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Abstract

The uptake of cholesterol carried by Low Density Lipoprotein (LDL) is tightly controlled in the
body. Macrophages are not well suited to counteract the cellular consequences of excess
cholesterol leading to their transformation into “foam cells”, an early step in vascular plaque
formation. We have uncovered and characterized a novel mechanism involving phospholipase D
(PLD) in foam cell formation. Utilizing bone marrow-derived macrophages from PLD genetically-
deficient mice, we demonstrate that PLD2 (but not PLD1)-null macrophages cannot fully
phagocytose aggregated oxidized LDL (Agg-Ox-LDL), which was phenocopied with with a
PLD2-selective inhibitor. We also report a role for PLD2 in coupling Agg-oxLDL phagocytosis
with WASP, Grb2 and Actin. Further, the clearance of LDL particles is mediated by both CD36
and PLD2, in a mutual dependence on each other. In the absence of PLD2, CD36 does not engage
in Agg-ox-LDL removal and when CD36 is blocked, PLD2 cannot form protein-protein
heterocomplexes with WASP or Actin. These result translated into humans using a GEO database
of microarray expression data from atheroma plaques versus normal adjacent carotid tissue and
observed higher values for NFkB, PLD2 (but not PLD1), WASP and Grb2 in the atheroma
plaques. Human artherectomy specimens confirmed high presence of PLD2 (mRNA and protein)
as well as phospho-WASP in diseased arteries. Thus, PLD2 interacts in macrophages with Actin,
Grb2 and WASP during phagocytosis of Agg-ox-LDL in the presence of CD36 during their
transformation into “foam cells”. This knowledge provides several new molecular targets to better
understand the disease and counteract vascular plaque formation.
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INTRODUCTION

Atherosclerosis is an inflammatory disease of the vasculature that leads to the development
of atheromatous plaques within vessel walls [1]. A key mechanism in plaque development
involves migration and proliferation of vascular smooth muscle cells and macrophages.
Phagocytosis, most commonly associated with cells of the innate immune system such as
macrophages, is used to engulf and eliminate pathogens and damaged cells. Exaggerated
macrophage phagocytosis of accumulating lipids in arterial walls leads to the formation and
accumulation of foam cells. The phagocytosis proceeds through both receptor-dependent
and - independent uptake of low density lipoprotein (LDL) [2]. LDL-laden foam cell
formation of atheromatous plaques narrows arterial lumens, which can partially or
completely restrict blood flow to the heart, brain (stroke) and limbs (peripheral arterial
disease (PAD)). Ruptured plaques can also trigger strokes through the delivery of cellular-
debris emboli to the brain.

Oxidatively-modified LDL (ox-LDL), consists of protein components that have been
modified by aldehyde products that create net negative charges that render the ox-LDL very
attractive to macrophages in terms of uptake (phagocytosis) specially when aggregated in
large particles as Agg-Ox-LDL [3] and are prevalent in atheromatous plaques [4-7].
Monocytes differentiated into macrophages with M-CSF phagocytose aggregated, oxidized
LDL (Agg-Ox-LDL) in large quantities [5—7]. This process is more prevalent in the arterial
wall due to macrophage-secreted proteoglycan [8]. Macrophage foam cell formation
requires Agg-Ox-LDL and neutralization of the CD36 receptor, in other words, is a process
that involved CD36 receptor-mediated uptake of Ox-LDL [9]. The molecular and genetic
mechanisms that govern macrophage phagocytosis of LDL and hasten inflammation are still
unknown in terms of vascular biology. Until we understand these processes, therapeutic or
surgical approaches used to disrupt/remove plaque will have suboptimal long-term
outcomes, as the process of macrophage/foam cell formation will start again.

An underlying, chronic inflammation is responsible for the development and continued
progression of atherosclerosis [10], which is a significant health problem and a major
contributor to cardiovascular disease (CVD). Atherosclerosis accounts for one in three
deaths in the U.S. [11], continues to rise globally [12-14], and is a major contributor to
current healthcare costs [11]. Thus, it is very important to limit or terminate inflammation
and start vascular healing early on. Plaque growth and swelling in a diseased artery involves
migration of immune cells and the conversion of macrophages into foam cells [15].
Accumulation of ox-LDL in macrophage-derived foam cells directly affects foam cell
migration and increases focal adhesion kinases (FAK), which drives foam cell accumulation
in the arterial intima leading to atheromatous plaque formation [16].

FAK signaling pathways heavily implicated in inflammation, cell migratory processes, and
macrophage podosome and phagocytic cup formation include Phospholipase D (PLD),
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Wiskott-Aldrich Syndrome protein (WASP) and Actin polymerization [17-22]. PLD
catalyzes the breakdown of the phospholipid phosphatidylcholine into phosphatidic acid
(PA) and choline [23, 24]. PLD plays a key role in neutrophil and macrophage-initiated
inflammation in many disease states, including chronic inflammation and cardiovascular
disease, due to its involvement in signaling pathways promoting cell growth, proliferation
and migration [25-27].

Studies using PLD knockout (KO) mice or chemical inhibitors have reported that
suppressing PLD is “protective” during ischemic stroke [28], hypertension [29], thrombosis
[30, 31] and myocardial infarction [32]. WASP has a poly-proline rich region, a polybasic
region, and a GTPase Binding Domain and is a key regulator in the formation of phagocytic
cups [33-39]. WASP binds to cofilin and the Arp2/3 complex through its C-terminal activity
(\Verprolin-Cofilin-Acidic, VCA) region to polymerize actin monomers (G-actin) into F-
actin. Previously, our laboratory showed that the Phospholipase D2 isoform (PLD2) has a
signaling role in WASP-mediated macrophage phagocytosis and phagocytic cup formation
[40]. Defining a direct protein-protein interaction between PLD2-WASP in foam cells within
the plaque is a novel approach that could potentially help to explain excessive phagocytosis
of ox-LDL.

In this study, we used either macrophages differentiated from PLD knockout mice or the
newest generation of PLD isoform-specific small molecule inhibitors [25, 28, 41] to inhibit
macrophage foam cell phagocytosis. We report herein that macrophages phagocytose plaque
cholesterol and undergo foam cell formation less efficiently in the absence of PLD2,
suggesting a role for it /n vivo in development of vascular inflammation and atheromatous
plaques in the clinical setting.

METHODS

Materials

RAW?264.7 mouse macrophages (cat. # TIB-71) and DMEM (cat. # 30-2002) were obtained
from ATCC (Manassas, VA, USA). RPMI 1640 with L-glutamine and 25 mM HEPES (cat. #
SH30255.01) and ECL reagent (cat. # RPN2106) were from GE Healthcare Life Sciences
(Logan, UT, USA). Fetal bovine serum (heat inactivated) (cat. # 900-108) and Penicillin/
Streptomycin (10,000 units penicillin/10,000 mg/ml streptomycin) (cat. # 400-109) were
from Gemini Bio-Products (West Sacramento, CA, USA). Oxidized LDL (cat. # L34357)
were from Life technologies (Carlsbad, CA) that was further oxidized with 20 uM copper.
Sterile-filtered Histopaque 1077 (cat. # 10771), sterile-filtered Histopaque 1119 (cat.
#11191) and Qil Red O stain (1-(2,5-dimethyl-4-(2,5-dimethylphenyl) phenyldiazenyl)
azonapthalen-2-ol) (cat. # 00625) were from Sigma-Aldrich (St. Louis, MO, USA). 0.5 M
EDTA, pH 8.0 (cat. # 15575-038) was from Life Technologies (Carlsbad, CA, USA).
Recombinant mouse M-CSF (cat. # 315-02) was from PeproTech (Rocky Hill, NK, USA).
CD36 blocking antibody (cat. # ab23680) was obtained from Abcam (Cambridge, MA).
Mouse isotope control antibody (cat. # 553476) was obtained from BD Biosciences (San
Diego, CA).

J Leukoc Biol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganesan et al.

Animals

Page 4

Bone marrow-derived macrophages (BMDMSs) were obtained from male or female wild-type
(Charles River Laboratories, Charleston, SC, USA). PLD1~/~ were generated at Dr. Yasunori
Kanaho’s laboratory, University of Tsukuba, Tennodai, Japan [42]. These PLD1-KO
c57BL/6 mice had initially PLD2 in ES with exons 13 removed [42]. PLD2~/~ were
generated at Dr. Gilbert Di Paolo’s laboratory, Columbia University [43]. These PLD2-KO
c57BL/6 mice had initially PLD2 in ES with exons 13-15 removed [43]. Wild type mice
were also in the C57BI/6 background at 6-8 wks of age (weighing 20-25 g) comparable to
the KOs. The mice were provided a temperature- and light-controlled environment with
unrestricted access to food (laboratory standard rodent diet 5001 (Laboratory Diet, St. Louis,
MO, USA)) and water. The mice had veterinary care, were checked ever day, and
experiments were performed in accordance with the Wright State University (WSU)
Institutional Animal Care and Use Committee (IACUC) guidelines. Experiments for this
manuscript have also followed the National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978).

Isolation of bone marrow-derived macrophages (BMDM)

Bone marrow from WT, PLD1~/~ and PLD2~/~ euthanized mice was extracted from femurs
and tibias according to [44]. The bones were washed once in 70% ethanol and then twice in
1x PBS. The epiphyses (ends of the femur and tibia) were cut carefully with a new, single-
edge razor, and then, using a 12 cc syringe and 25 G x 5/8 in. needle, RPMI media with 10%
FBS and 2mM EDTA was used to flush out the bone marrow cells, which were passed
through a 100 mm cell strainer placed on top of a 50 ml conical tube. This step was repeated
from the other end of the bone to obtain the maximum number of cells possible. The bones
were then cut into pieces, placed on top of the cell strainer, and crushed with the back of the
syringe to recover any remaining cells. The cells were then sedimented at 1400 rpm for 7
min at 4 °C, resuspended in 1x PBS, and counted. Cells were allowed to settle in the
centrifuge tube and then the supernatant media carefully aspirated. The cells were
resuspended in 20 ml of 0.2% NaCl to lyse red blood cells and incubated for 20 seconds. 20
ml of 1.6% NaCl was then added and the cells sedimented at 1400 rpm for 7 min at 4°C. The
pellet was resuspended in 1ml RPMI media with 10% FBS and 2mM EDTA, centrifuged at
1400 rpm for 7 min at 4 °C, and resuspended in 1 ml of RPMI media with 10% FBS and 100
ng/ml M-CSF.

Differentiation of bone marrow cells into BMDM

Bone marrow cells were plated at a density of 2.0-2.5 x 107 cells/plate in 100 mm tissue
culture-grade plates. Media was changed on Day 3 and again on Day 6 with RPMI-1640,
10% FBS, Pen-Strep, and 100 ng/ml M-CSF. On Day 7, the BMDM were washed twice with
PBS and harvested by incubation in 10 ml PBS containing 10 mM EDTA, followed by
vigorous pipetting using complete RPMI media with 100 ng/ml M-CSF. The BMDM were
sedimented at 250xg for 5 min and counted using a hemocytometer.

J Leukoc Biol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganesan et al.

Page 5

Preparation of aggregated, oxidized LDL particles (Agg-Ox-LDL)

Extensively oxidized LDL can interact with phagocytic cells [45, 46] leading to delivery of
LDL to macrophages by phagocytosis and subsequent formation of foam cells [47]. LDL
aggregation and fusion are important early steps in atherogenesis [48]. As LDL oxidation
increases aggregation [49-51], we used 20 uM copper-highly oxidized LDL (cat. # L34357)
from Life technologies (Carlsbad, CA) at an initial concentration of 1 mg/ml. Extent of
aggregation was monitored by absorbance (turbidity) at 680 nm before each experiment.
However, physical properties of Agg-oxLDL were measured initially for each batch in a
NanoSight NS300 with a 405 nm laser instrument (Malvern Instruments, United Kingdom).
A typical measurement indicated that the mean size of the particles was 138 +/- 6.0 nm and
90% of the particles had sizes of 212 nm +/- 1.2 or below. Since size of single-molecule,
non-oxidized LDL is only ~20 nm, we call our preparations for the experiments “aggregated,
oxidized LDL” (Agg-Ox-LDL).

Phagocytosis of Agg-Ox-LDL by macrophage foam cells

BMDM from ¢57BL/6 mice or were differentiated into macrophages by continuous culture
with 100 ng/ml M-CSF [52]. RAW264.7 macrophages were incubated as we have described
in [25-27]. Cells were plated in a 12-well plate at a density of 2.5 x 10° cells/well and
allowed to grow overnight in a humidified 37 °C incubator. Agg-Ox-LDL were added to the
wells (0, 50 or 100 pg/ml) for 24h or 48h after which the media was aspirated and the cells
washed in 1x PBS. Foam cells were fixed in 4% paraformaldehyde, washed with 1x PBS,
and then incubated twice with 1 ml of 100% propylene glycol for 5 min each time. The
supernatants were aspirated and the cells stained with 1 ml of 65 °C Oil Red O for 1 h. The
stain was aspirated and the cells washed with 85% propylene glycol for 3 min followed by
2x in distilled water. The cells were counter-stained using hematoxylin for 2 min and
washed 7x with water. After air drying, photomicroscopic imaging was conducted using an
EVOS microscope (40x magnification). Oil Red O-stained foam cells were quantified in
terms of fold-difference compared to control samples [4, 7]. Foam cell formation was
measured using Image J. The bright-field images were opened and scale was set to 200 um.
The images were then set to grayscale using RGB stack, with threshold set to half the
maximum threshold. The images were then analyzed by clicking measure to obtain the
intensity of oil red staining [53].

Phagocytosis of Zymosan

Macrophage phagocytosis was performed as per prior studies [40, 54]. Briefly, phagocytosis
was measured using phRhodo Red zymosan (Life Technologies, Carlsbad, CA, USA). The
particles were resuspended in live cell imaging solution (Invitrogen, Carlshad, CA, USA) to
a final concentration of 50 x 10° particles/ml and sonicated and added to 1 x 10°
macrophages in the ratio of 1:50 (cells:particles) in 24-well tissue-culture treated plates. The
24-well plates containing the cells and zymosan were incubated at 37 °C for 2 hr. phRhodo
Red zymosan particles ingested by macrophages were measured using a Gen 5.0 plate reader
at 560/585 (excitation/emission) nm.
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Immunofluorescence microscopy of phagocytosis key proteins

Macrophage foam cells were incubated with Agg-Ox-LDL in a time-course experiment to
measure phagocytic cup formation, similar to [40]. Samples were fixed, permeabilized,
blocked and then incubated with fluorescent antibodies specific to WASP, Grb2 and PLD2
using AlexaFluor350-, FITC- or TRITC-labeling of two out of the three total proteins at any
one time, allowing us to visualize fluorescent Agg-Ox-LDL and two target proteins [40, 55].
Photomicrographs at 100x magnification were rendered using a Nikon Eclipse 50i inverted
fluorescence microscope, Infinity2 Lumenera digital camera and Infinity Analyze software
(v. 6.2). The immunofluorescence co-localization of protein pairs was quantified using
ImageJ software with ~2—4 cells per field; 6 fields; n=3 independent experiments, by
determining the Pearson’s coefficient [56, 57], which was then plotted as % of co-
localization (yellow=TRITC-PLD2 and FITC-Grb2; or TRITC-PLD2 and FITC-Actin; or
TRITC-PLD2 and FITC-WASP).

Human artery specimens

Our IRB protocol number is SC 5561 (Wright State University School of Medicine, Dayton,
Ohio). Small sections of normal human artery and popliteal vein controls, and also diseased
popliteal artery and plaque from ileofemoral endarterectomy were obtained from deceased
donor organs. Consent for research with the obtained tissue was by next of kin. Tissues were
obtained and either flash-frozen or stored in formalin. The formalin fixed-tissue samples
were used for sectioning for Immunofluorescent staining or tissue histology H&E staining
(AML Laboratory Inc., FL). The flash-frozen sections were further processed with lysis
buffer containing collagenase and phosphatase inhibitors by homogenization and
ultrasonication for western blot analysis after SDS-PAGE or gene expression analysis (qQRT-
PCR).

Gene expression measurement

Relative mRNA gene expression levels were measured by Quantitative Real time PCR (gRT-
PCR). Total RNA was isolated from cells with the RNeasy minikit. RNA concentrations
were quantified using the NanoDrop ND-1000 UV/Vis spectrophotometer and samples were
normalized to 2 pg RNA. Reverse transcription was performed with 2 ug RNA, 210 ng
random hexamers, 500 pM dNTPs, 84 units RNaseOUT, and 210 units of Superscriptl|
reverse transcriptase and incubated at 42 °C for 55 minutes. Q-PCR reactions were run with
100 ng total input RNA, 1 ul (which contained 250 nM of the probe and 900 nM of the
primers) of either FAM-labeled PLD1 (Hs00160118 m1 Cat#: 4331182) or FAM-labeled
PLD2 (Hs01093219 m1 Cat#: 4351372) gene expression assay multiplexed with the FAM-
labeled housekeeping genes Actin (Hs01060665 g1 Cat#: 4331182), GAPDH
(Hs02758991 g1 Cat#: 4331182), and TATA-Binding protein (TBP) (Hs00427621_m1
Cat#: 4331182). qRT-PCR conditions for the Stratagene Mx3000P were: 95 °C for 3 min
and then 40 cycles of the next 3 steps: 30 s 95 °C, 1 min 60 °C, and then 1 min 72 °C. The
“cycle threshold” Ct values were arbitrarily chosen from the linear part of the PCR
amplification curve where an increase in fluorescence can be detected >10 S.E.M. above the
background signal. ACt was calculated as: ACt = Avg. PLD Ct — Avg. Housekeeping Ct; and
gene fold expression, as 2—(AACt) = 2—(experimental Condition ACt — Control ACt). We
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calculated the Ct ratios of experimental condition/housekeeping gene: TATA Binding Protein
(TBP).

Computational transcriptomic analysis

For the data presented in Figure 1, we used gene expression data from the human carotid
artery atheroma study included in the NCBI Gene Expression Omnibus (GEO) microarray
dataset [58]. We chose this study as it included carotid artery atheromatous plaque samples
from hypertensive human patients compared to control companion healthy artery tissue. We
used data from a single study to assure that it was generated using similar methodologies.
The study we chose had 34 pairs of normal, adjacent carotid tissue and atheroma plaque. Per
Ayari et al., gene expression values were scaled logarithmically [58]. All of the data from the
genes of interest were downloaded to MS Excel spreadsheets from GEO during July 2016.
Genes were defined as being over- or underexpressed when the fold-change in the atheroma
plaque group was significantly different compared to the adjacent normal carotid tissue
(p<0.05). Results were analyzed using GraphPad Prism 6.0 (GraphPad Software, San Diego,
CA, USA). Unpaired t-tests were used to compare gene expression data.

PLD inhibitors

The PLD inhibitors VU0155069 (selective for PLD1), that has an 1C5q of 9 nM [59],
VU0364739 (also called NFOT; selective for PLD2) that has an 1Csq of 10 nM [59], and
FIPI (a dual PLD1/2 inhibitor) [60] that has an ICgg of 10 nM for PLD1 and 8 nM for PLD2
[59], were added to the cell cultures at 700 nM for 30 mins prior to initiating experiments.
We studied the effect of PLD inhibitors on foam cell formation after 24 h by Qil-red O
staining.

SDS-PAGE and Western blot analyses

To confirm the presence of the proteins of interest in the human artery samples, we
performed SDS-PAGE and western blot analyses specific for these proteins, as well as for
actin as a protein loading control. Approximately 150 g of protein lysate was loaded per
lane. For western-blot analyses, rabbit anti-PLD1 (F-12) IgG (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) (cat. # sc-28314), rabbit anti-PLD2 (N-term) 1gG (Abgent, San
Diego, CA, USA) (cat. # AP14669a), rabbit anti-WASP IgG (D9C8) (Cell Signaling
Technology, Danvers, MA, USA) (cat. # 4271), rabbit anti-phospho-WASP (phospho Y290)
(Abcam, Cambridge, MA, USA) (cat. # ab59278), mouse anti-Grb2 1gG (3F2) (EMD
Millipore, Billerica, MA, USA) (cat. # 05-372) and rabbit anti-Actin (13E5) IgG (Cell
Signaling Technology) (cat. # 4970) were utilized as primary antibodies according to the
manufacturers’ recommendations. Anti-rabbit IgG HRP antibodies were from Cell Signaling
Technology (cat. # 7076). Immunoreactivities were detected using enhanced
chemiluminescence (ECL) reagents from GE Healthcare (Pittsburgh, PA, USA) (cat. #
RPN2106) and autoradiograph film.

Co-immunoprecipitation

RAW264.7 cells were cultured in reduced bicarbonate DMEM plus 10% fetal bovine serum.
The plasmids used for transfections were pcDNA3.1-mycPLD2-WT, pcDNA3.1-XGrb2 and
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PEGFP-C1-WASp. When cultured cells reached a confluence of 60%, they were transfected
with the plasmid of interest. Transfections were performed using 5 pl Superfect (Qiagen,
Valencia, CA, USA) in Opti-MEM media previously mixed in sterile glass test tubes. The
DNA and Superfect were mixed in post-transfection media (without antibiotics), applied to
cells, and then transfected for 36 h. After transfection, the cells were harvested and lysed
with Special lysis buffer (5 mM HEPES, pH 7.8, 100 uM sodium orthovanadate, and 0.1%
Triton X-100 and protease inhibitors (aprotinin 2 pg/ml and leupeptin 5 ug/ml). The lysates
were sonicated and treated with 1 ul monoclonal antibody for the respective protein and 10
ul agarose beads (Millipore, Billerica, MA) and incubated at 4 °C overnight. After
incubation, the immunoprecipitates were washed with LiCl wash buffer (2.1% LiCl, 1.6%
Tris-HCI, pH 7.4) and NaCl wash buffer (0.6% NaCl, 0.16% Tris-HCI, 0.03% EDTA, pH
7.4), respectively, and sedimented at 12,000 x g for 1 min. The resulting pellets were then
analyzed using SDS-PAGE and Western blotting (WB).

Statistical Analysis

RESULTS

Data presented in the Figures as bars are means + Standard Error of the Mean (SEM)
(standard deviation/n1/2, were n is the sample size). Experiments were performed in
technical triplicates (for gPCR assays) or technical duplicates (for PLD activity assays) for
n=5 independent experiments. The difference between means was assessed by the Single
Factor Analysis of Variance (ANOVA) test or paired t-test, calculated using Prism 7
(Graphpad software Inc., La Jolla, CA). Probability of p<0.05 indicates a significant
difference. In the figures, the (*) symbols above bars denote statistically significant (P<0.05)
ANOVA or t-test increase or decrease between samples and controls.

Macrophage phagocytosis of Agg-Ox-LDL is reduced in the absence of PLD2 activity

Based on earlier work from our laboratory that outlined the importance of PLD in
macrophage phagocytosis and phagocytic cup formation [40, 61, 62], we examined the
potential requirement of PLD for the ability of macrophages to differentiate into Agg-Ox-
LDL-laden foam cells. Cholesterol can be taken up by macrophages by receptor-mediated
processes (chiefly CD36 scavenger receptor), pinocytosis or phagocytosis. To ensure that we
studied here phagocytosis, we prepared aggregated, oxidized LDL particles (Agg-Ox-LDL)
of ~140 nm Mean size as detailed in Methods and shown in Figure 1A, whose large size is
optimized for phagocytosis. At least 90% of the ox-LDL particles are between 50-250 nm in
diameter. Considering that one LDL particle is around 20 nm, our preparations were
aggregates. In fact, PLD2 is weakly activated with non-aggregated particles (data not
shown).

Bone marrow-derived monocytes from wild-type (WT) and PLD1- and PLD2-deficient mice
were differentiated into macrophages [52] and then stimulated to undergo foam cell
formation by incubation with 50 pg/ml aggregated, oxidized LDL (Agg-Ox-LDL)
cholesterol [50, 63]. We used BMDMs because they are uniformly quiescent until
stimulated, whereas intraperitoneal macrophages are activated to varying levels. Foam cell
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formation was monitored by staining for macrophage internalization of Agg-Ox-LDL using
Oil Red O, a fat-soluble dye that binds to neutral triglycerides and lipids [64, 65].

Foam cells have an enlarged, red appearance in comparison to the relatively smaller, pale-
colored macrophages (Fig. 1B). WT and PLD1~/~ macrophages both readily took up Agg-
Ox-LDL and formed foam cells to similar extents as determined by visual inspection (Fig.
1C) and were not significantly different in uptake based on quantitation (Fig. 1D). In
contrast, PLD2~/~ macrophages phagocytosed significantly less Agg-Ox-LDL compared to
WT mice and formed foam cells at a reduced frequency over the time-course of the assay
(Fig. 1C,D). Data in Fig. 1D indicates that the absence of PLD1 provokes a reduction of
~27% in phagocytosis (compared with WT), whereas the absence of PLD2 provokes a
reduction of >60%. Since the reduction in the first case was small and within the margin of
SEM of WT, we considered the involvement of PLD2 as more robust. Further, we believe
that the physiological reason for a larger participation of PLD2 is because this isoform has
been found in the plasma membrane [66] and cytosol, while PLD1 is localized in the ER and
Golgi membranes [67]. Thus, PLD2 would appear to be more important for cytoskeletal
rearrangements during active phagocytosis of ox-LDL as it is localized at the plasma
membrane.

For controls of macrophage phagocytosis, we performed experiments where bone marrow
derived macrophages (BMDM) from WT, PLD1-KO or PLD2-KO were presented with
phRhodo Zymosan for phagocytosis. Figure 1E indicates a reduced rate of phagocytosis
when PLD2 isoform is knocked out. This is in line with well-known results of regulates
macrophage phagocytosis. Thus, whereas BMDM needed both PLD1 and PLD2 for general
phagocytosis, those cells relied heavily on PLD2 to mediate phagocytosis of Agg-Ox-LDL
for formation of foam cells, which is a novel result presented herein.

PLD inhibitors reduce Agg-Ox-LDL phagocytosis

PLD?2 interacts with many different proteins and has been proposed in some contexts to have
non-catalytic roles [68]. To address whether PLD activity is key for Agg-ox-LDL
phagocytosis, we investigated the ability of small molecule PLD inhibitors to reduce Agg-
Ox-LDL uptake from macrophages. WT macrophages were cultured in media containing
inhibitors that block activity of both PLD1 and PLD2 (FIPI) [60], and relatively selective for
PLD1 NBOD (VU0155069) [26, 69], or selective for PLD2 NFOT (VU0364739). Agg-Ox-
LDL uptake by macrophages was significantly inhibited by all three inhibitors, with the
PLD2-selective inhibitor (VU0364739) being the most potent and the PLD1-selective
inhibitor (VU0155069) being the least potent (Fig 2A). At 700nM VU0155069, the highest
concentration that significantly inhibited uptake, PLD2 is also partially inhibited [69],
suggesting that PLD1 may have a weak if any role in the phagocytosis observed.

To test if Agg-Ox-LDL phagocytosis had any component mediated by scavenger receptor
CD36 [70-72], which signals through Src and Jnk2 [73-75], we generated BMDM from
WT, PLD1 and PLD2 mice and blocked CD36 using a monoclonal antibody during culture
of the cells with Agg-Ox-LDL. The CD36 antibody was effective in reducing Agg-Ox-LDL
uptake for WT and PLD1~/~ BMDM:s. Blocking CD36 in WT and PLD1-KO (in both cases
PLD?2 is still present), ingestion of ox-LDL was reduced to levels equivalent to PLD2-KO,
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indicating that CD36 is needed for the clearance of thee particles. However, CD36
antibodies did not reduce uptake by PLD2~~ BMDM s beyond the suppression already
created by the absence of PLD2 (Fig. 2B). Thus, in the absence of PLD2, CD36 does not
seem to engage in ox-PLD removal. Additionally, whatever low level of uptake was
observed in PLD2-KO cells (putatively due to PLD1 or other pathways) was found further
reduced when the cells were incubated with cytochalasin D (Fig. 2B), a well-known
cytoskeleton disruptor and phagocytosis inhibitor. Both these results (anti-CD36 antibody
and cytochalasin D), along with the fact that we used in the experiments Agg-Ox-LDL
(particles ~10x% larger in diameter than individual LDL molecules) indicate that the uptake
occurred through phagocytosis mediated by both CD36 and PLD2. Further experiments
described below confirmed the new PLD2-regulated pathway.

The heterotrimeric protein complex of PLD2-Grb2-WASP

PLD2, through its product phosphatidic acid (PA), which mediates cell migration of
macrophages and neutrophils [76, 77]. This signaling pathway is also dependent on Wiskott-
Aldrich syndrome protein (WASP) (a crucial protein needed for actin polymerization and, as
such for phagocytosis) and on Growth factor receptor-bound protein 2 (Grb2), with Grb2
functioning as the docking protein that mediates the physical interaction between PLD2 and
WASP (Fig. 3A). The SH2 domain of Grb2 interacts with the Y169 and Y179 residues of
PLD2, while the two SH3 domains of Grb2 interact with the polyproline region of WASP.
This heterotrimeric protein binding interaction is dependent on phosphatidic acid (dioleoyl-
PA\), as macrophages incubated in the presence of 300 nM dioleoyl-PA exhibited increased
interaction of PLD2-Grb2-WASP as a function of time, as shown using co-
immunoprecipitation (Fig. 3B). A recent study has shown that exogenously-supplied PA can
be detected by a PA sensor inside cells during phagocytosis [78]. Moreover, from previous
studies in our laboratory, we know that exogenously-supplied PA activates PLD (to mimic
activated PLD), resulting in increased activity and downstream cellular signaling cascades
[79, 80].

To investigate whether the same proteins are involved in Agg-Ox-LDL phagocytosis by
macrophages, we used 50 pg/ml Agg-Ox-LDL to induce BMDM cells to form foam cells
and performed immunofluorescent immunostaining to visualize PLD2, Grb2, WASP and
Actin localization. The results are broken in the study of interactions of two proteins at the
time. We first asked if a Grb2-PLD?2 interaction could be detected in IF as it was in IP/WB
(Fig. 3B). As presented in Figure 3C,D, in the absence of Agg-Ox-LDL in the cell cultures,
Grb2 and PLD2 did not visually co-localize. In Fig. 3C, the red (PLD2-TRITC) and green
(Grb2-FITC) signals are distinct, as pointed by arrowheads. In contrast, with Agg-Ox-LDL
treatment, PLD2 broadly co-localized with Grb2 in WT and PLD1-KO BMDMs. This was
evidenced by the yellow fluorescence as indicated by the arrows and it was properly
quantified as indicated in Methods and data presented in Figure 3D.

A putative PLD?2 interaction with Actin was next studied. Co-localization of these two
proteins increased substantially with Agg-Ox-LDL treatment (Fig 4A, first row and
quantification, Fig. 4B, first two bars on the left). In order to further study a possible role of
CD36 in this protein-protein (PLD2-Actin) interaction during foam cell formation, we
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incubated cells with monoclonal anti-CD36 antibodies to block the CD36 receptor action,
and then subjected the cells to Agg-Ox-LDL treatment. The results (Fig 4A, quantification
Fig. 4B, third bar on the left) showed that the PLD2-Actin co-localization was negated by
the CD36 antibody, indicating the importance of CD36 in the formation of the PLD2-Actin
interaction for ox-LDL phagocytosis. That the presence of PLD2 is crucial is shown in Fig.
4A, second row (and quantification, Fig. 4B, last three bars) in PLD2-KO BMDMs, that
yielded no change in the localization pattern for PLD2 and Actin in the presence or absence
of Agg-Ox-LDL, albeit the cells were consistently smaller than WT controls.

A PLD2 interaction with WASP by immunofluorescence (already detected in IP/WB, Figure
3B) was next studied. Co-localization of these two proteins increased moderately with Agg-
Ox-LDL treatment and this was negated with anti-CD36 antibodies (Fig. 4C, quantification
Fig. 4D). As in the PLD2-Actin experiments, the presence of PLD2 is crucial as no
localization is seen in PLD2-KO BMDM (Fig 4A-D). Taken the findings in Figures 3 and 4
together, it can be concluded that mediation of a phospholipase identified as a molecular
mechanism by which macrophages become foam cells /7 vivo in atherosclerotic plaques
where in PLD2 complexes with Actin, Grb2 and WASP during phagocytosis of ox-LDL and
that the presence of CD36 is important for the formation of the protein complexes.

Arterial gene expression during atherosclerosis

To pursue clinical correlates, we mined gene expression profiles of PLD and some of its key
signaling protein partners in a human disease that relies heavily on macrophage function and
signaling. Through comparing relative mRNA expression levels in human atheroma plaque
tissue and adjacent, non-diseased carotid artery samples, using the Carotid Artery Atheroma
Dataset at the Gene Expression Omnibus (GEO) microarray (accession number GDS5083)
[58], we determined that that NFxB1 (used here as a general marker of inflammation),
PLD2, WASP and Grb2 (p=0.0016, p=0.005 and p<0.0001, respectively) undergo
upregulation in diseased vascular tissue (Fig. 5A-D). NFkb1 represented a positive control,
as it is a well-known marker of inflammation. In contrast, there was no change in expression
of PLD1 (Fig. 5E, p=0.24), further supporting its lack of relevance in this disease context.

PLD2 but not PLD1 is upregulated in diseased artery tissues —A translational study

To confirm that hypoxic conditions actually do trigger PLD expression in diseased human
artery and atheromatous plaques, we used human undamaged control and diseased
atherosclerotic artery specimens to assess both relative mRNA and protein expression levels.
We performed quantitative RT-PCR and/or SDS-PAGE/western blot analyses on human
patient samples and measured the expression levels of PLD, Grb2 and WASP. We analyzed
samples for both PLD isoforms and found that while PLD2 mRNA was significantly
upregulated in the diseased artery and plaque samples (Fig. 6A), PLD1 mRNA was virtually
undetectable (Fig. 6B). Similar findings were observed for PLD2 and PLD1 protein
expression levels by western blot (Fig. 6C); PLD2 was upregulated in the diseased artery
samples that contained atherosclerotic plaque (both from diseased femoral artery and
ileofemoral endarterectomy), while PLD1 was downregulated.
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Upregulation of Wiskott-Aldrich Syndrome protein (WASP) and Grb2 in diseased artery

tissues

We similarly investigated the expression of WASP and Grb2 in human undamaged control
and diseased atherosclerotic artery specimens. WASP and Grb2 protein expression levels
were increased in the diseased artery samples compared to the non-diseased companion
tissues (Fig. 6C-D). Furthermore, WASP activation was increased, as assessed by detecting
phosphorylation at the WASP tyrosine residue 290, using a phosphotyrosine-specific
antibody (Fig. 6C-D). These data suggest a role for activation of WASP protein in the
diseased artery and plaque samples, which could play a role in membrane-associated actin
polymerization at the leading edge of phagocytic arms involved in phagocytosis of Agg-Ox-
LDL and foam cell formation.

Validation of PLD2, WASP and Grb2 in diseased human artery samples

Formalin-fixed companion samples to those diseased tissues shown in the Fig. 6 mRNA and
protein expression assays were used for H&E staining and immunofluorescence microscopy
(IF). As shown in Fig. 7A, H&E staining revealed positive staining in the diseased artery
towards the lumen, adjacent to but not in the acellular area. The positive staining in the
plaque, which is from the same vessel, looks contiguous with the staining in the diseased
artery, and that area is not highly cellular (based on DAPI). PLD1 IF staining of tissues with
rabbit a-PLD1-FITC-conjugated IgG antibodies showed little-to-no PLD1 expression in the
plaque and endarterectomy arteries, similar to the diseased artery alone (Fig. 7B).

In contrast, immunofluorescence staining of these tissues using rabbit a-PLD2-FITC-
conjugated 1gG antibodies indicated that PLD2 expression is concentrated in the plaque in
diseased arteries (Fig. 7C) and in the plaque that was removed during endarterectomy when
compared to the diseased artery alone. The positive PLD2 staining in the diseased artery
(Fig. 7C, left panel) appears to be towards the lumen. The positive staining in the plaque
(Fig. 7C, middle panel), appears to be adjacent to the staining in the diseased artery. Thus,
PLD2 appears in the area of the plaque underneath the fibrous cap.

DISCUSSION

Phospholipase D and its catalytic product PA have been linked to cell signaling, cell
proliferation, inflammation and cancer. Phospholipase D (PLD) is a major signaling
component in myeloid leukocytes cells where it plays a key role in cytoskeletal actin
polymerization and phagocytosis where both isoforms, PLD1 and PLD2 coordinately
regulate macrophage phagocytosis [40, 81]. The findings reported in this study center on
macrophage phagocytosis of aggregated, oxidized-LDL and their conversion into foam cells.
The data suggest PLD2-specific mechanism in foam cell formation, which is a key step in
the progression of atherosclerosis.

Chronic inflammation is responsible for the development and continued progression of
atherosclerosis [10], which encompasses a great portion of current healthcare costs [11].
Thus, it is very important to limit or terminate inflammation and start vascular healing.
Plague growth and swelling in a diseased artery involves migration of immune cells and the
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conversion of macrophages into foam cells [15]. In atheroma formation, cholesterol in the
form of LDL accumulates in the intima layer of arteries. The plaque is a complex mixture of
cholesterol crystals, extracellular matrix, smooth muscle cells, endothelial cells, monocytes,
macrophages and foam cells [82, 83]. Macrophages are recruited to the LDL accumulation
and attempt to clear it. Foam cell formation occurs as a result of phagocytosis or uptake of
Agg-Ox-LDL, causing cholesteryl ester accumulation in these cells [84-86]. Although much
is known about cholesterol uptake by macrophages, what role PLD might have in
phagocytosis of Agg-Ox-LDL is less clear.

The findings reported here are a substantial departure from the status quo of eliminating the
plaque in atheroma and instead defines an entirely new angle of approaching the problem,
which is to avoid formation of functional foam cells. The proposed research strategy shifts
existing paradigms by characterizing a heretofore-unsuspected link between PLD2 and the
progression of inflammation in atherosclerosis. We identified that PLD2 makes macrophage
phagocytose Agg-Ox-LDL to form foam cells more efficiently in a process that is dependent
on mechanism that PLD-Grb2-WASP. Other studies have shown that PLD2 regulates RGS2
expression in foam cell formation [87], but a direct role of PLD in foam cell formation has
not been shown to date. We also know from previous studies that PLD2 plays an important
role in receptor endocytosis [88]. Our study reveals that PLD2 not only regulates
macrophage phagocytosis by phagocytic cup formation, but also promotes phagocytosis of
Agg-Ox-LDL via CD36 (a Class B scavenger receptor). In line with previous studies
emphasizing the role of PLD2 in receptor endocytosis, we found that absence of PLD2
CD36 mediated Agg-Ox-LDL uptake by macrophages during foam cell formation.

The data presented in this study support a key role for PLD2, as PLD2~~ macrophages
phagocytose aggregated Ox-LDL (Fig. 1C-D) less efficiently than PLD1~/~ macrophages
and PLD2-specific inhibitors diminish phagocytosis (Fig. 2A). Gene and protein expression
from diseased human artery and plaque samples indicate PLD2 but not PLD1 correlates with
diseased vessels (Fig. 6). Thus, we have demonstrated that PLD2 plays a role in macrophage
during foam cell formation whereas PLD1 does only marginally.

WASP is linked with actin polymerization, and we show that phospho-WASP is present in
the atheromatous plaque removed during ileofemoral endarterectomy from diseased arterial
samples (Fig. 6). Likewise, we also observed that PLD2 and Grb2 were upregulated in the
diseased artery/plaque samples with very low basal expression in non-diseases artery (Fig.
6). We also know from other studies in the lab that hypoxia promotes macrophage PLD
activity (data not shown). Based on this, we propose that once activated by hypoxia, PLD
hastens the phagocytic capability of foam cells through a mechanism that involves PLD-
Grb2-WASp interaction and subsequent actin remodeling to form phagocytic cups for Ox-
LDL uptake by macrophages and consequently foam cell formation (Fig. 8).

Overall, we present a new paradigm: that CD36-PLD-Grb2-WASP heterotrimeric signaling
axis in macrophages is a key mediator of macrophage phagocytosis of Agg-Ox-LDL and
subsequent foam cell formation, as indicated in the Model presented in Fig. 8. We
hypothesize that a mechanism for specific coupling between Agg-oxLDL and PLD2 could
involve the negative curvature of PA in phagocytic arms or extensions of the phagocytic cup,
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accounts for enhanced PLD activity and thus its role in CD36 uptake of Agg-Ox-LDL via
receptor endocytosis. PLD is known for its role in inducing membrane curvature during
leukocyte migration and phagocytosis [40, 89] as well as receptor endocytosis [66, 88].

This knowledge of a CD36-PLD-Grb2-WASP heterotrimeric signaling axis provides specific
new protein targets in vascular biology that have potential implications for improving human
health. The proposal that elevated PLD2, Grb2 and WASP expression/activation may support
progression of the atherosclerosis is significant, as potent, new small-molecule inhibitors are
currently available that could be used to pharmacologically inhibit foam cell formation.

According to the present study, using the PLD1-KO and PLD2-KO mice from references
[42] and [43], respectively, the PLD2~/~ macrophages do not take up Agg-Ox-LDL as well
as WT macrophages do. However, it is entirely possible that they would eventually (meaning
days or weeks, as atherosclerosis progresses slowly) take Agg-Ox-LDL up, permitting the
formation of foam cells. Such delay in clearing would raise the local concentration of Agg-
Ox-LDL in the extracellular space under the endothelial cells, which could help activate
them to create a pro-inflammatory environment. There is always the intriguing possibility
that time progression could cause a switch of the role of PLD from harmful to protective (or
vice versa). In a related model of ischemia reperfusion indicate PLD1 found to be protective
—when experiments are done after 28 days after initial reperfusion (chronic phase of
reperfusion) [90]. It will be interesting to see what role PLD’s isoforms would play in long-
term studies by using ApoE/PLD double KOs.
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GEO Gene Expression Omnibus microarray dataset
GFP green fluorescent protein
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Figure 1. Macrophage phagocytosis of oxidized LDL is PLD2-dependent
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(A) Agg-Ox-LDL particles were prepared as described in Methods. Their physical
properties were measured in a NanoSight NS300 with a 405 nm laser instrument (Malvern
Instruments, United Kingdom). Shown is a typical example. (B) Photomicrographs of
representative Oil Red O-stained macrophages versus Agg-Ox-LDL-laden foam cells. Scale
bar =20 um. (C) Representative fields of view from photomicrographs of untreated and
Agg-Ox-LDL -treated (50 pg/ml) BMDM from WT and PLD knockout mice. Phagocytosis
of Agg-Ox-LDL by BMDM was performed in biological triplicates and technical duplicates,
with sample size n~120 cells read for each condition. Scale bar = 200 um. (C)
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Quantification of the relative densities of Oil Red O staining from foam cells from panels
similar to those shown in (D) in terms of the mean density (-fold) £ SEM with experimental
conditions indicated in (C). (E) Phagocytosis of phRhodo (red) Zymosan beads by BMDM.
Phagocytosis of Zymosan was performed in biological triplicates and technical duplicates,
with sample size n~1 x 10° cells/well with zymosan 1:50 for each condition.
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Figure 2. Inhibition of PLD reduces Agg-Ox-LDL phagocytosis

(A) BMDM from WT mice were used for foam cell phagocytosis assays of Agg-Ox-LDL in
the presence of 50 nM or 200 nM PLD-specific inhibitors: a PLD1-selective NBOD
(VU10155069), a PLD2-selective NFOT (VUO0364739) and a dual PLD1/2 inhibitor (FIPI).
Results are expressed in terms of relative Oil red-O intensity compared to vehicle treated
samples in a bar graph. Phagocytosis of Agg-Ox-LDL with PLD inhibitors was performed in
biological triplicates and technical duplicates, with sample size n~100 cells read for each
condition. (B) BMDM from WT, PLD1 KO and PLD2 KO mice were differentiated into
macrophages, blocked with anti-CD36 antibody or with 10 pM cytochalasin D, prior to foam
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cell formation assay with Agg-Ox-LDL. All experiments were in 3 biological replicates and
2 technical replicates. The symbols * denote statistically significant (p<0.05) changes
between samples and controls.
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Figure 3. PLD2 colocalizes with adaptor protein Grb2 during foam cell formation
(A) Schematic of the interaction sites between PLD2, Growth factor receptor-bound protein

2 (Grb2) and actin-polymerizing Wiskott-Aldrich syndrome protein (WASP). (B)
Macrophages were treated with 300 nM phosphatidic acid (dioleoyl-PA) for 0, 7 or 14 min.
Cell lysates were immunoprecipitated using Protein-G agarose linked to antibodies specific
for PLD2, WASP or Grb2 and used for SDS-PAGE. Detection of the protein-protein
interactions on subsequent Western blots using a two protein approach indicates protein-
protein interaction occurred between PLD2 and WASP, between PLD2 and Grb2 and
between WASP and Grb2, which suggests formation of a protein heterotrimeric complex
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(PLD2-Grb2-WASp) in the presence of PA (i.e., in conditions where PLD2 would be
activated). (C) BMDMs with or without 50 pg/ml oxLDL treatment were subject to
immuno-staining with TRITC-PLD2 and FITC-Grb2. Scale bar = 50 um. Red and green
arrowheads point at regions where staining is separated whereas white arrows point at areas
where there is signal co-localization. (D) Co-localization was quantified using ImageJ
software with ~2—4 cells per field; 6 fields; n=3 independent experiments, by determining
the Pearson’s coefficient, which was then plotted as % of co-localization (yellow=TRITC-
PLD2 and FITC-Grb2).
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Figure 4. Wiskott-Aldrich syndrome protein (WASP) and Actin colocalize with PLD2 at the time
of ox-LDL phagocytosis
BMDMs from WT or PLD2-KO mice were untreated or treated with 50 pg/ml Agg-Ox-LDL

in the absence or presence of anti-CD36 blocking monoclonal antibody followed by
immuno-staining with TRITC-PLD2/FITC-actin (A,B), or TRITC-PLD2/FITC-WASP
(C,D). Arrows pointing at yellow fluorescence indicate co-localization. Scale bar = 50 pm.
Quantification of co-localization for PLD2-Actin (B) or PLD2-WASP (D) was done using
ImageJ software with ~2—4 cells per field; 6 fields; n=3 independent experiments, by
determining the Pearson’s coefficient, which was then plotted as % of co-localization
(yellow=TRITC-PLD2 and FITC-Actin or TRITC-PLD2 FITC-WASP).
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Figure 5. Bioinformatic analysis of PLD and its signaling proteins in human atheroma plaque
tissues

Microarray data were from the NCBI Gene Expression Omnibus (GEO) and specifically
from the carotid artery atheroma dataset [58]. (A-E) NFxp (p=0.0016) (used here as a
proxis for inflammation), PLD2 (p=0.005), Grb2 (p<0.0001) and WASP (p<0.0001) are
significantly upregulated in diseased atheroma plaques, while PLD1 is not (p=0.2432). The
symbols * denote statistically significant (p<0.05) increases between atheroma plaque and
control adjacent carotid artery samples.
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Figure 6. PLD2, Grb2 and phospho-WASP are upregulated in diseased artery tissues
Human patient samples comprised of normal, non-diseased popliteal artery and diseased

popliteal artery and the atheromatous plaque contained within it were used for gRT-PCR and
SDS-PAGE/western blot analyses. (A-B) Relative mRNA expression levels of PLD2 (A),
PLD1 (B), expressed in terms of mean (-fold) expression + SEM relative to housekeeping
gene (TATA Binding Protein, TBP). (C) Protein expression levels of PLD2 and Actin,
PLD1, WASP and phospho-WASP and Grb2. Actin is the equal protein loading control. The
Western blots and gene expression assays were done in biological triplicates (n=3). (D)
Densitometry ratio of p-WASP/WASP shown in bar graph. The symbols * denote
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statistically significant (p<0.05) changes, respectively, between samples and controls using
one-way ANOVA or t-test.
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Figure 7. PLD2, WASP and Grb2 are overexpressed in diseased human artery samples
Diseased human arteries, plaque from that diseased arteries and plaque removed during

endarterectomy samples, which are companions to those shown in the previous figure; they
were fixed in paraformaldehyde, paraffin-embedded, sectioned, mounted and used for H&E
and immunofluorescence (IF) staining. (A) H&E stained samples were magnified at 10x.
Scale bar = 200 pm. (B-C) IF stained samples for PLD1 (B) or PLD2 (C). Proteins of
interest were FITC stained, while nuclei were stained with DAPI. Merged images of FITC
and DAPI staining are shown for each sample. Arrows point at zones were accumulation of
PLD2 staining was obvious. IF samples were magnified at 100x. Scale bar = 200 pum.
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Figure 8. Model of PLD2-mediated foam cell-atherogenesis
Foam cell accumulation leads to atherogenesis. Foam cell formation by Agg-Ox-LDL

uptake by scavenger receptor CD36 on macrophages mediates PLD?2 interaction with WASP
and Grb2 resulting in actin polymerization, that allows phagocytosis as indicated for the first
time in this study. See Discussion section for detailed description of the Model.
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