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Abstract

Lipoproteins are both lipid carriers in the blood and regulators of essential biological processes.
Several studies demonstrated that lipoproteins modified during pathological conditions could alter
dendritic cell (DC) maturation. Here the immune function of non-pathological lipoproteins is
addressed by analysing their impact on human DC maturation triggered by TLR ligands. Upon TLR4
stimulation, low- and high-density lipoproteins (LDL and HDL) strongly inhibited the ability of DC to
induce a Thl response of T cells, characterized by high levels of IFNy secretion, whereas the effect of
very low-density lipoprotein was subject to variations. HDL also inhibited the Thl function of DC
stimulated by TLR1/2 and TLR2/6 ligands. The phospholipid fraction from HDL retained the
inhibitory activity of the lipoprotein. We identified the 1-palmitoyl-2-linoleyl-phosphatidylcholine
(PLPC) as one active phospholipid that inhibited the Thl function of mature DCs whereas the
dipalmitoyl-phosphatidylcholine had no significant effect. The treatment of DC by PLPC, 24h before
TLR4 stimulation, resulted in reduced activation of NF-xB. This study shows that some HDL
phospholipids have a direct immunoregulatory function, by modulating DC ability to activate a Thl

response of T cells.



Introduction

Lipoproteins are essential lipid carriers in the blood that are secreted by the liver and the intestine.
Chylomicrons secreted by enterocytes after fat diet absorption, transport lipids from the gut to the
liver. After rearrangement of endogenous and exogenous lipids, hepatocytes secrete very low density
lipoproteins (VLDL). Transformation of VLDL in the circulation gives rise to particles of smaller
size, with intermediate to low density (intermediate-density lipoprotein (IDL) and low-density
lipoprotein (LDL)). High-density lipoprotein (HDL) synthesis requires the secretion of apolipoprotein
(Apo) A-l by intestine and liver cells and the gradual extracellular lipidation of nascent HDL by lipid
transfer (mainly phospholipids and cholesterol) from the peripheral tissues and other lipoproteins.
HDL plays an important role in the reverse cholesterol transport from the peripheral tissues to the
liver (Lewis and Rader, 2005).

In addition, lipoproteins are modulators of essential biological processes (Barter, 2005; Navab et al.,
2009; Scanu and Edelstein, 2008). HDL especially has crucial atheroprotective properties relying on
diverse functions, including anti-inflammatory, anti-thrombotic and anti-oxidant properties. HDL has
potent anti-inflammatory properties that have mainly been studied on endothelial cells (Norata et al.,
2005). It can neutralize pro-inflammatory activities of the C-reactive protein, inhibiting the expression
of adhesion molecules (Wadham et al., 2004) and can reduce monocyte activation triggered by
CD11b as well as monocyte adhesion and transmigration (Murphy et al., 2008). HDL also inactivates
some pro-inflammatory lipids generated during LDL oxidation, by reaction with ApoA-I or hydrolysis
by HDL -associated enzymes such as paraoxonase or platelet-activating factor acetyl hydrolase.

Low levels of HDL are frequently associated not only to inflammatory diseases but also to immune
diseases suggesting a role for HDL in immunomodulation (Yu et al., 2010). An increasing number of
studies show that lipoproteins can regulate the innate and adaptive immune system. Atherosclerosis is
considered as an inflammatory pathology, linked to chronic inflammation of arteries, in which
activation of the immune system plays a major role. It is characterized by the accumulation of
macrophages, T lymphocytes and oxidized LDL (oxLDL) in the arterial intima. Cells of the immune
system and especially dendritic cells (DCs) strongly contribute to atherogenesis (Niessner and

Weyand, 2010). DC activation of T cells within the atheroma’s plaque plays a critical role in the



outcome of the disease, by destabilizing the plague. In atherosclerosis and autoimmune diseases, Thl
cells predominate, leading to excessive release of pro-inflammatory cytokines regulating cell-
mediated immunity. Indeed, human atherosclerotic lesions are infiltrated by activated DCs and Thl
lymphocytes producing high amount of interferon (IFN) y (Hansson et al., 1989). In ApoE knock-out
mice, the reduction of the Th1 immune response (Laurat et al., 2001) or a deficiency in IFNy (Nagano
et al., 1997; Raisanen-Sokolowski et al., 1998) reduces atherogenesis whereas the injection of IFNy
potentiates atherosclerosis (Gupta et al., 1997).

Modifications of HDL affecting their anti-inflammatory functionality frequently occur during
pathological conditions such as diabetes, chronic inflammation linked to Crohn’s disease (van Leuven
et al., 2007), systemic lupus erythematous and rheumatoid arthritis (McMahon et al., 2006), coronary
artery disease or infection (Sviridov et al., 2008) and also during the acute phase response (Jahangiri
et al., 2009). Indeed, Serum Amyloid A is synthesized in high amount and can displace and inactivate
HDL-associated enzymes that protect LDL from oxidation (Van Lenten et al., 1995). Oxidation,
nitration and advanced glycation occurring in diabetes are examples of modifications that decrease the
anti-inflammatory properties of HDL (Sviridov et al., 2008).

OxLDL favours the development of atherosclerosis by several ways. It stimulates the secretion of
monocyte chemotactic protein-1 by endothelial cells, increasing transmigration of monocytes across
the endothelial cell layer to enter the subendothelial space (Navab et al., 1991). In the tissue,
monocytes can differentiate into macrophages or DCs depending on environmental conditions
(Randolph et al., 1998). Both macrophages and mature DCs secrete pro-inflammatory cytokines that
increase the expression of adhesion molecules on endothelial cells, enhancing the recruitment of
monocytes (Kume et al., 1992). OxLDLs accumulating in the arterial intima can interfere with both
macrophages and DC function. Internalization of oxLDL by macrophages converts them into foam
cells that are a hallmark of atherosclerosis. We have also previously discovered that oxLDL promotes
mature DC generation in vitro by delivering instructive molecules such as lysophosphatidylcholine
(LPC) (Coutant et al., 2002; Coutant et al., 2004; Perrin-Cocon et al., 2001). In vivo, LPC is an

immunostimulating molecule, inducing both humoral and cellular immune responses (Perrin-Cocon et



al., 2006). Our results also indicated that LPC-induced DC maturation is associated with the inhibition
of peroxisome proliferator-activated receptor (PPAR) y activity while maintaining PPARy activation
by oxidized fatty acids or synthetic ligands impairs the functional maturation of DCs that lose their
ability to stimulate the Thl function of T cells (Coutant et al., 2004). Native LDL can prevent DC
maturation induced by oxLDL or LPC, suggesting that the balance between native and oxidized LDL
regulates the activation threshold of DC (Perrin-Cocon et al., 2001). These studies indicate that some
biochemical modifications of lipoproteins may reflect an abnormal situation and provide regulatory
signals to the immune system. Lipoproteins thus play an active role at the interface between innate
and adaptive immunity.

To further investigate the role of lipoproteins in the regulation of DC maturation, we analysed the
impact of VLDL, LDL and HDL on TLR-stimulated DCs. Using monocyte-derived DCs, the present
work shows that HDL can directly impair the functional maturation of DCs altering their ability to
induce a Th1l response upon TLR stimulation and describes the role of different lipid components of

HDL in this process.



Materials and methods

Materials

Synthetic lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and solubilized in
ethanol at 10 mg/ml. To avoid oxidation during storage, lipoproteins and lipids were kept under
nitrogen atmosphere. Ultrapure Escherichia Coli 011:B4 lipopolysaccharide (LPS) was from
InvivoGen (San Diego, CA, USA), peptidoglycan (PGN) from Staphylococcus aureus was from
Sigma (St Quentin Fallavier, France), Pam3CSK4 (Pam) was from Alexis Biochemical (Lausen,

Switzerland), double-stranded poly(1)/poly(C) (pIC) was from GE healthcare (Uppsala, Sweden).

Lipoprotein preparation

Lipoproteins were isolated by sequential floatation from human plasma of normolipidemic healthy
blood donors (Etablissement Frangais du Sang) (Havel et al., 1955). After ultracentrifugation at 100
000 rpm, 4°C for 4 h using a TL 100.4 rotor, the floating fraction containing chylomicron and VLDL
was collected. The density of the plasma was raised using NaBr and after ultracentrifugation in the
same conditions, floating IDL was removed (d<1.025). LDL (1.025< d <1.055 g/ml) and HDL
(1.055< d <1.21 g/ml) were collected after sequential ultracentrifugation as above. Lipoproteins were
dialyzed extensively against NaCl 150 mM / EDTA 2.4 mM pH 7.2 at 4°C, filtered at 0.45 um and
stored in the dark under nitrogen. The protein content was estimated by Coomassie Protein Micro-
Assay procedure (Pierce, Rockford, IL, USA) and lipid composition was determined using
Cholesterol RTU, Triglycerides enzymatic PAP 150 and Phospholipids enzymatic PAP 150 assay Kkits

from bioM¢érieux (Marcy I’Etoile, France).

Lipid extraction and purification



Lipid extracts were obtained following the Folch procedure (Folch et al., 1957) from 10 ml of
lipoprotein fraction. Lipids were separated on Silica Gel G60 plates (Sigma) with the solvent system
hexane/diethyl ether/acetic acid (80:20:1, by wvol.). The silica-gel areas corresponding to
phospholipids (PL), triglycerides (TG) and cholesteryl esters (CE) were scraped off and lipids were
extracted twice with 3 ml chloroform/methanol (2:1, by vol.) from the silica-gel and dried under a
stream of nitrogen before quantification.

Total lipids and PL extracts were quantified by the lipid phosphate measurement method as
previously described (Kates, 1986). Quantification was realized by comparison to a standard curve
established with NaH,PO, treated in the same conditions. TG and CE were quantified as above, using

enzymatic kits, after lipid resuspension.

Monocytes and T cells separation

Mononuclear cells were isolated from human peripheral blood by density gradient centrifugation on
Ficoll-Hypaque (GE healthcare). Monocytes were separated from dense lymphocytes by
centrifugation on a 50 % Percoll solution. Monocytes were further purified by immunomagnetic
depletion (Dynal, Oslo, Norway) using a cocktail of monoclonal antibodies anti-CD19 (4G7
hybridoma), anti-CD3 (OKT3, ATCC, Rockville, MD, USA) and anti-CD56 (NKH1, Beckman
Coulter, Fullerton, CA, USA). They were more than 90 % pure as assessed by CD14 labelling. T
lymphocytes were purified from lymphocytes by immunomagnetic depletion using a cocktail of
monoclonal antibodies anti-CD19 (4G7), anti-CD16 (3G8), anti-CD56 (NKH1), anti-glycophorin A
(11E4B7.6) and anti-CD14 (RMO52) all from Beckman Coulter. T lymphocytes were more than 95

% pure as assessed by CD3 labelling.

Monocyte-derived DC differentiation and maturation

Purified monocytes (10° cells/ml) were differentiated to immature DC in complete RPMI 1640

medium supplemented with 2 mM glutamine, 10 mM HEPES, 40 ng/ml gentamycin, 10 %



lipoprotein-deficient foetal calf serum (LPDS, Sigma), 50 ng/ml human Granulocyte Macrophage-
Colony Stimulating Factor and 62.5 ng/ml human interleukin (IL)-4 (from ADbCys, Paris, France)
during 6 days. Lipoproteins or lipids, stored under nitrogen atmosphere, were added at day 4. HDL
lipids as well as synthetic lipids were dissolved in ethanol and control cells were treated with the same
volume of ethanol. Maturation of DC was induced at day 5 with LPS (1 pg/ml), PGN (10 pg/ml), Pam

(20 pg/ml) or pIC (10 pg/ml). All cells and culture supernatants were collected at day 6.

Cell surface staining

Phenotype was analysed by flow cytometry on a FACSarray (BD Biosciences, Franklin Lakes, NJ,
USA) using FITC-conjugated anti-CD14, -HLA-DR, -CD80, -CD54 and phycoerythrine-conjugated

anti-CD1a, -CD86, -CD83 and -CD40 (all from Beckman Coulter).

MLR

Primary MLR were conducted in 96-well flat-bottom culture plates, by co-incubation of DC with T
cells isolated from a different blood donor. DC collected at day 6, were extensively washed and
resuspended in RPMI 1640 supplemented with 2 mM glutamine, 10 mM HEPES, 40 ng/ml
gentamycin and 10 % FCS (BioMedia, Boussens, France). Cells were then co-cultured with 2 x 10°
allogeneic T cells in 200 pl complete culture medium at 1/10, 1/20 and 1/40 DC/T cells ratios. After 5

days, coculture supernatants were harvested.

Cytokine assay

Culture supernatants were stored at —80°C. Cytokine concentrations were determined using sandwich
ELISA specific for IL-12 p40 (Invitrogen, Cergy Pontoise, France), IL-6, tumour necrosis factor
(TNF) o, IL-10 (Endogen, Woburn, MA, USA) or using Cytometric Bead Array flex sets (BD

biosciences) for IFNy, IL-5 and IL-13.



Electrophoretic mobility shift assay (EMSA)

After treatment, cells (4 x 10°) were harvested and nuclear proteins were extracted. Cells were washed
twice with PBS, resuspended in 400 pl of ice-cold hypotonic buffer (10 mM HEPES (pH 7.9) / 10
mM KCI/0.01M DTT / 1.5 mM MgCIl, / 1X protease inhibitor cocktail (Sigma)), left on ice for 15
min, vortexed and centrifuged at 15,000 g for 1 min at 4°C. Sedimented nuclei were resuspended in
40 pl ice-cold saline buffer (20 mM HEPES (pH 7.9) / 420 mM NaCl /0.2 mM EDTA /1.5 mM
MgCl, / 25% glycerol / 1X protease inhibitor mixture (Sigma)), left on ice for 20 min, vortexed and
centrifuged at 15,000 g for 5 min at 4°C. Nuclear protein concentration in the extracts was determined
by Coomassie plus Assay (Pierce, Rockford, IL, USA). The binding activity of NF-xB was
determined as described (Coutant et al., 2004) using a specific DNA probe: 5'-
AGTTGAGGGGACTTTCCCAGG-3'. The oligonucleotide was end-labelled with [y-*P]JATP (Perkin
Elmer, Waltham, MA, USA) by T4 polynucleotide kinase (New England Biolab, Beverly, MA, USA).
For the binding reaction, 0.5 or 1 ug of nuclear extract proteins was incubated at room temperature for
20 min with a reaction mixture containing 2 ug of poly (dI-dC) (GE healthcare), 4 ul of 5X binding
buffer (final concentration: 10 mM Tris (pH 7.5) / 50 mM NaCl/ 1 mM DTT /1 mM EDTA / 5%
glycerol), and 50000 cpm of [**P]-labelled oligonucleotide in a final volume of 20 pl. To confirm the
specificity of the binding reaction, unlabelled competitor oligonucleotide was added in 50-fold excess.
DNA-protein complexes were separated from unbound DNA probe by electrophoresis on a 4%
polyacrylamide non denaturing gel in 0.5X Tris-glycine EDTA buffer. Gels were dried and [**P]-
labelled oligonucleotide was visualized using a Typhoon Phosphorimager. ImageQuant software was

used for quantification of band intensities.



Results

Lipoproteins do not alter TLR4-induced phenotypic maturation of DC

DCs were differentiated from monocytes in a lipoprotein free culture medium for 6 days and their
maturation was induced by addition of TLR ligands for the last 24h of culture, as previously described
(Agaugue et al., 2007). VLDL, LDL and HDL from healthy donors were isolated according to their
density by differential ultracentrifugation. To analyse their impact on DC maturation, lipoproteins
were added at day 4 on differentiating DC, 24h prior induction of maturation by TLR ligands (Fig.
1A). DCs were collected at day 6 and their phenotype was analysed. As previously shown (Coutant et
al., 2002; Coutant et al., 2004; Perrin-Cocon et al., 2001), non-stimulated control DCs displayed the
phenotype of immature DCs, with high level of CD1a, low level of HLA-DR, CD54 and CD40 and no
expression of the maturation markers CD86, CD80 and CD83. TLR4 stimulation by LPS induced an
efficient maturation, strongly increasing the expression of the antigen presentation molecule HLA-
DR, the adhesion molecule CD54 and the T cell stimulation molecule CD40. TLR4 stimulation also
induced the expression of costimulation molecules CD86, CD80 and the maturation marker CD83. To
compare the impact of the different lipoproteins on DC maturation, VLDL, LDL and HDL were
introduced in DC culture at a constant final concentration of PL (50 pg/ml). The corresponding
amounts of TG and CE introduced in the culture medium are presented in Table 1. Addition of
lipoproteins on DCs did not affect the phenotype of non-stimulated cells (data not shown), nor the
phenotype of LPS-stimulated DCs (Fig. 1B). Therefore, the maturation of DCs at the phenotypic level

does not seem to be affected by lipoproteins.

LDL and HDL inhibit the Th1-function of TLR4-stimulated DC

LPS-treated DCs have the ability to stimulate T cells, inducing a robust Thl response characterized by

the secretion of high levels of IFNy. DCs treated with LDL or HDL prior to maturation, were strongly
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impaired in their ability to activate T cells (Fig. 1C). The amount of IFNy secreted in coculture
supernatants was reduced by 76 % and 87 % for LDL and HDL respectively (p<0.05 and p<0.03 in a
pairwise student’s test). In mean, a slight inhibition was also observed with VLDL treatment but this
was subject to variations depending on the plasma donor. We did not observe any induction of
secretion of IL-5 and IL-13 correlated to the decrease in IFNy, indicating that there is no Th2 shift of
DC function (data not shown).

Cytokines secreted by DCs play an important role in the regulation of T cell stimulation. Therefore,
supernatants of DCs collected at the end of the maturation process were assayed for their content in
IL-6, TNFa, IL-12 and 1L-10. IL-12 is an immunoregulatory cytokine favouring the development of a
pro-atherosclerotic Th1 response (Lee et al., 1999). It is produced by various cell types and especially
by activated DCs, which are potent activators of naive T cells. The secretion of high amounts of I1L-12
by DCs favours the differentiation of T lymphocytes toward Th1 cells. In ApoE”" mice under a high
cholesterol and fat content diet, dyslipidaemia alters TLR mediated activation of IL-12 secretion by
DC and drives a Th2 rather than Thl immune response (Shamshiev et al., 2007). Our data indicate
that only HDL treatment induced a slight decrease of IL-12 secretion by LPS-stimulated DCs (Fig.
1D). All lipoproteins induced a slight reduction of TNFa secretion whereas IL-6 and IL-10 secretion
by mature DC was not affected by lipoprotein treatment (data not shown).

Therefore, LDL and HDL interfere with TLR4 signalling, altering the acquisition of functional
properties needed for mature DCs to induce a Thl response. Because HDL has the most significant
effect on DC function, we then focused on the exploration of the downregulatory function of this

lipoprotein.

HDL interferes with the functional maturation of DC triggered by various TLR stimulations

The effect of HDL on TLR4-stimulation of DC maturation was dependent on the dose of HDL

introduced in the culture. Functional impairment of DC could be observed with 20 and 50 pg/ml of

HDL (47 and 64 % inhibition, respectively) (Fig. 2A).
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We then analysed the effect of HDL on DC maturation triggered by other TLR pathways. Similarly to
TLR4 stimulation, HDL strongly inhibited the ability of DCs to activate IFNy secretion by T cells
upon stimulation by PGN or Pam, the ligands of TLR2/6 and TLR1/2 respectively (Fig. 2B). In mean,
HDL pre-treatment of DC reduced by around 50 % the IFNy secretion induced by stimulated DCs
(Fig. 2C). Therefore, the inhibitory effect of HDL is not restricted to TLR4 but extends to TLR2/6 and

TLR1/2 stimulations.

The phospholipid fraction from HDL inhibits the functional maturation of DC

Using MLR experiments, we then compared the effect of HDL to that of lipids extracted from HDL
on the ability of DCs to stimulate T cells. To avoid oxidation during storage, lipoproteins and lipids
were kept under nitrogen atmosphere. HDL and the extracted lipids (total lipids) had the same ability
to inhibit functional maturation of DCs, resulting in a more than 70% inhibition of IFNy secretion by
T cells (Fig. 3A). The 3 main classes of HDL lipids (PL, TG and CE) were separated by preparative
thin layer chromatography. Their effect on DC maturation was analysed, adjusting their concentration
to match their equivalent in HDL (cf. Table 1), except for PL that was introduced at 10 pg/ml because
of toxicity at 50 pg/ml. At this low concentration, PL from HDL could strongly inhibit the functional
maturation of DCs induced by LPS (Fig. 3A). CE had a weak but recurrent inhibitory effect on DC
function while the effect of TG on DC function was greatly variable. IL-12 secretion by DCs was
reduced when cells were treated with HDL, total lipids, PL and TG extracted from HDL prior to LPS
stimulation (Fig. 3B). Although reduction of IL-12 secretion could contribute to the decreased ability
of DCs to stimulate a Thl response, a strict correlation between the two events was not observed.

To identify bioactive molecules that could downregulate the Thl function of mature DCs, we next
focused on PL from HDL. A potent inhibition of DC Th1 function was observed with 2.5 pg/ml of PL

(Fig. 4A) whereas no significant inhibition could be observed with 1 pg/ml (data not shown).

PLPC is a potent inhibitor of TLR4-induced functional maturation of DC
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In HDL, PL is mainly composed of phosphatidylcholine (PC, around 80%) and sphingomyeline
(around 14%) (Fournier et al., 1997). We have thus analysed the effect of 5 abundant molecular
species of PC, which are present in HDL of healthy volunteers (Pruzanski et al., 2000) and differ by
their fatty acid composition: 1-palmitoyl-2-linoleyl-phosphatidylcholine (PLPC), 1- palmitoyl-2-
oleyl-phosphatidylcholine (POPC), 1-stearoyl-2-linoleyl-phosphatidylcholine (SLPC), 1-palmitoyl-2-
arachidonoyl-phosphatidylcholine (PAPC) and dipalmitoyl-phosphatidylcholine (PPPC). Synthetic
lipids were used because their fatty acid composition is strictly determined. PC treatment did not
affect the phenotype of mature DCs (data not shown). Their effect was also analysed on the functional
ability of DCs to activate T cells, as previously. PLPC and SLPC had the most potent inhibitory effect
on the Th1 function of LPS-stimulated DCs whereas PPPC had the weakest impact (Fig. 4B). PAPC
and POPC had a modest inhibitory effect that was dependent on DC donor. To further validate the
differential function of these molecular species of PL, PLPC was chosen as the archetype of a strong
inhibitory PL and PPPC as the archetype of a weak inhibitory PL. In mean of 5 distinct experiments,
PLPC pre-treatment reduced by 60% the ability of mature DCs to stimulate IFNy secretion by T cells
whereas PPPC only induced a 16% reduction of IFNy secretion that was not statistically significant
(Fig. 4C).

Since TLR4 signalling in DC results in the activation of the nuclear factor (NF)-kB, we analysed its
binding activity in EMSA assays, using a specific DNA probe. In DCs harvested 24h after induction
of maturation, LPS treatment resulted in a 50% increase of NF-kB activity compared to control DCs
(Fig. 4D). When cells were pre-treated with PLPC, NF-kB activation by LPS was importantly reduced
whereas PPPC had no significant impact. This reduction of NF-«xB activation by PLPC pre-treatment
was associated with a reduced secretion of IL-12, TNF-a and IL-6 whereas IL-10 and IL-8 secretion

was not affected (Supplementary Fig. 1).
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Discussion

We have shown that LDL and HDL can interfere with DC maturation triggered by TLR stimulation,
impairing the ability of DC to stimulate a Thl response, reducing the amount of IFNy secreted by T
cells. We did not observe a Th2 shift of DC function, characterized by an increase in I1L-10 secretion
by DC or IL-5 and IL-13 secretion by stimulated T cells (Agaugue et al., 2006). HDL had the highest
inhibitory impact on the Th1 function of mature DC and only HDL but not LDL pre-treatment of DC
induced a slight reduction of IL-12 secretion. Although IL-12 decreased secretion could account for a
decreased Th1l function of DC, other mechanisms are likely to be involved since a strict correlation
between the inhibition of 1L-12 secretion and the decreased Th1 function was not observed. We also
showed that the lipid moiety of HDL presented the same inhibitory potential as native HDL. To
identify the immunomodulatory lipids, the different classes of HDL lipids were separated and their
impact on DC maturation was tested. PL from HDL could strongly impair the ability of DC to induce
a Thl response of T cells. Depending on their fatty acid composition, synthetic PCs had various
inhibitory potential ranging from low not statistically significant for PPPC to high inhibitory activity
for PLPC and SLPC. PAPC and POPC could moderately inhibit the Thl function of DC. PLPC
representing 30 to 40% of total PC in normal HDL (Pruzanski et al., 2000) may largely contribute to
the inhibitory activity of HDL. It has been recently shown that VLDL, LDL and HDL presented
specific species pattern of phospholipids characterized by their fatty acid composition (Wiesner et al.,
2009). Although the impact of LDL and HDL on DC function cannot be reduced to the effect of PC,
the fatty acid composition of lipoprotein lipids is probably an important key controlling their
physiological function.

Neither LDL nor HDL or lipids from HDL affected the phenotypic maturation induced by TLR
ligands. They only modulated the functional properties of DC without preventing maturation.
Therefore, their action has to be distinguished from that of maturation inhibitors, such as dextran
sulphate (Spirig et al., 2008). This is an important point indicating that LDL and HDL do not inhibit
LPS signalling by passive adsorption in the experimental conditions used. Moreover, to avoid

adsorption, LPS was introduced in DC culture 24h or 48h after lipoproteins or lipids. Pre-treatment of
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DC by PLPC 24h or 48h before LPS stimulation efficiently inhibited the ability of DC to induce IFNy
secretion by T cells, whereas PLPC added concomitantly to LPS had no effect, suggesting that PLPC
induced by itself some modifications altering the ability of DC to respond to TLR stimulation (data
not shown).

This alteration of signalling could result from a reduced TLR clustering. The accessory molecule MD-
2, which is expressed on DC, is necessary for the clustering of TLR4 in lipid rafts and an efficient
signalling (Kobayashi et al., 2006; Triantafilou et al., 2004). A specific phosphatidylserine has been
reported to inhibit TLR clustering in lipid rafts (Parker et al., 2008). Oxidized PAPC could also inhibit
TLR2 and TLR4 signalling mainly by competition with the ligands for the binding on accessory
proteins such as MD-2 (Erridge et al., 2008; Walton et al., 2003a; Walton et al., 2003b; Walton et al.,
2006). All these results were obtained when lipids and TLR ligands were introduced concomitantly.
We explored the direct binding competition hypothesis using the human embryonic kidney 293-
TLR4/MD2-CD14 cell line but observed no significant inhibition of the LPS response when these
cells were treated by HDL or PLPC thirty minutes prior to LPS stimulation (data not shown),
suggesting the absence of direct competition for receptor binding. Therefore, our results are not in
favour of an alteration of TLR clustering by lipoproteins.

Most likely, LDL, HDL and lipids from HDL provide signals to DCs that alter the ability of the cells
to respond to LPS by modulating downstream signalling cascade. DCs express humerous receptors for
lipoproteins. LDL-R and LDLR-related protein (LRP, CD91) can endocytose lipoproteins through
apoE or apoB interactions (Mahley and Rall, 2000; van den Elzen et al., 2005). Scavenger receptors
bind and internalize a variety of ligands including lipoproteins and provide signals that can modulate
the inflammatory and immune responses (Areschoug and Gordon, 2009; Kzhyshkowska and Krusell,
2009). Among the scavenger receptors expressed by DCs, non-modified LDL and HDL can bind to
class B scavenger receptors SR-BI or CD36. SR-BI has been shown to activate PI3K, resulting in the
phosphorylation of ERK and Akt (Al-Jarallah and Trigatti, 2010; Saddar et al., 2010). CD36 has been
found to cooperate with members of the TLR family such as TLR2, TLR4 and TLR6 to activate
innate immune responses (Hoebe et al., 2005; Stewart et al., 2010; Stuart et al., 2005). TLR can use

different adaptor molecules, following distinct intracellular signalling pathways. We observed that
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HDL can interfere with the functional maturation of DC triggered by the ligands of TLR4 (LPS),
TLR1/2 (Pam) and TLR2/6 (PGN) whereas no similar effect was observed with TLR3 ligand (data
not shown). TLR4, TLR1/2 and TLR2/6 share the ability to recruit the MyD88 adaptor, initiating a
signalling pathway that results in the activation of MAP kinases and the transcription factor NF-«B,
leading to the production of pro-inflammatory cytokines such as TNF-a, IL-6 and I1L-12 (Takeda and
Akira, 2004). TLR3 signalling mainly uses the Toll/IL-1R domain-containing adaptor inducing IFN-$
(TRIF) adaptor, activating a pathway resulting in IFN regulatory factor-3 activation and IFN-f
synthesis. TLR4 has the unique ability to stimulate both the MyD88-dependent pathway and the
TRIF-dependent pathway. Therefore, our results suggest that HDL could interfere with the MyD88-
dependent pathway.

The most effective PLs in inhibiting DC function (PLPC and SLPC), both contain a linoleic acid
esterified at the Sn-2 position and the ability of lipoproteins to inhibit DC function seems to be
correlated to the percentage of linoleic acid in total fatty acids (Supplementary Fig. 2). Interestingly,
lipid peroxidation of the polyunsaturated linoleic acid generates some 9- and 13-HODE (hydroxy-
octadecadienoic acid) which are activating ligands of PPARy. Our previous results showed that the
Thl function of DC is regulated by PPARYy activity and that 9/13-HODE can prevent mature DC to
acquire a Th1 function without affecting its phenotype (Coutant et al., 2004). Moreover, the activation
of PPARy during DC differentiation results in a reduced NF-«xB activation upon TLR stimulation by
LPS (Appel et al., 2005). Our preliminary results indicate that PLPC-treatment of DC enhanced
PPARy DNA-binding activity with a good efficiency compared to 9-HODE (Supplementary Fig. 3).
Zapata-Gonzalez et al. have also shown that free linoleate inhibited IL-12 secretion by LPS-
stimulated DC and polyunsaturated fatty acids down-regulated the ability of DC to stimulate T cells
mainly through PPARYy activation (Zapata-Gonzalez et al., 2008). Moreover, we observed that PLPC
but not PPPC induced an increased phosphorylation of ERK upon LPS stimulation (data not shown).
Interestingly, we and others have previously shown that increased ERK phosphorylation can inhibit
the Th1l functional maturation of DC by reducing NF-kB activation and IL-12 secretion (Agaugue et

al., 2006; Agaugue et al., 2007; Loscher et al., 2005; Perrin-Cocon et al., 2008; Puig-Kroger et al.,
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2001). Our preliminary data suggest that PLPC may impair the functional maturation of DC via
increased activation of PPARy and ERK, inducing some changes in the functional status of DC
resulting in altered TLR signalling.

The results shown here provide more evidence that lipoproteins can modulate DC function (Angeli et
al., 2004; Yu et al., 2010). In vivo, DCs infiltrating the peripheral tissues can detect microorganism
compounds via TLRs and other receptors of pathogen-associated microorganism patterns. TLR
activation engages a maturation process inducing DC migration to draining lymph nodes where
mature DCs can stimulate T cells. Lipoproteins that penetrate the peripheral tissues could modulate
DC response to TLR stimulation, thus altering the following T cell stimulation. This modulation
would tightly depend on the lipoprotein composition within the tissue and lipoprotein potential
modifications such as oxidation that occur in inflammatory tissues. Similarly to the situation within
tissues, the lipoprotein concentration used in this study is reduced compared to the high concentration
of circulating lipoproteins. Lipoprotein concentration within tissues can increase in pathological
conditions such as atherosclerosis where high amounts of modified lipoproteins such as oxLDL
accumulate (Perrin-Cocon et al., 2001). We previously found that oxLDL and its major component
LPC induced the maturation of DCs that acquired a Thl function, whereas native LDL inhibited the
maturation of DC triggered by oxLDL or LPC. Therefore the balance between oxLDL and LDL can
regulate DC function (Coutant et al., 2002; Coutant et al., 2004; Perrin-Cocon et al., 2001). Numerous
previous studies have described the major role of HDL to control LDL oxidation, therefore playing an
indirect role in the regulation of immune function. The results presented in this article indicate that
LDL and HDL have the ability to down regulate directly the functional maturation of DC triggered by
some TLR stimulations.

This inhibition by HDL of the Th1l DC function provides another mechanism in support to the anti-
inflammatory properties of HDL. Depending on the biochemical composition of LDL and HDL, these
lipoproteins may differently impact DC function. PLs from HDL can be detected by DCs and provide
signals regulating their response. Therefore, in addition to their essential role in metabolism, HDL and
LDL are active lipoproteins involved in the control of the immune system. An intriguing consequence

of this activity is that, under normal conditions, dense lipoproteins could contribute to the prevention
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of non-specific immune reactions by elevating the activation threshold of the immune system. During
pathological conditions, the transient lowering of HDL levels or modifications altering their function
may favour DC activation. The persistence of these modifications could promote chronic stimulation
of the immune system and the development of chronic inflammatory diseases. During atherosclerosis,
modifications of HDL affecting their functionality could favour the development of pro-inflammatory
responses by concomitantly lowering the activation threshold of the immune system and allowing the

accumulation of oxLDL.
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Figure Legends

Fig. 1. Dense lipoproteins interfere with TLR4-induced functional maturation of DCs. (A)
Experimental design: DCs were differentiated from blood monocytes from healthy donors with GM-
CSF and IL-4 and these cells were treated at day 4 with lipoproteins at 50 pg/ml of phospholipids
prior TLR stimulation at day 5 for 24h. Control immature DCs were obtained at day 6 without any
addition. DCs harvested at day 6 were cocultured in triplicates for 5 days with allogeneic T cells
(MLR) at a 1/10 DC/T cells ratio. IFNy was assayed in coculture supernatant using CBA Flex sets.
(B) Phenotype of DCs at day 6. (C) IFNy secretion in MLR supernatants. The mean secretion for
culture triplicates was normalized to LPS-treated DCs for each experiment. Bars indicate mean +/- SD
for 7 experiments. (D) IL-12 secretion by DCs at the end of the maturation process. The cytokine was
measured in DC supernatants collected at day 6 by ELISA detecting I1L-12p40 chain and secretion
was normalized to LPS-treated DCs in each experiment. The mean +/- SD of 7 experiments is shown.

* p<0.05 ** p<0.03, compared to the LPS control group in a pairwise student’s test

Fig. 2. HDL interferes with LPS, PGN and PAM-stimulated maturation of DCs. DCs were treated at
day 4 with HDL, prior to stimulation at day 5 for 24h by LPS, PGN or PAM. DCs harvested at day 6
were cocultured in triplicates for 5 days with allogeneic T cells at a ratio of 1/10 DC/T cells. IFNy was
assayed in coculture supernatant using CBA Flex sets. (A) HDL inhibition of LPS-induced maturation
is dose-dependent. DCs were pre-treated with HDL at 50, 20, or 2 pg/ml of PL prior to LPS
stimulation. Bars indicate the mean IFNy secretion +/- SD of triplicates for one representative
experiment out of 3. (B-C) DCs were treated with 50 pg/ml HDL at day 4, before stimulation by LPS,
PGN or PAM. Mean IFNy secretion of triplicates of 4 experiments is shown. (B) The outlier box plot
shows a rectangular box from the first to the third quartile, with the median marked by a line inside
the box and whiskers extending to the furthest observations. The mean is indicated by the outside line.
(C) Mean IFNy secretion of triplicates was normalized to LPS-treated DCs for each experiment and

the mean percentage inhibition by HDL +/- SD is indicated.
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* p<0.05 in a pairwise student’s test

Fig. 3. Regulation of DC functions by lipids extracted from HDL. DCs were treated at day 4 with
HDL (50 pg/ml of PL), total lipids extracted from HDL (50 pg/ml of PL), PL extracted from HDL
(10 pg/ml), TG or CE extracted from HDL (equivalent concentration to HDL), prior to LPS
stimulation at day 5 for 24h. (A) DCs harvested at day 6 were cocultured in triplicates for 5 days with
allogeneic T cells at a ratio of 1/10 DC/T cells. IFNy was assayed in coculture supernatant using CBA
Flex sets. Mean IFNy secretion of triplicates was normalized to LPS-treated DCs for each experiment.
The inhibition percentage of IFNy secretion by HDL or lipids is shown for 5 independent
experiments. The outlier box plot shows a rectangular box from the first to the third quartile, with the
median marked in the centre and whiskers extending to the furthest observations. (B) DC supernatants
collected at day 6 were assayed for IL-12p40 secretion. Bars indicate the mean secretion +/- SD for 4
independent experiments.

* p<0.05 ** p<0.02, compared to the LPS control group in a pairwise student’s test

Fig. 4. Identification of PL inhibiting DC ability to stimulate T cells. DCs were treated at day 4 with
10, 5 or 2.5 pg/ml PL extracted from HDL (A) or synthetic PL (B-D) at 10 or 1 pg/ml (B) or 10 pg/ml
(C-D), prior to LPS stimulation at day 5 for 24h. DCs were harvested at day 6. (A-C) DCs were
cocultured in triplicates for 5 days with allogeneic T cells at a ratio of 1/10 DC/T cells. IFNy was
assayed in coculture supernatant using CBA Flex kit. (A-B) Mean IFNy secretion +/- SD of triplicates
is shown for one representative experiment out of 3. (C) The mean secretion for coculture triplicates
was normalized to LPS-treated DCs for each experiment. Bars indicate the mean +/- SD for 5
experiments. (D) Nuclear extracts were prepared from harvested cells and the binding activity of NF-
kB was measured by EMSA using a *P-labeled specific probe. The increase in NF-kB activity
compared to control immature DCs is expressed in percentage of the control and the mean +/- SD for
3 independent experiments is shown.

* p<0.05 ** p<0.02, compared to the LPS control group in a pairwise student’s test

28



Table 1

Lipid composition of lipoproteins

Lipoprotein®  PL (ug/ml) TG (ug/ml)  Chol (ug/ml)

VLDL 50 140+33 54+8
LDL 50 16+3 94+11
HDL 50 14+7 59+22

! Concentration in phospholipids (PL), triglycerides (TG) and total cholesterol (Chol) introduced in

the culture medium by addition of VLDL, LDL or HDL at 50 pg/ml of PL. The mean + SD for 7

lipoprotein donors is indicated.
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SUPPLEMENTARY METHODS

Cytokine assay

Cytokines concentrations were determined using sandwich ELISA specific for IL-12 p40
(Invitrogen, Cergy Pontoise, France), IL-6, TNFa, IL-10 (Endogen, Woburn, MA, USA) or
using Cytometric Bead Array flex sets (BD biosciences, Franklin Lakes, NJ, USA) for IL-8

and IFNy.

Fatty acids content in total lipid extracts from lipoproteins

Total lipid extracts were obtained by the Folch extraction procedure as explained in the
Methods section. Fatty acid composition of these extracts was determined by gas
chromatography. Briefly, an aliquot of total lipid extract was dried under nitrogen before
transmethylation by addition of 1 volume of 5% H,SO,4 in methanol. Transmethylation was
carried out at 100°C for 90 min in screw-capped tubes. The reaction was terminated by the
addition of 1.5 volume of ice-cold 5% (w/v) K,COs3, and the fatty acid methyl esters were
extracted with isooctane and analysed using a PerkinElmer Life Sciences chromatograph
model 5830, equipped with a capillary column (30 m x 0.32 mm, Supelco (Sigma, St Quentin
Fallavier, France) and a flame ionization detection. The column was two-step programmed
from 135 to 160°C at 2°C/min and from 160 to 205°C at 1.5°C/min; the detection temperature
was maintained at 250°C. The vector gas was helium at a pressure of 0.8 pounds/square inch

(5520 Pa). Peaks were identified using standard fatty acid methyl esters.

EMSA
4 x 10° monocytes were differentiated into DCs as described in material and methods and

treated at day 4 with 10 pg/ml PLPC, 12,5 pg/ml 9-HODE (Cayman Chemicals, Ann Arbor,



MI, USA), 40 puM lysophosphatidylcholine (LPC) or equal volumes of ethanol for control
cells. Cells were then incubated at 37°C for 4h or 1h. After treatment, the cells were washed
twice with PBS, resuspended in 400 pl of ice-cold hypotonic buffer (10 mM HEPES (pH 7.9),
10 mM KCI, 0.01 M DTT, 1.5 mM MgCl,, and 1 x protease inhibitor cocktail (Sigma)) for 10
min, vortexed and centrifuged at 15000 x g for 30 s at 4°C. Nuclei were lysed in 40 pl ice-
cold saline buffer (20 mM HEPES (pH 7.9), 420 mM NacCl, 0.2 mM EDTA, 1.5 mM MgCls,
25 % glycerol, and 1 x protease inhibitor mixture (Sigma)), at 4°C for 20 min, vortexed and
centrifuged at 15000 x g for 5 min at 4°C. Protein concentrations were determined by Micro
BCA Protein Assay Reagent (Pierce, Rockford, IL, USA). The sequence of the double-
stranded  oligonucleotide ~ for  detection of @ PPAR  binding was: 5’-
GGGGTCAGTAAGTCAGAGGCCAGGGA-3’, according to Tontonoz et al
Oligonucleotide was end-labeled with [y-**P]JATP (Perkin Elmer, Waltham, MA, USA) by T4
polynucleotide kinase (New England Biolab, Beverly, MA). Nuclear extracts (1 pg) were then
mixed with 2 pg of poly (dI-dC) in a 20 pul reaction containing 10 mM Tris, pH 7.5/ 50 mM
NaCl /1 mM DTT /1 mM EDTA / 10 % glycerol and **P-labeled oligonucleotide. After a 20
min incubation at room temperature, DNA-protein complexes were resolved on a 4 %
polyacrylamide native gel in a 0.5 x Tris-Glycine EDTA buffer. Radioactive bands were

visualized using a Typhoon Phosphorimager.

1 Tontonoz P, Nagy L, Alvarez JG, Thomazy VA, Evans RM. PPARgamma promotes

monocyte/macrophage differentiation and uptake of oxidized LDL. Cell 1998; 93: 241-52.
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Cytokine secretion profile of PLPC-treated DCs. DCs were differentiated from blood

monocytes, treated by PLPC at day 4 and maturation was induced at day 5 by LPS addition.
Cytokine secretions were assayed in DC supernatants collected at day 6 at the end of the

maturation process. The mean secretion of IL-6, IL-8, IL-10, TNFa and IL-12p40 for 7

independent experiments is shown.
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Lipoprotein content in linoleic (18:2 n-6) fatty acid and inhibition of the Th1 function of
mature DC. VLDL and HDL were isolated from human plasma and added at day 4 on DC at
50 pg/ml of phospholipids. At day 5, maturation was stimulated by LPS. DC harvested at day
6 were cocultured in triplicates for 5 days with allogeneic T cells (MLR) at a 1/10 DC/T cells
ratio. IFNy was assayed in coculture supernatant.

The fatty acid content of VLDL and HDL was determined after extraction of total lipids by
the Folch procedure. After transmethylation, fatty acids were analysed by gas-phase

chromatography and expressed as mole % of total fatty acids content.



Supplementary Fig. 3.
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PPAR PPAR

PLPC treatment of DC enhances PPARYy activation. DC were treated at day 4 by 10 pg/ml
PLPC for 4h (A) or by 12,5 pg/ml 9-HODE with or without 40 uM LPC (B). The cells were
then washed and lysed. Nuclear extracts were prepared from harvested cells and the binding
activity of PPARy was measured by EMSA using a *2P-labeled specific probe. The arrow

indicates the PPARY specific band.





