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Abstract

Foam cell formation is a crucial event in atherogenesis. While interferon-β (IFNβ) is known 
to promote atherosclerosis in mice, studies on the role of IFNβ on foam cell formation are 
minimal and conflicting. We therefore extended these studies using both in vitro and in 
vivo approaches and examined IFNβ’s function in macrophage foam cell formation. To do 
so, murine bone marrow-derived macrophages (BMDMs) and human monocyte-derived 
macrophages were loaded with acLDL overnight, followed by 6h IFNβ co-treatment. This 
increased lipid content as measured by Oil red O staining. We next analyzed the lipid uptake 
pathways of IFNβ-stimulated BMDMs and observed increased endocytosis of DiI-acLDL as 
compared to controls. These effects were mediated via SR-A, as its gene expression was 
increased and inhibition of SR-A with Poly(I) blocked the IFNβ-induced increase in Oil red 
O staining and DiI-acLDL endocytosis. The IFNβ-induced increase in lipid content was also 
associated with decreased ApoA1-mediated cholesterol efflux, in response to decreased 
ABCA1 protein and gene expression. To validate our findings in vivo, LDLR-/- mice were 
put on chow or a high cholesterol diet for 10 weeks. 24 and 8 hours before sacrifice mice 
were injected with IFNβ or PBS, after which thioglycollate-elicited peritoneal macrophages 
were collected and analyzed. In accordance with the in vitro data, IFNβ increased lipid 
accumulation. In conclusion, our experimental data support the pro-atherogenic role of 
IFNβ, as we show that IFNβ promotes macrophage foam cell formation by increasing SR-A-
mediated cholesterol influx and decreasing ABCA1-mediated efflux mechanisms. 

Key words: foam cell, interferon-beta, macrophage, animal models, cardiovascular disease
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1. Introduction

An important event in atherosclerotic lesion development is macrophage foam cell 
formation. The initiating step hereby is lipoprotein accumulation in the arterial wall, 
resulting in modifications of these lipoproteins thereby altering their structure. Excessive 
lipoprotein uptake by recruited macrophages is the result, which then become lipid-loaded 
foam cells 1. Macrophage scavenger receptors, like scavenger receptor-A (SR-A) and CD36, 
play a leading role in the internalization of lipoproteins 2, 3. Another process that may be 
disturbed during foam cell formation is cholesterol efflux, which is mostly mediated via the 
ATP-binding cassette transporters ABCA1 and ABCG1, to ApoA1 and HDL respectively, for 
reverse cholesterol transport 4. Macrophage foam cells thus show a dysregulation of their 
lipid metabolism, reflected by an excessive lipid uptake on the one hand and a decreased 
cholesterol efflux on the other hand.
Interferon-β (IFNβ) has previously been shown to promote atherogenesis in mice 5. However, 
its role in foam cell formation is still under debate, as both foam cell promoting as well as 
foam cell inhibiting properties have been attributed to the type I interferons 6. In one of our 
recent studies we showed no effect of IFNβ priming on short-term oxLDL uptake by bone 
marrow-derived macrophages (BMDMs) 5. Opposing results were found in THP1 cells, where 
IFNα priming results in increased oxLDL uptake accompanied by an increased SR-A gene 
expression 7. In systemic lupus erythematosus (SLE) patients a type I interferon signature 
is present and it has recently been shown that peripheral blood monocytes (PBMCs) from 
SLE patients have increased SR-A expression, which correlates with their higher type I 
interferon signaling activity 7, 8. PBMCs from HIV patients also possess a type I interferon 
profile, which is accompanied with an increased SR-A gene expression. Interestingly, their 
PBMCs also showed an increase in lipid uptake 9. In addition to these data, a recent study 
showed more foam cell formation when the structure of heparin sulfate on myeloid cells 
was altered, which also increased their type I interferon signaling 10. Altogether, a growing 
body of evidence emerges that supports a stimulating role for the type I interferons in foam 
cell formation. However, these data are mostly based on in vitro studies or on correlations, 
where a direct link between the type I interferons and foam cell formation is missing. 
Moreover, the way in which the type I interferons exactly regulate foam cell formation 
is still unknown. Therefore we extended these studies and focused on IFNβ’s function in 
macrophage foam cell formation using both an in vitro and an in vivo approach.

2. Materials and methods

2.1 Mice
Male LDLR-/- mice (on a C57Bl/6 background) were house bred at the Academic Medical 
Center (Amsterdam, The Netherlands).  All animal experiments were approved by the 
Institutional Animal Experimental committee that conforms to the guide for the care and 
use of laboratory animals published by the US National Institutes of Health (NIH Publication 
No. 85-23, revised 1996).

2.2 IFNβ treatment in LDLR-/- mice
A total of 24 LDLR-/- mice were either fed a normal chow diet or a high cholesterol diet 
(0.25% cholesterol, 16.42% crude fat; Special Diet Services, Essex, United Kingdom) for a 
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period of 10 weeks. Four days before sacrifice the mice received an intraperitoneal injection 
of 1 ml 3% thioglycollate medium (Sigma, Zwijndrecht, The Nederlands). Subsequently, the 
mice received an intraperitoneal injection of 100 µl with 5000 U IFNβ (R&D Systems, United 
Kingdom) dissolved in sterile PBS, 24 and 8 hours before sacrifice. Control animals received 
100 µl sterile PBS (n=6 per group).

2.3 Primary macrophage culture
Human peripheral mononuclear blood cells (PBMCs) were isolated from blood from healthy 
individuals. PBMC isolation was performed by density centrifugation using Lymphoprep 
(Axis-Shield, Oslo, Norway). Hereafter, monocytes were isolated by magnetic-activated 
cell separation using human anti-CD14 and MACS cell LS separation columns (both from 
Miltenyi, Leiden, The Netherlands). Cells were cultured in IMDM medium (Life Technologies, 
Bleiswijk, The Netherlands), complemented with 10% heat inactivated fetal calf serum 
(Bondico, Alkmaar, The Netherlands), 100 U/ml penicillin, 100 µg/ml streptomycin and 
2mM L-glutamine (GIBCO Invitrogen, Breda, The Netherlands) (hereafter stated as complete 
medium) in the presence of 25 ng/ml human MCSF, and seeded in 24-wells tissue culture 
plates at a density of 5*105 cells/well (Greiner Bio-One, Alphen a/d Rijn, The Netherlands).
Bone marrow cells were isolated from femurs and tibiae of C57Bl/6 mice and cultured in 
complete RPMI-1640 medium (Life Technologies, Bleiswijk, The Netherlands), complemented 
15% L929-conditioned medium. Cells were cultured for 8 days to generate bone marrow-
derived macrophages (BMDMs). BMDMs were seeded in bacteriologic plastic plates at a 
density of 5*105 cells/well in 24-wells plates, 1*105  cells/well in 96-well plates (both Greiner 
Bio-One, Alphen a/d Rijn, The Netherlands) and 7*104 cells in NUNC Lab-Tek chamber slides 
(Thermo Scientific, Breda, The Netherlands), and stimulated as indicated.
Thioglycollate-induced peritoneal macrophages were obtained 4 days after an intraperitoneal 
injection of 1 ml 3% thioglycollate medium. Cells were harvested by flushing the peritoneal 
cavity with 10 ml ice-cold sterile PBS. Cells were seeded on tissue culture plates at a density 
of  1*106 cells/well in 24-wells plates and 1*105 cells/well in NUNC Lab-Tek chamber slides 
(Thermo Scientific, Breda, The Netherlands). Cells were cultured in complete RPMI-1640 
medium. After 3h adhesion, non-adherent cells were removed and the remaining peritoneal 
macrophages were analyzed. 

2.4 Foam cell formation
Human primary macrophages or BMDMs were loaded overnight with 50 µg/ml acetylated 
LDL (acLDL) and the next day co-treated with or without 100 U/ml IFNβ and/or 25 µg/ml 
Poly(I) for 6 hours. Neutral lipids in the primary macrophages were stained with Oil red O 
(ORO). The cells were fixed with formalin for 10 minutes and stained with a working solution 
of ORO for 45 minutes. Cells were briefly destained with 60% isopropanol, washed in PBS 
and counterstained with heamatoxylin. Foam cell formation was visualized under a Leica 
DM3000 microscope (magnification 20x) and the percentage of cells in which at least 2 lipid 
droplets were observed was quantified.

2.5 Gene expression
Total RNA was extracted from macrophages using the High Pure RNA isolation kit (Roche, 
Woerden, The Netherlands).  cDNA synthesis from total RNA was performed using the 
iScript cDNA synthesis kit (Biorad, Veenendaal, The Netherlands).  Quantitative real-time 
PCR was performed on a Viia7 Real-time PCR system  using 4 ng cDNA, 300 nM of each 
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primer and 300 nmol Sybr Green Fast Mix (all Invitrogen, Life Technologies, Bleiswijk, The 
Netherlands). Gene expression was corrected using acidic ribosomal phosphoprotein (ARBP) 
and cyclophilin A as reference genes. 

2.6 In vitro lipid and bead uptake
BMDMs were incubated with 12.5 µg/ml DiI-oxLDL or DiI-acLDL (Sanbio, Uden, The 
Netherlands) in  RPMI-1640, complemented with 100 U/ml penicillin, 100 µg/ml 
streptomycin, 2mM L-glutamine and 15% L929-conditioned medium for 3 or 6 hours 
respectively, in the presence or absence of 100 U/ml IFNβ. Thioglycollate-elicited peritoneal 
macrophages were incubated for 1 hour with fluorescently labeled latex beads. Uptake was 
assessed by flow cytometry after residual DiI-oxLDL, DiI-acLDL or latex beads were washed 
away, and indicated as mean fluorescent intensity.
 
2.7 In vitro cholesterol efflux
BMDMs were loaded overnight with 25 μg/ml 3H-labeled acLDL in RPMI-1640 (Life 
Technologies, Bleiswijk, The Netherlands) with 1% free fatty acid (FFA) free BSA. Cells were 
washed four times with PBS-2% FFA free BSA. Then, they were incubated with RPMI-1640 
with or without ApoA1 and HDL as acceptors in the presence or absence of 100 U/ml IFNβ. 
After 16 hours, supernatants were collected, macrophages were lysed with 2-propanol and 
radioactivity was measured on a scintillation counter. Efflux was calculated as a percentage 
of the total cholesterol.

2.8 Western blot
Sample protein concentrations were determined using the Pierce BCA Protein Assay Kit 
(Thermo Scientific, Breda, The Netherlands). Equal amounts of protein samples were 
loaded on a SDS polyacrylamide gel and transferred to a nitrocellulose membrane (Bio-Rad, 
Veenendaal, The Netherlands). After blocking with 0.05% Tween-20 and 5% nonfat dry milk 
in PBS, blots were incubated overnight with anti-ABCA1 (1:500; Novus Biologicals, Littleton, 
USA) and anti-α-tubulin (1:5000; Sigma, Zwijndrecht, The Nederlands). Blots were then 
washed and incubated with the appropriate HRP-conjugated secondary antibody (1:5000; 
DAKO, Heverlee, Belgium) and visualized using the ECL substrate kit (Thermo Scientific, 
Breda, The Netherlands). 

2.9 Statistical analysis
Data are presented as mean ± the standard error of the mean (SEM). Statistical analyses 
were performed using GraphPad Prism 5 software (Graphpad Software Inc., California, USA). 
Statistical significance was calculated using a one-way or two-way ANOVA followed by a 
Bonferroni post-hoc test. For western blot data we performed a repeated measures two-
way ANOVA followed by a Bonferroni post-hoc test. Significance was set at p<0.05. 

3. Results 

To assess the role of IFNβ on macrophage foam cell formation, we used an in vitro 
macrophage foam cell approach (Figure 1A). We observed that treatment of human primary 
macrophages with IFNβ promotes foam cell formation as their neutral lipid content was 
significantly increased compared to unstimulated lipid loaded macrophages (Figure 1B). 
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It is widely known that foam cell formation of macrophages is, predominantly mediated 
via several scavenger receptors 3.  We observed that the increase in foam cell formation 
was accompanied by a trend towards higher gene expression of one of the main scavenger 
receptors, SR-A, while gene expression of CD36 was unaffected (Figure 1C and 1D). 
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Figure 1. IFNβ promotes macrophage foam cell formation in vitro. (A) The experimental set-up used for in vitro 
macrophage foam cell formation. (B) Quantification of neutral lipid content by Oil red O staining of human primary 
macrophages upon overnight lipid loading with acLDL, co-treated with or without 100 U/ml IFNβ for 6h. (C) SR-A 
and (D) CD36 relative gene expression in human primary macrophages, n=3/group. Data represents mean ± S.E.M. 
** p<0.01.

When we repeated our in vitro foam cell approach in murine BMDMs, we could confirm the 
foam cell promoting role of IFNβ, as IFNβ-treated BMDMs had a significantly increased ORO 
staining as compared to untreated BMDMs (Figure 2A and 2B). Given that IFNβ promotes 
macrophage foam cell formation we examined whether IFNβ affects lipid uptake as assessed 
by endocytosis of DiI-labeled acLDL. Indeed, increased uptake of DiI-labeled acLDL was 
observed following IFNβ stimulation (Figure 2C and 2D). We then validated our previous 
experiments 5 by also examining DiI-labeled oxLDL endocytosis in untreated and IFNβ-
treated BMDMs, in which we could confirm that IFNβ treatment does not affect DiI-oxLDL 
uptake (Supplemental figure 1). 
Furthermore, we observed that the increase in foam cell formation and lipid uptake was 
accompanied by a significantly higher gene expression of SR-A (Figure 2E). To determine 
whether the increase in foam cell formation was due to increased lipid uptake mediated via 
SR-A, we loaded BMDMs with acLDL and stimulated them with IFNβ either in the presence 
or absence of Poly(I). Poly(I) is known to selectively bind SR-A, thereby blocking lipid uptake 
via this receptor 11. When we quantified foam cell formation we could indeed show that 
presence of Poly(I) blocks lipid uptake, as foam cell formation was abolished upon Poly(I) 
stimulation (Figure 2F). Also, in combination with IFNβ a significant lower percentage of 
foam cells was present, indicating that the increase in lipid uptake following IFNβ treatment 
is mediated by SR-A (Figure 2F). 
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Figure 2. IFNβ increases lipid uptake mediated via SR-A in vitro. (A) Representative Oil red O photographs of BMDMs 
upon overnight lipid loading with acLDL, co-treated with or without 100 U/ml IFNβ for 6h (20x magnification). 
(B) Quantification of neutral lipid content upon Oil red O staining, n=3/group. (C) Representative flow cytometric 
analysis curves of DiI-acLDL uptake in BMDMs upon 6h incubation with 12.5 µg/ml DiI-acLDL, co-treated with or 
without 100 U/ml IFNβ. (D) Median DiI-acLDL uptake by BMDMs, n=4/group. (E) SR-A relative gene expression in 
BMDMs upon overnight lipid loading with acLDL, co-treated with or without 100 U/ml IFNβ for 6h, n=3/group.  (F) 
Quantification of neutral lipid content by Oil red O staining of BMDMs upon overnight lipid loading with acLDL, co-
treated with or without 100 U/ml IFNβ  and/or 25 µg/ml Poly(I) for 6h, n=4/group. Data represents mean ± S.E.M. 
* p<0.05, ** p<0.01, *** p<0.001.

As foam cells have a dysregulated lipid metabolism affecting both lipid influx and efflux, 
we also examined whether the increase in foam cell formation upon IFNβ treatment could 
be the result of decreased cholesterol efflux. In macrophages, cholesterol is transferred to 
Apolipoprotein A1 (ApoA1) or to HDL particles for reverse cholesterol transport 4. As shown 
in figure 3A, IFNβ stimulation resulted in a diminished ApoA1-mediated cholesterol efflux, 
while HDL-mediated efflux remained unaffected. Macrophage cholesterol efflux to ApoA1 
is mediated via ABCA1. Correspondingly, we also found a significant decrease in ABCA1 
gene expression in lipid-loaded macrophages upon IFNβ stimulation (Figure 3B). Moreover, 
ABCA1 protein levels were also found to be downregulated, as was shown by western blot 
(Figure 3C and 3D). IFNβ-induced foam cell formation is thus not only the result of increased 
lipid uptake, but also of decreased cholesterol efflux. 

ctr IFNβ

acLDL+IFNβacLDL

0   10         10       10       10 2           3         4         5
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Figure 3. Decreased cholesterol efflux upon IFNβ treatment in vitro. (A) Cholesterol efflux from acLDL-loaded 
BMDMs after 16h incubation with ApoA1 or HDL, co-treated with or without IFNβ, n=3/group. (B) ABCA1 relative 
gene and (C) protein expression in BMDMs upon overnight lipid loading with acLDL, co-treated with or without 
IFNβ for 6h, n=3/group. (D) ABCA1 relative protein expression, quantified using a repeated measures two-way 
ANOVA in which paired data of n=3 independent experiments were compared.  Data represents mean ± S.E.M. ** 
p<0.01, ***p<0.001.

To confirm our results in an in vivo setting, LDLR-/- mice were put on a normal chow (NC) or a 
high cholesterol diet (HCD) for a period of 10 weeks. Four days before sacrifice thioglycollate 
was administered to induce a sterile inflammation in the peritoneal cavity. In addition, IFNβ 
or PBS was administered 24 and 8 hours before sacrifice (Figure 4A). Subsequent analysis 
of the peritoneal macrophages showed that their lipid content was higher following IFNβ 
administration, as was observed in vitro (Figure 4B and 4C). Gene expression analysis of 
peritoneal macrophages under hypercholesterolemic conditions showed regulation of a 
number of lipid-related genes upon IFNβ treatment (Figure 4D). Similar to our in vitro data, an 
increase in macrophage SR-A gene expression could be observed in a hypercholesterolemic 
environment after IFNβ stimulation as compared to PBS stimulation (Figure 4D). Since lipid 
uptake was enhanced following IFNβ stimulation in our in vitro model, we ex vivo cultured 
the peritoneal macrophages in the presence of fluorescently labeled latex beads to assess 
their phagocytotic activity. As expected, phagocytosis of peritoneal macrophages from 
IFNβ-stimulated HCD mice as compared to PBS-stimulated HCD mice was significantly higher 
(Figure 4E). These results thus indicate that not only in vitro, but also in vivo, IFNβ promotes 
macrophage foam cell formation, mainly via increased lipid uptake mediated by SR-A. 

4. Discussion

Macrophage foam cells are major constituents of the atherosclerotic plaque and macrophage 
foam cell formation is therefore an important process to study in the search for potential 
new therapies to treat atherosclerosis. In vitro macrophage foam cell formation can among 
others be induced by acetylated or oxidized LDL (acLDL and oxLDL respectively). Upon 
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Figure 4. IFNβ promotes macrophage foam cell formation in vivo. (A) The experimental set-up used for in vivo 
macrophage foam cell formation. (B) Representative Oil red O photographs of peritoneal macrophages (PEMs) 
from the different in vivo conditions (magnification 20x). (C) Quantification of neutral lipid content by Oil red O 
staining of PEMs, n=6/group. (D) Relative gene expression of lipid-related genes in PEMs from individual mice, 
n=6/group. (E) Uptake of latex beads of pooled PEMs, after 1h ex vivo culturing. Data represents mean ± S.E.M. * 
p<0.05, *** p<0.001.

uptake, acLDL and oxLDL proceed through different endocytotic pathways. That is, acLDL is 
efficiently degraded, resulting in formation of cytoplasmic cholesterol ester droplets, while 
inefficient degradation of oxLDL results in intralysosomal lipid deposition 12-14. The acLDL-
induced cytoplasmic lipid droplets can be clearly visualized using ORO as compared to the 
oxLDL-induced lipid deposition 15. To induce cholesterol ester accumulation in macrophages, 
we chose to use acLDL to generate macrophage foam cell formation. 
Nowadays it is thought that the type I interferons are pro-atherosclerotic cytokines 6. 
Regarding foam cell formation, a growing body of evidence exists that supports a stimulating 
role for the type I interferons in foam cell formation. However, these conclusions are solely 
based on in vitro studies or on correlations. A direct link between the type I interferons 
and foam cell formation is still missing. In this study we obtained direct evidence showing 
that IFNβ promotes macrophage foam cell formation. We could demonstrate that IFNβ 

HCD PBSchow PBS

HCD IFNβchow IFNβ
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promotes macrophage foam cell formation by increased lipid uptake via SR-A, both in an in 
vitro and in an in vivo setting.  SR-A is well characterized and thought to be one of the main 
scavenger receptors implicated in foam cell formation 11, 16. Several reports have already 
shown the involvement of SR-A in atherosclerotic lesion formation 17-20.  The presence of 
human scavenger receptors in macrophage-rich areas of the atherosclerotic lesion has 
been demonstrated using immunohistochemistry 17 and atherosclerosis studies in both 
LDLR-/- and APOE-/- mice with a genetic deletion of SR-A showed a significant reduction in 
plaque size 18, 20. However, in both murine studies macrophage foam cells were still present, 
indicating that macrophage foam cell formation is not solely mediated by SR-A. Alternative 
lipid uptake pathways could for instance be involved in macrophage foam cell formation, 
as it is known that lipids can enter macrophages via other pathways as well 21, 22. Conflicting 
data showing that SR-A is dispensable during macrophage foam cell formation have also 
been provided 23, 24. Studies on the role of SR-A in atherosclerosis have thus resulted in varied 
outcomes. Interestingly, in our study we not only observed effects of IFNβ on lipid uptake, 
but also on ABCA1-mediated cholesterol efflux. Similar to SR-A, it has been demonstrated 
that genetic deficiency of the ABCA1 cholesterol transporter increases foam cell formation 
and atherosclerosis, while macrophage overexpression of this lipid transporter inhibited 
atherosclerotic lesion formation 25-27. 
Crosstalk between cholesterol metabolism and innate immunity has been described 28. It 
is thought that the innate immune system uses differences in cholesterol metabolism to 
amplify itself. Evidence is present showing that cholesterol efflux pathways can suppress 
inflammatory signaling, suggesting that macrophage cholesterol efflux pathways promote 
anti-inflammatory activity 29, 30. Vice versa, Toll-like receptor (TLR) activation suppresses liver 
X receptor (LXR) activity, resulting in decreased expression of LXR-dependent genes such as 
ABCA1. Consequently, cholesterol efflux from macrophages is inhibited upon TLR activation, 
while the inflammatory response is enhanced 31. IFNβ is produced upon TLR activation 32 and 
seems thus, albeit indirectly, related to this phenomenon. 

5. Conclusion

In summary, our study provides direct evidence that IFNβ promotes macrophage foam cell 
formation. These findings emphasize the importance of IFNβ as a pro-atherogenic cytokine 
and may be helpful in the development of IFNβ-mediated therapies against atherosclerosis. 
However, our findings may have implications for other diseases such as SLE, as those patients 
have an increased risk of premature atherosclerosis, which is directly associated with their 
elevated type I interferon levels 33. This thus presents IFNβ as an important target for future 
cardiovascular studies. 
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Supplemental Figure 1. No effect on macrophage DiI-oxLDL uptake following IFNβ priming in vitro. Uptake in 
BMDMs upon 3h incubation with 12.5 µg/ml DiI-oxLDL, co-treated with or without 100 U/ml IFNβ, n=4/group. Data 
represents mean ± S.E.M.
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