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1 | INTRODUCTION

1,2,3

Abstract

Microvesicles (MV) contribute to cell-to-cell communication through their trans-
ported proteins and nucleic acids. MV, released into the extracellular space, exert
paracrine regulation by modulating cellular responses after interaction with near and
far target cells. MV are released at high concentrations by activated inflammatory
cells. Different subtypes of human macrophages have been characterized based on
surface epitopes being CD16* macrophages associated with anti-inflammatory phe-
notypes. We have previously shown that low-density lipoprotein receptor-related
protein 5 (LRP5), a member of the LDLR family that participates in lipid homeostasis,
is expressed in macrophage CD16" with repair and survival functions. The goal of our
study was to characterize the cargo and tentative function of macrophage-derived
MV, whether LRP5 is delivered into MV and whether these MV are able to induce
inflammatory cell differentiation to a specific CD16™ or CD16" phenotype. We show,
for the first time, that lipid-loaded macrophages release MV containing LRP5. LDL
loading induces increased expression of macrophage pro-inflammatory markers and
increased release of MV containing pro-inflammatory markers. Conditioning of fresh
macrophages with MV released by Lrp5-silenced macrophages induced the transcrip-
tion of inflammatory genes and reduced the transcription of anti-inflammatory genes.

Thus, MV containing LRP5 induce anti-inflammatory phenotypes in macrophages.
KEYWORDS

inflammation, lipids, LRP5, macrophages, MV

the procoagulant anionic phosphatidylserine making MV Annexin
\% positive.“'12 Their cargo defines their shape, size and function.

Extracellular microvesicles (MV) are cell shed particles (diame-
ter ranging from 0.1 to 1 pm) released when cells are stimulated,
damaged or undergoing apoptosis.'”? They can also be released by
healthy cells.'® MV are formed by direct budding of small cytoplas-
matic protrusions that are detached from the cell surface into the
extracellular space. They are characterized by the externalization of

Because MV reflect the condition of their parental cells, they repre-
sent a potential diagnostic tool to identify diverse diseases, including
cancer, metabolic and cardiovascular diseases. When MV are shed
from their cells of origin, they circulate in blood carrying messengers
for recipient cells that will receive the signal and regulate their cel-
lular growth, differentiation and transformation.**%131¢ |ndeed, the
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interaction of MV with target cells and the release of their content
modulate cell responses.” MV have been described in inflammatory
processes and associated with several cardiovascular risk factors®
contributing to the initiation and progression of cardiovascular dis-
eases, including atherosclerosis.

Atherosclerosis is characterized by chronic inflammation induced
by increasing accumulation of low-density lipoproteins (LDL) and
apoptotic cells in the intima layer of the arteries.'’ The low-density
lipoprotein receptor-related protein 5 (LRP5) is a multifunctional re-
ceptor involved in both endocytosis of lipids and the canonical Wnt
signalling pathway.?® LRP5 is a single-pass transmembrane receptor
that participates in the Wnt/p-catenin signalling pathway. LRP5 acti-
vation causes the stabilization of f-catenin that translocates into the
nucleus, binds to the transcription factor TCF/LEF1 and starts the
transcription of Wnt target genes that regulate fundamental aspects
of embryonic cell development?! and adult cell function.?%2223

LDL loading induces high LRP5 expression in human macro-
phages.?® Macrophages can be classified into classical activated
CD14'CD16", pro-inflammatory macrophages and alternatively
activated CD14°CD16", anti-inflammatory macrophages.?*?°> LRP5
participates in inflammation and macrophage polarization by asso-
ciation with the anti-inflammatory macrophage subtype CD16" de-
rived from CD14'CD16" patrolling circulating monocytes.?® LRP5
confers the motile function to CD16" macrophages by triggering the
canonical Wnt signalling. Furthermore, CD16'LRP5* macrophages,
found in advanced atherosclerotic human plaques, trigger an anti-
inflammatory, defensive and repair response.?

The in-depth understanding of the formation, cargo and function
of MV is an ongoing task in the field. The objectives of this study were
(a) to characterize the cargo and function of macrophage-derived
MV and their ability to induce inflammatory cell differentiation to a
CD16™ or a CD16" phenotype, and (b) to investigate whether LRP5
is delivered into MV and whether it can exert paracrine functions.

We show that LDL-loaded macrophages release MV carry-
ing LRP5 and exert paracrine and/or autocrine regulation. LDL
loading induces increased expression of macrophage cellular pro-
inflammatory markers and increased release of MV. Interestingly,
LRP5 is released in MV that contain both pro- and anti-inflammatory
markers. Conditioning of recipient macrophages with MV released
by Lrp5-silenced macrophages induced pro-inflammatory gene
transcription and a reduced expression of anti-inflammatory genes
indicating that LRP5 induces macrophage differentiation into the
anti-inflammatory phenotype.

2 | METHODS

2.1 | Isolation of human monocytes and human
macrophages primary cultures and LDL loading

Human monocytes were obtained by standard protocols from
buffy coats of healthy blood donors.?%2%28 All procedures were ap-

proved by the Institutional Review and Ethics Committee, and the

investigation conformed to the principles outlined in the Declaration
of Helsinki with informed consent given by donors. Briefly, blood
was applied on 15 mL of Ficoll-Hypaque and centrifuged at 300 g
for 1 hour at 22°C, with no brake. Mononuclear cells were obtained
from the central white band of the gradient, exhaustively washed in
Dulbecco's phosphate buffer saline, and suspended in RPMI medium
(Gibco) supplemented with 10% human serum AB (Sigma). Isolated
monocytes (Mo) were left overnight in culture, washed and treated
with 100 pg/mL nLDL (native LDL) or agLDL (aggregated LDL) for the
described times. A second set of isolated Mo were left 7 days in cul-
ture and allowed to differentiate into macrophages (Mac) by chang-
ing the cell culture media (RPMI supplemented with 10% human
serum AB, 100 units/mL penicillin and 100 pg/mL streptomycin)
every 3 days. After several washings with PBS to completely remove
serum, human macrophages were incubated with 100 pug/mL nLDL
or 100 pg/mL agLDL in serum-free medium.?%?¢28 At the end of the
experiments, human Mo and Mac were exhaustively washed (twice
with PBS, twice with PBS/1% BSA, once with PBS/1%BSA/heparin
100 U/mL, twice with PBS/1% BSA and twice with PBS) and prepared
for the collection of MRNA and protein detection as described below.

2.2 | LDL isolation and modification

Human LDL (d1.019-d1.063 g/mL) were obtained as previously de-
scribed.?® Briefly, human LDLs were obtained from pooled sera of
normocholesterolemic volunteers and isolated by sequential ultra-
centrifugation. LDLs were dialyzed three times against 200 volumes
of 150 mmol/L NaCl, 1 mmol/L EDTA, and 20 mmol/L Tris-HCI, pH
7.4, overnight and once against 150 mmol/L NaCl. LDL protein con-
centration was determined by the bicinchoninic acid, and vortexing
was monitored by measuring the turbidity (absorbance at 680 nm).
The model system of agLDL was generated by vortexing LDL (1 mg/
mL) for 4 minutes at room temperature at maximal speed. The per-
centage of LDL in aggregated form was calculated by measuring
the fraction of protein recovered in the pellet obtained after cen-
trifugation at 10 000 g for 10 minutes. The different fractions were
analysed by agarose electrophoresis, and the precipitated fraction
composed of 100% agLDL was added to cell cultures.

2.3 | MV isolation and quantification

LDL-loaded or non-loaded human Mo and Mac were cultured for 24
or 48 hours and the MV released into the supernatants collected.
MV were isolated by five-step high-speed centrifugations. Briefly,
2 mL of fresh supernatant aliquots were centrifuged at 3200 g for
20 minutes to guarantee complete cell and debris removal. The
recovered supernatants were centrifuged at room temperature at
300 g, (10 minutes); at 1200 g, (20 minutes); and at 12 500 g (5 min-
utes) in two repeated processes to ensure the elimination of nLDL
or agLDL. The cleared supernatants were transferred to another vial
and centrifuged at 20 500 g for 150 minutes at RT to pellet the MV.
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Supernatants were removed and the MV-enriched pellets (MVp)
were suspended in 100 pL citrate-PBS.

MVp (5 pL) in combination with 2-3 specific monoclonal antibod-
ies (1-5 pL each) labelled with phycoerythrin, 488 or the isotype-
matched control antibodies were added in a final volume of 50 uL
annexin binding buffer with 5 pL of Annexin V (AV) to label and
characterize AV'MV with bioactive and biomarker molecules from
their parental cells. Table S1 shows the different antibodies and the
concentrations used for microvesicle identification and characteri-
zation. Samples were incubated 20 minutes at room temperature in
the dark and diluted with annexin binding buffer before being imme-
diately analysed and counted on a FACSCanto Il flow cytometer. The
number of monocytes or macrophage per well were counted using
Neubauer chambers, and the number of MV/cell type was obtained.

AV binding level was corrected for autofluorescence using flu-
orescence signals obtained with MV in a calcium-free buffer PBS.
MV were identified and quantified based on their forward scatter/
side scatter characteristics according to their size, binding or not to
AV and reactivity to specific monoclonal antibodies. Figure S1 shows
representative plots for MV identification and characterization by
flow cytometry analysis.

Acquisition was performed at 1 minute per sample and flow rate
was measured before each experiment. Forward scatter, side scatter
and fluorescence data were obtained with the settings in the loga-
rithmic scale. The lower detection limit was placed as a threshold
above the electronic noise of the flow cytometer. To identify posi-
tive marked events, thresholds were also set based on samples incu-
bated with the same final concentration of isotype-matched control
antibodies after titration experiments. Data were analysed with the
FACSDivaTM software (version 6.1.3; Becton Dickinson). To reduce
background noise, buffers were prepared on the same day and fil-
tered through 0.2 pm pore size filters under vacuum.

2.4 | Macrophages isolation by flow cytometry

Cellular protein expression was assessed in primary cultures of
human macrophages by flow cytometry. Cell suspensions in flow cy-
tometry buffer (0.1% sodium azide/1%BSA/PBS) were gently centri-
fuged at 200 g, 10 minutes, RT. Pellet samples were then suspended
in flow cytometry buffer and stained for 20 minutes with specific
antibodies as described in Table S2. Figure S2 shows the gating
strategy for live macrophages by flow cytometry analysis. Samples
were diluted with 400 pL flow cytometry buffer prior to being im-
mediately analysed. For each sample, at least 10 000 events were
acquired on a FACSCantoll (Beckton Dickinson). Data was analysed
with the FACSDiva 6.1.3 software.

2.5 | Macrophages isolation by cell sorter

Lipid loaded macrophages were gently detached from culture dishes
and stained with CD11b, CD14 and CD206 or CD80 antibodies

WILEY--2

(Table S2) for 30 minutes in 100 pL 0.5%BSA/PBS. The reaction
was stopped by adding 4 volumes of 0.5%BSA/PBS to the mix.
Cells were sorted using a FACSAria-l1 (BD Biosciences) operated
using a 100 um nozzle with the 488 nm and 633 nm laser lines.
After positive selection of CD11b*CD14" cells, two populations
were sorted: CD11b*CD14'CD206'/CD11b"CD14°'CD206™ or
CD11b"CD14'CD80*/CD11b"CD14*CD80". After sorting, mac-
rophage populations were centrifuged separately for 10 minutes at
200 g. Then, cells were suspended in RPMI GlutaMax medium sup-
plemented with 10% AB human serum with 1% penicillin/streptomy-
cin and seeded into 6-well plates for 24 hours. Flow cytometry data
acquisition, analysis and image preparation were performed using
the FACSDiva software (BD Bioscience).

2.6 | Supernatant collection

Cell sorted macrophages were cultured in serum-free RPMI
GlutaMax medium for 2 days when supernatants were collected and
centrifuged at 15 000 g, 15 minutes, 4°C. Pellets were discharged
and supernatants were precipitated using a methanol/chloroform
protocol. Briefly, one volume of supernatant was mixed with three
volumes of cold methanol and one volume of chloroform, vortexed
vigorously for 30 seconds, and then, three volumes of H,O were
added to the sample to induce phase separation. The mix was cen-
trifuged at 10 000 g for 5 minutes, and the upper phase was elimi-
nated without disturbing the interphase. Three volumes of methanol
were added to the mix, and samples were centrifuged at 10 000 g
for 5 minutes. Supernatants were discharged and the precipitated
proteins (pellet) were let to air-dry. Finally, samples were suspended
in 100 pL of lysis protein buffer solution and frozen at -20°C until
western blots were performed.

2.7 | Western blot

Protein extracts (50 uL) were resolved by SDS-PAGE and transferred
to nitrocellulose membranes, blocked with 5% bovine serum albumin
and probed for monoclonal primary antibodies against IL-1p, TNFa«
and TGF-B from Cell Signalling. Membranes were then washed and
blotted with antimouse secondary antibodies (Dako). Band densi-
ties were determined with the ChemiDoc XRS system (Bio-Rad) in
chemiluminescence detection modus and Quantity-One software
(Bio-Rad).

2.8 | LRPS5silencing

Human macrophages were transfected with 100 nmol/L of siRNA-
Random (siR) or siRNA-LRP5 (si5) using HiPerfect® as recommended
by the manufacturer. Small anti-LRP5 interfering RNAs (si5, s8293)
were synthesized by Applied Biotechnologies and Silencer Selective
Negative Control #1 (siR, 4390843) by Ambion.
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2.9 | RNA solation and Real time PCR

Total RNA was isolated from cultured human monocytes and mac-
rophages using the total RNA extraction kit (Qiagen). Total RNA
concentration was determined by NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Inc), and purity was checked by
the A260/A280 ratio (ratios between 1.8 and 2.1 were considered ac-
ceptable), in addition, an agarose gel was run to assess quality. cDNA
was synthesized from 1 pg RNA with cDNA reverse transcription kit
(Qiagen) The resulting cDNA samples were amplified by polymerase
chain reaction (PCR) using a DNA thermal cycler (MJ Research) and
the following specific human probes from Applied Biotechnologies:
LRP5,iNOS, CD80, CD163 and IL1Ra. Normalization was performed
against r18S.

2.10 | Statistical analysis

A StatView statistical package was used for all the analysis. Results
are expressed as mean + SD or n (%) when indicated. When pos-
sible, comparisons among groups were performed by parametric
(one factor ANOVA) analysis. Statistical significance was consid-
ered when P < .05. All the experiments were performed at least

three times.

3 | RESULTS

3.1 | Monocytes and macrophages induce
LRP5+MYV secretion

To characterize the released MV, supernatants of primary cultures
of monocytes and macrophages were collected after 24 hours and
48 hours (Figure 1A). Mo release around 200 000 MV/mL after
24 hours and around 250 000 MV/mL after 48 hours in culture
(Figure 1A). Mac release around 52 000 MV/mL after 24 hours
and almost 100 000 MV/mL after 48 hours in culture (Figure 1A).
These time differences in MV release did not reach statistical sig-
nificance. However, there was a statistically significant difference in
MV release between Mo and Mac both at 24 hours and at 48 hours
(Figure 1A).

We then analysed released Annexin V-positive MV (AV‘MV)
and no significant differences were found between MV release
at 24 hours and 48 hours neither in Mo nor in Mac. Mo released
higher number of AV'MV than Mac both at 24 hours and at 48 hours
(Figure 1B). AV*MYV released by monocytes and by macrophages at
24 hours and 48 hours contained LRP5 (Figure 1C).

3.2 | Lipid loading increases LRP5"MV secretion

We have previously shown that lipid loading with modified lipopro-

teins (aglLDL) increases LRP5 expression in macrophages.zo'26 We

hypothesized that the LDL loading would increase the generation of
MV carrying LRP5. Primary cultures of human monocytes and mac-
rophages were treated with 100 pg/mL nLDL or agLDL for 24 hours or
48 hours and, indeed, agLDL loading induced a massive generation of
AV*MV from monocytes while a modest amount of AV*MV were re-
leased by macrophages (Figure 1D). LDL loading induced the release of
AV'LRP5*MV in larger quantities in monocytes than in macrophages
(Figure 1E). However, the relative release of AV‘'LRP5"MV (normal-
ized by total AV*MV) was significantly induced by LDL loading in mac-
rophages both after 24 hours and 48 hours incubation (Figure 1F).

We then estimated the amount of MV produced by each mono-
cyte or macrophage (MV/Mo and MV/Mac). Lipid-loaded Mo release
more AV" MV than Mac after 24 hours (175 + 21 AV'MV/Mo vs
6 + 0.8 AV'MV/Mac, Figure S3A) and 48 hours agLDL incubation
(108 + 15 AV'MV/Mo vs 6 + 0.4 AV*MV/Mac, Figure S3A). AgLDL
treatments induced more LRP5*MV release in individual monocytes
than in macrophages both after 24 hours and 48 hours incubation
(Figure S3B). Finally, the relative amount of AV'LRP5*MV/cell type
(normalized by AV'MV/cell type) released by macrophages was
higher than that released by monocytes after 24 hours and 48 hours
aglLDL incubation (Figure S3C).

3.3 | agLDL loading induces macrophage
polarization
We previously observed that LRP5 is mainly expressed in CD16"
macrophages and lipid loading induces LRP5 expression in these
cells?>%¢; therefore we investigated whether macrophage polariza-
tion could be induced by aglLDL. Lipid-loaded macrophages were
gently detached from the culture dish and these live macrophages
were counted by flow cytometry showing that the agLDL loading
did not affect cell survival (Figure 2A). Macrophage population was
defined by size, with specific pro- and anti-inflammatory antibod-
ies and with the well-known macrophage markers CD11b and CD14.
Figure S2 shows the gating strategy for live macrophages by flow cy-
tometry analysis. Results show that lipid loading induces the expres-
sion of CD80" and CD83" and reduces the expression of cell surface
CD16 (CD80": 2.16% expression in control conditions to 15.81%
expression after agLDL loading; CD83": 2.06% expression in con-
trol conditions to 8.65% expression after lipid loading and CD16™:
77.3% expression in control conditions and 86.3% expression in lipid
loaded cells). The expression levels of the anti-inflammatory marker
CD16" was reduced in lipid loaded macrophages while the expres-
sion levels of the anti-inflammatory proteins, CD206* and CD163*
did not vary with respect to control conditions. Therefore, lipid load-
ing induces a pro-inflammatory polarization in macrophages with in-
creased CD80", CD83" and CD16™ expression in cells (Figure 2B,C).
Macrophage pro-inflammatory phenotype after lipid load-
ing was confirmed by pro and anti-inflammatory protein secretion
analyses. Cell sorting was performed on lipid loaded macrophages
to obtain CD11b*CD14'CD206~ and CD11b*CD14'CD206" or
CD11b"CD14'CD80” and CD11b*CD14'CD80" macrophage
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FIGURE 1 AglLDL treatments in macrophages induce LRP5"MV secretion. 24 hours or 48 hours supernatants from undifferentiated
monocytes (Mo) or from 7 to 10 days fully differentiated macrophages (Mac) were collected and the amount of (A) microvesicles/mL; (B)
Annexin V" microvesicles/mL and (C) Annexin V' LRP5* microvesicles/mL were analysed. (D) Monocytes (Mo) or macrophages (Mac) were
treated with 100 pg/mL nLDL or 100 pg/mL agLDL for 24 hours or 48 hours and the amount of AV" MV/mL and of (E) AV" LRP5" MV/mL
was analysed. (F) The ratio between MV that are AV'LRP5*/AV" in control and lipid-loaded monocytes (Mo) and macrophages (Mac). All
experiments were performed at least four times in duplicates or triplicates. *P < .05, **P < .01, ***P < .005

subpopulations. The different macrophage subpopulations were
seeded in culture dishes and supernatants were collected after
48 hours. Increased release of the pro-inflammatory proteins
TNFa and IL1p was observed in the pro-inflammatory CD80" sub-
population while the levels remained low in the anti-inflammatory
CD206" subpopulation (Figure 2D). Conversely, the release of the
anti-inflammatory protein TGFp was higher in the CD206" macro-
phage subpopulation than in the CD80* macrophage subpopulation

(Figure 2D). Therefore, inflammatory protein release confirms the

pro-inflammatory polarized phenotype in macrophages observed by

cell surface markers expression after lipid loading.
3.4 | Lipidloading induces LRP5 expression in
macrophages

We next examined the expression levels of LRP5 in the differ-

ent macrophage subpopulations by staining macrophages with a
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FIGURE 2 AglLDL treatments induce LRP5 expression in pro- and anti-inflammatory macrophages. (A) Flow cytometry was used
to quantify live macrophages after treatment or not with 100 pg/mL agLDL. (B) Cellular expression of CD80, CD83, CD16, CD206 and
CD163 in control and agLDL-treated macrophages. (C) Quantification of the graphs depicted in (B). (D) TNFq, IL1p and TGFB expression in

supernatants of agLDL-treated and cell sorted macrophage subpopulations. (E) LRP5 expression levels by flow cytometry in CD16~, CD80"

and CD83" pro-inflammatory macrophages in control and after agLDL treatment. (F) Same in anti-inflammatory CD16*, CD2016" and
CD163" expressing macrophages. All experiments were performed at least four times in duplicates or triplicates. *P < .05, **P < .01
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FIGURE 3 Macrophages treated with agLDL release LRP5*MV. (A) Flow cytometry was used to quantify AV* MV secreted by control
and 100 pg/mL AglLDL-treated macrophages. (B) CD16~ MV/mL, CD80" MV/mL, CD16" MV/mL and CD206* MV/mL released by control
and agLDL-treated macrophages (C) Same as in (B) but performing the ratio against AV*MV. (D) Quantification of the graphs shown in (C). (E)
Flow cytometry detection of LRP5 expression in CD16 MV, CD80*MV, CD16*MV and CD206*MV released by control and agLDL-treated
macrophages. All experiments were performed at least four times in duplicates or triplicates. *P < .05, **P < .01, ***P < .005

specific antibody for LRP5. Pro-inflammatory CD16™ macrophages
show increased LRP5 cellular expression after agLDL loading

compared to controls (12.3% and 2.6% respectively; Figure 2E).

Similarly, CD80" and CD83" macrophages showed increased levels
of cellular LRP5 after lipid loading compared to controls (CD80":

3.89% expression in control conditions to 11.8% expression after
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lipid loading; CD83": 1.27% expression in control conditions to
6.85% expression after agLDL loading; Figure 2E). Interestingly,
macrophages that express the anti-inflammatory markers CD16%
CD206" or CD163" also showed significantly increased LRP5 ex-
pression after agLDL loading (CD16": 16.7% in control conditions
to 28.3% in lipid-loaded macrophages, CD206": 9.8% in controls to
21.8% in lipid-loaded macrophages and CD163*: 12.84% in con-
trols to 27.8% in agLDL-treated macrophages) indicating that lipid
loading induce LRP5 expression in both pro- and anti-inflammatory
macrophages but with a higher expression in anti-inflammatory

macrophages (Figure 2F).

3.5 | Inflammatory profile of MV after lipid loading

MV release was investigated in supernatants from LDL-loaded
macrophage (100 pg/mL aglLDL). Lipid loading induced significantly
higher release of AV'MV (Figure 3A). LDL loading induced a signifi-
cant increase in the release of CD16~, CD80" and CD83* MV but
not CD16"*, CD206" and CD163* MV (Figure 3B). Normalization
by total AV"* MV showed that only CD16~, CD80" and CD83"
MV levels were increased after agLDL loading (CD16™: 65.82% in
control conditions to 86.81% after lipid loading, CD80": 9.87% in
control conditions to 19.22% after lipid loading and CD83": 6.31%
in control conditions to 12.92% after lipid loading, Figure 3C,D).
Macrophage-derived MV containing CD16*, CD206"* and CD163"
anti-inflammatory markers remained constant before and after
macrophage lipid loading (CD16": 2.99% in control conditions vs
1.09% in lipid-loaded macrophages, CD206*: 2.09% in control
conditions vs 2.31% after agLDL loading and CD163": 1.30% in
control conditions to 1.16% after lipid loading Figure 3C,D) indi-
cating that lipid loading induces the release of MV containing pro-

inflammatory markers.

3.6 | LRP5"MV contain pro-inflammatory and anti-
inflammatory proteins

MV released from lipid-loaded and non-loaded macrophages were
isolated and stained for pro-inflammatory and anti-inflammatory
markers and for LRP5. Interestingly, LRP5 was delivered into MV
containing both pro-inflammatory and anti-inflammatory proteins,
indicating that the delivery of LRP5 into MV is independent of the
inflammatory proteins delivered into the MV (Figure 3E).

3.7 | Characterization of donor
macrophages and their released MV

Macrophage specific inhibition of LRP5 expression (with siRNA)
was used to identify whether LRP5 was playing a role in mac-
rophage differentiation towards a CD16™ or a CD16"* phenotype.

Macrophages were silenced or not for LRP5 and agLDL-loaded or

not (Figure 4A). Analysis of donor macrophages mRNA expres-
sion by RT-PCR showed a 92 + 3% LRP5 reduction in siRNA-LRP5
control cells and a 90 + 2% LRP5 reduction in siRNA-LRP5 lipid-
loaded macrophages. LRP5 mRNA expression was increased in
lipid-loaded macrophages (Figure 4B). LRP5 silencing did not mod-
ify the number of AV'MV/mL released by macrophages neither in
control nor in lipid-loaded conditions (Figure 4C). However, a con-
sistent reduction in LRP5*AV*MYV release by siRNA-LRP5-treated
macrophages was observed both in untreated and aglLDL-loaded

macrophages (Figure 4D).

3.8 | Gene expression levels in conditioned
macrophages

MV released by the different sets of donor macrophages were isolated
and used to condition naive macrophages and monocytes. Treatment
of naive macrophages with macrophage-derived MV released by
control macrophages or with MV released by siRNA-LRP5-treated
macrophages did not modify their LRP5 cellular mRNA expression
(Figure 5A). Similarly, treatment with MV released by control or lipid-
loaded macrophages did not modify LRP5 gene expression levels in
recipient macrophages indicating that LRP5 contained in MV does not
affect LRP5 gene transcription (Figure 5A).

However, macrophage gene transcription of the pro-
inflammatory molecules iNOS and CD80 was increased by MV
devoid of LRP5 indicating that LRP5 blocks the expression of
pro-inflammatory genes in recipient macrophages (Figure 5B,C).
Treatment with MV released by lipid-loaded macrophages induced
iNOS and CD80 gene transcription in recipient macrophages inde-
pendent of LRP5 expression (Figure 5B,C). The anti-inflammatory
genes CD163 and IL1Ra showed decreased expression levels
in macrophages conditioned with MV released by siRNA-LRP5
macrophages, indicating that LRP5*MV induce higher levels of
anti-inflammatory genes expression in recipient macrophages
(Figure 5D,E). Anti-inflammatory gene transcription in macro-
phages conditioned with MV released by lipid-loaded macrophages
remained constant independently of LRP5 expression in donor
macrophages (Figure 5D,E).

3.9 | Gene transcription in conditioned monocytes

LRP5 gene expression levels remained constant in monocytes
treated with MV released by both LRP5-expressing and LRP5-
silenced macrophages. Interestingly LRP5 gene levels were in-
creased in monocytes conditioned with MV released by lipid-loaded
macrophages (Figure 5F). However, iNOS and CD80 expression lev-
els in monocytes conditioned with MV released by untreated and
lipid-loaded macrophages in the presence or absence of LRP5 were
not significantly modified (Figure 5G,H) as did the expression levels
of the anti-inflammatory genes CD163 and IL1Ra (Figure 51,J) indi-

cating that monocyte gene expression is unaffected by LRP5*MVs.
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FIGURE 4 Characterization of donor A
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4 | DISCUSSION

Microvesicles can stimulate targets cells by direct interaction with
target receptors and the transfer of the bioactive molecules they
contain. 2378101315 Hare we show, for the first time, that LRP5
is delivered into MV released by macrophages and monocytes.
However, the release of LRP5"MV is only significantly increased in
fully differentiated lipid-loaded macrophages.

In general, macrophages are classified into two main phe-
notypes, classical M1 CD16" activated macrophages and al-
ternative M2 CD16" activated macrophages, which regulate
pro-inflammatory and anti-inflammatory responses, respec-
tively.29 Regulation of lipid-induced macrophage polarization is a
very new field of investigation. A recent study showed that satu-
rated fatty acid treatment induced M1-predominant macrophages,
while polyunsaturated fatty acid induced M2-predominant mac-
rophages.’° Treatment of hepatocytes with conditioned media
from M1-polarized macrophages promoted lipid synthesis and
accumulation indicating that lipid-induced macrophage M1 po-
larization stimulates hepatic lipid metabolism.%° In this study, we
show that lipid-loaded macrophages show high cell surface ex-
pression of pro-inflammatory proteins while cell surface expres-
sion of anti-inflammatory proteins (CD16*, CD163" and CD206")
remains constantly low indicating that lipid loading induces M1
polarization. This results are supported by cell sorting experi-
ments where isolated specific pro-inflammatory subpopulations
of macrophages release pro-inflammatory proteins. LRP5 expres-
sion levels are higher in CD16" expressing macrophages as com-

pared to CD16™ macrophages. Indeed, in control conditions there

C Donor macrophages
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=)
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40 - agLDL

Hc
agLDL

30 1
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is a 2.6% expression of cell surface LRP5 in CD16™ macrophages
as compared to 16.7% in CD16" macrophages. These results are
in line with our previous findings where LRP5 immunofluores-
cent staining was increased in CD16" macrophages as compared
to CD16~ macrophages.?® Here, we show that LRP5 expression
levels in control macrophages expressing anti-inflammatory pro-
teins are higher than in macrophages expressing pro-inflammatory
markers (CD16~, CD80" and CD83") indicating that in control
conditions, there is more LRP5 expressed in macrophages with
anti-inflammatory phenotype. Interestingly, LRP5 cell surface ex-
pression is increased in all lipid-loaded macrophages. Indeed, mac-
rophages expression of pro-inflammatory or anti-inflammatory
markers on their cell surface is independent of LRP5 expression
levels, indicating that LRP5 expression is upregulated in lipid-
loaded macrophages irrespective of the macrophage inflammatory
phenotype.

In the presence of extracellular lipids, there is increased release
of MV. This is in line with previous studies where statin treatment
(a lipid lowering agent) reduced MV shedding from platelets, en-
dothelial cells and leukocytes carrying markers of cell activation.®?
Similarly, decreased MV release and decreased cargo of cell activa-
tion markers after statin treatment in different cell lineages have also
been described.??3¢ We have explored whether MV show different
inflammatory phenotypes if they are released by untreated or lipid-
loaded macrophages. Because MV are released from the cell sur-
face of their cells of origin, we used the same pro-inflammatory and
anti-inflammatory markers used to characterize CD16~ and CD16"
macrophages to map their released MV. Lipid-loaded macrophages
show increased release of CD16 MV, CD80*MV and CD83*MV,
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FIGURE 5 Gene expression levels in receptor macrophages and monocytes. Receptor macrophages were treated with macrophage-
derived MV released by Control macrophages, siRNA-LRP5-treated macrophages, 100 pg/mL agLDL-treated macrophages or siRNA-
LRP5+AgLDL-treated macrophages and mRNA expression levels of (A) LRP5, (B) iNOS, (C) CD80, (D) CD163 and (E) IL1Ra were analysed.
Receptor monocytes were treated with macrophage-derived MV released by Control macrophages, siRNA-LRP5-treated macrophages,
100 pg/mL agLDL-treated macrophages or siRNA-LRP5+AgLDL-treated macrophages and mRNA expression levels of (F) LRP5, (G) iNOS, (H)
CD80, (1) CD163 and (J) IL1Ra were analysed. Experiments were performed four times in triplicates. *P < .05, ***P < .005

while the release of MV containing anti-inflammatory markers
(CD16", CD163* and CD206%) remained similar to untreated mac-
rophages indicating that lipid-loaded macrophages release MV with
a pro-inflammatory phenotype. The molecular mechanisms behind
the preferential incorporation of different proteins into budding MV
remain to be elucidated, but it has been suggested that it could be
mediated by the cytoplasmic domains of the protein to be included
into the MV.%’

Similar to the increased cellular expression of LRP5 in lipid-
loaded CD16~ and CD16" macrophages, lipid loading induced
increased release of LRP5'MV in both CD16 "MV and CD16"MV
indicating that the expression of inflammatory markers in MV is
independent of the delivery of LRP5 into MV. However, after lipid
loading, only pro-inflammatory MV were released. Therefore, only
LRP5*CD16 MV, LRP5*CD80*MV and LRP5'CD83"MV were re-
leased. This raises the very interesting question of how is LRP5
delivered and released with MV containing pro-inflammatory
markers. Notably, MV production and release are stimuli and signal
dependent.®®3? For example, cytokine IL1p induces MV shedding
from circulating monocytes.*® Accordingly, here we show that lipid
stimuliinduce pro-inflammatory MV release. As lipid loaded macro-
phages show increased expression of LRP5 at the cell surface, it is
plausible that this LRP5 will be delivered to their MV and released
as LRP5'MV. Human macrophages expressing LRP5 have been
shown to provide survival and repair to damaged tissues.?® It is our
hypothesis that this is the function of LRP5*MV but further work
needs to be performed to prove it.

We also explored the function of macrophage-derived LRP5"MV
in the polarization fate of macrophages. Lipid-loaded macrophages
that did not express LRP5 showed similar MV release than lipid-
loaded LRP5* macrophages indicating that LRP5 does not partici-
pate in the MV release pathway. A reduction in LRP5*MV release
from macrophages without LRP5 was observed.

Classically activated CD16~ macrophages are characterized
by the expression of several pro-inflammatory markers, including
iNOS and CD80*M*? while alternatively activated anti-inflammatory
CD16" macrophages express CD163 and IL1Ra.***3 Treatment with
MV released by macrophages devoid of LRP5 induced iNOS and
CD80 expression and reduced CD163 and IL1Ra expression in naive
macrophages indicating that LRP5*MV induce macrophages to dif-
ferentiate towards an anti-inflammatory phenotype. A limitation of
this study is that the size of LRP5*MV was not assessed; therefore,
we could not determine if LRP5'MV have a different size than MV
devoid of LRP5. However, always the same procedure was followed

to prepare MV and only MV released by control macrophages were

unable to induce high expression of pro-inflammatory genes. Also,
MV released by lipid-loaded macrophages induced increased ex-
pression of pro-inflammatory genes independent of LRP5 expres-
sion further supporting that different stimulus in the cells of origin
generates MV with different cargoes that will have different func-
tions in the target cells.

In conclusion, here we demonstrate for the first time that a li-
poprotein receptor, LRP5, is delivered into MV. MV released by
lipid-loaded macrophages contain mainly pro-inflammatory pro-
teins and LRP5. LRP5"MV induce an anti-inflammatory genotype in
naive macrophages. Therefore, a systematic blockade of monocyte/
macrophage infiltration in the prevention of atherosclerosis may be
less effective than originally expected if the levels of macrophage-
derived LRP5*MYV are affected and reduced.
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