
Serum lipids regulate dendritic cell CD1 expression and function

Introduction

Dendritic cells (DCs) and other professional antigen-pre-

senting cells (APCs) express the lipid antigen-presenting

molecules CD1a, CD1b and CD1c (group 1), as well as

CD1d (group 2).1,2 For example, Langerhans cells express

CD1a and CD1c,3 and lymph node interdigitating cells

may express CD1a, CD1b and CD1c as do DCs that

infiltrate infectious lesions4 and tumours.5 In vitro, CD14+

monocyte precursors cultured in the presence of interleu-

kin (IL)-4 and granulocyte–macrophage colony-stimulat-

ing factor (GM-CSF) differentiate into immature myeloid

dendritic cells (iDCs) that express high levels of CD1a,

CD1b and CD1c cell surface molecules6 while displaying

reduced levels of CD1d.7 Previous studies have identified

a variety of microbial lipids as antigens presented by
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Summary

Dendritic cells (DCs) are highly potent antigen-presenting cells (APCs)

and play a vital role in stimulating naı̈ve T cells. Treatment of human

blood monocytes with the cytokines granulocyte–macrophage colony-

stimulating factor (GM-CSF) and interleukin (IL)-4 stimulates them to

develop into immature dendritic cells (iDCs) in vitro. DCs generated by

this pathway have a high capacity to prime and activate resting T cells

and prominently express CD1 antigen-presenting molecules on the cell

surface. The presence of human serum during the differentiation of iDCs

from monocytes inhibits the expression of CD1a, CD1b and CD1c, but

not CD1d. Correspondingly, T cells that are restricted by CD1c showed

poor responses to DCs that were generated in the presence of human

serum, while the responses of CD1d-restricted T cells were enhanced. We

chemically fractionated human serum to isolate the bioactive factors that

modulate surface expression of CD1 proteins during monocyte to DC

differentiation. The human serum components that affected CD1 expres-

sion partitioned with polar organic soluble fractions. Lysophosphatidic

acid and cardiolipin were identified as lipids present in normal human

serum that potently modulate CD1 expression. Control of CD1 expression

was mediated at the level of gene transcription and correlated with activa-

tion of the peroxisome proliferator-activated receptor (PPAR) nuclear

hormone receptors. These findings indicate that the ability of human DCs

to present lipid antigens to T cells through expression of CD1 molecules

is sensitively regulated by lysophosphatidic acid and cardiolipin in serum,

which are ligands that can activate PPAR transcription factors.

Keywords: cell surface molecules; dendritic cells; human; lipid mediators;

T cells
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group 1 CD1 molecules to specific T cells.8–10 In general,

T cells with reactivity against these antigens have a

pro-inflammatory phenotype displaying cytolytic poten-

tial and secretion of T helper type 1 (Th1) cytokines,

suggesting that they play a role in host defence against

microbial infection.1,11 Additionally, group 1 self-reactive

T cells that recognize CD1 molecules can mediate the

maturation of pro-inflammatory myeloid DCs in a CD1-

dependent manner.12,13 T-cell recognition of self-lipids

presented by group 1 CD1 molecules has also been impli-

cated in human inflammatory diseases including systemic

lupus erythematosus (SLE),14 multiple sclerosis (MS),15

and autoimmune thyroiditis.16 As group 1 CD1-restricted

T cells have been implicated in pro-inflammatory

responses relating to both host defence and autoimmuni-

ty, the regulation of cell surface CD1 expression on

DCs is of interest as a mechanism that controls their acti-

vation.

Recent studies have shown that the expression of CD1

molecules on DCs is modulated by activation of peroxi-

some proliferator-activated receptor-c (PPARc), which

can occur as a result of exposure to synthetic ligands or

serum.17–19 PPARc is a transcription factor that regulates

expression of genes relating to lipid metabolism and

uptake, as well as cellular glucose metabolism and energy

expenditure.20 As a member of the nuclear hormone

receptor superfamily, PPARc resides in the cytoplasm in

an inactivated state until it binds a specific ligand (e.g.

prostaglandins, oxidized fatty acids, and thiazolidinedione

drugs). Upon ligand binding, PPARc is activated by

de-phosphorylation of serine 82 by mitogen-activated

protein (MAP) kinases, heterodimerizes with the retinoid

X receptor (RXR), and translocates to the nucleus, where

it binds specific PPAR-response elements (PPREs) in the

promoters of target genes.21 Szatmari and coworkers have

demonstrated that CD1d expression is up-regulated on

DCs by the addition of synthetic PPARc agonists such as

Rosiglitazone, and the resulting increase in CD1d expres-

sion on the cell surface correlated with enhanced natural

killer T (NKT) cell activity.17,18 PPARc can also be acti-

vated by endogenous lipid molecules that are present in

serum; however, the identity of the activating ligands

remains unclear.22–24

Here, we observed that the phospholipids cardiolipin

and lysophosphatidic acid, which are present in micro-

molar concentrations in normal human serum, can in-

hibit expression of CD1a, CD1b and CD1c (group 1)

molecules by DCs that differentiate from human blood

monocytes, resulting in a reduced capacity to stimulate

group 1 CD1-restricted T cells. The down-regulation of

group 1 CD1 expression by serum lipids is controlled at

the level of transcription and was associated with activa-

tion of multiple members of the PPAR nuclear hormone

receptor family. Importantly, down-modulation of CD1

expression on DCs by serum lipids was completely revers-

ible by removal of the inhibitory serum component.

These data indicate that the presence of specific lipid spe-

cies within the cellular microenvironment can negatively

regulate pro-inflammatory DC function by inhibiting

expression of group 1 CD1 molecules and thus preventing

efficient activation of group 1 CD1-restricted T cells.

Materials and methods

Antibodies and flow cytometry

The following monoclonal antibodies (mAbs) were used

for flow cytometry: immunoglobulin G1-phycoerythrin

(IgG1-PE), IgG2a-PE, CD1a-PE, CD1d-PE, IgG1-fluores-

cein isothiocyanate (FITC), CD83-FITC, CD86-PE (anti-

B7.2), CD14-PE, CD209-PE and human leucocyte antigen

(HLA)-DR-PE (all from BD-Pharmingen, San Diego,

CA), and CD1b-PE and CD1c-PE (Ancell, Bayport, MN).

Antibodies were used at saturating concentrations per the

manufacturer’s instructions and staining was performed

in 96-well plates. All antibody staining was carried out for

30 minutes at 4� in the presence of 0�02% NaN3. Samples

were then analysed utilizing a FACSort flow cytometer

(Becton Dickinson, Franklin Lakes, NJ).

T-cell lines and clones

The CD1c-reactive clone Ye2.3 was derived by limited

dilution cloning from normal donor peripheral blood as

previously described.12 CD1d-reactive clone J3N.5

expressing an invariant Va24/JaQ T-cell receptor (TCR)

was derived by staining human peripheral blood mono-

nuclear cells (PBMC) with fluorescently labelled CD1d

tetramers loaded with a-galactosyl ceramide (a-GalCer)

followed by sorting by flow cytometry and limiting dilu-

tion cloning as previously described.25

Differentiation of monocytes to dendritic cells

Monocyte-derived DCs were generated from human

blood monocytes that were isolated by CD14 magnetic

antibody cell sorting (CD14-MACS) selection (Miltenyi

Biotec, Auburn, CA) from the byproducts of platelet

pheresis and induced to differentiate and express CD1a,

CD1b and CD1c by incubation with GM-CSF and IL-4 as

described previously.26 All protocols involving human

samples were performed with approval and in accordance

with institutional guidelines. Monocytes were cultured in

24-well tissue culture plates at a concentration of 1 · 106

cells/ml for 3 days in RPMI complete medium containing

L-glutamine, penicillin-streptomycin and 10% fetal bovine

serum (FBS) in the absence (FBS-DCs) or presence

[human serum (HS)-DCs] of normal pooled male human

AB serum (1–10%) (Gemini Bioproducts, West Sacra-

mento, CA). For experiments utilizing the addition of
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specific lipids the following compounds were used: phos-

phatidic acid, phosphatidylcholine, phosphatidylethanol-

amine, phosphatidylglycerol (all synthetic 18:2),

cholesterol, cholesteryl stearate, cardiolipin (CL; bovine

heart) (Avanti Polar Lipids, Alabaster, AL) and lysophos-

phatidic acid (LPA) 20:4 (Echelon Biosciences, Salt Lake

City, UT). Studies of PPARc activation utilized the

PPARc agonist troglitazone at a concentration of 20 lM

or the PPARc antagonist GW9662 at a concentration of

10 lM (Tocris, Ellisville, MS) during the differentiation of

monocytes to DCs.

Organic phase separation and thin-layer chromatography
(TLC)

Human pooled male AB serum (Gemini Bioproducts)

was separated into organic, interphase and aqueous

phases using the method of Folch as previously

described.27 In brief, 20 ml of serum was added to 80 ml

of chloroform and 40 ml of methanol (4 : 2 : 1 chloro-

form:acetone:methanol) and phase separation allowed to

occur. Individual fractions were removed, dried down

under a nitrogen gas stream, and weighed for use in the

DC differentiation experiments. Further separation of the

organic soluble fraction was performed by loading the

total material onto an open silica column consisting of

32–63-lm silica beads (Selecto Scientific, Suwanee, GA).

Fractions were eluted in progressively polar solvents: chlo-

roform, acetone, and then methanol [high-performance

liquid chromatography (HPLC) grade; Fisher Scientific,

Waltham, MA]. These fractions were then dried, weighed,

and utilized in the biological assays described.

CD1-restricted T-cell/DC co-cultures

The CD1-restricted T-cell clones YE2.312 and J3N.525

were utilized for all studies. FBS-DCs or HS-DCs were

generated as described above. T-cell proliferation in

response to these DCs was assessed by culturing 5 · 104

T cells with 5 · 104 c-irradiated (5000 rads) FBS-DCs or

HS-DCs per well for 3 days in 96-well plates. For experi-

ments using CD1d-reactive T-cell clone J3N.5, a-GalCer

was utilized at a final concentration of 100 ng/ml. Dur-

ing the final 6 hr of culture, cells were pulsed with 1 lCi

[3H]-thymidine (2 Ci/mmol; New England Nuclear,

Waltham, MA) harvested using a Tomtec harvester

(Hamden, CT) and the mean count per minute ± stan-

dard error of the mean (c.p.m. ± SEM) was determined

using a beta plate counter (Wallac, Waltham, MA). For

determination of T-cell interferon (IFN)-c release,

culture supernatants were collected at 24 hr and assayed

for IFN-c using sandwich enzyme-linked immunosorbent

assay (ELISA) mAbs (Pierce Endogen, Rockford, IL) and

analysed as described above. ELISA results are expressed

in pg/ml ± SEM.

Allogeneic mixed lymphocyte reaction

FBS-DCs or HS-DCs were generated as described above.

These DCs were then cultured for three additional days

in the same medium or in the presence of 100 ng/ml Esc-

herichia coli lipopolysaccharide (LPS) (Sigma, St Louis,

MO). DCs were washed and c-irradiated (5000 rads), and

then these cells were cultured with 1 · 105 allogeneic

CD4+ T cells (isolated by immunomagnetic selection;

Miltenyi Biotec) per well at DC:T-cell ratios of 1 : 200 to

1 : 2000 for 5 days. During the final 6 hr of culture, cells

were pulsed with 1 lCi [3H]-thymidine (2 Ci/mmol; New

England Nuclear) and harvested using a Tomtec har-

vester. The c.p.m. was determined using a beta-plate scin-

tillation counter (Wallac). Results represent triplicate

samples ± SEM.

Measurement of cytokines by ELISA

FBS-DCs or HS-DCs were generated as described above.

Following additional culture with E. coli LPS (1 lg/ml;

Sigma) or control medium for 24 hr, supernatants were

harvested and analysed for IL-12p70 by sandwich ELISA

assay using antibody pairs purchased from Pierce Endo-

gen. Samples were analysed using a Molecular Devices

(Sunnyvale, CA) plate reader and SOFTMAX Pro software

(Sunnyvale, CA). Results were expressed as pg/ml ± SEM.

Confocal microscopy

Following culture for 72 hr in the presence of medium

alone or medium containing 10% human AB serum, DCs

were adhered to fibronectin-coated coverslips, fixed and

permeabilized as previously described.28 The cells were

then labelled with mAb specific for CD1a, CD1b, CD1c

and CD1d.29 Alexa 488-goat anti-mouse IgG (Jackson

Immunologic, West Grove, PA) was utilized as a second-

ary reagent. Cells were counterstained with mAb against

the lysosomal marker lysosome-associated membrane

glycoprotein 1 (LAMP-1) (BD Pharmingen) conjugated

to Alexa 546 (Molecular Probes, Carlsbad, CA). Labelled

cells were then examined using a Nikon C1 confocal laser

scanning microscope (Melville, NY) fitted with krypton

and argon lasers.

Real-time polymerase chain reaction (PCR)

Following differentiation of immature DCs by 3-day cul-

ture of CD14+ cells in IL-4 and GM-CSF in the absence

or presence of human AB serum, total RNA was extracted

using an Rneasy kit (Qiagen, Valencia, CA). After retro-

transcription using Superscript II H-Reverse Transcriptase

(Invitrogen, Carlsbad, CA), the relative CD1 expression

levels were analysed by real-time PCR using SYBR Green

amplification (BioRad, Hercules, CA) and the ABI PRISM
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7700 Sequence Detection System (Applied Biosystems,

Foster City, CA). Primers specific for each CD1 isoform

were generated as described previously.30 The relative

CD1 mRNA levels were determined by the comparative

threshold cycle (Ct) method relative to the expression of

the housekeeping gene GAPDH and data expressed as

fold change in HS-DCs compared with FBS-DCs.

PPAR gene expression

Total cellular RNA from monocytes and immature DCs

(2 · 106 cells) was extracted using TRIzol (Invitrogen).

Reverse transcription was performed on 500 ng of total

RNA using an oligo-(dT)18 primer with the first-strand

cDNA synthesis kit (Roche, Indianapolis, IN). Primers were

as follows: GAPDH forward, 50-ACTCCACGACGTACT

CAGCG-30 and reverse, 50-GGTCGGAGTCAACGGATT

TG-30; PPARa forward, 50-CAAGTGCCTTTCTGTCGG

GA-30 and reverse, 50-TGGCAGCAGTGAAAGATGCG-30;

PPARb/d forward, 50-TCTCCAAGCACATCTACAATGCC-

30 and reverse, 50-CAGGTCACTGTCATCAAGTTCCAG-30;

PPARc forward, 50-TCATAATGCCATCAGGTTTGG-30

and reverse, 50-CTGGGCGGTCTCCACTG-30. PCR ampli-

fication of the specific PPAR isoforms (a, b/d, and c) and

GAPDH was performed and PCR products were separated

by agarose gel electrophoresis and a digitized image gener-

ated. Quantification of PCR products was carried out using

IMAGEJ software (http://rsb.info.nih.gov/ij/) and normalized

to the GAPDH band intensities.

PPARc reporter construct assay

To test for transcriptional activity of PPARc, we utilized

a PPRE-luciferase construct described previously.31

Briefly, 1 · 106 HCT-116 colon cancer cells (American

Type Culture Collection, Rockville, MD) grown in 24-well

cell plates in McCoy’s medium were transfected with

100 ng of a plasmid encoding a PPRE DR-1 firefly luci-

ferase reporter construct and 100 ng of pRL-TK (Pro-

mega, Madison, WI) vector encoding the Renilla

lucifierase under a constitutive promoter utilizing Fu-

Gene-6 (Roche) according to the manufacturer’s instruc-

tions. For some assays, an additional plasmid construct

expressing full-length cDNA of human PPARc was co-

transfected. Cells were incubated for 24 hr and test com-

pounds were then added, and the cells were incubated for

an additional 18 hr. Cells were then lysed and assayed for

luciferase activities using a dual-luciferase reporter assay

system (Promega) and a luminometer. Results were calcu-

lated as the ratio of specific PPRE-luciferase to Renilla

lucifierase activity and normalized to the medium control.

Results were expressed as fold induction ± SEM.

Results

Human serum modulates DC expression of CD1 cell
surface molecules

Myeloid dendritic cells are known to express all group 1

(CD1a, CD1b and CD1c) as well as group 2 (CD1d) iso-

forms.32 As these DCs expressing CD1 are important

APCs for lipid recognition by CD1-reactive T cells, we

hypothesized that regulatory control of CD1 cell surface

expression might play a critical role in regulating the acti-

vation of CD1-restricted T cells. In an initial series of

experiments, we found an inverse correlation between the

quantity of human serum present in medium during

in vitro monocyte differentiation to DCs and the cell sur-

face expression CD1 molecules. Fresh blood monocytes

were cultured with GM-CSF and IL-4 in complete med-

ium containing 10% FBS for 3 days to induce the differ-

entiation into myeloid DCs (FBS-DCs) or the same FBS

medium supplemented with an additional 10% human

AB serum (HS-DCs). The DCs were then stained with
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Figure 1. Human serum inhibits group 1 CD1 expression by dendritic cells (DCs). CD14+ monocytes were cultured for 72 hr in interleukin

(IL)-4 and granulocyte–macrophage colony-stimulating factor (GM-CSF) in fetal bovine serum (FBS)-containing medium (FBS-DCs), or similar

medium containing additional 10% human pooled AB serum [human serum (HS)-DCs] to derive immature monocyte-derived DCs. Cell surface

expression of CD1a, CD1b, CD1c, CD1d, CD14, CD209, and human leucocyte antigen (HLA)-DR were assessed by monoclonal antibody (mAb)

staining and flow cytometry. The presence of human serum (HS-DCs) inhibited expression of CD1a, CD1b and CD1c and promoted up-regula-

tion of CD1d. HS-DCs also lacked expression of CD14 and expressed CD209, consistent with a DC phenotype. These results are representative of

five independent experiments using different DC donors.
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mAbs against CD1a, CD1b, CD1c, CD1d, the monocyte

marker CD14, the DC marker CD209, or HLA-DR and

analysed by flow cytometry (Fig. 1). The presence of

human serum during differentiation strongly inhibited

the cell surface levels of CD1a [HS-DC mean fluorescence

intensity (MFI) = 4�5 versus FBS-DC MFI = 712], CD1b

(MFI = 27�5 versus 317), and CD1c (MFI = 13�5 versus

153). In contrast, CD1d expression was slightly increased

in the presence of human serum (HS-DC MFI = 12�4
versus FBS-DC MFI = 3�7). No significant change in cell

surface levels of major histocompatibility complex class II

(MHC II) was observed. Like the control DCs, the human

serum-treated cells had a CD14) and CD209+ DC pheno-

type, suggesting that the effect of human serum was not a

result of a generalized blockade of blood monocyte differ-

entiation. The serum-mediated effect on CD1 expression

was also observed using serum samples from multiple

healthy individual donors, suggesting that it was a general

effect. Additionally, increasing the concentration of FBS

(up to 20%) had no effect upon CD1 expression, demon-

strating that the observed effects were not attributable to

the absolute concentration of serum in the media (data

not shown). These data suggest that factors present in

normal human serum have the capacity to inhibit the

expression of cell surface CD1a, CD1b and CD1c on DCs.

DC maturation is altered by the addition of human
serum

To further characterize the HS-DCs, we examined the

expression of the maturation marker CD83 and the costim-

ulatory molecule CD86 (B7.2) in response to exposure to

the Toll-like receptor 4 (TLR4) ligand LPS. Immature DCs

lack expression of CD83 and express low levels of CD86

but up-regulate these cell surface molecules following expo-

sure to maturation stimuli such as LPS. Figure 2(a) shows

that, following a 3-day culture in the presence of 100 ng/ml

LPS, fewer HS-DCs expressed CD83 (8�2%) when com-

pared with control FBS-DCs (74�3%). Additionally,

although immature HS-DCs had slightly higher levels of

CD86 (MFI = 34�3) than did FBS-DCs (MFI = 16�4),

these HS-DCs up-regulated this molecule to a lesser

extent (MFI = 245) than did FBS-DCs (MFI = 503�4) in

the presence of LPS (Fig. 2a). These data suggest that

DCs exposed to factors present in human serum are

refractory to maturation stimuli such as LPS.

One of the important hallmarks of mature DCs is their

ability to produce bioactive IL-12p70, which is essential

for the subsequent Th1 polarization of naı̈ve T cells

encountered in secondary lymphoid tissues.33 DCs

exposed to high levels of TLR agonists (e.g. LPS) in vitro

are capable of transiently producing IL-12p70. Therefore,

we next cultured FBS-DCs or HS-DCs in the presence of

LPS for 24 hr and assayed production of IL-12p70 by

ELISA. In contrast to FBS-DCs, cells derived in human

serum produced markedly less IL-12p70 (FBS-DCs,

2838 ± 192 pg/ml versus HS-DCs, 521 ± 54 pg/ml)

(Fig. 2a). Recent evidence suggests that both microbial

signals, mediated via pattern recognition receptors such

as TLR, and host T-cell signals are required for the gener-

ation of mature DCs capable of producing IL-12p70. We

previously showed that CD1a-, CD1b- and CD1c-

restricted T cells can induce DC secretion of IL-12p70 in

the presence of very low levels of LPS.12,13 In our current

studies we observed that DCs differentiated in the pres-

ence of human serum failed to produce IL-12p70 when

cultured with CD1-restricted T cells and LPS (data not

shown), suggesting that anti-inflammatory signals from
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Figure 2. Human serum dendritic cells (DCs) are refractory to lipo-

polysaccharide (LPS)-induced maturation. (a) Human serum (HS)-

derived DCs fail to express the maturation marker CD83, up-regulate

the costimulatory molecule CD86, or produce interleukin (IL)-12p70

in response to LPS. Fetal bovine serum (FBS)-DCs or HS-DCs were

generated as described and were further cultured in the presence of

LPS (1 lg/ml) for 3 days to induce maturation. DCs were then

assessed by monoclonal antibody (mAb) staining and flow cytometry

or enzyme-linked immunosorbent assay (ELISA) to assess IL-12p70

production. Note that HS-DCs express less CD83 and CD86 and fail

to produce IL-12p70 in response to LPS as a maturation stimulus.

Error bars on the IL-12p70 ELISA represent the standard error of

the mean (SEM) from triplicate samples. (b) HS-DCs are less effec-

tive at supporting an allogeneic mixed lymphocyte reaction (MLR).

Immature FBS-DCs or HS-DCs were derived as described and cul-

tured for an additional 72 hr in the presence of medium alone or

LPS (100 ng/ml) as a maturation signal. DCs were then irradiated

and used to stimulate allogeneic CD4+ T cells. Note that maximum

allogeneic stimulatory capacity was decreased for immature HS-DCs

(right panel; closed squares) when compared with immature FBS-

DCs (left panel; closed squares). Additionally, LPS (open squares)

had a lesser effect upon increasing the ability of HS-DCs to stimulate

allogeneic T cells than upon the ability of FBS-DCs to stimulate

these T cells. These results are representative of three independent

experiments using different DC donors. Results represent triplicate

samples ± SEM. c.p.m., counts per minute; MFI, mean fluorescence

intensity.
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the human serum override the pro-inflammatory signals

from the T cells and LPS.

We next performed allogeneic mixed lymphocyte reac-

tions (MLRs) to compare the functional capacities of

HS-DCs and FBS-DCs to activate T cells. Purified CD4+ T

cells were co-cultured for 5 days with irradiated allogeneic

HS-DCs or FBS-DCs. Proliferation to alloantigens using

the MLR assay was similar when T cells were stimulated

with either FBS-DCs or HS-DCs, although maximum allo-

geneic T-cell proliferation was somewhat lower when HS-

DCs were used as APCs. To determine if the maturation

state of the DCs affected their ability to function as APCs,

FBS-DCs and HS-DCs were also cultured in the presence of

the LPS as a maturation signal. When DCs were cultured in

the presence of LPS for an additional 3 days prior to being

used as APCs, HS-DCs (37 080 ± 1120 c.p.m.) were again

less effective at supporting the proliferation of allogeneic T

cells than were FBS-DCs (69 540 ± 2320 c.p.m.) at a DC:T-

cell ratio of 1 : 2000 (Fig. 2b). Thus, HS-DCs are less

efficient APCs in the MLR assay when compared with FBS-

DCs, suggesting an attenuated functional capacity for T-cell

stimulation. Taken together, these data suggest that,

although monocyte differentiation to immature DCs occurs

after the addition of human serum, subsequent DC matu-

ration and function are inhibited.

Activation of CD1-restricted T cells is modulated by
human serum effects on DCs

As our initial experiments demonstrated that cell surface

expression of group 1 CD1a, CD1b and CD1c molecules is

decreased by the addition of human serum while that of

group 2 CD1d molecules is slightly increased (Fig. 1), we

next determined if these changes in DC CD1 expression

alter the activation of CD1-restricted T cells. As an example

of a group 1 CD1-restricted T cell, we used the previously

described T-cell clone Ye2.3 which recognizes CD1c in the

absence of exogenous lipid antigen.12 To assess the interac-

tion between DCs and group 2 CD1d-restricted T cells, we

utilized previously described J3N.5, an NKT cell clone that

expresses an invariant Va24/JaQ TCR and recognizes the

model lipid antigen a-GalCer in the context of CD1d.25

The CD1c-restricted T-cell clone Ye2.3 or CD1d-restricted

T-cell clone J3N.5 was co-cultured for 3 days with irradi-

ated FBS-DCs or HS-DCs and T-cell activation was mea-

sured in a proliferation assay. For J3N.5, a-GalCer (100 ng/

ml) was utilized as an exogenous lipid antigen. Both CD1c-

restricted Ye2.3 T cells and CD1d-restricted J3N.5 NKT

cells proliferated in the presence of FBS-DCs (or FBS-

DCs + a-GalCer in the case of J3N.5 T cells). In contrast,

the CD1c-restricted Ye2.3 T cells failed to proliferate when

HS-DCs were used as APCs while the proliferation of the

CD1d-restricted clone J3N.5 was similar with either

FBS-DCs or HS-DCs (Fig. 3a). As a second measure of

CD1-restricted T-cell function, we examined the produc-

tion of IFN-c by these T cells in response to co-culture in

the presence of FBS-DCs or HS-DCs. FBS-DCs supported

IFN-c production by both CD1c-restricted Ye2.3

(1346 ± 102 pg/ml) and CD1d-restricted J3N.5

(403 ± 1�2 pg/ml) T cells. In contrast, the Ye2.3 T cells

showed reduced IFN-c (31 ± 1�8 pg/ml) when HS-DCs

were used as APCs. Production of IFN-c by J3N.5

(501 ± 31 pg/ml) was only slightly higher using HS-DCs as

APCs (Fig. 3b). These results indicate that factors present

in human serum that modulate the expression of CD1 mol-

ecules on DCs can lead to the differential activation of

group 1 and group 2 CD1-restricted T cells.

Human serum factors inhibit DC expression of CD1
at the level of transcription

We first performed confocal microscopy to determine if

the effect of human serum in modulating CD1 expression
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Figure 3. Human serum regulates dendritic cell (DC) activation of

CD1-restricted T cells. (a) CD1c-restricted T cells do not proliferate in

response to co-culture with human serum (HS)-DCs. CD1c-restricted

autoreactive Ye2.3 (left panel) or CD1d-restricted, a-galactosyl cera-

mide (a-GalCer)-reactive J3N.5 T cells (right panel) were incubated

with fetal bovine serum (FBS)-DCs or HS-DC for 72 hr and prolifera-

tion was measured. For J3N.5, a-GalCer was used at a final concentra-

tion of 100 ng/ml. FBS-DCs, expressing both CD1c and CD1d,

produced proliferation of both CD1c-reactive Ye2.3 and CD1d-reac-

tive J3N.5 T cells. Note that HS-DCs expressing lower cell surface levels

of CD1c failed to activate CD1c-restricted Ye2.3. (b) CD1c-restricted T

cells do not produce interferon (IFN)-c in response to HS-DCs. CD1-

restricted T cells were cultured with DCs as described above. Note that

CD1c-restricted Ye2.3 T cells do not make IFN-c in response to cul-

ture with HS-DCs. Results represent triplicate samples ± standard

error of the mean (SEM). These data are representative of three inde-

pendent experiments using different DC donors.
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at the cell surface was a result of altered cellular distribution

of these molecules. HS-DCs or FBS-DCs were fixed and

permeabilized and then stained with mAbs against CD1a,

CD1b, CD1c and CD1d (green staining). The lysosomal

marker LAMP-1 was used as a marker in a second colour

(red staining). FBS-DCs expressed high levels of CD1a,

CD1b and CD1c molecules but only very low levels of

CD1d. In contrast, HS-DCs lacked detectable intracellular

or cell surface staining of group 1 CD1a, CD1b or CD1c

molecules while staining for CD1d was slightly increased

(Fig. 4a). As seen in prior studies of the influence of TLR-2

on CD1 expression,30 these results indicated that the effect

of human serum on CD1 is not attributable to cellular

redistribution, but rather to altered synthesis of CD1

proteins.

To determine if factors in serum affect CD1 expression

at the level of transcription, we performed real-time PCR

to assess the levels of CD1 mRNA. FBS-DCs or HS-DCs

were generated as described above and RNA was isolated.

The levels of each CD1 isoform mRNA were assessed

using CD1-specific primers and normalized to GAPDH.

When compared with FBS-DCs, HS-DCs expressed signif-

icantly less mRNA for group 1 CD1a (47-fold decrease),

CD1b (12�9-fold decrease), and CD1c (sixfold decrease)

but displayed increased levels of group 2 CD1d (13�2-fold

increase) (Fig. 4b). Taken together, these data strongly

support the theory that the altered cell surface expression

of CD1 proteins by DCs differentiated in the presence of

human serum is a result of changes at the level of CD1

gene transcription.

The cellular microenvironment in which DCs reside at

any given time can be altered by changes in the location

of the DCs (i.e. migration and trafficking) or by local

changes in the surrounding tissues in which DCs may be

present (i.e. disease or tissue injury). Given the dynamic

nature of DC trafficking, it would seem critical that any

regulatory mechanisms that control expression of impor-

tant antigen-presenting molecules such as CD1 retain the

capacity to respond to feedback signals from the local

cellular environment. Therefore, we determined if the
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as described and stained with monoclonal antibodies (mAbs) against CD1 molecules (green staining) and the lysosomal marker lysosome-associated
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increased levels of CD1d. (b) Alteration of DC CD1 expression is regulated at the level of transcription. CD1 mRNA expression by FBS-DCs and HS-

DCs was assessed using quantitative real-time polymerase chain reaction. Results are expressed as relative fold change in HS-DCs compared with

FBS-DCs. Note that, while HS-DCs have decreased transcription of CD1a, CD1b and CD1c, CD1d is increased when compared with FBS-DCs. (c)

Inhibition of DC CD1a expression is reversible. Left panel: FBS-DCs were differentiated as described and at day 3 (red arrow) 10% human serum

(red triangles, dashed line) was added to cultures and inhibited further acquisition of CD1a. In contrast, cells continued in culture without the addi-

tion of human serum continued to increase cell surface expression of CD1a (squares, solid line). Right panel: HS-DCs were generated over a 3-day

culture period and at day 3 (red arrow) human serum was removed from cultures and CD1a cell surface expression increased over the next 48 hr

(red triangles, dashed line) while cultures in which human serum remained failed to express CD1a (squares, solid line). These results are

representative of three independent experiments using different DC donors. MFI, mean fluorescence intensity.
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inhibition of DC CD1a, CD1b and CD1c expression by

human serum is a dynamic and potentially reversible

process. We first derived FBS-DCs or HS-DCs using a 3-

day culture period as described above. Cells were then

washed and re-plated in medium in the presence or

absence of 10% human serum for an additional 3 days.

These cells were analysed by flow cytometry for CD1a

expression on each day during the culture period. Addi-

tion of human serum at day 3 to FBS-DCs that already

expressed CD1a completely inhibited further up-regula-

tion of this molecule (Fig. 4c, left panel). Conversely,

DCs that had the inhibitory human serum removed at

day 3 up-regulated CD1a at the cell surface to levels

approaching those of the medium control, while DCs

maintained in human serum failed to express CD1 during

this culture period (Fig. 4c, right panel). Although the

effect was greatest for CD1a, a similar effect was seen for

CD1b and CD1c, while group 2 CD1d levels were low

and remained unchanged throughout the culture period

(data not shown). These data demonstrate that the inhibi-

tion of DC group 1 CD1 expression by factors present in

human serum is a reversible process.

Lipid molecules mediate inhibition of DC CD1
expression

We next performed a series of experiments to characterize

the active compounds in human serum responsible for

CD1 inhibition. Utilizing phase separation by Folch extrac-

tion, we isolated organic, interphase and aqueous soluble

fractions from normal human serum.27 This technique

allows separation of organic solvent soluble molecules such

as lipids from aqueous solvent soluble molecules such as

proteins. DCs were then differentiated in IL-4 and GM-CSF

in the presence of FBS-containing medium or the same

medium containing either the organic, interphase or aque-

0  150 300 450 600 
MFI MFI MFI 

0  50 100 150 200 250 0  20 40 60 80 

Controls 3 10 30 100 
0 

100 

200 

300 

400 

FBS 
HS 
HS organic  

Control 

HS CHCl3 
HS acetone 
HS MeOH 

FBS  

(a) 

(b) (c) 

HS  

HS 

Aqueous  

Interphase  

Organic  

CD1a  CD1b  CD1c  

C
D

1a
 (

M
F

I)
 

FBS-D
Cs

HS-D
Cs 

0 

100 

200 

300 

400 

500 

600 

700 

1  10  1  10  μM 

LPA  CL  μg/ml 

Figure 5. Polar human serum (HS) lipids inhibit dendritic cell (DC) expression of group 1 CD1 molecules. (a) Inhibition of DC group 1 CD1

expression is mediated by organic soluble molecules. Human serum was separated into aqueous, interphase and organic fractions and added to

CD14+ cells differentiated to DCs in the presence of interleukin (IL)-4 and granulocyte–macrophage colony-stimulating factor (GM-CSF) in fetal

bovine serum (FBS)-containing medium. DCs were also derived in the presence of similar medium containing 10% HS as a positive control.

Cells were analysed for CD1a, CD1b and CD1c cell surface expression by flow cytometry. Note that the organic phase of human serum contained
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ous extracts from human serum. Cells were cultured for

3 days and assessed for cell surface expression of CD1a,

CD1b and CD1c by flow cytometry. The CD1 inhibitory

activity in human serum appeared to completely segregate

to the organic fraction (Fig. 5a). These results provide

strong evidence that the inhibitory molecules in human

serum are hydrophobic species such as lipids.

To further characterize the inhibitory activity within

the organic solvent soluble fraction, we employed a

strategy of open silica column chromatography of the

total human serum organic extract and eluted with pro-

gressively polar solvents: chloroform, then acetone, and

finally methanol. Each fraction was then subjected to ana-

lytical TLC to assess content and compared with known

lipid standards (data not shown). The eluted fractions

were weighed, dried under N2, and reconstituted in IL-4-

and GM-CSF-containing medium and cultured with

CD14+ monocytes to derive DCs. Analysis by flow cyto-

metry revealed that CD1a, CD1b and CD1c expression

was inhibited in a dose-dependent manner by the frac-

tions that had been eluted in the more polar acetone and

methanol solvents, while the less polar chloroform frac-

tion had no effect on the inhibition of CD1 expression

(CD1a shown, Fig. 5b). These results suggest that the

inhibition of DC group 1 CD1 expression by human

serum is probably attributable to polar lipids.

As phospholipids are polar lipids that are known to be

present in significant quantities in human serum, we

screened a panel of individual lipids for their ability to

inhibit expression of CD1 by DCs during the 3-day cul-

ture in IL-4 and GM-CSF. Two of the phospholipids

tested, CL and LPA, markedly inhibited group 1 CD1a

expression in the micromolar range (CL = 96% decrease

in MFI at 1 lM; LPA = 87% decrease in MFI at 1 lM)

(Fig. 5c). In contrast, other prominent serum lipids such

as cholesterol and cholesteryl stearate had no inhibitory

effect on CD1 expression (data not shown).

Modulation of CD1 expression by DCs is associated
with PPAR activation

As CD1 gene expression has previously been reported to

be influenced by PPARc,17,18,34 and this nuclear hormone

receptor is known to be activated by fatty acyl com-

pounds,35 we investigated whether the bioactivity of the

lipid molecules we identified above was linked to activa-

tion of members of the PPAR transcription factor family.

Therefore, we tested whether addition of the specific

lipids we identified results in activation of the PPAR. In

initial studies we tested lipids using a cell-based PPRE

luciferase reporter (DR1) which measures PPAR-depen-

dent promoter activity.31 Figure 6(a) shows that human

serum is capable of stimulating PPRE promoter activity

in dose-dependent manner. We also tested serum lipid

fractions and individual serum lipid components in the

same reporter assay system. Consistent with the modula-

tion of CD1 expression shown in Fig. 5b, the methanol

and acetone fractions were able to induce PPRE-depen-

dent activity relative to the medium control using the

DR1 reporter (Fig. 6b). The positive control in these

assays was troglitazone; an agonist of PPARc that has

been shown previously to modulate CD1 expression on

DCs.17,18 Rosiglitazone, another compound in the thiazo-

lidinedione class, was also shown to have a similar effect

to troglitazone (data not shown). We next tested the lip-

ids LPA and CL using the same assay system. Figure 6(c)

shows that both LPA and CL were indeed able to activate

the PPRE reporter system, indicative of PPAR activity. To

determine whether PPARc was contributing to the activ-

ity, the PPRE reporter plasmid was cotransfected with a

second plasmid expressing the PPARc protein and

re-tested with the self-lipids. Figure 6(d) shows that

PPARc exhibited significantly higher reporter activity in

response to serum or individual lipids than medium

alone. Surprisingly, we also detected similar activity when

PPARb/d was cotransfected. However, because of the high

level of endogenous PPARa activity in the cell line used

for this assay, we could not determine its role in lipid-

dependent activation. Taken together, these data suggest

that at least two PPAR isoforms can contribute to the

response to serum or serum lipid components.

We next demonstrated that all of the PPAR genes

(PPARa, PPARb/d and PPARc) were up-regulated in

iDCs following the standard 3-day culture of CD14+

monocytes in FBS medium with GM-CSF and IL-4

(Fig. 6e). In addition, co-incubation of cells with human

serum or rosiglitazone did not significantly alter PPAR

mRNA levels (data not shown). These data confirm the

expression of PPAR under the culture conditions used in

this study for in vitro DC differentiation and are consis-

tent with several other previously published reports.17–19

To determine if PPARc was active in the iDCs, we deter-

mined the relative levels of mRNA using real-time PCR

for two prominent target genes [PPARc angiopoietin

related (PGAR) and fatty acid binding protein 4 (aP2)]

which are known to be up-regulated in response to

PPARc activation in iDCs. Figure 6(f and g) shows a sig-

nificant increase in the mRNA levels for both genes, par-

ticularly for the aP2 gene, which codes for a fatty acid

binding protein. These data support the findings of the

PPRE reporter experiments above (Fig. 6a–d) indicating

that PPARc is activated and exhibits its normal functional

activity by up-regulating known PPARc target genes.

To confirm that the modulation of CD1 expression by

DCs in the presence of human serum is dependent upon

activation of PPARc, we utilized the PPARc antagonist

GW9662, which predominantly blocks the activity of

PPARc. FBS-DCs and HS-DCs were derived in the

absence or presence of GW9662 during 3-day culture in

IL-4 and GM-CSF. Cell surface expression of CD1 was
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then assessed by flow cytometry. As observed previously,

HS-DCs expressed little CD1a, CD1b or CD1c at the cell

surface when compared with FBS-DCs, while the level of

CD1d was slightly up-regulated in the presence of human

serum. Importantly, the presence of GW9662 partially

restored expression of group 1 CD1 on HS-DCs (Fig. 7a;

CD1a is shown), and decreased CD1d expression on HS-

DCs to control levels (Fig. 7b). The inability of GW9662

to fully restore CD1a expression levels may reflect the

contribution of other PPARs (Fig. 6d) or non-PPAR-

dependent pathways. These data support the theory that

CD1 expression on iDCs is modulated by prominent

serum lipid components, and the presence of these lipids

during cytokine-induced DC differentiation correlates

with the activation of PPAR transcription factors.

Discussion

The links between lipid metabolism and the immune sys-

tem are becoming an area of increasing research inter-

est.36 This interest is a result of an increased appreciation

of the role that chronic inflammation appears to play in

PGAR aP2

RGA 0 

5 

10 

15 

20 

F
ol

d 
in

du
ct

io
n

0 

5 

10 

15 

20 

F
ol

d 
in

du
ct

io
n 

(x
10

4 )

LP
A 2

0:
4

Car
dio

lip
in 

M
ed

ium
 

HS 1
%

HS 3
%

HS 1
0%

1 

2 

3 

4 

5 

6 

(a) (b) (c) 

(d) (e) (f) (g) 

7 

M
ed

ium
 

Tro
gli

ta
zo

ne
 

M
ed

ium
 

Tro
gli

ta
zo

ne
 

CHCl 3

Ace
to

ne
 

M
et

ha
no

l

1 

2 

3 

4 

1 

2 

3 

4 

* * 

* 

* 

** * 

HS 1
0%

M
ed

ium
 

M
ed

ium
 

LP
A 2

0:
4

Car
dio

lip
in

HS 1
0%

0 

10 

20 

30 

PPARγ 

Vector 

PPAR β/δ 

N
or

m
al

iz
ed

 fo
ld

 
ch

an
ge

 in
 a

ct
iv

ity
 

** 

** * 

** 
* 

N
or

m
al

iz
ed

 fo
ld

 

ch
an

ge
 in

 a
ct

iv
ity

 

PPARα

PPARβ/δ

PPARγ

GAPDH 

1 2 

M
on

oc
yte

s 

M
on

oc
yte

s 

RGA 

HS 1
0%

M
ed

ium
 

M
on

oc
yte

s 

iD
Cs (

M
ed

ium
)

Figure 6. Human serum lipids activate peroxisome proliferator-activated receptor c (PPARc). (a) Human serum (HS) activates PPARc. HCT-116

colon cancer cells were transiently transfected with a DR1- PPAR-response element (PPRE)-luciferase reporter construct and cultured for 18 hr in

the presence of medium alone or in the presence of increasing concentrations of human serum (1–10%) to assess activation of PPARc. Cells were

then lysed and luciferase activity was measured. Fold induction was calculated by comparing the ratio of activity in human serum-treated cells com-

pared with medium control cells. Note that increasing the percentage of human serum (from 1 to 10%) led to increased PPARc activity. (b) Human

serum polar lipid fractions activate PPARc. HCT-116 cells transfected with the PPRE-luciferase construct were cultured as described above in the

presence of medium (negative control), the non-polar human serum chloroform fraction, more polar human serum acetone and methanol fractions,

or the PPARc agonist troglitazone. Cells were then assayed for luciferase activity. Note that the more polar human serum methanol and acetone

eluted fractions caused approximately a twofold induction of luciferase activity while the non-polar chloroform-eluted human serum had no effect

upon activation of PPARc. (c) Lysophosphatidic acid (LPA) and cardiolipin (CL) activate PPARc. LPA and CL, which inhibit DC expression of

group 1 CD1 molecules, were assayed for PPARc activity as described above. Troglitazone was used as a positive control. Note that both CL and LPA

led to increased induction of PPARc activity. Results represent triplicate samples ± standard error of the mean (SEM). (d) Cotransfection of the

PPRE luciferase reporter with plasmids expressing PPARb/d, PPARc, or empty vector. Transfected cells were treated with the indicated compounds

for 24 hr prior to luciferase assays. Error bars are the SEM for triplicate samples. A two-way analysis of variance (ANOVA) was performed comparing

PPAR-expressing plasmids with the vector controls for each treatment group. The statistical significance is indicated: *, P < 0�05; **, P < 0�01; ***,

P < 0�001. (e) Agarose gel showing specific bands amplified from mRNA derived from whole blood monocytes (lane 1) and the same cell preparation

after 3 days in culture using standard media containing fetal bovine serum (FBS) with granulocyte–macrophage colony-stimulating factor (GM-CSF)

and interleukin (IL)-4 (lane 2). (f, g) Real-time polymerase chain reaction of human DC mRNA using probes for (f) human PPARc angiopoietin

related (PGAR) and (g) human fatty acid binding protein 4 (aP2). For panels (f) and (g), the * symbol indicates P < 0�05 using a one-way analysis of

variance (ANOVA) test for each treatment compared to the value for each gene in monocytes. RGA, rosiglitazone.
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the aetiology of a number of important human diseases

including diabetes, atherosclerosis and cancer. In this

study, we have described the ability of the serum lipids

LPA and CL to modulate human DC CD1 expression and

function. The presence of these endogenous lipids inhibits

the transcription and subsequent cell surface expression

of group 1 CD1a, CD1b and CD1c lipid antigen-present-

ing molecules by DCs, which reduces the ability of the

DCs to activate CD1-restricted T cells. A range of mole-

cules present in normal serum are likely to contribute to

the modulation of DC function. However, of the mole-

cules we tested, CL and LPA had the most potent bio-

activity. Although CL is primarily known as an

intracellular lipid enriched in mitochondrial membranes,

it is also present in normal human serum at a concentra-

tion of approximately 15 lM.37 LPA is also present in the

micromolar range in normal serum, and has been well

characterized as a bioactive lipid that promotes cell

growth and activation via interaction with specific LPA

receptors.38 Our results suggest that these lipids may also

have anti-inflammatory effects by controlling the expres-

sion of group 1 CD1 molecules on DCs.

LPA has recently been shown to act as an agonist of

the transcriptional regulator PPARc.24,39 A number of

detailed studies have implicated PPARc in the regulation

of CD1 expression and, more broadly, in the modu-

lation of the DC phenotype.17–19 This effect on CD1

expression was demonstrated previously by Szatmari and

coworkers, who showed that DCs derived in the pres-

ence of the PPARc agonist rosiglitazone expressed

increased cell surface levels of CD1d and promoted

expansion of human invariant NKT cells.17 A more

recent study by the same authors has implicated the

activation of retinoic acid (RA) synthesis genes by the

PPARc transcription factor with downstream activation

of RARa by RA as the regulatory cascade that sub-

sequently modulates CD1d expression.18 A direct inter-

action of the RXR/RARa receptor dimer with the CD1

promoter regions has not been described. However, acti-

vation of PPARc by chemical agonists such as thiazolid-

inediones or human serum appears to be an early step

in regulating DC function in these in vitro differentia-

tion systems.

The data presented here indicate that PPARc is acti-

vated in response to the lipid molecules CL and LPA in

a manner analogous to its activation by PPARc synthetic

ligands.40 However, we have not determined whether

these lipids interact directly with the ligand binding

domain (LBD) of the PPARs. Thus, it remains unclear

whether there is a direct interaction of the PPAR recep-

tor with the lipid ligand or whether the effect is an indi-

rect one resulting from, for example, a secondary signal

derived from the activation of an upstream pathway.

In support of this possibility, it is well known that LPA

has a broad range of effects on cellular function and

metabolism.41 Hence, cross-talk between PPAR and

other signalling pathways is possible. However, previous

biochemical data have shown that LPA can bind to the

LBD of PPARc and can function as an agonist.24 Inter-

estingly, a single cleavage of CL can result in the genera-

tion of LPA, which may explain the equally potent

activity of the two molecules. Therefore, a direct inter-

action between LPA and PPARc would also be consis-

tent with the current data.

Our studies provide insights into the regulatory con-

trol of CD1a, CD1b and CD1c expression by DCs. Mod-

ulation of CD1 expression and DC functional phenotype

by self-lipids may provide the host with a mechanism

by which to tightly regulate the steady-state levels of

CD1 by DCs. This, in turn, directly influences the acti-

vation of CD1-restricted T cells. The regulation of CD1

expression and function may have implications in the

treatment of human inflammatory diseases in which

CD1 responses play a pathogenic role. The use of serum

lipid profiles as risk factors for cardiovascular disease

and diabetes is an area of active research. Moreover,

there is mounting evidence of the role of chronic

inflammation and the immune system in the pathogene-

sis of these diseases. Our findings suggest that specific

endogenous lipid molecules can reversibly modulate the

activation state of DCs and alter the subsequent inflam-

matory response. Translation of these findings to the

in vivo setting may point to novel therapeutic strategies

that could alter DC function for treatment of chronic

inflammatory diseases.
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Figure 7. The peroxisome proliferator-activated receptor c (PPARc)

antagonist GW9662 partially reverses the effect of human serum

upon dendritic cell (DC) CD1 expression. Fetal bovine serum (FBS)-

DCs or human serum (HS)-DCs were generated as previously

described in the presence or absence of the PPARc antagonist

GW9662 (10 lm) for 3 days. Cells were then stained with mono-

clonal antibody (mAb) against CD1a and CD1d and analysed by

flow cytometry. (a) The presence of GW9662 had no effect upon

FBS-DC CD1a expression but partially reversed the inhibition of

CD1a in HS-DCs. (b) GW9662 had no effect upon FBS-DC CD1d

expression but reversed the up-regulation of CD1d in HS-DCs.

These results are representative of three independent experiments

using different DC donors.
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