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A B S T R A C T   

Background and aims: Targeting macrophage death is a promising strategy for stabilizing atherosclerotic plaques. 
Recently, necroptosis was identified as a form of regulated necrosis in atherosclerosis. Receptor-interacting 
serine/threonine-protein kinase (RIPK)1 is an upstream regulator of RIPK3, which is a crucial kinase for nec
roptosis induction. We aimed to investigate the impact of myeloid-specific RIPK1 gene deletion on atherogenesis. 
Methods: RIPK1F/FLysM-Cre+ApoE− /− and RIPK1+/+LysM-Cre+ApoE− /− mice were fed a western-type diet (WD) 
for 16 or 24 weeks to induce plaque formation. 
Results: After 16 weeks WD, plaque area and percentage necrosis in RIPK1F/FLysM-Cre+ApoE− /− mice were 
significantly decreased as compared to plaques of RIPK1+/+LysM-Cre+ApoE− /− mice. Moreover, plaques of 
RIPK1F/FLysM-Cre+ApoE− /− mice showed more apoptosis and a decreased macrophage content. After 24 weeks 
WD, plaque size and percentage necrosis were no longer different between the two groups. Free apoptotic cells 
strongly accumulated in plaques of RIPK1F/FLysM-Cre+ApoE− /− mice. In addition to apoptosis, necroptosis was 
upregulated in plaques of RIPK1F/FLysM-Cre+ApoE− /− mice. In vitro, TNF-α triggered apoptosis in RIPK1F/FLysM- 
Cre+ApoE− /− , but not in RIPK1+/+LysM-Cre+ApoE− /− macrophages. Moreover, RIPK1F/FLysM-Cre+ApoE− /−

macrophages were not protected against RIPK3-dependent necroptosis. 
Conclusions: The impact of myeloid RIPK1 gene deletion depends on the stage of atherogenesis. At 16 weeks WD, 
myeloid RIPK1 gene deletion resulted in increased apoptosis, thereby slowing down plaque progression. How
ever, despite decreased macrophage content, plaque and necrotic core size were no longer reduced after 24 
weeks of WD, most likely due to the accumulation of free apoptotic and necroptotic cells.   

1. Introduction 

Atherosclerosis is a chronic inflammatory disease characterized by 
the accumulation of atherosclerotic plaques in medium- and large-sized 
arteries [1]. During plaque development, macrophages and vascular 
smooth muscle cells (VSMCs) undergo necrosis and release their cyto
plasmic content in the plaque, which initiates the formation of a central 
necrotic core. Different stimuli such as enhanced oxidative stress, 
depletion of cellular ATP and increased levels of intracellular calcium 
trigger necrosis in atherosclerosis [2,3]. Moreover, because the 

phagocytic clearance of apoptotic cells (AC) by macrophages is impaired 
in advanced lesions [4], AC accumulate and undergo secondary necro
sis. Necrotic cells enhance plaque inflammation by releasing 
pro-inflammatory cytokines and damage-associated molecular patterns 
(DAMPs) [5]. Interestingly, lipids in the form of cholesterol esters soften 
the necrotic core. A soft core makes the plaque more vulnerable because 
it is not able to bear the imposed circumferential stress [6]. The me
chanical forces are redistributed to the fibrous cap and may trigger 
plaque rupture. In approximately two-thirds of ruptured plaques, the 
necrotic core occupies more than 25% of the plaque area [2]. 
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For many years, necrosis has been considered as an uncontrolled way 
for a cell to die, and therefore has not been extensively investigated in 
atherosclerosis. However, besides accidental necrosis, necrotic death 
can also occur in a regulated fashion, termed regulated necrosis. 
Different types of regulated necrosis such as necroptosis, pyroptosis and 
parthanatos have been identified in advanced plaques [3]. Hitherto, 
necroptosis induced by TNF-α is the best-investigated form of regulated 
necrosis. Upon activation of the TNF receptor, a series of auto- and 
transphosphorylation events of receptor-interacting protein kinase 
(RIPK)1 and RIPK3 activate necroptosis signaling [7]. Activated RIPK3 
phosphorylates mixed lineage kinase domain like pseudokinase (MLKL), 
which in turn punctures the plasma membrane [8,9]. Recent studies 
revealed elevated expression levels of RIPK1, RIPK3 and phosphorylated 
MLKL in human plaques associated with necrotic core formation and an 
unstable plaque phenotype, yet which cells are mostly expressing these 
necroptosis markers was not demonstrated [10,11]. In mice, RIPK3 gene 
deletion in LDLr− /− mice reduces plaque size in advanced atheroscle
rotic lesions [12]. Moreover, treatment of atherosclerotic ApoE− /− mice 
with Nec-1s, which is a small molecule necroptosis inhibitor that inhibits 
the kinase activity of RIPK1, reduces atherosclerotic plaque size and 
promotes a stable plaque phenotype [11]. More recently, it has been 
demonstrated that MLKL loss reduces necrotic core size and cell death in 
ApoE− /− mice, albeit without changing plaque size [13]. Overall, these 
findings highlight the major impact of RIPK1/3-mediated necroptosis in 
advanced atherosclerosis. 

Importantly, potential beneficial effects of RIPK1 gene deletion have 
not yet been studied in atherosclerosis, most likely because a full body 
knockout of RIPK1 causes perinatal lethality [14]. Besides its role in 
necroptosis (and unlike RIPK3), RIPK1 plays an important role in 
caspase-dependent apoptosis and cell survival via NF-κB-mediated gene 
induction [15,16]. The kinase activity of RIPK1 is crucial for promoting 
cell death, but it is not essential for its pro-survival function [17]. The 
mechanisms by which RIPK1 switches from a pro-survival protein to a 
pro-death protein remain largely unknown, but likely depend on the 
ubiquitination and phosphorylation state of RIPK1 [18–22]. In the 
present study, we report that RIPK1 is mainly expressed in 
macrophage-rich regions of human plaques. Accordingly, we investi
gated the impact of myeloid RIPK1 gene deletion on atherogenesis and 
necrotic core formation by crossbreeding myeloid-specific RIPK1 
knockout (RIPK1F/FLysM-Cre+) mice with ApoE knockout (ApoE− /− ) 
mice. 

2. Materials and methods 

2.1. Human atherosclerotic plaques 

Human carotid endarterectomy specimens were obtained from pa
tients (71 ± 3 years, 70% men) with a carotid stenosis of >70%. Spec
imens were fixed in 4% formaldehyde (pH 7.4) within 2 min after 
surgical removal and paraffin embedded. To identify specific cell types 
expressing RIPK1, fluorescent double staining using anti-RIPK1 (Novus 
Biologicals, NB100-56160) and anti-CD68 (DAKO, clone PG-M1) or anti- 
α-smooth muscle actin (α-SMA; Sigma, A2547) was performed. After 
mounting tissue samples with VECTASHIELD mounting medium con
taining 4,6-diamidino-2-phenylindole (DAPI; Vector laboratories, H- 
1200), images were acquired using a Celena S digital Imaging System 
(Logos Biosystems). 

2.2. Mice 

Mice homozygous for the RIPK1Flox allele (RIPK1F/F mice) [23] were 
crossbred with transgenic mice that express Cre recombinase under 
control of the mouse lysozyme M promoter (LysM-Cre+ mice, Jackson 
Laboratory, stock number 004781) to obtain myeloid-specific RIPK1 
knock-out mice. To study the impact of RIPK1-deficient myeloid cells in 
atherosclerosis, RIPK1F/FLysM-Cre+ mice were further crossbred with 

apolipoprotein E deficient (ApoE− /− ) mice (Jackson Laboratory, stock 
number 002052). Resulting RIPK1F/FLysM-Cre+ ApoE− /− mice as well as 
RIPK1+/+LysM-Cre+ ApoE− /− controls were fed a western-type diet (WD; 
C1000 diet supplemented with 20% milkfat and 0.15% cholesterol, 
#100171, Altromin) starting at the age of 6 weeks to induce plaque 
formation. The animals were housed in a temperature-controlled room 
with a 12 h light/dark cycle and had free access to water and food. After 
16 weeks or 24 weeks WD, blood samples were collected via the 
retro-orbital plexus of anesthetized mice (sodium pentobarbital 75 
mg/kg, i.p.). Subsequently, mice were sacrificed with sodium pento
barbital (250 mg/kg, i.p.). Blood leukocyte subsets were analyzed by 
flow cytometry as previously described [24]. Total plasma cholesterol, 
triglycerides and LDL cholesterol levels were measured on an automated 
Vista 1500 System (Siemens Healthcare Diagnostics). All experiments 
were approved by the Ethical Committee of the University of Antwerp. 

2.3. Histological analyses 

After sacrificing RIPK1F/FLysM-Cre+ ApoE− /− and RIPK1+/+LysM- 
Cre+ ApoE− /− mice, the thoracic aorta, brachiocephalic artery and the 
aortic root were collected. The thoracic aorta was stained en face with 
Oil Red O to determine plaque burden. The brachiocephalic artery was 
fixed in 4% formalin for 24 h, dehydrated overnight in 60% isopropanol, 
and subsequently embedded in paraffin. Serial cross sections of the 
brachiocephalic artery were prepared for histological analyses. 
Atherosclerotic plaque size, maximum plaque thickness and necrotic 
core area (defined as acellular areas with a threshold of 3000 μm2) were 
analyzed on haemotoxylin-eosin (H&E) stained sections. Collagen con
tent was analyzed with Sirius red. To stain plaques for myeloperoxidase, 
sections were incubated for 30 min in 0.05% 3,3-diaminobenzidine 
(DAB) solution. Macrophages were detected by immunohistochemistry 
using Mac3 antibodies (BD Pharmingen, 550292). The percentage of 
VSMCs and maximum fibrous cap thickness was determined on α-SMC 
actin (Sigma, A2547) stained sections. Apoptosis was evaluated by ter
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL; 
S7101, Millipore). Cleavage of caspase-3 was detected by immunohis
tochemistry using cleaved caspase-3 (Asp175) antibodies (Cell Signaling 
Technology, #9661). The aortic root was embedded in Neg-50 (Thermo 
Scientific) and snap-frozen in liquid nitrogen. To study in situ effer
ocytosis in atherosclerotic plaques located in the aortic root, cry
osections were double stained with rat anti-CD68 (AbD Serotec, 
MCA1957GA) and TUNEL reagents (Roche, 11684795910). After 
mounting tissue samples with VECTASHIELD mounting medium con
taining 4,6-diamidino-2-phenylindole (DAPI; Vector laboratories, H- 
1200), images were acquired using a Celena S digital Imaging System 
(Logos Biosystems). All other images were acquired with Universal Grab 
6.1 software using an Olympus BX40 light microscope and quantified 
with Image J software (National Institutes of Health). 

2.4. Cell culture 

Bone marrow-derived macrophages (BMDMs) were isolated by 
flushing bone marrow of the femur of mice. Cells were cultured for 7 
days in RPMI 1640 medium supplemented with Glutamax (Gibco Life 
Technology), supplemented with 15% L929-cell conditioned medium 
(LCCM) containing monocyte colony stimulating factor (M-CSF). VSMCs 
were isolated as previously described [25,26]. BMDMs were treated 
with mTNF-α (Abcam), lipopolysaccharide (LPS, Sigma-Aldrich) and 
zVAD-fmk (Enzo Life Science, ALX-260-020-M001) as indicated in the 
figure legends. Cell death was evaluated by labeling cells with 1 μg/mL 
propidium iodide (PI, Molecular Probes) and 10 μg/mL Hoechst (Life 
Technologies), followed by visualization of PI/Hoechst-labeled cells 
using a Celena S digital Imaging System (Logos Biosystems). 
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2.5. In vitro phagocytosis assay 

U937 monocytes (American Type Culture Collection) were grown in 
RPMI 1640 medium supplemented with Glutamax. To generate AC, 
U937 monocytes were treated with etoposide (Abcam, ab120227). 
Subsequently, AC were washed to remove non-incorporated etoposide 
and labeled with 10 μM CellTracker Green CMFDA (Molecular Probes). 
Phagocytosis of AC was studied by flow cytometry as described [27]. 

2.6. Western blotting 

Samples were lysed in Laemmli sample buffer (Bio-Rad) containing 
5% β-mercaptoethanol (Sigma-Aldrich) and heat-denatured for 5 min in 
boiling water. They were loaded on Bolt 4–12% Bis-Tris gels (Invi
trogen) and after electrophoresis transferred to Immobilon-FL PVDF 
membranes (Millipore) according to standard procedures. Subsequently, 
membranes were blocked for 1 h in Odyssey Li-COR blocking buffer. 
After blocking, membranes were probed overnight at 4 ◦C with primary 
antibodies diluted in Odyssey Li-COR blocking buffer followed by 1 h 
incubation with IRDye-labeled secondary antibodies at room tempera
ture. Membranes were visualized with an Odyssey SA infrared imaging 
system (Li-COR Biosciences). 

The following primary antibodies were used: mouse anti-β-actin 
(Abcam, Ab8226), mouse anti-RIPK1 (BD Transduction Laboratories, 
610459), rabbit anti-phospho-RIPK3 (Abcam, ab195117), rabbit anti- 
RIPK3 (Sigma-Aldrich, R4277), rabbit anti-MLKL (Abcam, ab172868), 
rabbit anti-phospho-MLKL (Abcam, ab196436), rabbit anti-cleaved 
caspase 3 (Cell Signaling Technology, #9661), rabbit anti-phos
pho–NF–κB p65 (Ser536) (Cell Signaling Technology, #3031), rabbit 
anti–NF–κB p65 (Cell Signaling Technology, #4764), rabbit anti-IκBα 
(Cell Signaling Technology, #9242) and rabbit anti-phospho-IκBα (Cell 
Signaling Technology, #9246). IRDye-labeled secondary antibodies 
(IgG926-32211 (goat anti-rabbit); IgG926-68070 (goat anti-mouse)) 
were purchased from Li-COR Biosciences. 

2.7. Real time RT-PCR 

Total RNA was extracted using the Isolation II RNA mini kit (Bioline, 
BIO-52073) according to the manufacturer’s instructions. After reverse 
transcription with a Sensifast™ cDNA Synthesis Kit (Bioline, BIO- 
65054), TaqMan gene expression assays for TNF-α (Mm00443258_m1) 
and IL-1β (Mm00434228_m1) were performed in triplicate on a 
Quantstudio 3 PCR system (Applied Biosystems). The parameters for 
PCR amplification were 50 ◦C for 2 min, 95 ◦C for 2 min, followed by 40 
cycles of 95 ◦C for 1 s and 60 ◦C for 20 s. A TaqMan Fast Advanced 
Master Mix (Applied Biosystems) was used for each reaction. Relative 
expression of mRNA was calculated using the comparative threshold 
cycle method. Normalization was performed using β-actin 
(Mm00607939_s1) and peptidyl isomerase A (Mm02342430_g1), which 
were validated as stable housekeeping genes. 

2.8. Statistical analyses 

Statistical analyses were performed using SPSS software (version 25, 
SPSS Inc.). All data were expressed as mean ± SEM. Statistical tests are 
specified in the figure legends. Differences were considered significant 
at p < 0.05. 

3. Results 

3.1. RIPK1 is highly expressed in macrophages of human carotid plaques 

To identify which cells in atherosclerotic plaques express RIPK1, 
human carotid plaques were immuno-stained for RIPK1 in combination 
with immunodetection of CD68 (monocytes/macrophages) and 
α-smooth muscle actin (VSMCs). RIPK1 showed co-localization with 

CD68-positive cells (Fig. 1A and C) but could not be detected in 
α-smooth muscle actin-positive regions (Fig. 1B and C), suggesting that 
RIPK1 was mainly expressed in plaque macrophages. To further inves
tigate the role of myeloid RIPK1 expression in atherosclerosis, we 
generated RIPK1F/FLysM-Cre+ mice and RIPK1+/+LysM-Cre+ controls. 
Both mouse strains were further crossbred on an ApoE− /− background. 
BMDM and aortic VSMCs were isolated from the resulting RIPK1+/ 

+LysM-Cre+ ApoE− /− and RIPK1F/FLysM-Cre+ ApoE− /− mice to validate 
macrophage RIPK1 deficiency. RIPK1 was completely absent in RIPK1F/ 

FLysM-Cre+ ApoE− /− BMDM, though still present in RIPK1F/FLysM-Cre+

ApoE− /− VSMCs. In RIPK1+/+LysM-Cre+ ApoE− /− mice, expression 
levels of RIPK1 were substantially higher (approximately 3-fold) in 
BMDM as compared to VSMCs (Fig. 1D). 

3.2. Myeloid RIPK1 deficiency reduces total plaque size and percentage 
necrosis in ApoE− /− mice after 16 weeks western-type diet, but not after 
24 weeks 

RIPK1F/FLysM-Cre+ ApoE− /− and RIPK1+/+LysM-Cre+ ApoE− /− mice 
were fed a western-type diet (WD) for 16 weeks. After 16 weeks WD, 
body weight (29 ± 1 vs. 30 ± 1 g; independent samples t-test, p > 0.05) 
did not change between RIPK1F/FLysM-Cre+ ApoE− /− and RIPK1+/ 

+LysM-Cre+ ApoE− /− mice. Plasma analyses did not reveal any differ
ences in the levels of total cholesterol (825 ± 59 vs. 964 ± 108 mg/dL; 
independent samples t-test, p > 0.05) and triglycerides (148 ± 20 vs. 
141 ± 28 mg/dL; independent samples t-test, p > 0.05) between RIPK1F/ 

FLysM-Cre+ ApoE− /− mice and RIPK1+/+LysM-Cre+ ApoE− /− controls. 
Furthermore, the relative percentage of circulating leukocyte subsets 
was not affected by macrophage-specific RIPK1 gene deletion (Supple
mentary Fig. 1). En face oil red O stainings showed a significant decrease 
of lipid deposition in the thoracic aorta of RIPK1F/FLysM-Cre+ ApoE− /−

mice after 16 weeks WD (Fig. 2A). Analysis of H&E-stained cross- 
sections of the brachiocephalic artery demonstrated that the plaque 
area (72 ± 7 vs. 150 ± 12 × 103 μm2; independent samples t-test, p <
0.001) and percentage necrosis in RIPK1F/FLysM-Cre+ ApoE− /− mice was 
significantly decreased as compared to RIPK1+/+LysM-Cre+ ApoE− /−

mice (Fig. 2B). The ratio maximum fibrous cap thickness/maximum 
plaque thickness tended to be smaller in RIPK1F/FLysM-Cre+ ApoE− /−

mice (Supplementary Fig. 2B), but this difference was not statistically 
significant. Conversely, plaques of RIPK1F/FLysM-Cre+ ApoE− /− mice 
showed increased TUNEL positivity as compared to RIPK1+/+LysM-Cre+

ApoE− /− mice (Fig. 2C), albeit changes in immunoreactivity for cleaved 
caspase-3 were not detected (0.64 ± 0.19 vs. 0.47 ± 0.09%; independent 
samples t-test, p = 0.416). Further analysis of the cellular composition of 
plaques revealed that the macrophage content decreased significantly in 
plaques of RIPK1F/FLysM-Cre+ ApoE− /− mice (Fig. 2D). However, the 
amount of VSMCs was not different in RIPK1F/FLysM-Cre+ ApoE− /− and 
RIPK1+/+LysM-Cre+ ApoE− /− mice (Supplementary Fig. 2A), nor was the 
total collagen content changed (Supplementary Fig. 2B). The majority of 
plaques in both groups was negative for myeloperoxidase (data not 
shown), which is an enzyme that is most abundantly expressed in 
neutrophils. 

After 24 weeks WD, total plasma cholesterol (819 ± 73 vs. 558 ± 46 
mg/dL; independent samples t-test, p < 0.01) was significantly increased 
in RIPK1F/F LysMCre+ ApoE− /− mice as compared to RIPK1+/+ LysMCre+

ApoE− /− mice. Triglyceride levels (94 ± 13 vs. 81 ± 13 mg/dL; inde
pendent samples t-test, p > 0.05) and body weight (26 ± 1 vs. 24 ± 2 g, 
independent samples t-test, p > 0.05) were not different between both 
groups. In contrast to 16 weeks WD, lipid deposition (Fig. 3A), plaque 
size (126 ± 17 vs. 148 ± 19 × 103 μm2; independent samples t-test, p >
0.05) and percentage necrosis were similar between RIPK1+/+LysM- 
Cre+ ApoE− /− and RIPK1F/FLysM-Cre+ ApoE− /− mice, respectively 
(Fig. 3B), even though the number of TUNEL positive cells was still 
elevated in plaques of RIPK1F/F ApoE− /− mice (Fig. 3C). The ratio 
maximum fibrous cap thickness/maximum plaque thickness was 
significantly decreased in RIPK1+/+LysM-Cre+ ApoE− /− mice as 
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compared to the ratio at 16 weeks WD, albeit this change did not occur 
in RIPK1F/FLysM-Cre+ ApoE− /− mice (Supplementary Fig. 2D). Similar to 
plaques of RIPK1F/FLysM-Cre+ ApoE− /− mice after 16 weeks WD, 
increased TUNEL positivity was associated with a decreased macro
phage content (Fig. 3D). Immunoreactivity for cleaved caspase-3 in 
plaques of RIPK1+/+LysM-Cre+ ApoE− /− mice (0.38 ± 0.14%) versus 
RIPK1F/FLysM-Cre+ ApoE− /− mice (0.81 ± 0.26%) was not significantly 
different (independent samples t-test, p = 0.213). Moreover, total 
collagen levels and number of VSMCs did not change between the two 
groups (Supplementary Fig. 2C and D) and most plaques were negative 
for neutrophil myeloperoxidase (data not shown). 

Because TUNEL staining was elevated in plaques of RIPK1F/ 

FLysMCre+ ApoE− /- mice, we investigated the phagocytic clearance of 
AC, also known as efferocytosis, using double staining for TUNEL and 
macrophages. The efficiency of efferocytosis was determined by count
ing the number of free and macrophage-associated AC. After 16 weeks 
WD, the ratio of free AC/total AC did not differ between atherosclerotic 
plaques of RIPK1F/FLysMCre+ ApoE− /− and RIPK1+/+LysMCre+ ApoE− /−

mice (Fig. 4A). However, after 24 weeks WD, the ratio of free AC/total 
AC significantly increased in atherosclerotic plaques of RIPK1F/ 

FLysMCre+ ApoE− /− mice as compared to the control mice (Fig. 4A). 
Moreover, after 24 weeks WD, the ratio of free AC/total AC was 
significantly increased in atherosclerotic plaques of RIPK1F/FLysMCre+

ApoE− /− mice as compared to plaques of 16 weeks WD-fed RIPK1F/ 

FLysMCre+ ApoE− /− mice (Fig. 4A). These data demonstrate that AC in 
advanced atherosclerotic lesions of RIPK1F/FLysMCre+ ApoE− /− mice are 
less efficiently cleared, which eventually may lead to secondary necrosis 
and plaque progression. To investigate whether RIPK1 deletion de
creases the efferocytosis capacity of BMDM, an in vitro efferocytosis 
assay was performed. Interestingly, RIPK1-deficient BMDM ingested AC 
as efficiently as control BMDM (Fig. 4B). These finding suggests that the 
accumulation of AC in plaques of RIPK1F/FLysMCre+ ApoE− /− mice most 
likely results from an excessive generation of AC that could not be 
cleared rather than an inefficient uptake of AC. 

3.3. RIPK1 deficiency sensitizes BMDM to undergo apoptosis in vitro 

As RIPK1 plays an important role in cell survival via NF-κB-mediated 
gene induction [16], we treated RIPK1+/+LysM-Cre+ ApoE− /− and 

RIPK1F/FLysM-Cre+ ApoE− /− BMDM with mTNF-α. As shown by Western 
blotting, phosphorylation (and thus subsequent degradation) of the 
NF-κB inhibitor IκBα was impaired in mTNF-α-treated 
RIPK1F/FLysM-Cre+ ApoE− /− BMDM (Fig. 5A). Similar to cultured 
BMDM, phosphorylation of NF-κB was significantly inhibited in 
atherosclerotic tissues of RIPK1F/FLysM-Cre+ ApoE− /− mice (Fig. 5B), 
indicating that RIPK1 is essential for NF-κB activation, at least in mac
rophages. To confirm impaired NF-κB signaling in RIPK1+/+LysM-Cre+

ApoE− /− versus RIPK1F/FLysM-Cre+ ApoE− /− BMDM, we compared the 
transcription levels of downstream NF-κB gene targets after mTNF-α 
treatment. Real-time qPCR analysis revealed an increase of both TNF-α 
and IL-1β mRNA levels in RIPK1+/+LysM-Cre+ ApoE− /− BMDM after 
mTNF-α treatment, which was significantly reduced in mTNF-α-treated 
RIPK1F/FLysM-Cre+ ApoE− /− BMDM (Fig. 5C). Interestingly, impaired 
NF-κB signaling in RIPK1F/FLysM-Cre+ ApoE− /− BMDM was associated 
with cleavage of caspase 3 as early as 2 h after mTNF-α treatment fol
lowed by cell death induction as shown by increased PI positivity 
(Fig. 5A and D). Overall, these data demonstrate that RIPK1 deficiency 
sensitizes BMDM to apoptosis by inhibiting NF-κB activation. 

3.4. RIPK1 deficiency does not protect BMDM against necroptosis 

RIPK1+/+LysM-Cre+ ApoE− /− and RIPK1F/FLysM-Cre+ ApoE− /−

BMDM were treated with LPS and pan-caspase inhibitor zVAD-fmk to 
induce necroptosis. Both RIPK3 and MLKL were phosphorylated in 
RIPK1+/+LysM-Cre+ ApoE− /− BMDM after treatment with LPS/zVAD- 
fmk, confirming induction of necroptosis. Interestingly, phosphoryla
tion of RIPK3 and MLKL was also observed in LPS/zVAD-fmk-treated 
RIPK1F/FLysM-Cre+ ApoE− /− BMDM (Supplementary Fig. 3A). More
over, both RIPK1+/+LysM-Cre+ ApoE− /− and RIPK1F/FLysM-Cre+ ApoE− / 

− BMDM were characterized by a loss of membrane integrity after LPS/ 
zVAD-fmk treatment as shown by increased PI labeling (Supplementary 
Fig. 3B). These findings indicate that RIPK1 deletion is not sufficient to 
inhibit necroptosis induction by LPS/zVAD-fmk in BMDM. Similar to 
cultured macrophages, phosphorylation of MLKL was not inhibited in 
atherosclerotic tissues of RIPK1F/FLysM-Cre+ ApoE− /− mice. On the 
contrary, phosphorylation of MLKL was significantly increased in aortic 
arches of RIPK1F/FLysM-Cre+ ApoE− /− mice as compared to RIPK1+/ 

+LysM-Cre+ ApoE− /− mice (Supplementary Fig. 3C). Our data show that 

Fig. 1. RIPK1 is highly expressed in macrophages, but not in vascular smooth muscle cells (VSMCs). 
(A and B) Double immunofluorescence staining of a human carotid artery lesion showing RIPK1 (green) and CD68 (red) (A), or RIPK1 (green) and α-SMC actin (red) 
(B). Nuclei were stained with DAPI. L = lumen, M = media, P = plaque. Scale bar = 100 μm. (C) H&E staining of the same human carotid plaque as shown in panels A 
and B at low magnification. Scale bar = 500 μm. (D) Bone marrow-derived macrophages (BMDM) and vascular smooth muscle cells (VSMC) were isolated from 
RIPK1+/+LysM-Cre+ ApoE− /− (+/+) and RIPK1F/FLysM-Cre+ ApoE− /− (F/F) mice, followed by Western blot analyses of RIPK1 in isolated cells. β-actin was used as 
loading control. 
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loss of RIPK1 does not protect but potentiates RIPK3-MLKL-dependent 
necroptosis in macrophages in vitro and in vivo. 

4. Discussion 

The role of RIPK1 has been studied in different inflammatory dis
eases including colitis [28], skin inflammation [29], myocardial 
infarction [30], hepatitis [31] and ischemic organ injury [32] but its role 
in atherosclerosis is still unknown. We show that RIPK1 is highly 
expressed in macrophages of human carotid plaques and elucidate the 
complex role of myeloid RIPK1 in atherosclerotic plaque development. 
Our data demonstrate that deletion of RIPK1 in myeloid cells using 
RIPK1F/FLysM-Cre+ ApoE− /− mice results in reduced plaque formation in 
the descending aorta and brachiocephalic artery after 16 weeks 
western-type diet (WD). Myeloid RIPK1 deletion reduced plaque area 
and necrotic core without affecting total collagen level and the amount 
of VSMCs. Moreover, the reduction in plaque size and necrotic core in 

plaques of RIPK1F/FLysM-Cre+ ApoE− /− mice was associated with a 
significant decrease in macrophage content while TUNEL staining 
increased. Indeed, in vitro experiments demonstrated that NF-κB-me
diated cell survival is impaired in RIPK1F/FLysM-Cre+ApoE− /− macro
phages when exposed to TNF-α, and rapidly triggers 
RIPK1F/FLysM-Cre+ApoE− /− macrophage death via caspase 3-dependent 
apoptosis. Our results confirm previous findings that knocking out 
RIPK1 in macrophages leads to TNF-α-dependent apoptotic death [33]. 
The observed switch between cell survival and death in the absence of 
RIPK1 is most likely induced by the reduced NF-κB-mediated tran
scription of a number of pro-survival genes, most important among these 
being FLICE-like inhibitory protein (cFLIP), cIAP1/2 and A20 [15, 
34–36]. Importantly, the enhanced TUNEL staining in plaques of 
RIPK1F/FLysM-Cre+ ApoE− /− mice did not correlate with more abundant 
cleaved capase-3 positive cells. TUNEL is a widely used marker of 
apoptotic cell death, but may in some cases reflect necrotic cell death 
rather than apoptosis. Given that the size of necrotic cores is reduced in 

Fig. 2. Myeloid RIPK1 deficiency decreases 
necrotic core formation and promotes apoptosis in 
ApoE− /− mice after 16 weeks western-type diet. 
(A) The thoracic aorta and aortic arch of RIPK1+/ 

+LysM-Cre+ ApoE− /− (+/+) and RIPK1F/FLysM-Cre+

ApoE− /− (F/F) mice were stained en face with Oil 
Red O to evaluate total plaque burden. **p < 0.01 
vs +/+ (independent samples t-test, n = 6 for both 
groups). Scale bar = 5 mm. (B–D) Sections of the 
brachiocephalic artery of RIPK1+/+LysMCre+

ApoE− /− (+/+) and RIPK1F/FLysMCre+ ApoE− /− (F/ 
F) mice were stained with (B) H&E to quantify 
plaque necrosis (the necrotic core is indicated by 
asterisks), (C) TUNEL to detect apoptotic cells and 
(D) anti-Mac-3 to determine macrophage content. 
Inserts in panel C represent magnifications of the 
boxed areas (scale bar = 25 μm). *p < 0.05, ***p <
0.001 vs +/+ (Mann-Whitney U test, n = 17–20 for 
both groups). Scale bar = 100 μm. Representative 
images are shown.   

I. Coornaert et al.                                                                                                                                                                                                                               



Atherosclerosis 322 (2021) 51–60

56

Fig. 3. Myeloid RIPK1 deficiency induces apoptosis and decreases macrophage content in ApoE− /− mice after 24 weeks western-type diet. 
(A) The thoracic aorta and aortic arch of RIPK1+/+LysM-Cre+ ApoE− /− (+/+) and RIPK1F/FLysM-Cre+ ApoE− /− (F/F) mice were stained en face with Oil Red O to 
evaluate total plaque burden. N.S., not significant (independent samples t-test, n = 6 for both groups). Scale bar = 5 mm. (B–D) Sections of the brachiocephalic artery 
of RIPK1+/+LysMCre+ ApoE− /− (+/+) and RIPK1F/FLysMCre+ ApoE− /− (F/F) mice were stained with (B) H&E to quantify plaque necrosis (the necrotic core is 
indicated by an asterisk), (C) TUNEL to detect apoptotic cells and (D) anti-Mac-3 to determine macrophage content. Inserts in panel C represent magnifications of the 
boxed areas (scale bar = 25 μm). *p < 0.05 vs +/+ (Mann-Whitney U test, n = 8–10 for both groups). N.S., not significant. Scale bar = 100 μm. Representative images 
are shown. 
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Fig. 4. Efferocytosis is impaired in advanced 
atherosclerotic plaques of RIPK1F/FLysM-Cre+

ApoE− /− after 24 weeks western-type diet. 
(A) RIPK1+/+LysM-Cre+ ApoE− /− (+/+) and 
RIPK1F/FLysM-Cre+ ApoE− /− (F/F) mice were fed a 
western-type diet for 16 weeks or 24 weeks. A 
representative image of an aortic root of a RIPK1F/ 

FLysM-Cre+ ApoE− /− mouse after 24 weeks western- 
type diet is shown, in which apoptotic cells (AC) 
were labeled by TUNEL (green), macrophages by 
anti-CD68 (red) and nuclei by DAPI (blue). P =
plaque. High power magnifications of the boxed 
areas are also displayed. Examples of free AC (top 
magnification) and phagocytized AC (bottom 
magnification) are indicated by white arrows. The 
graph shows quantification of the ratio of free to 
total AC. *p < 0.05, ***p <0.001 (three-way 
ANOVA followed by Bonferroni’s post hoc test, 16 
weeks n = 17–20, 24 weeks n = 8–10). Scale bar =
100 μm (low power micrograph) or 20 μm (high 
power micrographs). (B) Bone-marrow-derived 
macrophages were isolated from RIPK1+/+LysM- 
Cre+ ApoE− /− (+/+) and RIPK1F/FLysM-Cre+

ApoE− /− (F/F) mice. AC were generated by treating 
U937 cells with 50 μM etoposide for 4 or 6 h. 
Phagocytosis of AC was measured via flow cytom
etry after pre-incubation of macrophages for 1 h 
with apoptotic U937 cells. N.S., not significant vs 
+/+ (independent samples t-test, n = 4).   

Fig. 5. RIPK1 deficiency sensitizes macrophages to 
undergo apoptosis. 
(A) Bone marrow-derived macrophages (BMDM) 
were isolated from RIPK1+/+LysM-Cre+ ApoE− /−

(+/+) and RIPK1F/FLysM-Cre+ ApoE− /− (F/F) mice. 
BMDM were treated with 50 ng/mL mTNF-α for the 
indicated timeframe. Western blot analysis for p- 
IκBα, IκBα, cleaved caspase 3 and RIPK1 (β-actin 
was used as loading control). *p < 0.05 vs +/+
(two-way ANOVA followed by Bonferroni’s post 
hoc test, n = 3). (B) Western blot analysis for 
p–NF–κB and NF-κB in lysates of the aortic arch 
from RIPK1+/+LysM-Cre+ ApoE− /− (+/+) and 
RIPK1F/FLysM-Cre+ ApoE− /− (F/F) mice fed a 
western-type diet for 16 weeks. **p < 0.01 vs +/+
(independent samples t-test, n = 7–10 for both 
groups). (C and D) RIPK1+/+LysM-Cre+ ApoE− /−

(+/+) and RIPK1F/FLysM-Cre+ ApoE− /− (F/F) 
BMDM were treated with 50 ng/mL mTNF-α for the 
indicated timeframe. (C) Real-time RT-PCR analysis 
of TNF-α and IL-1β mRNA (β-actin and peptidyl 
isomerase A were used as housekeeping genes). *p 
< 0.05, ***p < 0.001 vs +/+ (two-way ANOVA 
followed by Bonferroni’s post hoc test, n = 4 inde
pendent experiments in triplicate). (D) Monitoring 
of cell death via PI labelling. ***p < 0.001 vs +/+
(two-way ANOVA followed by Bonferroni’s post hoc 
test, n = 3).   
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plaques of RIPK1F/FLysM-Cre+ ApoE− /− mice (after 16 weeks WD) while 
TUNEL is strongly increased, this seems highly unlikely. Previous re
ports indicate that staining for cleaved caspase-3 may give an underes
timation of the actual apoptosis frequency because cleaved caspase-3 is 
rapidly degraded and thus difficult to detect [37]. Overall, our results 
show that myeloid RIPK1 controls a fine balance between NF-κB-de
pendent survival and cell death, while loss of RIPK1 triggers TNFα-in
duced macrophage apoptosis. 

The abovementioned findings are in line with previous observations 
in mice lacking cell survival proteins. For example, deletion of apoptosis 
inhibitor of macrophage (AIM) suppresses atherosclerotic plaque 
development by increasing macrophage apoptosis in Ldlr− /− mice [38]. 
Knocking out cellular inhibitor of apoptosis 2 (cIAP2) increases 
macrophage apoptosis and reduces atherosclerosis burden in ApoE− /−

mice [39]. IKKα deficiency in mouse macrophages compromises cell 
resistance to pro-apoptotic stimuli and reduces early atherosclerosis in 
Ldlr− /− mice [40]. Overall, these studies indicate that macrophage 
apoptosis decreases lesion cellularity and attenuates plaque progression 
in early stages of atherosclerosis. These studies also imply that phago
cytic clearance of AC, better known as efferocytosis, is efficient in early 
lesions. 

To further examine the consequences of myeloid RIPK1 deficiency in 
atherosclerotic lesions after prolonged WD feeding, RIPK1F/FLysM-Cre+

ApoE− /− and RIPK1+/+LysM-Cre+ ApoE− /− mice were fed a WD for 24 
weeks. Interestingly, after 24 weeks WD, plaque size and necrosis were 
no longer different between both groups. While the large plaques of 
RIPK1+/+LysM-Cre+ ApoE− /− mice did not further increase in size, 
RIPK1F/FLysM-Cre+ ApoE− /− mice showed accelerated plaque formation 
between 16 and 24 weeks WD. The ratio maximum fibrous cap thick
ness/maximum plaque thickness significantly decreased in RIPK1+/ 

+LysM-Cre+ ApoE− /− mice, but not in RIPK1F/FLysM-Cre+ ApoE− /− mice. 
This finding together with the smaller plaques of RIPK1F/FLysM-Cre+

ApoE− /− mice at 16 weeks WD suggest that formation and destabiliza
tion of plaques occur faster in RIPK1+/+LysM-Cre+ ApoE− /− mice. 
Interestingly, free AC accumulated in plaques of RIPK1F/FLysM-Cre+

ApoE− /− mice after 24 weeks WD, suggestive of defective AC clearance. 
Indeed, numerous studies have shown that efferocytosis is impaired in 
advanced atherosclerotic plaques [4,41]. Most likely, free AC in plaques 
of RIPK1F/FLysM-Cre+ ApoE− /− mice underwent secondary necrosis as a 
result of impaired clearance, thereby contributing to plaque progression 
and the formation and enlargement of the necrotic core [2]. Even though 
the incidence of apoptosis in plaques of RIPK1F/FLysM-Cre+ ApoE− /−

mice decreased between 16 and 24 weeks WD, the necrotic core area 
concomitantly increased two-fold. These data strongly imply that 
accumulation of free AC in plaques of RIPK1F/FLysM-Cre+ ApoE− /− mice 
promotes necrotic core formation, illustrating the dynamics of 
RIPK1-mediated macrophage cell death in plaque progression. 

Next to secondary necrosis, myeloid RIPK1 deletion did not protect 
macrophages against necroptosis, indicating that RIPK1, unlike RIPK3 
[12,42], is dispensable for necroptosis. In fact, myeloid RIPK1 deficiency 
in ApoE− /− mice upregulate necroptosis in atherosclerotic plaques as 
demonstrated by elevated levels of phosphorylated MLKL. An upregu
lation of necroptosis has been previously reported in mice lacking RIPK1 
in the epidermis. Keratinocytes of these mice showed increased nec
roptosis mediated by the engagement of RIPK3 with Z-DNA binding 
protein 1 (ZBP1), and to a lesser extent with TIR domain containing 
adaptor inducing IFN-β (TRIF) through common RIP homotypic inter
action motifs (RHIM) [29,43,44]. Furthermore, accelerated necroptosis 
regulated by the TRADD-RIPK3-MLKL pathway has been reported in 
TNF-α-treated L929 and HT-22 cells lacking RIPK1 [45,46]. The mo
lecular mechanisms underlying necroptosis induction in advanced 
atherosclerotic plaques are unclear. Necroptosis can be induced by 
different ligands such as TNF, TRAIL, TWEAK and CD95L that bind to 
their respective death receptors. It has been suggested that the under
lying mechanism of necroptosis in the plaque involves oxLDL [11]. 
However, only when caspase-8 is absent or inactive, necroptosis is 

initiated [47]. Caspases can be inactivated in plaques by oxidation or 
S-nitrosylation of a critical thiol residue in the active site [48,49]. We 
hypothesize that inducible nitric oxide synthase (iNOS)-driven S-nitro
sylation (i.e. inactivation) of caspase-8 (a key factor in the necroptosis 
pathway), in combination with pro-apoptotic signaling, may trigger 
necroptosis and necrotic core formation. Previous studies revealed that 
macrophages overexpressing iNOS frequently surround the necrotic core 
of human plaques [50], which favors this hypothesis. 

Based on the abovementioned findings, both the upregulation of 
necroptosis, as well as the secondary necrosis of free AC, is likely 
responsible for the enlargement of the necrotic core in RIPK1F/FLysM- 
Cre+ ApoE− /− mice. However, it was previously reported that the RIPK1 
inhibitor Nec-1s reduces lesion progression and plaque vulnerability by 
necroptosis inhibition [11]. The differences between the studies can be 
explained by a number of reasons. Firstly, Nec-1s inhibits the kinase 
function of RIPK1, but does not interfere with its scaffold function [51], 
while genetic disruption of RIPK1 affects both its kinase activity and 
scaffold function. Indeed, pharmacological inhibition of RIPK1 by Nec-1 
has been shown to inhibit TNF-α-induced necroptosis, while knockdown 
of RIPK1 can potentiate this process [46]. Secondly, the effect of Nec-1s 
was only studied after 10 weeks of diet and so its effect on more 
advanced (24 weeks WD) plaques is not known. Thirdly, the authors did 
not report a reduction in macrophage content, nor was plaque apoptosis 
examined [11]. Instead, the authors observed an increase in VSMC 
content, suggesting that the mechanism by which Nec-1s impacts 
atherosclerosis, including various plaque cell types, differs from RIPK1 
gene deletion. Finally, the difference in plaque composition could be due 
to the study of different vascular beds (aortic root vs. brachiocephalic 
artery plaques). 

Another factor that may significantly contribute to plaque progres
sion in RIPK1F/FLysM-Cre+ApoE− /− mice at later time points (24 weeks 
WD) is the relatively high level of plasma cholesterol versus RIPK1+/ 

+LysM-Cre+ApoE− /− mice. According to recent evidence, inhibition of 
RIPK1 suppresses the expression of a set of genes including Ch25h that 
encodes cholesterol 25-hydroxylase [52]. Because Ch25h enzyme 
downregulates cholesterol synthesis, Ch25h inhibition by RIPK1 dele
tion elevates plasma cholesterol levels. In addition, knocking down 
RIPK1 in macrophages increases the expression of ATP-binding cassette 
transporter ABCA1 [53], also known as the cholesterol efflux regulatory 
protein (CERP), suggesting that this condition promotes reverse 
cholesterol transport, increased levels of plasma cholesterol and plaque 
progression. 

Very recently, Karunakaran et al. [54] reported that RIPK1 silencing 
in ApoE− /− mice using weekly injections of antisense oligonucleotides 
inhibits plaque formation. In contrast to cell-specific RIPK1 gene dele
tion, knocking down RIPK1 via antisense oligonucleotides promotes 
neither spontaneous cell death nor changes in plasma cholesterol, but 
abrogates excessive NF-κB activation (without completely inactivating 
it).The authors claim that plaque progression is dramatically reduced by 
directly inhibiting NF-κB inflammatory signaling and the secretion of 
proinflammatory cytokines including IL-1α and IL-1β [54], which is 
obviously an attractive approach to dampen atherosclerotic vascular 
disease. 

In conclusion, myeloid RIPK1 has divergent effects on atherosclerosis 
depending on the lesion stage. Myeloid RIPK1 gene deletion limits pla
que progression after 16 weeks WD through induction of apoptosis but 
promotes accumulation of free AC, secondary necrosis and necroptosis 
after 24 weeks WD. 
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