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Abstract

Macrophages are centrally involved during atherosclerosis development and are the predominant 

cell type that accumulates cholesterol in the plaque. Macrophages however, are heterogeneous in 

nature reflecting a variety of microenvironments and different phenotypes may be more prone to 

contribute towards atherosclerosis progression. Using primary human monocyte-derived 

macrophages, we sought to evaluate one aspect of atherogenic potential of different macrophage 

phenotypes by determining their propensity to associate with and accumulate oxidized low density 

lipoprotein (oxLDL). Classically-activated macrophages treated simultaneously with interferon γ 
(IFNγ) and tumour necrosis factor α (TNFα) associated with less oxLDL and accumulated less 

cholesterol compared to untreated controls. The combined treatment of IFNγ and TNFα reduced 

the mRNA expression of CD36 and the expression of both cell surface CD36 and macrophage 

scavenger receptor 1 (MSR1) protein. Under oxLDL loaded conditions, IFNγ and TNFα did not 

reduce macrophage protein expression of the transcription factor peroxisome proliferator-actived 

receptor γ (PPARγ) which is known to positively regulate CD36 expression. However, 

macrophages treated with IFNγ did prevent the PPARγ-specific agonist rosiglitazone from 

upregulating cell surface CD36 protein expression. Our results demonstrate that the observed 

reduction of cholesterol accumulation in macrophages treated with IFNγ and TNFα following 

oxLDL treatment was due at least in part to reduced cell surface CD36 and MSR1 protein 

expression.
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1. INTRODUCTION

Atherosclerosis is a chronic inflammatory condition characterized by the formation of sub-

endothelial lesions composed of immune cells, connective tissue and lipids [1]. Although 

various cell types participate in the development of the atherosclerotic plaque, the monocyte-
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macrophage lineage has been identified as one of the main contributors to the initiation and 

progression of atherosclerotic disease. Circulating monocytes have been shown to bind to 

the vascular endothelium and infiltrate into the intima where they differentiate into 

macrophages, eventually becoming lipid-engorged foam cells. Foam cells are present at all 

stages of atherosclerosis; their appearance in the arterial intima marks the initial stage of 

atherosclerosis while during late stages, foam cells perpetuate the destabilization of the 

plaque through their secretion of inflammatory mediators and matrix-degrading enzymes, 

leading to a stream of events that culminate in plaque rupture and often fatal ischemic 

attacks [2–4]. It is generally accepted that receptor-mediated uptake of modified forms of 

LDL is a common pathway implicated in foam cell formation. Unlike the uptake of native 

forms of LDL, macrophages have been shown to take up modified LDL in an unregulated 

fashion through a family of receptors known as scavenger receptors [5–7]. Of the known 

scavenger receptors, the combined contribution of two in particular have been shown to be 

responsible for up to 90% of modified LDL uptake in vitro: CD36 and macrophage 

scavenger receptor I (MSR1, also known as SR-A) [8].

Macrophages within the lesion are heterogeneous in nature and exhibit a variety of 

phenotypic states ranging from pro-inflammatory to anti-inflammatory[9]. These phenotypes 

are thought to be dynamic responses to their environment as their ability to switch from one 

phenotype to another has been demonstrated in vitro [10]. Classically-activated pro-

inflammatory macrophages can be induced by incubation with the Th1 cytokines interferon 

(IFN) γ and tumour necrosis factor (TNF) α which work synergistically together and are 

both required to induce maximal macrophage activation [11–14]. These macrophages are 

characterized by their secretion of pro-inflammatory cytokines, nitric oxide and high 

capacity to present antigen [15]. Evidence suggests that classically-activated macrophages 

are pro-atherogenic: In vivo, administration of exogenous IFNγ increased lesion sizes in the 

atherosclerosis-prone Apoe−/− model while mice deficient in the IFNγ receptor show 

smaller lesions [16, 17]. Furthermore, mouse models such as C57BL/6 mice that 

demonstrate a dominant Th1 response are more prone to developing atherosclerosis [18].

By contrast, alternatively-activated anti-inflammatory macrophages can be induced with the 

Th2 cytokines interleukin (IL)-4 and IL-13 and are characterized by their secretion of anti-

inflammatory cytokines such as IL-10 and TGF-β [15]. IL-4 stimulates the activity of the 

nuclear receptor peroxisome proliferator-activated receptor (PPARγ) which has been shown 

to mediate alternative macrophage activation as well as the transcriptional repression of 

several pro-inflammatory transcription factors [9, 19–21]. PPARγ activation is partially 

responsible for the antagonization of several IFNγ-mediated activities such as the 

upregulation of TNFα, IL-12(p40), IL-1β, NO, and promoting T helper cell differentiation 

towards a Th1 phenotype [22–26].

Treatment of macrophages with IL-10 also induces an alternatively-activated macrophage 

phenotype albeit distinct from those induced by IL-4 and IL-13. Like IL-4, IL-10 has 

antagonizing effects on pro-inflammatory responses; it can attenuate inflammation by 

inhibiting IL-1α, IL-1β, IL-6, IL-12, and TNFα production and also prevent STAT1 

activation by IFNγ [27, 28]. IL-10 deactivates macrophages by downregulating the MHC 

class II molecule and preventing endocytosis which is conversely stimulated by IL-4 and 
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IL-13 [29, 30]. In part due to their anti-inflammatory profile, alternatively activated 

macrophages are believed to be protective against atherosclerosis although of these two 

alternatively activated sub-phenotypes, only IL-10 has shown consistent in vivo evidence of 

atheroprotection [31–33].

We have found that there are few studies that make direct comparisons of the atherogenic 

potential among different macrophage phenotypes. In the present study, we have compared 

the propensity of different macrophage sub-phenotypes to accumulate cholesterol following 

treatment with oxidized LDL. Our results indicate that pro-inflammatory primary human 

monocyte-derived macrophages (MDMs) accumulate less cholesterol following oxLDL 

treatment than untreated controls and are associated with reduced expression of the 

scavenger receptors MSR1 and CD36.

2. METHODS

2.1 Cell culture

CD14+ human peripheral blood monocytes (AllCells) were cultured in RPMI 1640 complete 

media (Hyclone) containing 10% FBS (Hyclone), 2% sodium bicarbonate, 1% sodium 

pyruvate, and 1%penicillin-streptomycin (Invitrogen). Cells were plated at a density of 

106/ml in 24, 12 or 6 well CellBind plates (Corning) depending on the assay. Recombinant 

human M-CSF (R&D Systems) was added for the initial 4 days of culture at a concentration 

of 10 ng/ml. A media change was performed at day 4 of culture in the absence of M-CSF. 

Macrophages were treated with specific cytokines (R&D Systems) for 72 hours starting at 

day 8 of culture including human interleukin-4 and interleukin-13 (IL-4/13, 10 ng/ml each), 

interferon γ and tumor necrosis factor α (IFNγ/TNFα, 10 ng/ml each), interleukin-10 

(IL-10, 20 ng/ml), or an untreated control containing complete media with no additional 

cytokines. Where loading with oxLDL was applicable, macrophages were washed twice 

with plain RPMI 1640 and loaded in serum-free RPMI 1640 containing 50 μg/ml of oxLDL 

on day 10 for 24 hours. Cytokines were maintained during the entire loading period. 

Rosiglitazone was added to wells at a final concentration of 5 uM on day 9 for 48 hours 

where appropriate.

2.2 Isolation and oxidation of low density lipoprotein (LDL)

Pooled normal human plasma using K3 EDTA as an anticoagulant (Innovative Research) 

was adjusted to a density of 1.019 g/ml using sodium bromide (Sigma Aldrich) and spun at 

50,000 RPM using a L8-55M Ultracentrifuge (Beckman Coulter) for 24 hours at 8°C. The 

top layer containing chylomicrons and VLDL was removed and the density of the remaining 

solution was adjusted to 1.063 g/ml using sodium bromide and spun again at 50,000RPM for 

24 hours at 8°C. The top LDL layer was collected and dialyzed using 7K MWCO Slide-A-

Lyzer Dialysis Cassettes (Thermo Scientific) in 4 L of 1 × PBS for 48 hours. PBS was 

changed twice per day.

LDL protein concentration was determined using a bicinchoninic acid protein assay 

(Thermo Scientific). LDL was oxidized using 5 uM copper sulfate per 200 ug/ml of LDL for 

a period of 18 hours at 37°C. Oxidation was verified by determining the electrophoretic 
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mobility using a Paragon Lipo Kit (Beckman) and by measuring the fluorescence of Shiff 

base imine products at excitation/emission 360 nm/430 nm on a Safire fluorescence plate 

reader (Tecan) [34].

2.3 oxLDL cellular association

Oxidized LDL (oxLDL) was labeled with the lipophilic dye 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindocarbocyanine perchlorate ((DiI, Sigma) based on the protocol developed by 

Stephan and Yurachek [35] by adding 300 ug of DiI dissolved in DMSO per 1 mg of LDL 

and incubating at 37°C for 18 hours followed by filtering with a 0.22 um filter (Millipore). 

DiI-labeled oxidized LDL from here on in will be referred to as DiI-oxLDL.

Polarized macrophages were washed twice with sterile 1 x PBS and subsequently treated 

with serum-free RPMI containing 10 ug/ml of DiI-oxLDL for 4 hours. Cytokine treatments 

were maintained during the loading period. The wells were washed twice with 1 x PBS and 

the cells were lysed with 100 ul of RIPA buffer. The wells were scraped with a cell scraper 

and collected in a 1.5 ml microcentrifuge tube prior to reading with a Safire fluorescent plate 

reader (Tecan) at excitation wavelength 520 nm and emission at 580 nm. Fluorescence was 

compared with a DiI-oxLDL standard curve and normalized by cellular protein levels.

2.4 Cellular cholesterol accumulation

Macrophages were washed twice with 1 x PBS and lysed with 100 ul of RIPA buffer. The 

wells were scraped with a cell scraper and collected in 1.5 ml microcentrifuge tubes. 

Endogenous peroxides in the cellular lysates were removed by treating with 1U of bovine 

catalase and incubating at 37°C for 15 minutes. Total cholesterol was then determined by 

using the Amplex Red Kit (Invitrogen) and measured using a Safire fluorescent plate reader 

(Tecan) at the excitation wavelength 545 nm and emission at 590 nm. Cellular cholesterol 

was normalized by cellular protein levels.

2.5 RNA extraction and analysis

Total RNA was isolated using an RNeasy mini kit (Qiagen). RNA quality and concentration 

was assessed using the NanoDrop 8000 (Thermo Scientific). Quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) was conducted using a one step method 

using the qScript One-step Fast MGB qRT-PCR Kit, ROX (Quantas Biosciences) combined 

with Taqman gene expression assays (Applied Biosystems) containing the probe and primers 

for the targets of interest. qRT-PCR was conducted on an ABI 7900 and mRNA levels were 

normalized to peptidylprolyl isomerase B. A list of the Taqman gene expression assays used 

in this study are provided in supplementary material Table 1.

2.6 Protein extraction and Western blot analysis

Polarized macrophages in 6-well plates were washed twice with 1 x PBS and lysed with 

RIPA buffer containing protease and phosphatase inhibitors (Pierce) on ice. Wells were 

scraped with a cell scraper and collected into 1.5 ml microcentrifuge tubes. Lysates were left 

on ice for 30 minutes, vortexing briefly every 10 minutes. Lysates were then spun at 4°C at 

20,800×g for 10 minutes and the supernatant was collected and stored at −80°C.
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Western blots were performed by first adding 2 x laemmli buffer to 15 ug of total cellular 

protein and boiled at 90°C for 10 minutes. Samples were vortexed, briefly spun down and 

added to lanes of a 4–15% gradient polyacrylamide gel (Biorad Laboratories). Gels were run 

at 100V for 1.5 hours and a wet transfer was performed to a PVDF membrane (Millipore) 

overnight at 35V, in a cold room set to 4°C. After transfer was completed, membranes were 

blocked for 1 hour at room temperature with SuperBlock (Pierce). Membranes were 

incubated with primary antibodies followed by 5 × 5-minute washes in 1 x TBST. Primary 

antibodies include mouse anti-β-actin (Sigma), mouse anti-MSR1 (Cosmo Bio) and rabbit 

anti-PPARγ (Santa Cruz Biotechnology). Membranes were then incubated with the either 

HRP-conjugated mouse or rabbit TrueBlot (eBioscience) where appropriate followed by 

another set of 5 × 5-minute wash. Protein-antibody interactions were visualized using Super 

Signal West Femto enhanced chemiluminescence reagent (Pierce) on a Chemigenius 

(Syngene). Densitometric analysis of protein bands was performed using ImageJ Software.

2.7 Flow cytometry

Polarized macrophages in 24-well plates were washed with plain RPMI 1640 and 

subsequently incubated with 1 ml of Accutase (Innovative Cell Technologies) at 37°C for 15 

minutes. Adherent cells were removed by pipetting up and down. Accutase was neutralized 

with an equal volume of complete RPMI 1640 and transferred to 5 ml polystyrene tubes. 

Cells were spun down at 2000 RPM at 4 °C for 5 minutes and washed 1 ml of PBS +0.5% 

BSA. Samples were incubated with either phycoerythrin (PE)-conjugated, mouse anti-CD36 

antibody, (BD Pharmingen) or a PE-conjugated mouse IgM κ isotype control (BD 

Pharmingen) for 30 minutes on ice, in the dark. Cells were washed twice with PBS + 0.5% 

BSA and analyzed on a Beckman Coulter EpicsXL-MCL flow cytometer using Coulter 

System II Software v3.0.

2.8 Statistical analysis

Statistical differences among groups for functional assays including oxLDL cellular 

association and cholesterol accumulation which tested our hypothesis that differences among 

our macrophage sub-phenotypes would exist were analyzed using a repeated measures one-

way analysis of variance followed with a Tukey’s post-hoc test.

Mechanistic studies investigating changes in mRNA and protein expression levels were 

expressed as values relative to the untreated control. These values were log transformed in 

order to obtain symmetrical ratios and a one sample t-test was performed on each treatment 

condition to evaluate if their means were significantly different from the untreated control. 

In scenarios where two different treatment conditions were compared with one another, a 

student’s t-test was performed.

In order to test the effect of rosiglitazone in each of the cytokine conditions, a paired t-test 

was performed. All statistical tests were performed using GraphPad Prism 5.04. Values of 

p<0.05 were considered significant.
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3. RESULTS

3.1 Macrophages polarized with IFNγ/TNFα associate with less oxLDL and have reduced 
CD36 and MSR1 expression

To evaluate the ability of different macrophage sub-phenotypes to associate with oxLDL, 

macrophages were treated with IL-4/13, IFNγ/TNFα, IL-10 or left untreated and 

subsequently exposed to DiI-labeled oxLDL for 4 hours at 37°C. A one-way analysis of 

variance showed that very significant differences in oxLDL cellular association were 

detected among our macrophage sub-phenotypes (p=0.003). Post hoc analyses using 

Tukey’s multiple comparisons test revealed an 86% decrease in oxLDL cellular association 

in our IFNγ/TNFα treated macrophages compared with untreated controls (p<0.05, Figure 

1A). This significant decrease led us to investigate the expression of two of the primary 

scavenger receptors involved in oxLDL metabolism, CD36 and MSR1. There was a 

moderate 14% decrease in MSR1 mRNA in macrophages treated with IL-10 (p=0.02, Figure 

1B), and a 30% reduction in MSR1 protein for both IL-4/13 and IL-10 treated macrophages 

(p=0.03, p=0.03). IFNγ/TNFα treated macrophages also had a 57% decrease in MSR1 

protein as determined by Western blotting (p=0.0004, Figure 1C). CD36 mRNA was 

reduced by 51% and 49% in IL-4/13 and IFNγ/TNFα treated macrophages, respectively 

(p=0.006, p=0.003 Figure 1D). A corresponding 46% decrease in cell surface CD36 protein 

expression was observed for IFNγ/TNFα treated macrophages when evaluated by flow 

cytometry (p=0.002, Figure 1E).

3.2 Macrophages treated with IFNγ/TNFα accumulate less total cholesterol when treated 
with oxLDL

To determine if differences in oxLDL cellular association were related to changes in the 

concentration of cellular cholesterol over a longer incubation time, we measured the amount 

of cholesterol accumulated by different macrophage sub-phenotypes over a 24-hour time 

period following treatment with 50 μg/ml of oxLDL. Differences were detected among our 

macrophage sub-phenotypes (p<0.0001). Post-hoc analysis revealed that IFNγ/TNFα 
treatment led to a 30% reduction in accumulated cholesterol compared to untreated controls 

(p<0.01) while IL-10 treatment caused a modest but significant 1.2-fold increase (p<0.05, 

Figure 2A). We analyzed CD36 and MSR1 mRNA and protein once again to address 

whether changes in scavenger receptor expression were responsible for the observed 

differences using different cholesterol loading conditions. No changes were seen in MSR1 

mRNA (Figure 2B), but IL-4/13 and IFNγ/TNFα caused a 21% and 54% reduction in 

MSR1 protein, respectively, as assessed by Western blot (p=0.007, p=0.0001, Figure 2C). 

CD36 mRNA and cell surface protein expression were reduced by 50% and 81% in IFNγ/

TNFα treated macrophages respectively (p=0.01, p<0.0001), corresponding to a reduction in 

cholesterol accumulation (Figure 2D and E). Cholesterol accumulation was measured in 

macrophages treated with either IFNγ or TNFα individually in order to determine if both 

cytokines were capable of affecting cholesterol homeostasis. Both IFNγ and TNFα 
decreased total cholesterol accumulated to a similar degree (33%, p=0.012, and 28%, 

p=0.027, respectively, Figure 3A). We found that TNFα caused a 69% reduction in MSR1 

mRNA (p=0.0006) while IFNγ and TNFα also caused a 30% and 68% reduction in MSR1 

protein levels, respectively (p=0.003, p=0.03, Figure 3C). We also found that both IFNγ and 
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TNFα were capable of causing a reduction in CD36 mRNA levels (27%, p<0.05 and 40%, 

p<0.05, respectively) as well a corresponding reduction in cell surface CD36 protein levels 

(35%, p<0.05, and 44%, p=0.006 respectively (Figure 3E).

3.3 IL-4/13 treatment increases PPARγ expression levels

As the transcription factor PPARγ has been directly linked to modulating CD36 expression, 

we decided to determine if its expression was affected by any of the cytokine treatments 

[36]. Both mRNA and protein levels were determined in cytokine treated macrophages that 

were either unloaded or loaded with 50 μg/ml of oxLDL. IL-4/13 treatment increased 

PPARγ mRNA expression 1.9-fold in unloaded macrophages (p=0.001) and 2.5-fold under 

loaded conditions (p=0.001, Figure 4A, C). IL-4/13 treatment also increased PPARγ protein 

levels 1.3-fold in unloaded macrophages (p=0.04, Figure 4B) and 1.6-fold under loaded 

conditions (p=0.04, Figure 4D). Conversely, IFNγ/TNFα treatment decreased PPARγ 
mRNA by 42% in unloaded macrophages (p=0.02, Figure 4A) and 55% under loaded 

conditions (p=0.0006, Figure 4C). Despite the decrease in PPARγ mRNA with IFNγ/TNFα 
treatment, only a minor 16% decrease in PPARγ protein was observed in unloaded 

macrophages (p=0.005, Figure 4B) no significant decrease was observed under loaded 

conditions (Figure 4D). When treated with IFNγ or TNFα individually, a 56% and 49% 

reduction in PPARγ mRNA was observed under loaded conditions (p=0.01, p=0.04, Figure 

4C) although no differences in PPARγ protein were observed.

3.4 IFNγ prevents the upregulation of CD36 by rosiglitazone

Despite the lack of change in PPARγ protein, it was still possible that IFNγ was affecting 

cell surface CD36 protein expression through a PPARγ–dependent pathway. To test this, 

macrophages were treated with IFNγ, TNFα, both IFNγ and TNFα or left untreated and 

subsequently exposed to the PPARγ specific agonist rosiglitazone to evaluate its ability to 

stimulate CD36 expression. Rosiglitazone caused a 1.5-fold increase in cell surface CD36 

protein expression in untreated macrophages, however treatment with either IFNγ in 

combination with TNFα or IFNγ alone inhibited this increase by 42% and 37%, 

respectively (p=0.002 and p= 0.036, Figure 5 A). Interestingly, although TNFα causes a 

reduction in CD36 expression, addition of rosiglitazone is capable of upregulating its 

expression 1.4-fold suggesting that the reduction in cell surface CD36 by IFNγ is PPARγ-

dependent while TNFα operates in a PPARγ-independent pathway. In order to confirm that 

PPARγ activity was being altered by IFNγ, we evaluated the fold change in mRNA 

expression of two PPARγ target genes, CD36 and FABP4 upon the addition of rosiglitazone. 

IFNγ attenuated the response of CD36 mRNA to rosiglitazone by 42% compared to 

untreated macrophages (p=0.01, Figure 5 B). IFNγ also caused a 57% reduction in the fold 

induction of FABP4 although this difference did not reach statistical significance (Figure 

5C).

4. DISCUSSION

Macrophage heterogeneity has been observed to exist in several human pathologies. For 

example, classically activated macrophages exposed to IFNγ and microbial products such as 

LPS during bacterial infection are critical for efficient immune responses while alternatively 
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activated macrophages have been shown to be important in the resolution of inflammation 

[37, 38]. Both macrophage sub-phenotypes have been identified in human atherosclerosis 

and have been found to localize to unique areas of the plaque suggesting that they are 

involved in different processes [9, 39, 40]. Because of these differences in function, we 

sought to compare the ability of established macrophage sub-phenotypes to maintain 

cholesterol homeostasis.

In this study, we demonstrated that human MDMs polarized towards a pro-inflammatory 

sub-phenotype with either IFNγ or TNFα associate with less oxLDL and accumulate less 

cholesterol than untreated macrophages or macrophages polarized with either IL-4/13 or 

IL-10. We hypothesized that this may have been due to a decrease in the expression of CD36 

and/or MSR1 so we measured both mRNA and protein levels for these receptors. We 

discovered that treatment with IFNγ and TNFα was indeed reducing MSR1 protein levels 

and both mRNA and protein levels of CD36. When comparing our results with the limited 

number of other studies employing primary human MDMs to compare different macrophage 

sub-phenotypes, we find that the results are similar to our own. Van Tits et al. used GM-CSF 

and M-CSF in a different model of macrophage polarization and also found that pro-

inflammatory macrophages accumulate less cholesterol [41]. To our knowledge, there have 

not been any previous studies investigating the effects of TNFα on cholesterol accumulation 

upon exposure to oxLDL. Studies investigating the effect of IFNγ on macrophage 

cholesterol metabolism have revealed inconsistent results which appear to be model 

dependent. Reports using the human monocyte cell line THP-1 indicate that IFNγ and the 

transcription factor that it signals through, STAT1, are responsible for increased foam cell 

formation and CD36 expression[42, 43]. By contrast, similar studies performed using 

primary human MDMs however are in agreement with our own [44–46]. Geng and Hansson, 

for example, found that IFNγ caused a reduction in acetylated LDL cellular association and 

cholesterol accumulation [44]. Likewise, Nakagawa et al. found that IFNγ caused a decrease 

in CD36 expression in primary human MDMs [45]. A recent publication by Oh et al. using 

human MDMs from diabetic patients treated with IFNγ and LPS showed reduced 

cholesterol accumulation when compared with alternatively activated macrophages [46]. We 

have verified in our own studies that, unlike primary human MDMs, IFNγ does not decrease 

CD36 expression in THP-1-derived macrophages, and in the presence of oxLDL, causes an 

increase in CD36 expression (data not shown). These differences reinforce the need to 

exercise caution when comparing results obtained from different macrophage cell models.

We investigated the transcription factor PPARγ, a known regulator of CD36 expression as a 

possible mechanism by which IFNγ and TNFα were exerting their effects. Although IFNγ 
and TNFα did not cause significant reductions in PPARγ protein under loaded conditions, it 

was still possible that IFNγ and TNFα were reducing CD36 expression in a PPARγ-

dependent manner. We tested this possibility by treating macrophages with the PPARγ-

specific agonist rosiglitazone and looked for changes in CD36 expression. We found that 

rosiglitazone was unable to upregulate CD36 expression when macrophages were treated 

with IFNγ, but this inhibition was not present in untreated macrophages or macrophages 

treated with TNFα suggesting that IFNγ and TNFα regulate CD36 through independent 

mechanisms. Our results suggest that IFNγ downregulates CD36 primarily by preventing 

PPARγ activation as opposed to reducing PPARγ expression. It is possible that IFNγ 
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signaling through STAT1 causes a sequestering of the coactivator proteins CREB binding 

protein (CBP) and p300 which are in limiting amounts in the cell [47–50]. Since PPARγ and 

STAT1 are in competition for cellular CBP and p300, this would prevent PPARγ activation 

by rosiglitazone. MSR1 protein expression may be being regulated in a similar manner. 

MSR1 transcription is positively regulated by AP-1/ets – two transcription factors which can 

be inhibited by IFNγ treatment [51, 52]. This inhibition is dependent on STAT1 binding to 

CBP and can be relieved by overexpressing CBP [51]. Our results are consistent with this 

model of transcriptional regulation although further studies would be required to confirm the 

functionality of this pathway in primary human MDMs.

W observed that despite the fact that IL-4/IL-13 treatment caused an increase in PPARγ 
protein, there was no corresponding increase in the PPARγ downstream target CD36. In 

contrast to expectations, IL-4/IL-13 treatment caused a decrease in CD36 mRNA during the 

oxLDL cellular association assay. This observation supports the notion demonstrated with 

IFNγ treatment that merely measuring the protein levels of a transcription factor alone does 

not provide enough information to make predictions about transcription factor activity. 

While we are not entirely sure of the mechanism behind this phenomenon, it is possible that 

IL-4/IL-13 signaling through STAT6 is influencing downstream targets that prevent the 

activation of PPARγ while simultaneously increasing its expression. Further investigation 

will be required to understand the mechanism in more detail.

Our results show that TNFα is also capable of causing a decrease in both CD36 and MSR1 

which has been confirmed by several in vitro studies in different models [53–56]. MSR1 

expression appears to be regulated both transcriptionally and post-transcriptionally and 

likely involves the phosphatidylinositol 3-kinase/Rac1/PAK/JNK and phosphatidylinositol 3-

kinase/Rac1/PAK/p38 pathways [53, 54]. Boyer et al. also found that CD36 expression is 

downregulated by TNFα in primary human MDMs, but in contrast to our results reported 

that TNFα treatment was sufficient to prevent rosiglitazone-mediated PPARγ activation 

[56]. The reason for this discrepancy could be due to the shorter duration of treatment with 

the cytokine (5–30 minute), whereas our study was focused on prolonged chronic TNFα 
treatment over a 72 hour period.

Due to the established roles of CD36 and MSR1 in foam cell formation, we believe that their 

reduced expression is at least in part responsible for the decrease in oxLDL cellular 

association and cholesterol accumulation in IFNγ treated macrophages. This can be 

exemplified by the fact that blocking CD36 with specific antibodies decreases oxLDL 

binding, association and cholesterol accumulation in multiple cell models [57–60]. MSR1 

has also been demonstrated to play a prominent role in oxLDL uptake as MSR1 deficient 

murine peritoneal macrophages demonstrate reduced oxLDL binding and uptake [8]. While 

our results indicate that a combined treatment of IFNγ and TNFα cannot reduce cholesterol 

accumulation beyond what is seen from either cytokine alone, we have demonstrated that 

they can work additively to further reduce CD36 expression. It is unclear why we did not 

observe a further reduction in cholesterol accumulation in our IFNγ/TNFα combination 

treatment although it is possible that other scavenger receptors capable of binding oxLDL, 

such as LOX-1, are upregulated to compensate for the decrease in CD36 expression.
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Although IFNγ and TNFα have been associated with reduced CD36 expression and 

cholesterol accumulation in this study, this may not necessarily translate to a net anti-

atherogenic effect. IFNγ for example, has also been shown to inhibit collagen synthesis and 

reduce ABCA1-mediated cholesterol efflux, and both IFNγ and TNFα can increase the 

expression of several MMPs that could potentially lead to plaque destabilization [61–63]. 

Reduced CD36 expression may not be athero-protective – while macrophages from CD36 

deficient humans do show reduced oxLDL binding, patients are also more likely to exhibit 

hypertriglyceridemia, impaired glucose metabolism, and have mild hypertension10. 

Furthermore, the frequency of CD36 deficiency was three times higher in patients with 

coronary heart disease than control subjects [64].

In conclusion, we have characterized the propensity of different macrophage sub-phenotypes 

to uptake and accumulate cholesterol when exposed to oxLDL. Furthermore, we have 

identified changes in expression of CD36 and MSR1 as likely reasons for the differences in 

cholesterol homeostasis. Additional studies will be required to fully describe the underlying 

mechanisms behind how each cytokine treatment affects scavenger receptor expression.
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Figure 1. Macrophages polarized with IFNγ/TNFα associate with less oxLDL and have reduced 
CD36 and MSR1 expression
(A) Association of DiI-labeled oxLDL with different macrophage sub-phenotypes was 

measured after loading with 10ug/ml of oxLDL for 4 hours (n=4). mRNA levels of MSR1 

(B), and CD36 (D) were measured by qRT-PCR and normalized to PPIB (n=7,3). Protein 

levels of MSR1 were determined by Western blotting (C) and shown with a representative 

blot (n=5). Cell surface CD36 protein expression was determined by flow cytometry (E), 

shown with a representative histogram (n=6). Results are expressed as means ± SEM of at 

least 3 different donors. OxLDL cellular association was analyzed by one-way ANOVA 

followed by Tukey’s post-hoc test compared with untreated. mRNA and protein data was 

analyzed with a one-sample t-test. *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. Macrophages treated with IFNγ and TNFα accumulate less cholesterol and are 
associated with a decrease in CD36 and MSR1 expression
(A) Total cholesterol levels of different macrophage sub-phenotypes were measured after 

loading with 50ug/ml of oxLDL for 24 hours (n=6). mRNA levels of MSR1 (B), and CD36 

(D) were measured by qRT-PCR and normalized to PPIB (n=4). Protein levels of MSR1 

were determined by Western blotting (C) and shown with a representative blot (n=10). Cell 

surface CD36 protein expression was determined by flow cytometry (E), shown with a 

representative histogram (n=4). Results are expressed as means ± SEM of at least 3 different 

donors. Cholesterol accumulation was analyzed by one-way ANOVA followed by Tukey’s 

post-hoc test compared with untreated. mRNA and protein data was analyzed with a one-

sample t-test. *p<0.05, **p<0.01, ***p<0.001.

Chu et al. Page 16

Biochim Biophys Acta. Author manuscript; available in PMC 2014 February 01.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Figure 3. Both IFNγ and TNFα are able to reduce cholesterol accumulation and are associated 
with either a decrease in CD36 or MSR1 expression
(A) Total cholesterol levels of different macrophage sub-phenotypes were measured after 

polarizing with individual cytokines and subsequently loading with 50ug/ml of oxLDL for 

24 hours (n=5). mRNA levels of MSR1 (B) and CD36 (D) were measured by qRT-PCR and 

normalized to PPIB and beta actin (n=3,4). Protein levels of MSR1 were determined by 

Western blotting (C) and shown with a representative blot (n=5). Cell surface CD36 protein 

expression was determined by flow cytometry (E), shown with a representative histogram 

(n=6).. Results are expressed as means ± SEM of at least 3 different donors. Cholesterol 

accumulation was analyzed by a paired t-test compared with untreated. mRNA and protein 

data was analyzed with a one-sample t-test. *p<0.05, **p<0.01, ***p<0.001, p<0.0001.
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Figure 4. IL-4/13 treatment increases PPARγ expression levels
mRNA levels of PPARγ were measured with qRT-PCR and normalized to PPIB mRNA in 

polarized macrophages that were either unloaded (A) or loaded (C) with 50ug/ml of oxLDL 

(n=6). PPARγ protein levels were measured by Western blotting in unloaded (B) and loaded 

(D) macrophages and shown with representative blots (n=8). Results are expressed as means 

± SEM of at least 3 different donors. mRNA and protein data was analyzed with a one-

sample t-test. *p<0.05, **p<0.01, ***p<0.001.
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Figure 5. Rosiglitazone increases CD36 expression in control untreated macrophages and 
macrophages treated with TNFα but not with IFNγ
Macrophages were polarized with specific cytokine treatments and subsequently treated with 

5uM rosiglitzone for 24 hours prior to loading with 50ug/ml of oxLDL. (A) Cell surface 

CD36 protein expression was determined by flow cytometry (n=5) and analyzed with a one-

sample t-test. Fold change in (B) CD36 and (C) FABP4 mRNA upon rosiglitazone treatment 

were measured by qRT-PCR and normalized to PPIB and beta actin (n=3 and 4, 

respectively). Results are expressed as means ± SEM of at least 3 different donors. *p<0.05, 

**p<0.01 paired t-test compared with untreated.
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