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A

therosclerosis is a progressive, chronic inflammatory
disease of the vasculature that is characterized by the
formation of fibrotic plaques in the major arteries (1, 2).
The chronic inflammation that is observed in atherosclerosis is
believed to be a direct result of immune cells, such as monocytes
and T lymphocytes, being continually recruited to atherosclerotic
lesions. Macrophages are capable of ingesting modified forms of
low-density lipoprotein (LDL) to form cholesterol-rich foam cells,
which become the initial building blocks of atherosclerotic plaques (1, 2). Cytokines, such as IFN-g and TNF-a, are known to be
master regulators of immune cell recruitment to atherosclerotic
plaques and can also modulate macrophage foam cell formation
(3). The role of TNFR superfamily (TNFRSF) members and their
ligands, such as TNF-a/TNFR1, in promoting atherosclerosis has
been shown (4) and supports the notion that this cytokine superfamily strongly contributes to atherogenesis.
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Death receptor 3 (DR3; TNFRSF25) is a death-domain containing
TNFRSF member, closely homologous to TNFR1, which can
regulate cell apoptosis and survival (5). DR3 is expressed on a range
of cell types, including lymphocytes, NK cells, endothelial cells,
and macrophages (5–7), which are all involved in atherosclerosis.
DR3 has been shown to modulate immune cell function (7–10) and
to promote many inflammatory-driven diseases, including inflammatory bowel disease and arthritis (5, 7, 10–14). The only
confirmed ligand for DR3 is TNF-like protein 1A (TL1A) (8),
which is expressed on immune cells like macrophages and dendritic
cells (5, 6, 11) and can also drive inflammatory disease progression
(5, 7, 9, 10, 12–14). Both TL1A and DR3 have been implicated as
mediators of atherosclerosis since they have been found localized
in foam cell rich regions of atherosclerotic plaques (6). However,
the role of TL1A–DR3 pathway in macrophage foam cell formation
has yet to be reported. In this study, we set out to determine whether
TL1A can stimulate macrophage foam cell formation in both THP1 and primary human monocyte-derived macrophages (HMDMs).

Materials and Methods
Reagents and cell culture
Human THP-1 and mouse bone-marrow macrophage (BMM) cell cultures
were maintained in RPMI 1640 or DMEM medium, respectively, supplemented with 10% (v/v) heat-inactivated FCS, 100 U/ml penicillin, 100 mg/
ml streptomycin, and 2 mM L-glutamine (all Invitrogen, Paisley, U.K.), at
37˚C in a humidified atmosphere containing 5% (v/v) CO2. HMDMs were
isolated from buffy coats using Ficoll-Hypaque purification. Blood from
the buffy coat was layered over Lymphoprep (Nycomed, Oslo, Norway)
and centrifuged at 800 3 g for 30 min. The resultant mononuclear cell
interface was collected and washed six to eight times in PBS containing
0.4% (v/v) trisodium citrate to remove platelets. Monocytes were allowed
to adhere to tissue culture plates in RPMI 1640 medium containing 5% (v/
v) FCS for 7 d to enable macrophage differentiation and permit removal of
nonadherent lymphocytes. Recombinant human IFN-g and TL1A were
acquired from PeproTech (London, U.K.) and R&D Systems (Abingdon,
U.K.), respectively. PMA was acquired from Sigma-Aldrich (Poole, U.K.).
Recombinant human sDR3-Fc and human NKG2D-Fc chimeras were also
from R&D Systems.
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TNF-like protein 1A (TL1A), a TNF superfamily cytokine that binds to death receptor 3 (DR3), is highly expressed in macrophage
foam cell-rich regions of atherosclerotic plaques, although its role in foam cell formation has yet to be elucidated. We investigated
whether TL1A can directly stimulate macrophage foam cell formation in both THP-1 and primary human monocyte-derived macrophages with the underlying mechanisms involved. We demonstrated that TL1A promotes foam cell formation in human macrophages in vitro by increasing both acetylated and oxidized low-density lipoprotein uptake, by enhancing intracellular total and
esterified cholesterol levels and reducing cholesterol efflux. This imbalance in cholesterol homeostasis is orchestrated by TL1Amediated changes in the mRNA and protein expression of several genes implicated in the uptake and efflux of cholesterol, such
as scavenger receptor A and ATP-binding cassette transporter A1. Furthermore, through the use of virally delivered DR3 shorthairpin RNA and bone marrow-derived macrophages from DR3 knockout mice, we demonstrate that DR3 can regulate foam cell
formation and contributes significantly to the action of TL1A in this process in vitro. We show, for the first time, a novel proatherogenic role for both TL1A and DR3 that implicates this pathway as a target for the therapeutic intervention of atherosclerosis. The
Journal of Immunology, 2010, 184: 5827–5834.
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Mice

measured using a liquid scintillation counter. Fold change in cholesterol efflux
was the fold difference in efflux between control and treated samples.

The DR3 mouse colony was founded from animals supplied by Cancer
Research U.K., London. BMMs were isolated from 6–8-wk-old female wild
type (WT; DR3WT) and knockout (KO; DR3KO) mice (15) as previously
described (16). All procedures were approved by the Local Research
Ethics Committee and performed in strict accordance with the Home Office, approved licenses PPL 30/1999 and 30/2580.

DiI-acetylated LDL and DiI-Ox LDL uptake assays
Cells were incubated for 24 h with 10 mg/ml 1,19-dioctadecyl-3,3,39,39tetramethyllindocarbocyane (DiI)-labeled acetylated LDL (DiI-AcLDL) or
oxidized LDL (DiI-OxLDL; Intracel, Frederick, MD) in RPMI 1640 or
DMEM (mouse BMMs) containing 10% (v/v) delipidated FCS at 37˚C.
Next, cells were released from the tissue culture plate by trypsinization and
DiI-AcLDL or DiI-OxLDL uptake was then analyzed by flow cytometry
on a FACS Canto (BD Biosciences, Oxford, U.K.) flow cytometer. DiIAcLDL or DiI-OxLDL uptake is represented as a percentage, with the
untreated control indicated as 100%.

Cholesterol efflux assay

Macrophage (THP-1) cholesterol content was quantified using the Amplex
Red Cholesterol Assay Kit (Molecular Probes, Eugene, OR). Macrophages
were fixed in 2% (v/v) paraformaldehyde for 15 min and washed three times
with PBS before incubation with 200 ml absolute ethanol for 30 min at 4˚C
to extract cellular lipids. Total cholesterol and cholesterol ester content
was determined by incubating 50 ml extracted lipids, diluted in 13 reaction buffer supplied with the kit, with 50 ml Amplex Red Assay reagent
containing cholesterol esterase (total cholesterol) or with 50 ml Amplex
Red Assay reagent lacking cholesterol esterase (free cholesterol) for 30
min at 37˚C in the dark and then measuring fluorescence (BMG Labtech
[Aylesbury, U.K.] FLUOstar Optima microplate reader; 535 nm excitation,
595 nm emission). Total and free cholesterol content of each sample was
calculated using a cholesterol standard curve. Cholesterol ester content
was calculated by subtracting levels of free cholesterol from levels of total
cholesterol for each sample. Lipid-extracted macrophages were incubated
with 0.1% (w/v) SDS/0.2 M NaOH for 30 min at room temperature, and
total cellular protein levels were determined using the Pierce BCA assay
(Pierce, Cramlington, U.K.). Total cholesterol and cholesterol ester levels
were represented as nanograms of total cholesterol or cholesterol ester per
microgram of protein.

Real-time quantitative PCR and DR3 RT-PCR
Total RNAwas prepared using the RNeasy Micro kit (Qiagen, Crawley, U.K.)
and was reverse transcribed into cDNA using M-MLV reverse transcriptase
(Promega, Southampton, U.K.) and random hexamer primers. Real-time
quantitative PCR analysis was performed using SYBR Green JumpStart Taq

FIGURE 1. TL1A increases acetylated/oxidized LDL uptake and total and esterified cholesterol levels in THP-1 macrophages and HMDMs. Twentyfour-hour 16 nM PMA-differentiated THP-1 macrophages or 7 d differentiated HMDMs were incubated with 10 mg/ml DiI-AcLDL (A), 10 mg/ml DiIOxLDL (B), or 10 mg/ml DiI-AcLDL and either 1 mg/ml NKG2D-Fc (as control) or 1 mg/ml sDR3-Fc (C) for 24 h in the presence or absence of 100 ng/ml
TL1A or 250 IU/ml IFN-g (A only). DiI-AcLDL and DiI-OxLDL uptake was measured by flow cytometry. D, Twenty-four-hour PMA-differentiated THP-1
macrophages were incubated with 50 mg/ml AcLDL in the presence or absence of TL1A (100 ng/ml) in media containing 0.2% (w/v) fatty-acid free BSA
for 24 h. Cellular lipids and protein were extracted and total cholesterol and cholesterol ester levels were calculated using the Amplex Red assay and
normalized to total cellular protein levels as nanograms per micrograms of protein. Filled histograms indicate data for THP-1 macrophages and the striped
histograms for HMDMs. Data are derived from four separate experiments (n = 4) and represent mean 6 SD. The percent DiI-AcLDL or DiI-oxLDL uptake
in untreated cells in A–C has been arbitrarily assigned as 100%. One-way ANOVA with Dunnett’s post hoc test (A) and Student t test (B–D) were used to
ascertain the statistical significance of all results. pp , 0.05; ppp , 0.01; pppp , 0.001.

Downloaded from http://www.jimmunol.org/ by guest on October 20, 2019

Macrophages (THP-1, HMDMs, and mouse BMMs) were converted into foam
cells by incubation with 50 mg/ml AcLDL (micrograms of AcLDL protein per
milliliter; Intracel) in media containing 10% (v/v) delipidated FCS or 0.2% (v/v)
fatty-acid free BSA (Sigma-Aldrich) and 0.5 mCi/ml [4-14C]cholesterol (Amersham, Buckinghamshire, U.K.) for 24 h. Subsequently, cells were treated for 24 h
in media containing 10% (v/v) delipidated FCS or 0.2% (v/v) fatty-acid free BSA
and 10 mg/ml apolipoprotein A-I (apoA-I; Sigma-Aldrich) in the presence or
absence of TL1A or IFN-g. Next, the media were collected and the remaining
cells were solubilized in 0.2 M NaOH. Cholesterol efflux was calculated as the
percentage of [14C] counts in the medium versus total (cells and medium) as

Quantitation of macrophage total and esterified cholesterol
content
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ReadyMix (Sigma-Aldrich) and primers, detailed in Supplemental Table I,
specific for human scavenger receptor (SR) A (SR-A), CD36, SR-BI, lipoprotein lipase (LPL), apolipoprotein E (apoE), ATP-binding cassette transporter A1 (ABCA-1), ABCG-1 and mouse SR-A, CD36, SR-BI, apoE,
ABCA-1 and ABCG-1. Quantitative PCR was performed using the Opticon
2 real-time PCR detection system (MJ Research, Cambridge, MA) and
mRNA levels were determined using the comparative Ct method and normalized to 28S rRNA (human) and b-actin (mouse) mRNA levels. All PCRs
were performed in duplicate and cDNAs, cloned into pGEM-T vector, were
used as a standard for quantitation and to verify specificity by DNA sequencing. DR3 RT-PCR was performed using the following primers: 59TCACCCTTCTACTGCCAACC-39 and 59-CCAGCTGTTACCCACCAACT-39 (30 cycles, 65˚C annealing temperature). 28S rRNA was used as an

internal control (12 cycles, 62˚C annealing temperature). The PCR products
were size fractionated by agarose gel electrophoresis and analyzed using
a Syngene gel documentation system (GRI, Braintree, U.K.).

Western blotting
Total cell lysates from THP-1 cells and HMDMs were size fractionated on
NuPAGE 4–12% SDS-polyacrylamide gels (Invitrogen) and then analyzed
by Western blotting using a previously described method (17). Abs against
CD36 (sc-9154), SR-A (sc-20660), SR-B1 (sc-32342) and ABCG-1 (sc11150) were from Santa Cruz Biotechnology (Santa Cruz, CA). Abs to
apoE (0650-1904), ABCA-1 (NB400-105) and b-actin were from Biogenesis (Poole, U.K.), Novus Biologicals (Cambridge, U.K.), and Sigma-

FIGURE 3. TL1A regulates the expression of
key genes implicated in the uptake and efflux of
cholesterol in THP-1 macrophages and HMDMs.
Real-time quantitative PCR for SR-A, CD36,
SR-BI, apoE, ABCA-1, ABCG-1, and LPL was
performed on cDNA from 24 h PMA-differentiated THP-1 macrophages or 7 d differentiated
HMDMs incubated for 24 h in the presence or
absence of 100 ng/ml TL1A. mRNA levels were
calculated using comparative Ct method and
normalized to 28s rRNA levels, with untreated
cells given an arbitrary value of 1. Filled histogram indicates data for THP-1 macrophages, and
the striped histogram indicates data for HMDMs.
Data is derived from four separate experiments
(n = 4) and represents mean 6 SD. One-way
ANOVA with Dunnett post hoc test was used to
ascertain the statistical significance of the results.
pp , 0.05; ppp , 0.01; pppp , 0.001.
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FIGURE 2. TL1A decreases cholesterol efflux from
THP-1 macrophages and HMDMs. Twenty-four-hour
PMA-differentiated THP-1 macrophages (A) or 7 d differentiated HMDMs (B) were converted into foam cells
with 50 mg/ml AcLDL and 0.5 mCi/ml [4-14C]cholesterol for 24 h. Next, cells were treated with 10 mg/ml
apoA-I alone (A, B) or in addition to either 1 mg/ml
NKG2D-Fc (as control) or 1 mg/ml sDR3-Fc (C) in the
presence or absence of 100 ng/ml TL1A or 250 IU/ml
IFN-g (A only) for 24 h. Cholesterol efflux was then assayed. Control cells exhibited ∼40% efflux and were
arbitrarily assigned a value of 1 from which fold change
was calculated. Filled histogram indicates data for THP-1
macrophages, and the striped histogram indicates data for
HMDMs. Data are derived from three to four separate
experiments (C, n = 3; A, B, n = 4) and represents mean 6
SD. One-way ANOVAwith Dunnett post hoc test (A) and
Student t test (B, C) was used to ascertain the statistical
significance of all results. pp , 0.05; ppp , 0.01; pppp ,
0.001.
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Alrich respectively. Semiquantitative measurement of Western blots was
performed by densitometric analysis using the Gene Tools software (GRI).

cholesterol uptake and reducing cholesterol efflux and displays
phenotypic similarities to the proatherogenic cytokine IFN-g3.

Annexin V/propidium iodide staining of macrophages

TL1A regulates the expression of key genes implicated in the
uptake and efflux of cholesterol

Apoptosis was measured in THP-1 macrophages and HMDMs by dual-color
immunofluorescent flow cytometry with annexin V-FITC and propidium
iodide (BD Biosciences) according to the manufacturer’s instructions. Cells
were washed twice in cold PBS, resuspended in 13 binding buffer (1 3
106 cells/ml), and incubated in the dark with 5 ml annexin V-FITC and
10 ml propidium iodide (50 mg/ml) for 15 min at room temperature; 400 ml
13 binding buffer was then added to each sample, and cells were immediately analyzed on a FACSCalibur flow cytometer (BD Biosciences).

Generation of adenovirus encoding DR3 shRNA

Results
TL1A drives foam cell formation in human macrophages
Macrophage foam cell formation is driven by an imbalance in the
uptake of modified LDL into the cell and the efflux of cholesterol out
of it (1–3). To investigate the role of TL1A in macrophage foam cell
formation, we first measured the impact of TL1A stimulation on the
uptake of acetylated LDL, a type of LDL extensively used for invitro foam cell formation assays (20, 21), and oxidized LDL, a key
form of modified LDL found in atherosclerotic plaques (1, 2, 20),
and on the efflux of [14C]cholesterol by both 24 h PMA-differentiated THP-1 macrophages and 7 d differentiated HMDMs. THP-1
macrophages were PMA-differentiated for 24 h, because this induces a high level of scavenger receptor expression (22). Fig. 1A and
1B demonstrate that 24 h TL1A stimulation produced a statistically
significant increase in the uptake of DiI-AcLDL and DiI-OxLDL,
which are widely used by such studies (23), by THP-1 macrophages
and HMDMs compared with the untreated control. IFN-g was used
as a positive control because it is known to increase AcLDL and
OxLDL uptake and promote foam cell formation (3, 24). The enhancement in DiI-AcLDL uptake by TL1A was ablated by a soluble
DR3-Fc fusion protein (sDR3-Fc), which binds to and neutralizes
TL1A (Fig. 1C), and ratified the cytokine-specific response. In addition, it was found that TL1A enhanced the levels of total and esterified cholesterol in AcLDL-converted foam cells (Fig. 1D).
Fig. 2A and 2B demonstrate that 24 h TL1A stimulation produced a statistically significant reduction in cholesterol efflux from
THP-1 macrophages and HMDMs, compared with the untreated
control, which was ablated by coincubation with sDR3-Fc (Fig.
2C). IFN-g was also used as a positive control, because it is known
to decrease cholesterol efflux from macrophages (25) and to validate the cholesterol efflux assay. A similar action of TL1A was
observed when the cells were loaded with AcLDL in the absence of
serum (Supplemental Fig. 1). Collectively, these data indicate that
TL1A drives macrophage foam cell formation by both promoting

FIGURE 4. TL1A regulates the expression of key proteins implicated in
the uptake and efflux of cholesterol in THP-1 macrophages and HMDMs.
Twenty-four-hour PMA-differentiated THP-1 macrophages (A) or 7 d differentiated HMDMs (B) were incubated for 24 h in the presence or absence of
100 ng/ml TL1A. Equal levels of protein from total lysates were analyzed by
Western blotting using Abs against CD36, SR-A, SR-B1, apoE, ABCA-1,
ABCG-1, and b-actin. The results shown are representative of four separate
experiments (n = 4). Semiquantitative analysis of all Western blots shows that
all changes were found to be statistically significant (Supplemental Fig. 4)
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An adenovirus type 5 (Ad5) vector was engineered to encode DR3 shRNA
flanked by sequences from the murine BIC gene (134–161 and 221–265;
RAd-DR3 shRNA) using recombineering technology (18, 19). Two oligonucleotides, detailed in Supplemental Table II, that overlap by 25 bp at
their 39 and 59 ends, respectively, were designed to contain the appropriate
DR3 shRNA sequence and arms of homology to facilitate homologous
recombination into the Ad5 vector; 100 ng of each oligonucleotide was
transformed into induced SW102 Escherichia coli that contained the Ad5
vector genome in a modified bacterial artificial chromosome and appropriate recombinants were identified as previously described (19). Adenovirus was then amplified, purified, and titered as described (19). A
recombinant adenovirus expressing a scrambled shRNA sequence (RAdscrambled shRNA) was also generated for use as a control. THP-1 cells
and 7 d differentiated HMDMs were infected with RAd-scrambled shRNA
or RAd-DR3 shRNA at a multiplicity of infection (MOI) of 100, as described in the supporting information. An MOI of 100 was sufficient to
infect .98% THP-1 cells and .90% HMDMs as measured by flow cytometry following infection with a GFP-expressing recombinant adenovirus (data not shown).

The uptake of AcLDL and OxLDL into macrophages principally
involves a family of scavenger receptors, including SR-A, SR-B1,
and CD36 (3, 26). The efflux of cholesterol from macrophages
primarily involves reverse cholesterol transport by members of the
ABC transporter family, such as ABCA-1 and ABCG-1, and also
requires lipid-free components of high-density lipoprotein, such as
apoE, and apoA-I as cholesterol acceptors (1–3). Cytokines, like
IFN-g, are known to regulate macrophage foam cell formation by
triggering changes in the expression of key genes implicated in the
uptake and efflux of cholesterol (3, 25). Because TL1A enhanced
AcLDL and OxLDL uptake and reduced cholesterol efflux (Figs.
1, 2) in both THP-1 macrophages and HMDMs, we next investigated whether TL1A can modulate changes in the expression
of these key genes by real-time quantitative PCR. Fig. 3 demonstrates that TL1A produced a statistically significant increase in
expression of all three scavenger receptor genes as well as LPL,
which also aids the uptake of modified LDL (27), in both THP-1
macrophages and HMDMs. Although these increases in gene
expression were modest in isolation, collectively they contribute
to the global phenotype of increased cholesterol uptake by macrophages. TL1A produced a statistically significant decrease in
apoE and ABCG-1 gene expression in THP-1 macrophages and
HMDMs. TL1A also reduced ABCA-1 expression in these cells,
although this inhibition was only statistically significant in THP-1
macrophages. These TL1A-stimulated reductions in apoE, ABCA-1, and ABCG-1 mRNA expression were also similarly seen in
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AcLDL-converted foam cells (Supplemental Fig. 2). In addition,
the reduction in gene expression by TL1A was found not to involve the apoptotic pathway in THP-1 macrophages and HMDMs
(Supplemental Fig. 3).
To confirm that the real-time quantitative PCR data correlated
with changes in protein expression, Western blot analysis was
performed to analyze CD36, SR-A, SR-B1, apoE, ABCA-1, and
ABCG-1 protein expression. Fig. 4 shows that TL1A increased the
expression of all three scavenger receptor proteins and reduced the
expression of apoE, ABCA-1, and ABCG-1 proteins in correlation
with the real-time quantitative PCR data. These changes were all
found to be statistically significant (Supplemental Fig. 4). Collectively, these data suggest that TL1A promotes macrophage
foam cell formation by altering the mRNA and protein expression
of key genes implicated in the uptake and efflux of cholesterol.
DR3 regulates foam cell formation in untreated and
TL1A-stimulated macrophages

were then stimulated in the presence or absence of TL1A (Fig. 5C,
5D). In cells infected with a scrambled shRNA adenovirus, TL1A
produced a statistically significant increase in DiI-AcLDL uptake and
reduction in [14C]cholesterol efflux by both THP-1 macrophages and
HMDMs respectively mirroring that seen in uninfected cells (Figs. 1,
2). However, in THP-1 macrophages and HMDMs infected with
a DR3 shRNA adenovirus, TL1A did not produce a statistically significant increase in DiI-AcLDL uptake or reduction in [14C]cholesterol efflux by THP-1 macrophages and HMDMs. In addition,
a statistically significant reduction in DiI-AcLDL uptake and increase
in [14C]cholesterol efflux was seen in unstimulated cells. These data
suggest that the uptake of AcLDL and efflux of cholesterol by noncytokine stimulated macrophages is DR3-dependent and that attenuation of DR3 expression in these cells has prevented TL1A from
regulating AcLDL uptake and cholesterol efflux. Collectively, these
data indicate that TL1A promotes macrophage foam cell formation in
a potentially DR3-dependent fashion and that DR3 can regulate
macrophage foam cell formation by itself.
DR3 regulates basal cholesterol uptake and efflux in mouse
BMMs
To confirm the role of DR3 in noncytokine stimulated macrophage
foam cell formation, we compared DiI-AcLDL uptake and [14C]
cholesterol efflux in BMMs isolated from DR3WT and DR3KO mice
on the same genetic background. Fig. 6A demonstrates that DiIAcLDL uptake by DR3KO BMMs was significantly lower than that
seen by DR3WT BMMs. Fig. 6B shows that basal cholesterol efflux
from DR3KO BMMs was significantly higher than that seen from
DR3WT BMMs. These results strongly suggest that DR3 promotes
macrophage cholesterol uptake, limits cholesterol efflux, and supports the data shown in human cells (Fig. 5C, 5D). Real-time
quantitative PCR assays demonstrated that the relative mRNA

FIGURE 5. DR3 regulates foam cell formation in THP-1 and HMDMs. THP-1 macrophages (A) or 7 d differentiated HMDMs (B) were infected with
either RAd-scrambled shRNA or RAd-DR3 shRNA at an MOI of 100 for 72 h. DR3 RT-PCR was performed and 28S rRNA was used as a housekeeping
gene. RT-PCR was used instead of Western blotting because of detection problems with anti-DR3 Abs. –RT indicates that reverse transcriptase was omitted
in the cDNA synthesis step using RNA from RAd-scrambled shRNA infection. M indicates m.w. markers. Data are indicative of two separate experiments.
RAd-scrambled shRNA or RAd-DR3 shRNA-infected THP-1 macrophages or 7 d differentiated HMDMs were incubated with 10 mg/ml DiI-AcLDL for
24 h (C) or with 50 mg/ml AcLDL and 0.5 mCi/ml [4-14C]cholesterol for 24 h, followed by treatment with 10 mg/ml apoA-I (D) in the presence or absence
of 100 ng/ml TL1A. DiI-AcLDL uptake and cholesterol efflux was then assayed. Filled histogram indicates data for THP-1 macrophages, and the striped
histogram indicates data for HMDMs. Data are derived from three separate experiments (n = 3) and represent mean 6 SD. One-way ANOVA with Dunnett
post hoc test was used to ascertain the statistical significance of the results. pp , 0.05; pppp , 0.001.
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Having shown that TL1A can promote macrophage foam cell formation in both THP-1 macrophages and HMDMs, we next investigated whether its target receptor, DR3, was integral to this
action. To do this, we generated a recombinant adenovirus encoding
DR3 shRNA to knock down DR3 expression in these cells. The DR3
shRNA adenovirus produced an ∼83% knockdown in DR3 mRNA
expression in THP-1 macrophages and an ∼40% knockdown in
HMDMs—compared with a control adenovirus expressing scrambled shRNA (Fig. 5A, 5B), which is widely used as a control for RNA
interference studies—and thus successfully reduced DR3 expression in human macrophages.
We next analyzed the uptake of DiI-AcLDL and efflux of [14C]labeled cholesterol by THP-1 and HMDMs infected with either
a scrambled shRNA adenovirus or a DR3 shRNA adenovirus that
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expression of mouse SR-A, CD36, and SR-BI was significantly
lower in DR3KO BMMs compared with that seen in DR3WT BMMs;
conversely, the relative expression of mouse apoE and ABCG-1
was significantly higher in DR3KO BMMs compared with that seen
in DR3WT BMMs. Mouse ABCA-1 mRNA expression was higher
in DR3KO BMMs, although it was not statistically significant (Fig.
6C, 6D). These data indicate that the reduced level of AcLDL
uptake and increased level of cholesterol efflux in DR3KO BMMs is
elicited by changes in the expression of these key scavenger receptor and cholesterol efflux genes. Collectively, these data
strongly suggest that DR3 is able to promote macrophage foam cell
formation by regulating the expression of key genes implicated in
the uptake and efflux of cholesterol.

Discussion
This study is the first to report a role for TL1A and DR3 in promoting macrophage foam cell formation and contributes further to
published evidence implicating both as proatherogenic mediators.
This study also reveals a mechanism for such actions, which is
mediated through corresponding changes in the expression of key
genes implicated in the uptake and efflux of cholesterol by macrophages. For example, the TL1A-mediated stimulation of modified LDL uptake (Fig. 1) is associated with induced expression of
three key proteins, SR-A, CD36, and LPL (Figs. 3, 4), that have
been demonstrated to promote such cellular LDL uptake in vitro
and in vivo (26–28). In further support, our recent studies have
shown that TL1A induces the mRNA expression of the oxLDLbinding, scavenger receptor-PSOX (SR-PSOX/CXCL16; Supple-

mental Fig. 5), another key gene implicated in cellular lipoprotein
uptake (29). Alternatively, TL1A inhibits cholesterol efflux (Fig. 2)
and suppresses the expression of three proteins, apoE, ABCA1, and
ABCG1 (Figs. 3, 4), which have been shown similarly by numerous
studies to promote this process in vitro and in vivo (1, 30). TL1A
also induces the expression of SR-BI (Figs. 3, 4), although this is
likely to contribute partly to its actions, because it has been found to
be involved in both the uptake and efflux of cholesterol (26, 28).
The findings presented in this study are consistent with a number of
studies showing that TL1A can steer the progression of inflammatory-driven disease (5, 7, 9, 10, 12–14). The effect of TL1A
in promoting macrophage foam cell formation reflects the effect
observed for other TNFSF members (31, 32). TNF-a has been
shown to enhance macrophage foam cell formation by increasing
total cholesterol content through ABCA-1 inhibition (31) and by
ablating the catabolism of intracellular lipids (32). Given that TL1A
is found localized to atherosclerotic plaques (6), as is TNF-a (33), it
is clear that members of this cytokine superfamily play a role in
driving atherosclerotic progression in part by promoting macrophage foam cell formation. In addition, it is possible that TL1A
contributes to the formation of foam cells derived from vascular
smooth muscle cells, because TNF-a promotes vascular smooth
muscle cell foam cell formation by increasing SR expression and
AcLDL uptake (34).
The identification of a role for DR3 in basal macrophage foam cell
formation in this study provides evidence that this receptor is able to
regulate this atherosclerotic mechanism alone. This observation is
not unique to TNF superfamily receptors, because TNFR1 can
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FIGURE 6. DR3 regulates foam cell formation in
mouse BMMs. DR3WT and DR3KO BMMs were incubated with 10 mg/ml DiI-AcLDL for 24 h (A) or
with 50 mg/ml AcLDL and 0.5 mCi/ml [4-14C]cholesterol for 24 h, followed by treatment with 10 mg/ml
apoA-I for 24 h (B). DiI-AcLDL uptake and cholesterol efflux was then assayed. Data are derived from
three to four separate experiments (A, n = 3; B, n = 4)
and represents mean 6 SD. The value from DR3WT
cells in A and B has been arbitrarily assigned as 100%
and 1, respectively. Real-time quantitative PCR for
mouse CD36, SR-A, SR-BI (C) and mouse apoE,
ABCA-1, and ABCG-1 (D) was performed on cDNA
generated from DR3WT and DR3KO BMMs. Relative
expression levels were calculated using comparative
Ct method and normalized to mouse b-actin, with
DR3WT BMMs given an arbitrary value of 1. Data are
derived from four separate experiments (n = 4) and
represent mean 6 SD. Student t test was used ascertain the statistical significance of all the results. pp ,
0.05; ppp , 0.01; pppp , 0.001.
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regulate macrophage foam cell formation (35). This evidence for
TNFR1 and now DR3 indicates that TNF superfamily ligands and
their receptors are both able to modulate this atherosclerotic process. The role of DR3 in basal macrophage foam cell formation can
be observed owing to a direct regulatory effect of DR3 on the expression of genes implicated in modified LDL uptake and cholesterol efflux, because the expression of genes such as SR-A and
ABCA-1 are altered in mice lacking DR3 (Fig. 6). This observation
again mirrors TNFR1, because macrophages from irradiated LDL
receptorKO mice reconstituted with TNFR1KO hematopoietic stem
cells displayed reduced SR-A expression (35). It is also possible
that DR3 can trigger multiple signaling cascades, such as the NFkB and JNK 2 pathways that mediate DR3-specific regulation of
IL-8 expression (36), to induce its regulatory response on downstream gene expression. Collectively, this indicates that TNF superfamily ligands and also their receptors, such as TL1A and DR3,
are both able to drive macrophage foam cell formation.
We showed that the ability for TL1A to induce macrophage foam
cell formation was potentially dependent on the presence of DR3.
However, TL1A is also a target for a soluble TNF receptor, decoy
receptor 3 (DcR3), which functions as a TL1A antagonist (8). Although DcR3 can bind TL1A, our study shows that TL1A is unlikely to promote macrophage foam cell formation through DcR3.
This is because the ability of TL1A to both increase the uptake of
AcLDL into human macrophages and reduce the efflux of cholesterol was attenuated by soluble DR3-Fc and by adenovirally delivered DR3 shRNA (Figs. 1, 2, 5). These data also strongly suggest
that the actions of TL1A are direct and not a secondary response to
the production of other proatherogenic factors. Indeed, in a previous study by Kang et al. (6), TL1A or activation of DR3 by crosslinking with immobilized Abs only produced a marked induction in
macrophages of the proinflammatory cytokines TNF-a and IL-8
with matrix metalloproteinase-9 following coculture with IFN-g.
The alteration in macrophage foam cell formation seen in DR3KO
mice does not involve DcR3, because mice lack the DcR3 gene in
humans (37). These findings strongly suggest that TL1A is DR3dependent in its proatherogenic ability to promote macrophage
foam cell formation. However, it is possible for DcR3 to be involved in macrophage foam cell formation and to have an inhibitory function in this process.
The data presented in this paper emphasize a proatherogenic role
for both TL1A and DR3 in driving macrophage foam cell formation. We show that TL1A produces an imbalance in cholesterol
homeostasis by orchestrating changes in the expression of key
genes implicated in the uptake and efflux of cholesterol, such as
SR-A and ABCA-1, and that the ability of TL1A to promote foam
cell formation is potentially dependent on DR3. Our data suggest
that the TL1A–DR3 pathway is an important contributing factor to
atherogenesis and thus represents itself as a novel therapeutic
target for the intervention of atherosclerosis.
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Supplementary Figure Legends

Supplement Figure I TL1A decreases cholesterol efflux from THP-1 macrophages loaded with
AcLDL and [4-14C]-cholesterol in the absence of 10 % (v/v) delipidated
fetal calf serum

24 hour PMA-differentiated THP-1 macrophages were converted into foam cells with 50 μg/ml
AcLDL and 0.5 μCi/ml [4-14C]-cholesterol for 24 hours (black filled histogram) or 48 hours (black
striped histogram) in media containing 0.2 % (v/v) fatty-acid free BSA (Sigma). Following this, cells
were treated with 10 μg/ml apoA-I in the presence or absence of 100 ng/ml TL1A for 24 hours.
Cholesterol efflux was then assayed. Control cells exhibited approximately 20 % efflux and were
arbitrarily assigned as 1 from which fold change was calculated. Data is derived from four separate
experiments (n=4) and represents mean+SD. Student’s t-test was used ascertain the statistical
significance of all results with ** P<0.01 and *** P<0.001.

Supplement Figure II TL1A decreases apoE, ABCA-1 and ABCG-1 mRNA expression in
AcLDL-converted foam cells

Real-time quantitative PCR for apoE, ABCA-1 and ABCG-1 was performed on cDNA from 24 hour
PMA-differentiated THP-1 macrophages incubated with 50 μg/ml AcLDL in the presence or absence
of 100ng/ml TL1A for 24 hours. Relative expression levels were calculated using comparative Ct
method and normalized to 28s rRNA levels with non-TL1A stimulated, AcLDL loaded cells given an
arbitrary value of 1. Data is derived from four separate experiments (n=4) and represents mean+SD.
Student’s t-test was used to ascertain the statistical significance of the results with *** P<0.001

Supplement Figure III TL1A does not induce apoptosis in human macrophages

Cell apoptosis was measured in 24 hour PMA-differentiated THP-1 macrophages and 7 day
differentiated HMDMs by dual-color immunofluorescent staining with Annexin V-FITC and
Propidium iodide (PI). Cells were either left untreated or stimulated with TL1A (100 ng/ml) for 24
hours. A representative flow cytometric analysis is shown in (A). The percentages in the upper right
quadrants indicate the % Annexin V positive / PI positive cells, which represent late apoptotic cells.
The percentages in the lower right quadrants indicate the % Annexin V positive / PI negative cells,
which represent early apoptotic cells. The histograms in (B) correspond to data collected from both
quadrants from four separate experiments (n=4) and represents mean+SD. Black filled histograms
represent data for THP-1 macrophages. Black striped histograms indicate data for HMDMs

Supplement Figure IV TL1A regulates the expression of key proteins implicated in the uptake
and efflux of cholesterol in THP-1 macrophages and HMDMs

24 hour PMA-differentiated THP-1 macrophages or 7 day differentiated HMDMs were incubated for
24 hours with or without 100 ng/ml TL1A. Equal levels of protein from total lysates were analyzed by
Western blotting using antibodies against CD36, SR-A, SR-B1, apoE, ABCA-1, ABCG-1 & β-actin.
Semi-quantitation of all Western blots was performed by densitometric analysis using the Gene Tools
software (GRI) and the uptake/efflux protein:β-actin ratio from untreated cells has been arbitrarily
assigned as 1. For proteins with different forms (e.g. SR-A), all the immunoreactive bands on the
blots were subjected to densitometric analysis. Black filled histogram indicates data for THP-1
macrophages and the black striped histogram for HMDMs. Data is derived from four separate
experiments (n=4) and represents mean+SD. Student’s t-test was used to ascertain the statistical
significance of the results with * P<0.05, ** P<0.01 and *** P<0.001.

Supplement Figure V TL1A up-regulates the mRNA expression of SR-PSOX in
THP-1 macrophages and HMDMs

Real-time quantitative PCR for SR-PSOX was performed on cDNA from 24 hour PMA-differentiated
THP-1 macrophages or 7 day differentiated HMDMs. Relative mRNA expression levels were
calculated using comparative Ct method and normalized to 28s rRNA levels with untreated cells
given an arbitrary value of 1. Black filled histogram indicates data for THP-1 macrophages and the
black striped histogram for HMDMs. Data is derived from four separate experiments (n=4) and
represents mean+SD. Student’s t-test was used to ascertain the statistical significance of the results
with *P<0.05

Supplement Table I Primers used for real-time quantitative PCR

Gene

Forward Primer (5’ - 3’)

Reverse primer (5’ - 3’)

Human SR-A

CCAGGGACATGGAATGCAA

CCAGTGGGACCTCGATCTCC

Human CD36

GAGAACTGTTATGGGGCTAT

TTCAACTGGAGAGGCAAAGG

Human SR-BI

TGATGATGGAGAATAAGCCCAT

TGACCGGGTGGATGTCCAGGAAC

Human LPL

GAGATTTCTCTGTATGGCACC

CTGCAAATGAGACACTTTCTC

Human SR-PSOX

ACTCAGCCAGGCAATGGCAAC

GGTATTAGAGTCAGGTGCCAC

Human ApoE

TTCCTGGCAGGATGCCAGGC

GGTCAGTTGTTCCTCCAGTTC

Human ABCA1

TGTCCAGTCCAGTAATGGTTCTGT

AAGCGAGATATGGTCCGGATT

Human ABCG1

TGCAATCTTGTGCCATATTTGA

CCAGCCGACTGTTCTGATCA

Human 28S rRNA

TTAGACCGTCGTGAGACAGG

TTCAATAGATCGCAGCGAGG

Mouse SR-A

TGAACGAGAGGATGCTGACTG

GGAGGGGCCATTTTTAGTGC

Mouse CD36

GAACCACTGCTTTCAAAAACTGG

TGCTGTTCTTTGCCACGTCA

Mouse SR-BI

TTTGGAGTGGTAGTAAAAAGGGC

TGACATCAGGGACTCAGAGTAG

Mouse ApoE

ACAGATCAGCTCGAGTGGCAAA

ATCTTGCGCAGGTGTGTGGAGA

Mouse ABCA1

AGTGATAATCAAAGTCAAAGGCACAC

AGCAACTTGGCACTAGTAACTCTG

Mouse ABCG1

TTCATCGTCCTGGGCATCTT

CGGATTTTGTATCTGAGGACGAA

Mouse β-actin

TGGAGAAGAGCTATGAGCTGCCTG

GTGCCACCAGACAGCACTGTGTTG

Supplement Table II Forward and reverse oligonucleotide sequences used for generation of
DR3 shRNA and scrambled shRNA adenoviruses

Oligonucleotide
DR3 shRNA (F)

Sequence
AGCCTGGATCCCTGGAGGCTTGCTGAAGGCTGTATGCTGTTC
TCACTGCTGTCAGGAGGTGTTTTGGCCACTGACTGACACC

DR3 shRNA (R)

ATTTGTTCCATGTGAGTGCTAGTAACAGGCCTTGTGTCCTGT
TCTCACTGCTCAGGAGGTGTCAGTCAGTGGCCAAAACACC

Scrambled shRNA (F)

AGCCTGGATCCCTGGAGGCTTGCTGAAGGCTGTATGCTGTA
TACGTTTGATTTCGACCGCGTTTTGGCCACTGACTGACGCG

Scrambled shRNA (R)

ATTTGTTCCATGTGAGTGCTAGTAACAGGCCTTGTGTCCTGT
ATACGTTTGATCGACCGCGTCAGTCAGTGGCCAAAACGCG
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