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Metabolic Syndrome 
 

The Metabolic Syndrome (MetS) is defined as a clustering of multiple metabolic risk 

factors that contribute to the development of non-alcoholic fatty liver disease 

(NAFLD), cardiovascular disease (CVD) and Type 2 diabetes (T2D) (1-4). The metabolic 

risk factors that are contributing to the disease are defined as a pro-inflammatory 

state, abdominal obesity, elevated glucose level or insulin resistance, hypertension 

and atherogenic dyslipidaemia (5). Obesity dramatically increases the prevalence of 

MetS. In both men and women, the prevalence of MetS was 6.8% – 9.3% in normal 

weight, 29.8%-33.1% in overweight, and 65%-56.1% in obese individuals, respectively 

(6, 7).  The expansion of visceral adipose tissues has been proposed to be the main 

trigger for MetS leading to insulin resistance and thereby contributing to other 

metabolic risk factors, like dyslipidaemia, hypertension and impaired glucose 

metabolism. When these conditions are not treated, MetS can develop into T2D which 

in turn is an important risk factor for CVD (5, 8, 9). Marchesini et al. proposed that 

NAFLD is the hepatic manifestation of MetS (2). Accordingly, NAFLD is associated with 

obesity, insulin resistance and dyslipidaemia which are all hallmarks of MetS. Next to 

that, NAFLD is an important risk factor for CVD since it contributes to the formation of 

atherosclerotic plaques (10-13). In addition, it has been claimed that NAFLD is the 

precursor of the metabolic syndrome, and there is accumulating evidence that NAFLD 

aggravates or contributes to the progression of the metabolic syndrome (14).  

 

Non-alcoholic steatohepatitis - the hepatic manifestation of 
the metabolic syndrome 
 

NAFLD is currently one of the most common liver diseases worldwide. NAFLD can be 

subdivided into two conditions, namely non-alcoholic fatty liver characterized by 

isolated steatosis, or non-alcoholic steatohepatitis with fat accumulation and 

inflammation (lobular inflammation and hepatic cellular ballooning) also known as 

NASH. Metabolic risk factors like obesity, insulin resistance, hypertension and 

dyslipidaemia are increasingly linked to NAFLD and NASH, and these are therefore 

considered to be the hepatic manifestations of the metabolic syndrome (2, 15). 

Conversely, NASH is also being considered to be the precursor of the metabolic 

syndrome (14). In a US cohort of middle-aged adults, the prevalence of NAFLD was 

estimated to be roughly 45%, and that of NASH around 12% (16). In obese individuals 

that underwent bariatric surgery, the prevalence surged to 86% - 96% for NAFLD and 

to 25% - 55% for NASH (17). In NASH, inflammation is a key feature of disease 

progression (fibrosis formation and eventually cirrhosis) whereas steatosis alone is 

considered a benign and reversible condition. It is still not known why some patients 

progress to hepatic inflammation while others only develop steatosis. The 
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pathophysiology of NASH is currently explained by an altered lipid and glucose 

metabolism in visceral fat that initiates hepatic fat accumulation. As a consequence, 

pro-inflammatory processes trigger hepatic inflammation in steatotic livers leading to 

the vicious circle of inflammation described for atherosclerosis. Inflammation 

contributes to liver damage and subsequently progressive fibrosis, which eventually 

leads to cirrhosis. However, since the mechanisms leading to hepatic inflammation are 

not fully elucidated yet, therapeutic options are poor (15, 18-22).  

 

Atherosclerosis – a chronic inflammatory disease of the 
vessels 

In 2013, CVD was the second leading cause of mortality worldwide with about 17 

million deaths. Atherosclerosis is one of the major causes for developing clinical 

complications of CVD, eventually resulting in myocardial infarction and stroke (23, 24). 

Relevantly, myocardial infarction and stroke are more pronounced in individuals with 

MetS compared to individuals without MetS (25). Atherosclerosis is a chronic 

inflammatory disease of the medium- and large-sized arteries. Endothelial activation 

by hypertension, diabetes, turbulent blood flow, blood composition, hyperlipidaemia 

or reduced elasticity of the blood vessel results in LDL accumulation and retention in 

the vessel wall. Simultaneously, the formation of radicals like reactive oxygen species 

(ROS) will lead to the modification of LDL into oxidized LDL (oxLDL). In addition, 

endothelium activation will lead to the expression of various adhesion molecules on 

the endothelial surface facilitating the attraction of monocytes and lymphocytes. 

Migrated monocytes will differentiate into macrophages and aid in the uptake of 

oxLDL thereby finally becoming foam cells. These processes contribute to the 

development of plaque formation in the vessel wall (24, 26-28). The accumulation of 

foam cells stimulates the production of cytokines and chemokines, thereby attracting 

more inflammatory cells. The production of chemokines also attracts smooth muscle 

cells (SMC) resulting in fibrous cap formation. At the same time, due to extensive 

oxLDL uptake, foam cells will undergo apoptosis releasing oxLDL into the plaque 

compartment leading to more inflammation. Insufficient clearing of these apoptotic 

cells (efferocytosis) contributes to the formation of a necrotic/lipid core (23, 27-29). 

This ultimately initiates a vicious cycle of inflammation and apoptosis leading to more 

plaques and eventually contributing to the destabilization of atherosclerotic lesions 

due to the loss of extracellular matrix, intraplaque hemorrhaging, fissuring and 

calcification. Finally, plaque rupture and subsequent vessel occlusion due to thrombus 

formation result in the clinical complications of CVD (23).  
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A shared etiology between atherosclerosis and NASH 

As previously mentioned, the metabolic risk factors displayed in NASH are closely 

linked to the MetS and as a consequence afflicted individuals have an increased risk 

for CVD (10-14). Clinical studies investigating the link between NASH and CVD, with 

atherosclerosis as an actively contributing factor independent of other metabolic risk 

factors (30), have been reviewed by Xu et al. (13). The underlying mechanisms are, 

however, not yet fully elucidated. Increased oxidative stress due to lipid-induced 

steatosis, release of pro-inflammatory cytokines, oxidized LDL cholesterol and 

macrophage activation have been proposed as factors that link the development of 

atherosclerosis and NASH (13, 30, 31). In addition, macrophages play a central role in 

atherosclerosis development through their uptake of oxLDL and their ensuing 

differentiation into foam cells (32, 33). A similar process has been observed in NASH 

where lipid-laden Kupffer cells (KCs) also display a foam cell phenotype (34).  The 

uptake of oxLDL by macrophages is facilitated by the scavenger receptors A (SR-A) and 

CD36, and absence of these receptors protects against atherosclerosis (33, 35-37). 

Those receptors are expressed on the cell surface of KCs (38). We have demonstrated 

that deletion of these scavenger receptors decreased hepatic inflammation in a 

mouse model for NASH (39, 40). These findings provide evidence that oxLDL triggers 

scavenger receptor dependent uptake and subsequently induce inflammation 

contributing to hepatic inflammation and atherosclerosis. OxLDL is a strong 

contributor to atherosclerosis development, and accordingly, strong correlations have 

been found between atherosclerosis and levels of autoantibodies directed against 

modified LDL (41, 42). In line, prevention of oxLDL uptake by pneumococcal 

vaccination, which results in an increase of antibodies against oxLDL, decreases 

atherosclerosis development in hyperlipidemic mice (43). A similar strategy decreased 

hepatic inflammation in a mouse model for NASH (44). Overall, these studies have 

shown that foam cell formation and inflammation are shared characteristics of the 

two chronic inflammatory diseases NASH and atherosclerosis (Figure 1). Importantly, 

potential new treatment strategies could therefore be beneficial for both NASH and 

atherosclerosis.   
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Figure 1: Shared mechanistic features of NASH and atherosclerosis. Foamy macrophages are key 

players in both NASH and atherosclerosis contributing to a vicious cycle of systemic 

inflammation leading to disease progression. Adapted from Bieghs et al (31).   

 

Atherosclerosis and NASH displays features of an acquired 
lysosomal storage defect 

Intracellular cholesterol metabolism is regulated by the internalization of cholesterol, 

which is then directed to the lysosomes for degradation. Lysosomes are membrane-

bound cytoplasmic acidic organelles. Here, the cholesteryl esters within the lipid 

particles are hydrolysed, a process which is catalysed by lysosomal acid lipases. The 

transport of free cholesterol out of the lysosome into the cytoplasm is dependent on 

Niemann-Pick Type C (NPC) proteins (45-49). A mutation in these NPC proteins is 

characterized by the accumulation of cholesterol within the lysosomal compartment 

(50, 51) (Figure 2). Abnormal lysosomal lipid uptake has also been associated with 

aberrant lipid metabolism of foamy macrophages, which play a significant role in both 

atherosclerosis and NASH (52).  In the seventies, it was observed for the first time that 

accumulated lipids within foamy cells were located in large, lipid-engorged lysosomes, 

which were identified by electron microscopy (53, 54). In the upcoming years, several 

studies demonstrated this also in human lesions as well as in numerous animal models 

of atherosclerosis (53-58). With regard to NASH, lysosomal cholesterol accumulation 

was found to be present within KCs and correlated well with hepatic inflammation 
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and cholesterol crystal formation (39, 44, 59). These observations clearly show that 

lysosomal cholesterol accumulation is associated with inflammation and thereby 

crucial for both NASH progression and atherosclerosis development. It has been 

shown that it is mainly oxidized LDL that is trapped within lysosomes and resists 

efflux, whereas non-modified LDL is cleared normally (52, 60-62). These data suggest 

that the accumulation of oxLDL into the lysosomal compartment could be an 

important trigger for inflammation in NASH and atherosclerosis. 

 

 

 

 

Figure 2:  Schematic overview of normal and dysfunctional NPC1 protein in macrophages. Under 

normal conditions, cholesterol is initially directed to the lysosomes for hydroxylation by 

lysosomal enzymes and transported back in the cytosol by NPC1 proteins. NPC2 is necessary 

for the regulation of transport to the NPC1 protein. Dysfunctional NPC1 leads to increase in 

lysosomal cholesterol accumulation due to blockage of transport from the lysosome to the 

cytosol leading to more increased inflammation and atherogenesis. Adapted from Sugii et al. 

and Ioannou et al. (48, 49)  
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The downstream effects of foamy macrophages on 
inflammatory pathways and the modulation of cholesterol 
content 

 

Inflammasome activation 

The inflammasomes are multi-protein complexes responsible for the activation of 

caspase-1 leading to the proteolytic cleavage and secretion of interleukin (IL)-1β and 

IL-18 (63-65). The uptake of oxLDL by macrophages will lead to an accumulation of 

cholesterol and the formation of cholesterol crystals within lysosomes, thereby 

inducing inflammation (39, 44, 59), through the activation of the inflammasome (66, 

67). In the context of NASH, we demonstrated that bone marrow specific caspase-

1/11 deficiency protects against cholesterol crystallization and hepatic inflammation 

in Ldlr-/- mice, indicating a specific role for inflammasome activation in hepatic 

inflammation and thereby NASH progression. In addition, NLRP3 inflammasome 

activation has also been associated with uptake of oxLDL by macrophage (68, 69). 

Thus, inflammasome activation has not only been connected to NASH development 

but also plays a significant role in atherosclerosis development (70-72). Additionally, 

several studies have demonstrated that caspase-1 deficiency also protects against 

atherosclerosis development (73, 74). However, the specific contribution of 

hematopoietic caspases-1 and -11 to atherosclerosis development has never been 

investigated.  

 

Delta-Like-Ligand 4 (DLL4)-Notch signaling 

In addition, to lysosomal cholesterol accumulation, Notch signaling has been 

implicated to be an important regulator of metabolic processes (75). Upon interaction 

between Notch receptors (e.g. Notch-1, -2, -3 or -4) and their ligand (e.g. Jagged-1 

(J1), Jagged-2 (J2), Delta-Like Ligand- 1 (DLL1), Delta-Like Ligand-3 (DLL3) or Delta-Like 

Ligand-4 (DLL4)), Notch receptors will undergo proteolytic cleavage by A disintegrin 

and metalloproteases (ADAM) and γ-secretases. Consequently, proteolytic cleavage 

leads to the release of the Notch intracellular domain (NICD) from the membrane and 

translocation to the nuclease where it subsequently interacts with Notch transcription 

factors inducing Notch target genes (Figure 3) (76, 77). With regard to the liver, Notch 

signaling is involved in liver development, liver repair and certain liver diseases (78). A 

specific role for Notch signaling has been indicated in a cohort of NAFLD patients 

where downstream targets of Notch are positively correlated with steatosis and 

inflammation (79). Additionally, Notch signaling has also been implicated in various 

cardiovascular pathological processes, like vascular calcification, neointimal 

hyperplasia and induces senescence in endothelial cells by stimulation of pro-

inflammatory stimuli thereby promoting atherosclerosis development (80-83). Notch 

signaling is also involved in macrophage inflammation as co-localization of Notch 
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receptors/ligands and macrophages is been demonstrated in human atherosclerotic 

lesions. Fung et al, demonstrated that specifically DLL4-Notch signaling plays a 

significant role in macrophages in vitro by inducing pro-inflammatory stimuli upon 

Notch-receptor binding (84). Remarkably, global inhibition of the Notch ligand DLL4 

alters the macrophage-mediated inflammatory response, resulting in a reduction of 

atherosclerosis (85). It has been demonstrated that activation of (DLL4)-Notch-

signaling also promotes a fatty liver (85-87). These observations suggest that Notch 

signaling could also be important in NASH progression. However, no direct causal 

relationships between DLL4-Notch signaling and macrophages in NASH have been 

demonstrated. 

 

 

 

Figure 3:  Notch signaling. A schematic overview of how Notch signaling is regulated via Notch-ligand 

interaction leading to target gene activation. Binding of a Notch ligand to a Notch receptor 

results in cleavage of the receptor and release of the Notch intracellular domain by γ-

secretase, which is then free to translocate to the nucleus where it acts as a transcriptional 

activator (83). (DLL; Delta-Like ligand), ADAM; a disintegrin and metalloprotease, RBP-Jκ; 

recombinant signal binding protein Jκ; Figure taken from Fakuda et al. (83) 

 



 General Introduction│ 

 

15 

 

1 

27-Hydroxycholesterol (27-HC) 

Previously, it was demonstrated that 27-HC can reduce both lysosomal cholesterol 

accumulation and cholesterol crystals within macrophages (59) and thereby 

potentially indirectly inhibit inflammasome activation. 27-HC is one of the most 

abundant oxysterols found in the human circulation and is produced by the 

mitochondrial enzyme CYP27A1 (88). 27-HC plays an important role in the bile acid 

synthesis pathway, which contains two major pathways, the classical and alternative 

pathway (89). In the classical pathway, within the liver, cholesterol is initially 

converted into 7-α-hydroxycholesterol (7α-HC) by the rate-limiting enzyme CYP7A1, 

and is eventually converted to cholic acid (CD) (89). In extrahepatic tissue (e.g. 

macrophages) cholesterol is converted into 27-HC by CYP27A1 via the alternative 

pathway. Subsequently, 27-HC is converted by CYP7B1 into 7α-HC leading to the 

production of chenodeoxycholic acid (CDCA) (Figure 4) (89). Remarkably, high 

concentrations of 27-HC are especially found in atherosclerotic lesions and in 

macrophage-derived foam cells and increased with the severity of the atherosclerotic 

lesions (88). Relevantly, NPC1 mutant fibroblasts have been shown to have reduced 

levels of 27-HC. Supplementing these cells with 27-HC led to a reduction of the 

lysosomal cholesterol pool (90). These observations suggest that 27-HC has the ability 

to reduce lysosomal cholesterol accumulation in vitro and therefore has a protective 

function. In line with these findings, we have previously shown that 27-HC reduces 

lysosomal cholesterol accumulation and hepatic inflammation in Ldlr-/- mice (59). 

However, the mechanism how 27-HC is modulating intracellular cholesterols is not 

known. 
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Figure 4:  Bile acid synthesis pathway. Conversion of cholesterol into bile acids can be established via 

two pathways; the classical or alternative pathway. The classical pathway is defined were 

cholesterol is converted to 7α-hydroxycholesterol by its rate-limited enzyme CYP7A1. In the 

alternative pathway, cholesterol can either be converted into oxysterols via CYP27A1 or 

CH25H in extrahepatic tissues (e.g. macrophages) or liver, respectively. Further conversion of 

these oxysterols leads to the production of CA and CDCA. Adapted from Fuchs et al. and Li et 

al. (89, 91).   

 

Mouse model used for studying atherosclerosis and NASH 

Over the years, numerous animal models have been used to study the development 

of NASH and atherosclerosis (26, 92, 93). In this thesis, we will make use of the low-

density lipoprotein receptor knockout (Ldlr-/-) mice, which lack the receptor for LDL 

(94, 95). The internalisation of APOB- and APOE- containing lipoproteins is mediated 

via the LDL receptor (LDLr) (96, 97). As a consequence of a dysfunctional LDL receptor, 

these mice will display mild plaque growth when fed a cholesterol- and fat-enriched 

diet. In addition, these mice show mildly elevated plasma cholesterol levels, which are 

mostly, confined to the IDL/LDL fractions. As plasma cholesterol of humans with an 

LDLR deficiency mainly consists of the LDL fraction, this is physiologically comparable 

to the cholesterol profile of the Ldlr-/- mice (94). In addition, due to their increased 

sensitivity to oxLDL uptake, these mice also develop sustained hepatic inflammation 

and liver damage upon a long-term Western-type diet regime. Additionally, in 

contrast to Apoe-/- mice, Ldlr-/- mice are also highly suitable for bone marrow 

transplantation (BMT) experiments (98). As APOE deficiency is rescued by the BMT 

cells, which produce APOE, transplanted mice are no longer susceptible to 

atherosclerosis (98, 99). After a BMT, bone marrow cells of the recipient are replaced 

with bone marrow of the donor, resulting in a new functional hematopoietic system. 

In this way, genes can be replaced and/or deleted in cells which originate from the 

bone marrow, such as monocytes and macrophages (100). As such, different potential 

inflammatory mechanisms in the hematopoietic system (e.g. Npc1mut, Caspase1/11-/- 

and Cyp27a1over) can be investigated on an Ldlr-/- background. An alternative method 

to delete genes specifically in the myeloid linage (e.g. monocytes, macrophages, 

granulocytes, and dendritic cells) is to generate a conditional mouse model using the 

Cre-LoxP system. In that system, two separate mouse strains are generated carrying 

either a copy of the Cre recombinase gene or LoxP sites surrounding a gene or part of 

a gene. In the first mouse strain, Cre recombinase is under control of the promotor of 

a specific cell type or tissue (e.g. LysM-Cre for myeloid cells). Cre recombinase is an 

endonuclease that recognizes and cuts the specific loxP sites flanking the gene of 

interest (e.g. Dll4) in the second mouse strain. Crossing both strains consequently 

leads to a deletion of the loxP-flanked gene (part) in those cells or tissues that express 

the Cre recombinase. This system is ideal to investigate certain genes where a whole-
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body deletion would be lethal to avoid embryonic death (e.g. Dll4) (101). Overall, all 

these characteristics make this Ldlr-/- mouse model highly suitable to investigate not 

only atherosclerosis but also onset and progression of NASH (102). 

 

Outline of this thesis: 

The focus of this thesis will be on investigating the role of macrophage in both 

atherosclerosis and NASH by elucidating several mechanisms related to the crosstalk 

between lipids and inflammation.  

 

In Chapter 1, a global overview was given about the pathophysiology of the metabolic 

syndrome and its two major contributors; NASH and atherosclerosis. Furthermore, the 

shared etiology of NASH and atherosclerosis is discussed in this chapter. Literature 

emphasizes that there is a strong association between lysosomal cholesterol 

accumulation and inflammation. However, the relative importance of lysosomal oxLDL 

accumulation during atherosclerosis, compared to non-modified LDL, has never been 

established in vivo. In Chapter 2, we aimed to demonstrate the contribution of 

lysosomal oxLDL accumulation to atherosclerosis in a mouse model for lysosomal 

storage disease. Several mechanisms are proposed as to how lysosomal cholesterol 

accumulation can induce inflammation. One of these mechanisms may be related to 

inflammasome activation leading to capase-1/11-mediated inflammatory processes. 

Therefore, the role of hematopoietic caspase-1/11 in Ldlr-/- mice was investigated in 

Chapter 3 in the context of atherosclerosis. Additionally, recent findings acknowledge 

Notch-signaling as a metabolic regulator and its involvement in macrophage 

inflammation. In Chapter 4, the causal role of myeloid DLL4 was investigated during 

NASH development. Modulation of lysosomal cholesterol accumulation may be 

beneficial to reduce foam cell formation and inflammation as 27-hydroxycholesterol 

has been shown to have beneficial effects on these processes. The underlying 

mechanisms of how 27-hydroycholesterol modulates these processes were tested by 

overexpressing the mitochondrial enzyme CYP27A1 in Ldlr-/- mice, and are reported in 

Chapter 5. Finally, the overall conclusions of this thesis are discussed in Chapter 6. 
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Abstract 
 
Atherosclerosis is a chronic inflammatory disease of medium and large vessels and is 

typically characterized by the predominant accumulation of low-density lipoprotein 

(LDL)-cholesterol inside macrophages that reside in the vessel walls. Previous studies 

clearly demonstrated an association between specifically the oxidized type of LDL 

(oxLDL) and atherosclerotic lesion formation. Further observations revealed that these 

atherosclerotic lesions displayed enlarged, lipid-loaded lysosomes. By increasing 

natural antibodies against oxLDL, pneumococcal vaccination has been shown to 

reduce atherosclerosis in LDL receptor knockout (Ldlr-/-) mice. Relevantly, loss of the 

lysosomal membrane protein Niemann-Pick Type C1 (NPC1) led to lysosomal 

accumulation of various lipids and promoted atherosclerosis. Yet, the importance of 

lysosomal oxLDL accumulation inside macrophages, compared to non-modified LDL in 

atherosclerosis has never been established. By transplanting NPC1 bone marrow into 

lethally irradiated Ldlr-/- mice, a hematopoietic mouse model for lysosomal cholesterol 

accumulation was created. Through injections with heat-inactivated pneumococci, we 

aimed to demonstrate the specific contribution of lysosomal oxLDL accumulation 

within macrophages in atherosclerosis development. While there were no differences 

in plaque morphology, a reduction in plaque size and plaque inflammation was found 

in immunized NPC1mut-transplanted mice, compared to non-immunized NPC1mut-

transplanted mice. Thus, lysosomal oxLDL accumulation inside macrophages 

contributes to murine atherosclerosis.  
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Introduction 

In 2013, cardiovascular disease (CVD) was a major cause of mortality worldwide 

causing approximately 17 million deaths (1). One of the major underlying pathologies 

of CVD is atherosclerosis. Atherosclerosis is a chronic inflammatory disease of medium 

and large vessels, which is characterized by the accumulation of both lipid droplets 

and inflammatory cells in the vessel wall (2-4). Macrophages are abundantly present 

in atherosclerotic lesions and play an important role in the clearance of modified, 

oxidized low-density lipoproteins (oxLDL). These lipid-laden macrophages, also known 

as foam cells, are one of the main drivers of atherosclerosis development. Eventually, 

plaque rupture may occur, causing thrombosis and/or stroke, which are hallmarks of 

CVD (5-7, 49). Over the years, an increasing amount of evidence showed the 

importance of immune activation in atherosclerotic lesions (4, 8). Previously, natural 

antibodies targeted at oxLDL were shown to be abundantly present within 

atherosclerotic lesions (9, 10). In line, our group and others demonstrated that a 

pneumococcal-induced immune response against the phosphorylcholine (PC) epitope 

present on oxLDL, lead to diminished atherosclerosis development and hepatic 

inflammation (11, 12). Also, an elegant study by Hörkkö et al. clearly demonstrated 

that these antibodies specifically prevent binding, uptake and degradation of oxLDL by 

macrophages (9). These results demonstrate the importance of the uptake of oxLDL in 

macrophages in the context of atherosclerosis development. In general, after uptake 

by macrophages, cholesterol is initially directed to the lysosomes for hydrolysis. Inside 

these lysosomes, lysosomal enzymes mediate the hydrolysis of cholesteryl esters into 

free cholesterol that can be transported out of the lysosomes into the cytoplasm via 

Niemann-Pick Type C (NPC) proteins (13-16). As trafficking of free cholesterol from the 

lysosome to the cytoplasm is mainly regulated by NPC proteins, the dysregulation of 

these NPC proteins plays an important role in atherosclerosis development. Indeed, 

dysfunctional NPC1 leads to excessive accumulation of various lipids, including both 

non-modified as well as modified oxLDL, inside lysosomes (17, 18). Despite the fact 

that several studies found that NPC1 plays an important role in atherosclerosis, and 

that a number of in vitro studies clearly demonstrated that it is specifically oxLDL that 

accumulates inside lysosomes of macrophages (19, 20), the specific contribution of 

lysosomal oxLDL compared to non-modified LDL was neglected in these studies and 

has never been established in vivo (21-23). In the current study, we aimed to 

demonstrate the contribution of lysosomal oxLDL accumulation to atherosclerosis 

using a macrophage-specific NPC1 mutant (NPCmut) mouse model in combination with 

pneumococcal immunization. In this study, we showed that pneumococcal 

immunization of NPC1mut-transplanted (-tp) mice led to a decrease in plaque lesion 

size, independently of cholesterol levels, and a decline in plaque inflammation. 

Together, our results indicate that lysosomal oxLDL accumulation inside macrophages 

contributes to atherosclerosis. 
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Materials and Methods 

Mice, bone marrow transplantation, immunization, and diet 

All animals were housed under standard conditions and had access to food and water 

ad libitum. All animal experiments were approved by the committee for Animal 

Welfare of Maastricht University and were performed according to the Dutch 

regulations. The immunogen, Streptococcus pneumoniae (heat-inactivated 

pneumococci, R36A strain, Birmingham, AL) was prepared as described previously 

(24). Niemann-Pick type C1m1N mutant (NPC1mut) mice on a C57BL/6 background 

(were a kind gift from Prof. Dr. Lieberman from University of Michigan Medical 

School). Ldlr-/- mice were obtained from our in-house breeding. Bone marrow 

transplantation and pneumococcal immunizations were performed as described 

previously (11, 25). A detailed Materials and Methods section, concerning the 

methodology for the histological analysis, immunohistochemistry, RNA isolation and 

qPCR, is available in the Supplemental Materials and Methods. The primer sequences 

can be found in Table 1. Groups were compared with the two-way ANOVA for 

repeated measurements or by two-tailed unpaired t-test using GraphPad Prism 

(Version 5.03). Outliers were determined using Grubbs’ Test. 

Table 1: Primer sequences  

Gene Primer forward Primer reverse 

Cyclophilin A TTCCTCCTTTCACAGAATTATTCCA CCGCCAGTGCCATTATGG 

Tnf-α CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 

Itgam ACTTTCAGAAGATGAAGGAGTTTGTCT TGTGATCTTGGGCTAGGGTTTC 

Cd68 TGACCTGCTCTCTCTAAGGCTACA TCACGGTTGCAAGAGAAACATG 

Ccr2 CAGGTGACAGAGACTCTTGGAATG GAACTTCTCTCCAACAAAGGCATAA 

Caspase-1 GGGACCCTCAAGTTTTGCC GACGTGTACGAGTGGTTGTATT 

Il-18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA 
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Results 

Plaque formation is reduced in NPC1mut-tp mice after immunization, 
independently of plasma lipid levels. 

We used Ldlr-/- mice that were lethally irradiated and subsequently transplanted with 

bone marrow from NPC1mut mice as a tool to induce lysosomal cholesterol 

accumulation in hematopoietic cells. To provoke an immune response to oxLDL, mice 

were immunized with heat-inactivated Streptococcus pneumoniae. (See Figure 1 for 

the experimental set-up).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Experimental set-up. Briefly, lethally irradiated Ldlr-/- mice were transplanted (-tp) with bone 

marrow from mutant NPC1 (NPC1mut) mice. These mice develop lysosomal cholesterol 

accumulation specifically in the macrophages. To induce high levels of anti-oxLDL antibodies, 

NPC1mut-tp mice were immunized with pneumococci every two weeks (n=10), whereas control 

mice received PBS injections (n=12). After four weeks of immunization, all mice were fed a 

high-fat, high-cholesterol diet (HFC) for twelve weeks and then were given immunizations 

every three weeks, until the end of the experiment. 
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To confirm previous studies that successfully demonstrated elevated anti-oxLDL IgM 

titers after pneumococcal immunization (11, 12), we analysed the IgM antibody titers 

in the plasma of non-immunized and immunized NPC1mut-tp mice at different time 

points. Immunization with heat-inactivated pneumococci led to a strong elevation of 

IgM autoantibodies directed against oxLDL (EO6) compared to non-immunized mice 

(Figure 2). IgM antibodies directed against copper-oxLDL (Cu-oxLDL) were also 

increased in immunized mice compared to control at different time points (Figure 2). 

Moreover, the anti-oxLDL IgM responses were sustained over time until the end of the 

experiment.  Plasma lipid levels were not significantly different between immunized 

and non-immunized mice (Table 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2:  IgM auto-antibodies in plasma of NPC1mut-tp mice. Mice were immunized with Streptococcus 

pneumoniae strain R36A or treated with PBS (control). IgM auto-antibodies targeted at oxLDL 

(EO6 and copper (Cu)-oxLDL) were measured in the plasma of immunized and non-immunized 

NPC1mut-tp mice. All data are represented as mean +/- SEM. Data are significant at * p< 0.05, 

** p< 0.01, *** p< 0.001. 

 

Table 2:  Plasma lipid levels of NPC1mut-tp mice without immunization (control) or after immunization 

with Streptococcus pneumoniae, strain R36A were determined at the end of the experiment 

after sacrifice (21 weeks). No significant changes were observed. 

 

 NPC1mut-tp 

 Control R36A 

Plasma   

Cholesterol (mmol/l) 22.10 (±1.10) 20.81 (±0.78) 

Triglycerides (mmol/l) 1.42 (±0.15) 1.42 (±0.13) 

Free fatty acids (mmol/l) 0.96 (±0.05) 0.98 (±0.03) 
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Immunization of NPC1mut-tp mice resulted in a trend (p=0.055) towards a reduced 

plaque area (-17%) in the aortic root (Figure 3A and B). In the aortic arch, gene 

expression of Cd68, a macrophage marker often used as surrogate marker for plaque 

size (26, 27), was significantly reduced (-43% compared to control) (Figure 3C), 

independently of plasma lipid levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  Histological analysis of plaque area in (non)-immunized NPC1mut-tp mice. Representative 

pictures of the toluidine staining (A) and quantification of the total plaque area of the aortic 

root in (non)-immunized NPC1mut-tp mice (B). Gene expression of Cd68 in the aortic arch 

corrected for cyclophilin A expression (C). All data are represented as mean +/- SEM. Data are 

considered to be significant at * p< 0.05, ** p< 0.01, *** p< 0.001. 
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Inflammatory gene expression is reduced in the aortic arch of 
NPC1mut-tp mice. 

To investigate whether immunization with heat-inactivated pneumococci led to 

alterations in plaque morphology, we analysed monocyte/macrophage and collagen 

content, as well as necrosis and apoptosis in the aortic root plaques of (non)-

immunized NPC1mut-tp mice. Immunohistological staining for monocyte/macrophage 

content revealed no significant differences between immunized and non-immunized 

mice (Figure 4A). Similarly, collagen content assessed by Sirius Red staining, as well as 

the amount of necrosis and apoptosis were not different between the two groups 

(Figure 4B-D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:  Quantification of plaque morphology of (non)-immunized NPC1mut-tp mice in the aortic root. 

Representative pictures and quantification of the MOMA-2 (A) and collagen (B) staining in 

NPC1mut-tp mice immunized with R36A or control injections with PBS.  Quantification of 

necrosis (C) and apoptosis as demonstrated by a TUNEL staining (D) in (NPC1mut-tp mice 

immunized with R36A or control injections with PBS. All data are represented as mean +/ - 

SEM. 
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To examine whether immunization with heat-inactivated pneumococci led to reduced 

plaque inflammation, inflammatory gene expression levels were determined in the 

aortic arch of NPC1mut-tp mice. Gene expression of the inflammatory markers tumor 

necrosis factor-alpha (Tnfα), C-C chemokine receptor type 2 (Ccr2) and integrin Alpha 

M (Itgam) showed a trend towards reduced expression in immunized NPC1mut-tp mice 

but were not considered significant when compared to control (Figure 5A-C). 

Inflammasome activation, triggered by oxLDL crystals, is involved in atherosclerosis 

development and can be measured by one of its downstream targets, namely 

caspase-1 that in turn activates interleukin-18 (IL-18) (27). Caspase-1 gene expression 

was significantly reduced in the aortic arch of immunized NPC1mut-tp mice, whereas 

no changes in gene expression of Il-18 were observed (Figure 5D and E). Overall, these 

results show that plaque inflammation is reduced and that plaque stability is not 

affected in immunized NPC1mut-tp mice). Despite a clear reduction in Caspase-1 mRNA 

expression in the aortic arch, we did not observe any changes in caspase-1 activity in 

the aortic root between immunized and non-immunized NPC1mut-tp mice, most likely 

due to the presence of large necrotic areas (Supplementary Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Quantification of plaque inflammation in (non)-immunized NPC1mut-tp mice in the aortic 

arch. Relative gene expression of Tnfα, Caspase-1, Ccr2, Itgam and Il-18 in NPC1mut-tp mice 

immunized with R36A or control injections with PBS (A-E). All data are represented as mean 

+/- SEM. Data are significant at * p< 0.05, ** p< 0.01, *** p< 0.001. 
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To expand our analyses of inflammation, we performed additional stainings for 

macrophages (MAC-1), neutrophils (NIMP) and T-cells (CD3+). No differences were 

observed in the number of MAC-1 positive cells between the two experimental groups 

and showed that MAC-1 is mainly expressed on foam cells, which is in line with our 

MOMA staining, which is also expressed on macrophages (Supplementary Figure 2). 

Next, immunohistological stainings for neutrophils and T-cells were performed on 

frozen tissue sections of the aortic root of immunized and non-immunized NPC1mut-tp 

mice. No differences in the amount of neutrophils between immunized and non-

immunized NPC1mut-tp mice were observed. In contrast, a significant increase in the 

amount of T-cells was observed in immunized NPC1mut-tp mice (Supplementary 

Figure 3). However, it that is important to note that increased T-cell amounts could 

constitute a reaction to dampen inflammasome activation (28) which could explain 

these findings.  
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Discussion 

Our results demonstrate that pneumococcal immunization can modulate 

atherogenesis in hematopoietic NPC1-deficient Ldlr-/- mice. While previous studies 

showed that pneumococcal immunization led to reduced lysosomal cholesterol 

accumulation (12), the current findings demonstrate the specific importance of oxLDL 

within lysosomes in atherosclerosis development.  

 

The aim of this study was to demonstrate the contribution of lysosomal oxLDL 

accumulation, rather than non-modified LDL, to atherosclerosis, by exclusively 

preventing the macrophage-mediated uptake and subsequent storage of oxLDL in 

NPC1mut-tp mice. We show that upon induction of anti-oxLDL antibodies, 

atherosclerosis development is reduced in NPC1mut-tp mice compared to non-

immunized mice. In vitro, it has been shown that, unlike LDL, oxLDL is retained in the 

lysosomes and is resistant to efflux into the cytoplasm (29-31). Stimulation of murine 

macrophages with oxLDL led to increased production of TNF and IL-6 in response to 

LPS stimuli (32). Studies also demonstrated that oxLDL uptake by macrophages led to 

a release of pro-inflammatory cytokines via reactive oxidant species (ROS)-dependent 

inflammasome activation thereby promoting foam cell formation (33, 34). These in 

vitro findings clearly demonstrated the major contribution of oxLDL to foam cell 

formation and inflammation, thereby influencing atherosclerosis development. In line, 

despite a similar relative monocyte/macrophage content, gene expression analysis of 

the aortic arch revealed that caspase-1 expression was significantly reduced in 

immunized NPC1mut-tp mice in the current study. Indeed, numerous studies have 

shown that caspase-1 plays an important role in atherosclerosis (27, 35, 36). In 

previous studies, we already demonstrated that pneumococcal immunization resulted 

in reduced lysosomal cholesterol accumulation and cholesterol crystal formation (12). 

In line with these findings, others observed that cholesterol crystal-induced 

inflammasome activation contributes to the development of atherosclerosis via 

caspase-1 mediated activation (37). These observations indicate that blocking oxLDL 

uptake in macrophages of immunized NPC1mut-tp mice results in a reduced caspase-1-

mediated inflammatory response.  
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Uptake of oxLDL is mainly facilitated by CD36 and macrophage scavenger receptor 1 

(MSR1) and contributes to foam cell formation (38). Previous research of our group 

demonstrated that, while there was a clear reduction in inflammation, foam cell 

formation was unaltered in Cd36-/--tp, Msr1-/--tp and Cd36-/-/Msr1-/--tp mice compared 

to Wt-tp mice (25, 39). Further detailed analysis revealed that specifically oxLDL is 

internalized by macrophages, and this has been shown to be associated with 

lysosomal cholesterol accumulation and increased inflammation. Prevention of oxLDL 

uptake led to a reduction of lysosomal cholesterol accumulation and a decrease in 

inflammation in vivo (39, 40). Overall, these data indicate that it is not the total 

amount of cellular cholesterol, but rather the specific accumulation of lysosomal 

oxLDL that contributes to atherosclerosis development and inflammation.  

 

Although lipid-lowering agents are the primary treatment for atherosclerosis and 

other CVDs, the residual risk for a cardiovascular event remains present in these 

patients (41-43). As not total cholesterol, but rather the uptake of oxLDL is 

contributing to the development of atherosclerosis, lowering LDL alone may not be 

efficient. In the past, numerous in vitro and in vivo studies have shown that anti-

oxidants could be beneficial in reducing atherosclerotic lesions (44). Surprisingly, 

despite some observational studies that showed a correlation between anti-oxidants 

and atherosclerosis, primary and secondary intervention clinical randomized studies 

failed in humans (44). The fact that cholesterol can undergo oxidation within 

lysosomes could be important to explain why these studies failed (45) and why we 

have observed only a moderate reduction in atherosclerotic lesion size within this 

study. Besides oxLDL, other cholesterol products such as aggregated LDL, 

sphingomyelin and cholesteryl ester-rich lipid dispersions can also accumulate inside 

lysosomes (29, 46, 47). This could also explain the moderate reduction in plaque size 

in the current study when compared to previous findings by Binder et al. who 

performed similar pneumococcal immunizations in hyperlipidemic mice without an 

NPC1 mutation (11). Taking into account the negligible plasma oxLDL concentrations 

relative to LDL (48), the reduction in plaque size and inflammation exceeded our 

expectations and underlines the importance of oxLDL in atherosclerosis development. 

Future intervention strategies should focus specifically on preventing oxLDL, rather 

than non-modified LDL, from being internalized into lysosomes. Such an intervention 

can have an additive effect to current existing treatments against atherosclerosis. 
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Supplementary Materials 

Histological and morphological analysis 

For histological analysis, aortic roots of (non)-immunized NPC1mut-tp mice were 

cross-sectional cryo-embedded in Tissue-Tek® (Sakura Finetek Europe B.V., Alphen 

aan den Rijn, The Netherlands). When the aortic valves were visible, serial sections (7 

μm), on a series of twenty-four slides, was collected. For quantification of plaque area, 

slides were stained with Toluidine Blue in order to visualize the atherosclerotic lesions 

inside the aortic root. Atherosclerosis development was determined as described 

before (1). Monocytes and/or macrophages, as well as collagen content in 

atherosclerotic plaques, were assessed by means of MOMA-2 and Sirius red staining, 

respectively. Sirius red staining was performed according to standard protocol as 

described previously (2). 

Immunohistochemistry 

Cryosections of the aortic root were dried and fixed in 100% dry acetone for 15 min. 

To block endogenous peroxidase activity, tissues were incubated with 3% H2O2 

solutions for about 5 min. Tissues were afterward treated with Avidin/Biotin solution 

(Vector; SP2001) for 30 minutes to block endogenous biotin. Next, tissues were 

incubated for 1 hour at room temperature with primary antibody for 

monocyte/macrophages (MOMA-2; 1:50; supernatant; Rat Hybridoma; Isotype Rat 

IgG2b, MAC-1 (M1/70, 1:500), NIMP (Neutrophils, 1:100, supernatant), CD3 (KT3 

1:100). Subsequently, tissue sections were incubated with secondary antibody (Rabbit 

anti-Rat IgG Biotin (6180-08), SouthernBiotech, Birmingham, AL, USA) for 1 hour at RT.  

To enhance signaling amplification of secondary antibody, tissues were incubated for 

30 min in Peroxidase Vectastain Elite ABC solution (Vector Laboratories, PK-6100, 

Peterborough, United Kingdom)). For detection of the secondary antibody, Peroxidase 

Substrate kit AEC (Vector Laboratories, SK-4200, Peterborough, United Kingdom) was 

used. Slides were counterstained with hematoxylin. Pictures were taken with a Nikon 

digital camera DMX1200 and ACT-1 v2.63 software (Nikon Instruments Europe, 

Amstelveen, The Netherlands). The intensity of MOMA-2 positive area was used to 

determine the amount of monocyte/macrophages within the atherosclerotic lesions. 

TUNEL staining for apoptosis was performed on frozen liver sections according to the 

manufacturers' protocol (In situ Cell Death Detection Kit, Roche Applied Science) in 

which the number of TUNEL positive cells / plaque area determined the amount of 

apoptosis. Caspase-1 activity was measured in the aortic root of both Wt-tp and 

caspase-1/11-/--tp mice via Fluorescent Labeled Inhibitors of Caspases (FLICA). 

Sections were fixed and then stained for 2 hrs at room temperature with a fluorescent 
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probe for active caspase-1. (FAM-FLICA™ Caspase-1 Kit, ICT097, Biorad). Caspase-1 

activity was calculated by the percentage of FLICA positive area relative to the total 

plaque size.    

RNA isolation and quantitative polymerase chain reaction 

Total RNA was isolated from the aortic arch of (non)-immunized NPC1-tp mice with 

the RNeasy micro kit, (74004, QIAGEN, Venlo, The Netherlands), according to 

manufacturer’s instructions. First-strand complementary DNA (cDNA) was made from 

100 ng total aortic arch RNA (iScript™ cDNA Synthesis Kit (170-8891), Bio-Rad, 

Veenendaal, The Netherlands), according to manufacturer’s protocol. Relative 

quantitative gene expressions of inflammatory markers were measured by 

quantitative polymerase chain reaction (qPCR) on an SDS 7900HT using SensiMix SYBR 

HIROX (Cat No QT605-05 Bioline, London UK) and 10 ng of cDNA template. For 

normalization, Cyclophilin A was used as a reference gene. Primers sets, as shown in 

table 1, were developed with Primer Express version 2.0 (Applied Biosystems) using 

default settings. Data from qPCR were analyzed with the LinReg PCR, (Analysis of RT-

PCR data, Version 2015.3) 
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Supplementary Figures 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 1:   Caspase-1 activity measured in the aortic root of (non) immunized NPC1mut-

tp mice. Representative pictures of caspase-1 activity (FLICA assay) in the 

aortic root of (non)-immunized NPC1mut-tp mice.  
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Supplementary Figure 2:  MAC-1 staining in the aortic root of (non)-immunized NPC1mut-tp mice. 

Representative pictures of MAC-1 staining in the aortic root of (non)-

immunized NPC1mut-tp mice (A). Quantification of the MAC-1 staining by 

counting MAC-1 positive cells in (non)-immunized NPC1mut-tp mice (B). All 

data are represented as mean +/- SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Supplementary Figure 3:  CD3+ and neutrophil staining in the aortic root of (non)-immunized 

NPC1mut-tp mice. Representative pictures of CD3+ and neutrophils staining in 

the aortic root of (non)-immunized NPC1mut-tp mice (A). Quantification of 

the CD3+ and neutrophils staining by counting MAC-1 positive cells in (non)-

immunized NPC1mut-tp mice (B). All data are represented as mean +/- SEM. 

Data are significant at * p< 0.05, ** p< 0.01, *** p< 0.001 
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Chapter 3  
Bone marrow-specific caspase-1/11 deficiency 

inhibits atherosclerosis development in Ldlr-/- mice 
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Abstract 

Recent investigations have suggested that inflammasome activation plays an 

important role during atherosclerosis. Upon activation, the inflammasome induces 

processing and release of pro-inflammatory cytokines interleukin 1β (IL-1β) and 

interleukin 18 (IL-18) via activation of caspase-1/11. Previously, it was shown that 

complete caspase-1 deficiency is protective against atherosclerosis development. 

However, while macrophages are the main inflammatory cells involved in 

atherosclerosis, the exact role of macrophage- specific caspase-1/11 activation during 

development of cardiovascular disease has never been investigated. We hypothesized 

that hematopoietic caspase-1/11 deficiency leads to reduced atherosclerosis 

development. To investigate the specific contribution of hematopoietic caspase- 1/11 

activation to atherosclerosis development, Ldlr-/- mice received a transplant (tp) of 

wild-type (Wt) or caspase-1/11-/- bone marrow, to create Wt-tp mice and caspase-

1/11-/--tp mice, and fed a high-fat, high cholesterol diet for 12 weeks. Our results 

showed an increase in anti-inflammatory blood leukocytes in caspase-1/11-/--tp mice 

compared with Wt-tp mice, as indicated by a decreased level of Ly6Chigh monocytes 

and an increased level of Ly6Clow monocytes. In line with our hypothesis, 

hematopoietic deletion of caspase 1/11 resulted in a strong reduction in 

atherosclerotic plaque size. Furthermore, necrotic core content was dramatically 

decreased in caspase-1/11-/--tp mice. Our data indicate that hematopoietic caspase-

1/11 activation is involved in vascular inflammation and atherosclerosis, and plays an 

important role in cardiovascular disease progression. 
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Introduction 

Atherosclerosis is one of the leading causes of death worldwide. The main 

characteristic of atherosclerosis is the development of plaques in the vessel wall due 

to accumulation of lipid-laden macrophages (foam cells). Although the exact 

mechanisms that drive atherosclerosis are complex and still not fully understood, 

inflammation and cell death are known to play a pivotal role (1). Recent studies have 

indicated the involvement of inflammasomes in progression of atherosclerosis (2–4). 

Phagocytosis of oxidized low density lipoproteins, the most important risk factor for 

atherosclerosis, by macrophages was shown to activate the NOD-like receptor family, 

pyrin domain containing 3 (NLRP3) inflammasome (5). Furthermore, cholesterol 

crystals, which are characteristic of advanced plaques, were found to activate NLRP3 

inflammasomes, thereby triggering the inflammatory response during atherosclerosis 

(6). Upon activation by various stimuli, the inflammasome induces the processing and 

release of the pro-inflammatory cytokines interleukin 1 beta (IL-1β) and interleukin 18 

(IL-18) via caspase-1. Whereas caspase-1 is involved in the canonical pathway of 

inflammasome activation, caspase-11 was found to trigger caspase-1-dependent IL-1β 

and IL-18 release in response to non-canonical inflammasome activators (7,8). 

Previously, complete caspase-1 deficiency was described as protective against 

atherosclerosis development, as reduced plaque size was observed in ApoE-/-caspase-

1-/- mice compared with ApoE-/- mice receiving a Western type diet (9,10). 

Furthermore, the reduction in plaque area was associated with fewer macrophages 

and vascular smooth muscle cells present in the plaques, and lower levels of the 

interleukins IL-1β and IL-6, plus the chemokine (C-C motif) ligand 2 (CCL2) and the 

cytokine tumor necrosis factor a (TNFα), in the plasma of double knockout mice (10). 

However, so far, the specific contribution of hematopoietic caspase-1/11 activation to 

atherosclerosis development has not been established. We hypothesized that 

hematopoietic caspase-1/11 deficiency leads to reduced atherosclerosis development. 

To test this hypothesis, bone marrow cells from wild-type (Wt) donor mice or mice 

lacking caspase- 1/11 were transferred into lethally irradiated hyperlipidemic Ldlr-/- 

recipient mice to create Wt-tp mice and caspase-1/11-/--tp mice that were then put on 

a high-fat, high-cholesterol diet (HFD) for 12 weeks. In line with our hypothesis, 

hematopoietic deletion of caspase-1/11 resulted in a substantial reduction in 

atherosclerotic plaque size. Additionally, caspase-1/11-/--tp mice showed reduced cell 

death in the plaque area compared with controls. Our data indicate that 

hematopoietic caspase-1/11 activation plays an important role in vascular 

inflammation and atherosclerosis. 
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Material and Methods 

Mice, diet and bone marrow transplantation  

Mice were housed under standard conditions, and given unlimited access to food and 

water. Animal experiments were performed according to Dutch regulations, and 

approved by the Committee for Animal Welfare of Maastricht University. Female 10–

12-week-old Ldlr-/- mice were lethally irradiated and transplanted with Wt or caspase-

1/11-/- bone marrow as previously described (11). Caspase-1/11-/- mice were a kind 

gift from Mihai Netea (Department of Medicine, Radboud University Nijmegen 

Medical Centre and Nijmegen Institute for Infection, Inflammation and Immunity, 

Nijmegen, The Netherlands). All mice were back-crossed with C57BL/6J mice for 10 

generations, and age-matched wild-type C57Bl/6J mice were used as controls 

throughout the experiments. Besides caspase-1, these mice are also deficient in 

caspase-11. The efficiency of bone marrow transplantation was approximately 98% 

(data not shown). After 9 weeks of recovery, mice were given HFD for 12 weeks (n = 

12 for Wt-tp mice; n = 14 for caspase-1/11-/--tp mice). The HFD contained 21% milk 

butter, 0.2% cholesterol, 46% carbohydrates and 17% casein. Collection of blood and 

tissue specimens, biochemical determination of plasma lipids, RNA isolation, cDNA 

synthesis and quantitative PCR were performed as described previously (12–15). 

Histological analysis and morphological analysis 

For histological analysis, cross-sections of aortic roots of Wt-tp and caspase- 1/11-/--tp 

mice were sectioned (7 µm) and collected on a series of 24 slides. For quantification of 

atherosclerotic plaque formation, slides were stained with toluidine blue for 

visualization of the atherosclerotic lesions inside the aortic root. Atherosclerosis 

development was determined as described previously (16). Furthermore, lesions in 

atherosclerotic plaques were classified as early, moderate or advanced as described 

previously (17). Monocyte/ macrophage levels and collagen content in atherosclerotic 

plaques were assessed by immunohistochemistry using MOMA-2 (monocyte/ 

macrophage) and Sirius Red, respectively, according to standard protocols. Caspase-1 

activity was measured in the aortic root of Wt-tp and caspase- 1/11-/--tp mice using 

fluorescent-labelled inhibitors of caspases (FLICA). Sections were fixed and then 

stained for 2 h at room temperature using a fluorescent probe for active caspase-1 

(FAM-FLICA™ caspase-1 kit; Bio-Rad, California, CA, USA). Caspase-1 activity is 

represented as the positive area for fluorescent-labelled inhibitors of caspases relative 

to the total plaque size. 
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Fluorescence-activated cell sorting 

Blood was drawn from the tail vein of Wt-tp and caspase-1/11-/--tp mice at week 12 of 

HFD. Staining was performed using Trucount beads (BD Biosciences, San Jose, CA, 

USA) according to the manufacturer’s instructions. In short, CD16/32 antibody 

(eBioscience, San Diego, CA, USA; (1:100)) was added to anti-coagulated whole blood 

to block the Fc-receptor and incubated for 10 min in the dark at room temperature 

(RT). All antibodies were diluted in FACS buffer (PBS, 0.1% BSA, 0.01% sodium azide) 

and were then added to the blood, shaken gently and incubated for 20 min in the dark 

at RT. To lyse the red blood cells, erylysis solution (8.4 g NH4Cl/0.84 g NaHCO solution 

in 1 L Milli-Q; 7.2–7.4 pH) was added and incubated for 15 min in the dark at RT. 

Samples were measured within 1 h by FACS (BD FACSCanto II flow cytometer). The 

following stainings were performed: Leukocytes: CD45+, Monocytes: Ly6G-CD11b+ and 

the inflammatory status of the monocytes via Lys6C+.  

Cytokine analysis 

The cytokine profile in pooled plasma samples of Wt-tp and caspase-1/11-/--tp mice 

was determined using a cytometric bead array mouse inflammation kit (BD 

Biosciences) according to the manufacturer’s instructions. Beads coated with specific 

capture antibodies for IL-6, IL-10, CCL2, interferon-γ, TNF-α and IL-12 were mixed 

together and incubated for 2 h with standard or test samples in the presence of a 

phycoerythrin-conjugated detection antibody. Concentrations of these cytokines were 

determined by measuring the mean fluorescence intensity using a BD 

FACSCalibur™(BD Biosciences) and comparing them with a standard curve. IL-18 levels 

were determined using an ELISA kit (mouse IL-18/IL-1F4 ELISA; R&D Systems, 

Minneapolis, MN, USA) according to the manufacturer’s instructions. 

 

Western blotting 

Pro- and mature IL-1β levels were measured via western blot analysis. The total 

protein concentration was measured using a Pierce® (Waltham, MA, USA) BCA protein 

assay. Equal amounts of protein (60 µg) were loaded on the gel. After SDS/PAGE, 

proteins were transferred on nitrocellulose membrane (Bio-Rad). The membrane was 

blocked with 4% non-fat dry milk for 1 h at room temperature. For detection, the 

membrane was incubated with an antibody against IL-1β (1:1000 dilution; Cell 

Signalling Technology, Danvers, MA, USA) overnight at 4 °C followed by 1 h of 

incubation with donkey anti-rabbit antibody at room temperature (Jackson 

Laboratories, Bar Harbor, ME, USA). Signal was detected on autoradiograms by 
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enhanced chemoluminescence. β-actin was used as a housekeeping protein (diluted 

1:100 000; MP Biomedicals, Santa Ana, CA, USA). 

Efferocytosis assay 

Bone marrow cells were isolated from the bones of the hind limbs of Wt and caspase-

1/11-/- mice. Cells were cultured for 8 days in RPMI-1640 cell culture medium 

supplemented with 10% fetal bovine serum, 1% Penicillin and Strep (P/S), 1% L-

glutamine, 20 mM HEPES (GIBCO/ Invitrogen, Breda, The Netherlands) and 20% L929 

cell-conditioned medium containing Macrophage colony stimulating factor to 

stimulate differentiation into bone-marrow derived macrophages (BMDMs). BMDMs 

of Wt and caspase-1/11-/- mice were seeded into a 24-well plate in quadruplicate 

(0.2x106 cells per well). Jurkat cells were labelled using Calcein-AM (1 mg*mL-1, 

1:2000 dilution; Invitrogen) and incubated for 1 h at 37 °C. To induce apoptosis, Jurkat 

cells were exposed to UV light (UVS-26; Fisher Scientific (Waltham, MA, USA); 254 nm, 

6 W bulb, 0.02 J*s-1cm-2) for 15 min. After a 4 h recovery period, BMDMs of Wt or 

caspase-1/11-/- mice were added to the apoptotic Jurkat cells for 45 min. After 

washing for 1 min at room temperature with medium, the amount of efferocytosis 

was determined by FACS analysis by measuring the percentage of macrophages that 

incorporated Jurkat cells that are positively labelled for cell death with Calcein-AM. 

 

Statistical analysis 

The data were analysed using GRAPHPAD PRISM 4.0.3 (GraphPad Software Inc., La 

Jolla, CA, USA). An unpaired t test was performed to compare Wt-tp and caspase-

1/11-/--tp mice for each diet group. For FACS data, one-way ANOVA was performed 

with Tukey’s multiple comparison test. 
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Results 

Increased anti-inflammatory blood leukocyte profile in caspase-1/11-/-

-tp mice compared with Wt-tp mice after 12 weeks of a high-fat, high 

cholesterol diet 

As shown previously, after 12 weeks of HFD, no differences were observed in the 

levels of triglycerides (2.372 ± 0.2378 versus 1.938 ± 0.1937 mM), free fatty acids 

(1.120 ± 0.084 versus 1.121 ± 0.099 mM) or cholesterol (40.14 ± 3.88 versus 34.32 ± 

2.69 mM) in the plasma of Wt-tp and caspase-1/11-/--tp mice (18). To elucidate the 

systemic effects of hematopoietic caspase-1/11 deficiency, fluorescence-activated cell 

sorting was performed to characterize the blood leukocyte profile of Wt-tp and 

caspase-1/11/-tp mice after 12 weeks of chow or HFD. There were no differences in 

the numbers of leukocytes between Wt-tp and caspase-1/11-/--tp mice (Figure 1A). 

Interestingly, when examining leukocyte subsets, the population of total monocytes 

was found to increase 1.6-fold in caspase-1/11-/--tp mice compared with Wt-tp mice 

receiving HFD, but no difference was observed between the groups receiving chow 

versus HFD (Figure 1B). Monocytes, which are precursors of macrophages, have 

various monocyte sub-populations with diverse functions, represented by the pro-

inflammatory Ly6Chigh monocyte population and the residential Ly6Clow monocyte 

population. In caspase-1/11-/--tp mice, the level of pro-inflammatory Ly6Chigh 

monocytes decreased upon chow and HFD feeding compared with Wt-tp mice (Figure 

1C). Further, the level of Ly6Clow monocytes dramatically increased in 

caspase-1/11-/--tp mice receiving HFD compared with Wt-tp mice (Figure 1D). These 

data indicate that hematopoietic deletion of caspase-1/11 results in reduced systemic 

inflammation after HFD. 
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Figure 1:  Blood leukocyte profile. Populations of leukocytes (A) and monocytes (B) after 12 weeks on 

chow or HFD in Wt-tp and caspase-1/11-/--tp mice.  Sub-populations of Ly6Chigh monocytes (C) 

and Ly6Clow monocytes (D) in the blood of Wt-tp and caspase-1/11-/--tp mice receiving chow or 

HFD for 12 weeks. Values are means ± SEM. Asterisks indicate values that are statistically 

significantly different between Wt-tp and caspase-1/11-/--tp (*P < 0.05, **P < 0.01, ***P< 

0.001). The hash symbols (#) indicate values that are statistically significantly different 

between mice receiving chow and those receiving HFD (P < 0.05). 

 

To further define the inflammatory status of the experimental groups, plasma protein 

levels of the inflammatory cytokines CCL2, IL-12, TNFα, IL-6, IL-10 and interferon-γ 

(IFN-γ) were measured. Protein levels of CCL2 were significantly reduced in caspase-

1/11-/--tp mice compared with Wt-tp mice (Figure 2A), but no differences in the 

protein levels of other inflammatory cytokines were observed (Figure 2B–F). These 

data indicate that hematopoietic caspase-1/11 deficiency results in reduced 

production of CCL2, thereby potentially leading to less atherosclerosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Circulatory cytokine analyses. Plasma protein levels of the inflammatory cytokines CCL2 (A), 

IL-12 (B), tumor necrosis factor α (C), IL-6 (D), IL-10 (E) and interferon γ (F) after 12 weeks of 

HFD feeding in Wt-tp and caspase-1/11-tp mice, respectively. Values are means ± SEM. 

Asterisks indicate a statistically significantly difference compared with Wt-tp mice (**P < 0.01). 
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Hematopoietic caspase-1/11 deficiency leads to a substantial 
reduction in atherosclerotic plaque size and affects plaque 
development 

To examine the effect of hematopoietic caspase-1/11 deficiency on atherosclerosis 

development, we analysed histological sections of the aortic root of Wt-tp and 

Caspase-1/11-/--tp mice receiving HFD. The aortic roots were stained with toluidine 

blue to determine plaque size (Figure 3A). Caspase-1/11-/--tp mice showed a 

significant (1.5-fold) reduction in plaque size compared with Wt-tp mice (Figure 3B). 

Next, gene expression analysis for macrophage marker CD68 was performed in the 

aortic arches as the amount of macrophages present can give an indication of plaque 

size. A clear trend towards reduced expression of the Cd68 gene in the aortic arch was 

observed in caspase-1/11-/--tp mice compared with Wt-tp mice (Figure 3C). However, 

it is important to bear in mind that atherosclerosis development in the aortic arch is 

slower than in the aortic roots (19, 20), which may explain why Cd68 expression was 

not reduced significantly. In addition, atherosclerotic lesions were classified as early, 

moderate and advanced lesions. This classification indicated that caspase-1/11-/--tp 

mice had more moderate and fewer advanced atherosclerotic lesions compared with 

Wt-tp mice (Figure 3D).  
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Figure 3:  Analysis of atherosclerotic plaque size.  Representative images of toluidine blue staining of 

aortic roots in Wt-tp and caspase-1/11-/--tp mice, respectively (A). Quantification of the total 

plaque size(B). Expression of Cd68 in the aortic arch of Wt-tp and caspase-1/11-/--tp mice (n = 

12 for Wt-tp mice and n = 13 for caspase-1/11-tp mice) (C). Classification of atherosclerotic 

lesions in Wt-tp and caspase-1/11-/--tp as early, moderate and advanced lesions. Values are 

means ± SEM, and are relative to values in Wt-tp mice (D). Asterisks indicate values that are 

statistically significantly different from Wt-tp (*P < 0.05, **P < 0.01, ***P < 0.001). 

 

Analysis of expression of the IL-1β, IL-18 and IL-33 genes in the aortic arch did not 

reveal any differences between Wt-tp and caspase-1/11-/--tp mice (Figure 4A–C). 

Circulating protein levels of IL-1b and IL-18 in plasma samples of Wt-tp and caspase-

1/11-/--tp mice were determined. Whereas IL-1β was undetectable, IL-18 levels 

showed a trend towards reduced levels in caspase-1/11-/--tp compared with Wt-tp 

mice (Figure 4D and E, P = 0.06). Further, expression of the NLRP3 and absent in 

melanoma 2 (AIM2) genes, encoding two well-known components of the 

inflammasome, revealed no difference in the expression of these genes in the aortic 

arch of Wt-tp and caspase-1/11-/--tp mice (Figure 4F and G). Taken together, these 

data indicate that atherosclerotic plaque development is considerably reduced in 

hematopoietic caspase-1/11-deficient mice and lack of the caspases does not affect 

other parts of the inflammasome. 

 

 

 

 

 

 

 

Figure 4: Expression of inflammatory genes.  Expression of IL-1β (A), IL-18 (B) and IL-33 (C) in the aortic 

arch of Wt-tp and caspase-1/11-/--tp mice after 12 weeks of HFD. (D) Plasma IL-18 protein 

levels in Wt-tp and caspase-1/11-/--tp mice. Western blot analysis of pro- and mature IL-1β 

levels (E). Gene expression of NLRP3 (F) and AIM2 (G) in Wt-tp and caspase-1/11-/--tp mice. 

Values are means ± SEM, and are relative to values in Wt-tp mice. 
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Reduced necrotic core content in mice with hematopoietic deletion of 
caspase-1/11 

To determine the effects of hematopoietic deletion of caspase-1/11 on plaque 

phenotype, (immuno)-histological staining for various aspects of atherosclerosis was 

performed. Although no changes were seen in the relative amount of 

monocytes/macrophages (data not shown), we observed a significant reduction in the 

absolute amount of monocytes/macrophages in caspase-1/11-/--tp mice compared 

with Wt-tp mice (Figure 5A). In contrast, no changes were seen in relative collagen 

deposition (Sirius Red, Figure 5B) or foam cell formation (Figure 5C). Interestingly, the 

relative amount of necrosis in the plaque area (as determined by necrotic core 

measurement) was significantly reduced (1.7-fold) in caspase-1/11-/--tp mice 

compared with Wt-tp mice receiving HFD (Figure 5D and E). These data indicate that 

hematopoietic deletion of caspase-1/11 affects plaque composition by reducing the 

necrotic core content. 
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Figure 5:  Plaque phenotype analysis. Quantification of (A) MOMA-2 staining for 

monocytes/macrophages (absolute), Sirius Red staining for collagen deposition (B), and (C) 

foam cell formation in Wt-tp and caspase-1/11-/--tp mice. Quantification (D) and 

representative images (E) of necrosis in Wt-tp and caspase-1/11-/--tp mice. Values are means 

±SEM. Asterisks indicate values that are statistically significantly different from Wt-tp (*P < 

0.05, **P < 0.01). 

 

Hematopoietic deletion of caspase-1/11 reduces apoptosis, but not as 
a result of increased efficiency of efferocytosis 

To determine whether hematopoietic deletion of caspase-1/11 also affects apoptosis, 

TUNEL staining on cryo-sections of the aortic root of Wt-tp and caspase-1/11-/--tp 

mice was performed. As expected, TUNEL-positive stained area was significantly 

reduced (2.5-fold) in atherosclerotic plaques of caspase-1/11-/--tp mice compared with 

Wt-tp mice (Figure 6A and B). To investigate whether the reduction in apoptosis in the 

atherosclerotic plaques was due to an increase in the efficiency of clearance of 

apoptotic cell debris, an efferocytosis assay was performed. The capacity of bone 

marrow-derived macrophages (BMDMs) from Wt and caspase-1/11-/- mice to take up 

apoptotic cells was analysed in an in vitro assay. Despite the reduction in apoptosis 

seen in atherosclerotic plaques, no significant difference in efferocytosis was observed 

between Wt and caspase-1/11-/- BMDMs (Figure 6C). To investigate whether reduced 

cell death is partly related to pyroptosis (caspase-1-mediated cell death), expression 

of the caspase-1 gene in the aortic arch and caspase-1 activity in the aortic root in Wt-

tp and caspase-1/11-/--tp mice were assessed. A significant reduction in caspase-1 

expression was found in the aortic arch in caspase-1/11-/--tp mice compared with Wt-

tp mice (Figure 6D), but no difference in caspase-1 activity was observed (Figure 6E). 
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Figure 6:  TUNEL staining, efferocytosis analysis and analysis of expression of the caspase-1 gene and 

caspase-1 activity. Representative images of TUNEL staining after 12 weeks of HFD feeding in 

Wt-tp and caspase-1/11-/--tp mice (A). Quantification of TUNEL staining for apoptosis (B). In 

vitro efferocytosis assay of WT and caspase-1/11-/--BMDMs (C). Expression of the caspase-1 

gene in the aortic arch in Wt-tp and caspase-1/11-/--tp mice (D). Quantification of caspase-1 

activity (FLICA assay) in the aortic root of Wt-tp and caspase-1/11-/--tp mice (E). Values are 

means ± SEM, Asterisks indicate values that are statistically significantly different from Wt-tp 

(**P < 0.01, ***P < 0.001). 
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Hematopoietic deletion of caspase-1/11 does not affect platelet 
activation 

Infiltration of platelets into the plaque is aggravated by initiation of plaque rupture 

and formation of intra plaque haemorrhages inside these atherosclerotic lesions. 

Toluidine staining of slides of the aortic root of Wt-tp and caspase-1/11-/--tp mice was 

performed to assess the presence of intra plaque haemorrhages. No intra plaque 

haemorrhages were identified in either Wt-tp or caspase-1/11-/--tp mice (data not 

shown). In addition, May–Grünwald Giemsa staining was performed to assess the 

proportion of platelets inside the plaque. In line with previous data, staining revealed 

that no platelets were present in plaques of Wt-tp and caspase-1/11-/--tp mice (data 

not shown). To determine whether platelet activation occurred in the atherosclerotic 

lesion, we performed gene expression analysis for platelet activation markers in the 

aortic arch the Wt-tp and caspase-1/11-/--tp mice. The results showed no significant 

differences in the expression of C–C chemokine receptor type 2 (Ccr2), C–C chemokine 

receptor type 5 (Ccr5) and C–X–C chemokine receptor type 4 (Cxcr4), C–C chemokine 

ligand type 5 (Ccl5) and P-selectin between Wt-tp and caspase-1/11-/--tp mice (Figure 

7A–E). While we cannot exclude the potential involvement of platelet activation, 

these data suggest that platelet activation is not a major mechanism associated with 

plaque development in these mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7:  Gene expression analysis for platelet activation markers. Expression of genes encoding Ccr2 

(A), Ccr5 (B), Cxcr4 (C), Ccl5 (D) and P-selectin (E) in the aortic arch of Wt-tp and caspase-1/11-/-

-tp mice after 12 weeks of HFD. Values are means ± SEM, and are relative to values in Wt-tp 

mice.  
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Discussion 

Atherosclerosis is one of the major risk factors for developing the clinical 

complications of cardiovascular disease. Our aim was to investigate the role of 

hematopoietic caspase-1/11 activation during atherosclerosis development. We 

hypothesized that hematopoietic caspase-1/11 deficiency is protective against 

vascular inflammation, leading to reduced atherosclerosis. Here, we show that 

hematopoietic caspase-1/11 deficiency leads to a substantial reduction in 

atherosclerotic plaque size and necrotic core formation. Our data indicate that 

hematopoietic caspase-1/11 activation plays an important role in vascular 

inflammation and atherosclerosis. 

Previously, inflammasomes were shown to contribute to the development of 

atherosclerosis, potentially via activation by cholesterol crystals (6,21). Interestingly, 

cholesterol crystals were found to be present in atherosclerotic lesions, and were 

shown to induce inflammasome activation in human macrophages (21). More 

recently, it was found that the scavenger receptor CD36 coordinates ligands towards 

inflammasome activation, providing a potential mechanism for the role of 

inflammasomes in atherosclerosis (22). The role of caspase-1 during atherosclerosis 

development has been described previously (9,10,23). Using ApoE-/-caspase-1-/- double 

knockout mouse models, it was shown that caspase-1 plays a critical role in vascular 

inflammation, and promotes atherosclerosis by enhancing inflammation in the lesion 

as reduced numbers of macrophages and vascular smooth muscle cells were found in 

the plaques compared with ApoE-/-  mice (10,23). Furthermore, ApoE-/-caspase-1-/- 

mice had significantly reduced plaque areas compared with controls, and lower 

plasma levels of inflammatory cytokines i.e. IL-1β, CCL2 and TNFα (10). Despite these 

observations, one study claimed that atherosclerosis progresses independently of the 

inflammasome (23). A possible explanation for the differences in the findings may be 

the different mouse models used to study atherosclerosis. Although both models are 

known to efficiently develop atherosclerotic lesions, ApoE-/- mice are generally more 

hypercholesterolemic and spontaneously develop atherosclerosis, whereas Ldlr-/- mice 

do not (16). However, the specific role of caspase-1/11 in hematopoietic cells was not 

described in these studies. In the present study, we show that hematopoietic deletion 

of caspase-1/11 reduces atherosclerosis development, indicating that macrophage-

specific inflammasome activation plays an important role in cardiovascular disease. In 

addition, we observed a significant change in the monocyte subsets in circulation. 

Ly6Chigh monocytes are known to be inflammatory, and migrate to injured or infected 

sites (24, 25). On the other hand, Ly6Clow monocytes patrol the resting vasculature 

and participate in resolution of inflammation (26). As Ly6Chigh monocytes differentiate 

into cells that resemble M1 macrophages (pro-inflammatory), and cells derived from 

Ly6Clow monocytes exhibit M2 characteristics (anti-inflammatory), this may lead to a 

different macrophage phenotype within the plaque (26, 27). The mechanism by which 

caspase-1/11 affects the circulatory monocyte subsets is currently not understood. 
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Potential mechanisms include altered conversion of inflammatory monocytes, 

increased survival of resident monocytes, or differences in monocyte trafficking. We 

showed that protein levels of CCL2 were significantly reduced in caspase-1/11-/--tp 

mice compared with Wt-tp mice. CCL2 is a key chemokine that regulates migration 

and infiltration of monocytes/macrophages. Further, CCL2 was shown to be involved 

in atherosclerosis by regulating migration of monocytes from the bloodstream across 

the vascular endothelium (28). In addition, it was shown that the higher the 

expression of either CCL2 or its receptor CCR2, the higher the likelihood of developing 

atherosclerosis in genetically modified animals (29). Follow-up studies are required to 

further investigate the mechanisms by which caspase-1/11 modulates monocyte 

subsets in the circulation, as our data suggest that atherosclerosis development may 

be diminished by such modulation towards anti-inflammatory monocytes. 

Although apoptosis is well documented in atherosclerosis, recent studies showed that 

pyroptosis also plays an important role in atherosclerosis and plaque stability (30, 31). 

Pyroptosis is a caspase-1-dependent apoptotic process characterized by the presence 

of inflammatory cytokines. In the present study, no change in caspase-1 activity was 

observed in caspase-1/11-/--tp mice compared with Wt-tp mice. These data suggest 

that cell death occurred mainly via apoptosis and not via pyroptosis. Recent studies 

have shown that the chemokine CCL2 plays a major role in apoptotic processes in 

various diseases (32–34). In vitro, it was shown that CCL2-primed macrophages are 

cytotoxic and enhance pro-apoptotic capacity (32). These data are in line with our 

observation that CCL2 is reduced in the plasma of caspase-1/11-/--tp mice, and suggest 

that apoptotic cell death in atherosclerotic plaques of these mice is CCL2-dependent. 

In conclusion, we have shown that hematopoietic caspase-1/11 contributes to 

atherosclerosis development. The mice used lacked caspase-11 in addition to caspase-

1. Whereas caspase-1 is a key player in canonical inflammasome activation, caspase-

11 has been found to be important in non-canonical inflammasome activation. The 

non-canonical caspase-11 inflammasome may interact with caspase-1 via the caspase 

recruitment domains (8). Further, caspase-11, but not caspase-1, is a major sensor of 

lipopolysaccharides, and is mainly involved in inflammation driven by Gram-negative 

bacteria (7). In addition, inflammasomes have been shown to control sterile low-grade 

inflammation independently of non-canonical caspase-11 activation (35). As 

inflammasome activation by cholesterol crystals during atherosclerosis was shown to 

be caspase-1-dependent (21), it is most likely that caspase-11 plays a minor role in this 

process. Therefore, caspase-1 may be a promising target for the improvement of 

future therapy options. 
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Abstract 

Non-alcoholic steatohepatitis (NASH) is characterized by liver steatosis and 

inflammation. Currently, the underlying mechanisms leading to hepatic inflammation 

are not fully understood and consequently, therapeutic options are poor. Non-

alcoholic steatohepatitis (NASH) and atherosclerosis share the same etiology whereby 

macrophages play a key role in disease progression. Macrophage function can be 

modulated via activation of receptor-ligand binding of Notch signaling. Relevantly, 

global inhibition of Notch ligand Delta-Like Ligand-4 (DLL4) attenuates atherosclerosis 

by altering the macrophage-mediated inflammatory response. However, the specific 

contribution of macrophage DLL4 to hepatic inflammation is currently unknown. We 

hypothesized that myeloid DLL4 deficiency in low-density lipoprotein receptor knock-

out (Ldlr-/-) mice reduces hepatic inflammation. Irradiated Ldlr-/- mice were 

transplanted (tp) with bone marrow from wild type (Wt) or DLL4f/fLysMCre+/0 (DLL4del) 

mice and fed either chow or high fat, high cholesterol (HFC) diet for 11 weeks. 

Additionally, gene expression was assessed in bone marrow-derived macrophages 

(BMDM) of DLL4f/fLysMCreWT and DLL4f/fLysMCre+/0 mice. In contrast to our 

hypothesis, inflammation was not decreased in HFC-fed DLL4del-transplanted mice. In 

line, in vitro, there was no difference in the expression of inflammatory genes 

between DLL4-deficient and wildtype bone marrow-derived macrophages. These 

results suggest that myeloid DLL4 deficiency does not contribute to hepatic 

inflammation in vivo. Since, macrophage-DLL4 expression in our model was not 

completely suppressed, it can’t be totally excluded that complete DLL4 deletion in 

macrophages might lead to different results. Nevertheless, the contribution of non-

myeloid Kupffer cells to notch signaling with regard to the pathogenesis of 

steatohepatitis is unknown and as such it is possible that, DLL4 on Kupffer cells 

promote the pathogenesis of steatohepatitis. 
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Introduction 

NASH is characterized by an increase in fat accumulation (steatosis) and inflammation 

in the liver. The prevalence of steatosis is estimated to be ranging from 84% to 96% 

whereas in this population the prevalence of NASH is ranging from 25% to 55% (1). 

Although steatosis is a rather benign and reversible condition, the presence of 

inflammation is the key feature of NASH, which can lead to further disease 

progression and eventually lead to liver cirrhosis (2,3). The exact mechanisms leading 

to hepatic inflammation are unknown and more insights are needed in order to 

discover novel therapeutic strategies. Current research recognizes the critical role of 

Notch signaling in the context of immune cells (4). Notch signaling occurs upon 

interaction of Notch receptors (e.g. Notch-1, -2, -3 or -4) on signal receiving cells and 

their membrane ligands (e.g. Jagged-1 (J1), Jagged-2 (J2), Delta-Like Ligand-1 (DLL1), 

Delta-Like Ligand-3 (DLL3) or Delta-Like Ligand-4 (DLL4)) on signal sending cells. Notch 

signaling has been implicated in the innate and adaptive immunity, which play an 

important role in various metabolic disorders (4-7). An increasing amount of evidence 

point towards the existence of a shared inflammatory etiology between NASH and 

atherosclerosis with a central role for macrophages (8). Fukuda et al. showed that 

global inhibition of DLL4 ameliorates atherosclerosis by altering macrophage-induced 

inflammatory responses, suggesting the importance of DLL4 on macrophage-mediated 

vascular inflammation (9,10). In NASH, Kupffer cells (KCs), the resident macrophages 

of the liver, play a central role in the initiation of hepatic inflammation and disease 

progression (8,11,12). Relevantly, it was shown that Notch downstream targets are 

positively correlated with steatosis and inflammation in a cohort of non-alcoholic fatty 

liver disease (NAFLD) patients (13). Furthermore, hepatic Notch activation lead to 

lipogenic gene expression and steatosis in chow fed mice whereas (DLL4)-Notch 

signaling promotes a fatty liver (9,10,14). So far, the exact contribution DLL4-Notch in 

macrophages has not been investigated in the context of NASH. We hypothesized that 

myeloid DLL4 deficiency in low-density lipoprotein receptor knock-out (Ldlr-/-) mice 

reduces hepatic inflammation. To test this hypothesis, bone marrow of wild-type (Wt) 

or myeloid DLL4-deficient (DLL4del) mice was transplanted (-tp) into lethally irradiated 

Ldlr-/- recipient mice and were fed chow or HFC for 11 weeks after a recovery period 

of 9 weeks. In contrast to our expectations, myeloid deletion of DLL4 did not reduce 

hepatic inflammation. These results suggest that myeloid DLL4 deficiency does not 

contribute to hepatic inflammation in vivo. Since, macrophage-DLL4 expression in our 

model was not completely suppressed, it can’t be totally excluded that complete DLL4 

deletion in macrophages might lead to different results. Nevertheless, the 

contribution of non-myeloid Kupffer cells to notch signaling with regard to the 
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pathogenesis of steatohepatitis is unknown and as such it is possible that, DLL4 on 

Kupffer cells promote the pathogenesis of steatohepatitis. 

Materials and Methods 

Mice, bone marrow transplantation and diet 

All animals were housed under standard conditions and had access to food and water 

ad libitum. The animal experiments were approved by the committee for Animal 

Welfare of Maastricht University and were performed according to Dutch regulations. 

The DLL4flox/flox mice were kindly donated by Prof. Freddy Radtke (15), and crossbred 

with LysMCre mice (16) to generate the myeloid DLL4 specific knock-out mice. Ldlr-/- 

mice were obtained from in-house breeding. To generate the myeloid DLL4 deficient 

Ldlr-/- mice, bone marrow transplantation was performed. Ldlr-/- mice received one 

week before and four weeks after irradiation antibiotic water containing 100 mg/l 

neomycin (Gibco, Breda, the Netherlands) and 6*104 U/l polymycin B Sulphate (Gibco, 

Breda, the Netherlands). One day before and on the day of the transplantation Ldlr-/- 

mice were lethally irradiated with 6 Gray of γ-radiation, thus receiving 12 Gray in 

total. Lethally irradiated Ldlr-/- mice were then injected with 1*107 bone marrow cells 

donated from DLL4f/fLysMCreWT (Wt) or DLL4f/fLysMCre+/0 (DLL4del) mice. In order the 

fully ensure bone marrow replacement mice had a nine weeks recovery period. After 

nine weeks of recovery, transplanted (-tp) mice received either a chow (Wt-tp: n=12, 

DLL4del-tp: n=12) or HFC (Wt-tp: n=20, DLL4del-tp: n=20) diet, containing 21% butter 

and 0.2% cholesterol (diet 1635; Scientific Animal Food and Engineering, 

Villemoissonsur-Orge, France) for 11 weeks. Blood was collected form the tail vein at 

the end of the experiment and mice were sacrificed afterwards. Liver tissue was 

harvested and snap-frozen in liquid nitrogen or fixed in 4% formaldehyde/PBS.  

Bone marrow efficiency 

In order to determine of the chimerism in the transplanted mice, we used donor bone 

marrow which has an LdlrWT origin, whereas recipient bone marrow an Ldlr-/- origin. 

Genomic DNA was isolated using the PureLink® Genomic DNA (K182002; 

ThermoFisher Scientific). A standard curve was generated by mixing DNA from Ldlr-/- 

and LdlrWT bone marrow cells at different ratios. Chimerism was determined by 

quantifying the amount of Ldlr-/- DNA in samples from 70 μL peripheral blood. To 

standardize for the amount of input DNA, the non-relevant p50 gene was quantified. 

Samples were assayed in duplicate on a 7900HT real-time PCR system by using 25 ng 

DNA, SensiMix™ Sybr & Fluorescein kit (QT615-05, Bioline), according to the 

manufacturer's instructions.  
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Ldlr-/- specific primers are forward 5′-GCTGCAACTCATCCATATGCA-3′ and reverse 

5′GGAGTTGTTGACCTCGACTCTAGAG-3. Forward and reverse p50-specific primers are 

5′ACCTGGGAATACTTCATGTGACTAA-3′ and 5′ACACCAGAAGTCCAGGATTATAGC-3′, 

respectively. A standard curve was generated by plotting the mean threshold cycle 

(Ct) ΔCt (Ct p50 - Ct Ldlr-/-) against the logarithm of the percentage Ldlr-/- and 

calculation of a regression line. Chimerism was calculated from the percentage of Ldlr-

/-  DNA in the blood samples (representing the remaining recipient bone marrow), 

determined by applying the mean ΔCt of the sample to the standard curve. Efficiency 

of the bone marrow transplantation in both groups was approximately 99% (data not 

shown).  

Plasma/Liver Lipid measurements 

Plasma cholesterol and triglycerides were measured via enzymatic colorimetric assay 

according to the manufacturer protocol (Cholesterol Liquicolor CHOD_PAD; Human 

#10028, Instruchemie, Delfzijl) (Sigma Triglyceride (GPO Trinder) kit (Sigma Tr0100)). 

Absorbance was measured with the BioRad Benchmark Plate Reader (170-6750XTU; 

Bio-Rad, Hercules, CA). To measure liver cholesterol and triglycerides, liver 

homogenates were made. About 40-50 mg of frozen liver tissue was homogenized in 1 

ml SET buffer (250 mM Sucrose, 2 mM EDTA, 10 mMTris) with 1 mm glass beads (art. 

11079110) on the max setting of the Biospec Mini Bead Beater-1. Afterwards, samples 

underwent two freeze-thaw cycles for complete cell destruction. To optimize cell 

destruction, samples were taken through a 25Gx5/8” needle several times and a final 

thaw cycle was added. Total protein content was measured via bicinchoninic acid 

(BCA) assay (23225; Pierce, Rockford, IL). Liver cholesterol and triglycerides were 

measured via enzymatic colorimetric assay (Cholesterol Liquicolor CHOD_PAD; Human 

#10028, Instruchemie, Delfzijl) (Triglyceride Liquicolor CHOD_PAD; Human #10724, 

Instruchemie, Delfzijl) 

Liver histology  

Livers of Wt-tp and DLL4del-tp mice were embedded in paraffin and sections of 4 µm 

thick were cut. H&E staining was performed according to the manufacturer’s protocol. 

Slides were scored for steatosis and liver cell injury (e.g. necrosis, inflammation, bile 

duct formation) by an experienced mouse pathologist (MJJG). For immunohistological 

stainings, frozen mouse liver tissue was cryo-embedded in Tissue-Tek® (Sakura 

Finetek Europe B.V., Alphen aan den Rijn, The Netherlands) and sections of 7 µm thick 

were cut. For immunohistological stainings, cryosections of the liver were dried and 

fixated in dry acetone for 15 min. To block endogenous peroxidase activity, sections 

were incubated with 3% H2O2 solution for about 5 min. Tissue sections were also 
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treated with Avidin/Biotin solution (Vector; SP2001) for 30 min. Afterwards, sections 

were incubated for 1 hour at room temperature (RT) with primary antibody for 

infiltrated macrophages (MAC-1; MAB1124; clone M1/70; 1:500) or Neutrophils 

(NIMP-1; rat anti-mouse Ly6-C, supernatant; clone: NIMP-R14, 1:100). Subsequently, 

tissue sections were incubated with secondary antibody (Rabbit anti-Rat IgG Biotin 

(6180-08), SouthernBiotech, Birmingham, AL, USA) for 1 hour at RT. To amplify the 

signal, sections were incubated for 30 min in Peroxidase Vectastain Elite ABC solution 

(Vector Laboratories, PK-6100, Peterborough, United Kingdom). For detection of the 

secondary antibody, the Peroxidase Substrate kit AEC (Vector Laboratories, SK-4200, 

Peterborough, United Kingdom) was used. Slides were counterstained with 

heamatoxylin. Pictures were taken with a Nikon digital camera DMX1200 and ACT-1 

v2.63 software (Nikon Instruments Europe, Amstelveen, The Netherlands). Immune 

cells were counted in 6 microscopical views (original magnification, 200x) and were 

noted as cells/square millimeter. 

Kupffer cell isolation 

Whole liver (n=4) of each experimental group were digested individually in digestion 

buffer (33.9 µg/ml Liberase TM, 0.002% DNaseI) for 20 min at 37°C. The digested liver 

solution was further disrupted by pushing it through a 100 µm cell strainer using wash 

buffer (PBS, 1% FCS and 2.5 mM EDTA). Cells were then centrifuged at 1500 rpm for 

10 min at 4°C. Pellet was resuspended in wash buffer, removal of hepatocytes was 

accomplished by one low-spin centrifugation step at 300 rpm for 3 min. Supernatant, 

which was lysed from red blood cells, was collected and centrifuged. Next, Kupffer 

cells were isolated from the supernatant by using magnetic beads coated with a 

macrophage-specific monoclonal antibody (F4/80-APC, 1 µl/80x106 cells) (Biolegend) 

and incubated for 20 min at 4°C. Afterwards, cells were washed and incubated with 

anti-APC microbeads (200 µl/100x106 cells) (Militenyi Biotec, Auburn, CA) for 20 min 

at 4°C in the dark. After washing, samples were run into LS columns, put on a Quadro 

MACS magnet (Militenyi Biotec, Auburn, CA) and rinsed with wash buffer. Positively 

selected cells were flushed using wash buffer and collected for further analysis.  
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RNA isolation and quantitative polymerase chain reaction  

Total RNA was isolated from frozen mouse liver and Kupffer cells as described 

previously (17,18). To isolate total RNA from BMDM, FavorPrep™ Blood/Culture cell 

total RNA purification mini kit (FABRK001, Favorgen, Vienna, Switzerland) was used. 

First-strand complementary DNA (cDNA) was made from 500 ng total RNA of each 

mouse according to the manufacturer’s protocol (iScript™ cDNA Synthesis Kit (170-

8891), Bio-Rad, Veenendaal, The Netherlands). As for total RNA of isolated Kupffer 

cells, approximately 50 ng of total RNA was used. Relative quantitative gene 

expressions of inflammatory markers were measured by quantitative PCR on an SDS 

7900HT by using SensiMix SYBR HIROX (Cat No QT605-05 Bioline, London, United 

Kingdom) and 10 ng of cDNA template. For normalization, the geometric mean of two 

references genes were used (Cyclophillin A and ribosomal protein S12). Primers sets 

were developed with Primer Express version 2.0 (Applied Biosystems) using default 

settings. The primer sequences can be found in Table 1. Data from qPCR were 

analyzed with the LinRegPCR, Analysis of RT PCR data, Version 2015.3 (19-21). 

Table 1: Primer sequences 

Gene Primer forward Primer reverse 

Cyclophillin A TTCCTCCTTTCACAGAATTATTCCA CCGCCAGTGCCATTATGG 

S12 GGAAGGCATAGCTGCTGGAGGTGT CCTTCGATGACATCCTTGGCCTGA 

Abca1 CCCAGAGCAAAAAGCGACTC GGTCATCATCACTTTGGTCCTTG 

Abcg1 TCGGACGCTGTGCGTTTT CCCACAAATGTCGCAACCT 

Cd36 GCCAAGCTATTGCGACATGA AAAAGAATCTCAATGTCCGAGACTTT 

  LXRα CAACAGTGTAACAGGCGCT TGCAATGGGCCAAGGC 

  Notch-1 AGGACCTCATCAACTCACACGC TCTTTGTTAGCCCCGTTCTTCAG 

  Notch-2 CCGTGTTGACTTCTGCTCTCTCAC CCTACTACCCTTGGCATCCTTTG 

  Notch-3 TCTCAGACTGGTCCGAATCCAC ACACTTGCCTCTTGGGGGTAAC 

  Notch-4 ATGCGAGGAAGATACGGAGTGG TCGGAATGTTGGAGGCAGAAC 

  Dll1 CTACTACGGAGAGGGCTGCT CCAGGGTTGCACACTTTCTC 

Dll4 ACAACTTGTCGGACTTCCAG CAGCTCCTTCTTCTGGTTTG 

Jagged-1 ATCGTGCTGCCTTTCAGTTT ACTGTCAGGTTGAACGGTGTC 
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Jagged-2 GTCGTCATCCCCTTCCAGT CTCCTCATTCGGGGTGGTAT 

Hey1 GAAACTTGAGTTCGGCTCTAGG GCTTAGCAGATCCTTGCTCCAT 

Hes1 AGGCGGACATTCTGGAAATG CGGTACTTCCCCAGCACACTT 

Tnf-α CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 

Itgam ACTTTCAGAAGATGAAGGAGTTTGTCT TGTGATCTTGGGCTAGGGTTTC 

Icam CTACCATCACCGTGTATTCGTTTC CGGTGCTCCACCATCCA 

 

Cell Culture  

Bone marrow was isolated from hind limbs of DLL4f/fLysMCreWT (Wt; n=3) and 

DLL4f/fLysMCre+/0 (DLL4del; n=3) mice. In short, the femur and tibiae were flushed with 

cold PBS. Bone marrow cells were cultured for 8 days in RPMI1640 cell culture 

medium (10% Fetal Calf Serum (FCS) (Bodinco BV, Alkmaar, The Netherlands), 1% 

penicillin/streptomycin, 1% L-Glutamine, 20mM HEPES) (GIBCO by Life technologies, 

Bleiswijk, the Netherlands) supplemented with 20% LCM (L929 cell conditioned 

medium which contains M-CSF) to differentiate into BMDM. All cells were cultured at 

37°C in the presence of 5% CO2 atmosphere. Cells were seeded in a 24-wells plate 

(Greiner, 662102, Alphen a/d Rijn) (350,000 cells/well) and stimulated for 4 hours 

with LPS (100 ng/ml). For experiments with immobilized DLL4, cells were coated 

overnight with recombinant DLL4 (1 μg/ml; R&D Systems) and 0.2% gelatin in PBS at 4 

°C. Wells were rinsed once with PBS before plating Wt BMDM (350.000 cells/well) 

followed by 4 hrs incubation at 37°C. Tumor necrosis factor alpha (TNFα) protein was 

measured via ELISA (88-7324-88; Affymetrix, eBioscience, Vienna, Austria) according 

to the manufacturer’s protocol.  

Western Blot  

BMDM of Wt and DLL4del mice were lysed in RIPA buffer (50 mM Tris-HCL pH 7.5, 150 

mM NaCl, 0.5% Sodium deoxycholate, 1% Triton X-100, 0.1% SDS) supplemented with 

protease and phosphatase inhibitor mixture. For making liver homogenates, about 40-

50 mg of frozen liver tissue was homogenized in 1 ml RIPA About 40-50 mg of frozen 

liver tissue was homogenized in 1 ml SET buffer (250 mM Sucrose, 2 mM EDTA, 10 

mMTris) with 1 mm glass beads (art. 11079110) on the max setting of the Biospec 

Mini Bead Beater-1. To optimize cell destruction, samples were taken through a 

25Gx5/8” needle several times and a final thaw cycle was added. Total protein 

content was measured via bicinchoninic acid (BCA) assay (23225; Pierce, Rockford, IL). 

For western blot analysis, equal amounts of protein (30 µg) were loaded on the gel. 
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After SDS/PAGE electrophoresis, protein was transferred on nitrocellulose membrane 

(Biorad). The membrane was blockade with 5% non-fat dry milk for 1 hr at room 

temperature. Afterwards, the membrane was incubated overnight at 4°C with primary 

antibody against DLL4 (0.3 ug/ml, ab183532, Cambridge, United Kingdom) or β-actin 

(1:1000 dilution, Cell Signaling Technology, Danvers, MA, USA) which was us as a 

reference protein. Detection was performed according to its primary antibody using 

anti-goat (Santa Cruz) or anti-rabbit (Cell Signaling) horse-radish peroxidase (HRP)-

conjugated secondary antibodies, followed by chemiluminescence.  

Statistical analysis  

Significant differences between the experimental groups were analyzed with the two-

way ANOVA followed by a Tukey post-hoc test using the IBM® SPSS Statistics program 

(Version 22.0.0.). In vitro results were analyzed for significant differences with the 

two-tailed unpaired t-test using GraphPad Prism (Version 5.03). Outliers were 

determined via the Grubbs’ Test. Data were expressed as the mean ±SEM and 

considered significant at p < 0.05. *, ** and *** indicate p < 0.05, 0.01 and 0.001 resp. 
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Results 

Myeloid DLL4 deficiency has no effect on plasma and liver lipid levels  

To investigate the effect of myeloid DLL4 deficiency on the health status of Wt-tp and 

DLL4del-tp mice, relative weight gain and liver/body weight ratio were determined. As 

expected, upon HFC, both the relative weight gain and liver/body weight ratio were 

increased compared to chow. No differences were observed between Wt-tp and 

DLL4del-tp mice (Figure 1A and 1B). To determine the extent of liver damage, the liver 

enzyme alanine aminotransferase (ALT) was measured. Upon HFC feeding, ALT levels 

were increased in Wt-tp and DLL4del-tp mice compared to chow, but levels remained 

similar between both groups (Figure 1C).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Body and liver weights of Wt-tp and DLL4del-tp mice. Relative weight gain was calculated from 

the body weights of Wt-tp and DLL4del-tp mice (A). Relative liver/total body ratio was 

measured from the liver and body weights of Wt-tp and DLL4del-tp mice (B). Plasma ALT levels 

were measured of Wt-tp and DLL4del-tp mice (C). All data are represented as mean +/- SEM. 

Data are significant at * p< 0.05, ** p< 0.01, *** p< 0.001. Significance is compared to the 

chow group of the respective genotype. 
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Next, we investigated the effect of myeloid DLL4 on plasma and liver lipid levels. Upon 

HFC feeding, cholesterol and triglyceride levels were increased in Wt-tp and DLL4del-tp 

mice. However, no significant differences were observed between both groups in both 

plasma and liver (Figure 2A-D). To further determine the effects of myeloid DLL4 

deficiency on cholesterol metabolism, gene expression of ATP-binding cassette 

subfamily A member 1 (Abca1), ATP-binding cassette subfamily G member 1 (Abcg1), 

Liver X receptor alpha (Lxrα) and Cluster of Differentiation 36 (Cd36) were analyzed in 

the livers of Wt-tp and DLL4del-tp mice. Gene expression of Abca1 and Cd36 were 

significantly upregulated in the livers of Wt-tp and DLL4del-tp mice on an HFC diet 

compared to chow-fed mice. Similar hepatic mRNA levels were detected between Wt-

tp and DLL4del-tp mice when fed chow or HFC (Figure 2E). Altogether, these data 

suggest that myeloid DLL4 signaling has no effect on lipid metabolism. 

Hepatic inflammation is not changed in myeloid DLL4-deficient mice. 

To investigate that DLL4 is knocked down specifically in myeloid cells, we first 

determined DLL4 expression in whole livers of Wt- and DLL4del-tp mice. We found that 

Dll4 expression both on mRNA and protein level in whole livers was similar between 

Wt-tp and DLL4del-tp mice (Figure 3A and 3C, respectively). Next, protein expression of 

DLL4 was assessed in Wt and DLL4del BMDM. In line with our gene expression data 

regarding DLL4 in Kupffer cells (Figure 3D), DLL4 protein expression was reduced in 

DLL4del BMDM compared to Wt BMDM (Figure 3B). Altogether, these data indicate 

that DLL4 deficiency is selective for myeloid cells. To determine the effect on myeloid 

DLL4 deficiency on Notch signaling, the expression of Notch target genes was 

investigated in the livers of Wt-tp and DLL4del-tp mice. Gene expression analysis of the 

downstream targets of DLL4, Hairy/enhance of split-1 (Hes1) and Hairy/enhancer-of-

split related with YRPW motif protein 1 (Hey1), was analyzed. Upon HFC feeding, Hey1 

and Hes1 expression was increased in Wt-tp and DLL4del-tp mice, indicative for 

increased Notch signaling activation. However, no changes in Hey1 and Hes1 were 

observed between both groups (Figure 3F-G). Additionally, Hes1 gene expression in 

KCs of Wt-tp and DLL4del-tp mice on chow and HFC diet was determined. No 

differences were observed in Hes1 gene expression between KCs of Wt and DLL4del-tp 

mice (Figure 3E).  
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Figure 2:  Lipid level measurements in Wt-tp and DLL4del-tp mice. Cholesterol and triglyceride levels 

were measured in plasma (A-B) and in the liver (C-D) of Wt-tp and DLL4del-tp mice. E. Gene 

expression of Abca1, Abcg1, Cd36 and Lxrα were measured in the liver of Wt-tp and DLL4del-tp 

mice. All data are represented as mean +/- SEM. Data are significant at * p< 0.05, ** p< 0.01, 

*** p< 0.001. Significance is compared to the chow group of the respective genotype. 
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Figure 3:  Hepatic gene and protein expression analysis of DLL4 and its downstream targets. Gene 

expression of Dll4 in the livers of Wt-tp and DLL4del-tp mice (A). DLL4 protein expression in 

BMDM and livers of mice, respectively (B-C). Gene expression analysis of Dll4 and Hes1 in 

isolated KCs from Wt-tp and DLL4del-tp mice (D-E). Gene expression of Hey1 and Hes1 in the 

livers of Wt-tp and DLL4del-tp mice (F-G). All data are represented as mean +/- SEM. Data are 

significant at * p< 0.05, ** p< 0.01, *** p< 0.001. Significance is compared to the chow group 

of the respective genotype. 
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Next, gene expression of Notch-receptors and ligands were measured in the livers of 

Wt-tp and DLL4del-tp mice. Upon HFC, gene expression of Notch-1, Notch-3, and 

Jagged-1 was increased compared to chow-fed mice in both Wt-tp and DLL4del-tp 

mice, whereas Dll1 gene expression was reduced. However, no differences were 

observed between Wt-tp and DLL4del-tp mice in either the chow or HFC group (S1 

Figure). Similar findings were observed in BMDM of Wt and DLL4del mice; upon LPS 

stimulation, the expression of Notch-1, Notch-2 and Dll1 was increased in both Wt and 

DLL4del BMDM, whereas Jagged-2 gene expression was reduced compared to non-

stimulated conditions. No differences in Notch ligands and receptors were observed 

between Wt and DLL4del BMDM (S2 Figure). Altogether, these findings suggest that 

hematopoietic deletion of DLL4 is not associated with changes in the expression of 

other Notch receptors or ligands.  

Next, to investigate whether myeloid DLL4 deficiency lowers hepatic inflammation, 

immunohistological stainings and gene expression analysis were performed on liver 

tissue of Wt-tp and DLL4del-tp mice. First, we performed an H&E staining on liver 

sections of Wt-tp and DLL4del-tp mice. These sections were scored for steatosis and 

liver cell injury (e.g. necrosis, inflammation, bile duct formation) by an experienced 

mouse pathologist in a blinded manner. Histological analysis revealed that, upon an 

HFC diet, steatosis and liver cell injury was pronounced in both Wt-tp and DLL4del-tp 

mice. These findings were also supported by ALAT plasma levels, which is a marker for 

liver injury (Figure 1C). In line with our previously obtained results, no differences 

were observed between the two genotypes (S3 Figure). These data further support 

the conclusion that myeloid DLL4 deficiency does not affect liver steatosis and hepatic 

inflammation. Additionally, liver sections were stained for infiltrated macrophages 

(MAC-1 staining) and neutrophils (NIMP staining). Upon HFC feeding, infiltrated 

macrophages were increased in Wt-tp and DLL4del-tp mice compared to chow-fed 

mice. Similar effects were observed for neutrophils. However, no differences were 

observed between the two genotypes in the chow- and HFC-fed group for infiltrated 

macrophages and neutrophils (Figure 4A-C). Moreover, gene expression levels of Tnfα, 

Integrin Alpha M (Itgam) and Intercellular Adhesion Molecule 1 (Icam) were similar 

between Wt-tp and DLL4del-tp mice (Figure 4D). To determine foam cell formation a 

CD68 staining was performed on livers of Wt-tp and DLL4del-tp mice. There were no 

differences in foam cell formation between Wt-tp and DLL4del-tp HFC fed mice (data 

not shown). Overall, these results suggest that myeloid DLL4 deficiency does not 

lower hepatic inflammation.  
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Figure 4:  Hepatic inflammation in Wt-tp and DLL4del-tp mice. Representative pictures of the MAC-1 

staining on the livers of Wt-tp and DLL4del-tp mice. Original magnification: 200x (A). 

Quantification of the MAC-1 and NIMP staining for infiltrated macrophages and amount of 

neutrophils, respectively (B-C). Gene expression of Tnfα, Itgam and Icam were measured in the 

livers of Wt-tp and DLL4del-tp mice (D). All data are represented as mean +/- SEM. Data are 

significant at * p< 0.05, ** p< 0.01, *** p< 0.001. Significance is compared to the chow group 

of the respective genotype. 

DLL4 deficiency does not affect inflammatory gene expression in bone 

marrow-derived macrophages.  

As we did not observe differences on hepatic inflammation in vivo, we next 

investigated whether bone marrow-derived macrophages (BMDM) of myeloid DLL4-

deficient mice are less susceptible for inflammation. Bone marrow from 

DLL4f/fLysMCreWt (Wt) and DLL4f/fLysMCre+/0 (DLL4del) was isolated and differentiated 

to BMDM followed by an LPS stimulus. As expected, DLL4del BMDM showed a 

significant reduction of DLL4 expression when compared to Wt macrophages (Figure 

5A). However, no significant differences in TNFα cytokine production, Tnfα and Itgam 

expression were detected when compared to Wt BMDM upon LPS stimulation (Figure 

5B-D). While the differences between the groups for Dll4 and Itgam gene expression 

remain similar in the condition without LPS, TNFα cytokine production was not 

detectable. Tnfα gene expression levels were increased significantly in Wt and DLL4del 

BMDM due to the LPS stimulus. These data show that DLL4del BMDM can contribute to 

inflammation to the same extent as compared to Wt BMDM. To investigate the 

relative contribution of DLL4 to LPS-induced inflammation, DLL4 was immobilized in 

culture plates, where it acts as an inflammatory stimulus on Wt BMDM in the absence 

of LPS. Upon DLL4 stimulation, gene expression of Tnfα was significantly increased. A 

similar trend was observed in TNFα cytokine production. However, in the absence of 

LPS, the levels of TNFα cytokine production are extremely low (±1.5-3.0 pg/ml) (Figure 

5E). These data suggest a minor role for myeloid DLL4 in triggering inflammation. 



 │Myeloid DLL4 in NASH 

81 

4 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:   Inflammatory response of bone marrow-derived macrophages from Wt and DLL4del 

mice. Gene expression of Dll4 was measured in BMDM of Wt and DLL4del mice (A). 

Gene expression of Tnfα and Itgam were measured in BMDM of Wt and DLL4del mice 

(B-C). TNFα cytokine production was measured in BMDM of Wt and DLL4del mice (D). 

Wt BMDM stimulated with immobilized recombinant DLL4 (E). All data are 

represented as mean +/- SEM. Data are significant at * p< 0.05, ** p< 0.01, *** p< 

0.001. Significance is compared to Wt BMDM. 
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Discussion 

Notch signaling is involved in various metabolic diseases (7,9,13,22) and has been 

described as an essential modulator for inflammation and macrophage function (7,23-

27). While many Notch ligands have been investigated thoroughly, in the current 

study, we investigated for the first time the contribution of myeloid DLL4 in the 

context of hepatic inflammation. 

Macrophage activation is essential for atherosclerotic plaque development (28-31) 

and recent studies have implicated Notch signaling in this process (9,23,32). These 

studies showed that DLL4 ligand-expressing macrophages are found in human 

atherosclerotic lesions and that pro-inflammatory stimuli can increase DLL4 

expression in macrophages (23). Furthermore, it has been shown in vivo that plaque 

progression was reduced in apolipoprotein E-deficient mice after treatment with a γ-

secretase, in order to inhibit Notch signaling (32). Taken into account the prominent 

role of Notch signaling in atherosclerosis, and since NASH and atherosclerosis share 

similar disease mechanisms (8), the results obtained in the current study were 

unexpected. In contrast to our results, global inhibition of DLL4 using specific 

antibodies resulted in a reduction in plaque development and decreased fat 

accumulation in Ldlr-/- mice. Next to that, they showed that F4/80 gene expression in 

the liver was reduced in these mice (9,10), while our result showed no differences in 

hepatic inflammation. In vitro data from our group and others demonstrated the pro-

inflammatory role of DLL4 on macrophages. However, data regarding the role of DLL4 

on cells other than macrophages is lacking. In our experimental design, the DLL4 

deletion is restricted to myeloid cells.  In contrast, Fukuda et al. used a global 

inhibition of DLL4 (via anti-DLL4 antibodies) (9). It is therefore possible that in vivo, the 

contribution of DLL4 on myeloid cells is minor and cells other than macrophages 

contribute to the inflammatory response, as observed by Hoebe et al. (33). For 

example, when stromal cells, that express DLL4, were co-cultured with macrophages, 

the inflammatory response was increased, compared to stromal cells without DLL4 co-

incubated with macrophages (23). These data demonstrate the contribution of other 

DLL4-expressing cells to inflammation. In line, there is evidence that Notch receptors 

can be activated through other Notch ligands (34-37). Furthermore, Notch-1, -2 and -3 

are highly expressed on monocytes and macrophages and in vitro studies have shown 

that these cells can undergo cytokine specific apoptosis by interaction of DLL1 which 

could influence the macrophage inflammatory response (23,25,38). Next to that, it 

can be speculated that DLL4-expressing hepatocytes may also affect myeloid DLL4-

Notch signaling, as myeloid DLL4 signaling is mediated through all four Notch 

receptors (23,39,40). Additionally, DLL4 induces Notch-1, -2, -3 cleavages (41). As such 
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it is likely that, macrophages in DLL4del-tp mice could still be activated via hepatic 

DLL4. Interestingly, Koga et al, showed that Ldlr-/- hyperlipidemic mice showed high 

levels of soluble DLL4 in the plasma compared to Wt mice (42). Fung et al, already 

showed that soluble DLL4 is able to activate Notch signaling in macrophages (23). 

Based on these observations it can be suggested that in our model hepatocytes could 

still be functioning as suitable donor for DLL4 activation as they still express DLL4.  

In conclusion, our data suggest that the inhibition of one single Notch-ligand in the 

myeloid linage is not sufficient to overcome hepatic inflammation. Nevertheless, since 

the macrophage-Dll4 expression in our model was not completely suppressed, it can’t 

be totally excluded that complete DLL4 deletion in macrophages might lead to 

different results. Furthermore, there is a possibility that Kupffer cell isolation using 

magnetic beads may contain other cells such as endothelial cells, which could explain 

for these findings. Finally, the contribution of non-myeloid Kupffer cells to notch 

signaling with regard to the pathogenesis of steatohepatitis is unknown and as such it 

is possible that, DLL4 on Kupffer cells promote the pathogenesis of steatohepatitis. 

Therefore, further research should emphasize on the effects of complete DLL4 

deletion in myeloid cells and the contribution of non-myeloid cells to DLL4-Notch 

signaling. 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 1: Gene expression of Notch receptors/ligands in the livers of Wt-tp and DLL4del-tp 

mice.  

 

 

 

 

 

 

 

 

 

 

Supplementary figure 2: Gene expression of Notch receptors/ligands in BMDM from Wt and DLL4del mice. 
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Supplementary Figure 3: Representative pictures of H&E staining on the livers of Wt-tp and DLL4del-tp 

mice.  
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Abstract 

Background & Aims: Non-alcoholic steatohepatitis (NASH) is characterized by hepatic 

lipid accumulation and inflammation. Currently, the underlying mechanisms, leading 

to hepatic inflammation, are still unknown. The breakdown of free cholesterol inside 

Kupffer cells (KCs) by the mitochondrial enzyme CYP27A1 produces 27-

hydroxycholesterol (27HC). We recently demonstrated that administration of 27HC to 

hyperlipidemic mice reduced hepatic inflammation. In line, hematopoietic deletion of 

Cyp27a1 resulted in increased hepatic inflammation. In the current manuscript, the 

effect of hematopoietic overexpression of Cyp27a1 on the development of NASH and 

cholesterol trafficking was investigated. We hypothesized that Cyp27a1 

overexpression in KCs will lead to reduced hepatic inflammation.  

Methods: Irradiated Ldlr-/- mice were transplanted (tp) with bone marrow from mice 

overexpressing Cyp27a1 (Cyp27a1over) and wild type (Wt) mice and fed either chow or 

a high-fat, high-cholesterol (HFC) diet for 3 months. Additionally, gene expression was 

assessed in bone marrow-derived macrophages (BMDM) from Cyp27a1over and Wt 

mice.  

Results: In line with our hypothesis, hepatic inflammation in HFC-fed Cyp27a1over-tp 

mice was reduced and KCs were less foamy compared to Wt-tp mice. Remarkably, 

these changes occurred even though plasma and liver levels of 27HC did not differ 

between both groups. BMDM from Cyp27a1over mice revealed reduced inflammatory 

gene expression and increased expression of cholesterol transporters compared to Wt 

BMDM after lipopolysaccharide (LPS) stimulation.  

Conclusions: Our data suggest that overexpression of Cyp27a1 in KCs reduces hepatic 

inflammation independently of 27HC levels in plasma and liver, further pointing 

towards KCs as specific target for improving the therapy of NASH. 



 │Hematopoietic CYP27A1 overexpression during NASH 

91 

5 

Introduction 

Non-alcoholic fatty liver disease (NAFLD) is considered the hepatic event of the 

metabolic syndrome and is characterized by the deposition of fat in the liver 

(steatosis). NAFLD covers a broad spectrum of diseases ranging from steatosis to non-

alcoholic steatohepatitis (NASH). NASH is distinguished from simple steatosis by the 

added presence of inflammation in the liver. Whereas steatosis is generally 

considered a relatively benign and reversible condition, inflammation adversely 

affects the long-term prognosis of liver diseases as this enables the development of 

more advanced stages of the disease, including fibrosis, cirrhosis or hepatocellular 

carcinoma, ultimately requiring liver transplantation (1). So far, the intracellular 

mechanisms that trigger the inflammatory response are not known. Hence, therapy 

options are very poor and lack specificity. The uptake of dietary cholesterol by Kupffer 

cells (KCs), the resident macrophages of the liver, was found to play an important role 

during NASH development (2). Similar to previously reported observations during 

atherosclerosis (3,4), the accumulation of cholesterol leading to a swollen appearance 

of macrophages, termed foam cells, was associated with an increased inflammatory 

response in the liver (5). Upon uptake by macrophages, cholesterol is initially directed 

to lysosomes for hydrolyzation and then further transported to the cytoplasm. Here, 

cholesterol can be converted into 27-hydroxycholesterol (27HC) by the action of the 

mitochondrial enzyme CYP27A1 as the first step in the alternative pathway of bile acid 

formation (6). Recently, we demonstrated that exogenous administration of 27HC 

dramatically reduced hepatic inflammation in hyperlipidemic Ldlr-/- mice upon high-

fat, high-cholesterol (HFC) feeding (7). In line with this observation, hematopoietic 

deletion of Cyp27a1 resulted in increased hepatic inflammation (7). We hypothesized 

that hematopoietic overexpression of Cyp27a1 will lead to reduced hepatic 

inflammation. In order to investigate the effect of overexpression of Cyp27a1 in KCs 

on hepatic inflammation, bone marrow chimeras were generated by injecting bone 

marrow cells from mice overexpressing Cyp27a1 (Cyp27a1over) into lethally irradiated 

Ldlr-/- hyperlipidemic host mice. In the current study we show that overexpression of 

Cyp27a1 in KCs reduces hepatic inflammation, independently of hepatic and plasma 

27HC levels. 
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Materials and methods 

Bone marrow-derived macrophages 

Bone marrow-derived macrophages were isolated from the tibiae and femurs of 

C57BL/6 or Cyp27a1over mice (kindly provided by E. Leitersdorf (8)). Cells were cultured 

in RPMI-1640 (GIBCO Invitrogen, Breda, the Netherlands) with 10% heat-inactivated 

foetal calf serum (Bodinco B.V. Alkmaar, the Netherlands), penicillin (100 U/ml), 

streptomycin (100 µg/ml) and L-glutamine 2 mM (all GIBCO Invitrogen, Breda, the 

Netherlands), supplemented with 20% L929-conditioned medium (LCM) for 8–9 days 

to generate bone marrow-derived macrophages. After attachment, macrophages 

were seeded at 350,000 cells per well in 24-well plates and incubated for 24 h with 

medium (control), cyclodextrin (carrier control) or 27HC (0.25 µM; 1 µM). Then cells 

were washed and stimulated with LPS (100 ng/ml) for 4 h. Finally, cells were lysed for 

mRNA expression analysis. For protein expression analysis and electron microscopy 

analysis, cells were seeded at 2,000,000 cells per well in 6-well plates and incubated 

under the same conditions. 

Mice, diet, and bone marrow transplantation 

Mice were housed under standard conditions and given free access to food and water. 

Experiments were performed according to the Dutch regulations and approved by the 

Committee for Animal Welfare of the Maastricht University. Female 12-week-old Ldlr-

/- mice were lethally irradiated and transplanted with Wt or Cyp27a1over bone marrow 

as previously described (9). After a recovery period of 9 weeks, the mice were given 

either chow or HFC diet for 3 months (chow: n = 5; HFC: n = 10). The HFC diet 

contained 21% milk butter, 0.2% cholesterol, 46% carbohydrates, and 17% casein. 

Collection of blood and tissue specimens, biochemical determination of lipids in 

plasma and liver, liver histology, electron microscopy, RNA isolation, cDNA synthesis, 

qPCR and oxysterol levels were determined as described previously (7,10). 

Statistical analysis 

Data were analysed using the Graphpad Prism 4.0.3 software. Groups were compared 

using the unpaired t test for comparing two groups or one-way ANOVA for comparing 

multiple groups. Data were expressed as the mean and standard error of the mean 

and were considered significantly different at *p<0.05; **p <0.01; or ***p <0.001. 
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Results 

Cyp27a1over-tp mice have less hepatic inflammation compared to Wt-
tp mice 

The effect of hematopoietic overexpression of Cyp27a1 in diet induced NASH was 

investigated by transplanting bone marrow from wild type (Wt) and Cyp27a1 

overexpressing (Cyp27a1over) mice into Ldlr-/- mice. After a recovery period of 9 weeks, 

mice received chow or HFC diet for 3 months. Body weight did not differ significantly 

between the groups (data not shown). To investigate the effect of hematopoietic 

overexpression of Cyp27a1 on hepatic inflammation, liver sections were stained with 

antibodies against several inflammatory markers including macrophages and 

neutrophils. Lower numbers of infiltrating macrophages (p = 0.0206) and neutrophils 

(p = 0.0146) were observed in the livers of Cyp27a1over-tp mice compared to Wt-tp 

mice after HFC (Figure 1A), as further illustrated by representative pictures from Mac-

1 staining for infiltrating macrophages and neutrophils (Figure 1B). These findings 

were confirmed by reduced hepatic gene expression of the monocyte chemo-

attractant protein 1 (Mcp1) (p = 0.0083), chemokine (C-X-C motif) ligand 1 (Cxcl1) (p = 

0.046), and Cxcl2 (p = 0.039) in Cyp27a1over-tp mice compared to Wt-tp mice upon 

HFC (Figure 1C), whereas gene expression for tumor necrosis factor-alpha (Tnfα) 

showed the same trend, although it did not reach significance (p = 0.07). Taken 

together, these data indicate that hematopoietic overexpression of Cyp27a1 reduces 

hepatic inflammation. To investigate the effect of overexpression of Cyp27a1 in 

hematopoietic cells on apoptosis, hepatic expression of genes important during 

apoptosis was determined. Compared to animals on chow, expression of the 

apoptotic genes Bfl1 and Traf1 was increased after 3 months of HFC diet. However, no 

difference was observed between Wt-tp and Cyp27a1over-tp mice (Supplementary 

Figure 1A). In line with these findings, no difference between Wt-tp and Cyp27a1over-

tp mice was found in hepatic expression of catalase (Cat), SOD2, Hmox, and Cyp2E1, 

markers for oxidative stress (Supplementary Figure 1B). To further characterize these 

two genotypes, markers for liver damage and fibrosis were analysed. As expected, 

plasma alanine transaminase (ALT) levels were increased in mice after 3 months of 

HFC feeding. Similar ALT levels were observed in Wt-tp and Cyp27a1over-tp mice. 

Additionally, hepatic gene expression of Tgfβ, a marker for fibrosis development, was 

unchanged between Wt-tp and Cyp27a1over-tp mice upon HFC diet (Supplementary 

Figure 1C). To evaluate macrophage polarization in the livers of both transplanted 

groups, hepatic gene expression analysis of IL12, an M1 macrophage marker, was 

measured and revealed no difference between the two groups. Likewise, no 

difference was observed in the expression of the M2 macrophage markers arginase-1 

(Arg1) and IL10 after 3 months of HFC feeding (Supplementary Figure 1D). Taken 

together, these data indicate that hematopoietic overexpression of Cyp27a1 reduces 

hepatic inflammation independent of the level of apoptosis, oxidative stress, liver 

damage or macrophage subset polarization. 
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Figure 1:  Parameters of hepatic inflammation in Wt-tp and Cyp27a1over-tp mice. Liver sections were 

stained for infiltrating macrophages and neutrophils (Mac-1), neutrophils (NIMP) and positive 

cells were counted (A). Representative pictures of Mac-1 staining (200x magnification) after 3 

months of HFC diet in Wt-tp and Cyp27a1over-tp mice(B). Gene expression analysis of monocyte 

chemoattractant protein 1 (Mcp1), tumor necrosis factor alpha (Tnfα), chemokine (C-X-C 

motif) ligand 1 (Cxcl1) and Cxcl2. Gene expression data were set relative to Wt-tp mice on 

chow diet (C). * Indicates p <0.05 and **p <0.01.  

 

Less foamy Kupffer cells in Cyp27a1over-tp mice compared to Wt-tp 
mice 

To analyse the effect of Cyp27a1 overexpression on the foamy appearance of KCs, a 

CD68 staining (for KC) was performed and revealed a clear difference between 

Cyp27a1over-tp mice and Wt-tp mice upon HFC diet. In Cyp27a1over-tp mice, KCs are 

less swollen and foamy compared to KCs in Wt-tp animals (Supplementary Figure 4A). 

These data are in line with reduced gene expression of Cd68 in the livers of 

Cyp27a1over-tp mice compared to Wt-tp mice after 3 months of HFC feeding 

(Supplementary Figure 4B). To investigate whether the difference in foamy 

appearance of KCs is related to changes in cholesterol uptake or cholesterol efflux, 

gene expression analysis was performed. For cholesterol uptake, hepatic expression 

of Cd36, scavenger receptor a (SR-A), low density lipoprotein receptor-related protein 

1 (LRP1) and SR-B1 did not differ between Wt-tp and Cyp27over-tp mice upon HFC 

(Supplementary Figure 4C). Next to that, no difference in hepatic expression of two 

well-known cholesterol efflux transporters, Abca1 and Abcg1, was observed between 

Wt-tp and Cyp27over-tp mice (Supplementary Figure 4D). Together, these data indicate 

that changes in the foamy appearance of KCs are not related to cholesterol uptake 

and reverse cholesterol transport in total liver. 
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Figure 2:  Liver and plasma oxysterol levels in Wt-tp and Cyp27a1over-tp mice. Liver and plasma 27-

hydroxycholesterol levels after chow and HFC diet (A). Liver and plasma 7a-hydroxycholesterol 

and 24-hydroxycholesterol levels after chow and HFC diet (B). Gene expression analysis of 

hepatic Cyp7b1, Cyp7a1, and Cyp27a1 in Wt-tp and Cyp27a1over-tp mice. Gene expression data 

were set relative to Wt-tp mice on chow diet(C). *Indicates p <0.05. 

 

Bone marrow-derived macrophages (BMDM) from Cyp27a1over mice 
have increased intracellular cholesterol trafficking 

In order to investigate the mechanism by which Cyp27a1 reduces inflammation, bone 

marrow cells were isolated from Wt and Cyp27a1over mice and cultured to 

macrophages. After stimulation with lipopolysaccharide (LPS) for 4 h, the expression 

of Tnfα was significantly lower in BMDM from Cyp27a1over mice compared to those 

from Wt mice, confirming our in vivo findings that Cyp27a1 overexpression in 

macrophages results in a reduced inflammatory response (Figure 3A). To study the 

specific effect of Cyp27a1 overexpression on cholesterol uptake by macrophages, the 

expression of Cd36 and SR-A was analysed with and without LPS stimulation. No 

difference was observed between BMDM from Wt and from Cyp27a1over mice (Figure 

3B). On the other hand, expression of liver X receptor alpha (LXRα) (p = 0.025), Abca1 

(p = 0.0094), and Abcg1 (p = 0.0462), genes involved in cholesterol efflux, was 

increased in BMDM from Cyp27a1over mice compared to Wt BMDM after LPS 

stimulation (Figure 3C). These data indicate that Cyp27a1 overexpression in 
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macrophages leads to an increase of cholesterol efflux transport during an 

inflammatory response.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Gene expression in bone marrow-derived macrophages from Wt and Cyp27a1over mice after 

LPS stimulation. Gene expression analysis of the inflammatory marker tumor necrosis factor 

alpha (Tnfa) (A), scavenger receptors Cd36 and SR-A (B), liver X receptor alpha (LXRa) and ATP-

binding cassette transporter A1 (Abca1) and G1 (Abcg1) (C) in BMDM from Wt and Cyp27a1over 

mice after 4 h LPS stimulation. Data were set relative to BMDM from Wt mice incubated with 

medium. * Indicates p <0.05 and **p <0.01. 

 

To further examine the effect of Cyp27a1 overexpression on intracellular cholesterol 

trafficking in macrophages, gene expression analysis for genes important for 

lysosomal cholesterol transport (Npc1 and Npc2) was assessed. Whereas Npc1 

expression was not affected by LPS stimulation, the expression of Npc2 increased 

dramatically after stimulation with LPS in both BMDM from Wt and Cyp27a1over mice 

(Figure 4A). Notably, macrophages overexpressing Cyp27a1 showed increased 

expression of Npc2 compared to Wt BMDM after LPS stimulation (Figure 4A). 

Additionally, in order to study specifically the effect of 27HC on macrophages, protein 

levels of Npc1 and Npc2 were determined in BMDM from Wt mice that were 

incubated with 27HC and cyclodextrin (carrier control). Interestingly, 27HC incubation 

led to a significant induction of NPC1 and NPC2 protein levels compared to control 

condition (Figure 4B). This increase was accompanied by a reduction in lysosomal 

cholesterol accumulation in BMDM, incubated with 27HC as shown in the electron 

microscopy pictures (Figure 4C). While adding cyclodextrin to macrophages resulted in 

a trend towards a reduction in lysosomal cholesterol accumulation, adding 27HC was 
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able to dramatically reduce lysosomal cholesterol accumulation in comparison to 

control and compared to the cyclodextrin condition. Thus, 27HC is more effective in 

reducing lysosomal cholesterol accumulation than its vehicle cyclodextrin. Taken 

together, these data suggest that Cyp27a1 and 27HC are able to modulate 

intracellular cholesterol trafficking in macrophages via NPC proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:  Gene expression and protein levels in bone marrow-derived macrophages from Wt and 

Cyp27a1over mice of genes important in intracellular cholesterol trafficking. Niemann-Pick C1 

(Npc1) and Npc2 gene expression in BMDM from Wt and Cyp27a1over mice after 4 h LPS 

stimulation (A). Representative pictures of 5 independent Western blot measurements. 

Western blot analysis of Npc1 and Npc2 proteins in BMDM from Wt mice after 4 h of LPS 

stimulation and incubation with cyclodextrin (carrier control) and 27-hydroxycholesterol. Beta-

actin was used as loading control (B). Representative electron microscopy pictures (acid 

phosphatase staining) of Wt BMDM incubated with medium, cyclodextrin, or 27HC. Pictures of 

approximately 25 BMDM were scored for lysosomal cholesterol accumulation (C). Data were 

set relative to BMDM from Wt mice incubated with medium. *Indicates p <0.05; **p <0.01; 

***p <0.001. 
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Discussion 

Our results indicate that Cyp27a1 overexpression in hematopoietic cells reduces diet-

induced hepatic inflammation. Remarkably, the reduction in hepatic inflammation 

was independent of plasma and liver levels of 27-hydroxycholesterol and other 

oxysterols. Mechanistically, our data suggest that Cyp27a1 can reduce hepatic 

inflammation via modulation of intracellular cholesterol trafficking in macrophages. 

Furthermore, our data provide further evidence to the importance of KCs in triggering 

hepatic inflammation.  

 

CYP27A1 is able to reduce hepatic inflammation independent of 
circulating 27HC levels  

Currently, most data are highly controversial regarding the activities of oxysterols. 

Although some in vitro studies have demonstrated that oxysterols have some 

cytotoxic, oxidative, and/or inflammatory effects (11), the most abundant oxysterol, 

being 27HC, is considered as a potential candidate for the reduction of inflammation 

during NASH (7). Daily injection of 27HC was found to result in reduced hepatic 

inflammation in a dietary model for NASH. As expected, in addition to the reduced 

inflammatory response upon 27HC administration, increased levels of 27HC in liver 

and plasma were detected (7). Importantly, 27HC was found to be a selective 

oestrogen receptor modulator that can serve as a competitive antagonist for the 

oestrogen receptor (12,13). As such, circulating levels of 27HC levels may directly 

antagonize the functions of oestrogen receptors in vascular endothelial and smooth 

muscle cells, thereby leading to a loss of the cardioprotective effect of oestrogen (14). 

Furthermore, increased levels of 27HC, which occur during hypercholesterolemia, 

have recently been shown to be involved in different pathologies. In a mouse model 

for breast cancer, it was shown that 27HC increases oestrogen receptor-dependent 

growth and LXR-dependent metastasis (15). Mice that demonstrated increased 

circulating levels of 27HC showed increased metastasis of breast cancer cells to the 

lung. Besides involvement in breast cancer, it was shown that increased 

concentrations of 27HC led to decreased bone mineral density that was associated 

with decreased bone formation and increased bone resorption (12). Our current data 

indicate that increased Cyp27a1 expression, specifically in hematopoietic cells, does 

not alter circulating 27HC levels while inflammation is reduced. Our data suggest that 

the increased systemic and hepatic production of 27HC is prevented by upregulation 

of the classical pathway. Another explanation for the similar levels of systemic and 

hepatic levels of 27HC between the groups is the fact that parenchymal cells 

compromise about 80% of all liver cells. In our study, gene expression of Cyp27a1 in 

total liver was not different between Wt-tp and Cyp27a1over-tp mice. Therefore, 

hematopoietic overexpression of Cyp27a1 is not likely to be reflected in increased 

27HC levels in plasma and liver. Therefore, our data further point towards therapy 

options wherein CYP27A1 is specifically targeted in KCs. 
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CYP27A1 modulates intracellular cholesterol trafficking via NPC 
proteins 

The observation that hematopoietic Cyp27a1 overexpression leads to a reduced 

foamy appearance of KCs while neither cholesterol uptake, nor reverse cholesterol 

transport was modulated in total liver suggests that overexpression of Cyp27a1 only 

affected intracellular cholesterol trafficking inside KCs. Our current observations are in 

line with our previous findings that indicated that the agonistic effect of 27HC on the 

liver X receptor (LXR) in KCs is not dominant in all liver cells, but is restricted to KCs 

(7). In line with our data it was shown that introducing the expression of Cyp27a1 in 

vitro, by transfecting cells, stimulated cholesterol efflux compared to un-transfected 

control cells (16). Additionally, pre-incubation of non-transfected cells with 27HC led 

to increased cholesterol efflux by 24–60% (16). Others have reported that this process 

may occur via LXR-stimulation, as it is known that 27HC and possibly another product 

of CYP27A1, cholestenoic acid, may be ligands of LXR, regulating a number of genes 

involved in lipid metabolism including Abca1 (17). Interestingly, hepatic levels of 

cholesteryl esters were dramatically reduced in Cyp27a1over-tp mice compared to the 

levels in Wt-tp mice in our study. In line with our findings, it was demonstrated that 

reduced cholesteryl esters, by transgenic overexpression of the cholesteryl ester 

hydrolase (CEH) in macrophages, polarizes Kupffer cells to a more anti-inflammatory 

phenotype that attenuates hepatic lipid synthesis and accumulation (18). 

Furthermore, macrophage CEH overexpression was found to reduce atherosclerosis 

and necrosis in Ldlr-/- mice, while free cholesterol levels were unchanged (19,20). In 

addition, accumulation of cholesteryl esters during cholesteryl ester storage disease is 

known to be associated with increased inflammation in different tissues and 

accelerated atherosclerosis (21). Although 27HC was previously shown to be able to 

influence intracellular cholesterol transport from lysosomes to the cytoplasm (7,22), 

the mechanism involved is not yet known. The two main proteins that are involved in 

cholesterol transport from lysosomes to the cytoplasm are Niemann-Pick C1 (NPC1) 

and NPC2. While NPC1 is a multiple membrane spanning domain protein containing a 

sterol sensing domain, NPC2 is a small intra-lysosomal protein that has been 

characterized biochemically as a cholesterol-binding and transport protein (23). A 

defect in either of these proteins results in Niemann-Pick disease type C, 

characterized by lysosomal cholesterol accumulation and inflammation in different 

tissues including the liver. Interestingly, it was shown that NPC1 and NPC2-deficient 

cells have a severely reduced production of 27HC, and that upon incubation with 

27HC the lysosomal cholesterol pool in NPC1-/- fibroblasts is dramatically reduced (22). 

In line with these data, we observed for the first time that Cyp27a1 overexpression is 

able to increase NPC1 and NPC2 gene expression and protein levels. After binding, 

NPC2 is able to deliver cholesterol intracellular via interaction with the phospholipid 

bilayer, thereby reaching a putative transmembrane transporter via lateral diffusion in 

the plane of the membrane, or it could flip across the limiting lysosomal membrane 
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and become accessible for transportation to the plasma membrane (24). Alternatively, 

NPC2 is able to directly interact with NPC1 or other lysosomal membrane proteins, 

resulting in the removal of cholesterol from the lysosome (25). In this way, NPC1 and 

NPC2 function as a tag team duo to mobilize cholesterol (24,26). Our data suggest 

that 27HC can stimulate NPC mediated cholesterol binding and transportation to the 

lysosomal membrane, where it can be released out of lysosomes. Taken together, our 

studies provide a new mechanism by which Cyp27a1 can modulate intracellular 

cholesterol trafficking in macrophages, thereby leading to reduced inflammation.  

While both intracellular cholesterol trafficking and cholesterol efflux can modulate 

inflammation, the increased NPC expression observed in Cyp27a1over-tp mice is 

probably the main reason for the reduced inflammatory response observed in 

Cyp27a1over-tp mice. Increased cholesterol efflux was shown to modulate the immune 

response and inflammation through direct and indirect anti-inflammatory 

mechanisms (17). However, it was reported previously that the total amount of 

cholesterol in cells is not correlated directly with inflammation, but rather the amount 

of cholesterol trapped inside lysosomes (2), suggesting an important role for NPC 

proteins in the inflammatory response. Moreover, studies in both arteries and in cell 

culture have shown that accumulated cholesterol in lysosomes cannot be decreased 

simply by inhibiting further uptake of lipoproteins or by increasing efflux of extra-

lysosomal cholesterol stores (27–29). On the other hand, increasing the expression of 

the NPC1 protein led to increased cholesterol efflux and the inhibition of 

atherosclerosis (30). Thus, increased cholesterol efflux can also be a consequence of 

increased NPC expression. To conclude, while both pathways contributes to the 

reduced inflammatory response observed in the Cyp27a1over-tp mice, stimulating 

cholesterol transport out of lysosomes seems to play a more dominant role. 

In summary, we have shown for the first time that overexpression of Cyp27a1, 

specifically in macrophages, is able to reduce hepatic inflammation. Mechanistically, 

our data suggest that Cyp27a1 can modulate intracellular cholesterol trafficking by 

increasing NPC1 and NPC2 expression. This effect is likely regulated via increased 

intracellular levels of 27HC, while circulating levels of 27HC are unchanged between 

the transplanted groups. Taken together, our data point towards the potential of 

targeted therapy options during the development of NASH and other inflammatory-

related disorders, such as atherosclerosis. 
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Supplementary Materials and methods  

Liver cholesterol and cholesteryl-ester concentration measurements  

To investigate the effect of hematopoietic overexpression of CYP27a1 on cholesterol 

and cholesteryl-ester in the liver, liver homogenates of Wt-tp and Cyp27a1over-tp mice 

were analysed according to the manufacturing protocol using the 

cholesterol/cholesteryl-ester quantitation kit (ab65359; Abcam).  
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Supplementary Figure 1.  Characterization for apoptosis, oxidative stress, liver damage and 

macrophage polarization of Wt-tp and Cyp27a1over-tp mice. Hepatic 

expression analysis of apoptotic genes Bfl1 and TRAF1 in Wt-tp and 

Cyp27a1over-tp mice(A). Hepatic gene expression analysis of Catalase, 

SOD2, Hmox and Cyp2E1, markers for oxidative stress(B). Plasma alanine 

transaminase (ALT) levels and hepatic gene expression of Tgf-beta in Wt-tp 

and Cyp27a1over-tp mice after chow and HFC diet(C). Hepatic gene 

expression analysis of IL-12, IL-10 and Arginase- 1 (Arg-1) as markers for 

macrophage polarization in Wt-tp and Cyp27a1over-tp mice. Gene 

expression data were set relative to Wt-tp mice on chow diet (D). 
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Supplementary Figure 2.  Liver and plasma lipid levels in Wt-tp and Cyp27a1over-tp mice. Liver 

triglyceride, cholesterol and free fatty acid levels after chow and HFC diet 

in Wt-tp and Cyp27a1over-tp mice (A). Plasma triglyceride, cholesterol and 

free fatty acid levels after chow and HFC diet in Wt-tp and Cyp27a1over-tp 

mice (B). 
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Supplementary Figure 3. Liver cholesterol measurements and ACAT2 expression in Wt-tp and 

Cyp27a1over-tp mice. Liver free cholesterol and cholesteryl esters after 

chow and HFC diet in Wt-tp and Cyp27a1over-tp mice (A). Hepatic gene 

expression analysis of ACAT2 in liver of Wt-tp and Cyp27a1over-tp mice (B). 

Gene expression data were set relative to Wt-tp mice on chow diet. 

*indicates p<0.05  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure. 4.  Foamy appearance of KCs and hepatic cholesterol metabolism gene 

expression in Wt-tp and Cyp27a1over-tp mice. (A) Representative pictures 

of Cd68 staining (200x magnification) after 3 months of HFC diet in Wt-tp 

and Cyp27a1over-tp mice. Hepatic gene expression analysis of macrophage 

marker Cd68 (B), scavenger receptors Cd36, SR-A, LRP1 and SR-B1 (C), and 

ATP-binding cassette transporter A1 (Abca1) and G1 (Abcg1) (D) in liver of 

Wt-tp and Cyp27a1-/--tp mice. Gene expression data were set relative to 

Wt-tp mice on chow diet. *indicates p<0.05 
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While it was previously suggested that atherosclerosis and NASH are two aspects of a 

shared disease, evidence of a shared mechanism remained to be elucidated. In this 

thesis, I focused on the role of macrophages in both atherosclerosis and NASH by 

investigating mechanisms related to the crosstalk between lipids and inflammation. In 

this chapter, our novel findings are summarized below and will be discussed in detail.  

Novel findings of this thesis: 

- The shared etiology of NASH and atherosclerosis is linked via several 

mechanisms that are influenced by 

o lysosomal accumulation of oxidized cholesterol (Chapter 2) 

o inflammasome activation (Chapter 3) 

- The oxidation of lysosomal cholesterol, rather than the accumulated amount, 

is important as a trigger for inflammation (Chapter 2).  

- Hematopoietic caspase-1/11 plays an important role as inflammatory 

mediator in atherosclerosis development (Chapter 3).  

- Myeloid DLL4 does not contribute to the progression of NASH development 

(Chapter 4). 

- Lysosomal cholesterol accumulation can be reduced by the oxysterol 27-

hydroxycholesterol, which increases the expression of lysosomal NPC 

proteins, thereby consequently reducing hepatic inflammation (Chapter 5).  
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NASH and atherosclerosis: shared features of a 
macrophage-specific response 

Foam cell formation is defined as the excessive uptake of modified lipids by 

macrophages due to a vicious circle of increased oxidative stress and cytokine 

production. These processes will stimulate atherogenesis by endothelial activation, 

increased LDL oxidation/retention and uptake of oxLDL by macrophages (1-4). 

Similarly, this process of foam cell formation has also been described in NASH where 

Kupffer cells show a similar foamy-like morphology (5). In line, multiple studies 

indicate an association between atherosclerosis and NASH (6), and it was suggested 

that both diseases share features of a similar mechanism (7). The uptake of oxidized 

lipids by scavenger receptors was one of the first features found to be involved in 

both atherosclerosis and NASH. Mice lacking these receptors show reduced hepatic 

inflammation (8, 9) and atherosclerosis development (10). Another shared feature 

between atherosclerosis and NASH is macrophage inflammation, since both diseases 

are driven by macrophage cytokine production. For example, TNF is a major pro-

inflammatory cytokine which is produced by plaque macrophages as well as Kupffer 

cells. Additionally, TNF is predominantly expressed in livers of NASH patients and 

stimulates atherosclerotic lesion progression and lesional foam cell formation (11, 12). 

Similar findings have been obtained for IL-12 which has been shown to be an 

important regulator of inflammation in early lesion development and to contribute to 

a fatty liver (13, 14). Furthermore, mouse models originally generated to investigate 

atherosclerosis such as Ldlr-/- mice are nowadays widely used to investigate NASH 

development when fed a Western type diet (15). Relevantly, although chronic 

inflammation affects the liver and the arteries simultaneously, hepatic inflammation is 

already pronounced after 7 days whereas atherosclerosis development is only 

observed after 1 month on a Western-type diet in Ldlr-/- mice. As NASH develops 

earlier it may contribute to atherosclerosis development (5, 7, 16). In conclusion, 

these findings clearly show that the inflammatory processes in NASH and 

atherosclerosis are similar, play a major role in disease progression and influence each 

other. In this thesis, several shared mechanisms related to atherosclerosis and NASH 

were investigated, which focused on the uptake of oxidized lipids (Chapter 2), 

cholesterol-induced inflammation (Chapter 3 and 4) and modulation of intracellular 

cholesterol accumulation (Chapter 5).  
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Oxidized LDL as the main culprit in lysosomal cholesterol-
induced inflammation  

The uptake of oxidized lipids, mainly oxidized LDL (oxLDL) is considered to be the main 

culprit responsible for initiating foam cell formation in macrophages (4, 17-19). 

Several studies have shown that uptake of oxLDL by macrophages, leading to foam 

cell formation, contributes to inflammation (20-22). Relevantly, recent evidence 

suggests that the inflammatory response triggered by foam cells may not so much 

depend on the amount of cholesterol taken up by macrophages but rather more on 

the distribution of the cholesterol within the cell (8, 23, 24). These observations 

support a defective mechanism in intracellular lipid trafficking in macrophages leading 

to foam cell formation and inflammation. Normally, native LDL is endocytosed upon 

binding to the LDL receptor and is then transferred to the lysosomes for degradation. 

Within the lysosomal compartment, cholesteryl esters are released from the LDL 

particles and hydrolysed to free cholesterol by the enzyme lysosomal acid lipase. The 

transport of free cholesterol out of the lysosomes and into the cytoplasm is facilitated 

by NPC proteins (25-28). In comparison to native LDL, in vitro studies have shown that 

oxLDL is poorly degraded and is resistant to efflux from the lysosome into the 

cytoplasm and thereby therefore accumulates in lysosomes (29-32). Since the 

transport of free cholesterol is mainly facilitated by NPC proteins, it is likely that 

dysregulation of these proteins contributes to lysosomal cholesterol accumulation. 

Indeed, non-modified as well as modified oxLDL will accumulate within lysosomes of 

cells with dysfunctional NPC1 protein (33, 34). Lysosomal cholesterol accumulation 

has also been affiliated with NASH. Mice with CD36 and SR-A-deficient macrophages 

display normal foam cell formation when challenged with a high-fat diet, but 

lysosomal cholesterol accumulation and hepatic inflammation were reduced. This 

suggests that oxLDL accumulation is normally restricted to the lysosomal 

compartment, but that in these cells cholesterol metabolism and trafficking was 

altered (8, 9). Additionally, oxLDL injected in Ldlr-/- mice was trapped in Kupffer cells 

resulting in increased hepatic inflammation (35). Accordingly, pneumococcal 

vaccinations of these mice (as applied in Chapter 2) to increase anti-oxLDL antibody 

titers that prevent oxLDL uptake, led to decreased lysosomal cholesterol accumulation 

and reduced hepatic inflammation (23). NPC1 has been proven to protect against 

atherosclerosis as NPC1 mutant mice, which display lysosomal cholesterol 

accumulation are susceptible to atherogenesis (36). Several studies even propose that 

atherosclerosis displays features of an acquired lysosomal storage disorder (37). 

Indeed, Binder et al showed that pneumococcal vaccinations are also atheroprotective 

in hyperlipidemic mice (38).  

In Chapter 2, we examined the specific contribution of oxLDL to macrophage-

dependent lysosomal cholesterol-mediated atherogenesis using pneumococcal 

vaccination in NPC1mut-tp mice. We found that the vaccination resulted in a moderate 

decrease in atherosclerosis and vascular inflammation (Chapter 2). Relevantly, plaque 
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progression was more advanced in immunized NPC1mut-tp mice than in the study with 

hyperlipidemic mice (38) which could be explained by the fact that oxidation of 

cholesterol can also occur within lysosomes (39). Non-oxLDL lipids trapped within 

lysosomes in immunized NPC1mut-tp mice could still be partly oxidized leading to more 

advanced plaques. In a previous study, we demonstrated that immunization of 

NPC1mut-tp mice also lead to reduced hepatic inflammation and improved lysosomal 

function (Walenbergh et al, submitted). The findings in Chapter 2 highlight the 

importance of oxLDL in lysosomes since individuals with an impaired lipid metabolism 

shown only a very small increase (0.20%) of circulating oxLDL (relative to LDL) when 

compared to healthy individuals (40). Overall, the findings in this thesis clearly show 

that oxLDL in lysosomes are causally linked to inflammation in both NASH and 

atherosclerosis. Several mechanisms have been proposed as to how lysosomal 

cholesterol accumulation can trigger inflammation (Figure 1) (41). One of them is by 

the inhibition of autophagy, a process involved in the degradation of cellular proteins 

and organelles. Autophagy plays an important role in atherosclerosis development 

and is also associated with NASH (42, 43). Additionally, dysfunctional autophagy has 

been implicated in lysosomal storage disorders, where improper fusion of lysosomes 

and autophagosomes results in inflammatory processes, as extensively reviewed by 

others (44-48). Furthermore, release of lysosomal enzymes, such as cathepsins into 

the cytoplasm upon lysosomal membrane damage or into the extracellular space as a 

consequence of disturbed lysosomal trafficking can lead to apoptosis and extracellular 

matrix degradation (49-51). Finally, inflammasome activation by cholesterols crystals 

also contributes to lysosomal cholesterol-induced inflammation (52, 53). Its role in 

atherosclerosis was examined in Chapter 3 and will be discussed further.  
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Figure 1:  Proposed mechanisms for the induction of inflammation through the lysosomal 

accumulation of oxidized cholesterol. Several mechanisms have been proposed by 

Hendrikx et al. on how lysosomal cholesterol accumulation can trigger 

inflammation, including disturbed autophagy, inflammasome activation and the 

release of lysosomal enzymes such as cathepsins (41).  
 

The accumulation of lysosomal cholesterol as trigger for 
inflammasome-induced inflammation.  

The inflammasome is a multi-protein complex leading to caspase-1 activation and 

subsequent release of mature IL-1β and IL-18 cytokines (54-56). Pro-inflammatory 

stimuli, which can induce inflammasome activation, are cholesterol crystals, reactive 

oxygen species and metabolic stress (41, 57, 58). Lysosomal accumulation of free 

cholesterol can contribute to cholesterol crystal formation within lipid-loaded 

lysosomes (59). These observations indicate that lysosomal cholesterol accumulation 

can act as contributing factor to inflammasome activation.    

Cholesterol crystals have been implicated in the progression of both atherosclerosis 

and NASH. Cholesterol crystals are present in atherosclerotic lesions and were 

associated with plaque rupture in human atherosclerotic lesions (60, 61). Relevantly, 

lysosomal damage induced by cholesterol crystals, which were identified in early 

atherosclerotic lesions, contributes to NLRP3 inflammasome activation in mice (52, 

53). Inflammasome activation may also play an important role during NASH, as 

cholesterol crystals were identified in the livers of Ldlr-/- mice and were associated 

with increased hepatic inflammation and lysosomal cholesterol accumulation (23, 24). 

Importantly, cholesterol crystal formation and lysosomal cholesterol accumulation are 

reduced upon pneumococcal immunization (23). In line, caspase-1 expression was 

reduced in immunized NPC1mut-tp mice in the aortic, which indicates an 

inflammasome/caspase-1 mediated inflammatory response upon lysosomal oxLDL 

accumulation (Chapter 2). Indeed, oxLDL has been found to bind to toll-like receptors 

(TLRs) and scavenger receptors, which can result in inflammasome activation leading 

to caspase-1 activation (52, 60, 62). Overall, these observations suggest a role for 

inflammasome activation in NASH and atherosclerosis. Since caspase-1 activation is 

regulated through the inflammasome, its role in atherosclerosis has been 

investigated. Indeed, complete caspase-1 deletion in Apoe-/- mice reduced 

inflammation and atherosclerosis development (63, 64). The activation of caspase-1 

leads to the release of pro-inflammatory cytokine IL-1β and IL-18 mainly produced by 

monocytes and macrophages (65, 66). In this thesis, it was shown that caspase-1/11 

deletion in hematopoietic cells leads to reduced atherosclerosis development and 

plays an important role in vascular inflammation (Chapter 3). In the context of NASH, 

complete caspase-1 deficiency protects against inflammatory responses and fibrosis 

during NASH development (67, 68). In line with our observation in Chapter 3, 
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hematopoietic deletion of caspase-1/11 reduced liver inflammation by reducing the 

foamy cell appearance of KCs, and the accumulation of lysosomal cholesterol. 

Additionally, increased cholesterol efflux and restored autophagy function were 

observed in KCs in hematopoietic caspase-1/11 mice. In conclusion, these results 

show that macrophage caspase-1/11 activation plays an important role in both 

atherosclerosis development and NASH. The production of IL-1β occurs downstream 

of caspase-1 activation through regulation of the inflammasome. Inflammatory 

processes which are regulated through IL-1β signalling are contributing to the 

progression of NASH (55, 69). The naturally occurring IL-1 receptor antagonist (IL-1Ra) 

plays an important role in the regulation of IL-1β signalling by competing with IL-1β 

for its receptor (55, 70, 71). Previous findings of our group demonstrated that IL-1Ra 

was elevated in plasma of NASH patients and had increased diagnostic value in 

combination with commonly used markers to detect NASH (72). Similar findings have 

been reported for atherosclerosis (73). Overall, these data clearly indicate that IL-1Ra 

can be used to improve diagnosis of both NASH and atherosclerosis.  

Notch signaling as a central regulator of metabolic function 

Notch signaling is crucial for the regulation of homeostasis within many metabolic 

organs (74). Metabolic processes such as lipid metabolism and glucose homeostasis 

are regulated by Notch signaling, as inhibition of notch leads to reduced lipid 

accumulation and improved insulin sensitivity in mice (75-80). In humans, 

downstream targets of Notch have been found to correlate well with insulin 

resistance and NAFLD (81). Relevantly, DLL4-induced Notch signaling has been 

implicated in macrophage inflammatory responses and is co-localizes with 

macrophages in human atherosclerotic lesions (82). In this thesis it was shown that 

myeloid DLL4 deficiency could not reduce hepatic inflammation in Ldlr-/- mice 

(Chapter 4). This is in contrast with previous findings, where global inhibition of Notch 

ligand Delta-Like Ligand-4 (DLL4) attenuated atherosclerosis by altering the 

macrophage-mediated inflammatory response in mice (75). Furthermore, lipid and 

macrophage content were also reduced upon global inhibition of DLL4, suggesting an 

important role for DLL4-Notch signaling in macrophages. Supported by co-culture 

experiments by Fung et al, our findings can be explained by the contribution of other 

DLL4 expressing to inflammation cells as in our model only myeloid DLL4 is ablated 

(82). As macrophages comprise only a small part of the liver, the contribution of 

hepatocytes, which also can express DLL4, could explain our findings. DLL4 signaling is 

mediated through all four Notch receptors which are known to be expressed on 

macrophages (82-85). Alternatively, the effect seen in myeloid DLL4 deficient mice 

could be obscured by the A disintegrin and metalloproteinase (ADAM)-mediated 

shedding of DLL4, releasing a soluble DLL4 that could in turn activate macrophage 

Notch signaling (82, 86). ADAMs play an important role in the regulation of Notch as 

they catalyze the proteolytic cleavage of Notch receptors and their ligands (87, 88). 
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Apart from their role in Notch signaling, ADAMs are also involved in the release or 

“shedding” of other surface molecules (89-91). It is well known that the infiltration of 

inflammatory cells such as monocytes/macrophages in the context of atherosclerosis 

is controlled by cytokine and chemokine release (1, 92, 93). Some of these processes 

are regulated through Notch signaling since it was demonstrated that ADAM10 is an 

important mediator in Notch-DLL4 dependent regulation of IL-6 in human endothelial 

cells, indicating that ADAM10 plays an important role in vascular inflammation (94). 

Relevantly, in human atherosclerotic lesions, ADAM10 is highly expressed in lesional 

foam cells and is increased during plaque progression (95). Myeloid ADAM10 

influences plaque stability by regulating leukocyte recruitment, production of 

inflammatory mediators and affecting extracellular matrix degradation, 

demonstrating a causal role for the proteinase in atherosclerosis (96). With regard to 

extracellular matrix degradation it was reported that global inhibition of DLL4 led to 

reduced expression levels of matrix metallopeptidase 9 (MMP-9) in peritoneal 

macrophages (75), which may suggest again a link in ADAM10-DLL4 signaling as 

ADAM10 deficiency also reduces MMP-9 levels (96). ADAM17, also known as TNFα 

converting enzyme (TACE), is highly expressed in atherosclerotic lesions, has also been 

associated with metabolic processes in the liver and suggested to play role in NASH 

development (97-100). Moreover, ADAMs may be associated with lysosomes and are 

upon stimulation directed to lipid rafts within cell membrane (101). Lysosomal 

function is linked to Notch signaling as impaired acidification of the lysosomal 

compartment reduces Notch signaling (102). OxLDL stimulated macrophages display 

similarities as lysosomal pH is increased upon stimulation (103) but its effect on Notch 

signaling in response to inflammation is unknown. Overall, the influences of lysosomal 

pH on Notch signaling with regard to inflammation could be interesting to investigate 

further as well as the contribution of soluble DLL4 to atherosclerosis and NASH 

development and progression. In addition, it would be very interesting to further 

elucidate the role of both ADAM and Notch signaling in relation to atherosclerosis and 

NASH.  
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Modulating intracellular cholesterol transport influences 
lysosomal cholesterol-induced inflammation.  

We not only demonstrated that the oxidation of lysosomal cholesterol, rather than 

the total amount of accumulated lysosomal cholesterol, contributes to inflammatory 

processes in atherosclerosis (Chapter 2) but we also showed this to be the case in 

NASH (Walenbergh et al, submitted). It is likely that reducing lysosomal cholesterol 

accumulation by stimulating cholesterol efflux from the lysosomes to the cytoplasm 

will reduce lysosomal cholesterol-induced inflammation in both diseases.  

Oxidation of LDL, leads to the formation of oxysterols which are believed to be one of 

the biological components of oxLDL. These oxysterols show biological activities 

ranging from inhibition of sterol synthesis and sterol efflux thereby affecting 

cholesterol metabolism or even macrophage activation (104-107). It was reported 

that foam cell formation is promoted upon oxysterol stimulation, e.g. 25-

hydroxycholesterol and 7-ketocholesterol stimulate the formation and accumulation 

of cholesterol esters (108). Additionally, 7-ketocholesterol was found to promote 

monocyte differentiation (109). Furthermore, 25-hydroxycholesterol has the ability to 

induce IL-1β production in human macrophages, i.e. stimulating inflammasome 

activation and caspase-1 mediated processes (110). Some oxysterols also have the 

ability to induce Notch signaling in osteogenic processes (111). With regard to DLL4, 

global inhibition of DLL4 has been shown to reduce osteogenic regulators and bone 

morphogenetic proteins (BMPs) leading to reduced calcification of the aortas (75). In 

addition, early atherosclerotic lesions showed features of osteogenic processes and 

were associated with inflammation (112). Overall, these findings show that oxysterols 

play an important role in cholesterol metabolism and inflammation. One of the 

abundant oxysterols found in the human circulation is 27-hydroxycholesterol (27-HC), 

an oxysterol that plays an important role in the bile acid synthesis pathway. The 

mitochondrial enzyme CYP27A1 is responsible for the conversion of cholesterol to 27-

HC in macrophages (104). In atherosclerotic lesions high amounts of 27-HC can be 

found, whereas NPC1mut fibroblasts/macrophages display reduced synthesis of 27-HC 

which reflex in reduced LXR-regulated cholesterol efflux. (36, 104, 113-115). Patients 

with cerebrotendinous xanthomatosis (CTX) who lack the mitochondrial enzyme 

CYP27A1 develop premature atherosclerosis, suggesting for a protective role for 27-

HC and CYP27A1 (115, 116). Indeed, Frolov et al. demonstrated that the increase in 

total cholesterol content observed in NPC1mut fibroblasts can be reduced by 27-HC 

stimulation (113). This observation suggests that 27-HC could lower lysosomal 

cholesterol content; a hypothesis that can supported by previous findings of our 

group showing that hematopoietic deletion of CYP27A1 led to increased hepatic 

inflammation and was associated with increased lysosomal cholesterol accumulation 

in KCs (24). Relevantly, daily administration of 27-HC in Ldlr-/- mice led to a significant 

reduction in hepatic inflammation and foam cell size of KCs in combination with a 

reduction in lysosomal cholesterol accumulation and cholesterol crystals (24). 
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Additionally, 27-HC can modulate macrophage polarization to a more anti-

inflammatory phenotype by promoting IL-10 secretion and liver X receptor (LXR) 

expression (117). Based on these findings it is proposed that 27-HC stimulates the 

transport of cholesterol from the lysosomes to the cytoplasm and consequently 

reduces inflammation. The mechanisms involved in modulating intracellular 

cholesterol metabolism are unknown. As demonstrated in Chapter 5, hematopoietic 

CYP27A1 overexpression reduces hepatic inflammation, independently of 27-HC 

levels. Additionally, we found that CYP27A1 modulates intracellular cholesterol 

trafficking via NPC proteins. Overall, these data clearly indicate that 27-HC has anti-

inflammatory effects by lowering intracellular cholesterol content via NPC1 proteins. 

Besides its role in modulating intracellular cholesterol by affecting lysosomal transport 

proteins (Chapter 5), 27-HC is also a well-known ligand for LXR. LXRs are important 

regulators for maintaining cholesterol homeostasis and can be described as functional 

cholesterol sensors. Their biological activity is broad and can affect cholesterol 

transport from the circulation, regulate cholesterol efflux and uptake in the liver and 

modulate cellular uptake by activating their downstream targets such as SREBP, 

ABCA1 and ABCG1 (118, 119). Therefore, the high concentrations 27-HC found in 

atherosclerotic plaques and foam cells may be of a protective nature (104) as 

discussed previously. In contrast, oxysterols are suggested to have antagonistic effects 

on LXR (120). Bieghs et al clearly demonstrated that the antagonistic effects of 27-HC 

on LXR were effective in whole liver (i.e. hepatocytes and KCs) whereas the agonistic 

effects of 27-HC were limited to KCs (24) which may explain the discrepancy observed 

in atherosclerotic lesions. The findings that mainly oxidized cholesterol is trapped in 

lysosomes and that total cholesterol uptake does not contribute to inflammation 

(Chapter 2; Walenbergh et al, manuscript submitted), together with the anti-

inflammatory effect of 27-HC mediated by NPC proteins, provides valuable 

information for the development of therapeutic strategies to lower lysosomal 

cholesterol accumulation.  

In vitro studies, however, have found that 27-HC can also have pro-inflammatory 

effects on macrophages and other tissues (121-125), which contradicts our findings in 

Chapter 5. One possible explanation for these observations is that 27-HC also 

functions as of a selective estrogen receptor modulator. Therefore, 27-HC can exert 

both agonistic as well as antagonistic functions on estrogen receptors (ER) which are 

divergent from natural occurring ER ligands (126-128). The cell lines (THP-1, U937) or 

human tissue used in these studies were mainly of male origin (129, 130), whereas the 

mice used in Chapter 5 or by Bieghs et al. (24) were all female, i.e. with higher 

estrogen levels. As estrogen can modulate macrophage inflammation independently 

of the LXR pathway (131-133), we speculate that 27-HC may function as an ER 

modulator leading to the differences between literature and Chapter 5. Further 

research is necessary to characterize the influence of 27-HC on ER-mediated effects 

on macrophage inflammation before 27-HC can be used as therapeutic agent for 

lowering intracellular cholesterol. 
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In conclusion, this thesis provides novel insights in macrophage specific mechanisms 

of lysosomal oxidized lipid accumulation, leading to inflammatory processes that 

contribute to the progression of both atherosclerosis and NASH. These diseases do 

not only display similar inflammatory mechanisms, but also mutually influence each 

other’s progression. Such mechanistic insights provide valuable information for the 

development of novel therapeutic interventions or even diagnostic tools. 
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Common features as foam cell formation and inflammation play an important role in 

the progression of NASH and atherosclerosis. While NASH and atherosclerosis share a 

similar etiology evidence for a shared mechanism remained to be elucidated.  Within 

this thesis, I focused on the role of macrophages in both atherosclerosis and NASH by 

investigating mechanism related to crosstalk between lipids and inflammation. This 

thesis has provided novel insights in macrophage specific mechanism of lysosomal 

oxidized lipid accumulation, leading to inflammatory processes that contribute to the 

progression of both atherosclerosis and NASH.  

 

Chapter 1 provides a global overview regarding the pathophysiology of the metabolic 

syndrome and its two major contributors; NASH and atherosclerosis. This chapter 

focuses on several studies which demonstrated that foam cell formation and 

inflammation are shared characteristics of two chronic inflammatory diseases. 

Furthermore, this chapter brings forward the view that atherosclerosis and NASH 

display features of an acquired lysosomal storage defect. Finally, serval downstream 

effects of foamy macrophages on inflammatory pathways and the modulation of 

cholesterol content are described.  

 

Chapter 2 provides evidence for the importance of lysosomal oxLDL accumulation 

inside macrophages by using a macrophage specific NPC1 mutant mouse model in 

combination with pneumococcal immunization. Here is it was demonstrated that 

plaque development was reduced in NPC1mut-tp mice after immunization, 

independently of plasma lipid levels. Furthermore, inflammatory gene expression was 

reduced in the aortic arch of NPC1mut-tp mice after immunization. These findings 

demonstrate that lysosomal oxLDL accumulation inside macrophages contributes to 

murine atherosclerosis.  

 

Chapter 3 provides novel insight in one of macrophage specific mechanisms, the 

inflammasome, that can induce inflammatory processes as consequence of excessive 

cholesterol accumulation in macrophages. Here it was hypothesized that 

hematopoietic caspase-1/11 deficiency leads to reduced atherosclerosis development. 

In line with our hypothesis, hematopoietic deletion of caspase-1/11 resulted in strong 

reduction in atherosclerotic plaque size. Overall, our data indicated that 

hematopoietic caspase-1/11 activation is involved in vascular inflammation and 

atherosclerosis, and plays an important role in cardiovascular disease progression. 
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In Chapter 4, we elucidated the contribution of Notch signaling which has been 

considered to be an important regulator of metabolic processes and macrophage 

inflammation in atherosclerosis. As a potential shared mechanism, it was 

hypothesized that myeloid DLL4 deficiency in Ldlr-/- mice can reduce hepatic 

inflammation. In contrast to our hypothesis, hepatic inflammation was not reduced in 

myeloid DLL4 deficient mice. In line with these findings, no differences were observed, 

in vitro, in expression of inflammatory genes between DLL4-deficient and wildtype 

bone marrow-derived macrophages. Overall, these results suggest that myeloid DLL4 

deficiency does not contribute to hepatic inflammation in vivo.  

 

In Chapter 5, we investigated the possible effects of modulating intracellular 

cholesterol transport as possible mechanism to reduce lysosomal cholesterol-induced 

inflammation. It was hypothesized that CYP27a1 overexpression in Kupffer cells will 

lead to reduced hepatic inflammation as it was previously demonstrated that 27-

hydroxycholesterol, produced by the mitochondrial enzyme CYP27a1, reduces hepatic 

inflammation in hyperlipidemic mice. In this chapter it was shown that hematopoietic 

overexpression of CYP27a1 reduces hepatic inflammation, independently of 27-

hydroxycholesterol levels, by modulating intracellular cholesterol trafficking via 

lysosomal NPC proteins.  

 

In Chapter 6, our novel findings were discussed in detailed and I elaborated on how 

these mechanisms affect NASH and atherosclerosis development.   
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De vorming van schuimcellen en daarbij de ontwikkelde inflammatie zijn 

gemeenschappelijk kenmerken die een belangrijke bijdrage leveren aan de 

ontwikkeling van NASH en atherosclerose. Al hoewel NASH en atherosclerose een 

vergelijkbare etiologie hebben, bewijs voor een gedeeld mechanisme is echter nog 

niet bekend. In dit proefschrift heb ik mijn voornamelijk gefocust op de rol van 

macrofagen in NASH en atherosclerose. Hierbij is specifiek gekeken naar verschillende 

mechanismes die gerelateerd waren aan de communicatie over en weer tussen 

lipiden en inflammatie. Dit proefschrift verschaft nieuwe inzichten in macrofaag 

specifieke mechanismes die betrekking hebben op de opname van lysosomaal 

geoxideerd cholesterol. Deze mechanismes dragen bij aan de ontwikkeling van 

inflammatie in NASH en atherosclerose.  

 

Hoofdstuk 1 biedt één globale weergaven van de pathofysiologie van het metabool 

syndroom en zijn twee grote riscofactoren; NASH en atherosclerose. Dit hoofdstuk 

richten zich op verschillende studies die de ontwikkeling van schuimcellen en 

inflammatie beschrijft als een gedeeld feature van twee chronische 

ontstekingsziektes. Bovendien beschrijft dit hoofdstuk ook het standpunt dat NASH en 

atherosclerose gemeenschappelijk kenmerken vertoond van een lysosomaal 

stapelingsziekte. Tot slot, de verschillende effecten van schuimcellen op het 

ontstekingsprocessen en de modulatie van cholesterol transport wordt beschreven. 

 

Hoofdstuk 2 levert het bewijs voor het belang van lysosomale oxLDL accumulatie in 

macrofagen. Dit proces is beschreven in een macrofaag-specifiek muismodel in 

combinatie met pneumococci immunisatie. In dit hoofdstuk is aangetoond dat plaque 

ontwikkeling in NPC1mut-tp muizen is verlaagd na immunisatie, ongeacht van plasma 

lipiden niveaus. Daarnaast was er een afname in genexpressie van inflammatoire 

markers in de aortaboog van NPC1mut-tp muizen na immunisatie. Deze bevindingen 

tonen aan dat lysosomaal oxLDL accumulatie in macrofagen bijdraagt aan de 

ontwikkeling van atherosclerose in muizen.  

 

Hoofdstuk 3 biedt nieuw inzichten in een van de nieuwe macrofaag specifieke 

mechanisme, de inflammasome. De inflammasome kan ontstekingsprocessen 

veroorzaken als gevolg van overmatige opeenhoping van cholesterol in macrofagen. 

Onze hypothese in dit hoofdstuk was dat hematopoetisch caspase-1/11 deficiënt leidt 

tot verminderde ontwikkeling van atherosclerose. In lijn met onze hypothese, 

hematopoetisch deletie van caspase-1/11 resulteert in een sterke verlaging van 

atherosclerotisch plaque oppervlak. Kortom, onze resultaten geven weer dat 

hematopoetisch caspase-1/11 activatie betrokken is bij vasculaire inflammatie en 

atherosclerose, en bijdraagt in de ontwikkeling van cardiovasculaire ziekten.  
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In hoofdstuk 4 droegen we bij aan de opheldering van de bijdrage van Notch 

signalering. Notch signalering wordt beschouwd als een belangrijke regulator van 

metabole processen en macrofaag gerelateerde ontstekingen bij atherosclerose. Als 

een potentiële gemeenschappelijk mechanisme, name we de hypothese aan dat 

myeloïde DLL4 deficiëntie in Ldlr-/- muizen leidt tot een verlaging van leverontsteking. 

In tegenstelling tot onze hypothese, leverontsteking was niet verlaagde in myeloïde 

DLL4 deficiënte muizen. In lijn met deze bevindingen, geen verschillen waren 

aangetoond, in vitro, in de expressie van inflammatoire genen tussen DLL4-deficiente 

en wildtype beenmerg-specifieke macrofagen. Kortom, deze resultaten suggereren 

dat myeloïde DLL4 deficiëntie niet bijdraagt aan ontwikkeling van leverontsteking in 

vivo.  

 

In hoofdstuk 5 onderzochten we de mogelijk effecten van modulering van het 

intracellulair cholesterol transport als een middel om lysosomale cholesterol 

geïnduceerde ontstekingen te verlagen. Eerdere resultaten hebben aangetoond dat 

27-hydroxycholesterol, geproduceerd door het mitochondriale enzym CYP27A1, 

leverontsteking remt in hyperlipidemische muizen. De hypothese in dit hoofdstuk was 

dat CYP27A1 overexpressie in Kupffer cellen zal leiden tot een verminder 

leverontsteking zoals eerder aangetoond. We hebben kunnen aantonen dat 

overexpressie van hematopoetisch CYP27A1 leverontsteking verminderd, 

onafhankelijk van 27-hydroxycholesterol niveaus, door het moduleren van 

intracellulaire cholesterol transport via de lysosomale NPC-eiwitten.  

 

In hoofdstuk 6, heb ik deze bevindingen in detail besproken en ben ik ingegaan op 

hoe deze mechanismen van invloed kunnen hebben op de ontwikkeling van NASH en 

atherosclerose.
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Socio-economic relevance 

Nowadays it is well recognized that diet, together with lifestyle and environment, are 

important risk factors for the development of non-alcoholic fatty liver disease 

(NAFLD). NAFLD is one of the important contributors for the continuous rise of chronic 

liver disease in the Western society. NAFLD can be divided into two sub-types: fatty 

liver disease and non-alcoholic steatohepatitis (NASH), which is a chronic 

inflammatory condition of the liver. The fatty liver is a benign condition and reversible 

condition, the presence of inflammation in a fatty liver is irreversible and only 

treatment is a liver transplantation (1, 2). Epidemiological studies reveal that about 

20% of the Western population has NAFLD. Approximately 15-30% of these NAFLD 

patients will ultimately develop NASH. NASH is associated with liver-related death, 

with a mortality rate between 30-40% in NASH patients (3). The prevalence of 

steatosis is estimated to be ranging from 84% to 96% whereas in this population the 

prevalence of NASH is ranging from 25% to 55% (4).  

 

In addition to the association between NAFLD and hepatic-related morbidity and 

mortality, NAFLD is also related to increased cardiovascular-associated mortality. In 

support of this, NAFLD has been associated with increased cardiovascular disease 

(CVD) risk in patients with obesity and diabetes (5, 6). Moreover, multiple clinical 

studies have found a link between NAFLD and atherosclerosis and shows that NAFLD 

may act as an important contributor to CVD. However, although NAFLD/NASH and 

CVD share a common etiology, the precise underlying pathophysiological mechanisms 

are not fully understood yet (7). This thesis provides for the first time novel insights in 

the pathophysiological mechanisms of NAFLD and CVD, focusing particular on 

macrophage responses related to the crosstalk between lipids and inflammation. Our 

findings reveal novel therapeutic strategies, related to the inhibition of the 

inflammasome and redistribution of intracellular cholesterol, that consequently 

inhibit the progression of NASH and atherosclerosis. As such, our findings could 

positively affect the economic burden related to NASH and atherosclerosis, as 

therapeutic strategies could target both NASH and atherosclerosis simultaneously. 

Hereby, healthcare costs can be reduced, for example hospitalisation costs and the 

development of affordable medicine.   
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Innovation and future directions 

A clear association between NASH and atherosclerosis has been established, as they 

display features of a shared etiology. Yet, evidence for a shared mechanism related to 

the progression of NASH and atherosclerosis are lacking and remain unclear. In this 

aspect, this thesis is innovative as it provides novel insights in a macrophage-specific 

mechanism that contributes to the progression of NASH and atherosclerosis. One of 

the most important take-home messages is that NASH and atherosclerosis do not only 

display inflammatory mechanisms but also mutually influence each other’s 

progression. Knowledge utilization with regard to this insight could lead to the 

discovery of novel therapeutic interventions or diagnostic tools, applicable to both 

diseases.  

 

Intervention strategies: 

Several targets are identified within this thesis that potentially could lead to novel 

therapeutic targets. The inflammasome was identified as an important activator for 

inflammation in NASH and atherosclerosis (Chapter 3). Strong collaboration with the 

pharmaceutical industry could lead to promising novel drug target therapies to inhibit 

the inflammasome activation thereby tackling the disease progression of both NASH 

and atherosclerosis. Furthermore, pneumococcal vaccination described in this thesis 

was used as a proof of concept to abolish oxidative cholesterol uptake within 

lysosomes (Chapter 2). The therapeutic properties of pneumococcal vaccinations with 

regard to NASH and atherosclerosis have been shown, but is limited with regard to 

clinical data in human patients (8, 9). Therefore, more investments should be made to 

investigate the added value of pneumococcal vaccinations to NASH and CVD in a 

clinical setting. In addition, this thesis provides evidence that the distribution of 

intracellular cholesterol content can be modulated, i.e. by redirecting cholesterol from 

the lysosome to the cytoplasm, consequently reducing inflammation. Therefore, novel 

therapeutic interventions should not only focus on reducing cholesterol levels alone 

but rather focus on modulating intracellular cholesterol content to reduce 

inflammation and should be investigated more thoroughly. As such, intracellular 

cholesterol modulation, for example via gene modulation of CYP27A1 (Chapter 5), is a 

good novel therapeutic intervention to redirect intracellular cholesterol and should be 

tested in NASH and atherosclerosis patients. Important to note is that throughout this 

thesis it is repeatedly mentioned that NASH and atherosclerosis display features of an 

acquired lysosomal storage defect, suggesting that similar mechanism are applicable 

to lysosomal storage diseases. Besides targeting CYP27A1, the use of 27HC has been 

shown to improve hepatic inflammation (10) and should be tested in a clinical setting. 

However, it is important to note, as 27-HC may function as a selective estrogen 

receptor (ER) modulator, its proposed anti-inflammatory effects may differ between 

tissues (11). Therefore, future research is necessary to identify the function of 27-HC 

ER-mediated effects in macrophage-induced inflammation and in other tissues, before 
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27-HC could be used as therapeutic agent for lowering intracellular cholesterol. 

Finally, future research may be directed to lysosomal-induced inflammation. By using 

a NPC1 mutant mouse model, an innovative way can be established to investigate the 

inflammatory mechanism related to lysosomal function. More importantly, bone 

marrow transplantation of NPC1 mutant mice to hyperlipidemic Ldlr-/- mice would be 

a great model to investigate lysosomal function under metabolic conditions. 

 

Screening procedures for risk factors in CVD and NAFLD 

As NASH and atherosclerosis mutually influence each other’s progression, the findings 

in this thesis may be beneficial and could raise awareness among clinicians with 

regard to screening methods in patients with risk factors for NASH and CVD. Screening 

for cardiovascular risk factors in NALFD patients would be highly beneficial to detect 

early development of CVD, and vice versa. This point of view is also supported by 

Francque et al., who proposed to screen for cardiovascular risk factors in NAFLD 

patients. Here it was stated that several questions should be addressed first; as what 

to screen for and which screening techniques should be used and which disease 

populations should be screened (5). To address these questions, a strong 

collaboration between hepatic and cardiovascular clinicians is needed. Currently used 

biomarkers to identify NASH are limited to the liver enzymes ALAT, ASAT and gamma-

glutamyl transferase (GGT), but lack accuracy. As such, the golden standard for the 

detection of NASH is still a liver biopsy (3, 6). As such, the need for new biomarkers for 

NASH holds high potential to be investigated in the future. Several studies also 

address an association between these liver enzymes and cardiovascular outcome but 

appear to be not that strong (6). Our group has now identified cathepsin D as a new 

biomarker for hepatic inflammation (12). As such, future directions could be taken to 

show how cathepsin D could function as potential biomarker for cardiovascular risk 

factors in combination with hepatic manifestations, as cathepsins D is involved in 

endothelial permeability and is associated with coronary events (13, 14). This 

knowledge could be implemented into new screening protocols, whereby CVD 

patients should be screened for NASH and the other way around.  
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Potential target groups and activities  

Scientific value 

The findings described in this thesis will increase our knowledge about the 

macrophage-specific mechanisms which are contributing to the progression of NASH 

and atherosclerosis. Next to identifying new macrophage-specific mechanisms, the 

goal of these studies was to identify therapeutic targets which can benefit society in 

reducing NASH and atherosclerosis development. As such, besides its socioeconomic 

relevance, our results also have a high scientific value, as they are very appealing to 

clinicians, healthcare workers, pharmacological industry, patient groups, society and 

other scientific researchers. To get this knowledge to the scientific community and 

beyond, our findings are published in peer-reviewed scientific journals, such as PLoS 

One, FEBS Journal, Journal of Hepatology and Atherosclerosis. In addition, our findings 

are presented by means of an oral presentation at highly esteemed national (Dutch 

Liver Retreat, Spier, 2013-2015; Dutch Lipoprotein Club, Leiden the Netherlands, 

2012-2013; 25th Genetics Retreat, Kerkrade, 2015; 5th Joint Diabetes and Metabolism 

Research Symposium, Maastricht, 2015) and international conferences (20th Annual 

Scandinavian Atherosclerosis Conferences, Humlebᴂk Denmark, 2014) and via poster 

presentations (Annual Symposium School of Nutrition and Translational Research in 

Metabolism (NUTRIM), Maastricht, the Netherlands, 2014-2015 and British 

Atherosclerosis Society Autumn Meeting, Cambridge, United Kingdom, 2015). 

Knowledge transfer to the patients and the clinic 

 

Before novel therapeutic strategies can be utilized in the clinic, strong valorisation 

procedures should be followed in collaboration with clinicians, patient groups and 

pharmacological industry. Additionally, collaborations between patient groups, 

foundations, clinicians and health care workers are needed to raise awareness for 

cardiovascular and hepatic risk factors in patients. For example, advances could be 

made by clinicians and foundations, to prepare one general brochure to make NAFLD 

and CVD patients aware that both diseases are closely linked to each other and as 

such, that potential risk factors should not be underestimated. In addition, the view 

that NAFLD and CVD are closely linked with each other could be quickly spread by 

presenting on national and international scientific conferences. These conferences 

should not be limited to scientists and clinicians, but also include people from hepatic 

and cardiovascular foundations. Sharing information between clinicians and fellow 

scientists to these foundations would improve collaborations between these groups, 

thereby foundations could better asses where funding is needed. The creation of new 

grants that focus on the hepatic-cardiovascular axis would be innovative and would 

improve the accessibility for scientists to invest specifically on this topic. These 

investments may not only benefit patient outcome, quality of life but also improve 

healthcare costs. As our findings focus on reducing systemic inflammation in general 

and contribute to intracellular cholesterol redistribution, these findings are not only 
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limited to NASH and atherosclerosis, but could also be implemented to other chronic 

inflammatory diseases, such as lysosomal storage diseases. 

  

The need for a systemic research approach and treatment 

Relevantly, one of the features of macrophages is that their response to inflammation 

is diverse and not limited to one specific tissue. As such, macrophage-specific 

mechanisms may not only influence the progression of NASH and atherosclerosis, but 

also other chronic inflammatory diseases. Therefore, it is important to determine 

whether these responses are seen in other tissues and not only in the liver and vessel 

wall. It would be useful to investigate the effects of macrophage-driven mechanisms 

during inflammation, such as inflammasome activation, distribution of intracellular 

cholesterol and the anti-inflammatory effects of 27-HC in other tissues, e.g. the 

adipose tissue, lung and brain.  

 

To summarize, these findings described in this thesis have high socioeconomic and 

scientific relevance. Good collaborations between different agencies are necessary to 

utilize the findings of this thesis to the field. Additionally, future research should focus 

on the intervention strategies regarding inflammasome activation and intracellular 

cholesterol distribution. Furthermore, reforming screening protocols in NAFLD and 

CVD patients is essential in reducing the economic burden for both and NASH and 

atherosclerosis. Overall, future research should not only focus on lowering cholesterol 

levels in general but rather focus on the lowering intracellular cholesterol levels in 

macrophages. Additionally, future research can be expanded by investing more in 

fundamental research by investigating lysosomal-induced inflammation in chronic 

inflammatory diseases.   
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Dankwoord 
 
Hatseflats!!!!! Daar is ie dan. Na vier jaar met ups en downs is mijn proefschrift klaar! 

Dit proefschrift is natuurlijk niet tot stand gekomen zonder de hulp van een aantal 

mensen. Daarom wil ik deze mensen bedanken voor hun hulp en steun gedurende 

deze jaren.  

 
Allereerst wil ik mijn beoordelingscommissie bedanken dat ze de gelegenheid hebben 

genomen om mijn proefschrift te beoordelen en waar nodig te corrigeren.  Bedankt! 
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