptides in asthma to utilize this approach, where they

could potentially directly interact with ABCA1 transporters expressed by lung cells.

Based upon the emerging body of evidence from pre-clinical murine models
regarding the protective role of apoA-I in asthma, as well as human translational
studies that have shown an association between serum apoA-I levels and FEV; in
asthmatics, we propose that a reasonable next step is to advance apoA-I mimetic
peptides from the lab to clinical trials where their safety and efficacy can be
evaluated. Furthermore, clinical trials of inhaled apoA-I mimetic peptides can
establish whether this represents an effective therapeutic approach for asthma. In
particular, we propose that the development of apoA-I mimetic peptides could
represent an important clinical advance as a new treatment for severe asthmatics
who are refractory to standard treatment with corticosteroids. This could be
particularly relevant for asthmatics with a “type 2 low” phenotype of neutrophilic-
predominant airway inflammation, as therapies do not currently exist for these
individuals. ApoA-I mimetic peptides could additionally represent a treatment
option for “type 2 high” asthmatics with eosinophilic-predominant airway

inflammation.
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Figure Legends

Figure 1. Administration of apolipoprotein A-I mimetic peptides or human
apolipoprotein A-I to murine models of experimental asthma attenuates both
neutrophilic and eosinophilic airway inflammation, as well as airway
hyperresponsiveness and airway remodeling.
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Abbreviation List

ATP-binding cassette subfamily A, member 1
ATP-binding cassette subfamily G, member 1
airway hyperresponsiveness

apolipoprotein A-I

bronchoalveolar lavage fluid
granulocyte-colony stimulating factor
high-density lipoproteins

lipopolysaccharide

nuclear magnetic resonance

ovalbumin

scavenger receptor class B member 1
regulatory T cells



