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Atherosclerosis is now generally accepted as a chronic inflammatory condition. The transcription factor NF-κB is a key
regulator of inflammation, immune responses, cell survival, and cell proliferation. To investigate the role of NF-κB
activation in macrophages during atherogenesis, we used LDL receptor–deficient mice with a macrophage-restricted
deletion of IκB kinase 2 (IKK2), which is essential for NF-κB activation by proinflammatory signals. These mice showed
increased atherosclerosis as quantified by lesion area measurements. In addition, the lesions were more advanced and
showed more necrosis and increased cell number in early lesions. Southern blotting revealed that deletion of IKK2 was
approximately 65% in macrophages, coinciding with a reduction of 50% in NF-κB activation, as compared with controls. In
both groups, the expression of differentiation markers, uptake of bacteria, and endocytosis of modified LDL was similar.
Upon stimulation with LPS, production of TNF was reduced by approximately 50% in IKK2-deleted macrophages.
Interestingly, we also found a major reduction in the anti-inflammatory cytokine IL-10. Our data show that inhibition of the
NF-κB pathway in macrophages leads to more severe atherosclerosis in mice, possibly by affecting the pro- and anti-
inflammatory balance that controls the development of atherosclerosis.
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Introduction
Atherosclerosis is regarded as a chronic inflammatory
disease of the vessel wall, characterized by the accumu-
lation of lipid-laden macrophages and fibrous materi-
al in the large arteries (1, 2). An initiating event is the
accumulation of lipids, mainly LDLs in the vessel wall,
which subsequently will become modified and trigger
an inflammatory process. Monocytes are then attract-
ed from the blood and differentiate into macrophages
that take up the modified LDL and will form lipid-

laden foam cells, which is the first hallmark of athero-
sclerotic plaque development. Later on, inflammatory
mediators will increase, other immune cells will be
attracted, and smooth muscle cells will be activated and
become involved. More advanced stages of plaque
development are characterized by increased deposition
of extracellular lipid cores, fibrous material, and often
necrosis. Subsequently, these macrophages are further
activated, leading to the production of a wide range of
cytokines and growth factors (3). Hence, atherogenesis
is an inflammatory process in which the macrophage
is the major player.

The transcription factor NF-κB is one of the key regu-
lators of inflammation, immune responses, and cell sur-
vival. Upon activation, NF-κB can mediate the induction
of more than 160 genes, many of which have a docu-
mented role in atherogenesis (4). Activated NF-κB has
been detected in endothelial cells, smooth muscle cells,
and macrophages in atherosclerotic plaques (5).

NF-κB is a family of transcription factors consisting
of five members: p65 (relA), c-Rel, relB, p50, and p52.
These proteins form homo- or heterodimers of which
p65p50 is the most abundant. In resting cells, NF-κB
dimers are kept inactive associated with inhibitory
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proteins, the IκBs. NF-κB activation is mediated by the
IκB kinase (IKK) complex containing two catalytic sub-
units, IKK1 (IKKα) and IKK2 (IKKβ), and a regulatory
subunit called NF-κB essential modulator (NEMO or
IKKγ). Upon stimulation, the IKK complex phospho-
rylates IκB, inducing its ubiquination and subsequent
degradation. NF-κB is then free to the translocate to
the nucleus where it facilitates the transcription of
many genes, including proinflammatory cytokines,
chemokines, and antiapoptotic factors (6). IKK2 plays
a critical role in the activation of NF-κB by proinflam-
matory signals, as shown by severely impaired NF-κB
activation of IKK2-deficient fibroblasts in response to
IL-1 or TNF (7, 8). IKK2-deficient mice die from mas-
sive TNF-dependent liver apoptosis at embryonic days
12.5–14.5, similarly to mice lacking NEMO or p65.

Here we use macrophage-restricted deletion of IKK2 to
investigate the role of NF-κB activation in macrophages
in the development of atherosclerosis. To establish such
a model, mice carrying an IKK2 allele flanked by loxP
sites (floxed) (9) were crossed to LysMCre mice (10),
expressing Cre-recombinase in macrophages and gran-
ulocytes. The resulting mice carried homozygous floxed
IKK2 alleles and were either WT (IKK2fl) or heterozygous
knock-in for LysMCre (IKK2del).

Methods
Mice and diet. Mice carrying the floxed IKK2 gene (9)
were crossed to LysMCre mice (10) to obtain mice
with a homozygously floxed IKK2 gene and either WT
or heterozygous knock-in for LysMCre (IKK2fl and
IKK2del, respectively). The IKK2fl and IKK2del mice
used in these experiments were backcrossed to C57Bl6
five times. LDL receptor–knockout (Ldlr–/–) mice were
described elsewhere (11) and had been crossed back to
C57Bl6 four times. A high-fat diet (Hope Farms,
Woerden, The Netherlands) contained 16% fat, 0.15%
cholesterol, and no cholate. All experiments were
approved by the Committee for Animal Welfare of
Maastricht University.

Bone marrow transplantation. One week before trans-
plantation, Ldlr–/– mice were put in filter-top cages and
on acidified water containing neomycin (100 mg/l)
and polymyxin B sulphate (60,000 U/l). One day prior
to transplantation, the mice were subjected to total
body irradiation (10 Gy, roentgen source). For trans-
plantation, mice (20 and 18 recipient Ldlr–/– mice, for
IKK2fl and IKK2del, respectively) were injected intra-
venously with 107 bone marrow cells from pools of
bone marrow from either five IKK2fl mice or five
IKK2del mice (all littermates).

Blood analysis. Four weeks after transplantation, the
mice were fed a high-fat diet for 10 weeks. After 8 weeks
of the diet, blood was drawn after overnight fast for
lipid and leukocyte analysis and chimerism determina-
tion. Plasma cholesterol and triglyceride levels were
determined using enzymatic kits (Sigma-Aldrich,
Zwijndrecht, The Netherlands, catalog nos. 401 and
337). Lipoprotein profiles were determined on pooled

plasma samples using an AKTABasic chromotography
system with a Superose 6PC 3.2/30 column (Amer-
sham Biosciences, Roosendaal, The Netherlands). For
leukocyte analysis, 25 µl blood was washed extensively
in erythrocyte lysis buffer (0.155 M NH4CL, 10 mM
NaHCO3). Cells were stained either with Mac1-PE and
Gr1-FITC or with 6B2-PE and KT3-FITC (BD Sciences
Pharmingen, San Diego, California, USA) in PBS con-
taining 5% normal mouse serum and 1% FCS. After 1
hour, cells were washed and analyzed by FACS analysis
(Facssort, BD Sciences Pharmingen). Leukocytes were
discriminated by the following criteria: T cells were
KT3 positive, B cells 6B2 positive, monocytes Mac1
positive/Gr1 negative, and granulocytes Gr1 positive.

Atherosclerosis. At 10 weeks, mice were killed, and the
heart was isolated as described (12). Sections (7 µm)
were cut out of the heart in the area where the atri-
oventricular valves were visible. Sections were routine-
ly stained with toluidin for morphometric analysis
and characterization of the lesions and with Sirius red
for collagen. In addition, sections were stained with
antibodies against T cells (CD4 and CD8) and macro-
phages (MOMA-2), as described previously (13). TUNEL-
positive cells were stained as described before (14). For
lesion area measurements, six toluidin-stained sec-
tions, with an interval of 42 µm, were analyzed. All
additional analysis was done using randomly selected
single sections from within the same area as that was
used for lesion area measurements. Scion Image soft-
ware (Scion Corp., Frederick, Maryland, USA) was
used for lesion area, necrotic area, and Sirius red quan-
tification. All analyses were performed without prior
knowledge of the genotype.

Determination of chimerism and deletion by Taqman. To
determine the chimerism in transplanted mice, we
took advantage of the fact that the donor bone mar-
row was LdlrWT, whereas recipient bone marrow was
Ldlr–/–. Genomic DNA was isolated using the GFX
Genomic DNA Purification Kit (Amersham Pharma-
cia Biotech Inc., Arlington Heights, Illinois, USA). A
standard curve was generated using DNA from Ldlr–/–

and LdlrWT bone marrow cells, mixed at different
ratios. Chimerism was determined by quantifying the
amount of Ldlr–/– DNA in samples from 40 µl periph-
eral blood. To standardize for the amount of input
DNA, a nonrelevant gene was quantified (p50). Sam-
ples were assayed in duplicate using the TaqMan Uni-
versal PCR Master Mix (UMM) and the 7700
Sequence Detector (Applied Biosystems, Foster City,
California, USA) using 300 nM primer and 200 nM
probe. The Ldlr–/– specific primer/probe set was: for-
ward 5′-GCTGCAACTCATCCATATGCA-3′; reverse 5′-
GGAGTTGTTGACCTCGACTCTAGAG-3′; probe 5′-6FAM-
CCCCAGTCTTTGGGCCTGCGA-TAMRA-3′. The p50-
specific primer/probe set was: forward 5′-AACCTG-
GGAATACTTCATGTGACTAA-3′; reverse 5′-GCACCAGA-
AGTCCAGGATTATAGC-3′; probe 5′-TET-TCCGTGCTT-
CCAGTGTTTCAAATACCTTTTT-TAMRA-3′. The data
were analyzed using the Sequence Detection Software
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(Applied Biosystems). A standard curve was generat-
ed by plotting the mean ∆ Ct (Ctp50 – CtLdlr

–/–) against
the logarithm of the percentage Ldlr–/– and calcula-
tion of a regression line. Chimerism was calculated
from the percentage of Ldlr–/– DNA in the blood sam-
ples (representing the remaining recipient bone mar-
row), determined by applying the mean delta Ct of the
sample to the standard curve. Deletion of IKK2 in
FACS populations was determined by a similar
approach. The standard curve was composed of
genomic DNA of WT and IKK2fl bone marrow cells
mixed at different ratios. The percentage of deletion
can be derived from the quantified amount of IKK2fl

allele. Primer/probe set for these assays was: forward
5′-AGTCGAGGCCGCTCTAGAACT-3′; reverse 5′-TCTTG-
ACACATTTTCTGACTTTTGAGT-3′; probe 5′-FAM-TGG-
ATCCCCCGGGCTGCA-TAMRA-3′. To standardize for
the amount of input DNA, again a nonrelevant gene
was quantified (p50).

Quantification of deletion of IKK2 by Southern blotting.
Southern blotting for quantification of the deletion
was essentially performed as described before (9).
Briefly, DNA was isolated from cells and digested with
StuI. Southern blots were made and hybridized with a
700-bp probe, detecting a 3.8-kb WT allele, a 3.9-kb
floxed allele, or a 1.8-kb deleted allele. Blots were
exposed and bands were quantified using a Bio-Rad
Personal Molecular Imager FX System and Quantity
One software (Bio-Rad Laboratories Inc., Hercules, Cal-
ifornia, USA). Ratios between the different bands were
used to quantify deletion efficiency.

Bone marrow–derived macrophages. Bone marrow–de-
rived macrophages (BMM) were obtained according to
standard procedures described elsewhere (15). All cul-
tures and analyses of BMM were performed in R10
(RPMI1640-10% FCS, 100 U/ml penicillin, 100 µg/ml
streptomycin, 2 mM L-glutamine, and 10 mM Hepes)
with the addition of 15% L929-cell–conditioned medi-
um (LCM) (16), except stated otherwise. After seeding,
the cells were left to adhere for 20 hours before experi-
ments were performed.

NF-κB activation assay. BMM were seeded on bacterio-
logic plastic six-well plates (Greiner, Alphen aan den
Rijn, The Netherlands) at 2 × 106 cells per well. Cells
were stimulated with 10 ng/ml LPS for 0, 10, and 60
minutes, respectively. Next, nuclear extracts were iso-
lated as described (17). p65 activation was quantified
using an oligonucleotide-based ELISA (Active Motif,
Rixensart, Belgium) according to the supplier’s instruc-
tions. The background was assessed by incubation with
binding buffer only. Controls included stimulated Hela
cells, competition with free NF-κB oligo, and competi-
tion with free mutated NF-κB oligo.

Surface markers and uptake of Escherichia coli and modified
LDL. BMM were stained for eight macrophage differen-
tiation markers according to standard procedures. Anti-
bodies used were MAC1 (CD11b/CD18), MAC2 (galec-
tin 3), MAC3, SER4 (sialoadhesion), FA11 (macrosialin),
F4/80, M5/114 (MHC class xII), and ED31 (MARCO).

Control consisted of the ablation of the primary anti-
body. Both bacterial uptake and uptake of modified
LDL was performed in Optimem-1 for 3 hours using
BMM seeded on bacteriologic plastic 24-well plates
(Greiner) at 5 × 105 cells per well. E. coli (DH5α) con-
taining an expression vector with Green Fluorescent
Protein under the control of the LacZ promoter (a gen-
erous gift of Guillaume van Eys, Maastricht Universi-
ty) was used at indicated doses. Uptake was blocked by
30 min. preincubation and coincubation with 2 µM
cytochalasin D. Acetylated LDL and oxidized LDL
were generated and labeled with the fluorescent lipid
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiI) (Molecular Probes, Leiden, The
Netherlands) as described (18). The modifications of
LDL were checked by assaying the relative elec-
trophoretic mobility (rem) on agarose gel (19). The
rem for LDL was set to 1. Acetylated LDL had a rem of
3.8, whereas the rem of oxidized LDL was 3.1. For
determination of cell death, cells were plated in 24-well
plates at 5 × 105 cells per well and incubated with the
indicated concentration of LPS and/or oxLDL. Next,
cells were lifted, washed in ice-cold PBS, and incubat-
ed with propidium iodide (10 µg/ml) for 30 minutes.
All assays were analyzed by FACS analysis (FACSort,
BD Biosciences, San Jose, California, USA).

Intracellular TNF staining and cytokine secretion.
Macrophages were seeded on bacteriologic plastic 24-
well plates at 5 × 105 cells per well. TNF production
was quantified in response to 3 hours treatment with
LPS (O111:B4, Sigma-Aldrich) by intracellular cyto-
kine staining, as described before (20). For separation
of TNF– and TNF+ populations and subsequent dele-
tion quantification, cells were activated, stained simi-
larly, and purified on a MoFlo sorter (DakoCytoma-
tion, Carpinteria, California, USA). For cytokine
secretion, cells were stimulated with 10 ng/ml LPS for
the indicated times and cytokine levels of IL-6, IL-10,
IL-12 were assayed in the supernatants by ELISA
(Biosource, Etten-leur, The Netherlands). For some
experiments, recombinant IL-10 (Immunosource,
Halle-Zoersel, Belgium) was added at the indicated
concentrations at the same time as LPS. Blocking of
IL-10 secretion was performed using purified rat-anti-
mouse IL-10 (clone 2A5) or IgG control at a concen-
tration of 20 µg/ml, added at the same time as LPS.

Isolation of resident and thioglycollate-elicited peritoneal
macrophages. For determination of deletion, resident
peritoneal macrophages were isolated from three to
five mice per group and purified by FACS
(CD11bhigh/CD19–). For isolation of elicited peritoneal
macrophages, mice were injected intraperitoneally
with 1 ml of sterile thioglycollate broth (4% wt/vol).
After 4 days, cells were isolated by flushing the peri-
toneum with 8 ml ice-cold PBS. Red blood cells were
lysed and the remaining cells were extensively washed
using ice-cold PBS. Cells were seeded on bacteriologic
plastic. After 2 hours, plates were washed and adher-
ent cells were lifted, using 4 mg/ml lidocaine dissolved
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in PBS-10 mM EDTA and counted. Cells were used for
DNA isolation or intracellular TNF staining. Macro-
phages were identified as F4/80+ cells.

Statistical analysis. All statistical analyses were per-
formed using GraphPad Prism (GraphPad Software
Inc., San Diego, California, USA). Data were analyzed
for normality using the Kolmogorov-Smirnov test. All
data followed normal distribution and were tested
using Welch’s corrected t test, unless otherwise stated.
P < 0.05 was considered significant.

Results
Deletion of IKK2 in macrophages does not affect chimerism after
bone marrow transplantation, relative numbers of blood leuko-
cytes, or lipid parameters. Bone marrow from IKK2fl or
IKK2del mice was transplanted to 10-week-old, lethally
irradiated LDL receptor-deficient mice (Ldlr–/–) to yield
chimeric Ldlr–/– mice with either IKK2fl macrophages
(IKK2fl → Ldlr–/–) or IKK2del macrophages (IKK2del →
Ldlr–/–). After 4 weeks recovery, the mice were fed a high-
fat diet for 10 weeks. At 8 weeks of diet, we collected
blood and determined chimerism in white blood cells
using quantitative real-time PCR. On average 95% of the
white blood cells were of donor origin, confirming suc-
cessful engraftment. Chimerism was equal in the IKK2fl-
and IKK2del-transplanted groups (Table 1). Relative levels
of T cells, B cells, monocytes, and granulocytes were nor-
mal and were not different between groups (Table 1). In
addition, plasma cholesterol and triglyceride levels were
similar (Table 1). Lipoprotein profile analysis revealed no
differences between the two groups (Figure 1).

Deletion of IKK2 in macrophages increases atherosclerosis
in Ldlr–/– mice. We killed the mice after 10 weeks of a
high-fat diet and analyzed atherosclerosis in the aortic
root. Lesions were mainly composed of macrophages
with some fibrotic cap formation (Figure 2a and b).
Lesion area measurements revealed a striking 62%
increase in the IKK2del-transplanted mice, as compared
with controls (Figure 2c). Thus, inhibition of NF-κB
activation in macrophages resulted in an increase in
atherosclerotic lesion formation.

Increased necrosis in lesions of Ldlr–/– mice transplanted with
IKK2del. During pathological examination of the lesions,
we scored necrosis by the presence of pyknosis, karyor-

rhexis, or complete absence of nuclei. Surprisingly,
the IKK2del-transplanted group had many more
lesions that showed characteristics of necrosis (Figure
3a and b). Some 50% of the IKK2del-transplanted mice
had atherosclerotic lesions with necrosis as compared
with only 5% of the IKK2fl-transplanted mice (Figure
3c). Quantification of necrotic area size revealed that
IKK2fl-transplanted mice had 1.2% ± 1.2% necrosis in
their plaques, whereas IKK2del-transplanted animals
had 6.1% ± 2.1% necrosis (P < 0.05, Mann Whitney U
test). Since NF-κB has been shown to be involved in
apoptosis (7, 8, 21, 22), and our necrosis quantifica-
tion could not distinguish between necrosis and
apoptosis, we examined the presence of apoptotic
cells in the lesions by TUNEL staining. Levels of
TUNEL-positive cells were equal between control and
IKK2del-transplanted mice (Figure 3d), indicating no
difference in levels of apoptosis.

Two additional characteristics of plaque progres-
sion were quantified: influx of T cells and formation
of a fibrous cap. We quantified T cells by staining for
CD4 and CD8. Both the cumulative number (Figure
3e) and the separate number (not shown) of CD4- and
CD8-positive cells were equal between the groups. To
quantify fibrosis, we stained collagen in lesions using
Sirius red and quantified the area in positive lesions.
No differences were observed between the IKK2fl and
IKK2del groups (Figure 3f).

More advanced plaques and increased cell number in early
lesions of Ldlr–/– mice transplanted with IKK2del. To further
explore the characteristics of atherosclerosis, we cate-
gorized the lesions essentially as described previously
(23). Three types of lesions were discerned: (1) early
lesions were fatty streaks containing only foam cells
(2) moderate lesions were characterized by the addi-
tional presence of a collagenous cap, and (3) advanced
lesions showed involvement of the media and
increased collagen content. The amount of each type
as a percentage of all the lesions is expressed in Figure
4a. It is clear that there is a shift towards more severe

Table 1
Chimerism, relative blood leukocytes, and lipid levels of Ldlr–/– mice
transplanted with donor bone marrow of indicated genotype

IKK2fl IKK2del

White blood cells 95.6 ± 2.1 95.3 ± 2.5
of donor origin (%)
T cells (%) 32.0 ± 5.1 33.2 ± 5.3
B cells (%) 42.5 ± 6.7 43.7 ± 5.3
Granulocytes (%) 6.7 ± 2.9 5.7 ± 1.6
Monocytes (%) 6.2 ± 1.5 6.2 ± 0.8
Plasma cholesterol (mM) 19.5 ± 4.4 21.9 ± 4.8
Plasma triglycerides (mM) 1.4 ± 0.6 1.2 ± 0.6

Figure 1
Plasma lipoprotein profiles of IKK2fl- and IKK2del-transplanted Ldlr–/–

mice after 8 weeks of high-fat feeding. Indicated are cholesterol lev-
els (Chol) and triglyceride levels (TG) after size fractionation of
pooled plasma samples.
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lesions in the IKK2del group, indicating enhanced pro-
gression of atherosclerosis. To investigate whether
NF-κB is also involved in the early steps of atherogen-
esis, we analyzed the size of the early lesions. Indeed,
early lesions were significantly larger in the IKK2del

group (Figure 4b). Cell counting revealed that this was
attributable to an increase in the number of cells in the
lesions (Figure 4c) and not to an increase in size of the
foam cells (Figure 4d). These data show that athero-
sclerosis in the IKK2del group is characterized by an
increase of inflammatory cells early on in the develop-
ment of the lesions and by an increase in the rate of
progression of atherogenesis.

NF-κB activation is severely impaired in BMM from IKK2del

mice. To study the in vitro phenotype of IKK2del

macrophages, we cultured BMM from IKK2fl and
IKK2del mice. The yields of macrophages from both mice
were the same (not shown). The degree of inhibition of
NF-κB in IKK2del macrophages is dependent on the
effectiveness of Cre-recombinase in deleting the loxP-
flanked IKK2 gene. To examine the deletion efficiency in

IKK2del macrophages, we performed Southern blotting
(Figure 5a). Quantitative analysis revealed that in differ-
ent cultures the deletion was approximately 60%–70%.
To quantify the effect of deletion on NF-κB activation,
we used an ELISA-based assay, examining DNA binding
of p65 in nuclear extracts. IKK2del macrophages showed
approximately 40%–50% less p65 activation at 10 and 60
minutes, respectively, after stimulation with LPS (Figure
5b). These data show that although deletion of the IKK2
gene was not complete, NF-κB activation is severely
impaired in IKK2del macrophages.

Deletion of IKK2 in BMM does not affect differentiation,
bacterial uptake, and endocytosis of modified LDL. To inves-
tigate whether inhibition of NF-κB affects macro-
phage differentiation, the expression of six macro-
phage-specific differentiation markers was examined
by FACS analysis. No differences were found between
IKK2fl and IKK2del macrophages (Figure 5c). In addi-
tion, no expression of MHC-classII and MARCO was
found, which are specific markers for activated macro-
phages and marginal zone macrophages, respectively.
Next, we tested two different uptake mechanisms used
by macrophages. First, phagocytosis of fluorescent E.
coli was not affected by the deletion of IKK2 at two dif-
ferent multiplicities of infection (Figure 5d). Cytocha-
lasin D could inhibit the uptake, indicating actin-

Figure 2
Atherosclerosis in IKK2fl- and IKK2del-transplanted Ldlr–/– mice. (a)
Representative lesions from Ldlr–/– mice transplanted with IKK2fl

and (b) IKK2del BMM using MOMA-2. (c) Atherosclerotic lesion
area in IKK2fl-transplanted (open circles, n = 20) and IKK2del-trans-
planted (closed circles, n = 18) Ldlr–/– mice. Circles indicate indi-
vidual mice. *P < 0.01.

Figure 3
Necrosis, apoptosis, T cells, and collagen in atherosclerotic lesions
from IKK2fl- and IKK2del-transplanted Ldlr–/– mice. (a) Representa-
tive lesions from IKK2fl- or (b) IKK2del-transplanted mice, showing
signs of necrosis (arrows) in the IKK2del-transplanted mice. (c) Num-
ber of mice for each group that showed signs of necrosis (pyknosis,
karyorrhexis, or complete absence of nuclei). (d) Apoptosis was
detected by TUNEL staining. Bars represent number of TUNEL-pos-
itive cells per lesion area. Shown are positive cells in the lesions from
IKK2fl- (n = 15) and IKK2del- (n = 11) transplanted Ldlr–/– mice. (e) T
cells were detected by staining for CD4 and CD8. Shown are cumu-
lative numbers of positive cells in the lesions from IKK2fl- (n = 20)
and IKK2del- (n = 18) transplanted Ldlr–/– mice. (f) Collagen in the
lesions was detected by Sirius red staining and quantified using
Scion Image (Scion Corp.). Shown is the Sirius red-positive area as
a percentage of the total lesion area in the advanced plaques in
lesions from IKK2fl- (n = 16) and IKK2del- (n = 14) transplanted Ldlr–/–

mice. Error bars indicate SEM.
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dependent phagocytosis and not just binding to the
cell surface. Second, we examined endocytosis of mod-
ified lipoproteins. At two different doses we could not
detect a difference between both IKK2fl and IKK2del

macrophages in the uptake of both oxidized LDL
(oxLDL) and acetylated LDL (Figure 5e). These data
show that IKK2del macrophages are normal in several
tested general macrophage functions; they appear to
differentiate normally and have normal capacity for
phagocytosis of bacteria and receptor-mediated endo-
cytosis of modified LDL.

Deletion of IKK2 in BMM results in susceptibility to LPS-
induced cell death after oxLDL loading. To investigate
whether deletion of IKK2 would affect cell death in
BMM, the cells were subjected to different treatments.
Cells were first subjected to oxLDL for 24 hours to
induce foam cell formation. After this period, the
medium was refreshed, and cells were activated with

Figure 4
Lesion classification and analysis of early lesions. (a) Lesions were
typed according to their severity. Shown is the lesion distribution as a
percentage of the total number of lesions. (b) Size of early lesions in
IKK2fl- (n = 16) and IKK2del- (n = 15) transplanted Ldlr–/– mice. (c)
Number of cells in early lesions in IKK2fl- (n = 16) and IKK2del- (n = 15)
transplanted Ldlr–/– mice. (d) Number of cells per lesion area in early
lesions. Error bars indicate SEM. *P < 0.05.

Figure 5
In vitro characterization of IKK2fl and IKK2del macrophages. (a) Southern blot of IKK2fl and IKK2del macrophages. Indicated are the presence
or absence (+ or –) of Cre-recombinase in the macrophages, the floxed and deleted allele, and the percentage of deletion calculated by quan-
tification of the ratio between the floxed and deleted band. (b) Cells were stimulated with LPS for the indicated times, and p65 activation was
quantified in nuclear extracts using Trans-am assay. Shown are absorbances after background subtraction. (c) Expression of macrophage dif-
ferentiation markers was quantified by staining for the indicated markers. (d) Uptake of different multiplicity of infection of green fluorescent
protein expressing E. coli by IKK2fl and IKK2del macrophages. (e) Uptake of DiI-labeled oxidized LDL (oxLDL) and acetylated LDL (acLDL) by
IKK2fl and IKK2del macrophages. (f) Cell death of IKK2fl and IKK2del macrophages after indicated incubations with oxLDL (25 µg/ml) and/or
LPS (10 ng/ml), determined by propidium iodide (PI) staining. au, arbitrary units; gm, geomean; cytD, cytochalasin D. Error bars indicate
SEM. Figures are representative for two experiments. *P < 0.01.
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LPS or left untreated. Some 24 hours later, we quanti-
fied cell death by propidium iodide staining and sub-
sequent FACS analysis (Figure 5f). Interestingly,
oxLDL treatment alone or LPS activation alone did
not induce major changes or differences in cell death.
However, the combination revealed an increased death
in IKK2del macrophages. These data indicate that
IKK2del foam cells are more prone to activation-
induced cell death, which is in good agreement with
the in vivo observation of increased necrosis in the
lesions of IKK2del-transplanted mice.

Inhibition of NF-κB activation changes the inflammatory
phenotype of macrophages. To study the inflammatory
capacity of IKK2del macrophages, we activated BMM
with LPS and quantified the production of cytokines.
TNF is one of the first cytokines secreted upon
macrophage activation. We quantified TNF produc-
tion after 3 hours stimulation with LPS by intracellu-
lar cytokine staining (Figure 6a, b, and c). At different
doses of LPS, IKK2del macrophages showed a strong
(>50%) reduction in total TNF production (Figure 6c).
FACS analysis profiles showed that the reduced
response in IKK2del macrophages was mainly charac-
terized by the absence of TNF production in approxi-
mately 20% of the cells (Figure 6b). These cells are like-
ly completely lacking NF-κB activation due to absence
of IKK2. To confirm that these TNF– cells were indeed
homozygous deleted for IKK2, TNF– and TNF+ cells
from IKK2del macrophages were separated and collect-
ed by FACS. Quantification of deletion showed that
the TNF- cells were approximately 85% deleted, where-
as the TNF+ were approximately 55% deleted. The
incomplete deletion is probably due to the partial over-
lap of the TNF– and TNF+ peaks (Figure 6b). In addi-
tion, immunocytochemistry revealed that approxi-
mately 20% of IKK2del cells did not show nuclear
translocation of p65 after LPS stimulation (not
shown), whereas IKK2fl showed >95% translocation.

To see whether the deletion would affect the produc-
tion of other cytokines, we measured the production of
IL-10, IL-6, and IL-12 after LPS stimulation (Figure 6d).
We observed a very strong and reproducible reduction
in the production of the anti-inflammatory cytokine
IL-10. IKK2del macrophages show a 60% decrease in the
production of IL-10. There was no significant differ-
ence in the production of IL-6 and IL-12 after 24 hours
stimulation. Since IL-6 is known to be regulated by NF-
κB, we investigated IL-6 production at earlier time
points (Figure 7a). Indeed, IL-6 production was
reduced in IKK2del macrophages at 3 and 6 hours,
respectively after stimulation, but this difference dis-
appears after 24 hours. In view of the fact that IL-10

Figure 6
Cytokine production by LPS-stimulated BMM from IKK2fl and IKK2del

mice. (a) IKK2fl and (b) IKK2del macrophages were left untreated
(white) or stimulated with LPS (gray). TNF production was detected
by intracellular cytokine staining and analyzed by FACS. (c) IKK2fl

and IKK2del macrophages were stimulated with LPS. TNF production
was detected by intracellular cytokine staining and analyzed by FACS.
Results are representative for at least two experiments. (d) IKK2fl and
IKK2del macrophages were stimulated overnight with LPS. Cytokines
were measured in the supernatants. Shown are the changes in
cytokine production by IKK2del macrophages as compared with
IKK2fl macrophages. Results are the average of five to eight experi-
ments. Error bars indicate SEM. *P < 0.01; #P < 0.01 by paired t test.

Figure 7
IL-6 production and effects of IL-10. (a) IKK2fl and IKK2del macrophages were stimulated with LPS for indicated times. IL-6 was measured
in the supernatants. (b) IKK2fl and IKK2del macrophages were stimulated with LPS for 24 hours in combination with indicated doses of
recombinant mouse IL-10. IL-6 was measured in the supernatants. (c) IKK2fl and IKK2del macrophages were stimulated with LPS for 24 hours,
in the absence or presence of blocking anti-IL-10 antibody or IgG control. IL-6 was measured in the supernatants. Figures are representative
for two experiments. Error bars indicate SEM. *P < 0.05, **P < 0.01.
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was the major cytokine we found to be different after
24 hours, we hypothesized that the absence of differ-
ence in IL-6 secretion after 24 hours was due to differ-
ential IL-10–mediated autocrine deactivation in IKK2fl

and IKK2del macrophages. We found that adding IL-10
exogenously to the macrophages inhibits IL-6 secretion
(Figure 7b), confirming deactivation capacity of IL-10.
Moreover, inhibition of endogenously secreted IL-10 by
blocking antibodies strongly increased IL-6 production
and could even restore a difference between IKK2fl and
IKK2del macrophages after 24 hours (Figure 7c). These
data show that the absence of an effect of IKK2 dele-
tion after 24 hours stimulation is probably due to dif-
ferent autocrine deactivation by IL-10. IKK2del macro-
phages may initially produce less IL-6 but are also less
deactivated due to the strong reduction in IL-10 secre-
tion. In contrast, IKK2fl macrophages may initially
produce more IL-6 but are much more deactivated due
to increased production of IL-10.

During different assays measuring LPS-induced
cytokine production, we could not detect a difference
in the amount of cell death between IKK2fl or IKK2del

macrophages, as quantified by propidium iodide
staining (not shown). In addition, all of the aforemen-
tioned changes in cytokine production were caused by
deletion of IKK2 and not by expression of Cre-recom-
binase in the IKK2del macrophages since, in the

cytokine production assays, WT macrophages express-
ing Cre-recombinase were not different from WT cells
not expressing Cre (not shown).

Deletion and activation of in vivo differentiated
macrophages. Deletion in in vivo differentiated cells was
quantified by sorting of CD11bhigh/CD19– resident
peritoneal cells from different mice and subsequent
Southern blotting (Figure 8a). Deletion of the floxed
allele in cells from heterozygous IKK2 mice (IKK2fl/WT)
expressing Cre-recombinase was complete (Figure 8a).
However, macrophages from homozygously floxed
IKK2 mice (IKK2fl/fl) (Figure 8a), and macrophages
from mice with one floxed and one germ line deleted
allele (IKK2fl/–/LysMCre), showed only partial deletion
of the loxP-flanked IKK2 alleles (data not shown) sug-
gesting that cells lacking IKK2 are counterselected.
Experiments performed in mice carrying a second
IKK2 conditional allele, IKK2∆Kfl (24), which upon
deletion produces a kinase-dead mutant IKK2,
showed similar results (data not shown), further sup-
porting that macrophages with compromised IKK sig-
naling are counterselected in vivo. To investigate
whether in vivo differentiated inflammatory macro-
phages are impaired in their LPS response, we isolat-
ed thioglycollate-elicited peritoneal cells from IKK2fl

and IKK2del mice. Adherent cells from peritoneal
lavages showed similar deletion percentages as BMM

Figure 8
Characterization of resident peritoneal cells and thioglycollate-elicited peritoneal macrophages. (a) Southern blot analysis of deletion in
FACS-purified resident peritoneal CD11bhigh cells from mice with the indicated genotypes and (b) in thioglycollate-elicited IKK2fl and IKK2del

peritoneal macrophages. Indicated are the presence or absence (+ or –) of Cre-recombinase in the macrophages, the WT, floxed (fl), and
deleted (d) allele, and the percentage of deletion calculated by quantification of the ratio between the floxed and deleted band. IKK2fl (c)
and IKK2del (d) thioglycollate-elicited macrophages were untreated (white) or stimulated with LPS (gray). TNF production was detected by
intracellular cytokine staining and analyzed by FACS. (e) IKK2fl and IKK2del macrophages were stimulated with LPS, and TNF production
was detected by intracellular cytokine staining and analyzed by FACS. Macrophages were identified as F4/80+. Results are representative for
at least two experiments. Error bars indicate SEM. *P < 0.01.
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(Figure 8b) and contained >95% macrophages
(F4/80+). Cells were cultured for 20 hours and activat-
ed with LPS. After 3 hours, TNF production was quan-
tified in F4/80+ cells (Figure 8c, d, and e). Again, a
reduction was observed, confirming that in vivo dif-
ferentiated IKK2del macrophages are also impaired in
their inflammatory response.

Discussion
In this article, we addressed the role of IKK2-mediat-
ed NF-κB activation in macrophages in the patho-
genesis of atherosclerosis by using macrophage-spe-
cific deletion of IKK2. We found that inhibition of
NF-κB in macrophages causes more severe athero-
sclerosis, which is characterized by increased lesion
size, more severe lesions, increased necrosis, and more
macrophages in the early lesions.

Our data represent the first mouse model investigat-
ing the role of macrophage NF-κB activation in ather-
osclerosis. Several lines of circumstantial evidence have
indicated a potential role for NF-κB in atherosclerosis.
First of all, activated NF-κB has been demonstrated in
human atherosclerotic plaques, in macrophages,
smooth muscle cells, and endothelial cells (5). More-
over, several NF-κB regulated genes have been demon-
strated to be upregulated in plaques, including proin-
flammatory cytokines, such as TNF and IL-6 (25).
Additionally, receptors that can signal to NF-κB are
also present in lesions, including several member of the
toll-like receptor family, which also mediate LPS-
induced activation of macrophages (26). However, how
this network of activating agents, receptors, and NF-κB
signaling actually controls atherogenesis remains
unclear. For example, both TNF and IL-6 are present in
plaques and considered proinflammatory cytokines.
Yet animals deficient for these cytokines are not affect-
ed in their atherosclerosis when early lesions are ana-
lyzed (27, 28). In contrast, IL-6 deficient mice even
develop more atherosclerosis when later stages of ath-
erosclerosis are examined and mice deficient for one of
the TNF receptors, TNFR55, also develop more ather-
osclerosis (29). The role of the anti-inflammatory
cytokine IL-10 may be more straightforward. Previous
reports have shown that absence of IL-10 strongly
aggravates atherosclerosis (30). Therefore, our observed
effects of IKK2 deletion in macrophages resulting in a
reduction in IL-10 can be regarded as pro-atherogenic
and may explain our observed increase in atherosclero-
sis. However, through which mechanisms and genes
NF-κB is involved in the regulation of atherogenesis
remains a challenging question for future research.

IKK2del macrophages exhibit a strong (>50%) reduc-
tion in TNF production, showing that although the
deletion is only 65%, activation of NF-κB responsive
genes is highly affected. Why the deletion was not com-
plete is not clear, but it is similar to the deletion effi-
ciency in BMM as previously reported using the same
LysMCre strain (10). In these experiments deletion was
nearly complete in in vivo differentiated cells, that is,

resident peritoneal macrophages. In agreement with
these results, we found that deletion of the floxed allele
in CD11bhigh-resident peritoneal cells from heterozy-
gous floxed mice (IKK2fl/WT/LysMCre) is nearly com-
plete (Figure 6a). However, we found that deletion in
IKK2fl/fl/LysMCre mice is only 50% in resident cells and
up to 70% in inflammatory cells. In addition, we
observed that deletion in cells from mice carrying one
deleted and one floxed allele in their germ line
(IKK2fl/del/LysMCre) is approximately 70% (M. Pas-
parakis, unpublished observation). Finally, we observed,
in vivo in atherosclerotic lesions and in vitro in activat-
ed foam cells, increased necrosis upon deletion of IKK2.
These data support the possibility of selection against
homozygous deleted IKK2-deficient macrophages.
Under which exact circumstances this is happening and
how it is triggered remains to be elucidated.

The observation that long-term (i.e., 24-hour) pro-
duction of proinflammatory cytokines IL-6 and IL-12
is not affected may very well be a reflection of a reduced
autocrine deactivation of IKK2del macrophages caused
by the reduced IL-10 production. Several reports have
now shown that IL-10 can deactivate macrophages in
an autocrine fashion, reducing secretion of several
proinflammatory cytokines, including IL-6 and IL-12
(31, 32). Indeed, we could also confirm these mecha-
nisms (Figure 7). Initial IL-6 production is reduced as
expected (i.e., similarly as the decrease in NF-κB activa-
tion, Figure 5b), but at 24 hours, when IL-10 has exert-
ed its autocrine effect, the difference is gone. Also,
exogenously added IL-10 could completely block IL-6
production, indicating the inhibitory potential of IL-10.
Most interestingly, blockage of endogenously pro-
duced IL-10 by antibodies strongly increased IL-6 pro-
duction and even restored a difference between IKK2fl

and IKK2del macrophages after 24 hours stimulation.
In conclusion, the net end result of the deletion of
IKK2 in our macrophage population is a major reduc-
tion in the secretion of the anti-inflammatory cytokine
IL-10 and not in the secretion of the proinflammatory
cytokines IL-6 and IL-12. How this may be affected by
incomplete deletion of IKK2 or by other autocrine reg-
ulatory mechanisms is still unclear.

In line with our in vitro data regarding the decrease
in IL-10, inhibition of macrophage NF-κB activation
resulted in an increase in atherosclerosis. The lesions in
IKK2del-transplanted mice were more severe but also
showed increased cell numbers in the early lesions. The
latter may indicate an enhanced influx of monocytes in
the early phases of lesion formation or enhanced pro-
liferation. An additional factor exacerbating athero-
sclerosis in the IKK2del mice may be the observed
increase in necrosis. Necrotic areas in the plaque can act
in a proinflammatory manner and enhance progres-
sion of lesion formation. Differences in intracellular
lipid accumulation will probably not be the cause of
necrosis in the IKK2del mice, since we do not see differ-
ences in the uptake of modified LDL (Figure 5e) and
lipid loading after 24 or 48 hours incubation with
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oxidized or acetylated LDL was also not different
between groups (E. Kanters and M.P.J. de Winther,
unpublished data). The mechanism of increased necro-
sis in the plaque remains unclear but was confirmed in
vitro using LPS-activated foam cells, which showed
increased cell death in the absence of IKK2.

Recently, the role of NF-κB in controlling inflam-
mation has been described. Lawrence et al. (33) used
a carrageenin-induced inflammatory model. They
showed that during inflammation, early NF-κB acti-
vation is associated with an increased influx of
inflammatory cells and activation of several proin-
flammatory genes. In contrast, NF-κB activation
later during the process was associated with the res-
olution of inflammation and expression of anti-
inflammatory genes. These data show that NF-κB
acts as an anti-inflammatory regulator of the resolu-
tion of inflammation.

In conclusion, we demonstrate that inhibition of
IKK2-mediated NF-κB activation in macrophages
enhances atherosclerosis. The described mouse model
will be a valuable tool to investigate the exact mecha-
nisms that control inflammation and cell death during
the process of atherosclerotic plaque formation.
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