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Abstract

Objective: Apolipoprotein A-I binding protein (AIBP) is an effective and selective regulator of
lipid rafts modulating many metabolic pathways originating from the rafts, including
inflammation. The mechanism of action was suggested to involve stimulation by AIBP of
cholesterol efflux, depleting rafts of cholesterol, which is essential for lipid raft integrity. Here we
describe a different mechanism contributing to the regulation of lipid rafts by AIBP.

Approach and Results: We demonstrate that modulation of rafts by AIBP may not exclusively
depend on the rate of cholesterol efflux or presence of the key regulator of the efflux, ATP binding
cassette transporter A-1 (ABCAL). AIBP interacted with phosphatidylinositol 3-phosphate
[PI(3)P], which was associated with increased abundance and activation of Cdc42 and re-
arrangement of the actin cytoskeleton. Cytoskeleton re-arrangement was accompanied with
reduction of the abundance of lipid rafts, without significant changes in the lipid composition of
the rafts. The interaction of AIBP with PI(3)P was blocked by AIBP substrate, NADPH, and both
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NADPH and silencing of Cdc42 interfered with the ability of AIBP to regulate lipid rafts and
cholesterol efflux.

Conclusions: Our findings indicate that an underlying mechanism of regulation of lipid rafts by
AIBP involves PIP-dependent rearrangement of the cytoskeleton.
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Introduction

Apolipoprotein A-1 Binding Protein (AIBP) is a ubiquitously expressed protein: its
expression and secretion was characterized in humans, mice and zebrafish, and homologous
genes were found in organisms of various taxal. Physiologic functions of AIBP, both
intracellular and systemic, are unclear, but interest in this protein was ignited because of its
ability to mitigate inflammation in a wide range of pathological conditions. Intrathecal
injections of AIBP in mice were able to reduce neuroinflammation, effectively reversing
established tactile allodynia2. Systemic overexpression of AIBP reduced inflammation and
development of atherosclerosis in murine models of this disease® 4. Inhalation of AIBP
reduced acute lung injury in mice®. Further, AIBP was able to regulate angiogenesis® 7 and
haematopoiesis®, had an anti-cancer effects® and reduced HIV replication in T cells and
macrophages’®. The mechanistic basis for such a broad range of beneficial activities is
believed to be the capacity of AIBP to bind to apolipoprotein A-1 (apoA-1), lipid-free or as a
constituent of high density lipoprotein (HDL), stimulate cholesterol efflux and modify lipid
rafts in target cellst. Lipid rafts are dynamic “ordered” domains in the generally “liquid-
disordered” plasma membrane; they host many inflammatory receptors and serve as a
platform for assembly and signalling of these receptors!l. Properties and abundance of lipid
rafts are important elements of the regulation of activity of many inflammatory receptors
and, consequently, of inflammation in generall2. Furthermore, lipid rafts are intimately
involved in regulation of endo- and exocytosis, apoptosis, cell cycle and cell mobility.
Modification or breakdown of lipid rafts by AIBP may therefore be a key contributor to the
anti-inflammatory and other beneficial properties of AIBP.
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According to the current hypothesis, AIBP binds to a raft-associated receptor, most likely
TLR42. After binding to the rafts, AIBP binds apoA-I and/or HDL, brings them to the rafts
and facilitates their interaction with ABCAZ1 prompting rapid and effective efflux of
cholesterol from lipid rafts to apoA-I and/or HDL!. Cholesterol is an essential structural
component of lipid rafts and cholesterol depletion changes functional properties and
eventually results in disintegration of raftsl: 13, Increased binding of apoA-I to ABCAL1 also
leads to stabilization of ABCA113, the latter is capable of regulation of lipid rafts not only
through potentiating cholesterol efflux, but also through changes in cytoskeleton# 13, In this
study we propose a different mechanism of regulation of lipid rafts by AIBP that does not
rely on interaction with apoA-I and does not involve ABCA1 and cholesterol efflux, but
instead involves interaction with phosphoinositides and rearrangement of the cytoskeleton.

Materials and Methods

The authors declare that all supporting data are available within the article and its online
supplementary files.

Cells

THP-1 human monocyte cells (ATCC, Manassas, VA) were grown in RPMI1640 +
Glutamax (Life Technologies) containing 10% heat inactivated foetal bovine serum (FBS;
GE Healthcare) and 100 U/mL penicillin-streptomycin (Pen-Strep; Life Technologies).
THP-1 cells were differentiated into macrophages by incubation with 100 ng/mL phorbol
12-myristate 13-acetate (PMA,; Sigma-Aldrich) for 72 hours.

Human umbilical vein endothelial cells (HUVECs; ATCC, Manassas, VVA) were grown in
Medium 199 (Sigma-Aldrich) containing 10% FBS, 20 mM HEPES (Life-Technologies),
100 U/mL Pen-Strep, 300 U/mL Heparin (Sigma-Aldrich) and 70 ug/mL endothelial cell
growth supplement (ECGS; Bio-Rad). Prior to seeding HUVECs, cell-culture plates were
coated with 0.2% gelatine.

HelLa cells (ATCC, Manassas, VA) were grown in DMEM (Life Technologies) containing
10% FBS, 100 U/mL Pen-Strep, 150 pug/ml G-418 (Gibco) and 200 pg/ml hygromycin B
(Life Technologies). HeLa cells stably expressing GFP-tagged ABCA1 or ABCG1 were a
kind gift of Dr. Alan Remaley and were described previously6.

Human skin fibroblasts, normal and from donor with Tangier disease, were a kind gift from
Dr. Alan Remaley. Fibroblasts were grown in DMEM containing 10% FBS and 100 U/mL
Pen-Strep.

SH-SY5Y human neuroblastoma cells (ATCC, Manassas, VA) were grown in Dulbecco’s
modified Eagle’s/F12 medium (DMEM/F12; Life Technologies) supplemented with 10%
FBS. Prior to seeding SH-SY5Y cells, cell-culture plates were with collagen-coated. SH-
SY5Y cells were differentiated for five days with complete media supplemented with 10 pM
retinoic acid (Sigma-Aldrich), followed by a secondary differentiation for two days with
serum-free DMEM/F12 medium with 5 ng/ml brain derived neurotrophic factor (BDNF)
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(Abcam). Differentiated cells were subsequently maintained in serum-free BDNF-containing
media.

BV-2 murine microglial cells (ATCC, Manassas, VA) were grown in high-glucose DMEM
(Gibco) containing 5% FBS and 100 U/mL Pen-Strep. All cells were grown in a humidified
37°C, 5% CO, incubator.

Recombinant His-tagged AIBP was from Sino Biological or custom ordered from Selvita,
Inc. AIBP was added to cells in serum-free medium at concentration 0.4 pg/ml unless a
different concentration is indicated. For cholesterol efflux experiments, AIBP was co-
incubated with cholesterol acceptors for 2-24 h. When cells were treated with
lipopolysaccharide (LPS; Sigma-Aldrich), it was added at the final concentration of 1 pug/ml
for 6 hours prior to adding AIBP and was included into incubation with AIBP, unless
indicated otherwise. For cholesterol efflux experiments, LPS was added during serum free as
well as cholesterol efflux incubations. To eliminate lipid rafts, cells were treated with 5 mM
methyl-B-cyclodextrin (MBCD; Sigma-Aldrich) for 15 minutes prior to AIBP treatment or
incubation with acceptors for cholesterol efflux experiments. To determine if NADPH
blocks AIBP’s ability to increase cholesterol efflux, indicated concentrations of NADPH
were co-incubated with cholesterol acceptors and cells in the presence or absence of AIBP.
To test the effect of wortmannin, it was added in cell culture medium with 5% FBS at a final
concentration of 200 nM 30 min prior to incubating cells with LPS (15 min, 100 ng/ml).

Cholesterol efflux

Cholesterol efflux was measured as described previouslyl’. Briefly, cells were labelled by
incubation in serum-containing medium supplemented with [3H]-cholesterol (75 kBg/ml,
American Radiolabeled Chemicals) for 72 hours. Cells were washed and incubated for 6
hours in serum-free media. For 2 and 4 hour efflux experiments, human apoA-1 (kind gift
from CSL Behring) was added to the final concentration of 30 pg/ml unless stated otherwise.
For 24 hour and time-course cholesterol efflux experiments, apoA-I, HDL or 5A mimetic
peptide were added to the final concentration of 10 pg/ml, 20 pg/ml or 20 pg/ml respectively.
Specific cholesterol efflux was calculated as a proportion of radioactivity moved from cells
to medium; non-specific efflux (i.e. the efflux to the medium without acceptor) was
subtracted. When release of cholesterol with extracellular vesicles (EV) and nascent
lipoproteins was investigated, cells were activated and labelled as described above, and
incubated for 24 h in serum-free medium in the presence or absence of 0.4 ug/ml AIBP in
absence of an acceptor. After incubation cell culture medium was centrifuged for 5 min at
200 x g to remove cell debris and then for 90 min at 60,000 x g using TLA-120.2 rotor to
pellet EVs. The radioactivity remaining in the supernatant after centrifugation was
designated as “nascent lipoprotein” fraction.

Western blotting

Cultured cells were lysed in RIPA buffer containing protease/phosphatase inhibitor cocktails
(Roche) prior to SDS-PAGE. Lysates or lipid raft fractions were separated by SDS-PAGE,
transferred to PVDF or nitrocellulose membrane and following a block in 4% skim milk
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probed with antibodies listed below. Images were taken and quantitated using GBox
(Syngene).

Confocal microscopy

Cells were grown in p-slide 8 well chamber slides (ibidi). The abundance of lipid rafts was
assessed using Vybrant lipid raft labelling kit (Life Technologies) according to
manufacturer’s protocol. Briefly, cells were incubated with AlexaFluor 488-conjugated CT-
B (Life Technologies) for 10 min, washed and cross-linked by incubation with anti-CTB
antibody for 10 min at 4°C, then fixed with 4% paraformaldehyde for 10 minutes at room
temperature.

F-actin was visualized with LifeAct-TagGFP2 Protein (ibidi) according to manufacturer’s
protocol. Briefly, cells were fixed with 4% paraformaldehyde for 10 minutes at room
temperature, washed with PBS, permeabilised with 0.1% Triton X-100 for 5 minutes and
then washed again with PBS. Cells were incubated with LifeAct-TagGFP2 Protein 1 hour
and imaged.

Membrane fluidity was measured with di-4-ANEPPDHQ (Life Technologies) as
described!8. Briefly, cells were washed and incubated with di-4-ANEPPDHQ for 15
minutes. Cells were then washed with PBS and imaged on confocal by exciting di-4-
ANEPPDHQ at 488nm. Two-channel image acquisition was performed at 595+25 nm
(ordered phase) and at 700 (Long Pass) nm (disordered phase). Focussing on the cellular
membrane, results are then expressed as a ratio of ordered: disordered phase.

Images were captured using a Nikon Alr+ confocal microscope equipped with 60x Water
Immersion objective (Nikon 60x or 40x Plan Apo VC, WI NA 1.2) and were analysed using
Fiji software.

In the experiments detecting intracellular AIBP colocalization with early endosomes and
testing the effects of PI3K inhibition, cells were fixed with 4% buffered PFA (10 min),
permeabilised by 1% Triton X-100 for 20 min before staining with anti-AIBP (1:250 v/v) or
anti-EEA1 (1:250 v/v, Abcam) for 2 h, followed by a 2 h incubation with AlexaFluor-
labelled secondary antibodies (1:750 v/v).

In the experiments detecting colocalization of internalized AIBP, cells were stained with
anti-His, anti-EEAL, Anti-LAMP1 (Abcam), ER-Tracker™ Blue-White DPX
(ThermoFisher), MitoTracker™ Deep Red FM (ThermoFisher), Alexa Fluor™ 635
Phalloidin (ThermoFisher). Images were captured with a Leica SP8 confocal microscope
with LIGHTING super-resolution, and individual z-sections were analysed for
colocalizations using Imaris software.

Protein expression silencing

THP-1 cells were silenced using SiRNAgcram (Origene) or SiRNAcqca2 (Origene) using
INTERFERIn (Polyplus Transfections) according to manufacturer’s protocol with minor
modifications. Briefly, cells were passaged to 0.5 x 10° cells/ml a day before transfection.
Cells were then seeded in antibiotic-free RPMI-1640 containing 10% FBS and co-incubated
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with INTERFERIin/siRNA complex for 6 hours. Complete RPMI-1640 was added to cells
and left to incubate for 24 hours. Cells were then differentiated by adding PMA to a 100
ng/ml final concentration.

Cdc42 activity

Cdc42 activation pull down assay (Cytoskeleton) was performed according to the
manufacturer’s protocol with minor modifications. Briefly, THP-1 cells were seeded at 40%
confluency and treated as indicated. Cells were then washed with PBS and activated with
100 ng/ml bradykinin (Sigma-Aldrich) in serum-free RPMI for 5 minutes at 37°C. Cells
were washed with PBS, lysed and the supernatant was snap frozen. 400 ug of total protein
was incubated with Sepharose beads with affinity to activated Cdc42. Beads were washed,
incubated with Laemmli buffer and boiled for 2 minutes then separated with spin columns.
Eluates were finally subjected to SDS-PAGE probing for Cdc42.

Lipid raft isolation

Lipidomics

Apoptosis

Lipid raft isolation analysis was performed as described previously®. Briefly, hypo-osmotic
shock and ultracentrifugation was performed on treated cells to obtain the membrane
fraction. The fraction was then mixed with iodixanol to a 23% final concentration and
subjected to two rounds of gradient ultracentrifugation. Sixteen fractions were collected and
analysed by immunoblotting for ABCAL and flotillin 1, or by MS (lipidomics, see below).
In some experiment cellular cholesterol was trace-labeled using protocol described for
cholesterol efflux and the radioactivity in fractions were analysed on a liquid scintillation
counter.

Lipidomic analysis was performed as described previously20. Lipid raft fractions were
combined and sonicated on ice; lipids were extracted using a, single phase CHCI3:CH,OH
method. The analysis was performed by liquid chromatography electrospray ionization-
tandem mass spectrometry (LC ESI-MS/MS) using an Agilent 1290 liquid chromatography
system (Agilent Technologies), Agilent 6490 Triple Quadrapole Mass Spectrometer and
Analyst 1.5 and MultiQuant data systems (AB SCIEX). Lipid concentrations were
calculated by relating the peak area of each species to the peak area of the corresponding
internal standard.

Apoptosis was assessed as reported previously20 using Cell Death Detection ELISA kit
determining cytoplasmic histone-associated DNA fragments (TUNEL assay). Positive
control (a DNA-histone complex) was supplied by the manufacturer, negative control was
untreated THP-1 cells.

Interaction with PIP

Interaction between AIBP and PIP was assessed using PIP strips (Echelon Biosciences)
according to manufacturer’s protocol. Briefly, PIP strip was blocked with blocking buffer
(TBS containing 0.1% Tween-20 and 3% fatty acid free BSA (Sigma-Aldrich)) followed by
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an overnight incubation with 0.5 pg/ml AIBP at 4°C. Membrane was washed and probed for
AIBP. To determine if NADPH blocks AIBP binding to PIP, AIBP was pre-incubated with
1.44 mM B-NADPH (Sigma-Aldrich) for 10 minutes at room temperature prior to
incubation with PIP strip.

Differential scanning fluorimetry

AIBP or lysozyme (Sigma) at a final concentration of 50 pg/ml in PBS (without Ca** or Mg
*+) was mixed with SYPRO® Orange Protein Gel Stain (Sigma), with or without addition of
NADPH (Cayman, final concentration 10 mM,). Melting temperature was determined using

Rotor-Gene Q machine from Qiagen and calculated using Rotor-Gene Q series software.

Statistical Analysis

Data is shown as mean + SD unless otherwise stated. GraphPad Prism 8 and RStudio
software were used to examine the data for statistical significance between groups. ANOVA
was used to assess the presence of statistically significant differences between the means of
three or more independent groups, in all cases data followed a normal distribution. Post-hoc
Bonferroni correction was performed for multiple group comparisons. Otherwise, Student’s
t-test was used when data followed a normal distribution, alternatively Mann-Whitney test
on ranks was used. Experiments were conducted at a minimum of triplicates and repeated 3—
4 times. A p-value of < 0.05 was considered statistically significant.

Results

AIBP and cellular cholesterol metabolism

In this study, we investigated the effects of AIBP on cholesterol metabolism and lipid rafts.
Consistent with the previous report!3, incubation of differentiated THP-1 macrophages with
a mixture of AIBP with apoA-I or HDL over 24 h promoted cholesterol efflux (Fig. 1 A).
The rate of specific cholesterol efflux to apoA-I or HDL was modestly, but statistically
significantly higher in the presence of AIBP compared to the efflux to the same acceptor in
the absence of AIBP; AIBP alone did not support cholesterol efflux. Time-course of
cholesterol efflux is shown in Fig. 1 B revealing that the stimulation of cholesterol efflux by
AIBP is not apparent at early time-points and requires at least 24 h exposure to AIBP to
manifest. Cells in these experiments were pre-treated with LPS to mimic an inflammatory
state, AIBP did not stimulate cholesterol efflux in cells not pre-treated with LPS (Fig. 1 C).
We also tested the effects of AIBP on cholesterol efflux in two other cell types, human
umbilical cord vascular endothelial cells (HUVEC) and human neuroblastoma cells SH-
SY5Y; AIBP stimulated cholesterol efflux from both these cell types (Fig. 1 D). These
findings confirm the previous reports on stimulation of cholesterol efflux by AIBP>: 6. 813
and collectively suggest that the modulation of cholesterol efflux by AIBP most likely
results from the effects on cellular mechanisms, rather than from changes in the properties of
cholesterol acceptor.

In addition to cholesterol efflux, macrophages may release cholesterol with extracellular
vesicles (EV) and nascent apoE-containing lipoproteins. We examined the effects of AIBP
on these pathways by incubating THP-1 cells for 24 h with or without AIBP in the absence
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of any cholesterol acceptors. After the incubation, EV were precipitated by
ultracentrifugation, the remainder of the labelled cholesterol released from cells was
designated as “nascent lipoprotein” fraction. Cholesterol export with neither EV nor nascent
lipoproteins was affected by AIBP (Fig. 1 E). Further, we tested if AIBP at the same
conditions can cause apoptosis in THP-1 cells; no apoptosis in the presence or absence of
AIBP was detected (Fig. 1 F).

It was previously suggested that one consequence of enhanced cholesterol efflux due to
action of AIBP is reduction in the abundance of lipid rafts® 3. 6. Indeed, incubation of THP-1
macrophages with AIBP/apoA-I complex at conditions when AIBP stimulated cholesterol
efflux to apoA-1 led to a significant reduction in the abundance of lipid rafts (Fig. 2 A,B).
Unexpectedly, however, AIBP alone also reduced the abundance of lipid rafts (Fig. 2 A,B)
despite lack of cholesterol efflux in the absence of apoA-I or HDL (Fig. 1 A). Furthermore,
the effect of AIBP and AIBP/apoA-1 on lipid rafts was evident after 4 h exposure (Fig. 2 C)
when no effect of AIBP on the efflux was detected (Fig. 1 B). ApoA-I in the absence of
AIBP also reduced the abundance of lipid rafts after 4 h, but the effect of apoA-I alone was
not seen after 24 h (when cholesterol efflux presumably is saturated) (Fig. 2 B,C). These
findings are inconsistent with a hypothesis that reduction of the abundance of lipid rafts by
AIBP is a consequence of stimulation of cholesterol efflux. Rather, they argue that AIBP
may have an intrinsic capacity to modify lipid rafts and elevation of cholesterol efflux may
be a consequence of madification of lipid rafts. This suggestion was supported by
experiments where rafts were eliminated by treatment of cells with MBCD prior to treatment
with AIBP. We used the previously described conditions where MBCD breaks down the
rafts, but does not affect cellular cholesterol content?!, and under these conditions
elimination of rafts prevented the effect of AIBP on cholesterol efflux (Fig. 2 D). Thus, it
appears that AIBP does not require apoA-1 or cholesterol efflux to rapidly exert its effect on
lipid rafts.

ABCA1 is not involved in AIBP-mediated modulation of lipid rafts

ABCAL is a key element of cellular cholesterol efflux machinery and a key regulator of lipid
rafts, exerting its raft-regulatory capacity both through and independently of cholesterol
efflux. To further investigate the involvement of ABCAL in the regulation of lipid rafts by
AIBP, we investigated its effect on the abundance of lipid rafts in skin fibroblasts from a
patient with Tangier disease (familial ABCA1 deficiency), cells completely lacking
ABCA122, and compared them with normal skin fibroblasts. When normal and Tangier
fibroblasts were incubated with AIBP in the absence of apoA-I or HDL for 2 h or 24 h, in
both instances AIBP caused a significant reduction in the abundance of lipid rafts (Fig. 3
A,B). We next tested the effect of AIBP on HelLa cells, a human cell line not expressing
ABC transporters, and compared it with the effects on the HeLa cells stably transfected with
human ABCA1 (HeLa/ABCA1)23: 24, Again, incubation with AIBP for 2 or 24 h caused a
reduction in the lipid rafts abundance (Fig. 3 C,D) in ABCAL-deficient HelLa cells.
Conversely, AIBP had no effect on the abundance of lipid rafts in HeLa/ABCAL1 cells (Fig. 3
D). It is important to recognize that ABCA1 in HeLa/ABCAZ1 cells is expressed under CMV
promoter resulting in very high, possibly saturating, levels of ABCAL - a likely explanation
of a discrepancy between the effects of AIBP on HeLa/ABCAL1 cells and skin fibroblasts
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expressing physiological levels of ABCAL. As expected, no specific cholesterol efflux from
HeLa cells to apoA-1 was detected in the presence or absence of AIBP (Fig. 3 E). There was
considerable cholesterol efflux to apoA-I from HeLa/ABCAL cells, however the efflux was
not affected by AIBP (Fig. 3 E). There was minimal cholesterol efflux to apoA-1 from HelLa
cells stably transfected with ABCG1 (HeLa/ABCG1), and AIBP also didn’t affect this efflux
(Fig. 3 E). There was significant cholesterol efflux from HeLa-ABCG1 to HDL and AIBP
reduced this efflux (Fig. 3 E), possibly by shifting HDL binding to lipid rafts. Thus, the
effect of AIBP on the abundance of lipid rafts was not dependent on the presence of ABCAL
and was not determined by the rate of cholesterol efflux making it unlikely that ABCA1 is
mechanistically involved in the action of AIBP.

Finally, we tested the effect of AIBP on cholesterol efflux to apoA-1 mimetic peptide 5A, a
peptide supporting ABCA1-dependent cholesterol efflux?®. AIBP failed to stimulate
cholesterol efflux to 5A (Fig. 3 F). This finding suggests that the presence of an acceptor
capable of supporting ABCA1-dependent cholesterol efflux is not sufficient for the
cholesterol efflux stimulating activity of AIBP. It should be noted, however, that primary
structure of 5A has no homology with that of apoA-1 and 5A most likely does not bind to
AIBP, which may be an alternative explanation for the lack of the effect of AIBP.

AIBP modifies lipid rafts

To investigate how AIBP madifies lipid rafts, we assessed the effect of AIBP on fluidity of
the plasma membrane using staining of cells with di-4-ANEPPDHQZ26. Treatment of THP-1
cells with AIBP for 2 h or 24 h as well as treatment with MBCD shifted the emission
spectrum from emission wavelength band peaking at 560 nm (liquid ordered state (Lo)) to
that peaking at 620 nm (Liquid disordered state (Ld)) indicating increased fluidity of the
plasma membrane, consistent with reduced abundance of lipid rafts (Supplemental Fig. I,
A).

Next, we tested the effects of AIBP on the properties of isolated lipid rafts. THP-1 cells were
labelled with [3H]cholesterol tracer and lipid rafts were isolated using a two-step continuous
gradient centrifugation (see Materials and Methods). Supplemental Fig. I, B-C presents the
analysis of rafts in untreated cells versus cells treated with AIBP showing distribution of
[3H]cholesterol (Supplemental Fig. I, B) and of a lipid raft marker, flotillin-1, (Supplemental
Fig. I, C) after final centrifugation. Based on distribution of [3H]cholesterol and raft markers
in untreated cells, we designated fractions 2-9 as lipid raft-enriched fractions (Supplemental
Fig. I, B). When compared to untreated cells, treatment with AIBP resulted in a dramatic
reduction in the abundance of lipid rafts on plasma membrane as evidenced by distribution
of [3H]cholesterol and flotillin-1; the total amount of [3H]cholesterol in the lipid raft
fractions was almost halved compared to control (1.4 x 10% dpm versus 2.6 x 10* dpm).

To investigate if lipid composition of the rafts is affected by AIBP, we conducted a
lipidomics analysis of isolated lipid raft fractions. The full lipidomics analysis is presented
in the Supplemental Table 1 and the relative abundance of the most relevant lipid species is
shown in Supplemental Fig. I, A. There was little change in relative abundance of major
lipid species after treatment of cells with AIBP, apoA-1 or AIBP/apoA-1 (Supplemental Fig.
I1, A); absolute abundancies of major lipid species in the isolated rafts followed the effect on
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lipid raft abundance (Supplemental Table 1). This finding is consistent with a suggestion that
AIBP is primarily affecting the abundance of lipid rafts rather than their lipid composition.
There was no reduction of relative abundance of cholesterol (Supplemental Fig. 11, A) or
redistribution of cholesterol to the non-raft fractions (Supplemental Fig. 11, B), as would be
expected if ABCA1 and cholesterol efflux were the driving force of changes in lipid raft
abundance. Interestingly, lipid rafts of THP-1 cells contained an unusually high proportion
of phosphatidylserine (PS, Supplemental Fig. Il A)), which might be indicative of
apoptosis?’, however no apoptosis was detected in THP-1 cells under conditional used in
this study (Fig. 1 F). Most likely, high PS concentration is a reflection of a redistribution of
PS to the cell surface characteristic for monocyte differentiation and initiation of
phagocytosis?8.

Mechanism of the effect of AIBP on lipid rafts

Two mechanisms could be potentially responsible for modulation of the lipid raft
abundance: raft depletion of cholesterol and/or sphingomyelin or rearrangement of the
cytoskeleton. The findings presented above argue against the involvement of the former
mechanism, at least under the conditions of our experiments, leaving the latter as a likely
alternative. To investigate this mechanism, we used confocal microscopy to assess the effect
of AIBP on actin polymerization. The abundance of F-actin in THP-1 cells increased when
cells were treated with AIBP (Fig. 4 A,B). The increase of F-actin was most notable in cell
filopodia and higher magnification revealed the presence of microfilament-like structures in
cells treated with AIBP, but not in untreated cells (Fig. 4 A, right sub-panels).

A key element connecting rearrangement of cytoskeleton and lipid metabolism is small
GTPase Cdc4229; activation (phosphorylation) of Cdc42 leads to actin polymerization30 and
disruption of lipid rafts in macrophages’®. We tested the effect of AIBP on Cdc42 abundance
and activity and found that the abundance of both total and phosphorylated Cdc42 increased
after treatment with AIBP (Fig. 4 C,D). Silencing of Cdc42 with siRNA reduced the
abundance of Cdc42 by approximately 80% (Fig. 4 E) and partially reversed AIBP-mediated
reduction of the abundance of rafts (Fig. 4 F).

To further elucidate the mechanism of activation of Cdc42 by AIBP, we investigated the
interaction of AIBP with phosphatidylinositol phosphates (PIPs), known regulators of Cdc42
activity and actin assembly31. While we detected no binding of AIBP to an established
regulator of actin polymerisation, P1(4,5)P,, there was a strong binding of AIBP to another
essential component of actin polymerization machinery, PI1(3)P, and, to a lesser degree, to
PI(4)P (Fig. 5 A).

Although presence of PI(3)P on plasma membrane has been recently demonstrated32: 33,
most of the published data point to a predominant localization of PI(3)P in early
endosomes34. To test the interaction of AIBP with PI(3)P in a cellular system, we studied
co-localization of endogenous AIBP with early endosomes in BV2 microglial cells in which
endocytosis was stimulated with LPS. We found considerable co-localization of AIBP with
the marker of early endosomes EEA1, which was significantly reduced after treatment of
cells with wortmannin, a broad spectrum PI3 kinase inhibitor that reduces the PI(3)P
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abundance (Fig. 5 D,E). These findings point to a possibility that AIBP interacts with PI(3)P
in early endosomes.

AIBP crystal structure demonstrates the existence of a binding pocket for nucleotide ligands,
and the protein was suggested to have an NAD(P)H-hydrate epimerase or an ADP-ribosyl
transferase activity3® 36, Therefore, we hypothesized that NADPH could impair binding of
AIBP to PI(3)P either directly or by inflicting changes to the AIBP tertiary structure.
Addition of NADPH changed AIBP melting temperature (Tm) without affecting Tm of
lysozyme, a protein that does not interact with NADPH, suggesting that NADPH affects the
tertiary structure of AIBP (Fig. 5 F). Excess of NADPH completely blocked binding of
AIBP to PI(3)P and P1(4)P (Fig. 5 A,B). As an additional control and to ensure that NADPH
does not interfere with the antibody binding, PIP2 strip was preincubated with NADPH prior
to adding the anti-PIP2 antibody, NADPH did not block this binding (Fig. 5 C).
Furthermore, NADPH at minimal tested concentration of 0.24 mM also completely blocked
the effect of AIBP on cholesterol efflux from macrophages (Fig. 5 G). These results suggest
that either NADPH and PI(3)P compete for the same binding site in AIBP, or there is an
allosteric effect of NADPH inhibiting the PI(3)P binding. Interestingly, lipidomics analysis
showed that treatment of cells with AIBP led to a decrease in the relative abundance of total
phosphatidylinositol monophosphates (PIP1) in lipid rafts (Fig. 5 H) pointing to a possibility
that AIBP may trigger PIP1 internalization.

To reconcile the results showing cytoskeletal effects of recombinant AIBP added to the cell
culture media and the predominantly intracellular localization of PI(3)P, we investigated if
extracellularly added AIBP is internalized. BV-2 microglia cells were incubated with 0.2
pg/ml of His-tagged AIBP for 30 min, followed by a 15 min incubation with 100 ng/ml LPS,
fixed and stained with an anti-His antibody and organelle markers. We found that AIBP
rapidly internalizes, with majority of internalized AIBP co-localizing with early endosomes
(Fig. 6 A, F), mitochondria (Fig. 6, B,F) and F-actin (Fig. 6 C,F); there was also some co-
localization with endoplasmic reticulum (Fig. 6, D,F) and lysosomes (Fig. 6 E,F).
Collectively, our findings along with the results shown in Fig. 5G indicate that externally
added AIBP is likely internalizes and exerts its action inside the cell.

In conclusion, findings of our study suggest that binding of AIBP to PI(3)P and activation of
Cdc42 followed by actin polymerisation may mechanistically contribute to the reduction of
lipid raft abundance by AIBP.

Discussion

Changes in the abundance and/or functional properties of lipid rafts are key elements of
pathogenesis of many diseases. This attracted interest to the experimental approaches
regulating lipid rafts. Cyclodextrins, non-specific cholesterol acceptors, have been
successfully used on a number of occasions3’—39, but lack of selectivity and inherent
problem of disposal of cholesterol removed from cells may limit their long-term
applicability. Recently, another “raft-reducing” approach has been described involving AIBP.
AIBP offered a more selective effect, reducing the abundance of rafts in “pathological” (e.g.
inflamed) cells to the normal level, but not below? 3. 10, AIBP stimulated cholesterol efflux

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Low et al. Page 12

and it was assumed that the mechanism is fundamentally similar to that of cyclodextrins, but
included a feedback loop: the receptor for AIBP was suggested to be TLR4 located in
pathological lipid rafts, or inflammarafts*0, and disintegration of inflammarafts would lead
to re-localization of the TLR4 from rafts reducing binding of AIBPL.

Current understanding of the mechanism of cholesterol efflux involves 2-step process: apoA-
I-dependent stabilization of ABCA1 leading to an appearance of cholesterol in the “activated
lipid domains”, followed by ABCA1-independent solubilisation of this domain by another
molecule of apoA-1 with formation of nascent HDL*L. In this context, it was reasonable to
assume that conversion of lipid rafts into activated lipid domains and/or redistribution of
cholesterol from the former to the latter, would be breaking down the lipid rafts even before
cholesterol efflux occurs. Indeed, overexpression of ABCAL was associated with disruption
of lipid rafts independently of cholesterol efflux#2. The second mechanism of regulation of
lipid rafts is through changes in the cytoskeleton and we have previously demonstrated that
disruption of rafts through reorganization of the cytoskeleton leads to increased cholesterol
efflux?0. Furthermore, there is an established reciprocal connection between regulation of
lipid rafts, lipid metabolism and rearrangements of the cytoskeleton through the action of
phosphoinositides and small GTPases, primarily, P1(4,5)P, and Cdc4243. Thus, although
AIBP both stimulates cholesterol efflux and disrupts lipid raft, the mechanisms may not be
limited to boosting extraction of cholesterol from lipid rafts to an acceptor.

In this study, we demonstrated that AIBP added to human macrophages in the absence of
apoA-I, HDL, serum or any other cholesterol acceptor modified lipid rafts without triggering
cholesterol efflux. This effect was demonstrated using confocal microscopy /n situ and by
studying isolated lipid rafts, and it was further confirmed by lipidomics analysis of isolated
lipid rafts. The effects of AIBP on lipid rafts were apparent within 4 h, while the effects on
cholesterol efflux required 24 h to appear and stimulation of cholesterol efflux was modest.
Early findings with HUVEC cells also suggested that AIBP can modify lipid rafts without
apoA-1 or HDLS. Lack of requirement for apoA-1 or HDL is also supported by findings that
AIBP effectively reduced the abundance of rafts in alveolar macrophages where surfactant
was used as cholesterol acceptor®. It was suggested that AIBP can stabilize ABCA1% 13 and
ABCAL1 can disrupt lipid rafts by mechanism independent of cholesterol efflux'®. However,
in our studies AIBP effectively reduced lipid rafts in ABCAZ1-deficient cells indicating that
mechanisms unrelated to ABCA1 may be involved.

In this context, we hypothesized that another point of interaction between AIBP and lipid
rafts, the lipid metabolism — cytoskeleton axis, may mechanistically contribute to regulation
of lipid rafts by AIBP. Indeed, we found that a key element of the mechanism responsible for
the effect of AIBP on lipid rafts is interaction of AIBP with PI(3)P, activation of small
GTPase Cdc42 and rearrangement of cytoskeleton. AIBP likely binds PI(3)P in a complex
with PI(4,5)P5, as presence of both PIPs seems to be required for efficient activation of actin
polymerisation3L. PI(3)P is considered a predominantly endosomal lipid, however, recently
its formation and presence on the plasma membrane has been documented32: 33,
Alternatively, initial AIBP binding to TLR4 may be followed by internalization of an AIBP/
TLR4 complex toward early endosomes, as our data suggest, where interaction of AIBP with
PI(3)P may occur. It is yet to be examined whether or how AIBP can be transported from the
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luminal to the cytoplasmic surface of an endosome, or if an alternative mechanism of AIBP
internalisation may exist. If internalization occurs, AIBP seems to be involved in recruitment
and activation by P1(3)P/P1(4,5)P, of an actin polymerisation complex, SNX9/
Cdc42.GTP/N-WASP/WIP/Arp2/344. In the actin polymerisation complex, activation of
Cdc42 has been shown to be a major factor connecting restructuring of cytoskeleton with
lipid metabolism?® and in our study it was found to be another key element causally linking
AIBP with reduction of the lipid raft abundance. More studies are required to provide a
detailed understanding of all elements of this pathway.

In conclusion, our findings suggest a novel mechanism of modulation of lipid rafts by AIBP
involving binding of AIBP to PI(3)P, activation of Cdc42 and modification of cytoskeleton.
The scope of this study is limited to mechanistic investigation and does not address possible
implications of our findings to the physiological and pathological regulation of lipid rafts,
physiological consequences of AIBP deficiency or administration and potential utility as a
therapeutic approach. These aspects require further studies.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Apolipoprotein A-1 binding protein (AIBP) is an effective and selective
regulator of lipid rafts mitigating inflammation

. AIBP stimulates cholesterol efflux, but this is unrelated to the effects on lipid
rafts
. The mechanism of lipid raft regulation involves interaction of AIBP with

phosphatidylinositol 3-phosphate, activation of Cdc42 and re-arrangement of
the cytoskeleton
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Figure 1. The effect of AIBP on cholesterol efflux and apoptosis
A — Specific cholesterol efflux from THP-1 macrophages over 24 h to AIBP alone (0.4

ug/ml) or to apoA-I (10 ug/ml) or HDL (20 ug/ml) in the presence or absence of AIBP (0.4
ug/ml). Mean + SD are shown; *p<0.05 versusno AIBP, n=4. B — Time course of specific
cholesterol efflux from THP-1 macrophages to apoA-1 (10 pg/ml) in the presence or absence
of AIBP (0.4 pg/ml). Mean £ SD are shown; *p<0.05 versusno AIBP, n=4. C — The effect
of LPS (1 ug/ml, 6 h) on specific cholesterol efflux from THP-1 macrophages to apoA-1 (10
ug/ml) in the presence or absence of AIBP (0.4 pg/ml) over 24 h. Mean + SD are shown;
**p<0.01 versusno AIBP, n=4. D — Specific cholesterol efflux from HUVEC (2 h) or SH-
SY5Y human neural cells (24 h) to apoA-I alone or a mixture of AIBP (0.4 pg/ml) with
apoA-1 (30 pg/ml for HUVEC and 10 ug/ml for other cells). Mean + SD are shown;
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*p<0.05, **p<0.01; n=4. E — Total cholesterol efflux from THP-1 macrophages over 24 h in
the presence or absence of AIBP (0.4 pug/ml). After efflux incubation, extracellular vesicles
(EV) were isolated from cell culture media by ultracentrifugation, the reminder of the
radioactivity in the medium was designated as “Lipoprotein” fraction (Lp). Mean + SD are
shown; n=4. F — Apoptosis in THP-1 macrophages after incubation over 24 h with AIBP
(0.4 pg/ml). PosC — positive control, NegC — negative control. Mean + SD are shown; n=4.
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Figure 2. The effect of AIBP on the abundance of lipid rafts
A — The effect of AIBP (0.4 pg/ml), apoA-1 (10 pg/ml) or their mixture (24 h incubation) on

the abundance of lipid rafts in THP-1 cells (cholera toxin subunit B (CTB) staining, confocal
microscopy, red - CTB, blue - DAPI). Scale bar — 20 um. B — Quantitation of the effect of
AIBP, apoA-1 or their mixture (24 h incubation) on the abundance of lipid rafts in THP-1
cells by confocal microscopy (CTB staining, mean fluorescence intensity). Mean + SEM are
shown, **p<0.01, n=6. C — Quantitation of the effect of AIBP, apoA-I or their mixture (4 h
incubation) on the abundance of lipid rafts in THP-1 cells by confocal microscopy (CTB
staining, mean fluorescence intensity). Mean £ SEM are shown, **p<0.01, n=6. D -
Specific cholesterol efflux from THP-1 cells over 24 h to apoA-I (10 pg/ml) in the presence
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or absence of AIBP (0.4 pg/ml) with or without pre-treatment with MBCD (5 mM, 15 min).
Mean + SD are shown; *p<0.05, n=4.
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Figure 3. ABCAL is not involved in the action of AIBP
A — The effect of AIBP (0.4 ug/ml) (2 h and 24 h incubation) on the abundance of lipid rafts

in human skin fibroblasts from normal subject (ABCA1*/*) and from subject with Tangier
disease (ABCA17") (cholera toxin subunit B (CTB) staining, confocal microscopy). Scale
bar — 20 um. B — Quantitation of the effect of AIBP (2 h and 24 h incubation) on the
abundance of lipid rafts in human skin fibroblasts from normal subject (ABCA1*/*) and
from subject with Tangier disease (ABCA1~/") by confocal microscopy (CTB staining,
mean fluorescence intensity). Mean + SEM are shown, *p<0.05 versusno AIBP, n=6. C —
The effect of AIBP (0.4 ug/ml) (2 and 24 h incubation) on the abundance of lipid rafts in
HeLa cells (cholera toxin subunit B (CTB) staining, confocal microscopy). Scale bar — 10
um. D — Quantitation of the effect of AIBP (2 and 24 h incubation) on the abundance of lipid
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rafts in HeLa and HeLa/ABCAL cells by confocal microscopy (CTB staining, mean
fluorescence intensity). Mean + SEM are shown, *p<0.05 versusno AIBP, n=6. E — Specific
cholesterol efflux from HeLa, HeLa/ABCA1 and HeLa/ABCG1 cells to apoA-1 or HDL (10
pg/ml, in the presence or absence of AIBP (0.4 pg/ml), 24 h incubation. Mean + SD are
shown; *p<0.05 versusno AIBP, n=4. F — Specific cholesterol efflux from THP-1 cells to
5A peptide (20 pg/ml, 24 h) in the presence or absence of AIBP (0.4 ug/ml) Mean + SD are
shown; n=4.
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Figure 4. Role of cytoskeletal rearrangement and Cdc42 activity in the effect of AIBP on lipid
rafts

A — The effect of AIBP (0.4 ug/ml, 2 h) on the abundance of F-actin in THP-1 cells. Panels
on the right show higher magnification of the designated area from the left panels, arrows
point to the microfilament-like F-actin structures (LifeAct staining, confocal microscopy).
Scale bars left panels — 20 um, right panels - 5 um. B — Quantitation of the effect of AIBP
(0.4 pg/ml, 2 h) on the abundance of F-actin by confocal microscopy (LifeAct staining,
mean fluorescence intensity). Mean + SEM are shown, *p<0.05, n=6. C - The effect of
AIBP (0.4 pg/ml, 4 h) on the abundance of total CdC42 and phosphorylated Cdc42 in THP-1
cells (Western blot). D — Quantitation of the effect of AIBP on the abundance of total CdC42
in THP-1 cells (densitometry of Western blot). *p<0.05, n=5. E - The abundance of total
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CdC42 after treatment of THP-1 cells with siRNACUC42 (Western blot). F — The abundance
of [3H]cholesterol in lipid raft fractions after isolation of rafts by sequential gradient
centrifugation from THP-1 cells untreated or treated with AIBP (0.4 pg/ml, 4 h) with or
without Cdc42 silencing. Mean £ SEM are shown, **p<0.01 versusno AIBP, #p<0.05
versus SiRNAgcram; N=3.
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Figure 5. The role of PIPs in the effect of AIBP on lipid rafts
A - Binding of AIBP to PIP strips. B — The effect of NADPH (1.44 mM) on binding of

AIBP to PIP strips. C - The effect of NADPH on binding of anti-PIP2 antibody to PIP strips.
D — The effect of wortmannin (200 nM, 30 min pre-treatment) on co-localization of AIBP
and early endosomes in BV2 microglia stimulated with LPS (100 ng/ml, 15 min). E —
Quantitation of effect of wortmannin on co-localization of AIBP and early endosomes.
Manders’ tM1 coefficient, Mean + SD are shown; ***p<0.001, n=8. F - The effect of
NADPH (10 mM) on melting temperature of AIBP or lysozyme (50 pg/ml) determined
using Rotor-Gene Q machine G — Dose-dependence of the effect of NADPH on cholesterol
efflux from THP-1 macrophages to apoA-I (10 pg/ml, 24 h) in the presence or absence of
AIBP (0.4 pg/ml). Mean + SD are shown versusno AIBP; ***p<0.001, n=4. H - PIP1
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content in lipid rafts isolated from THP-1 cells untreated or treated with AIBP (0.4 pg/ml),
apoA-I (10 pg/ml) or their mixture (24 h incubation). Mean + SD are shown; *p<0.05, n=3.
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Figure 6. Intracellular localization of internalized AIBP
BV-2 microglia cells were incubated with 0.2 ug/ml AIBP for 30 min, followed by a 15 min

incubation with 100 ng/ml LPS, fixed and stained with an anti-His antibody (green) and
organelle markers of early endosomes (A, yellow), mitochondria (B, red), F-actin (C, red),
lysosomes (D, yellow) and endoplasmic reticulum & DAPI (E, blue). F — colocalization
ratio with different organelles, Mean * SD are shown, n=7.
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