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Abstract

Background: House dust mite (HDM)-challenged Apoe™~ mice display enhanced airway
hyperreactivity and mucous cell metaplasia.

Objective: To characterize the pathways that induce APOE expression by asthmatic
macrophages and identify how APOE regulates IL-1p secretion.

Methods: Macrophages were isolated from asthmatic bronchoalveolar lavage fluid (BALF) and
derived from THP-1 cells and human monocytes.

Results: HDM-derived cysteine and serine proteases induced APOE secretion from asthmatic
BALF macrophages via protease-activated receptor 2. APOE at concentrations of < 2.5 nM,
which are similar to levels found in epithelial lining fluid (ELF) from healthy adults, did not
induce IL-1p release from asthmatic BALF macrophages. In contrast, APOE at concentrations
= 25 nM induced NLRP3 and pro-1L-1p expression by asthmatic BALF macrophages, as well
as the caspase-1-mediated generation of mature IL-1p that was secreted from cells. HDM acted
synergistically with APOE to both prime and activate the NLRP3 inflammasome. In a murine
model of neutrophilic airway inflammation induced by HDM and poly(l:C), APOE reached a
concentration of 32 nM in ELF with associated increases in BALF IL-1p. APOE-dependent
NLRP3 inflammasome activation in macrophages was primarily mediated by a potassium efflux-
dependent mechanism.
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Conclusion: APOE can function as an endogenous, concentration-dependent pulmonary danger
signal that primes and activates the NLPR3 inflammasome in asthmatic BALF macrophages

to secrete IL-1B. This may represent a mechanism by which APOE amplifies pulmonary
inflammatory responses when concentrations in the lung are increased above normal levels,
which may occur during viral exacerbations of house dust mite-induced asthma characterized

by neutrophilic airway inflammation.

Capsule summary:

Apolipoprotein E is a concentration-dependent danger signal in the lung that can prime and
activate the NLRP3 inflammasome in asthmatic macrophages to secrete IL-1p. This may promote
and amplify inflammation when pulmonary APOE concentrations are increased above normal

levels.
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Introduction

Apolipoprotein E (APOE) is a 34-kDa protein that is primarily synthesized by the liver and
plays an important role in lipid homeostasis by facilitating the clearance of triglyceride- and
cholesterol-containing lipoprotein particles, such as chylomicron remnants and very low-
density lipoproteins (VLDL), from plasma into cells via receptor-mediated endocytosis?: 2.
APOE-containing high-density lipoprotein (HDL) particles can also facilitate reverse
cholesterol transport out of macrophages, which has a protective role in atherosclerosis®: 4.
However, the biological effects of APOE are not limited to vascular biology, as APOE is
also synthesized in the central nervous system with the APOE e4 allele representing the
major genetic risk factor for the development of Alzheimer’s diseasel. Furthermore, APOE
can modulate innate and adaptive immune responses, as well as host defense against a
variety of pathogens, including malaria, bacteria, mycobacteria, and viruses®: °.

APOE is also expressed by multiple cell types in the lung, including alveolar macrophages,
type | and type 11 alveolar epithelial cells, and pulmonary artery smooth muscle cells>-8.
Studies using murine model systems have shown that APOE modulates normal lung
development. For example, Apoe™~ mice have impaired alveologenesis with increased
airway resistance and accelerated loss of lung recoil during aging, as well as elevated levels
of desaturated phosphatidylcholine, a major surfactant lipid®-11. APOE also modulates the
pathogenesis of allergic airways disease, as house dust mite (HDM)-challenged Apoe™/~
and Ld/r'~ mice display a phenotype of enhanced airway hyperreactivity and mucous

cell metaplasia, without increases in airway inflammation, which is consistent with a
protective role in asthma®. Neutrophilic lung inflammation, oxidative stress, acute lung
injury, and cigarette smoke-induced emphysema are also increased in Apoe™~ mice, which
provides evidence for an anti-inflammatory role for APOE in the lung® 12-15. Similarly,
APOE has been shown to have a beneficial effect in the setting of systemic endotoxemia,
as Apoe”~ mice display a phenotype of enhanced lipopolysaccharide (LPS)-mediated
inflammation and reduced host defense against bacterial infections that may in part reflect
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direct binding and neutralization of LPS by APOES: 16-18 Experiments utilizing murine
macrophages have similarly demonstrated that APOE has anti-inflammatory functions.
For example, murine macrophages from Apoe’~ mice have increased NF-xB signaling
and inflammatory responses to LPS stimulation that were mediated by decreased levels
of microRNA-146a, which is a key negative regulator of NF-xB signaling®. APOE
converted murine RAW264.7 macrophages from a pro-inflammatory M1 phenotype to an
anti-inflammatory M2 phenotype, with decreased production of iNOS (inducible nitric
oxide synthase), IL-12, and CCL320. Similarly, APOE suppressed the TLR3- and TLR4-
mediated activation of pro-inflammatory c-Jun N-terminal kinase signaling pathways in
murine RAW264.7 macrophages?L.

Several studies, however, have shown that APOE can also augment inflammation. For
example, administration of APOES3 to rats with polymicrobial sepsis increased mortality due
to the augmented presentation of endogenous lipid antigens which activated natural killer

T cells, increased Th1 cytokines, and enhanced liver injury?2: 23, Similarly, treatment of
murine peritoneal macrophages with human APOE activated p38 MAPK, c-Jun terminal
kinase, and NF-xB signaling via a MyD88-dependent pathway?4. APOE also induced IL-6
production by murine peritoneal macrophages via a CD14- and TLR2-dependent pathway?>.
Taken collectively, these studies suggest that APOE can also mediate context-dependent
pro-inflammatory effects.

Here, we sought to characterize the pathways that induce APOE expression by asthmatic
macrophages and to identify how APOE regulates IL-1p secretion by these cells. First,

we show that the serine and cysteine protease components of HDM, which is a major
perennial aeroallergen that causes allergic airway inflammation, induce APOE production
by bronchoalveolar lavage fluid (BALF) macrophages isolated from asthmatic subjects via
a protease-activated receptor 2 (PAR2)-dependent pathway?2® 27, Second, we identify that
APOE can independently, as well as synergistically with HDM, increase the expression of
NLRP3 and pro-IL-1p by asthmatic BALF macrophages. APOE also activates caspase-1 to
generate a mature IL-1p that is secreted from macrophages via a potassium efflux-dependent
mechanism. In addition, we used a murine model of neutrophilic airway inflammation
induced by HDM and the double-stranded RNA surrogate, poly(l:C), which mimics a
concurrent viral-induced asthma exacerbation, to show that APOE can reach levels in lung
epithelial lining fluid (ELF) that are sufficiently high to activate the NLRP3 inflammasome
in asthmatic BALF macrophages, as well as increase BALF IL-1p. Thus, we propose

that when concentrations of APOE are increased in the lung above normal levels, it may
function as an endogenous, concentration-dependent danger signal that both primes and
activates the NLRP3 inflammasome in asthmatic BALF macrophages leading to IL-1p
secretion. This may represent a mechanism by which increased concentrations of APOE can
promote and amplify inflammatory responses in the lung, which may be relevant during
viral exacerbations of house dust mite-induced asthma characterized by neutrophilic airway
inflammation.
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Methods

Reagents:

House dust mite extract (# B84, Dermatophagoides pteronyssinus, Greer Laboratories, Inc.,
Lenoir, NC) was depleted of endotoxin using Pierce™ High Capacity Endotoxin Removal
Spin Columns (# 88274, ThermoFisher Scientific, Waltham, MA) to generate a final
concentration of 0.096 endotoxin units (EU) per microgram of HDM protein. Recombinant
human IFN-y(# 570204), TNF-a(# 570104), IL-13 (# 571104), IL-17A (# 570504), and
M-CSF (# 574806) were from BioLegend (San Diego, CA). Poly (1:C) (# tlrl-pic) and
polymyxin B (# tlrl-pmb) were from InvivoGen (San Diego, CA). E64 (# 5208), AEBSF (#
5175), protease activated receptor-1 (PAR-1) antagonist, RWJ 56110 (# 2614), and PAR-2
antagonist, FSLLRY-NH2 (# 4751), were from Tocris (Minneapolis, MN). Recombinant
human APOES3 (# 350-02) and recombinant human IL-10 (# 200-10) were from PeproTech
(Rocky Hill, NJ). The recombinant human APOE3 contained 0.021 EU/pug of protein.
Dexamethasone (# D4902), LPS from Escherichia coli 0111:B4 (# L4391), MitoTEMPO (#
SMLO0737), CA-074 methyl ester (# C5857), A-438079 hydrochloride hydrate (# A9736),
E-64d (# E8640), potassium chloride (KCL) (# 60142), methyl-B-cyclodextrin (# C4555),
a-cyclodextrin (# C4680) and cholesterol-loaded, water soluble, methyl-B-cyclodextrin

(# C4951) were from Millipore Sigma (St. Louis MO). Z-YVAD-FMK (# 218746) and
MCC950 (# 5.38120.0001) were from Calbiochem (Burlington, MA).

Research Subjects.

Asthmatic subjects (n = 17) provided informed consent and participated in protocol 99-
H-0076, which was approved by the Institutional Review Board of the National Heart, Lung,
and Blood Institute. Demographics for the asthmatic subjects are presented in Repository
eTable 1. Asthma was confirmed in all subjects by either a positive response to an inhaled
[B2-agonist or a positive methacholine bronchoprovocation challenge test. Allergy status
was determined by skin testing, which was performed either at NHLBI or by their local
physician, or a history of severe allergy. Allergy skin testing at NHLBI was performed
using a Multi-Test 11 applicator, which was a generous gift from Lincoln Diagnostics
(Decatur, IL). Histamine was utilized as a positive control and glycerin was a negative
control (Holister-Stier, Spokane, WA). Allergy was defined by the presence of skin test
reactivity to at least one of six common aeroallergens; house dust mite (Dermatophagoides
farinae), cockroaches (Periplaneta americana and Battella germanica), cat hair, Aspergillus
fumigatus, Ragweed (giant and short) and grasses (Kentucky Bluegrass, Orchard Redtop,
Timothy Sweet Vernal grass, Meadow Fescue, and Perennial Ryegrass).

Isolation and Culture of Bronchoalveolar Lavage Fluid (BALF) Macrophages.

Bronchoalveolar lavage was performed in each of three sub-segmental bronchi using 90

cc of normal saline that had been pre-warmed to 37° C. BALF was gently aspirated

by hand suction and cells were transported to the laboratory on ice. BALF was filtered
through gauze sponge (USP, type VII Gauze, 12 Ply) to remove debris and cells were
pelleted by centrifugation at 275 x g for 10 min. After lysis of red blood cells with ACK
buffer (#118-156-101; Quality Biological, Gaithersburg, MD), BALF cells were pelleted by
centrifugation for 5 min at 275 x g and resuspended in RPMI-1640 media containing 10%

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gordon et al.

Page 5

fetal bovine serum (FBS) at a concentration of 2 x 10° macrophages per well for 96-well
plate experiments or 1 x 108 macrophages per well were for 6-well plate experiments.
Macrophages were adhered to plastic tissue culture plates for 2 hours and non-adherent cells
were removed by washes with RPMI-1640 for 96-well plate experiments or RPMI-1640
plus 1% FBS for 6-well plate experiments, which yielded a purity of > 95% macrophages.
Experiments were performed over 24 hours.

THP-1 macrophages.

The THP-1 human monocytic leukemia cell line (ATCC® TIB-202™) was purchased
from American Type Culture Collection (Manassas, VA) and maintained in RPMI-1640
supplemented with 10% heat-inactivated FBS, HEPES (25 mM), penicillin-streptomycin-
glutamine, and B-mercaptoethanol (0.05 mM) at a density of 3-8 x 10° cells/mL. THP-1
cells were differentiated into macrophages by seeding 5 x 10° cells per well in 24-well
tissue culture plates, or 1 x 10° cells per well in 6-well tissue culture plates, with phorbol
12-myristate 13-acetate (PMA) (10 ng/mL, # P8139; Sigma-Aldrich) for 48 hours28. Cells
were rested in media without PMA for 24 hours and stimulated with APOE for 4 hours in
media that contained 1% FBS.

Human monocyte-derived macrophages.

Elutriated human monocytes from anonymous donors were provided under an IRB-approved
protocol by the NIH Clinical Center Department of Transfusion Medicine. Cells were
centrifuged at 275 x g for 5 minutes, supernatant was removed and cells were resuspended
at a concentration of 50 x 10° cells/mL in 90% FBS and 10% dimethyl sulfoxide2®. Cell
suspensions of 1 mL each were placed into cryovials and frozen for future use. Upon
thawing, monocytes were cultured in complete RPMI-1640 medium supplemented with
10% FBS, penicillin-streptomycin-glutamine, and recombinant human M-CSF (50 ng/mL),
which was changed every 48 hours until the monocytes differentiated into macrophages
after 7 days. To dislodge adherent cells, flasks were rinsed with pre-warmed Dulbecco’s
phosphate-buffered saline without Ca?* and Mg2* x 3 and pre-warmed 0.25% trypsin-
ethylenediaminetetraacetic acid solution (# 25200 056; ThermoFisher Scientific) was added
for 15 minutes. Following trypsin neutralization by addition of RPMI-1640 containing 10%
FBS, cells were centrifuged at 275 x g for 5 min and cells were seeded in 24-well dishes

at a density of 2 x 10° cells per well for 24 hours in complete media supplemented with
recombinant human M-CSF. Experiments were performed for either 7 or 24 hours in media
containing 1% FBS.

Murine Airway Inflammation Models.

Female Balb/c mice (6 to 7 weeks of age) were purchased from Envigo (East Millstone,
NJ) and experiments were performed using protocols approved by the Animal Care and
Use Committee of the National Heart, Lung, and Blood Institute. Mice received intranasal
administration of HDM, poly(l:C) (Sigma-Aldrich, St. Louis, MO), and/or APOE and
bronchoalveolar lavage was performed. Urea was quantified in BALF and serum using the
Urea Assay Kit (Sigma-Aldrich, St. Louis, MO) and the volume of ELF was determined
as previously described30. APOE was quantified using the Mouse apoE ELISAPRO Kit
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(Mabtech, Cincinnati, OH) and IL-1p was quantified using the Mouse IL-1p DuoSet ELISA
(R&D Systems, Minneapolis, MN).

APOE and IL-1p assays.

Cell culture media was collected and cleared of debris by centrifugation at 3000 x g

for 5 minutes prior to analysis. The amount of human apolipoprotein E secreted into the
media was quantified using a human APOE ELISA development kit (HRP) (# 3712-1H-20;
Mabtech, Cincinnati, OH). Human IL-1p (# DY201) and human TNF-a (# DY210)
secretion were quantified using DuoSet ELISA kits from R & D Systems (Minneapolis,
MN). The limits of detection for apolipoprotein E, IL-1p and TNF-a were 0.1 ng/mL, 3.91
pg/mL, and 15.6 pg/mL, respectively.

Western blotting.

Statistics.

Results

Cells were lysed with Mammalian Protein Extraction Reagent (# 78501; ThermoFisher
Scientific) and centrifuged at 14,000 x g for 10 min to remove cellular debris. Western blots
were performed on cell lysates or supernatants using NUPAGE™ 4-12% Bis-Tris gels (#
NP0335BOX; ThermoFisher Scientific) and proteins were transferred to Invitrolon™ PVDF
membranes (#LC2005; ThermoFisher Scientific). PVDF membranes were reacted with
antibodies directed against ASC (# sc-514414; Santa Cruz Biotechnology, Dallas, TX) and
NLRC4 (# 659702; BioLegend), as well as IL-1p (# 12703S), cleaved IL-1p (# 83186S),
NLRP3 (# 13158S), Caspase-1 (# 2225S), Caspase-5 (# 46680), and Caspase-8 (# 9746),

all from Cell Signaling, Danvers, MA. To control for equivalency of protein loading of
cellular proteins, membranes were stripped with OneMinute Western Blot Stripping Buffer
(#GM6001; GM Biosciences, Frederick, MD) and reacted with an antibody directed against
B-actin (# A5441; Sigma-Aldrich). Ponceau S staining was used to verify the equivalent
loading of proteins in culture media. HRP-conjugated secondary antibodies included anti-
rabbit (# 7074S) and anti-mouse secondary antibodies (# 7076S), both from Cell Signaling.
Chemiluminescence was detected using SuperSignal West Pico Chemiluminescent Substrate
(# 34080; ThermoFisher Scientific) and images were acquired using an LAS4000 imaging
system (GE Healthcare Life Sciences, Pittsburgh, PA).

Data analysis was performed using Graph Pad Prism version 7.0b. Data are presented as
mean £ SEM. A Pvalue < 0.05 was considered significant.

House Dust Mite-derived Serine and Cysteine Proteases Induce Apolipoprotein E
Secretion from Asthmatic BALF Macrophages via Protease-activated Receptor 2

To characterize the spectrum of inflammatory mediators that induce APOE production
by asthmatic macrophages, cells isolated from BALF were treated ex vivo with type 1
(interferon-y and TNF-a), type 2 (IL-13), and type 17 (IL-17A) cytokines, as well as
ligands for toll-like receptor 3 (poly 1:C) and toll-like receptor 4 (LPS). In addition, cells
were treated with HDM, dexamethasone, and HDM plus dexamethasone. As shown in
Figure 1A, only HDM induced APOE secretion by asthmatic macrophages, which was
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not inhibited by dexamethasone, whereas type 1, 2, or 17 cytokines, as well as ligands

for TLR3 or TLR4 did not induce APOE release. Since protease activity is an important
contributor to the allergenicity of HDM, we next assessed whether inhibitors of cysteine and
serine proteases attenuate HDM-induced APOE secretion from asthmatic macrophages?.
As shown in Figure 1B, both the cysteine protease inhibitor, E64, and the serine protease
inhibitor, AEBSF, significantly reduced HDM-induced APOE secretion. Next, we assessed
whether the ability of HDM-derived serine and cysteine proteases to induce APOE secretion
by asthmatic macrophages was dependent upon protease-activated receptors. As shown

in Figure 1C, HDM-induced APOE secretion was attenuated by an antagonist of protease-
activated receptor 2 (PAR-2), but not by an antagonist of protease-activated receptor 1
(PAR-1). Taken collectively, these results are consistent with the conclusion that HDM-
derived serine and cysteine proteases activate PAR-2 to induce APOE secretion by BALF
macrophages isolated from asthmatic subjects.

APOE Primes the NLRP3 Inflammasome and Induces the Secretion of Mature IL-1p from
Asthmatic BALF Macrophages

One mechanism by which HDM can induce inflammation is via the activation of the NLRP3
inflammasome with resultant generation of the pro-inflammatory cytokine, IL-1p3%: 32,
Consistent with this, we show that asthmatic BALF macrophages treated ex vivo with
HDM secreted increased amounts of I1L-1f as compared to cells that were treated with
media alone (Figure 2A). HDM also induced the secretion of TNF-a by asthmatic BALF
macrophages (Repository eFigure 1), which is consistent with the conclusion that HDM
skews asthmatic BALF macrophages towards a M1 phenotype33. In contrast, CCL17, which
is a product of M2 macrophages, could not be detected in the media of HDM-treated

cells. Since HDM can induce the secretion of both APOE and IL-1p from asthmatic BALF
macrophages, we next considered whether APOE can modify IL-1f secretion from these
cells. To address this question, asthmatic BALF macrophages were treated with HDM
alone or in combination with 500 nM APOE, which is similar to the concentration of
APOE present in serum34. As shown in Figure 2B, APOE alone as well as APOE in
combination with HDM (HDM + APOE), induced significant increases in IL-1p secretion
from asthmatic BALF macrophages. Furthermore, asthmatic BALF macrophages that were
exposed to HDM + APOE secreted the largest amount of IL-1p, suggesting that HDM
acted synergistically with APOE. As the recombinant human APOE preparation contained
approximately 2.1 pg of lipopolysaccharide (LPS) per ug of protein, experiments were
performed to exclude the possibility that APOE-mediated IL-1p secretion from asthmatic
BALF macrophages reflected LPS contamination. As shown in Figure 2B, asthmatic BALF
macrophages treated with the equivalent amount of LPS present in recombinant APOE did
not secrete IL-1, which supports the conclusion that the ability of APOE to induce IL-1p
secretion by asthmatic BALF macrophages was not a consequence of LPS contamination.

Western blots were next performed to characterize further the role of APOE in priming and
activating the NLRP3 inflammasome in asthmatic BALF macrophages. As shown in Figures
2C and 2D, HDM alone, APOE alone, and HDM + APOE, induced the expression of both
NLRP3 and pro-IL-1p in asthmatic BALF macrophage cell lysates, whereas the expression
of NLRC4 was not modified and NLRP1 was not detected. HDM + APOE, as well as APOE
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alone, also induced the processing of the full-length, 46-kDa (p46) pro-caspase-1 to generate
the active, 33-kDa (p33) caspase-1 species that cleaves pro-1L-1p to its mature 17-kDa

form (Figure 2D)3°. In contrast, neither HDM + APOE nor APOE alone, induced the
processing of pro-caspase-5 or pro-caspase-8 (Figure 2E). HDM + APOE, as well as APOE
alone, induced the secretion the mature 17-kDa IL-1f isoform into the culture medium
(Figure 2F), whereas HDM alone minimally induced the secretion of mature IL-1p (Figure
2F) and also minimally induced the cleavage of pro-caspase-1 in BALF macrophage cell
lysates (Figure 2D). Pro-caspase-1 cleavage products could not be detected in the culture
medium of asthmatic BALF macrophages by Western blotting. Treatment of asthmatic
BALF macrophages with the amount of LPS present in recombinant APOE did not induce
the expression of NLRP3 or pro-IL-1p nor did it induce the cleavage of caspase-1 or
pro-1L-1B, which again shows that the effects of APOE were not mediated by the quantity
of LPS contaminating the APOE reagent. Taken collectively, these data are consistent with
the conclusion that both HDM and APOE can prime asthmatic BALF macrophages by
increasing the expression of NLRP3 and pro-IL-1p. APOE, and to a lesser extent HDM,
also induce the autoproteolytic activation of caspase-1 and the processing of pro-IL-1p

to a 17-kDa mature I1L-1p that is secreted to the extracellular space. Furthermore, APOE
functions synergistically with HDM to prime and activate the NLRP3 inflammasome, which
further enhances the secretion of mature IL-1p from asthmatic BALF macrophages.

We then used a murine model system to confirm that HDM acts synergistically with APOE
to induce increases in BALF IL-1p /n vivo. As shown in Figure 2G, Balb/c mice received
intranasal administration of either saline, HDM, APOE, or HDM plus APOE (HDM+APQOE)
followed by a subsequent HDM challenge. Only mice treated with HDM+APOE showed
significant increases in BALF IL-1pB, whereas BALF IL-1B in mice that received HDM
alone or APOE alone were not different from saline treated mice, which served as a control
(Figure 2H). This shows that HDM can act synergistically with APOE /n vivoto induce
IL-1pB production in the mouse lung.

APOE Induces Concentration-dependent Priming and Activation of the NLRP3
Inflammasome in Asthmatic BALF Macrophages

Having shown that concentrations of APOE similar to those found in human serum can both
prime and activate the NLRP3 inflammasome with resultant IL-1f secretion by asthmatic
BALF macrophages, we investigated whether lower APOE concentrations mediate a similar
effect. In particular, we assessed whether APOE at concentrations similar to those present

in lung ELF from normal healthy adults, which ranges from 0.3 to 2.4 nM, can prime

and activate the NLRP3 inflammasome36. APOE at concentrations of 0.25 nM and 2.5 nM
did not increase the expression of NLRP3 (Figure 3A) nor did it activate the cleavage of
pro-IL-1p to a mature form (Figure 3B) that is secreted (Figure 3C) from asthmatic BALF
macrophages. APOE at a concentration of 2.5 nM increased the expression of pro-IL-1p
whereas 0.25 nM APOE did not (Figure 3B). In contrast, higher APOE concentrations (25
nM to 500 nM) both increased the expression of NLRP3 (Figure 3A) and pro-IL-1p (Figure
3B), as well as induced the cleavage of pro-IL-1p to its 17-kDa mature form (Figure 3B) that
is secreted from asthmatic BALF macrophages to the medium (Figure 3C). This finding is
consistent with the conclusion that concentrations of APOE similar to those found in normal
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ELF from healthy individuals are not sufficient to either prime the NLRP3 inflammasome
nor induce the secretion of mature IL-1p from asthmatic BALF macrophages. In contrast,
concentrations of APOE that exceed levels found in normal ELF in healthy individuals both
activated the NLRP3 inflammasome and induced IL-1p secretion from asthmatic BALF
macrophages.

Additional experiments assessed whether APOE concentrations in the lung can reach levels
= 25 nM, which can activate the NLRP3 inflammasome and induce IL-1p secretion

by ex vivo cultures of asthmatic BALF macrophages. Since IL-1p contributes to the
pathogenesis of neutrophilic airway inflammation in asthma, we used a murine model

of neutrophilic airway inflammation induced by HDM with subsequent administration

of the double-stranded RNA surrogate, poly(l:C), to mimic a concurrent viral-induced
asthma exacerbation (Figure 4A)37: 38, Of note, poly(I:C) alone does not induce IL-1p
secretion in the mouse lung37: 39: 40 As shown in Figure 4B, HDM+poly(l:C) induced

a neutrophilic-predominant inflammatory phenotype that was associated with significant
increases in BALF IL-1p (Figure 4C). Furthermore, the concentration of APOE in ELF
from mice challenged with HDM+poly(1:C) was 32 + 5 nM (Figure 4D), which is a
concentration that activated the NLRP3 inflammasome in ex vivo cultures of asthmatic
BALF macrophages. This shows that in the setting of viral exacerbations complicating
HDM-induced neutrophilic airway inflammation, APOE concentrations in the murine lung
are increased to the range that activated the NLRP3 inflammasome in ex vivo cultures of
asthmatic BALF macrophages.

APOE Induces NLRP3 Inflammasome Activation and IL-1f Secretion by THP-1
Macrophages

To confirm and elucidate further the mechanisms by which APOE mediates IL-1p secretion
in macrophages, we next performed experiments utilizing THP-1 macrophages that had
been differentiated in the presence of phorbol ester (i.e., PMA), which also serves as a
priming signal that induces the expression of both NLRP3 and pro-I1L-1p41: 42, As shown

in Figure 5A and 5B, both APOE alone (50 nM), and in combination with HDM (HDM +
APOQE), increased the expression of NLRP3 and pro-IL-1p above basal levels. Furthermore,
both APOE alone and HDM + APOE induced the cleavage of pro-caspase-1 to generate

the p33 and p20 fragments in cell lysates (Figure 5B), as well as the secretion of the
catalytically inactive p20 fragment into the medium (Figure 5C)32. Similarly, both APOE
alone and HDM + APOE induced the cleavage of pro-IL-1f in cell lysates to generate

a mature, 17-kDa IL-1 isoform that could be detected both in cell lysates and medium
(Figure 5B and 5C). Activation of the NLRP3 inflammasome in THP-1 macrophages by
APOE alone or HDM + APOE appeared to induce a more robust cleavage of pro-IL-1p and
subsequent generation of a mature, 17-kDa IL-1p isoform than was seen in asthmatic BALF
macrophages, which likely reflects differences between primary macrophages and THP-1
cells that have been differentiated into macrophages with PMA. In contrast, the amount

of LPS present in the APOE reagent did not induce the expression of pro-1L-1p, increase
the expression of NLRP3, or stimulate the cleavage of caspase-1 or pro-IL-1p. These
experiments show that APOE activates the NLRP3 inflammasome in THP-1 macrophages,
which induces the autoproteolytic cleavage of caspase-1 and the maturation of pro-IL-1p.

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gordon et al.

Page 10

The ability of APOE to induce IL-1f secretion from THP-1 macrophages was confirmed

by ELISA. Consistent with the Western blot results, APOE induced IL-1p secretion from
THP-1 macrophages in a concentration-dependent fashion, with 50 nM APOE inducing
maximal effects (Figure 6A). Based on this result, a concentration of 50 nM APOE was
utilized for subsequent THP-1 macrophage experiments. Consistent with the results from

the Western blot experiments, APOE alone induced a similar amount of IL-1p secretion

as when cells were treated with HDM + APOE (Figure 6B), which may reflect that these
cells are already primed by PMA. Since HDM alone did not induce significant increases

in IL-1 secretion after 24 hours, additional experiments were performed to assess whether
longer periods of HDM exposure might be required for stimulation of IL-1f secretion

by monocyte-derived macrophages. As shown in Repository eFigure 2, HDM stimulation
for 48 or 72 hours also did not induce significant increases in IL-1f secretion by human
monocyte-derived macrophages. Thus, in contrast to asthmatic BALF macrophages, THP-1
monocyte-derived macrophages and human monocyte-derived macrophages did not secrete
IL-1pB in response to HDM stimulation. To exclude non-specific effects related to stimulation
of cells with recombinant APOE, we next assessed whether another recombinant protein,
human IL-10, could induce IL-1p secretion from THP-1 macrophages. As shown in Figure
5C, IL-10 (54 nM) did not induce IL-1p secretion from THP-1 macrophages, which is
consistent with the conclusion that the ability of APOE to induce IL-1 secretion was not

a non-specific effect of recombinant proteins. To confirm further that the ability of APOE

to induce IL-1pB secretion was not a consequence of LPS contamination, we showed that the
amount of LPS present in the APOE reagent did not induce IL-1p secretion from THP-1
macrophages (Figure 6D). Furthermore, we showed that the ability of APOE to induce
IL-1pB secretion was not attenuated when polymyxin B was added to APOE in order to

bind contaminating LPS (Figure 6E). Since IL-1p has been implicated in the pathogenesis
of steroid-resistant asthma, we also assessed whether the ability of APOE to induce

IL-1p secretion from THP-1 macrophages could be inhibited by dexamethasone*3. As
shown in Figure 6F, although dexamethasone significantly attenuated APOE-mediated IL-1p
secretion, levels remained increased as compared to controls. This shows that corticosteroids
do not completely suppress APOE-mediated IL-1p secretion by THP-1 macrophages.

Having demonstrated that APOE increases the expression of NLRP3 in THP-1
macrophages, experiments were performed to define the role of the NLRP3 inflammasome
and caspase-1 in mediating IL-1p secretion from these cells. As shown in Figure 7A,
MCC950, which is a highly active and specific NLRP3 inhibitor, significantly attenuated
APOE-induced IL-1p secretion from THP-1 macrophages**. We next confirmed that APOE-
mediated NLRP3 inflammasome activation induced caspase-1 to cleave pro-1L-1p into

its mature form, which is secreted to the extracellular space. As shown in Figure 7B,

the caspase-1 inhibitor, Z-YVAD-FMK, significantly attenuated APOE-mediated IL-1f
secretion from THP-1 macrophages*L: 45 46, \We then demonstrated that IL-1p secretion
from asthmatic BALF macrophages was similarly mediated by NLRP3 and caspase-1. As
shown in Figure 7C, both the NLRP3 inhibitor, MCC950, and the caspase-1 inhibitor, Z-
YVAD-FMK, significantly inhibited the secretion of the 17-kDa cleaved IL-1p isoform into
the media from asthmatic BALF macrophages that had been stimulated with APOE. Taken
collectively, these results show that APOE acts via the NLRP3 inflammasome and caspase-1
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to induce the cleavage and secretion of mature IL-1p from both THP-1 macrophages and
asthmatic BALF macrophages.

APOE Activates the NLRP3 Inflammasome in Macrophages via a Potassium Efflux-
dependent Mechanism

We next sought to define the mechanism by which APOE activates the NLRP3
inflammasome in macrophages. Mitochondrial dysfunction with associated production of
reactive oxygen species (ROS) has been implicated in NLRP3 activation, although its exact
role remains unclear*’- 48, Treatment of THP-1 macrophages with the mitochondria-targeted
anti-oxidant, MitoTEMPO, which is a specific scavenger of mitochondrial superoxide, did
not attenuate, but instead increased APOE-mediated IL-1p secretion (Figure 8A). Next, we
considered whether APOE might efflux cholesterol from macrophages, thereby causing a
reduction in cellular cholesterol levels that activates the NLRP3 inflammasome3: 4 49. 50,
As shown in Figure 8B, acute depletion of cellular cholesterol using methyl-B-cyclodextrin
(MBCD) induced IL-1p secretion from THP-1 macrophages, whereas its inactive analog,
aCD, did not, which is consistent with activation of the NLRP3 inflammasome by
cholesterol depletion. However, incubation of THP-1 macrophages with cholesterol-loaded
MBCD to maintain cellular cholesterol levels®l, did not prevent, but instead increased,
APOE-mediated increases in IL-1f secretion (Figure 8C). Lysosomal damage with the
release of cathepsins, represents the mechanism by which endogenous crystals, such as
cholesterol, urate and amyloid-p, as well as exogenous crystals, such as silica, urate

and aluminum salts, activate the NLRP3 inflammasome?1: 45-47.52_Fyrthermore, it has
been demonstrated that multiple cathepsins mediate this effect4’: 23, Therefore, we next
considered whether APOE might facilitate cholesterol transport into macrophages as a
mechanism to activate the NLRP3 inflammasome. However, as shown in Figure 8D,
cathepsin inhibitors, E64d and CA-074me, only caused small reductions in APOE-mediated
IL-1p secretion by THP-1 macrophages*l 45 46.52-54 Next, we assessed whether the
APOE-mediated activation of the NLRP3 inflammasome involves ATP, which functions as
a danger signal to bind the purinergic receptor P2X7 (P2RX7) and activate the NLRP3
inflammasome®®. Treatment with the P2RX7 antagonist, A438079, also caused only a small
reduction in APOE-mediated IL-1@ secretion from THP-1 macrophages (Figure 8E)%5,

Potassium efflux is recognized as a common trigger that activates the NLRP3
inflammasome in response to diverse stimuli, such as ATP, nigericin, and particulate matter,
however, potassium efflux-independent mechanisms of NLRP3 activation have also been
identified® 58, To assess the role of potassium efflux in APOE-mediated NLRP3 activation
in macrophages, extracellular potassium was added to the culture medium of THP-1 cells
to prevent a reduction in intracellular potassium concentrations®’. As shown in Figure 8F,
extracellular potassium, at concentrations ranging from 12.5 mM to 50 mM, significantly
inhibited APOE-mediated IL-1p secretion from THP-1 macrophages. Furthermore, the
ability of 50 mM KCl to inhibit IL-1p secretion was almost complete. Taken collectively,
these results suggest that potassium-efflux is the primary mechanism by which APOE
induces NLRP3 inflammasome activation and IL-1p secretion from THP-1 macrophages.
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To confirm the role of potassium efflux in APOE-mediated NLRP3 activation in
macrophages, additional experiments were performed using human monocyte-derived
macrophages (HMDMSs). As shown in Figure 9A and 9B, neither the cathepsin inhibitors,
E64d and CA-074me, nor the P2RX7 antagonist, A438079, inhibited APOE-mediated IL-1p
secretion from HMDMs. In contrast, extracellular potassium, at concentrations ranging from
6.25 mM to 25 mM, significantly attenuated APOE-mediated IL-1f secretion from HMDMs
(Figure 9C). Taken collectively, these results are consistent with the conclusion that APOE
mediates NLRP3 activation and IL-1 secretion from macrophages by a potassium efflux-
dependent mechanism.

Discussion

Although APOE is expressed by pulmonary macrophages and modulates HDM-induced
airway hyperreactivity and mucous cell metaplasia in mice, its role in regulating airway
inflammatory responses in asthmatic patients is not well defined®. The first goal of this study
was to identify the inflammatory mediators that induce APOE production by asthmatic
airway macrophages. We found that HDM, but not other pro-inflammatory mediators,
such as type 1, 2, and 17 cytokines, or TLR3 and TLR4 ligands, were capable of

inducing APOE secretion by asthmatic BALF macrophages. Furthermore, HDM-mediated
increases in APOE secretion from asthmatic BALF macrophages were not prevented by
dexamethasone. This is consistent with our prior finding in mice, which showed that
sensitization and challenge with HDM increased Apoe mRNA levels in the lung that

was resistant to inhibition by corticosteroids8. Collectively, these results suggest that
APOE derived from asthmatic airway macrophages may play a role in modulating airway
inflammatory responses to HDM. HDM is a complex allergen that is comprised of both
mites and fecal pellets26: 59, Important components of HDM allergen are serine and
cysteine proteases that signal via protease-activated receptors, such as PAR-2, to amplify
allergic airway inflammation. Furthermore, multiple HDM allergens can activate PAR-2,
while PAR-2-deficient mice have reduced HDM-induced allergic airway inflammation®0.
Consistent with this, we found that HDM-induced APOE secretion by asthmatic BALF
macrophages involved HDM-derived serine and cysteine proteases, as well as PAR-2.

Not only did HDM induce APOE secretion by asthmatic BALF macrophages, we

also found that it induced IL-1p secretion. This is consistent with prior reports which
showed that HDM can both increase pro-IL-1p expression in human monocyte-derived
macrophages and activate the NLRP3 inflammasome in keratinocytes via a cysteine
protease-dependent pathway3L: 32, As HDM induced the secretion of both APOE and IL-1p
from asthmatic BALF macrophages, we hypothesized that APOE might also modulate
NLRP3 inflammasome activation and IL-1f secretion by these cells. Consequently, the
second goal of this study was to identify how APOE regulates NLRP3 inflammasome
activation and IL-1p secretion from asthmatic airway macrophages. IL-1p is a prototypical
pro-inflammatory cytokine that plays a central role in mediating innate immune responses
in the lung in response to infection or noxious stimuli, such as allergens, cigarette

smoke, or particulate matter43 61-63 Both the NLRP3 inflammasome and I1L-1f have

also been linked to neutrophilic airway inflammation and increased disease severity in
severe, steroid-resistant asthma®4-%8. Consistent with this, neutrophilic airway inflammation,
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disease severity, and steroid resistance in asthmatics correlate with sputum levels of NLRP3
and I1L-1p6.

The pathway generating mature IL-1p is complex and tightly regulated. IL-1 is initially
synthesized as a 31-kDa precursor that is processed by proteolytic cleavage to generate

a mature 17-kDa protein, which binds to and signals via the IL-1 receptorl. Caspase-1

is the key protease that processes pro-IL-1p to its mature form, however, non-canonical,
caspase-1-independent pathways have also been identified that involve caspase-5 or
caspase-82: 69, Similar to IL-1p, caspase-1 is initially generated as an inactive precursor
that is activated by auto-proteolytic processing induced by formation of a high-molecular
weight multimeric protein complex, termed the inflammasome3®: 61-63. 70 Five canonical
inflammasomes have been identified, which include the sensor proteins, NLRP1 (nucleotide-
binding oligomerization domain (NOD), leucine-rich repeat (LRR)-containing protein 1),
NRLP3, and NLRC4 (NLR family caspase recruitment domain (CARD)-containing 4), as
well as pyrin and AIM2 (absent in melanoma 2)61. 63, 70. 71 The best characterized of these
is the NLRP3 inflammasome.

Two signals are typically required for activation of the NLRP3 inflammasome. Signal 1
typically involves Toll-like receptor signaling, by a PAMP (pathogen-associated molecular
pattern), such as LPS, which then induces the NF-xB-mediated synthesis of NLRP3 and
pro-1L-1B, thereby priming the inflammasome®?. Signal 2 is typically a PAMP or a host-
derived DAMP (danger-associated molecular pattern) of either endogenous origin, such as
cholesterol crystals, uric acid crystals, adenosine tri-phosphate (ATP), and amyloid-f, or
exogenous origin, such as adjuvant aluminum hydroxide, smoke, particulate matter and
allergens?>: 46 52,63 Upon sensing signal 2, NLRP3 nucleates the adaptor molecule, ASC
(apoptosis-associated speck-like protein containing a caspase activation and recruitment
domain), which then recruits caspase-1, followed by autocatalytic cleavage and activation of
caspase-1 to generate its active p33 subunit that cleaves pro-IL-1p and generates a mature
IL-1p that is secreted from cells®>. Here, we show that APOE functions as both signal 1,
which induces expression of NLRP3 and pro-IL-1 to prime the inflammasome, as well

as signal 2, which activates caspase-1 within the NLRP3 to cleave pro-IL-1p and generate
its mature 17-kDa form that is secreted from asthmatic BALF macrophages. Furthermore,
APOE acts synergistically with HDM to enhance the expression of NLRP3 and pro-1L-1f
by asthmatic BALF macrophages, as well as to increase the amount of I1L-1p that is secreted
from these cells. Similarly, APOE acted synergistically with HDM /n vivoto induce IL-1p
release into BALF.

We show that the mechanism by which APOE serves as signal 2 to activate the NLRP3
inflammasome in asthmatic airway macrophages is primarily dependent upon potassium
efflux from cells. A decrease in cytosolic potassium levels due to efflux from cells has

been recognized to represent a common pathway that is necessary and sufficient to activate
the NLRP3 inflammasome in response to a variety of stimuli, such as ATP, aluminum
hydroxide, silica, uric acid, and calcium pyrophosphate crystals®’: 72, Furthermore, NEK?7,
which is a member of the NIMA-related kinase family, has been found to function

as a NLRP3-binding protein that acts downstream of K* efflux and induces NLRP3
inflammasome assembly and activation’3. However, potassium efflux-independent activation
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of NLRP3 inflammasome and IL-1p secretion has been found in bone marrow-derived
dendritic cells stimulated with the small nucleoside analog, imiquimod, which is a ligand
for Toll-like receptor 7°8. Therefore, we assessed whether APOE induced NLRP3 activation
and IL-1p secretion from macrophages by a potassium-dependent or potassium-independent
mechanism. Consistent with the central role of potassium efflux in activating NLRP3

in response to a variety of stimuli, we show that APOE-mediated IL-1p secretion from
macrophages was significantly inhibited when potassium chloride was added to the culture
medium to prevent APOE-mediated reductions in intracellular potassium levels’2,

Spatial heterogeneity exists regarding the concentration of APOE present in different
anatomic compartments. In the circulation, APOE is primarily complexed with lipoproteins
and is present at concentrations of 12 to 32.5 pg/mL (352 to 955 nM) in asthmatic

serum34 74, APOE also can be found at lower levels under physiological conditions’4.

For example, the concentration of APOE in ELF from healthy adults ranges from 10 to 80
ng/mL (0.3 to 2.4 nM), with a median concentration of 60 ng/mL (1.8 nM)36. Here, we
show that concentrations of APOE similar to levels present in ELF from healthy individuals
neither activated the NLRP3 inflammasome nor induced the secretion of mature IL-1p
from asthmatic BALF macrophages. In contrast, APOE at concentrations = 25 nM, induced
the cleavage of pro-IL-1p to its mature 17-kDa form that was secreted from cells. These
findings suggest that APOE acts as a concentration-dependent danger signal for asthmatic
BALF macrophages that induces NLRP3 activation and IL-1p secretion when APOE
concentrations are pathologically increased above basal levels. Using a viral exacerbation
model of HDM-mediated murine airways disease characterized by neutrophilic airway
inflammation and increased I1L-1p production3’, we showed that APOE concentrations in
ELF reach a concentration of 32 nM, which is sufficiently high to activate the NLRP3
inflammasome in ex vivo cultures of asthmatic BALF macrophages. Furthermore, the
disruption of microvascular integrity with leakage of APOE from plasma into the lung may
represent an additional mechanism that further increases local concentrations. Consistent
with this, increased microvascular permeability due to the contraction of post-capillary
venular endothelial cells and the exudation of plasma proteins is a characteristic feature

of allergic asthmatic inflammation”>-79. HDM proteases induce and enhance vascular
permeability, which may in part be mediated by the activation of the kinin-kallikrein
system to generate bradykinin8%: 81, Similarly, experimental murine allergic asthma caused
by ovalbumin induces the production of hypoxia inducible factor—a and insulin-like
growth factor-1, which act through vascular endothelial growth factor to induce vascular
permeability and plasma exudation into the lung’®.

Our lab previously reported that APOE has a protective effect in HDM-induced

asthma based upon experiments which showed that airway hyperreactivity and mucous

cell metaplasia were increased in HDM-challenged Apoe™~ mice, whereas eosinophil-
predominant airway inflammation was not modified®. Here, we sought to assess whether
APOE might modify NLRP3 inflammasome activation and IL-1p secretion by asthmatic
BALF macrophages. Based upon our prior result using a murine model of HDM-induced
airways disease, we anticipated that APOE might suppress HDM-induced IL-1 secretion®.
Instead, we found that APOE activated the NLRP3 inflammasome in asthmatic BALF
macrophages and induced IL-1f secretion when concentrations exceeded levels that had
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previously been found in ELF from healthy individuals3®. Furthermore, using a murine
viral exacerbation model of HDM-induced neutrophilic airway inflammation, we show
that APOE concentrations in mouse ELF are sufficiently high to activate the NLRP3
inflammasome in ex vivo cultures of asthmatic BALF macrophages. Taken collectively,

we propose that APOE can reach concentrations in the lung that may activate the NLRP3
inflammasome and induce IL-1 secretion. This may be relevant for allergic asthmatics
with HDM-induced disease who develop asthma exacerbations caused by double-stranded
RNA viruses, such as influenza, rhinovirus, or respiratory syncytial virus, as IL-1p has been
shown to mediate neutrophilic airway inflammation in this setting®: 38, In addition, our
contrasting results from murine models induced by HDM in Apoe-null mice on a C57BL/6
background®, versus HDM+poly(l:C) in wild type mice on a Balb/c background, suggest
that APOE has context-dependent effects in the setting of neutrophilic as compared to
eosinophilic airway inflammation, as well as when APOE levels are increased as compared
to when APOE is absent from the lung.

In conclusion, we have identified that HDM induces APOE secretion from asthmatic
BALF macrophages by a mechanism that involves activation of PAR-2 signaling by HDM-
derived serine and cysteine proteases. Furthermore, we for the first time identify a role

for APOE as an endogenous, concentration-dependent danger signal that activates the
NLRP3 inflammasome and induces IL-1p secretion by asthmatic BALF macrophages via
a mechanism that involves potassium efflux from cells. Concentrations of APOE that are
normally present in the lungs of healthy individuals were not sufficient to activate the
NLRP3 inflammasome nor induce IL-1f secretion. In contrast, APOE concentrations that
exceeded those normally present in the lung induced the expression of both NLRP3 and
pro-I1L-1B, as well as activated caspase-1 to generate mature I1L-1p that is secreted from
cells. Thus, we propose that pathologic increases in local APOE concentrations in the

lung may serve to promote and amplify pulmonary inflammatory responses to HDM via
the generation of macrophage-derived IL-1p. This may contribute to the pathogenesis of
neutrophilic airway inflammation when a viral respiratory infection complicates house dust
mite-induced asthma (Figure 10).
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BALF bronchoalveolar lavage fluid

DAMP danger-associated molecular pattern
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NLRP nucleotide-binding oligomerization domain (NOD), leucine-rich

repeat (LRR)-containing protein

PAMP pathogen-associated molecular pattern
PAR protease-activated receptor

PMA phorbol 12-myristate 13-acetate

TLR Toll-like receptor

TNF-a tumor necrosis factor-a

VLDL very low-density lipoproteins
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Key Messages:

House dust mite-derived cysteine and serine proteases induce the secretion of
apolipoprotein E from asthmatic macrophages via protease-activated receptor
2.

Apolipoprotein E, at concentrations that exceed those normally found in

lung epithelial lining fluid (ELF) from healthy individuals, both primes and
activates the NLRP3 inflammasome in asthmatic macrophages to induce
IL-1p secretion. Results from murine studies showed that apolipoprotein E
can reach levels in ELF that are sufficiently high to activate the macrophage
NLRP3 inflammasome and increase bronchoalveolar lavage fluid IL-18

in the setting of viral exacerbations of house dust mite-induced asthma
characterized by neutrophilic airway inflammation. This may allow increases
in lung apolipoprotein E to act as an endogenous danger signal that amplifies
pulmonary inflammatory responses.
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Figure 1. House dust mite (HDM) induces apolipoprotein E (APOE) secretion from asthmatic
bronchoalveolar lavage fluid (BALF) macrophages.

A. BALF macrophages from asthmatic subjects were treated for 24 hours with HDM (10
pg/mL), dexamethasone (0.1 uM), HDM + dexamethasone, IFN-y (10 ng/mL), TNF-a (10
ng/mL), IL-13 (10 ng/mL), IL-17 (10 ng/mL), poly I:C (25 pg/mL), or LPS (10 ng/mL) (n
= 12 subjects, P < 0.0001 versus media). B. BALF macrophages were treated with HDM
alone or in combination with E64 (10 uM) or AEBSF (150 pM) (n = 12 subjects, P < 0.05
versus HDM). C. BALF macrophages were treated with HDM alone or in combination with
a PAR-1 antagonist (10 uM) or PAR-2 antagonist (10 uM) (h = 12 subjects, P < 0.01 versus
HDM). A one-way ANOVA with Dunnett’s multiple comparisons test was utilized for all
experiments.
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Figure 2. APOE is Signal 1 and Signal 2 for NLRP3 inflammasome activation and IL-1p
secretion by asthmatic BALF macrophages.

A. Macrophages were cultured with or without HDM (10 pg/mL) for 24 hours. (n = 10
asthmatics, P = 0.002, Wilcoxon matched-pairs signed rank test). B. Macrophages were
cultured with HDM (10 pg/mL), APOE (500 nM), HDM + APOE, or LPS (38 pg/mL),
for 24 hours. (n =4, P < 0.05 vs. media, Sidak’s multiple comparisons test). This result is
representative of 6 asthmatics. C, D and E. Western blots of macrophage lysates from the
subject in panel B. F. Western blots of media from the subject in panel B. Western blots
shown are representative of 3 independent experiments using macrophages from different
asthmatics. G. Mice received saline (control), HDM (50 pg), APOE (12 ug), or HDM +
APOE, daily for 5 days. On Day 8, the HDM, APOE and HDM + APOE groups received
HDM (100 pg) and bronchoalveolar lavage was performed 4 hours later. H. IL-1p in BALF
from mice challenged with saline (control), HDM, APOE, or HDM + APOE (n = 15 mice
per group, * P = 0.0001 vs. control (saline), Dunnett’s multiple comparisons test).
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Figure 3. APOE induces concentration-dependent IL-1p secretion by asthmatic BALF
macrophages.

Asthmatic BALF macrophages were cultured with increasing concentrations of APOE (0.25
nM to 500 nM) for 24 hours and Western blots were performed on cell lysates (Panels A
and B) and cell culture media (Panel C). The Western blot shown is representative of 3
independent experiments using BALF macrophages from different asthmatic subjects.
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Figure 4. Murine viral exacerbation model of HDM-induced neutrophilic airway inflammation.
A. Mice were sensitized by intranasal administration of saline (control) or HDM (50 pg)

daily for 5 days (n = 14 mice per group). To mimic a viral exacerbation, the HDM group
mice received intranasal administration of the dsRNA surrogate, poly(l:C) (150 ug) daily, on
days 8 to 10. On day 11, the HDM group was challenged by intranasal administration of
HDM (100 pg) and lungs were harvested for bronchoalveolar lavage 4 hours later. B. The
amount of IL-1f in BALF was quantified by ELISA (*P < 0.0001, unpaired t test). C. BALF
cell counts (*P < 0.0001, Mann-Whitney test). D. The amount of APOE in lung epithelial
lining fluid (ELF) was quantified by ELISA (*P = 0.0046, Mann-Whitney test).

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 May 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gordon et al. Page 26

A & B d
& R
& o LN St
ROECK FTELY
NLRP3 — o et e __=:1|§g kDa Caspase-1 e S gg kDa
— 40
— 30 p33 = — 30
ASC 20 =8 w S B2 — 20
- 20
P20 »
_ — 40
B-actin cums s e s G _ Pro-IL-1p —— _ a9
- 20
Cleaved - 20
ILAp -

B-actin e e s bt se— 40

&
C vgo
© S Y o
FEEE S
Caspase-1 - 28 KDa
- 40
p33 > — 30
P20 » — - = 2
Cleaved e KEa
IL-1B - 20
Ponceau S

Figure 5. APOE induces the expression of pro-1L-1p and NLRP3, as well as the secretion of
cleaved IL-1@8, by THP-1 macrophages.

THP-1 macrophages were cultured with HDM alone (10 pg/mL), APOE alone (50 nM),
HDM + APOE, or LPS alone (38 pg/mL), for 4 hours. Western blots were performed on
cell lysates (Panels A and B) and cell culture media (Panel C). The Western blot shown is
representative of 4 independent experiments that showed similar results.
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Figure 6. APOE-mediated IL-1pB Secretion by THP-1 macrophages is partially suppressed by
corticosteroids.

A. THP-1 macrophages were treated with APOE (0.5 — 500 nM). (n =9, * p < 0.004 versus
APOE (0 nM)). B. THP-1 macrophages were treated with HDM (10 pg/mL), APOE (50
nM) or APOE + HDM (n =9, * p < 0.0066 versus media). C. THP-1 macrophages were
treated with APOE (50 nM) or IL-10 (54 nM) (n =9, * p = 0.0001 versus media). D. THP-1
macrophages were treated with APOE (50 nM) or LPS (38 pg/mL). (n =9, * p < 0.001 vs.
media) E. THP-1 macrophages were treated with APOE (50 nM) or APOE plus Polymyxin
B (25 pg/mL) (n =9, p = ns, APOE vs. APOE + Polymyxin B). F. THP-1 macrophages were
treated with APOE (50 nM) or APOE plus Dexamethasone (0.1 uM) (n =9, * p < 0.0001).
Pooled data from 3 independent experiments using a 4 hour treatment are shown. Panels A
and C were analyzed using Dunnett’s multiple comparisons test and Panels B, D through F
were analyzed using Sidak’s multiple comparisons test.
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Figure 7. APOE-mediated IL-1p secretion by THP-1 and asthmatic macrophages is mediated by
activation of the NLRP3 inflammasome and caspase-1.

A. THP-1 macrophages were treated with APOE plus the NLRP3 inhibitor, MCC950 (1
uM), or vehicle (DMSO), for 4 hours and the quantity of IL-1f secreted into the media
was quantified by ELISA. (n =9, * p < 0.0001 APOE + MCC950 vs. APOE + Vehicle,
Sidak’s multiple comparisons test). B. THP-1 macrophages were treated with APOE plus
the selective caspase-1 inhibitor, Z-YVAD-FMK (10 pM), or Vehicle (DMSO) for 4 hours
and the quantity of IL-1p secreted into the media was quantified by ELISA. (n =9, * p <
0.0001 APOE + Z-YVAD-FMK vs. APOE + vehicle, Sidak’s multiple comparisons test). C.
Asthmatic BALF macrophages were cultured with media, as well as APOE plus MCC950
(1 pM), Z-YVAD-FMK (10 pM), or vehicle (DMSO) for 24 hours. Proteins secreted into
the media were separated by SDS-PAGE and reacted with antibodies that detected cleaved,
mature, 17-kDa IL-1p. Total proteins were stained with Ponceau S to show equivalency of
protein loading in each well. The Western blot shown is representative of 4 independent
experiments using BALF macrophages from different asthmatic subjects.
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Figure 8. Potassium efflux, P2ZRX7 and lysosomal cathepsins mediate APOE-induced IL-1p
secretion by THP-1 macrophages.

A. Cells were treated with APOE (50 nM) +/= MitoTEMPO (500 uM) for 4 hours. (n =9,
*p <0.01, APOE vs. APOE + MitoTEMPO). B. Cells were treated with APOE (50 nM),
methyl-B-cyclodextrin (MBCD, 5 mM) or a-cyclodextrin (aCD, 5 mM), for 2 hours. (n =

9, * p <0.0001, versus media). C. Cells were treated with cholesterol-loaded MBCD (100
pg/mL), APOE (50 nM), or APOE + cholesterol-loaded MBCD for 2 hours. (=9, * p <
0.0001 APOE vs. APOE + cholesterol-loaded MBCD). D. Cells were treated with APOE (50
nM) plus vehicle (DMSO) or APOE plus E64d (10 pM) or CA-074me (10 uM) for 4 hours.
(n=9,* p<0.0001 versus APOE + \khicle). E. Cells were treated with APOE (50 nM)
plus A438079 (25 uM) or vehicle (DMSO) for 4 hours. (n =9, * p < 0.02 versus APOE +
Vehicle). F. Cells were treated with APOE (50 nM) in media containing KCL (0 to 50 mM)
for 2 hours. (n =9, * p <0.0001, versus APOE). Sidak’s multiple comparisons test was used
for Panels A and C and Dunnett’s multiple comparisons test was used for Panels B and F.
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Figure 9. APOE-mediated IL-1pB Secretion by Human Monocyte-derived Macrophages is
Primarily Mediated via a Potassium Efflux-dependent Mechanism.

A. Human monocyte-derived macrophages (MDMs) were treated with APOE (50 nM) plus
vehicle (DMSO) or APOE plus either E64-d (10 uM) or CA-074me (10 uM) for 24 hours

(n =15, p = ns, versus APOE + Vehicle, Dunnett’s multiple comparisons test). B. Human
MDMs were treated with APOE (50 nM) plus either A438079 (25 uM) or vehicle (DMSQO)
for 24 hours. (n = 15, p = ns, versus APOE + Vehicle, Dunnett’s multiple comparisons test).
The data shown in Panels A and B are pooled results from 5 donors. C. Human MDMs were
treated with APOE (500 nM) in cell culture media that had been supplemented with KCL (0
to 25 mM) for 7 hours. (n =5, * p < 0.016, versus APOE, Dunnett’s multiple comparisons
test). This result is representative of experiments performed using human MDMs from 3
donors.
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Figure 10. Proposed model of APOE-mediated NLRP3 inflammasome activation and IL-1f
secretion by asthmatic macrophages.

APOE in the asthmatic lung can be increased via several mechanisms; (i) serine and
cysteine proteases within house dust mite (HDM) induce APOE secretion by asthmatic
macrophages, (ii) HDM-derived proteases induce microvascular permeability and exudation
of plasma that contains APOE into the airway8% 81 and (iii) viral exacerbations of HDM-
mediated airways disease in mice induce increases in epithelial lining fluid (ELF) APOE
concentrations that augment IL-1f production and neutrophilic airway inflammation. APOE,
at concentrations that exceed those normally found in ELF from healthy individuals, induces
the expression of NLRP3 and pro-IL-1B, which primes the inflammasome in macrophages.
APOE also activates the NLRP3 inflammasome in macrophages by a potassium efflux-
dependent mechanism, which results in the caspase-1-mediated generation of a mature
17-kDa IL-1p that is secreted. HDM can also act synergistically with APOE to both

prime and activate the NLRP3 inflammasome and induce IL-1p secretion from asthmatic
macrophages. Collectively, this may represent a mechanism how pathologic increases in
local APOE concentrations in the lung can serve as an endogenous danger signal that
amplifies neutrophilic airway inflammation in the setting of viral exacerbations of house
dust mite-induced asthma.
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