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ABSTRACT

Rationale —A crucial step in atherogenesis is the infiltratiohthe sub-endothelial space of large
arteries by monocytes where they differentiate maxrophages and transform into lipid-loaded foam
cells. Macrophages are heterogeneous cells whiaptatieir response to environmental cytokines.
Th1 cytokines promote monocyte differentiation iMé macrophages, while Th2 cytokines trigger an
“alternative” M2 phenotype.

Objective —We previously reported the presence of CD68+MR+ Macrophages in human
atherosclerotic plaques. However, the function ledse plague CD68+MR+ macrophages is still
unknown.

Methods and ResultsHistological analysis revealed that CD68+MR+ leckr from the lipid core of
the plague and contain smaller lipid droplets camgpao CD68+MR- macrophages. IL-4 polarized
CD68+MR+ display a reduced capacity to handle dfhdxecellular cholesterol due to low expression
levels of the nuclear receptor Liver X Receptor )X and its target genes, ABCA1l and ApoE,
caused by the high 15-lipoxygenase activity in CEM&+ macrophages. By contrast, CD68+MR+
highly express opsonins and receptors involvedhagpcytosis resulting in high phagocytic activity.
In M2 macrophages, Peroxisome Proliferator-Actidateceptor (PPAR) activation enhances the
phagocytic, but not the cholesterol traffickingipadys.

Conclusions -These data identify a distinct macrophage sub4adipun with a low susceptibility to
become foam cells, but high phagocytic activity doiaifferent regulatory activities of the PPRR
LXRa pathways.

Keywords: Atherosclerosis, macrophages, nucleaptecs, cholesterol

Non-standard Abbreviations and Acronyms: None



INTRODUCTION

A crucial step in atherogenesis is the infiltratohmonocytes within the sub-endothelial space of
large arteries and their differentiation into madrages. In early plaques, recruited macrophages pla
reparatory roles via the phagocytosis of oxidizgadds and apoptotic cells. However, during
atherosclerosis progression, macrophages contribufeam cell formation, lesion growth, plaque
rupture and thrombosis by secreting immune-inflatomya factors, growth factors, proteolytic
enzymes and tissue factor

One of the most important functions of macrophdgebe context of atherosclerosis is the handling
of lipids, especially cholesterol. The maintenaotenacrophage cholesterol homeostasis is of critica
importance in the pathogenesis of atherosclerssise an imbalance between cholesterol influx and
efflux leads to an excessive accumulation of cliefesin macrophages and their transformation into
foam cells®®, Macrophage scavenger receptors, including scavemgeptor A (SR-A), CD36 and
lectin-like oxidized LDL receptor-1 (LOX-1), med@atthe uptake of modified LDL lipoproteins,
including oxidized (Ox)LDL. Within the macrophagespdified LDL-derived cholesteryl esters are
hydrolysed in lysosomes by the lysosomal acid ép@sAL). The released unesterified cholesterol
traffics to and integrates in the plasma membré@he.excess of cholesterol is transported backeo th
endoplasmic reticulum where it is re-esterifieddnyl-CoA:cholesterol acyltransferase-1 (ACAT-1)
and stored as lipid droplets Cellular cholesterol at the plasma membrane &@lable for efflux, a
highly regulated process mediated by specific jmeteincluding ATP-binding cassette (ABC)
transporters (ABCA1 and ABCG1/ABCG2and apolipoprotein (apo) E

Besides their role in lipid handling and the immimigammatory response, macrophages are also
involved in phagocytosis of opsonized bacteria pathogens and efferocytosis, the clearance of
apoptotic cells and debris, since they expressptece and adaptors which recognize the “eat-me”
signals at the surface of dying cells Ingestion of apoptotic cells generally triggens anti-
inflammatory responsé. Hence, atherosclerosis may be caused not onlya bsustained pro-
inflammatory reaction, but also by the failure ofi@anflammatory control mechanisms.

Macrophages are heterogeneous cells, which adept risponse to environmental cytokines and
microbial products. While Thl cytokines (IfMind IL1f) or bacterial LPS induce a “classical”
activation profile (M1), the Th2 cytokines IL-4 ahid-13 induce an “alternative” activation (M2) of
macrophages. Macrophages are plastic cells betaeygean switch from the M1 to M2 state and vice
versa, upon specific signalsM1 macrophages produce pro-inflammatory cytokirsesh as tumor
necrosis facton (TNF), IL-6 and IL-12°, whereas M2 macrophages dampen this inflammatbfy T
response by producing anti-inflammatory factors-10, TGF8, IL-1 receptor antagonist (IL-1Ra)),
thus promoting angiogenesis and tissue répair

Macrophage functions are under the control of s#vesinscription factors, among which the Liver X
Receptors (LXR) and the Peroxisome Proliferatornated Receptors (PPAR). LXR LXRp and
PPARy are ligand-activated nuclear receptors controllaigplesterol distribution and efflux, the
inflammatory responst and, in the case of PPARmacrophage polarization stafe>

We have previously shown that, besides classieaiivated M1 macrophages, human atherosclerotic
plagues contain also macrophages expressing theasameceptor (MR), an alternative macrophage
marker, suggesting heterogeneity of plaque macgmhmopulations'2. However, the phenotypic
characteristics and functions nor the regulatoryhways operative in these alternative M2
macrophages are still unknown. The objective of Htudy was to characterize the macrophage sub-
populations in human atherosclerotic plagues arstuidy their functions.



METHODS

Endarterectomy tissue samples

Human atherosclerotic plaques were removed from pafients eligible for surgical carotid
endarterectomy according to the European Caroiilidis’ Collaborative Group®, recruited at the
Cardiovascular Surgery Department, Hospital ofel.ifrance®. Informed consent was obtained from
all patients.

Cell culture

Human peripheral blood mononuclear cells were isdldrom healthy donors by Ficoll density
gradient centrifugation. Monocytes were differetethinto resting (RM), alternative (M2) or classica
(M1) macrophages (see online supplemental file).ehindicated, T0901317 (T09, 1 pmol/L),
22(R)-hydroxycholesterol (220H, 10 pmol/L), GW198800 nmol/L), cinnamyl-3,4-dihydroxy-a-
cyanocinnamate (CDC, 5 pg/ml) and R04508159 (10l{lujncompounds were added for 24h.

Immunohistochemical analysis and laser capture microdissection (LCM)
Immunohistochemical analysis and laser captureasdigsection were performed on frozen sections
(see the online supplemental file).

RNA extraction and analysis

Total cellular RNA was extracted from macrophagsisg Trizol (Life Technologies, France). RNA
extraction from LCM-isolated samples was performsithg the Picopure RNA extraction kit (MDS
Analytical Technologies). Gene expression was aeal\py quantitative PCR (Q-PCR) (see the online
supplemental file).

Protein extraction and western blot analysis

Cells were harvested in lysis buffer containing PB% Triton X100, 10% Na Deoxycholate and
protease inhibitors. Proteins (20 pg) were separayeSDS-PAGE, transferred to Hybond-C Extra
membranes (Amersham) and immunoblotted using afiBbcagainst human LXR(abcam), human
LOX-1 orB-actin (SantaCruz Biotechnology).

Cellular triglyceride and cholesteraol loading

Macrophages were lipid-loaded by incubation withLBt or VLDL (50 pg/ml) for 48h or with
native LDL (1 mg/ml) or OxLDL (50 pg/ml) for 24h.ntracellular lipids were extracted with
hexane/isopropanol (3v:2v) and triglycerides artdltcholesterol measured using an enzymatic assay
(Boehringer) and cholesterol distribution were nueed (see the online supplemental file).

In certain experiments, cholesterol-loaded macrgebavere stained with Qil red O. Where indicated
cells were incubated with fluorescent Dil-LDL (Qr&)/ml) for 24h'®,

M easurement of cholesteryl ester formation

Cholesteryl ester formation was assessed by measuhe incorporation of *{CJ-oleate into
cholesteryl esters. Human macrophages were chaeftaded by incubation with AcLDL (50
pg/ml) for 48 hours. After the cholesterol-loadipgriod, cholesteryl ester formation was measured
(see the online supplemental file).

Cholesterol efflux
Macrophages were cholesterol-loaded by incubatitim ffH]cholesterol-AcLDL (50 pg/mL) for 48h.
HDLsand ApoAl-mediated cholesterol efflux was meas\fse@ the online supplemental file).

Small interfering (s)RNA-mediated macrophage RNA interference

siRNA oligonucleotides corresponding to human laXBnd LXR3 (Dharmacon), PPAR(Ambion)
sequences and scrambled control RNA oligonuclesti@mbion) were used. RM and M2
macrophages were transfected using Dharmafectémeg@Dharmacon) for 16h and then treated for a
further 24h with T0901317 (1 umol/L) or GW1929 (6@fol/L).



Adenovirus generation

The recombinant adenovirus (Ad)-GFP (Green FluamisProtein) and Ad-PPARvere obtained as
described”. Viral titers were determined on HEK 268lls and defined as plaque-forming units/ml.
2x10 macrophages were infected for 16h at a multiglioft 100 viralparticles/cell and subsequently
incubatedor 24h in the absence or presence of GW1929 (6@l/h).

I n vitro phagocytosis assay
Phagocytosis tests were performed using fluoresapaptotic cells or latex beads (see the online
supplemental file).

Statistical analysis
Statistical differences between groups were andlyzeStudent t-test and considered significant when
p <0.05.



RESULTS

Identification of distinct macrophage sub-populationsin human ather oscler otic plaques.

We previously reported the presence of MR-exprgssiacrophages in human atherosclerotic lesions
2. However, their morphology, phenotype and tissoealization has not been investigated yet.
Therefore, macrophage-rich areas were identifiedirbgnunostaining with the pan-macrophage
marker CD68, a glycoprotein located on the lysodomembrane'® (fig.1A). Distinct macrophage
sub-populations were then discriminated on thesbasico-expression of MR, an endocytic and
phagocytic receptor whose expression is stronglgaeoed during alternative M2 macrophage
differentiation’®. As expected, CD68+MR- macrophages were abundéailyd in the lipid core of
the plaque and very rarely in the intimal space. d&ntrast, CD68+MR+ macrophages were
predominantly observed in the area of the plaquelpng the lipid core (fig.1A). Q-PCR analysis of
areas infiltrated by CD68+MR+ macrophages and iedldy laser capture-microdissection (LCM)
showed a higher expression of IL-4, a cytokine prily produced by Th2 lymphocytes and inducer
of macrophage alternative differentiation, compae@D68+MR- rich areas (fig.1B).

Thus, based on morphology, localization and difiéed expression of the MR, human atherosclerotic
lesions contain at least two macrophage sub-pdpofatpresent in distinct, discrete zones of the
plague.

Alter native macrophages ar e less susceptible to transform into foam cells.

Interestingly, Oil Red O staining revealed a défar pattern of lipid droplet accumulation in
CD68+MR- and CD68+MR+ macrophagesvivo (fig.1A). Morphological comparison revealed that
while CD68+MR+ macrophages are smaller and theioptgsm contain several small lipid droplets
(mean diameter of the lipid droplet: 1-1.5 um), @BBIR- macrophages contain fewer and bigger
lipid droplets (mean diameter approximately 15 |{fig)1A).

To investigate the mechanism behind the lower lipiccumulation observed in CD68+MR+
macrophagesn vitro studies were performed using human primary momscpblarized to the M2
alternative phenotype with IL-4. As expected, tixpression of the M2 macrophage markers MR,
AMAC-1 and IL-1Ra was strongly induced by IL-4, coaned to resting macrophages (RM) (data not
shown). By contrast, the expression of the speafendritic cell marker CDla was almost
undetectable in M2 macrophages, showing that démdrell differentiation is not induced in our
model (data not shown). Expression of SR-A and CD&6 scavenger receptors, was similar in RM
and M2 macrophages (fig.2A,B). In line, alternattliferentiation of macrophages did not modify
AcLDL or VLDL-induced cholesterol or triglyceridecaumulation (fig. 2C,D).

Interestingly, M2 macrophages displayed a loweregerpression level of LOX-1 and caveolin-1
compared to RM (fig. 2E,G). Both the pro- (appré®KDa) and mature (approx. 30KDa) LOX-1
protein forms were lower expressed in M2 than in REtrophages (fig.2E). In line, M2 macrophages
exhibited a reduced accumulation of oxidized anived.DL (fig. 2F,H, online fig.l), as measured by
ORO staining and by a reduced accumulation of Bilwe LDL (online fig.l). In line, cholesterol
content was lower in M2 macrophages loaded witlveatDL compared to RM (online fig.l).
Macrophage foam cell formation induced by nativelLLidight occur through receptor-independent
fluid phase pinocytosis, a process highly stimuldg the PKA activator PMA®. However, LDL
accumulation in M2 macrophages was similar as in &n PMA activation, thus excluding a
defective fluid phase pinocytosis (online fig.IBltogether, M2 alternative macrophages accumulate
less oxidized and native LDL, an effect likely adimiting to the lower accumulation of cytoplasmic
lipid droplets in CD68+MR+ macrophages obseriedivo

Human alter native macr ophages display a lower cholesterol efflux capacity.

To determine whether alternative differentiationymniafluence the reverse cholesterol transport
pathway, the impact of M2 differentiation on thepesssion of key genes involved in cholesterol
efflux such as ABCA1l and ApoE, was studied (figBA, The expression of both genes was
significantly lower in M2 macrophages compared 9 Rnd pro-inflammatory M1 macrophages
(online fig.ll), suggesting that M2 macrophages ni@ve lower cholesterol efflux capacities.
CD68+MR+ macrophage-rich areas of human atheragagolaques exhibit lower levels of ABCA1
MRNA (fig.3C), protein (fig.3E) and ApoE mRNA (fBD) compared to CD68+MR- rich zones.



In line, apoAl- and HDL-mediated cholesterol efflux was significantly lowia [3H]cholesterol-
AcLDL-loaded M2 macrophages compared to RM macrgpbgfig.3F), indicating that alternative
differentiated macrophages display impaired chelesefflux capacities.

Alternative macrophage differentiation leads to an increased cholesteryl ester content and
cholesteryl ester formation.

Increased macrophage cholesterol esterificatiomaippis a protective mechanism to control free
cholesterol toxicity in conditions in which the désterol efflux pathway is defective We sought to
determine whether the reduced cholesterol efflyxacitly in M2 macrophages can, in turn, affect
cholesterol esterification. Expression of LAL wagher in M2 macrophages compared to RM or
TNFa and IL-1B-activated macrophages (fig.4A, online fig.lll,B3uggesting enhanced lysosomal
cholesteryl ester hydrolysis in M2 macrophages higtier unesterified cholesterol availability for
intracellular trafficking. In line, the expressiah the cholesterol transporter Niemann Pick typ&é C
(NPC-1)* was higher in M2 compared to RM (data not showfjreover, intracellular cholesterol
esterification (fig.4D,E) was higher in M2 macrogbka, which correlated with increased ACAT-1
MRNA levels in M2 macrophages, bathvivo andin vitro (fig. 4B,C, online fig.lll,C). By contrast,
CPT-1, a key enzyme in mitochondrial fatty acicabalism and the neutral cholesteryl ester hydrolase
(NCEH) were expressed at similar levels in RM aribcrophages (fig.4F and data not shown).

L XRa expression and activity is decreased in alter native macrophages.

Since ABCAL and ApoE are well-known LXR target gent we investigated the expression of
LXRa and LXR3. LXRa mRNA (fig.5A) and protein (fig.5C), but not L{Rexpression (fig.5B)
were significantly lower in M2 macrophages compa@®M or IL-13 and TNF pro-inflammatory
M1 macrophages (online fig.lll,F). A lower exprassilevel of LXRi mRNA and protein was also
observedn vivoin CD68+MR+ macrophage-rich areas of human atlotrastic plagues (fig.5D,E).

To determine the capacity of M2 macrophages to amdpto LXR activation, differentiated
macrophages were incubated with the highly actiwethetic dual LXR/B agonist T0901317°.
Pharmacological LXR activation in M2 macrophage$iagited LXR, ABCA1l and ApoE gene
expression to levels comparable to untreated RMrophages, but much lower than in T0901317-
activated RM macrophages (fig.6). In line, M2 matrages were less sensitive than RM to the
activation by the natural LXR agonist 22-hydroxykesterol (220HY* (online fig.V). LXR activation
did not affect the macrophage alternative phengtgigce the expression of MR was unchanged
(online fig.IV). To determine the role of LXRand LXR3 in M2 macrophage function, their
expression was silenced by siRNA in M2 macrophagesilting in about 70% reduction (in
comparison with control siRNA-transfected cellg,.®E,L). LXR3-silencing did not affect T0901317-
induced expression of LXi ABCAL or ApoE, indicating that the observed rewm®s are LXR-
dependent (fig.6F,G,H). LX&Rsilencing affected the basal as well as the T02@4Bduced
expression of LXR itself, ABCAL and ApoE, without affecting the L)Rexpression (fig.61,L,M,N).
These results indicate that LXRis the LXR isoform controlling M2 macrophage clstéol
metabolism and that its low expression in thesks eglinvolved in the decreased cholesterol hagdlin
properties.

IL-4 decreases L XRa expression via a mechanism involving 15-lipoxygenase.

15-lipoxygenase (15-LOX) is a lipid peroxidating zgme responsible for the conversion of
arachidonic and linoleic acid into 13-hydroxyocteadienoic (13-HODE). 15-LOX expression is
strongly induced by IL-4°. Since 12/15-lipoxygenase transgenic mouse maaggshdisplay reduced
ABCA1 expression and cholesterol effltfk a phenotype similar to the one observed in human
macrophages, the potential involvement of humam.QX- in the regulation of LXR signalling in
M2 macrophages was assessed.

Interestingly, 15-LOX gene expression was elevatelll2 macrophages vitro (online fig.VI) and
15-LOX protein was higher in CD68+MR+ macrophagempared to CD68+MR- macrophage-rich
areas in atherosclerotic plaques (fig.7A). Expmssif 15-LOX (blue) colocalized with MR (red),
leading to purple staining (fig.7A). Inhibition df5-LOX activity in M2 macrophages with two
different chemical inhibitors, CDC and R04508%5¢ resulted in an increased expression of bXR



and its target genes ABCA1 and ApoE (fig.7B-G). dakogether, these results indicate that the
decreased LXR expression and activity in M2 macrophages is Vikelated to an enhanced 15-LOX
activity.

Expression of genesinvolved in phagocytosisis altered in alter native macr ophages.

To determine whether other macrophage functiors) as phagocytosis, are operative in CD68+MR+
macrophages, the expression of several key gemeklvéd in this pathway was analyzed bothvivo

and in vitro. The expression of Clga, Clgbh, Clgc, GAS-6, and TS®s higherin vivo when
comparing CD68+MR+ macrophages to CD68+MR- macrgphich areas of atherosclerotic plaques
(online fig.VII,A-F). Interestingly, this gene exgssion profile is comparable to the one obseimed
vitro in M2 macrophages, compared to RM, with the exoapif MERTK, which is drastically lower
upon M2 polarization (online fig.VIl,G-M). Amongsthese, TSP-1 gene was the highest expressed in
CD68+MR+ macrophage-rich aresvivo (online fig.VII,F). These results suggest that CEBR+
macrophages likely have enhanced phagocytic aesvit

PPARYy activation enhances phagocytic activity of alter native macrophages.

To assess functional phagocytic activities, engelfimof fluorescent apoptotic cells or beads was
determined. M2 macrophages displayed an increaapdcity of phagogytosis compared to RM
macrophages (fig.8A,B) and this effect was enhatgeBPARy activation(fig.8C,D). Since TSP-1 is
highest expressdd vivo (median value=3.25), and given its role in phagosigt®*’ we investigated
whether it is regulated by LXRand PPAR. Whereas TSP-1 expression was not altered upon LXR
activation of IL-4 driven-alternative macrophages vitro (data not shown), its expression was
enhanced by PPARactivation with GW1929 (fig.8E), an effect whichasv abolished upon
PPARy siRNA-silencing (fig.8F). Moreover, infection of m@phages with an adenovirus coding for
PPARy (Ad-PPAR)) increased TSP-1 expression 3.5-fold, which wathén enhanced by GW1929
(fig.8G). Expression of the TSP-1 receptor CD47 wagher in alternative macrophages, but not
regulated by PPAR(fig.8H). Inhibition of TSP-1 in M2 macrophages ngia blocking antibody
inhibited the PPAR-enhanced phagocytosis activity (online fig.VIII).

Altogether, these results indicate that alternathgerophages display enhanced phagocytic capacity
compared to RM macrophages, an effect amplifieB PRy activation.



DISCUSSION

Human atherosclerotic lesions are highly heterogesiestructures containing a variety of cell types
contributing to a complex inflammatory environmenhhe local cytokine environment can promote
differentiation of infiltrated monocytes to altetive or to classical macrophage sub-populations. We
have been the first to report the presence ofrgltere macrophages expressing the MR within human
carotid atherosclerotic plaquéd However, the phenotypic characterization of mpbeme sub-
populations within the plaques and their role ia ffathogenesis of atherosclerosis has not yet been
elucidated.

Immunohistological analysis shows that the macrgphsub-populations positive for CD68 and MR
expression are abundant in stable cell-rich aré#secatherosclerotic plaque. In contrast, CD68+MR-
macrophages predominate in the lipid core of theerassclerotic plaque and can occasionally be
detected in the intimal space. We also found tHa8& MR+ macrophage-rich areas express higher
levels of IL-4 than CD68+MR- rich zones, thus poing the appropriate cytokine environment
necessary to orient macrophage polarization. Cerisigl that the cytokine milieu is complex and
might vary during the different stages of atheresuic plaque progression, it is likely that
intermediate spectra of differentiation states texrgth CD68+MR- and CD68+MR+ being the
extreme situations, similar as reported for hundipase tissue macrophag&sHowever, it is of note
that CD68+MR- macrophages are filled more abunganith lipid droplets which are larger than
those observed in CD68+MR+ macrophages. Our regsiitgin vitro differentiated M2 macrophages
indicate that these cells are less competent #® w@knative and oxidized lipoproteins, indicatihg t
existence of cell-intrinsic functional differendaserms of lipid accumulation and storage.

The macrophage CD68+MR+ sub-population identifiedivo shares the same features withvitro
differentiated primary monocytes in the presencdhef Th2 cytokine IL-4. Moreover, these IL-4
driven alternative macrophages display a lower ciéypaof cholesterol efflux to extra-cellular
acceptors, associated with reduced expression d€AdBand ApoE. Interestingly, the reduced
cholesterol efflux capacity of alternative macrogésis probably independent of ABCG1 expression,
since alternative macrophages express 2.5-fold mB@G1 mRNA than RM macrophages (data not
shown). These data are in agreement with a previepsrt showing that cholesterol efflux from
human primary macrophage-foam cells to HDL is iredefent of ABCG1, but specifically requires
ABCA1 expressiori.

Our results also show that, as a consequence @feative cholesterol efflux, IL-4-induced alterwati
human macrophages instore a protective mechanisimsagfree cholesterol excess by increasing
cholesterol esterification capacities, due to atuation of LAL and ACAT-1 gene expression. This
latter observation is in agreement with previousults obtained in IL-4-stimulated mouse
macrophage¥.

Our results show that LX&R but not LXR3 expression, is much lower in alternative macropbage
bothin vitro andin vivoin CD68+MR+ macrophages. Previously, we reported £XR activation in
RM macrophages increases cholesterol traffickinght plasma membrane leading to a reduced
cholesteryl ester formatioff. The increased esterification in alternative mpheges could be the
conseguence of the low LXRactivity. Indeed, pharmacological treatment ofmlative macrophages
in vitro with the highly active synthetic LXR ligand TO90I3 and the natural ligand 22-OH
cholesterol restored the expression of lAXRBnd its target genes to a level comparable toethos
observed in untreated RM macrophages, albeit mtilth lower than in T0901317-activated RM
macrophages indicating that endogenous tX&limiting. Interestingly, siRNA mediated LXRand
LXRp silencing demonstrated that the responses to TiR4Bmulation are mediated by LXRthus
identifying a specific regulatory role of the LXRisoform in alternative human macrophages.
Silencing of LXRx expression in alternative macrophages further stppinis conclusion.

These results are in agreement with a recent itdic® reporting a distinct non-redundant role for
LXRa and LXR3 in atherosclerosis susceptibility in mice and thXRa is required for a robust
response to LXR ligands, such as T0901317. Of nbese effects of LX& occur without affecting
the alternative phenotype, since MR expressiomdidcchange upon T091317 treatment.

This phenotype, characterized by reduced expressi?8CAl and cholesterol efflux, resembles the
one of macrophages isolated from 12/15-LOX tranggerice. 12/15 LOX is the homolog of human
15-LOX. However, human 15-LOX is a unique lipoxygea, since it can oxygenate polyenoic fatty



acids esterified to membrane lipids and hence raag biological roles distinct from its action oeédr
arachidonic acid. The expression of 15-LOX is hyghiduced by Th2 cytokines such as Ilirdvitro

%, Moreover,we show thatin vivo CD68+MR+ macrophages express higher levels of @Q%-L
compared to CD68+MR- macrophages. Using two distiemical inhibitors we demonstrate that
inhibition of 15-LOX in M2 macrophages restores #gression of LXR and its target genes.
Further studies are required to determine how ahtthw15-LOX-derived lipid mediators inhibit
LXRa.

Whereas CD68+MR- macrophages display a lower cteslds handling capacity, they appear
competent for phagocytosis. In line, they expreghdr levels of genes coding for opsonins and
receptors that bridge apoptotic cells to macropbalyetably, alternative macrophages express higher
levels of Clga, Clgb, Clgc, GAS-6 and TSP-1 thanrddrophages. Since Clg-deficiency leads to
defective clearance of apoptotic célfisthe high levels of several opsonins in altermathacrophages
likely provides the molecular basis for their highagocytotic capacity. Interestingly, while the
cholesterol handling properties are likely duelte teduced expression of L¥Rthe phagocytosis
appears to be directly controlled by PRARhose expression is induced by IL-4 in macrophdges
Moreover, TSP-1, which is involved in phagocytosss,induced by PPARIn macrophages. By
contrast, treatment of alternative macrophages Bik1929 did not result in the induction of the
expression of ABCA1 (data not shown), whose exjpoesss indirectly induced via LXR induction

in RM *. Thus, in alternative macrophages PRA&tivities mediated via LX® induction are
deactivated, whereas the phagocytosis pathwaytiated, at least in part, through the regulatién o
TSP-1.

In conclusion, we identified a macrophage sub-pajoh in human atherosclerotic plaques which
presents a different morphology and localizatiofyrectional heterogeneity related to the deactorati
of the LXRa signalling pathway, being less susceptible to haigids and more competent for
phagocytosis, an activity enhanced by PRA&tivation. It is tempting to speculate that these
alternative macrophages may exert beneficial desviin atherosclerotic lesion development since
they are less prone to transform into foam celtsraore competent for cell engulfment, in addition t
their anti-inflammatory properties.
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Novelty and Significance

What is known?

- Monocytes differentiate in functionally distinpto-inflammatory “classical” M1 macrophages and
anti-inflammatory “alternative” M2 macrophages degtiag on the cytokine-environment.

- M1 macrophages contribute to atherogenesis bgrgéng inflammatory foam cells.

- M2 macrophages have only recently been identifidtbman atherosclerotic lesions.

What new information does this article contribute?

- M2 macrophages in human atherosclerotic plaqusglay lower lipid-handling capacities and
reduced foam cell transformation capacity.

- This phenotype is due to low expression levelgshef nuclear receptor Liver X Receptor alpha
(LXRa) resulting in decreased Peroxisome Proliferataiviited Receptor (PPARLXRa
regulation of cholesterol metabolism.

- By contrast, M2 macrophages display an enhanpegtatic cell phagocytosis capacity which is
enhanced by PPARactivation.

During atherogenesis, monocytes infiltrate the sotlethelial space of large arteries where they
differentiate into macrophages which turn intodibvaded foam cells. Macrophages are functionally
heterogeneous cell populations which adapt thedénptype depending on the cytokine environment.
Th1l cytokines promote M1 macrophage differentigtiwhile Th2 cytokines trigger an “alternative”
M2 phenotype.

We previously reported the presence of M2 macroghag human atherosclerotic plaques. However,
their function was still unknown. We now show tlastherosclerotic lesion M2 macrophages contain
smaller lipid droplets. In vitro IL-4 polarized M@acrophages display a reduced capacity to handle
and efflux cellular cholesterol due to low expresdievels of the nuclear receptor LERNd its target
genes. By contrast, M2 macrophages express opsamdsreceptors involved in phagocytosis
resulting in high phagocytic activity, which is emted by PPARactivation. We thus identified a
distinct macrophage sub-population with a low spgbdity to become foam cells, but high
phagocytic activity due to de-activation of the FRAXRa and activation of alternative PPAR
regulatory pathways. We speculate that these aligen M2 macrophages may exert beneficial
activities in atherosclerotic lesion developmeniceithey are less prone to transform into foanscell
and more competent to clear apoptotic cells.
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Figure 1. Identification of distinct macrophage sub-populationsin human ather oscler otic plaques.

Panel A. Immunostaining (top row) and higher magnificationtbm rows) of representative stainings for CD68, &tiel Oil red O in human carotid
atherosclerotic lesions. Scale bars are shown.

Pand B. Q-PCR analysis of IL-4 performed on RNA from LCMlated CD68+MR- and CD68+MR+ macrophage-rich anes&NA levels were
normalized to cyclophilin mMRNA and expressed relativ the levels in CD68+MR- area set at 1. Eachtmaimesponds to a single atherosclerotic plaque.
The median value is shown. Statistically signiftodifferences are indicated (t-test; *p< 0.05).
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Figure 2. Alter native macrophage differ entiation decr eases native and oxidized L DL accumulation.
PanelsA B - E,G. Q-PCR analysis of SR-fA), CD36(B), LOX-1 (E) and caveolin-1G) mRNA in primary human resting (RM) or alternativacrophages (M2).
MRNA levels were normalized to cyclophilin mMRNA amdults expressed as mean * SD of triplicate detetioins relative to the levels in RM set at 1.

Panels C,D. RM or M2 macrophages were loaded with AcLT) or with VLDL (D) and cellular cholesterol or triglycerides deterrdinespectively.

Results are the mean + SD of triplicate determimatiGtatistically significant differences betwedvl Bnd M2 are indicated (t-test; ***p< 0.001).

Pandl E. LOX-1 protein expression was determined in RM aririvhcrophages by western blot analysis.
PanelsF,H. RM or M2 macrophages were incubated with oxidiz&d.I(OxLDL) (F) or native LDL (LDL)(H) and Oil red O staining performed.
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Figure 3. Alternative macrophages display alower cholesterol efflux capacity.

Panels A-D. Q-PCR analysis of ABCA{A), ApoE(B) mRNA in RM or M2 macrophages. mRNA levels were naliped to cyclophilin mRNA and results
expressed as mean £ SD of triplicate determinatielasive to the levels in RM set at 1. Statistigalignificant differences are indicated (t-test‘g& 0.001).

Q-PCR analysis of ABCALC) and ApoE(D) performed on RNA from LCM-isolated CD68+MR- and CB88R+ macrophage-rich areas isolated from 7 samples.
MRNA levels were normalized to cyclophilin mMRNA aexpressed relative to the levels in CD68+MR- ar¢atsé. Each point corresponds to a single
atherosclerotic plaque. The median value is sh@tatistically significant differences are indicatedest; **p< 0.01, ***p< 0.001).

Panel E. MR and ABCA1 immunostaining performed in human ddratherosclerotic lesions. Scale bar is shown.

Panel F. [3H]-cholesterol-loaded macrophages were incubaiddmedium with or without apoAl or HDJto measure cholesterol efflux Values are expressed

as percentage of specific cholesterol efflux amdnaean + SD of 3 independent experiments. Statistisignificant differences are indicated 18
(t-test; *p< 0.05, **p< 0.01, ***p< 0.001).
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Figure 4. Alter native macr ophages display enhanced cholesteryl ester formation capacities.

Panels A,B,F. Q-PCR analysis of LAIA), ACAT-1 (B) and CPT-1(F) mRNA in RM and M2 macrophages, normalized to cykillpmRNA and expressed as
mean * SD relative to RM set at 1 from three indepah experiments. Statistically significant diffieces are indicated (t-test; ***p< 0.001).

Panel C. Q-PCR analysis of ACAT-1 performed on RNA from LG#élated CD68+MR- and CD68+MR+ macrophage-rich aisalated from 7 samples.
MRNA levels were normalized to cyclophilin mMRNA agxpressed relative to the levels in CD68+MR- aréatsk. Each point corresponds to

a single atherosclerotic plaque. Median value assh

Pand D. RM or M2 macrophages were loaded with [3H]-cholestAcLDL and lipids extracted and separated by TBpots corresponding to CE and FC were
scraped and radioactivity measured. Results aness@d relative to untreated cells set as 1 as t8&nof triplicate determinations obtained frormdépendent
macrophage preparations.

Pand E. RM or M2 macrophages were cholesterol-loaded with[L. and cholesteryl ester formation measured bylation with [14C]oleic acid. Intracellular
lipids were extracted and separated by TLC. Spmtesponding to cholesteryl oleate and oleic acicevgeraped and radioactivity measured. Cholesteigt es 19
formation was calculated as percentage of [Cl4feleeorporated into cholesteryl esters. Result®apeessed relative to untreated cells set agrieas + SD of
triplicate determinations obtained from 4 indepertgeacrophage preparations.
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Figureb5. Decreased L XRa expression in alternatively differentiated macr ophages.

Panels A,B. Q-PCR analysis of LXR (A) and LXR3 (B) in RM and M2 macrophages. mRNA levels were norredlio cyclophilin mRNA and

expressed as means + SD relative to RM set at 1thoee independent experiments. Statistically ficanit differences are indicated

(t-test; *p< 0.05, **p< 0.01).

Paned C. LXRa protein expression analyzed by western blot in Ribl 812 macrophages isolated from 4 different donors.

Paned D. Q-PCR analysis of LXR performed on RNA from LCM-isolated CD68+MR- and CB88R+ macrophage-rich areas isolated from 7 samples.
MRNA levels were normalized to cyclophilin mRNA agxpressed relative to the levels in CD68+MR- ar¢atsk. Each point corresponds to a single 20
atherosclerotic plague. The median value is sh@#atistically significant differences are indicatedest; **p< 0.01).

Pane E. MR and LXRx immunostaining performed in human carotid atherastielesions. Scale bar is shown.
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Figure 6. Decreased L XRa activity in M2 macrophages.

Panels A-D. Q-PCR analysis of LXR (A), LXRp (B), ABCA1 (C) and ApoE(D) in RM or M2 macrophages treated or not with TO9018109). mMRNA levels were normalized to
cyclophilin mMRNA and expressed as means * SD rel&tiRM set at 1 from three independent experimeSteistically significant differences are indighte

(t-test; RM vs M2 § p< 0.05, 88 p< 0.01, 88§ p< 0.0&d TO09 treated vs control **p< 0.01, ***p< 0.00Panels E-N. Q-PCR analysis of LXR, LXRa, ABCA1 and ApoE in M2
macrophages transfected with non-silencing consmiambled), LXB siRNA (E-H) or LXRa siRNA (I-N) and treated or not with T0901317 (T09). Resultsewarmalized to
cyclophilin mMRNA and expressed relative to the levalcontrol-siRNA transfected cells set at 1 (mea&@Dtof two independent experiments). Statisticatipiicant differences are
indicated (t-test; sSiRNA vs scrambled 8§p<0.05, §8040T09-treated vs control *p<0.05, **p<0.01, ***p<AD1).



3.5- 2.0
2.5 *kk
% T <Z( 304 *kk % 184 *k
x - x
MR T 207 = X 1.6+
£ £ 257 £ 144
€ 154 S 20- E 124
8 g S 104 T
3 1.0 = & 157 3 0.8+
= - T o i
2 2 1.0 - w 0.6
15-LOX X< 0.5 D - g 044
< 0.2+
control CcDC control CDC control CDC
E F G
*k%
2.5 3.5 1.8 - K%
< *% < J
s o 2 30- < 1.6
= .0 £ £ 1.4-
£ £ 257 E 1,
‘_éi 15 EL 2.0 £ 104 T
[&] [8)
3 1.0- T 5 15- g 08
5 3 10- T S 0.6-
T 3~ Y 0.4
X 0.5+ Q g 0
Double < 0.5 9 < 0.2-
MR / 15-LOX
control R04508159 control R04508159 control R04508159

Figure 7. 15-LOX inhibition restores the expression of LXRa and itstarget genesin M2 macr ophages.

Pand A. MR and 15-LOX immunostaining in human carotid atlseferotic lesions. Bottom: Double staining of MRd) and 15-LOX (blue).

Most cells present double staining (purple). Sbaleis shown.

Panels B-G. Q-PCR analysis of LXR (B & E), ABCAL(C & F) and ApoE(D & G) performed in M2 macrophages in the absence oriptasence

of the CDC or the R04508159 compounds. mRNA lewelse normalized to cyclophilin mRNA and expressechaans + SD relative to untreated cells set at 1
from three independent experiments. Statisticadlgicant differences are indicated (t-test; *p<01, ***p< 0.001).
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Figure 8. Alter native macr ophage phagocytic activity is enhanced by PPARYy activation.

Pands A,B. Phagocytosis of apoptotic ce(l&) and fluorescent bea@B) in RM and M2 macrophages.

Pands C,D. Phagocytosis of apoptotic ce{8) and fluorescent bead®) in M2 macrophages in the absence or in the presr@&v/1929 (600 nmol/L) for 24h.
White histogram: isotype control.

Panels E-H. Q-PCR analysis of TSP{E-G) and CD47 mRNAH) in RM and M2 macrophages 24h-tretaed with GW1928 {@mol/L)(E,H), or in RM
macrophages transfected with control or human RPNRNA (F) or infected with Ad-GFP or Ad-PPARG) and subsequently treated or not with

GW1929 (600 nmol/L) during 24h. TSP-1 and CD47 mRiels were normalized to cyclophilin mRNA and eegeed as meaasSD relative to control set at 1,
from three independent experiments. Statisticadgiicant differences are indicated (t-test; M2RMg!, §p<0.05,888p<0.001; Ad-PPARvs Ad-GFP, 11p<0.01;
GW1929-treated vs control, *p<0.05, **p<0.01, ***pLD1).
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