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ABSTRACT 
 
 
 

Wilhelm, Ashley J. 
 

THE ROLE OF APOLIPOPROTEIN A-I IN THE MODULATION OF 
CHOLESTEROL HOMEOSTASIS AND IMMUNITY 

 
 

Dissertation under the direction of  
Mary G. Sorci-Thomas, Ph.D., Professor of Pathology 

 
 

       The goal of this work was to examine the role of apoA-I in atherosclerosis 

and autoimmunity. We used a mouse model lacking the LDL receptor and the 

apoA-I gene (LDLr-/-,ApoA-I-/- or DKO). LDLr-/- (SKO) mice were used as controls. 

When fed a cholesterol-containing diet, DKO mice exhibited cholesterol 

accumulation in the skin and skin-draining lymph nodes (LNs). The LN total cell 

number was increased, with expansion of T cell, B cell, dendritic cell (DC) and 

macrophage populations. Interestingly, DKO LN T cells, B cells and DCs had 

increased cholesterol compared to controls. DKO LN T cells had increased 

expression of activation markers and proliferation of CD4+CD44high T cells was 

increased. Plasma autoantibodies were also increased. We concluded that, in 

the absence of apoA-I, diet-fed DKO mice develop an autoimmune phenotype. 

These data suggest that apoA-I can modulate immune cell function by regulating 

cellular cholesterol balance. This, in turn, prevents LN cell expansion, activation 

and the progression of atherosclerosis.  

     Regulatory T cells (Treg) were increased in LNs of DKO mice. To determine 

the direct effects of apoA-I on this cell population and the autoimmune 
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phenotype, mice were fed diet for 6 weeks then apoA-I injections began and 

continued every 48 hours for an additional 6 weeks. After 12 weeks total on diet, 

apoA-I-treated DKO mice (DKO+A-I) had reduced LN size and reduced LN cell 

number compared to DKO mice treated with BSA (DKO+BSA). The skin 

cholesterol was also massively reduced, with inflammatory cell infiltration in the 

skin reduced compared to DKO+BSA. The LN Treg population was increased 

even further compared to DKO+BSA. This increase, however, was different than 

that seen in DKO+BSA mice because it also resulted in a decrease in cellular 

activation. These data indicate that apoA-I is effective in improving the Treg 

response in autoimmune mice, preventing autoimmunity. 

     We have identified apoA-I as potential mechanistic link between 

atherosclerosis and autoimmunity. ApoA-I treatment prevented cholesterol 

accumulation and improved the Treg response in DKO mice, thus preventing 

autoimmunity. Therefore, treatment with apoA-I to increase HDL levels may be 

an important option to consider when devising treatments for both 

atherosclerosis and autoimmunity. 
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CHAPTER I. INTRODUCTION 
 
 
 

 Coronary heart disease (CHD) is the leading cause of death in the United 

States. Plasma high density lipoprotein (HDL) levels are a negative risk factor for 

CHD in humans (Gordon et al. 1977; Miller 1978; Castelli 1986; Gordon et al. 

1989; Boden 2000). In fact, HDL is the most potent lipid risk factor for CHD, 

independent of the concentration of other lipids including low density lipoproteins 

(LDL) (Gordon et al. 1977). With every 1 mg/dl increase in plasma HDL 

cholesterol, the risk of myocardial infarction decreases 2% in men and 3% in 

women (Gordon et al. 1989). Apolipoprotein A-I (apoA-I), secreted by the liver 

and intestine, makes up approximately 70% of the protein in HDL particles and is 

essential for the formation of HDL (Rader 2006; Zannis 2006). ATP binding 

cassette transporter A1 (ABCA1) expressed in the liver lipidates apoA-I, forming 

the majority of nascent HDL particles that eventually mature in plasma to 

spherical HDL. Despite the importance of HDL in the prevention of CHD, the 

mechanistic role of apoA-I is not well understood. 

 The immune system plays an important role in atherosclerosis and can be 

affected by an atherosclerotic environment. Recently, it was demonstrated that 

two cytokines produced primarily by T cells, lymphotoxin and LIGHT, cause an 

increase in the amount of lipids in the circulation (Lo et al. 2007). In another 

study, expansion of the DC population led to a reduction in plasma cholesterol 

levels (Gautier et al. 2009). Monocytes in atherosclerotic plaques can take on 

dendritic cell (DC)-like characteristics and migrate out of the lesions, a process 
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that can be impaired by an atherosclerotic environment (Llodra et al. 2004). 

Hyperlipidemia has been shown to reduce migration of DCs from the skin to the 

peripheral lymph nodes (LNs) in ApoE-/- and LDLr-/- mice fed an atherogenic diet 

(Angeli et al. 2004). Interestingly, migration was improved when HDL or apoA-I 

was administered. 

 Humans with autoimmune disorders such as systemic lupus 

erythematosus (SLE) and rheumatoid arthritis (RA), as well as mouse models of 

autoimmunity have been shown to be associated with increased risk for 

atherosclerosis (Frostegard 2002; Escarcega et al. 2006; Lodde et al. 2006; 

Stanic et al. 2006; Feng et al. 2007). SLE and RA patients also have decreased 

HDL levels when compared to control subjects (Bresnihan et al. 2004; Escarcega 

et al. 2006). The correlation among autoimmune disease, atherosclerosis and 

plasma HDL apoA-I levels raises the possibility that a common mechanism 

involving all three factors exists. The goal of this work was to determine the 

mechanism of apoA-I, which may serve as a common link between 

atherosclerosis and autoimmunity.  

     Role of HDL ApoA-I in Coronary Heart Disease Prevention. ApoA-I is a 28 

kD protein that makes up 70% of the protein contained in plasma HDL and is 

required for the formation of HDL particles in the liver and intestine (Rader 2006; 

Zannis 2006). Studies have shown that plasma HDL apoA-I levels are inversely 

related to the risk for developing chronic inflammatory disorders such as CHD 

(Gordon et al. 1977; Miller 1978; Castelli 1986; Gordon et al. 1989; Kwiterovich 

1998; Boden 2000; Nofer et al. 2005). In fact, HDL is the most potent lipid risk 
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factor for CHD, independent of the concentration of other lipids including low 

density lipoproteins (LDL) (Gordon et al. 1977). These highly important functions 

for plasma HDL apoA-I have been attributed to the fact that apoA-I serves as an 

extracellular acceptor for cellular cholesterol (Barter et al. 2004; Yesilaltay et al. 

2006), thus, promoting its efflux and preventing its accumulation within cells 

(Miller 1975; Rader 2006). HDL also acts as an antioxidant and is able to inhibit 

the expression of adhesion molecules (Barter et al. 2004; Negre-Salvayre et al. 

2006) on cells, which in turn helps to prevent the initial entry of monocytes into 

the artery wall. 

     Role of Immune Cells and HDL ApoA-I in Atherosclerosis. Atherosclerosis 

is an inflammatory disease characterized by the formation of cholesterol 

containing lesions in the vasculature (Libby et al. 2002; Gotsman et al. 2006). 

These atherosclerotic plaques accumulate lipid and are distinguished by 

inflammation, cell death and fibrosis (Hansson et al. 2006). When high plasma 

cholesterol concentrations are present, excess lipoproteins bind to the intima and 

become oxidized (Hansson et al. 2006). Oxidized LDL particles cause endothelial 

cells in the arterial wall to express adhesion molecules which attract and bind 

monocytes and T cells (Libby et al. 2002). Monocytes and T cells then migrate 

across the endothelial wall into the intima where monocytes differentiate into 

macrophages (Binder et al. 2002). These macrophages express scavenger 

receptors such as CD36 and scavenger receptor type A (SR-A) which allow them 

to recognize and accumulate modified LDL, leading to the formation of foam cells 

(Ludewig et al. 2004). Macrophage foam cells are stimulated to produce 
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inflammatory cytokines such as interleukin(IL)-1β and tumor necrosis factor 

(TNF), thus increasing inflammation (Freeman et al. 2003). Some populations of 

B cells and DCs can be found in atherosclerotic plaques and, along with T cells, 

may migrate between the lesions and regional LNs (Hansson et al. 2006). 

Interestingly, during atherosclerotic regression, macrophage foam cells obtain 

DC characteristics and are able to migrate from the plaques to the LNs (Trogan 

et al. 2006). T cells become activated when antigen-presenting cells (APCs) such 

as macrophages or DCs present antigens including modified LDL (Hansson et al. 

2002). This activation can occur in the plaque itself or in regional LNs. Activated 

T cells then produce inflammatory cytokines which can increase recruitment of T 

cells and macrophages to the plaque and result in secretion of additional 

inflammatory cytokines (Robertson et al. 2006). These cytokines further activate 

macrophages, causing them to produce matrix metalloproteinases (MMPs) which 

break down the collagen of the fibrous cap, leading to rupture (Daugherty et al. 

2005). Thus, atherosclerosis initiation and progression involves an inflammatory 

cascade with strong involvement from the immune system. 

 HDL is an anti-inflammatory, anti-atherogenic lipoprotein that can act as 

an acceptor of cholesterol efflux (Rader 2006). ABCA1 expressed by 

macrophages lipidates apoA-I, forming a nascent HDL particle, which is matured 

by the addition of cholesterol ester (CE) by Lecithin: cholesterol acyltransferase 

(LCAT) (Zannis 2006). HDL can also obtain CE by the action of cholesterol ester 

transfer protein (CETP). HDL can then deliver this CE to the liver for uptake by 

scavenger receptor class B type I (SR-BI) in a process termed reverse 



   
 

 5

cholesterol transport (RCT) (Glomset 1968; Rigotti et al. 2003; Yesilaltay et al. 

2006). Through RCT, HDL is able to transport cholesterol out of atherosclerotic 

lesions and to the liver for excretion, thus protecting against atherosclerosis.  

     Role of HDL ApoA-I in Autoimmunity. The immune system plays an 

important role in atherosclerosis and can be affected by an atherosclerotic 

environment. A hyperlipidemic background has been shown to alter mobilization 

of DCs, the professional APCs of the immune system (Angeli et al. 2004). DCs 

from apoE-/- and LDLr-/- mice, when fed an atherogenic diet, had a reduced ability 

to migrate from the skin to peripheral LNs. When these mice had high HDL levels 

due to the transgenic expression of apoA-I, DC migration was improved. Despite 

the fact that skin DC migration to the LNs was reduced in apoE-/- mice, the LNs 

were enlarged, consistent with the loss of self-tolerance. 

 Autoimmune disorders occur when the immune system loses tolerance to 

self-antigens (Aprahamian et al. 2004). When T cells become activated, they 

stimulate B cells to produce antibodies against an antigen (Binder et al. 2002). 

When T cells are activated against self antigens, the antibodies that are 

produced are referred to as autoantibodies (Savill et al. 2002). Some hallmarks 

of autoimmune disorders observed in mice are enlarged LNs and spleen, 

increased production of autoantibodies and xanthomas of the skin (Umeuchi et 

al. 2005). Humans with autoimmune disorders such as SLE and RA have been 

shown to have increased atherosclerosis (Frostegard 2002; Escarcega et al. 

2006; Lodde et al. 2006) and decreased HDL levels compared to controls (Hyka 

et al. 2001; Frostegard 2002; Bresnihan et al. 2004; Escarcega et al. 2006). 
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Mouse models of autoimmunity also have increased atherosclerosis 

(Aprahamian et al. 2004; Stanic et al. 2006; Feng et al. 2007).  

 The correlation between these autoimmune diseases and atherosclerosis 

raises the possibility that there may be a common mechanism. Previous studies 

have shown that HDL apoA-I inhibits the production of inflammatory cytokines 

such as IL-1β and TNF-α by binding to T cells, preventing them from directly 

contacting monocytes in the circulation, thus blocking the activation of monocytes 

(Hyka et al. 2001; Bresnihan et al. 2004). Monocytes and T cells play important 

roles in the pathogenesis of many autoimmune diseases such as SLE and RA, 

and in atherosclerosis (Hyka et al. 2001). By inhibiting the contact between 

stimulated T cells and monocytes under normal conditions, apoA-I may be acting 

to prevent the development of inflammatory diseases, including autoimmune 

diseases and atherosclerosis. Thus, apoA-I may be an important part of the 

mechanism linking atherosclerosis and autoimmune diseases. 

     Regulatory T cells and the Maintenance of Self-tolerance. The immune 

system is very complex, with multiple levels of regulation in place to prevent 

reaction against self-antigens. Autoimmune disorders result when the immune 

system fails to maintain self-tolerance. Regulatory T cells (Treg) act to maintain 

peripheral self-tolerance by suppressing activation of other T cells or by 

preventing the response of effector T cells (Teff) (Gotsman et al. 2008). Treg can 

also act on dendritic cells (DCs), macrophages and B cells by inducing apoptosis 

or by inhibiting their function (Andre et al. 2009). Treg exert their inhibitory effects 
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in a contact-dependent manner or by secreting anti-inflammatory cytokines such 

as IL-10 and TGF-β (Andre et al. 2009; Mallat et al. 2009; Vila et al. 2009).  

 While Treg have the ability to suppress these cell types, it has also been 

shown that, under conditions of chronic inflammation, effector cells and antigen-

presenting cells (APCs) can become resistant to Treg suppression and inhibit 

Treg function (Andre et al. 2009; Walker 2009). Thus, the targeting of pathways 

to inhibit the inflammatory response is a potential therapeutic approach which 

may result in improved Treg function (Andre et al. 2009). It is important, however, 

to maintain a balance between Treg and Teff because, while deficiency of Treg 

can result in severe autoimmune disease (Wildin et al. 2002; Sakaguchi 2005; 

Dejaco et al. 2006), it is also possible that increased numbers of Treg could 

negatively affect the immune response to infection (Dejaco et al. 2006). 

 Treg also have atheroprotective effects. Neutralization or deficiency of 

TGF-β resulted in increased atherosclerosis in ApoE-/- mice (Grainger et al. 2000; 

Mallat et al. 2001; Lutgens et al. 2002). This increased atherosclerosis was 

accompanied by an increase in macrophage and T cell infiltration in the 

atherosclerotic lesions. In LDLr-/- mice, a reduction in Treg also led to increased 

atherosclerosis (Mallat et al. 2009). Thus, Treg play an important role in 

protecting against both autoimmunity and atherosclerosis.  

     LDLr-/-, ApoA-I-/- Mice as a Model to Study the Function of ApoA-I. In 

order to study the role of apoA-I, we chose to use a mouse model lacking both 

the LDL receptor and the gene for apoA-I (LDLr-/-, ApoA-I-/- or DKO). The lack of 

the LDL receptor provides a hyperlipidemic setting for the study of this protein. 
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When fed an atherogenic diet, LDLr-/-, ApoA-I-/- mice have been shown to exhibit 

increased whole body cholesterol accumulation compared to LDLr-/- controls, 

despite having 2.5-fold lower total plasma cholesterol levels (Zabalawi et al. 

2003; Zabalawi et al. 2007). The majority of this cholesterol accumulates in the 

skin, causing skin lesions and inflammation which is fatal as early as 16 weeks 

on diet (Zabalawi et al. 2003). LDLr-/-, ApoA-I-/- mice also have enlarged LNs and 

spleens, common autoimmune characteristics, and increased atherosclerosis 

(Wilhelm et al. 2009), making this an excellent mouse model to study apoA-I as a 

common link between inflammation, cholesterol homeostasis and autoimmunity. 

      Summary Statement. Previous studies have suggested that there may be a 

link between HDL apoA-I, autoimmunity and atherosclerosis. However, this 

mechanism is not well understood. Therefore, the current studies were 

undertaken to determine the role of apoA-I in this process. We demonstrate that 

diet-fed LDLr-/-, ApoA-I-/- mice exhibit an autoimmune phenotype characterized by 

enlarged LNs and spleens, expansion of LN immune cells and increased LN 

cellular activation. Massive increases in LN, but not splenic cholesterol 

concentrations were seen in LDLr-/-,ApoA-I-/- mice. LN inflammation was noted to 

be associated with the expansion of all immune cell populations measured. In 

addition, autoantibodies including anti-dsDNA, oxLDL and β2-glycoprotein I (β2-

GPI) were increased in the plasma of diet-fed LDLr-/-,ApoA-I-/- mice. This 

autoimmune phenotype was also accompanied by increased atherosclerosis. 

Since cholesterol accumulation in the LNs was accompanied by an expansion in 

LN immune cell populations and autoantibody production, an imbalance towards 
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activation of immune cells is suggested. Thus, overall, these studies imply that 

apoA-I functions to prevent cellular cholesterol accumulation, thereby maintaining 

immune cell cholesterol balance and preventing cell expansion, activation and 

inflammation.  

 We next wanted to determine if this autoimmune phenotype could be a 

result of a reduced Treg population. Surprisingly, LN Treg were increased in 

LDLr-/-,ApoA-I-/- mice compared to LDLr-/-, suggesting that perhaps Treg function 

is affected by cholesterol accumulation. Given the chronic inflammation and 

autoimmunity observed in LDLr-/-, ApoA-I-/- mice (Zabalawi et al. 2003; Zabalawi 

et al. 2007; Wilhelm et al. 2009) despite the increased Treg population, we 

hypothesized that treatment with apoA-I would reduce inflammation and 

cholesterol loading, thus resulting in improved Treg function and abrogation of 

autoimmunity. After 6 weeks of treatment with apoA-I, we show a massive 

reduction of lipid accumulation in the skin. Additionally, an increase in the LN 

Treg population was accompanied by a decrease in effector/effector-memory T 

cells, indicating an improved Treg response. Taken together, these studies 

highlight the importance of cholesterol efflux through HDL apoA-I in maintaining 

immune system cholesterol homeostasis, with important implications for the 

treatment of autoimmunity. 
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Apolipoprotein A-I and Its Role in Lymphocyte Cholesterol 
Homeostasis and Autoimmunity 

Ashley J. Wilhelm, Manal Zabalawi, Jason M. Grayson, Ashley E. Weant, Amy S. 
Major, John Owen, Manish Bharadwaj, Rosemary Walzem, Lawrence Chan, 

Kazuhiro Oka, Michael J. Thomas, Mary G. Sorci-Thomas 
 

Abstract 
Objective—The purpose of this study was to determine the effects of an 
atherogenic diet on immune function in LDLr-/-,ApoA-I-/- mice. 
 
Methods and Results—When LDLr-/-,ApoA-I-/- (DKO), and LDLr-/- (SKO) mice 
were fed an atherogenic diet, DKO mice had larger peripheral lymph nodes (LNs) 
and spleens compared to SKO mice. LNs were enriched in cholesterol and 
contained expanded populations of T, B, dendritic cells, and macrophages. 
Expansion of all classes of LN cells was accompanied by a ~1.5-fold increase in 
T cell proliferation and activation. Plasma antibodies to dsDNA, β2-glycoprotein I, 
and oxidized LDL were increased in DKO, similar to levels in diet-fed Faslpr/lpr 
mice, suggesting the development of an autoimmune phenotype. Both LN 
enlargement and cellular cholesterol expansion were “prevented” when diet-fed 
DKO mice were treated with helper dependent adenovirus expressing apoA-I. 
Independent of the amount of dietary cholesterol, DKO mice consistently showed 
lower plasma cholesterol than SKO mice, yet greater aortic cholesterol 
deposition and inflammation. 
 
Conclusions—ApoA-I prevented cholesterol-associated lymphocyte activation 
and proliferation in peripheral LN of diet-fed DKO mice. A ~1.5-fold increase in T 
cell activation and proliferation was associated with a ~3-fold increase in 
concentrations of circulating autoantibodies and ~2-fold increase in the severity 
of atherosclerosis suggesting a common link between plasma apoA-I, 
inflammation, and atherosclerosis. (Arterioscler Thromb Vasc Biol. 2009;29:843-
849.) 
 

Introduction 

     High concentrations of plasma high-density lipoproteins (HDL) are a well-

established negative risk factor for coronary heart disease (CHD).1 

Apolipoprotein A-I (apoA-I), which makes up approximately 70% of HDL protein, 

is secreted by the liver and intestine and is essential for HDL formation and 

function.2 The formation of HDL depends on the ATP binding cassette 

transporter A1 (ABCA1) which effluxes cholesterol onto apoA-I,3 whereas 
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ABCG1, another member of the ABC transporter family, primarily effluxes 

cholesterol to HDL particles.4 Recent studies demonstrate that HDL apoA-I is an 

antiinflammatory mediator modulating the progression of atherosclerosis through 

immune cell function.  

     A direct link between immune cell function and lipoprotein metabolism was 

recently demonstrated when lymphotoxin and LIGHT produced by T cells were 

found to regulate plasma triglyceride levels.5 Moreover, monocyte populations 

may take on dendritic cell (DC)-like characteristics, migrate into an 

atherosclerotic lesion, become cholesterol enriched, and migrate out, contributing 

to the stability of the plaque.6,7 Interestingly, hyperlipidemic apoE-/- and LDLr-/- 

mice show reduced migration of DCs between skin and LNs, but when HDL or 

apoA-I was administered normal migration was restored.8 

     Based on these associations, it has been speculated that HDL apoA-I and 

autoimmunity are linked. Humans with autoimmune disorders such as systemic 

lupus erythematosus (SLE) and rheumatoid arthritis (RA)9 and mouse models of 

these disorders are associated with increased atherosclerosis,10,11 with SLE and 

RA patients showing decreased HDL levels when compared to control subjects.12 

The correlation among autoimmune disease, atherosclerosis, and plasma HDL 

apoA-I raises the possibility of a common link involving all 3 factors. We therefore 

undertook the current studies to investigate this link and found that apoA-I can 

modulate immune cell function by regulating cellular cholesterol balance, which 

in turn prevents LN cell expansion, activation, and the progression of 

atherosclerosis. 
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Materials and Methods 

     LDLr-/-, ApoA-I-/- (DKO), LDLr-/- (SKO), and B6.MRLFaslpr/J (Faslpr/lpr) mice 

were fully backcrossed into the C57BL/6 background.13,14 All mice were housed 

at the Wake Forest University Medical Center. The Wake Forest University 

Medical Center Committee for Animal Care and Use approved all procedures. 

For a more detailed description of Materials and Methods see the supplemental 

materials (available online at http://atvb.ahajournals.org). 

Results 

Cholesterol Accumulation and Expansion in Peripheral Lymph Nodes 

     After 10 weeks on an atherogenic diet,13,14 DKO mice acquired enlarged 

peripheral LNs, compared to SKO mice, shown in Figure 1A and 1A’, 

respectively. The enlargement of the DKO LNs was associated with increased Oil 

Red O staining (Figure 1C and 1C’), not seen in SKO mice. When fed an 

atherogenic diet for longer than 10 weeks, DKO mice develop skin lesions 

attributable to excessive scratching.13,14 To reduce the contribution of “open 

lesions” to the current studies, mice were fed diet for 10 weeks, at which time 

external skin abnormalities were not present as shown in supplemental Figure I. 

Although Figure 1 shows only brachial LNs, inguinal, axillary, and superficial 

cervical LNs were also enlarged in diet-fed DKO mice. LNs from DKO weighed 

an average of 9.6 ± 0.8 mg, while SKO LNs weighed 2.2 ± 0.5 mg (n=5 to 10 

mice per genotype, P<0.05). 

     Autoimmune disorders typically show enlargement of peripheral LN 

accompanied by immune cell expansion and the production of autoantibodies. In  
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Figure 1. Cholesterol accumulation in the lymph nodes of LDLr-/-, ApoA-I-/-

 
mice. 

Gross, histological, and chemical analysis of 10-week diet-fed DKO and SKO LNs (A, 
A’and C, C’), and spleens (B, B’and D-D’), respectively. Oil red O–stained sections of 
LNs are shown in C and C’and of spleens in D and D’. The mean±SD of total 
lymphocytes and splenocytes from chow and diet-fed mice are plotted in E and F and 
represent 3 independent experiments with 4 to 5 mice per genotype. G and H show 
the mean±SD for LN and splenic cholesterol mass, respectively, measured by GC for 
4 and 10-week diet-fed mice and for 10-week chow-fed mice with 8 to 10 mice per 
genotype. Unlike letters indicate statistical significance at P<0.05.  
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a mouse model of autoimmunity, Faslpr/lpr, enlargement of both LNs and 

spleen15,16 with age has been documented.17,18 In the current studies we chose to 

compare DKO and SKO LN immune cell expansion with that in the Faslpr/lpr 

mouse.17,18 After 10 weeks of chow, Faslpr/lpr mice had enlarged LN and spleens 

(data not shown) that contained a large number of immune cells compared to 

chow-fed DKO and SKO mice (Figure 1E). However, DKO mice consuming the 

atherogenic diet for 10 weeks had as many LN cells as 10-week chow-fed 

Faslpr/lpr and contained ~5-fold more LN cells than SKO mice. The atherogenic 

diet initiated a 2.5-fold increase in the total number of LN cells in Faslpr/lpr mice 

compared to their chow-fed counterparts, suggesting a cholesterol-driven LN cell 

expansion even in the Faslpr/lpr genetic environment. 

     Figure 1G shows that LN enlargement and intense Oil Red O staining was 

associated with the increase in the mass of LN cholesterol as measured by GC. 

The increase in DKO LN cholesterol content occurred as early as 4 weeks after 

initiating the diet, whereas both SKO and Faslpr/lpr mice did not show significant 

LN cholesterol increase in response to diet.  

     DKO mice also had enlarged spleens compared to SKO mice, as shown in 

Figure 1B and 1B’. DKO spleens weighed an average of 159.6 ± 69.8 mg, 

whereas SKO spleens weighed 91.8 ± 13.7 mg. Despite the enlargement, Oil 

Red O staining showed minimal lipid accumulation as shown in Figure 1D and 

1D’. Neither splenocyte number (Figure 1F), nor GC-derived cholesterol content 

(Figure 1H), was different between DKO, SKO, and Faslpr/lpr mice. 
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Diet-Induced Expansion of Lymph Node Immune Cells 

     Studies of the effect of the atherogenic diet on specific LN cell populations, 

Figure 2, dot plots (A through D) and total cell number (A’ through D’), are 

shown for double negative T (DNT) cells (CD3+CD4-CD8-B220+; A and A’); naïve 

B cells (IgM+B220+; B and B’); DCs (CD3-CD11c+; C and C’); and macrophages 

(CD11c-CD11b-F4/80-; D and D’). For each cell type, diet-fed DKO LN cell 

expansion was ~8-fold higher than chow-fed DKO mice. SKO mice showed a 

less dramatic ~2.5-fold increase in response to diet. Although a large number of 

specific T cell subsets were investigated, including regulatory T cells (data not 

shown), only DNT cells are shown, because all subsets increased in diet-fed 

DKO mice. Increased numbers of DNT cells, CD3+CD4-CD8-B220+, are 

characteristic of the loss of self-tolerance in Faslpr/lpr mice.19,20 Dietary cholesterol 

consumption increased specific LN cell numbers in both DKO and Faslpr/lpr mice, 

although Faslpr/lpr mice apparently did not need cholesterol feeding to stimulate 

expansion. 

     In contrast to the LN cells, splenocyte populations were not different between 

DKO and SKO mice, as shown in Supplemental Figure II for DNT cells (A and 

A’); naïve B cells(B and B’); and DCs (C and C’). Only the macrophage 

population (D and D’) showed significant increases for chow versus diet-fed DKO 

mice. A simplification of the data contained in Figure 2 and Supplemental 

Figure II are shown in Supplemental Figure IIIA through IIIC for spleen and in 

Supplemental Figure IIID through IIIF for the LN, showing changes in DKO 

relative to SKO mice for 10 weeks chow, and 4 and 10 weeks atherogenic diet. 
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Figure 2. Expansion of lymph node cell populations. A to D show dot plots 
for 4 lymphocyte populations, whereas A’ to D’ show the corresponding total 
cell numbers, mean±SD, for 10-week chow and diet-fed mice. A and A’ show 
DNT cells (CD3+CD4

_
CD8

_
B220+); B and B’ show naïve B cells (IgM+B220+); C 

and C’ show DCs (CD3-CD11c+); and D and D’ show macrophages (CD11c-

CD11b+F4/80+). Fas
lpr/lpr 

mice, a model of SLE, were studied for comparison. All 
dot plots were gated on viable cells with additional gating for the CD3+B220+ cell 
population (A) and for the CD11c- population (D). Results represent 3 
independent experiments with 4 to 5 mice per genotype. Unlike letters indicate 
statistical significance at P<0.05.  
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LN T and B cells Accumulate Cholesterol Ester in Response to Diet 

     All cell types except macrophages showed a ~2-fold increase in their 

esterified cholesterol (EC) content after 10 weeks on the atherogenic diet. 

Remarkably, DC contained the largest mass of TC compared to all other LN cell 

types. Figure 3A shows a statistically significant increase in the EC/TC ratio for 

B, T, and dendritic cells in DKO versus SKO mice. Although not statically 

significant (P<0.08), DKO macrophages also appeared to follow this trend. The 

increase in the EC/TC ratio was attributable to an increase in the total mass of 

EC (Figure 3B), and not to a decrease in the mass of free cholesterol (Figure 

3C). 

T Cell Activation 

     The activation state and functionality of T cells, CD4+CD69high, and 

CD8+CD69high populations are shown in Supplemental Figure IVA and IVB for 

LNs and IVC and IVD for spleen. These data show that the percent of CD69high 

cells was significantly higher in 10-week chow-fed Faslpr/lpr mice LNs compared to 

chow-fed DKO or SKO mice. However, in response to 10 weeks of the 

atherogenic diet both Faslpr/lpr and DKO mice showed ~1.5 fold increase in the 

percent of CD69high cells, suggesting a heightened activation state in response to 

dietary cholesterol. 

Proliferation of CD4+CD44high Cells 

     Proliferation of effector CD4+CD44high and CD8+CD44high T cells was studied 

by measuring BrdU incorporation into LNs and spleens of 10-week diet-fed DKO 

and SKO mice. Supplemental Figure V (top and bottom panels A through C) 
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Figure 3: Lymphocyte population specific cholesterol and cholesterol ester 
mass. A, shows the ratio of esterified cholesterol to total cholesterol (EC/TC). The 
mean ± SD for LN cell populations are plotted in B and C. The masses were 
determined by GC/MS of sorted LN cells from 10-week diet-fed DKO and SKO mice. 
The results are based on 4 independent experiments with 5 mice per genotype. 
Asterisks indicate statistical significance at P<0.05. 
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shows the results for LN and spleen for DKO mice which had ~1.5-fold more 

CD4+CD44high cells in their LNs, averaging 52.5%, versus 35.0% in SKO mice, 

whereas mice not receiving BrdU showed a background of <0.1% BrdU positive 

staining. For CD8+CD44high cells, shown in Supplemental Figure V (top and 

bottom panels D through F, for LN and spleen, respectively), incorporation was 

similar between genotypes. These data suggest that CD4+CD44high effector T 

cells in diet-fed DKO mice undergo selective proliferation. 

Circulating Autoantibodies in Response to Diet 

     In light of the increased numbers of activated and DNT cells in 10-week diet-

fed DKO LNs the development of an autoimmune disorder was considered. 

Plasma autoantibodies for dsDNA, shown in Figure 4 indicate that DKO, like 

Faslpr/lpr mice, had a 2-fold increase in autoantibody levels. The relative levels for 

β2-glycoprotein (β2-GPI) and oxidized LDL (oxLDL) were measured in 10-week 

diet-fed DKO, SKO, and Faslpr/lpr mice and are shown in Supplemental Figure 

VIA and VIB, respectively. These autoantibodies also showed increases similar 

to that seen in Faslpr/lpr mice. 

LN Cholesterol Accumulation Is Prevented by Plasma ApoA-I 

     We next tested whether the presence of plasma apoA-I would prevent LN 

cholesterol accumulation. Four weeks before starting the atherogenic diet, DKO 

mice were injected with helper-dependent adenovirus expressing human apoA-I 

(HD Ad ApoA-I)21,22 whereas control mice were injected with an equal amount of 

HD-Ad that did not carry the apoA-I gene. Figure 5A shows that the plasma 

apoA-I levels plateaued by 4 weeks and remained constant at ~40 mg/dL to the  
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Figure 4: Dietary cholesterol induction of plasma autoantibodies. Relative levels 
of anti-dsDNA in response to an atherogenic diet. Autoantibodies were measured in 
the plasma from 10-week chow and diet-fed DKO, SKO and Fas lpr/lpr mice. The 
values represent the mean ± SD of 4 to 12 mice per genotype. Unlike letters indicate 
statistical significance at P<0.05. 
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Figure 5: Plasma apoA-I prevents cholesterol accumulation in lymph nodes. A, 
shows the increase in plasma apoA-I concentrations after injection of HD Ad ApoA-I 
or Control (empty HD vector)21,22 into DKO (LDLr-/-, ApoA-I-/-) mice. Mice began the 
atherogenic diet 4 weeks after injection to allow for maximum expression of plasma 
apoA-I and continued on diet for a total of 8 weeks. B, shows the LN cholesterol 
content for the DKO mice, for 8-week diet-fed DKO mice expressing wild-type human 
apoA-I (TgWT ApoA-I) and for 8-week diet-fed mice expressing L159R ApoA-I, a 
mutant apoA-I that impairs reverse cholesterol transport. LN cholesterol from GC 
analysis is expressed as the mean ± SD of µg total cholesterol per mg LN protein 
with 3 to 6 mice per genotype. Unlike letters indicate statistical significance at 
P<0.05. TgWT ApoA-I in DKO mice have apoA-I plasma concentrations of ~110 
mg/dL, whereas DKO mice expressing L159R ApoA-I have plasma apoA-I 
concentrations ~10 mg/dL.23 
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end of the study. LN cholesterol content after 8 weeks on diet is shown in Figure 

5B. Compared to control vector–treated mice, diet-fed DKO mice expressing 

apoA-I had normal levels of LN cholesterol, similar to TgWT ApoA-I mice that 

have plasma apoA-I concentrations of ~110 mg/dL. DKO mice expressing the 

mutant apoA-I, TgL159R, have plasma levels of a mutant form of human apoA-I 

at ~10 mg/dL.23 In these mice LN cholesterol levels were intermediate between 

control and HD Ad ApoA-I mice, but this low level was sufficient to reduce LN cell 

expansion. Plasma autoantibodies to dsDNA (data not shown) in diet-fed HD Ad 

and TgWT ApoA-I mice were similar to those measured in diet-fed SKO mice, 

whereas diet-fed control (no ApoA-I) DKO dsDNA autoantibody levels were 

similar to diet-fed DKO (Figure 4). 

Atherosclerosis Development Is Independent of Plasma Cholesterol 

     Previous studies have shown that DKO and SKO mice fed diets containing 

the same amount of dietary cholesterol (0.1% cholesterol) have different total 

plasma cholesterol (TPC) levels.13,14 SKO mice have a 2.5-fold higher TPC than 

DKO mice, and yet the 2 genotypes had similar levels of aortic cholesterol 

accumulation.13,14 To quantify atherosclerosis when TPC was similar, the amount 

of dietary cholesterol fed to each genotype was adjusted based on their 

differential responses. DKO mice were fed 0.5% cholesterol, 5-fold more than the 

standard 0.1% diet, whereas SKO mice were fed the same base diet containing 

0.05% cholesterol. Even with these manipulations, after 10 weeks DKO mice still 

had a lower TPC, 736 ± 58 mg/dL, than did SKO mice, 1048 ± 55 mg/dL. Both 

the VLDL and HDL particle diameters were significantly larger in diet-fed DKO 
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compared to SKO mice, with no significant difference in LDL diameter between 

genotypes (see Supplemental Table I). The plasma triglyceride level was not 

statistically different between DKO and SKO mice, 206 ± 85 mg/dL versus 215 ± 

55 mg/dL (n = 7 mice per genotype). Although HDL particles were larger in size 

in DKO mice they made up less than 5% to 10% of the d >1.21 g/mL mass 

compared to SKO mice. The increased HDL particle diameter likely indicates the 

presence of LDL/HDL transition particles enriched in apoE13,14 and devoid of 

apoA-I. 

     The extent of atherosclerosis was quantified by both morphometric evaluation 

of oil red O–stained aortic root and by measuring the total aortic cholesterol 

mass. Supplemental Figure VIIA shows representative Oil Red O sections from 

the aortic root for each genotype. The percent of lesion for DKO and SKO mice 

was 42.7 ± 3.8% versus 33.4 ± 3.4%, respectively (mean ± SD of n=5, with 

P<0.05). These measurements were supported by total aortic cholesterol mass 

(shown in Supplemental Figure VIIB). Both male and female DKO mice had a 

statistically significant increase in total aortic cholesterol mass compared to male 

and female SKO mice. The aortas from DKO mice had a 3-fold increase in IL-1β 

mRNA after 8 and 16 weeks on an atherogenic diet when compared to matched 

SKO mice and shown in Supplemental Figure VIIC), suggesting a heightened 

inflammatory state in the DKO aortic environment. 

Discussion 

     Our studies demonstrate that in response to an atherogenic diet, DKO mice 

develop enlarged skin draining LNs that contain expanded populations of CE 
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enriched lymphocytes. The cellular expansion and cholesterol loading affected 

the major classes of LN cells, including T cells, B cells, DCs, and, to a lesser 

extent, macrophages. Associated with these morphological changes was a 1.5-

fold increase in the proliferation of CD4+CD44high T cells, but not CD8+CD44high T 

cells. Changes in T cell proliferation and activation occurred in conjunction with 

the production of plasma autoantibodies and inflammatory cell infiltrates in the 

dermis. In contrast, diet-fed SKO mice did not show an increase in LN size or 

cellularity, even after consuming the atherogenic diet for 24 weeks (M. Zabalawi, 

unpublished observations, 2008). However, after long-term diet feeding ~50% of 

SKO mice presented skin lesions that were not associated with LN enlargement, 

cholesterol accumulation, or cellular expansion as seen in diet-fed DKO mice. 

These studies demonstrate that plasma apoA-I prevented the phenotype by 

preventing LN enlargement, cholesterol loading, as well as accumulation of skin 

cholesterol in DKO mice.13,14 Taken together these results suggest a direct link 

between apoA-I, cholesterol metabolism, inflammation and autoimmunity. 

     Based on these results we speculate that cholesterol accumulates in skin 

draining LNs under hypercholesterolemic conditions because of inefficient or 

nonexistent cellular cholesterol efflux. As cholesterol accumulates in 

lymphocytes, the lack of apoA-I slows or prevents cholesterol efflux from these 

cells and eventually leads to disruption in cellular function. Lymphocyte 

proliferation and activation, as well as cytokine production, exacerbates 

atherosclerosis and eventually leads to loss of self-tolerance and skin 

pathogenesis. LN immune cells play a vital role in atherosclerosis progression 
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and regression from the formation of foam cells24 to the migration of DCs from 

atherosclerotic plaques to LNs,6,7 although the precise role that apoA-I plays in 

these processes remains undefined. T and B cells, as well as DCs, are believed 

to migrate between atherosclerotic lesions and regional LNs25 and contribute to 

disease progression or regression. In one study, the migration of DCs in diet-fed 

apoE-/- and LDLr-/- mice showed impaired migration from the skin to the LNs, 

which was reversed by administering apoA-I.8 

     In autoimmune disorders CD4+ T cells are primarily responsible for the 

pathogenic anti-DNA autoantibody production in Faslpr/lpr mice.18 In these studies 

proliferation of CD4+CD44high T cells, but not CD8+CD44high cells, was similar to 

that seen in a mouse model of SLE.18 In addition, CD69, an early T cell activation 

marker involved in signal transduction, cell proliferation, and cytokine secretion, 

was higher in SLE patients than in controls,26 and it is also higher in our model. 

Another significant similarity characteristic of autoimmune disorders in mouse 

models of SLE was the increase in DNT cells.20 The defect in lpr mice is caused 

by insertion of a retroviral transposon into the second intron of fas that interferes 

with its ability to bind to the FAS ligand and mediate cell death through apoptosis. 

LNs in lpr mice enlarge in part from a massive expansion of DNT cells. As more 

T cells are produced the autoimmune process attacks tissues and organs 

including the skin, kidney, and joints. As in human SLE patients, one mechanism 

of tissue damage involves autoantibody and immune complex deposition, as well 

as increased infiltration of select tissues by lymphocytes.19 
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    Both human and animal studies have shown a convincing link between 

autoimmune disorders and atherosclerosis with a number of autoimmune “mouse 

models” exhibiting advanced atherosclerosis.10,11,27 Stanic et al showed that in a 

mouse model of autoimmunity, atherosclerotic progression was worsened by the 

lack of self-tolerance,11 whereas Gu et al, using quantitative trait analysis of the 

MRL/lpr autoimmune mouse, provided further evidence for a link between 

autoimmunity and HDL metabolism.28 In human patients suffering from 

autoimmune disorders HDL levels are significantly decreased.12,29,30 

     In light of these connections, we compared the extent of atherosclerosis 

between SKO and DKO mice. In a previous study, DKO and SKO mice were fed 

0.1% cholesterol and 10% palm oil for 16 weeks.14 This diet produced a 2.5-fold 

higher TPC in SKO mice compared to DKO mice; however, despite the large 

difference in TPC, both genotypes developed similar atherosclerosis.13,14 In an 

attempt to adjust TPC levels, DKO mice were fed 10-fold more dietary 

cholesterol than SKO mice. Under these conditions SKO mice still had ~1.5-fold 

higher plasma cholesterol, but the DKO mice developed ~2-fold greater 

atherosclerosis, clearly demonstrating the protective effects of HDL apoA-I.  

Although DKO mice share several common characteristics with autoimmune 

mouse models including skin lesions31 and advanced atherosclerosis, one aspect 

which remains unusual was the enormous accumulation of cholesterol in the 

skin. After 12 to 16 weeks on diet,13,14 diet-fed DKO mice die of inflammation 

induced by the massive skin cholesterol accumulation and its resulting 

pathogenesis as opposed to the renal failure and glomerulonephritis seen in 28-
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to 30-week chow-fed Fas
lpr/lpr 

mice. The presence of activated T cells in DKO LN 

and skin (A. Wilhelm, unpublished observations, 2009) suggests that skin is the 

primary site of pathogenesis in DKO mice.  

DKO mice accumulate 2.5-fold more whole body cholesterol compared to SKO 

mice13 fed the same diet, with skin being the primary site of cholesterol 

accumulation.13 However, the accumulation of cholesterol in the skin of diet-fed 

DKO mice is not unique, but similar in magnitude to that reported for diet-fed 

LXRα-/-apoE-/- mice that had 2.5-fold increase in whole body cholesterol 

compared to apoE-/- only mice with lipid accumulation occurring predominately in 

the skin.32 This unusual phenotype has been previously described in other mouse 

models that carry disruptions in cholesterol homeostatic genes including, eg, 

ACAT1-/-, LDLr-/-33 and ABCA1-/-, LDLr-/- 3,34 suggesting that disruption in immune 

cell cellular cholesterol mobilization may be a common mechanism leading to the 

skin cholesterol accumulation phenotype. This is in contrast to apoC-I transgenic 

mice, where apoC-I modulates plasma triglyceride metabolism and was 

associated with severe skin lesions, infiltration of inflammatory cells, but no skin 

cholesterol accumulation.35 Other cholesterol homeostatic models, such as 

ABCG1-/- mice, show severe cholesterol accumulation, but predominately in the 

lungs.4,36,37 In ABCG1-/- mice this was accompanied by an increase in 

inflammatory cells and cytokines in the lung that were largely absent from the 

plasma compartment.36 Despite this, the skin is common tissue affected in 

autoimmune disorders such as SLE,31,38,39 but these lesions are not usually 

associated with cholesterol accumulation. Thus, it remains to be determined 
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whether cholesterol-loaded inflammatory cells enter the skin in response to a 

specific stimulus or if a constant infiltration of cholesterol in the skin via LDL 

causes lymphocyte migration and activation, thereby triggering the resulting 

phenotype.  

In conclusion, we have demonstrated that apoA-I prevents lymphocyte 

cholesterol accumulation, activation, and proliferation in skin draining LNs of diet-

fed DKO mice. An increase in T cell activation and proliferation was linked to 

increased levels of circulating autoantibodies and a ~2-fold increase in aortic 

cholesterol accumulation. These results strongly suggest a common link between 

plasma apoA-I, inflammation, and atherosclerosis.  
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Supplemental Materials and Methods 

Animals and Diet  

     LDLr-/-, ApoA-I-/-and LDLr-/-mice were backcrossed fully into the C57BL/6 

background as described previously1, 2. B6.MRL-Faslpr/J (Faslpr/lpr) mice were 

obtained from Jackson Labs and are fully crossed into the C57BL/6 background. 

All mice were housed at the Wake Forest University Medical Center and all 

procedures were approved by the Wake Forest University Health Sciences 

Animal Care and Use Committee. In all studies except for atherosclerosis 

evaluation, mice from both genotypes were fed Purina chow or an atherogenic 

diet containing 0.1% cholesterol with 10% fat from palm oil, prepared in the Wake 

Forest University diet kitchen, beginning at 6 wks of age, as described 

previously1, 2. LDLr-/-mice respond to the 0.1% cholesterol + 10% palm oil fat diet 

by increasing their plasma cholesterol 2-2.5-fold higher than LDLr-/-, ApoA-I-/-mice 

fed the same amount of cholesterol, as has been described previously1, 2. 

Despite the higher plasma cholesterol, LDLr-/-mice still have similar 

atherosclerosis when compared to LDLr-/-, ApoA-I-/-mice1, 2. Therefore, to 

determine the effects of normalizing plasma cholesterol levels on atherosclerosis 

development, we attempted to normalize plasma cholesterol between genotypes 

by feeding the same base diet, but with each genotype receiving different 

amounts of cholesterol in the diet. LDLr-/-mice were fed a diet consisting of 0.05% 

cholesterol with 10% fat from palm oil while LDLr-/-, ApoA-I-/-mice received a diet 
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consisting of 0.5% cholesterol with 10% fat from palm oil for 10 wks. No 

differences in body weights were noted between genotypes when compared to 

like genders and diets1. All mice were maintained in a temperature-controlled 

room with a 12 hr light/12 h dark cycle. Mice were fasted for 3 hrs prior to being 

anesthetized for blood collection by cardiac puncture and subsequent blood 

processing as described previously1, 2.  

LN and Spleen Cell Isolation and Surface Staining  

At the time of sacrifice, the spleen and LN subsets including the axillary, 

brachial, superficial cervical and inguinal LNs were collected and placed in 10% 

RPMI. Cells were isolated by massaging the tissue over a mesh screen, as 

previously described3, 4 then counting the total number of cells in the suspension 

using a hemacytometer. Antibodies used in the surface stain include rat anti-

mouse CD3, CD4, CD8, CD62L, CD69, IgM, B220, CD11c, CD11b, and CD44 

and were obtained from BD Biosciences. Rat anti-mouse F4/80 was obtained 

from eBioscience. Surface staining was performed, as described previously4. 

Briefly, 1 x 106 cells in 50 μl were stained with the appropriate antibodies at a 

1:100 dilution for 30 min at 4ºC. Cells were then washed 3 times in PBS 

containing 2% FCS. Acquisition of samples was done using a FACSCalibur.  

Analysis of Immune Cell Populations  

Data was analyzed using FlowJo software (TreeStar, San Francisco, CA). 

Cell populations measured included effector/effector memory T cells 
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(CD4+CD62Llow, CD8+CD62Llow, CD4+CD44high, CD8+CD44high), double 

negative T cells (CD3+CD4-CD8-B220+), activated T cells (CD4+CD69high, 

CD8+CD69high), naïve B cells (IgM+B220+), DCs (CD3-CD11c+, 

CD3CD11b+CD11c+) and macrophages (CD11c-CD11b+F4/80+). Activation of 

T cells was assessed by measuring CD69high, as the percent of the total CD4 

or CD8 populations, respectively.  

     The total number of cells staining positive for a particular stain 

combination was calculated by using the percent of that population from the 

dot plots and the total number of cells for a given tissue. In order to assess 

the activation, the CD69high cell data were expressed as the percent of the 

total CD4 or CD8 populations, respectively. These percentages were 

obtained using the absolute number of CD4+ or CD8+ cells which was then 

divided by the absolute number of CD4+CD69high or CD8+CD69 high cells, 

respectively. The results obtained in these studies were compared with data 

from Faslpr/lpr mice, an autoimmune model known to have enlarged LNs and 

spleens with increased B cell and T cell populations4.  

To simplify the comparison among all cell populations between the two 

genotypes after both 4 and 10 wks of diet consumption, the data was calculated 

as the fold increase in a specific cell population for LDLr-/-, ApoA-I-/- relative to the 

same cell population in LDLr-/- mice. All cell population numbers were calculated 

based on the absolute number of cells in a population for a given surface stain as 
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described above. A value of 1.0 indicates equivalence in the absolute number of 

cells between two genotypes.  

Determination of Lymphocyte Cholesterol Mass by Mass Spectrometry  

     The axillary, brachial, superficial cervical and inguinal LNs were collected 

from diet-fed LDLr-/- or LDLr-/-, ApoA-I-/- mice. All four subsets of LNs from five 

mice were pooled for each genotype to create one sample per genotype. LN 

cells were then isolated as previously described3 and prepared for sorting. 

Briefly, each sample was divided in two so that two different sorts could be 

performed. Cells in the first sort were stained with anti-CD3, IgM and B220 in 

order to obtain B and T cells. Cells in the second sort were stained with anti-

CD3, CD11b and CD11c to obtain dendritic cells (DCs) and macrophages. The 

cells were stained for 30 min at 4ºC with antibodies at a 1:100 dilution. 

Approximately 80 x 106 cells were sorted for each set of stains for each 

genotype. The cell sorting was performed by a FACSCalibur. During sorting, 

CD3+ cells were collected and identified as T cells. Cells staining IgM+B220+ 

were identified as naïve B cells. DCs were those staining CD3-CD11c+ while 

macrophages were those cells staining CD3-CD11c-CD11b+.  

After cells were sorted they were washed thoroughly in PBS and counted and 

subjected to lipid extraction. Cholesterol was extracted in chloroform:methanol 

(2:1), as described previously1, 2 and 2 μg of [13C2]cholesterol internal standard 

(in 20 μl ethanol) was added to each cell pellet. Cholesterol, together with other 
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neutral lipids, was isolated from the lipid extract using a modification of the 

method of Kaluzny et al5. Briefly, each sample was dried under a stream of 

nitrogen, redissolved in 400 μl of chloroform, and applied drop-wise to a dry 3 mL 

Bakerbond aminopropyl solid-phase extraction cartridge. Neutral lipids were 

eluted in 4 mL of chloroform:isopropanol (2:1, v/v) without the use of suction. For 

free cholesterol (FC) determination, each neutral lipid fraction was dried under a 

stream of nitrogen, redissolved in 200 μl of hexane, and transferred to a glass 

autosampler vial for gas chromatography-mass spectrometry (GC-MS) analysis. 

One microliter of the sample was injected, without splitting, onto a 250 μm × 30 

m DB-1 capillary column (J&W Scientific/Agilent Technologies). Helium served 

as the carrier gas at a constant flow rate of 2.0 mL/min. The injector temperature 

was 280 °C. The temperature program was as follows: 150 °C for 1 min; increase 

at 25 °C/min to 280 °C; hold for 23 min. The MS interface was maintained at 280 

°C. The MS used was a Thermo Finnigan single-quadrupole Trace MS, with a 

positive-ion electron impact ion source, set at electron ionization energy of 70 eV. 

Data was acquired in selected-ion monitoring mode, monitoring the molecular 

ions m/z 386.4 for cholesterol and m/z 388.4 for the [13C2]cholesterol internal 

standard, with a dwell time of 0.125 sec. The internal standard peak area was 

corrected for the natural abundance of 13C by subtracting 7.29% of the 

cholesterol peak area. The calibration curve was linear from 50 pg to 25 ng of 

cholesterol injected.  
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Following the FC determination, the remaining sample was dried under a 

stream of nitrogen, redissolved in 1 mL of ethanol, mixed with 100 μl of 50% 

(w/w) aqueous potassium hydroxide, and saponified for 1 hour at 60 °C. 

Cholesterol was extracted with the addition of 1 mL water and 3 mL hexane. The 

hexane phase was evaporated, redissolved in 200 μl of hexane, and again 

analyzed by GC-MS as described above. Cholesteryl ester was calculated as the 

difference between free and total cholesterol and is expressed as ng per 106 cells 

extracted.  

Assessment of T cell Proliferation  

Mice were given drinking water containing 0.8 mg/ml bromodeoxyuridine 

(BrdU) for 6 days prior to sacrifice 4, 6. Briefly, the spleen and LN were collected 

and cells stained with anti-CD8, CD4 and CD44 (BD Biosciences), then treated 

overnight with 1% paraformaledhyde and 0.5% Igepal in PBS in order to 

permeabilize the cells. Cells were then washed in PBS and incubated in PBS 

with 4.2 mM MgCl2 and DNase I. Cells were stained with anti-BrdU FITC (BD 

Biosciences) washed and then analyzed by flow cytometry using FlowJo 

software (Treestar). Dot plots were created from the viable cells showing CD4 or 

CD8 versus CD44. To determine the percent of cells that had incorporated BrdU 

a gate was drawn for the CD4/8+CD44low cells and for the CD4/8+CD44high cells.  

Measurement of Plasma Autoantibodies  
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Plasma anti-dsDNA and oxLDL autoantibodies were measured by ELISA, as 

described previously7-9. ELISA for β2-glycoprotein I (β2-GPI) was performed by 

coating a 96-well Maxisorb plate with 10 mg/mL of purified β2-GPI in PBS. Plates 

were blocked and mouse serum was added at a 1:500 dilution and incubated 

overnight at 4°C. Plates were washed with 0.5% Tween/PBS and incubated with 

HRP conjugated goat anti-mouse IgG (Promega) for 1 hour at RT. Reactions 

were developed using the TMB substrate (BD Biosciences).  

Helper-Dependent Adenoviral ApoA-I Injection  

Helper dependent adenovirus expressing the human apoA-I gene (HD Ad 

ApoAI) or an empty vector (control) was constructed as described previously10, 11. 

Both vectors were injected at 4.5x1012 particles/kg into the tail vein. Four wks 

after injection, the mice were started on the 0.1% cholesterol + 10% palm fat diet 

and continued for a total of 8 wks. Concentration of human plasma apoA-I was 

monitored throughout the study by ELISA12. At the time of necropsy, LNs were 

collected, cleaned and extracted for total cholesterol, as described previously1, 2. 

Comparisons were made to 8 wk diet-fed transgenic LDLr-/-, ApoA-I-/- mice 

expressing either human wild-type apoA-I (TgWT ApoA-I) or to LDLr-/-, ApoA-I-/-

mice expressing the human helix 6 apoA-I mutant, L159R ApoA-I (TgL159R 

ApoA-I) which has been shown to have aberrant reverse cholesterol transport12.  
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Tissue Cholesterol Quantification and Histology  

 For total aortic cholesterol determinations, male and female LDLr-/- and 

LDLr-/-, ApoA-I-/- mice were fed 0.05% and 0.5% cholesterol containing diets, 

respectively with 10% palm oil as described, for 10 wks and then sacrificed. 

Aortas were placed in formalin and then cleaned of adventia before extraction. 

Total aortic cholesterol was quantified by GC, as previously described2, 13,14.  

For all other studies, mice of both genotypes were fed a diet consisting of 

0.1% cholesterol and 10% palm fat for 10 wks prior to tissue harvest. Following 

perfusion, the spleen and LN subsets including the axillary, brachial, superficial 

cervical and inguinal LNs were collected and their cholesterol content determined 

as described previously1, 2. Total cholesterol in the LNs and spleen was 

expressed as mg per gram of wet weight.  

For general tissue histology, mice of both genotypes were fed diet for 10 wks, 

and at the time of sacrifice, the LNs and spleen were collected and fixed in 10% 

formalin and infiltrated with 15% sucrose overnight at 4ºC before being frozen in 

OCT1. Tissue blocks were sectioned at -20 ºC and slides were stained with Oil 

Red O in order to stain neutral lipids. Slides were then counterstained with 

Mayer’s Hematoxylin as described previously1.  

Analysis of Plasma Cholesterol and Lipoprotein Particle Diameter  

Approximately 125 μl of plasma was brought to 1 mL with 1.0063 g/mL 

saline. Individual lipoprotein density classes were isolated by sequential 
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density gradient at 40,000 rpm in a TFT 50.3 rotor at 14°C using a Beckman 

L870M ultracentrifuge. Density intervals were VLDL+ IDL d < 1.0223 g/mL, 

LDL = 1.0223 1.052 g/mL, and HDL = 1.052 1.21 g/mL. Lipoprotein particle 

diameters were determined by dynamic light scattering analysis using a 

Microtrac series 250 Ultrafine Particle Analyzer with a laser probe tip (UPA250; 

Microtrac, Clearwater, FL)15-17. Following ultracentrifugation, samples were 

carefully removed from the rotor and uncapped. The laser probe was gently 

placed on the top layer of the supernatant fraction. Great care was taken to not 

mix the sample layer or allow air bubbles to form at the probe liquid interface. 

Due to the low lipoprotein content of some samples, triplicate 180 sec 

measurements were made for all samples. Average values for median particle 

diameter (in nm) expressed as area distributions were calculated for individual 

mice (n=4-5 mice per genotype), and the mean values for each group were 

calculated. Plasma was analyzed for total plasma cholesterol by enzymatic 

assay as described previously2.  

Quantification of Aortic Root Lesion Area  

     At the time of sacrifice each aorta was perfused with 5% paraformaldehyde 

and 5% sucrose in PBS. The aortas were cleaned of any fat and adventitia and 

embedded in OCT medium as described previously18. Sequential 6 μm sections 

of the aortic root were cut as previously described18, 19. After sectioning, slides 

were stained with Oil Red O and the percent lesion area for 10 serial sections at 
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60 μm intervals for each aorta was determined using ImageJ software. The 

percent lesion area was determined by dividing the area of the root occupied by 

atherosclerotic lesions by the total area of the root20.  

Tissue RT-PCR  

     Before extraction of total RNA with Trizol, whole mouse aortas were perfused 

with saline to remove blood. In addition, fat and adventitia were also removed, as 

described previously1. RT-PCR for mouse IL-1β mRNA was performed as 

described previously1.  

Statistical Analysis  

Values are presented as the mean ± SD. All groups were compared for all 

possible combinations using a student’s t test, with p<0.05 considered as 

statistically significant.  

 

 

 

 

 

 

 

 

 

 



   
 

 44

References (Supplemental) 

1 Zabalawi M, Bharadwaj M, Horton H, Cline M, Willingham M, Thomas MJ, 
 Sorci-Thomas MG. Inflammation and skin cholesterol in LDLr-/-, apoA-I-/- 
 mice: link between cholesterol homeostasis and self-tolerance? J. Lipid 
 Res. 2007;48:52-65.  
 
2 Zabalawi M, Bhat S, Loughlin T, Thomas MJ, Alexander E, Cline M, 
 Bullock B, Willingham M, Sorci-Thomas MG. Induction of Fatal 
 Inflammation in LDL Receptor and ApoA-I Double-Knockout Mice Fed 
 Dietary Fat and Cholesterol. Am J Pathol. 2003;163:1201-1213.  
 
3 Grayson JM, Weant AE, Holbrook BC, Hildeman D. Role of Bim in 
 Regulating CD8+ T-Cell Responses during Chronic Viral Infection. J. Virol. 
 2006;80:8627-8638.  
 
4 Weant AE, Michalek RD, Khan IU, Holbrook BC, Willingham MC, Grayson 
 JM. Apoptosis Regulators Bim and Fas Function Concurrently to Control 
 Autoimmunity and CD8+ T Cell Contraction. Immunity. 2008;28:218-230.  
 
5 Kaluzny M, Duncan L, Merritt M, Epps D. Rapid separation of lipid classes 
 in high yield and purity using bonded phase columns. J. Lipid Res. 
 1985;26:135-140.  
 
6 Tebo AE, Fuller MJ, Gaddis DE, Kojima K, Rehani K, Zajac AJ. Rapid 
 Recruitment of Virus-Specific CD8 T Cells Restructures 
 Immunodominance during Protective Secondary Responses. J. Virol. 
 2005;79:12703-12713.  
 
7 Stanic AK, Stein CM, Morgan AC, Fazio S, Linton MF, Wakeland EK, 
 Olsen NJ, Major AS. Immune dysregulation accelerates atherosclerosis 
 and modulates plaque composition in systemic lupus erythematosus. 
 PNAS. 2006;103:7018-7023.  
 
8 Morel L, Croker BP, Blenman KR, Mohan C, Huang G, Gilkeson G, 
 Wakeland EK. Genetic reconstitution of systemic lupus erythematosus 
 immunopathology with polycongenic murine strains. PNAS. 2000;97:6670-
 6675.  
 
9 Major AS, Fazio S, Linton MF. B-Lymphocyte Deficiency Increases 
 Atherosclerosis in LDL Receptor-Null Mice. Arterioscler Thromb Vasc Biol. 
 2002;22:1892-1898.  
 
 
 
 



   
 

 45

10 Belalcazar LM, Merched A, Carr B, Oka K, Chen K-H, Pastore L, Beaudet 
 A, Chan L. Long-Term Stable Expression of Human Apolipoprotein A-I 
 Mediated by Helper-Dependent Adenovirus Gene Transfer Inhibits 
 Atherosclerosis Progression and Remodels Atherosclerotic Plaques in a 
 Mouse Model of Familial Hypercholesterolemia. Circulation. 
 2003;107:2726-2732.  
 
11 Pastore L, Belalcazar LM, Oka K, Cela R, Lee B, Chan L, Beaudet AL. 
 Helper-dependent adenoviral vector-mediated long-term expression of 
 human apolipoprotein A-I reduces atherosclerosis in apo E-deficient mice. 
 Gene. 2004;327:153-160.  
 
12 Owen JS, Bharadwaj MS, Thomas MJ, Bhat S, Samuel MP, Sorci-Thomas 
 MG. Ratio determination of plasma wild-type and L159R apoA-I using 
 mass spectrometry: tools for studying apoA-IFin. J. Lipid Res. 
 2007;48:226-234.  
 
13 Furbee JW, Jr., Sawyer JK, Parks JS. Lecithin:Cholesterol Acyltransferase 
 Deficiency Increases Atherosclerosis in the Low Density Lipoprotein 
 Receptor and Apolipoprotein E Knockout Mice. J. Biol. Chem. 
 2002;277:3511-3519.  
 
14 Rudel LL, Kelley K, Sawyer JK, Shah R, Wilson MD. Dietary 
 Monounsaturated Fatty Acids Promote Aortic Atherosclerosis in LDL 
 Receptor–Null, Human ApoB100– Overexpressing Transgenic Mice. 
 Arterioscler Thromb Vasc Biol. 1998;18:1818-1827.  
 
15 Veniant M, Zlot C, Walzem R, Pierotti V, Driscoll R, Dichek D, Herz J, 
 Young S. Lipoprotein clearance mechanisms in LDL receptor-deficient 
 "Apo-B48-only" and "Apo-B-100-only" mice. J Clin Invest. 1998;102:1559-
 1568.  
 
16 Camus M, Chapman M, Forgez P, Laplaud P. Distribution and 
 characterization of the serum lipoproteins and apoproteins in the mouse, 
 Mus musculus. J. Lipid Res. 1983;24:1210-1228.  
 
17 Flood C, Gustafsson M, Pitas RE, Arnaboldi L, Walzem RL, Boren J. 
 Molecular Mechanism for Changes in Proteoglycan Binding on 
 Compositional Changes of the Core and the Surface of Low-Density 
 Lipoprotein-Containing Human Apolipoprotein B100. Arterioscler Thromb 
 Vasc Biol. 2004;24:564-570.  
 
18 Paigen B, Morrow A, Holmes PA, Mitchell D, Williams RA. Quantitative 
 assessment of atherosclerotic lesions in mice. Atherosclerosis. 
 1987;68:231-240.  
 



   
 

 46

19 Daugherty A, Rateri DL. Development of experimental designs for 
 atherosclerosis studies in mice. Methods. 2005;36:129-138.  
 
20 Tangirala R, Rubin E, Palinski W. Quantitation of atherosclerosis in murine 
 models: correlation between lesions in the aortic origin and in the entire 
 aorta, and differences in the extent of lesions between sexes in LDL 
 receptor-deficient and apolipoprotein E-deficient mice. J. Lipid Res. 
 1995;36:2320-2328.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   
 

 47

Supplemental Table I  

Mean Lipoprotein Particle Diameters in LDLr, ApoA-I-/- and LDLr-/- mice  

Lipoprotein Fraction  
 

VLDL  

LDLr -/-, ApoA-I-/- (nm) 
 

54.5 ± 6.0a  

LDLr -/-(nm) 
 

38.6 ± 1.6b 

LDL  21.7 ± 0.8a  21.7 ± 0.9a 

HDL  15.4 ± 0.8a  11.7 ± 1.1b 
 
 
Lipoprotein samples were prepared by ultracentrifugation from plasma taken 
from 8 individual mice per genotype, as described in “Materials and Methods”. 
The table shows population means for lipoprotein particle diameter (nm) ± SEM. 
Unlike letters indicate a significant difference at p <0.05. Mice were fed 
atherogenic diets as described in “Materials and Methods”. Plasma cholesterol 
levels were 736 ± 58 and 1048 ± 55 for LDLr -/-, ApoA-I-/- and LDLr -/- mice, 
respectively.  
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Supplemental Figure I. Coat appearance of diet-fed LDLr-/-, ApoA-I-/- and LDLr-/-

 

mice. These photographs show that representative mice from each genotype fed the 
atherogenic diet for 10 wks have similar coat appearances and body weights. 
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Supplemental Figure II. Splenic cell populations. Panels A-D, show dot plots for 4 
lymphocyte populations; Panels A’-D’, show total cell numbers for each of the populations 
from 10 wk chow and diet-fed mice. Panels A and A’, double negative T cells (CD3+CD4-

CD8-B220+); Panels B and B’, naïve B cells (IgM+B220+); Panels C and C’, dendritic cells 
(CD3-CD11c+); and Panels D and D’, macrophages (CD11c-CD11b+F4/80+). Chow and 
diet-fed Faslpr/lpr mice, a well characterized model of human autoimmunity, showing 
enlarged LNs and spleen were also studied for comparison purposes. In Panel A, dot plots 
were gated on the CD3+B220+ cell population; in Panels B and C, dot plots were gated on 
viable cells; and in Panel D, dot plots were gated on the CD11c- population. All values 
represent the mean ± SD of three independent experiments with 4 -5 mice per genotype in 
each experiment. Unlike letters indicate a statistically significant difference at p<0.05. 
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Supplemental Figure III: Relative difference in immune cell populations from lymph 
nodes and spleen. Panel A-C, show relative splenic immune cell populations from chow- 
and diet-fed mice; Panels D-F, show relative changes in lymph node cell populations from 
chow and diet-fed mice. Panels A and D, show relative changes in spleen and lymph node 
cell populations from mice fed 10 wk chow. Panels B and E, show relative changes in 
spleen and lymph nodes, from selected cell populations from mice fed the atherogenic diet 
for 4 wks. Panes C and E, show relative changes in selected cell populations from mice fed 
the atherogenic diet for 10 wks. The data are expressed as the total number of cells in DKO 
mice relative to number of cells from SKO mice for the indicated cell population. A fold 
difference of 1.0 indicates equivalence between the two genotypes. Asterisks* indicate 
significance at p<0.05. For LNs and spleen, one representative cell population is shown for 
each category: effector/effector memory T cells (CD4+CD62Llow) denoted here as 
effector/memory T cells, activated T cells (CD4+CD69high), double negative T cells 
(CD3+CD4-CD8-B220+), dendritic cells (CD3-CD11b+CD11c+), naïve B cells (IgM+B220+), 
and macrophages (CD11c-CD11b+F4/80+). All values represent the mean ± SD of three 
independent experiments with 4 -5 mice per genotype in each experiment. Asterisks 
indicate a statistically significant difference at p<0.05. 
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Supplemental Figure IV: Activated T cells. Panels A and B, show the percent of 
CD69high activated T cells in CD4+ and CD8+ populations in LNs, respectively; Panels C 
and D, show the percent of CD69high activated T cells in CD4+ and CD8+ populations in 
spleen, respectively. Values represent the mean ± SD for three independent 
experiments with 4-5 mice per genotype in each experiment, fed chow or atherogenic 
diet for 10 wks. Unlike letters indicate a statistically significance difference at p<0.05. 
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Supplemental Figure V: T cell proliferation and BrdU incorporation. Proliferation of effector 
CD4+CD44high cells is shown in top and bottom Panels A-C and CD8+CD44high in top and 
bottom panels D-F. BrdU incorporation in LN T cells, is shown in top panels A-F and spleen in 
bottom panels A-F, from 10 wk diet-fed DKO and SKO mice. The viable cell population is 
plotted on the left as either CD4 or CD8 versus CD44 and the gated responses are shown on 
the right for CD4+CD44high or CD8+CD44high cells, respectively. Control mice did not receive 
BrdU, top and bottom Panels C and F. Top Panels A-C show that LN CD4+CD44high cells from 
DKO mice incorporated 52% BrdU into effector T cells while SKO mice had 35% incorporation. 
Bottom Panels A-C show that splenic CD4+CD44high cells from DKO mice had incorporated 
42% BrdU while SKO had 35% incorporation. Top Panels D-F show that LN CD8+CD44high cells 
from both DKO and SKO mice had ~25% incorporation while splenic CD8+CD44 high cells from 
both DKO and SKO mice had 39%, bottom panels D-F. Results represent 2 independent 
experiments with 2 mice from each genotype for each experiment. 
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Supplemental Figure VI. Dietary cholesterol induction of plasma 
autoantibodies. Relative levels of anti-β2-GPI, and anti-oxLDL, are shown in Panels 
A and B, respectively. Autoantibodies were measured in the plasma from 10 wk chow 
and diet-fed DKO, SKO and Faslpr/lpr mice. The values represent the mean ± SD of 4 
to 12 mice per genotype. Unlike letters indicate statistical significance at p<0.05.  
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Supplemental Figure VII: Atherosclerosis and Inflammation. Panel A, shows 
representative Oil Red O stained sections of the aortic root from a 10 wk diet-fed DKO and 
SKO mice. The mean percent lesion area for all the mice was 43.8 ± 7.2 for DKO and 33.8 ± 
5.7 for SKO mice, mean ± SD of n=5 mice per genotype, respectively; Panel B, shows the 
mass of total aortic cholesterol measured by GC from 10 wk diet-fed DKO and SKO mice 
described in “Materials and Methods”. Panel C, shows the relative increase in aortic IL-1β 
mRNA, as measured by RT-PCR, described in “Materials and Methods”. Unlike letters indicate 
statistical significance at p<0.05. All values represent the mean ± SD of n=5-10 female and 
male mice per genotype. 
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     The immune system is very complex, with multiple layers of regulation 

in place to prevent activation in response to self-antigens. One layer of 

regulation involves regulatory T cells (Treg) that maintain peripheral self-

tolerance. Patients with autoimmune diseases such as systemic lupus 

erythematosus (SLE) and rheumatoid arthritis (RA) have decreased levels 

of HDL, suggesting that HDL is linked to autoimmunity. We have recently 

shown that mice lacking HDL apoA-I, LDLr-/-, ApoA-I-/- (DKO) mice, exhibit 

an autoimmune phenotype characterized by heightened immune cell 

activation and proliferation. Lymph node (LN) T cell activation and 

proliferation were also increased compared to controls indicating that the 

Treg response may be defective. In the current studies, we set out to 

determine if treatment with human apolipoprotein A-I (apoA-I) could 
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improve the ability of Treg to suppress T cell activation, thus lessening 

autoimmune symptoms. DKO male mice were fed an atherogenic diet 

containing 0.1% cholesterol, 10% fat for 6 wk before starting injections of 

500 µg of apoA-I every 48 hours. Mice were then fed diet for an additional 6 

wk along with apoA-I treatment. After 12 wk on diet (6 wk apoA-I) DKO LNs 

had a decrease in total cells and Treg were proportionately increased. 

Accompanying this increase in Treg was a decrease in the percentage of 

effector/effector memory T cells. Furthermore, lipid accumulation in the 

skin was greatly reduced. These results suggest that treatment with apoA-I 

reduces inflammation in DKO mice by augmenting the effectiveness of the 

LN Treg response. 

      Increased concentrations of high density lipoprotein (HDL) in plasma are a 

well-established negative risk factor for coronary heart disease (1) and HDL has 

been shown to have anti-inflammatory properties (2-4). Apolipoprotein A-I (apoA-

I) is the major protein in HDL and it is essential for HDL formation and function 

(5). Decreased concentrations of HDL are associated not only with increased 

atherosclerosis, but also with autoimmune disorders such as systemic lupus 

erythematosus (SLE) and rheumatoid arthritis (RA) (6,7). While the effects of 

HDL on atherosclerosis have been widely reported, its effects on autoimmunity 

are not as well-understood. Recent studies from our lab indicate that in mice 

lacking plasma apoA-I, the absence of HDL apoA-I is associated with an 

autoimmune disorder characterized by lymph node (LN) cellular activation, 

proliferation and lipid accumulation in the skin and LNs (8,9). Interestingly, this 
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autoimmune phenotype is only seen when these mice are fed a cholesterol-

containing diet, likely because of the absence of HDL, preventing HDL-facilitated 

cholesterol efflux (8,9). This raises the possibility that apoA-I may be a common 

link between autoimmunity, inflammation and atherosclerosis.  

       The immune system is very complex, with multiple levels of regulation to 

prevent reaction against self. Autoimmune disorders result when the immune 

system fails to maintain self-tolerance. Regulatory T cells (Treg) maintain 

peripheral self-tolerance by suppressing activation of other T cells or by 

preventing the response of effector T cells (Teff) (10). Treg can also act on 

dendritic cells (DCs), macrophages and B cells by inducing apoptosis or by 

inhibiting their function (11). Treg exert their inhibitory effects by either a contact-

dependent process or by secreting anti-inflammatory cytokines such as IL-10 and 

TGF-β (11-13).  

     While Treg have the ability to suppress these cell types, it has also been 

shown that, under conditions of chronic inflammation effector cells and antigen-

presenting cells (APCs) can become resistant to Treg suppression and can 

produce cytokines that inhibit Treg function (11,14). Thus, the targeting of 

pathways to inhibit the inflammatory response is a potential therapeutic approach 

that may result in improved Treg function (11). It is important, however, to 

maintain a balance between Treg and effector cells because, while a deficiency 

of Treg can result in severe autoimmune disease (15-17), it is possible that 

increased numbers of Treg could negatively affect the immune response to 

infection (15). 
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      Given the chronic inflammation and autoimmunity observed in LDLr-/-, ApoA-I-

/- (DKO) mice (8,9,18), we hypothesized that treatment with apoA-I would reduce 

inflammation and cholesterol loading, resulting in improved Treg function and 

abrogation of autoimmunity. Our results show a substantial reduction of lipid 

accumulation in the skin. Additionally, the increase in the LN Treg population was 

accompanied by a decrease in effector/effector-memory T cells, indicating an 

improved Treg response. 

EXPERIMENTAL PROCEDURES 

Mice and Diet 

     DKO and LDLr-/- (SKO) mice were fully backcrossed into the C57BL/6 

background (8,9,18). Mice were housed at the Wake Forest University Medical 

Center and all procedures were approved by the Wake Forest University Medical 

Center Animal Care and Use Committee. Mice from both genotypes were fed an 

atherogenic diet consisting of 0.1% cholesterol with 10% fat from palm oil 

beginning at 6 weeks of age, for a period of 12 weeks, as described previously 

(8,9,18). As controls, mice of each genotype were fed a Purina chow diet. All 

mice were maintained in a temperature-controlled room with a 12 h light/12 h 

dark cycle. Mice were fasted for 3 hours prior to being anesthetized for blood 

collection by cardiac puncture and subsequent blood processing as described 

previously (8,9,18). All mice used were males unless otherwise noted. 

Treatment of Mice with Apolipoprotein A-I  

     DKO mice were fed diet for a period of 6 weeks before beginning a period of 

treatment with lipid-free human apoA-I for an additional 6 weeks along with diet 
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(DKO+A-I). Every 48 hours during the treatment period, mice were injected 

subcutaneously with 500 µg of purified human apoA-I, which was purified from 

plasma using standard procedures (19,20). After 6 weeks of injections (12 weeks 

on diet), mice were anesthetized and plasma, LNs and heart and aorta were 

collected for analysis. Control DKO and SKO mice were fed diet for 6 weeks 

before beginning a 6 week period during which they were injected with an equal 

amount of bovine serum albumin (DKO+BSA, SKO+BSA). Additional DKO and 

SKO mice were sacrificed after 6 weeks on diet to obtain baseline results. 

ELISA for Human Apolipoprotein A-I in Plasma 

     In order to assess the levels of human apolipoprotein A-I in plasma, mice 

were bled at 2,4,8,10 and 24 hours post-injection. Plasma was then subjected to 

ELISA as described previously (21,22). 

Assessment of Plasma HDL 

     The plasma lipoprotein distribution was determined using fast protein liquid 

chromatography (FPLC) as described (18). Briefly, approximately 100 µl of 

plasma was applied to two Superose-6 columns connected in tandem and run at 

0.5 ml/min in a buffer containing 0.9% NaCl, 0.26 mmol/L EDTA (pH 7.4), and 

1.5 mmol/L NaN3. Approximately seventy five 500-µl fractions were collected and 

50 to 100 µl from each fraction was used for lipid determination, as previously 

described (21). To assess the apoA-I distribution, 20 µl from FPLC fractionated 

plasma were separated on a 13% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) as described previously (18). Western analysis was 
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carried out as previously described (21) using an antibody raised against mouse 

apoA-I. 

      In order to confirm the presence of HDL, 4-30% nondenaturing gradient gel 

electrophoresis was used as described (23-25). Gels were run at 2800 V/h to 

ensure that the particles had migrated to equilibrium. Following non-denaturing 

gel electrophoresis the gel was transferred at 23 V to a PVDF membrane 

(Whatman) overnight at 4°C. The next morning, the membrane was fixed in 10% 

acetic acid for 15 min, then air dried for 15 min. The membrane was first 

incubated in 50 mM TrisHCl pH 8.0, 80 mM NaCl2, 2 mM CaCl2, containing 5 % 

nonfat dry milk and 0.2 % NP-40 for 30 min.  After the blocking step the 

membrane was incubated with a 1:1000 dilution of goat anti human apoA-I 

(Chemicon) as the primary antibody for 1 hr then washed and incubated with a 

1:3000 dilution of HRPO conjugated donkey anti-goat IgG as the secondary 

antibody for 1 hr. The membrane was then washed with Tris-saline, MgCl2, pH 

9.6 before incubating with the Pierce SuperSignal® West Pico Chemiluminescent 

Substrate. The chemiluminescence was visualized by an LSA-3000 imaging 

system (Fujifilm Life Science). Particle size was determined by comparison to 

protein standards of known Stokes’ diameter (24-26). 

Mass Spectrometry for Tissue Free and Total Cholesterol 

     For skin and LN cholesterol determination, mice of both genotypes were fed a 

diet consisting of 0.1% cholesterol and 10% palm fat for 12 weeks prior to tissue 

harvest. Lipids were extracted using chloroform: methanol (2:1) as described 

previously (8,9,18). Cholesterol, together with other neutral lipids, was isolated 
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from the lipid extract using a modification of the method of Kaluzny et al (27) and 

analyzed by mass spectrometry as described previously (8). 

Histology 

     Mice were fed a diet consisting of 0.1% cholesterol and 10% fat for 12 weeks 

before skin was collected and embedded fresh in OCT and 10 µm thick sections 

were cut. Sectioning was done in a Leica cryostat at -20°C and sections were 

placed on SuperFrost Plus slides (Fisher Scientific). Skin sections were stained 

with Oil Red O, which stains neutral lipids and counterstained with Mayer’s 

Hematoxylin as described previously (8,9).  Additional skin sections were stained 

with Hematoxylin and Eosin (18).  

Immunofluorescent Staining 

     Skin sections were obtained as described above and were then stained with 

anti-mouse CD68 in order to measure the macrophage content. Briefly, sections 

were incubated in a blocking solution consisting of 1% normal goat serum and 

1% BSA in PBS for 1 hour at RT. After washing in PBS, sections were then 

incubated with purified anti-mouse CD68 (AbD Serotec) for 30 minutes at RT and 

washed in PBS. Next, sections were incubated in secondary antibody 

fluorescently conjugated with Cy3 (Rockland) for 45 minutes at room 

temperature. Finally, sections were again washed in PBS then counterstained 

with DAPI for 5 minutes before being mounted with Fluorogel mounting media 

(Electron Microscopy Sciences). Fluorescence was visualized using a Nikon 

Eclipse TE2000-S microscope. 
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     Skin sections were also stained with hamster anti-mouse CD11c (BD 

Biosciences) to identify DCs or rat anti-mouse CD4 (AbD Serotec) to identify T 

cells as described (28). Briefly, sections were fixed in cold acetone and incubated 

in blocking solution for 1 hr as described above. Sections were incubated in the 

primary antibody for 30 minutes, then washed in PBS. Sections were then 

incubated in the appropriate biotinylated secondary antibody: anti-hamster IgG 

cocktail (BD Biosciences) for CD11c and anti-rat IgG (Vector Labs) for CD4. After 

washing in PBS, slides were incubated in Vectastain ABC-AP reagent from the 

Vectastain ABC-AP Standard kit (Vector labs) for 30 minutes. Vector Red (Vector 

Labs) was used as a substrate according to the manufacturer’s protocol. For all 

staining, at least four sections per animal, with a minimum of 5 mice per group, 

were analyzed. 

Cell Isolation and Surface Staining 

     After 12 weeks on diet, LNs including the brachial, axillary, inguinal and 

superficial cervical subsets were collected and placed in RPMI medium. Cells 

were isolated as described previously (8,29,30).  Antibodies including anti-mouse 

CD3, CD4, CD8, CD62L, CD11c, CD11b, CD69 and CD44 were obtained from 

BD Biosciences. Rat anti-mouse F4/80 was obtained from eBiosciences. Surface 

staining was performed as described previously (8,30).  

     Treg were stained using the mouse regulatory T cell staining kit (eBioscience) 

according to the manufacturer’s instructions. Briefly, 1 x 106 cells were stained 

with rat anti-mouse CD4 and CD25 antibodies for 30 minutes at 4°C to measure 

these surface molecules. Cells were then washed and resuspended in a 
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permeabilization solution for 30 minutes at 4°C. Cells were again washed and 

incubated in 1 µg of Fc block for 15 minutes. Next, 0.5 µg of rat anti-mouse 

FoxP3, an intracellular stain, was added to each sample and incubated for 30 

minutes at 4°C. Finally, samples were washed and resuspended in 2% 

paraformaldehyde in PBS before acquisition of samples using a FACS Calibur 

(BD Biosciences). 

Analysis of Immune Cell Population Data 

     Data was analyzed using FlowJo software (TreeStar, San Francisco, CA). 

Cell populations measured included effector memory phenotype T cells 

(CD4+CD62Llow, CD8+CD62Llow, CD4+CD44high, CD8+CD44 high), activated T cells 

(CD4+CD69high, CD8+CD69high), Treg (CD4+CD25+FoxP3+), DCs (CD3-

CD11c+, CD3-CD11b+CD11c+) and macrophages (CD11c-CD11b+F4/80+). The 

total number of cells staining positive for a particular set of stains was calculated 

based on the total number of LN cells and the percent of those cells staining 

positive for each condition as described previously (8). Populations were also 

expressed as the percent of the total number of LN cells (DCs and macrophages) 

or as the percent of total CD4+ or CD8+ cells (effector/effector memory T cells, 

activated T cells and Treg). 

RESULTS 

Presence of Human HDL ApoA-I in DKO+A-I Mice 

     To determine if apoA-I could reverse the autoimmune phenotype seen in diet-

fed DKO mice, male DKO mice that had been on diet for 6 wks were injected 

subcutaneously with purified human apoA-I during an additional 6 weeks of diet. 
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Figure 1B shows that plasma levels of human apoA-I reached a peak of 4 mg/dl 

at 8 hours post-injection and a minimum of 0.5 mg/dl at 48 hours post-injection. 

Therefore, mice were injected every 48 hours to maintain steady levels of apoA-I 

(Study Design Figure 1A). FPLC of terminal plasma samples from DKO+A-I mice 

which were collected 24 hours post-injection did not reveal an HDL peak (Figure 

1C). However, the presence of apoA-I in the fractions where the HDL peak 

typically elutes was confirmed by western blot analysis. Western blot analysis 

with anti-human apoA-I was performed on plasma collected at 2, 4, 7 and 24 hrs 

after injection with BSA (Figure 1D, left panel) or apoA-I (Figure 1D, right panel). 

Results confirmed the presence of HDL-sized particles in DKO+A-I mice. Particle 

formation began as early as 2 hours post-injection, with particle size increasing 

up to 24 hrs post-injection. 

Cellular and Lipid Content in Skin 

     Given that HDL particles were formed in DKO+A-I mice, we first examined the 

skin, a major site of inflammation in DKO mice, to determine the effects of HDL. 

Hematoxylin and Eosin staining of the skin revealed fewer nuclei in DKO+A-I 

mice compared to DKO+BSA mice (Figure 2 C-D). Interestingly, diet 

consumption in DKO mice results in a displacement of the fat layer in the skin, 

beginning as early as 6 weeks on diet (Figure 2B) and becoming more severe at 

12 weeks on diet (Figure 2C). After apoA-I treatment, the fat layer was restored 

in DKO mice (2D). In examining the lipid content in the skin, a reduction in skin 

neutral lipids was seen in DKO+A-I mice (Figure 2H) compared to DKO+BSA 

mice (Figure 2G), with the lipid content similar to SKO+BSA mice (Figure 2E). In  
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FIGURE 1. Presence of ApoA-I and HDL in Plasma after Subcutaneous Injection 
of human lipid-free ApoA-I. A, Study design for apoA-I treatment. Mice were fed 
diet for 6 weeks before beginning subcutaneous injections of human lipid-free apoA-I 
(500 µg) every 48 hours for an additional 6 weeks on diet. B, Plasma apoA-I 
concentration in apoA-I- and BSA-treated DKO mice as determined by ELISA. C, 
FPLC of DKO+A-I and SKO+BSA mice. D, HDL particle formation in DKO+A-I mice 
at 2, 4, 7 and 24 hours post-injection. Data representative of a minimum of 5-8 mice 
per group. 
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FIGURE 2. ApoA-I Restores Structure and Reverses Cell and Lipid 
Accumulation in the Skin. A-P, Skin was collected from diet-fed SKO (A,E,I,M), 6 
week diet-fed DKO (B,F,J,N), 12 week diet-fed DKO (C,G,K,O) and DKO+A-I mice 
(D,H,L,P), cut into 10 µm thick sections and stained with hematoxylin and eosin (A-D) 
to determine structure, oil red O (E-H) which stains neutral lipids,  CD68 (I-L) to 
assess macrophages and CD11c (M-P) to examine dendritic cells. Images shown are 
representative of a minimum of n=5-8 mice per group. 
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agreement with these data, total cholesterol measurements revealed an ~3-fold 

reduction of skin cholesterol in DKO+A-I mice compared to DKO+BSA, which 

was even ~2-fold lower than 6 wk diet-fed DKO mice (Figure 3). 

      We then examined specific cell types present in the skin of DKO+BSA, 

SKO+BSA and DKO+A-I mice. Immunofluorescent staining of the skin revealed 

the presence of significant numbers of macrophages (Fig 2K) and DCs (Figure 

2O) in DKO+BSA mice compared to SKO+BSA (Figure 2 I and M). Staining in 

DKO+A-I (Figure 2 L and P) mice mirrored that in SKO+BSA mice, with staining 

for these cell types much reduced compared to DKO+BSA mice.  

Modulation of LN Cholesterol Accumulation 

     Previous data indicate that the cholesterol content is increased in whole LN 

tissue and in LN cells including B cells, T cells and DCs of DKO mice (8). 

Therefore, we next examined the cholesterol content in LNs. As in the skin, 

treatment with apoA-I reduced the amount of cholesterol in the LNs of DKO mice 

and reduced the ratio of esterified (EC) to total cholesterol (TC) (Figure 4B). This 

ratio was reduced ~2-fold in DKO+A-I compared to DKO+BSA mice, with the 

ratios being comparable between DKO+A-I and SKO+BSA mice (Figure 4B). 

Modulation of accumulation of cells in LNs 

     Previous data indicate that diet-fed DKO mice have an increased number of 

LN cells compared to SKO mice (8). Therefore, we examined the LNs of DKO+A-

I mice to determine if administration of apoA-I had an effect on cell accumulation. 

A 1.6-fold decrease in the total number of LN cells was seen in DKO+A-I mice 

compared to DKO+BSA mice after 12 weeks on diet (Figure 4A). The total LN  
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FIGURE 3. ApoA-I Treatment Reverses Cholesterol Accumulation in Skin. 
Whole skin tissue was collected for lipid extraction. A, total cholesterol content in skin 
of diet-fed DKO+BSA, SKO+BSA and DKO+A-I mice. Cholesterol was extracted from 
the skin of mice on diet for varying periods of time using a 2:1 mixture of 
chloroform:methanol. Values are reported as the mg of total cholesterol per g of skin. 
Data represent mean ± SEM for a minimum of n=5-8 mice per group. 
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FIGURE 4. Effects of ApoA-I Treatment on LN Cholesterol Content and Cellular 
Expansion. LNs were collected and their cells isolated for cholesterol 
measurements. A, The brachial, inguinal, axillary and superficial cervical LN subsets 
were collected and pooled to determine the total LN cell number for each mouse. B, 
The ratio of esterified cholesterol to total cholesterol in DKO, SKO and DKO+A-I 
mice. Data represent mean ± SEM for n=5-8 mice per group. Data from a small 
number of females was included for each group, with the exception of DKO+A-I mice. 
No gender differences were noted in these groups. 
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cell number in DKO+A-I mice was comparable to DKO 6 wk mice, indicating that 

apoA-I prevented any further increase in the total LN cell number. 

Trend towards increased LN DCs after apoA-I treatment 

     We next examined the DC and macrophage populations in the LNs. When 

expressed as the total number of cells, DCs (Figure 5A) and macrophages 

(Figure 5C) were not different between DKO+A-I and DKO+BSA mice, but were 

increased slightly over 6 wk diet-fed DKO mice. Keeping in mind that the total cell 

numbers were about halved in DKO+A-I compared to DKO+BSA mice, we next 

examined these cell populations as a percentage of the total LN cells. While the 

percentage of macrophages decreased from chow to diet, there was no 

significant difference between DKO+A-I and DKO+BSA mice (Figure 5D). 

However, there was a trend towards an increase in DKO+A-I mice back to chow 

levels. Interestingly, there was also a trend towards an increase in the 

percentage of DCs in DKO+A-I compared to both DKO+BSA and 6 wk diet-fed 

DKO mice (Figure 5B).             

Effects of ApoA-I Treatment on LN Treg Population 

     In order to determine the effects of apoA-I treatment on self-tolerance, we 

next measured the LN CD4+CD25+FoxP3+ Treg population. After treatment with 

apoA-I, the number of LN CD4+CD25+FoxP3+ cells was less than DKO+BSA 

mice but greater than SKO+BSA mice (Figure 6A). Given that these data 

mirrored results for total LN cell number, we next examined these cells as a 

percent of total CD4+ cells to determine if this cell population may be changing 

out of proportion. When expressed as the percentage of total CD4+ cells,  
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FIGURE 5. Effects of ApoA-I Treatment on Macrophage and Dendritic Cell 
Populations. A and B, LN cells were stained with CD3 and CD11c surface markers 
to measure the CD3-CD11c+ dendritic cell population, reported as total number (A) 
and the percent of total LN cells (B). C and D, LN cells were stained with CD11c, 
CD11b and F4/80 surface markers to identify CD11c-CD11b+F4/80+ macrophages, 
reported as total number (C) and as percent of total LN cells (D). Cell population data 
were determined by FACS analysis. Data represent mean ± SEM for a minimum of 
n=5-8 mice per group. Data from a small number of females was included for each 
group, with the exception of DKO+A-I mice. No gender differences were noted in 
these groups. 
 



 

 73

 

             
          
 
 

 
FIGURE 6. Effects of ApoA-I Treatment on LN Regulatory T cell and 
Effector/Effector-Memory Populations. A and B, Cells were stained with CD4 and 
CD25 surface markers and a FoxP3 intracellular stain to measure the 
CD4+CD25+FoxP3+ regulatory T cell population, reported as the total number (A) or 
percent of the total CD4+ cell population (B). C, Dot plots from representative 
DKO+A-I, DKO+BSA and SKO+BSA mice, showing total CD4+ gate drawn off of 
viable cells (left panel) and the CD25+FoxP3+ cells (top right quadrant) gated from the 
total CD4+ cells (right panel).  D, Cells were stained with CD4 and CD62L surface 
markers and the number of CD4+CD62Llow (effector/memory) T cells was determined 
by FACS analysis. E, The ratio of Treg to Teff (CD4+CD25-FoxP3-) cells. Data 
represent mean ± SEM for a minimum of n=5-8 mice per group. Data from a small 
number of females was included for each group, with the exception of DKO+A-I mice. 
No gender differences were noted in these groups. 
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CD4+CD25+FoxP3+ cells are increased ~1.2-fold in DKO+BSA compared to 

SKO+BSA (Figure 6B). Interestingly, treatment with apoA-I led to a significant 

increase in the percentage of Treg in DKO+A-I mice, compared to DKO+BSA 

(~1.3-fold) and SKO+BSA (~1.5-fold) mice. These results suggest that apoA-I 

can increase the CD4+CD25+FoxP3+ Treg population.  

     Diet-fed DKO mice have significant increases in both number and percent of 

LN cells with high expression of activation markers such as CD69 and CD44 and 

low expression of CD62L compared to SKO (8). Therefore, we next set out to 

determine if the increase in the LN Treg population had an effect on the 

activation phenotype of T cells in apoA-I treated DKO mice. The number of 

CD4+CD62Llow effector/effector-memory T cells was reduced 2-fold in DKO+A-I 

mice compared to DKO+BSA controls, although not down to the levels found for 

SKO mice (Figure 6D). There was also a significant 1.4-fold reduction in the 

percent of CD4+CD62Llow cells in DKO+A-I compared to DKO+BSA mice (data 

not shown). In both the number and percentage, DKO+A-I cells were slightly 

increased compared to 6 wk diet-fed DKO. However, DKO+A-I mice never 

reached DKO+BSA levels of inflammation. Similar reductions were also seen in 

DKO+A-I LN populations of CD8+CD62Llow and CD4+CD69high and CD8+CD69high 

activated T cells (data not shown).  

     Overall, the ratio of Treg to CD4+ Teff is reduced ~1.3-1.5-fold from chow to 

diet in both DKO and SKO mice (Figure 6E). Interestingly, DKO+A-I mice have a 

ratio similar to DKO chow-fed mice and 1.6- and 1.3-fold higher than 6 wk diet-

fed DKO and DKO+BSA mice, respectively (Figure 6E). Together, these data 
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indicate that apoA-I treatment in male DKO+A-I mice acts to reduce LN cellular 

accumulation and T cell activation, likely through the increase in LN Treg 

populations. 

DISCUSSION 

     The current studies demonstrate that treatment with human apoA-I results in a 

reduction in inflammation in diet-fed DKO mice, including a decrease in LN 

cholesterol and in activated T cells in LNs. In addition, there was a large 

decrease in skin cholesterol accompanied by decreased cellularity and the 

restoration of skin architecture. Macrophage and DC populations were reduced in 

the skin, with a slight increase in these cell populations in the LNs. 

Accompanying reduced inflammation in LNs and skin was an increased Treg 

population. This increase in Treg coincided with a decrease in LN 

effector/effector-memory cells and an improved Treg:Teff ratio. Taken together, 

these results suggest that treatment with human apoA-I reduced inflammation 

within the skin and LNs, which in turn improved the Treg response in DKO mice.  

     Previous studies from our lab indicate that the lack of cholesterol efflux in 

DKO mice was responsible for inflammation in the skin and LNs and the 

autoimmune phenotype (8,9,18). Importantly, the inflammation and autoimmunity 

are only seen when these mice are fed a cholesterol-containing diet and can 

prove to be fatal for these mice as early as 16 weeks on diet (8,9,18). It is well 

accepted that HDL has beneficial effects on atherosclerosis (1,31-34), with both 

human and animal studies showing beneficial effects on atherosclerosis and 

vascular inflammation after infusion of apoA-I or reconstituted HDL (35-39). D-
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4F, an apoA-I mimetic peptide, when administered in combination with 

pravastatin (40), was shown to inhibit collagen-induced arthritis, an animal model 

of RA. Thus, we posed the question, “Could treatment with human lipid-free 

apoA-I reverse inflammation and autoimmunity in DKO mice?” Given that 

cholesterol accumulation in DKO mice begins as early as 4 wks on diet (9,18) we 

chose to start apoA-I injections after mice had been on diet for 6 wks, a time 

point where the cascade of inflammation and cholesterol accumulation has 

already begun. As expected, injection of human apoA-I resulted in the formation 

of HDL. 

     With HDL apoA-I present, DKO mice exhibited reduced inflammation in skin 

and LNs including a decrease in LN activated T cells. We speculate that this was 

due to both the anti-inflammatory properties of HDL apoA-I and the restoration of 

cellular cholesterol efflux. These beneficial effects may be due in part to direct 

effects of apoA-I on cells, as apoA-I has been shown to inhibit the contact-

mediated activation of monocytes by stimulated T cells (41,42). ApoA-I of HDL 

has been shown to reduce the monocyte inflammatory response (43). 

Interestingly, when ABCA-I was blocked, the beneficial effect of apoA-I was also 

blocked, suggesting that cholesterol efflux is essential for this mechanism (43). 

Thus, cholesterol efflux to apoA-I plays an important role in maintaining both 

cholesterol and immune system homeostasis. 

     With cholesterol efflux restored in DKO+A-I mice, cholesterol was removed 

from the skin, resulting in a decrease in both cholesterol and cells in the skin and 

an overall reversal of inflammation. This is significant given that skin cholesterol 
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accumulation can prove to be fatal for DKO mice (9,18). We speculate that 

cholesterol efflux and the presence of apoA-I reduced cellular activation and 

inflammation in the skin, allowing for this restoration of skin structure. 

Importantly, two potentially inflammatory cell types, macrophages and DCs, were 

reduced in the skin. The decrease in DCs and macrophages in the skin was 

accompanied by a trend towards increases in both of these cell populations in 

the LNs, suggesting that these cells may have migrated from the skin to the LNs. 

This would agree with results from previous studies which indicated that HDL 

restored migration of DCs from the skin to LNs in hypercholesterolemic mice 

(44). In hypercholesterolemic ApoE-/- mice, the DCs that are in the skin are 

activated and their inability to migrate back to the LNs results in poor 

immunologic priming and contributes to local inflammation in the skin (44). It is 

possible that impaired migration of activated DCs from the periphery may aid in 

exacerbating memory responses to the periphery (44). By helping maintain 

normal DC migration, HDL supports a healthy protective immune response. 

     Following treatment with apoA-I, the ratio of EC to TC in LNs was reduced 

compared to DKO+BSA mice. This reduction in cholesterol is significant given 

that an environment with increased cholesterol can lead to increased T cell 

proliferation (45). Consistent with this idea, a reduction in the total LN cell 

number was seen in DKO+A-I mice compared to DKO+BSA mice, however this 

was not different from 6 wk diet-fed DKO. This suggests that apoA-I treatment 

did not reverse the cellular accumulation in LNs but rather served to arrest the 

accumulation and proliferation. It is also possible, however, that the LN cells are 
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involved in cholesterol removal from the skin, with lymphocytes constantly 

moving from the skin to the LNs, and that the number would be further reduced if 

the treatment period had been extended to the point where the skin cholesterol 

accumulation was completely reversed. Nevertheless, the reduction in cells, 

especially activated T cells, in the LNs demonstrates an important effect of apoA-

I treatment on the LNs, where immune responses are stimulated. 

     Treg are an important component of the immune response, acting to maintain 

self-tolerance. The absence of or defects in Treg can lead to severe autoimmune 

disorders (11,15-17,46). Despite the autoimmune phenotype in diet-fed 

DKO+BSA mice Treg were increased in LNs. This is similar to findings from 

previous studies in patients with RA, where Treg were increased in synovial fluid 

of inflamed joints (47,48). The increase of Treg in tissue suggests that Treg are 

homing to sites of inflammation. The correlation between Treg levels in 

peripheral blood and disease activity is not clear, as some studies have reported 

increased Treg in blood, while others show no difference or decreased Treg 

compared to healthy patients (15,49-52). Thus, the level of circulating Treg does 

not always reflect the levels at the site of inflammation but, in many cases Treg 

are increased at sites of inflammation (15). 

     When Treg are increased at sites of inflammation, why does the autoimmunity 

still exist? Studies suggest that the suppressive activity of Treg may be 

maintained, but that Teff or chronically activated APCs in some autoimmune 

models may be able to resist this suppression (11,14,15,53-55). Both the MAPK 

and NFκB pathways have been implicated in the chronic activation of APCs (11). 
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Thus, the MAPK pathway, which is affected in cholesterol loaded T cells from 

ABCG1-/- mice (45), may also play a role in the ability of cells to overcome 

suppression by Treg. In addition, the cytokine environment may have an effect 

on the ability of Teff to overcome suppression by Treg, and resistance to Treg 

suppression by Teff typically occurs in the setting of chronic inflammation 

(11,14,15). While Treg produce anti-inflammatory cytokines which can act to 

suppress Teff, Teff produce inflammatory cytokines which can render Treg 

ineffective. Thus, it is important to maintain a balance between Treg and Teff.  

     While the increase in Treg in DKO+BSA mice may seem paradoxical 

considering the autoimmune phenotype, it may be that the function of LN Treg in 

DKO mice is impaired or that the Teff are simply more effective at overcoming 

suppression. We have previously shown increased proliferation in CD4+ cells in 

DKO mice. The increase in LN Treg (which are CD4+) in DKO mice may be a 

direct result of increased CD4+ cell proliferation. In other words, Treg may be 

proliferating along with other CD4+ cells. It appears, however, that the Treg are 

not proliferating to the same extent as other CD4+ cells because the ratio of 

Treg:Teff in DKO+BSA mice is reduced compared to both SKO+BSA and 

DKO+A-I. Nevertheless, treatment with apoA-I reduces inflammation in DKO 

mice, resulting in an increased LN Treg population. In this case, T cell activation 

is also reduced, suggesting that the Treg function is improved or that Teff are 

less resistant to Treg suppression. Overall, the ratio of Treg:Teff is increased in 

DKO+A-I mice compared to diet-fed mice. In DKO+A-I mice, apoA-I reduces 

inflammation, improving the ability of Treg to respond to Teff. In this case, the 
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increased Treg:Teff ratio may be a result of selective proliferation of Treg. In 

other words, Treg are now proliferating in increased proportion compared to 

other CD4+ cells. Taken together, these data suggest that DKO mice have a 

defective Treg response caused by impaired Treg function or by improved ability 

of Teff to resist suppression and that the reduction of systemic inflammation in 

DKO+A-I mice allows for an improved Treg response. 

     Interestingly, studies have suggested that Treg can prime DCs in sites of 

inflammation, leading to a reduction in co-stimulatory signaling with T cells 

(56,57). These DCs gain the ability to migrate to secondary lymphoid organs 

where they present self-antigen to Teff. The reduction in co-stimulatory signaling 

results in reduced T cell activation (11). This is an interesting point of reference 

considering the trend towards increased DCs in the LNs. It is possible that Treg 

are also present in increased numbers in the skin, a major site of inflammation in 

DKO diet-fed mice (9,18), but that DCs are unable to migrate back to the LNs 

after interaction with Treg. As seen in previous studies which demonstrated 

improved migration of DCs from the skin to the LNs with the addition of HDL (44), 

apoA-I treatment may restore migration of Treg-primed DCs from the skin to the 

LNs in DKO mice, thus contributing to the reduction in T cell activation. Although 

both the number and percentage of CD4+CD62Llow cells in DKO+BSA LNs was 

not decreased all the way down to SKO levels, the observed reduction in these 

cells is significant in that it indicates that the immune system in apoA-I treated 

mice has less potential for self-reactivity when compared to BSA controls. 
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     In conclusion, we have demonstrated that treatment of diet-fed DKO mice with 

apoA-I results in reduced inflammation in the skin and LNs and an increase in LN 

Treg, which leads to reduced numbers of activated T cells. Thus, administration 

of apoA-I in diet-fed DKO mice reduces the potential for self-reactivity. These 

findings have important implications for the treatment of diseases involving 

chronic inflammation and autoimmunity such as RA and SLE, including the use 

of apoA-I to improve the Treg response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 82

References 
 

1. Gordon, T., Castelli, W., Hjortland, M., Kannel, W., and Dawber, T. (1977) 
Am J Med 62, 707-714 

2. Zhang, Y., Zanotti, I., Reilly, M. P., Glick, J. M., Rothblat, G. H., and 
Rader, D. J. (2003) Circulation 108, 661-663 

3. Rader, D. J. (2006) J. Clin. Invest. 116, 3090-3100 

4. Navab, M., Berliner, J. A., Subbanagounder, G., Hama, S., Lusis, A. J., 
Castellani, L. W., Reddy, S., Shih, D., Shi, W., Watson, A. D., Van Lenten, 
B. J., Vora, D., and Fogelman, A. M. (2001) Arterioscler Thromb Vasc Biol 
21, 481-488 

5. Zannis, V., Chroni A, Krieger M. (2006) J Mol Med 84, 276-294 

6. Bresnihan, B., Gogarty, M., FitzGerald, O., Dayer, J.-M., and Burger, D. 
(2004) Arthritis Res Ther 6, R563-R566 

7. Escarcega, R. O., Garcia-Carrasco, M., Fuentes-Alexandro, S., Jara, L. J., 
Rojas-Rodriguez, J., Escobar-Linares, L. E., and Cervera, R. (2006) 
Autoimmunity Reviews 6, 48-53 

8. Wilhelm, A. J., Zabalawi, M., Grayson, J. M., Weant, A. E., Major, A. S., 
Owen, J., Bharadwaj, M., Walzem, R., Chan, L., Oka, K., Thomas, M. J., 
and Sorci-Thomas, M. G. (2009) Arterioscler Thromb Vasc Biol 29, 843-
849 

9. Zabalawi, M., Bharadwaj, M., Horton, H., Cline, M., Willingham, M., 
Thomas, M. J., and Sorci-Thomas, M. G. (2007) J. Lipid Res. 48, 52-65 

10. Gotsman, I., Sharpe, A. H., and Lichtman, A. H. (2008) Circ Res 103, 
1220-1231 

11. Andre, S., Tough, D. F., Lacroix-Desmazes, S., Kaveri, S. V., and Bayry, 
J. (2009) Am J Pathol 174, 1575-1587 



 

 83

12. Mallat, Z., Taleb, S., Ait-Oufella, H., and Tedgui, A. (2009) J. Lipid Res., 
S364-S369 

13. Vila, J., Isaacs, J. D., and Anderson, A. E. (2009) Curr Opin Hematol 16, 
274-279 

14. Walker, L. S. K. (2009) Immunology 126, 466-474 

15. Dejaco, C., Duftner, C., Grubeck-Loebenstein, B., and Schirmer, M. 
(2006) Immunology 117, 289-300 

16. Wildin, R. S., Smyk-Pearson, S., and Filipovich, A. H. (2002) Journal of 
Medical Genetics 39, 537-545 

17. Sakaguchi, S. (2005) Nature Immunology 6, 345-352 

18. Zabalawi, M., Bhat, S., Loughlin, T., Thomas, M. J., Alexander, E., Cline, 
M., Bullock, B., Willingham, M., and Sorci-Thomas, M. G. (2003) Am J 
Pathol 163, 1201-1213 

19. Bhat, S., Sorci-Thomas, M. G., Tuladhar, R., Samuel, M. P., and Thomas, 
M. J. (2007) Biochemistry 46, 7811-7821 

20. Nichols, A. V., Gong, E. L., Blanche, P. J., Forte, T. M., and Anderson, D. 
W. (1976) Biochim Biophys Acta 446, 226-239 

21. Sorci-Thomas, M. G., Thomas, M., Curtiss, L., and Landrum, M. (2000) 
Journal of Biological Chemistry 275, 12156-12163 

22. Owen, J. S., Bharadwaj, M. S., Thomas, M. J., Bhat, S., Samuel, M. P., 
and Sorci-Thomas, M. G. (2007) J. Lipid Res. 48, 226-234 

23. Li, H.-h., Lyles, D. S., Pan, W., Alexander, E., Thomas, M. J., and Sorci-
Thomas, M. G. (2002) Journal of Biological Chemistry 277, 39093-39101 

24. Alexander, E. T., Bhat, S., Thomas, M. J., Weinberg, R. B., Cook, V. R., 
Bharadwaj, M. S., and Sorci-Thomas, M. G. (2005) Biochemistry 44, 
5409-5419 



 

 84

25. Sorci-Thomas, M., Parks, J., Kearns, M., Pate, G., Zhang, C., and 
Thomas, M. (1996) J. Lipid Res. 37, 673-683 

26. Mingarro, I., Elofsson, A., and von Heijne, G. (1997) J Mol Bio 272, 633-
641 

27. Kaluzny, M., Duncan, L., Merritt, M., and Epps, D. (1985) J. Lipid Res. 26, 
135-140 

28. Shaposhnik, Z., Wang, X., Weinstein, M., Bennett, B. J., and Lusis, A. J. 
(2007) Arterioscler Thromb Vasc Biol 27, 621-627 

29. Grayson, J. M., Weant, A. E., Holbrook, B. C., and Hildeman, D. (2006) J. 
Virol. 80, 8627-8638 

30. Weant, A. E., Michalek, R. D., Khan, I. U., Holbrook, B. C., Willingham, M. 
C., and Grayson, J. M. (2008) Immunity 28, 218-230 

31. Miller, G., Miller, NE. (1975) Lancet 1, 16-19 

32. Miller, N. (1978) Lipids 13, 914-919 

33. Gordon, D., Probstfield, J., Garrison, R., Neaton, J., Castelli, W., Knoke, 
J., Jacobs, D., Bangdiwala, S., and Tyroler, H. (1989) Circulation 79, 8-15 

34. Castelli, W., Garrison RJ, Wilson PW, Abbott RD, Kalousian S, Kannel 
WB. (1986) JAMA 256, 2835-2838 

35. Navab, M., Hama, S. Y., Cooke, C. J., Anantharamaiah, G. M., Chaddha, 
M., Jin, L., Subbanagounder, G., Faull, K. F., Reddy, S. T., Miller, N. E., 
and Fogelman, A. M. (2000) J. Lipid Res. 41, 1481-1494 

36. Spieker, L. E., Sudano, I., Hurlimann, D., Lerch, P. G., Lang, M. G., 
Binggeli, C., Corti, R., Ruschitzka, F., Luscher, T. F., and Noll, G. (2002) 
Circulation 105, 1399-1402 



 

 85

37. Bisoendial, R. J., Hovingh, G. K., Levels, J. H. M., Lerch, P. G., Andresen, 
I., Hayden, M. R., Kastelein, J. J. P., and Stroes, E. S. G. (2003) 
Circulation 107, 2944-2948 

38. Puranik, R., Bao, S., Nobecourt, E., Nicholls, S. J., Dusting, G. J., Barter, 
P. J., Celermajer, D. S., and Rye, K.-A. (2008) Atherosclerosis 196, 240-
247 

39. Shaw, J. A., Bobik, A., Murphy, A., Kanellakis, P., Blombery, P., 
Mukhamedova, N., Woollard, K., Lyon, S., Sviridov, D., and Dart, A. M. 
(2008) Circ Res 103, 1084-1091 

40. Charles-Schoeman, C., Banquerigo, M. L., Hama, S., Navab, M., Park, G. 
S., Van Lenten, B. J., Wagner, A. C., Fogelman, A. M., and Brahn, E. 
(2008) Clinical Immunology 127, 234-244 

41. Hyka, N., Dayer, J., Modoux, C., Kohno, T., Edwards, C., Roux-Lombard, 
P., and Burger, D. (2001) Blood 97, 2381 - 2389 

42. Wang, L., Chen, W.-Z., and Wu, M.-P. (2010) Cytokine 49, 194-200 

43. Murphy, A. J., Woollard, K. J., Hoang, A., Mukhamedova, N., Stirzaker, R. 
A., McCormick, S. P. A., Remaley, A. T., Sviridov, D., and Chin-Dusting, J. 
(2008) Arterioscler Thromb Vasc Biol 28, 2071-2077 

44. Angeli, V., Llodra, J., Rong, J. X., Satoh, K., Ishii, S., Shimizu, T., Fisher, 
E. A., and Randolph, G. J. (2004) Immunity 21, 561-574 

45. Armstrong, A. J., Gebre, A. K., Parks, J. S., and Hedrick, C. C. (2010) J 
Immunol 184, 173-183 

46. Hori, S., Nomura, T., and Sakaguchi, S. (2003) Science 299, 1057 - 1061 

47. Monte, K., Wilson, C., and Shih, F. F. (2008) Arthritis & Rheumatism 58, 
3730-3741 

48. Cao, D., Vollenhoven, R. v., Klareskog, L., Trollmo, C., and Malmstrom, V. 
(2004) Arthritis Res Ther 6, R335 - R346 



 

 86

49. Crispin, J. C., Martinez, A., and Alcocer-Varela, J. (2003) J Autoimmun 21, 
273-276 

50. Brusko, T. M., Putnam, A. L., and Bluestone, J. A. (2008) Immunological 
Reviews 223, 371-390 

51. Liu, M., Wang, C., Fung, L., and Wu, C. (2004) Scand J Immunol 59, 198-
202 

52. Viglietta, V., Baecher-Allan, C., Weiner, H., and Hafler, D. (2004) J Exp 
Med 199, 971-979 

53. Pasare, C., and Medzhitov, R. (2003) Science 299, 1033 - 1036 

54. Serra, P., Amrani, A., Yamanouchi, J., Han, B., Thiessen, S., Utsugi, T., 
Verdaguer, J., and Santamaria, P. (2003) Immunity 19, 877-889 

55. Wohlfert, E. A., Callahan, M. K., and Clark, R. B. (2004) J Immunol 173, 
1059-1065 

56. Onishi, Y., Fehervari, Z., Yamaguchi, T., and Sakaguchi, S. (2008) 
Proceedings of the National Academy of Sciences 105, 10113-10118 

57. Wing, K., Lindgren, S., Kollberg, G., Lundgren, A., Harris, R., Rudin, A., 
Lundin, S., and Suri-Payer, E. (2003) Eur J Immunol 33, 579 - 587 

 
FOOTNOTES 
*M.S.T. was supported by NIH HL-49373 and HL-64163; A.S.M. was supported 
by NIH HL-089310 and The Lupus Research Institute, New York; J.M.G. was 
supported by an American Cancer Society Research Scholar Grant #RSG-04 to 
066-01 MBC and NIH A1-068952; M.J.T. was supported by an American Heart 
Association grant #09GRNT2280053; D.P.G. was supported by an Excellence in 
Cardiovascular Sciences Training Grant #SR25HL092618-02. The project 
described was supported in part by an American Heart Association Pre-Doctoral 
Fellowship (A.J.W.) and Grant Number T32HL091797 (A.J.W.) from the National 
Heart, Lung, and Blood Institute. The content is solely the responsibility of the 
authors and does not necessarily represent the official views of the National 
Heart, Lung, And Blood Institute or the National Institutes of Health. The Trace 
MS was purchased with funds from the NC Biotechnology Shared 
Instrumentation Program and the Winston-Salem Foundation. 
 



 

 87

CHAPTER IV 

 

 DISCUSSION 

 Summary of Results and Proposed Mechanism. In this work, we have 

demonstrated that loss of apoA-I disrupts cholesterol homeostasis in diet-fed 

LDLr-/-, ApoA-I-/- (DKO) mice. As a result, massive cholesterol accumulation is 

seen, especially in the skin and LNs. This cholesterol accumulation is associated 

with an autoimmune phenotype, characterized by enlarged LNs and spleens, 

increased T cell activation and proliferation and plasma autoantibody production. 

Diet-fed DKO mice also have increased atherosclerosis compared to LDLr-/- 

(SKO) controls. We noted that, despite the autoimmune phenotype, LN Treg 

were increased in DKO mice, suggesting that Treg function may be impaired in 

the absence of apoA-I. Taken together, these results suggest that apoA-I may be 

a common link between inflammation, cholesterol homeostasis and 

autoimmunity.  

 In addition, we have shown that restoration of cholesterol efflux by 

treatment with apoA-I is sufficient to reverse the skin cholesterol accumulation 

and also prevents any further LN cellular accumulation. Treatment with apoA-I 

results in a further increase in the LN Treg population which is accompanied by 

reduced LN T cell activation, indicating an improved Treg response in the 

presence of apoA-I. These results show that apoA-I is important for the 

maintenance of LN immune cell cholesterol homeostasis. Furthermore, we 
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suggest that apoA-I has beneficial effects on the Treg response in diet-fed DKO 

autoimmune mice, thus improving self-tolerance. 

 Based on these results, we speculate that cholesterol accumulates in the 

skin and skin-draining LNs of diet-fed DKO mice due to the lack of cholesterol 

efflux and subsequent reverse cholesterol transport. As cholesterol accumulates 

in lymphocytes, the lack of apoA-I slows or prevents cholesterol efflux from these 

cells and eventually leads to disruption in cellular function. The resulting increase 

in lymphocyte activation and proliferation, along with cytokine production, 

exacerbates atherosclerosis in these mice. The Treg population also becomes 

dysfunctional as a result of the increased inflammation and cytokine production, 

leading to the loss of self-tolerance. When cholesterol efflux is restored through 

the addition of apoA-I, inflammation is reduced and Treg are again able to 

function properly, thus maintaining self-tolerance.  

 Role of LN Immune Cells in Atherosclerosis and Autoimmunity. LN 

immune cells play an important role in atherosclerosis progression and 

regression, from the formation of foam cells (Ludewig et al. 2004; Weber et al. 

2008) to the migration of DCs from atherosclerotic plaques to LNs (Trogan et al. 

2006; Randolph et al. 2008), although the precise role that apoA-I plays in these 

processes remains undefined. T and B cells, as well as DCs, are believed to 

migrate between atherosclerotic lesions and regional LNs (Hansson et al. 2006; 

Galkina et al. 2009) and contribute to disease progression or regression (Weber 

et al. 2008). In one study, the DCs in diet-fed apoE-/- and LDLr-/- mice showed 

impaired migration from the skin to the LNs (Angeli et al. 2004). Transgenic 
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expression of apoA-I was sufficient to restore this migration to levels similar to 

those seen in chow-fed mice (Angeli et al. 2004). The majority of T cells in 

atherosclerotic lesions are CD4+ T cells which have a Th1 phenotype (Baidya et 

al. 2005; Robertson et al. 2006; Gotsman et al. 2008). These cells produce IFNγ, 

an inflammatory cytokine which activates macrophages and other cells, 

contributing to the pathogenesis of atherosclerosis (Hansson et al. 1989; 

Stemme et al. 1995; Gotsman et al. 2008; Mallat et al. 2009). Reconstitution of 

immune-deficient mice with CD4+ T cells accelerates atherosclerosis, providing 

further evidence for an atherogenic role of these cells (Zhou et al. 2000; 

Robertson et al. 2006). 

 In autoimmune disorders, CD4+ T cells are primarily responsible for the 

pathogenic anti-DNA autoantibody production in Faslpr/lpr mice (Giese et al. 

1992). In the current studies, proliferation of CD4+CD44high T cells, but not 

CD8+CD44high cells, was similar to that seen in the Faslpr/lpr mouse. In addition, 

CD69, an early activation marker involved in signal transduction, cell proliferation 

and cytokine secretion, was higher in SLE patients than in controls (Bonelli et al. 

2009), and is also higher in diet-fed DKO mice. Double negative T (DNT) cells 

are increased in diet-fed DKO mice, providing further evidence for an 

autoimmune phenotype in these mice, as mouse models of SLE have increased 

DNT cells (Ford et al. 2002). LNs of Faslpr/lpr mice enlarge in part from a massive 

expansion of DNT cells. As more T cells are produced the autoimmune process 

attacks tissues and organs including the skin, kidney and joints (Furukawa et al. 

1996; Cao et al. 2004; Monte et al. 2008). As in human SLE patients, one 
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mechanism of tissue damage involves autoantibody and immune complex 

deposition, as well as increased infiltration of select tissues by lymphocytes 

(Crispin et al. 2008). 

 Atherosclerosis and Autoimmunity are Linked. Both human and 

animal studies show a convincing link between autoimmunity and atherosclerosis 

with human patients and a number of autoimmune mouse models exhibiting 

increased atherosclerosis (Aprahamian et al. 2004; Stanic et al. 2006; Feng et al. 

2007; Gautier et al. 2007; Pertovaara et al. 2009; Sherer et al. 2010). Stanic et al 

showed that in a mouse model of autoimmunity, atherosclerotic progression was 

worsened by the lack of self-tolerance (Stanic et al. 2006). Likewise, an 

atherosclerotic environment can act to exacerbate autoimmunity (Aprahamian et 

al. 2004). Gu et al provided further evidence for a link between autoimmunity and 

HDL metabolism using quantitative trait analysis of the MRL/lpr autoimmune 

mouse (Gu et al. 1999). In human patients suffering from autoimmune diseases, 

HDL levels have been shown to be significantly decreased (Hyka et al. 2001; 

Frostegard 2002; Bresnihan et al. 2004; Escarcega et al. 2006), suggesting that 

apoA-I may play a role in this mechanism. 

 In light of these connections, we compared the extent of atherosclerosis in 

DKO and SKO mice. In a previous study, both genotypes were fed 0.1% 

cholesterol and 10% palm for 16 weeks (Zabalawi et al. 2003). This diet resulted 

in a 2.5-fold higher TPC in SKO mice compared to DKO mice. However, despite 

this large difference in TPC, both genotypes developed similar atherosclerosis 

(Zabalawi et al. 2003; Zabalawi et al. 2007). In order to adjust the TPC levels, 
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DKO mice were fed 10-fold more dietary cholesterol than SKO mice. Under these 

conditions, SKO mice still had 1.5-fold higher TPC than DKO mice but the DKO 

mice developed 2-fold greater atherosclerosis. These results clearly demonstrate 

the protective effects of HDL apoA-I. 

 Cholesterol Accumulation is Observed when Genes Involved in 

Cholesterol Homeostasis are Disrupted. Although DKO mice share several 

common characteristics with autoimmune disorders including enlarged LNs and 

spleens (Weant et al. 2008), skin lesions (Umeuchi et al. 2005), plasma 

autoantibody production (Fields et al. 2001) and advanced atherosclerosis 

(Aprahamian et al. 2004; Stanic et al. 2006), one aspect which remains unusual 

is the enormous accumulation of cholesterol in the skin. Despite having 2.5-fold 

lower total plasma cholesterol concentrations compared to SKO mice, DKO mice 

accumulate whole body cholesterol with time on diet, with the skin being the 

primary site of cholesterol accumulation (Zabalawi et al. 2003; Zabalawi et al. 

2007). This increase in cholesterol accumulation does not seem to be due to 

changes in intestinal cholesterol absorption, as DKO and SKO mice exhibit 

similar intestinal cholesterol absorption efficiency (Zabalawi et al. 2007). 

Similarly, whole body cholesterol accumulation has been observed in another 

mouse model involving defects in cholesterol homeostasis genes, the LXRα-/-, 

apoE-/- mouse model (Bradley et al. 2007). This model exhibited a 2.5-fold 

increase in cholesterol accumulation compared to apoE-/- mice, with lipid 

accumulation occurring primarily in the skin (Bradley et al. 2007). Interestingly, 

some lipid accumulation was also observed in LNs of these mice (Bradley et al. 
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2007). Cholesterol accumulation has been described in other mouse models with 

disruptions in important cholesterol homeostasis genes, including ACAT1-/-, LDLr-

/- and ACAT1-/-, ApoE-/- mice (Accad et al. 2000; Yagyu et al. 2000), ABCA1-/-, 

LDLr-/- and ABCA1-/-, ApoE-/- mice (Aiello et al. 2002; Aiello et al. 2003; Francone 

et al. 2005) and ABCA1-/- mice (McNeish et al. 2000). It is possible that, as we 

have observed in LDLr-/-, ApoA-I-/- mice, disruption in immune cell cholesterol 

mobilization may be a common mechanism leading to skin cholesterol 

accumulation. Another mouse model involving defects in cholesterol 

homeostasis, the ABCG1-/- model, exhibits cholesterol accumulation which is 

predominately in the lungs (Kennedy et al. 2005; Baldan et al. 2006; Baldan et al. 

2008; Wojcik et al. 2008). This cholesterol accumulation in the lungs was 

accompanied by an increase in inflammatory cells and cytokines in the lungs that 

were absent from the plasma compartment (Wojcik et al. 2008). When both 

ABCA1 and ABCG1 are absent in macrophages, massive amounts of lipid 

accumulate in a number of macrophage-rich tissues including the spleen, lung, 

liver, LNs, ileum and Peyer’s patch, despite lower plasma cholesterol 

concentrations (Out et al. 2008).  

 The over-expression of human ApoC-I, an inhibitor of lipoprotein lipase 

(Westerterp et al. 2006),  has been shown to result in disruption of the skin 

barrier function in mice (Jong et al. 1998; Nagelkerken et al. 2007). These mice 

exhibit a skin disease characterized by pruritis and an increased inflammatory 

response, with increased inflammatory cells such as T cells, mast cells and 

macrophages in the skin (Nagelkerken et al. 2007). In addition to skin 
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abnormalities in ApoC-I transgenic mice (Jong et al. 1998; Nagelkerken et al. 

2007), ApoE-/-, ApoC-I+/+ and LDLr-/-, ApoC+/+ mice have increased plasma 

cholesterol, mainly in the VLDL fraction but no change in HDL when compared to 

controls (Jong et al. 1996; Shachter et al. 1996; Westerterp et al. 2006). Despite 

this inflammation in the skin, there was no change in cholesterol ester in the skin 

when compared to controls (Jong et al. 1998). This is in contrast with our 

previous studies in DKO mice in which we demonstrated an infiltration of 

macrophages and other inflammatory cells in the skin along with a massive 

increase in skin cholesterol (Zabalawi et al. 2003; Zabalawi et al. 2007). In 

contrast to ApoC-I transgenic mice, the inflammatory cells entering the skin in 

DKO mice (Zabalawi et al. 2003; Zabalawi et al. 2007) may be bringing 

cholesterol with them. Nevertheless, an inflammatory phenotype appears to 

target the skin when cholesterol and lipoprotein homeostasis genes are 

disrupted. Likewise, the skin is a target in autoimmune disorders, with 

inflammation often resulting in skin lesions and/or scratching in autoimmune 

mouse models (Furukawa et al. 1996; Furukawa et al. 2005; Hasegawa et al. 

2005; Umeuchi et al. 2005; Leighty et al. 2007; Zoller et al. 2007).  

 Connection Between Cholesterol Homeostasis and Autoimmunity. 

While skin is a common tissue affected in autoimmune disorders such as SLE 

(Hasegawa et al. 2005; Umeuchi et al. 2005; Zoller et al. 2007), these lesions are 

not usually associated with cholesterol accumulation. Nevertheless, the common 

characteristic of skin lesions in autoimmune mice and in DKO mice led us to 

examine the possible role of apoA-I in autoimmunity. We observed enlargement 
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of the spleens and skin-draining LNs in diet-fed DKO mice compared to SKO. 

Interestingly, the enlargement of skin-draining LNs was accompanied by 

increased cholesterol while there was no change in spleen cholesterol. Likewise, 

the increased cholesterol accumulation in the skin was accompanied by a 5-fold 

increase the total LN cell number, while there was no change in the spleen total 

cell number between genotypes. In fact, the increase in spleen size in DKO mice 

appears to be due an increased number of red blood cells present in the spleen. 

These data indicate that the cholesterol accumulation and increase in LN 

immune cell populations are linked. This link between cholesterol accumulation 

and immune cell dysfunction is further supported by the fact that this phenotype 

of autoimmunity, inflammation and cholesterol accumulation is only seen in DKO 

mice when fed a cholesterol-containing diet. It is unusual that the autoimmune 

phenotype is primarily in the LNs and not in both the LNs and the spleen, as 

dysfunction is normally seen in both the LNs and the spleen in many autoimmune 

models (Katagiri et al. 1988; Weant et al. 2008). However, as mentioned 

previously, site specificity is more commonly seen in mouse models when 

cholesterol homeostasis is interrupted. For example, the lungs of ABCG1-/- mice 

have increased lipid accumulation accompanied by infiltration of inflammatory 

cells (Baldan et al. 2006; Baldan et al. 2008; Wojcik et al. 2008). As with DKO 

mice, this inflammation and cholesterol accumulation appears to be independent 

of the plasma compartment (Wojcik et al. 2008). 

 Recent studies have demonstrated a link between cholesterol 

homeostasis and T cell proliferation. Bensinger et al showed that T cell activation 
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triggers the suppression of cholesterol transport through LXR and promotes 

cholesterol synthesis through SREBP (Bensinger et al. 2008). In this particular 

study, T cell proliferation was increased in the absence of LXR and inhibited 

when LXR was activated. This inhibition was due to alteration of the sterol 

content through a pathway involving ABCG1 (Bensinger et al. 2008), suggesting 

that cholesterol availability affects T cell proliferation. Armstrong et al 

demonstrated that cholesterol content was increased in T cells from ABCG1-/- 

mice and that these cells were hyperproliferative (Armstrong et al. 2010). Even T 

cells from C57BL/6 mice were hyperproliferative when loaded with cholesterol, 

offering further support for the idea that cholesterol availability affects T cell 

proliferation (Armstrong et al. 2010). In this case, it was demonstrated that 

ABCG1 likely regulates T cell proliferation by controlling the amount of 

cholesterol in the plasma membrane which affects T cell receptor (TCR) strength 

(Armstrong et al. 2010). Enhanced ERK1/2 phosphorylation is also involved in 

this increased proliferation in the absence of ABCG1, suggesting that ABCG1 

has effects on the MAPK pathway, a major signal for cellular proliferation 

(Armstrong et al. 2010). Likewise, we have shown that T cells from DKO mice 

have increased cholesterol and are hyperproliferative. This raises the possibility 

that increased proliferation of DKO T cells results from the increased availability 

of cholesterol. This increase in cholesterol may have effects on TCR signaling 

and on the MAPK pathway. It is possible that these effects of cholesterol on TCR 

signaling and proliferation predispose DKO mice to autoimmunity. Taken 

together, these studies suggest a role for HDL-mediated cholesterol efflux via 
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LXR-regulated transporters in the downregulation of lymphocyte activation and 

proliferation (Yu et al. 2010; Yvan-Charvet et al. 2010). 

 In addition to affecting cell proliferation, accumulation of cholesterol, 

particularly free cholesterol, has been shown to enhance the inflammatory 

response of macrophages (Zhu et al. 2008; Sun et al. 2009). If sterols 

accumulate and become oxidized, they can be toxic to cells (Terasaka et al. 

2007). HDL can protect cells against apoptosis due to cholesterol accumulation 

(Terasaka et al. 2007). In order to determine if the presence of apoA-I could 

prevent cholesterol accumulation in LNs, diet-fed DKO mice were injected with 

HD-Ad-AI, which causes hepatic expression of apoA-I (Belalcazar et al. 2003; 

Pastore et al. 2004). Interestingly, 12 weeks after administration of HD-Ad-AI, 

these mice had decreased LN cholesterol compared to controls. In addition, DKO 

mice expressing human apoA-I TgWT (Owen et al. 2007) also had decreased 

cholesterol when compared to DKO controls while transgenic L159R apoA-I mice 

(Owen et al. 2007), which express lower levels of apoA-I, had intermediate levels 

of cholesterol when compared to DKO and apoA-I TgWT mice. These results 

indicate that the presence of apoA-I was able to prevent cholesterol 

accumulation in the LNs, likely due to the restoration of cholesterol efflux.  

 Beneficial Effects of HDL ApoA-I in Atherosclerosis and 

Autoimmunity. It is well accepted that HDL has beneficial effects on 

atherosclerosis (Miller 1975; Gordon et al. 1977; Miller 1978; Castelli 1986; 

Gordon et al. 1989). HDL has important anti-inflammatory properties which 

contribute to its ability to reduce atherosclerosis including promotion of 
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cholesterol efflux from cells (Zhang et al. 2003; Rader 2006), inhibition of 

adhesion molecule expression (Barter et al. 1996; Barter et al. 2002), inhibition of 

LDL oxidation (Navab et al. 2001; Rader 2006), and inhibiting transmigration of 

monocytes in response to oxLDL (Barter et al. 2004). Both human and animal 

studies have shown beneficial effects on atherosclerosis and vascular 

inflammation after infusing apoA-I or reconstituted HDL (Navab et al. 2000; 

Spieker et al. 2002; Bisoendial et al. 2003; Puranik et al. 2008; Shaw et al. 2008). 

ApoA-I mimetic peptides including D-4F have also been shown to have beneficial 

effects on atherosclerosis (Navab et al. 2002). Given the anti-inflammatory 

properties of HDL, we posed the question as to whether treatment with human 

apoA-I could reverse inflammation and autoimmunity in DKO mice. 

 In DKO mice, apoA-I treatment reduced inflammation, cholesterol 

accumulation and LN T cell activation. We speculate that these beneficial effects 

are due to both the anti-inflammatory properties of HDL apoA-I and the 

restoration of cellular cholesterol efflux.  In addition, apoA-I has been shown to 

have direct effects on cellular activation by inhibiting the contact-mediated 

activation of monocytes by stimulated T cells (Hyka et al. 2001; Wang et al. 

2010). In this case, binding of apoA-I to stimulated T cells inhibited production of 

the inflammatory cytokines TNFα and IL-1β (Hyka et al. 2001). Another study 

observed the inhibition of monocyte activation by preactivated T cells in RA 

patients (Rossol et al. 2005). This inhibition was attributed to serum factors, with 

the suggestion that apoA-I may be involved in this mechanism (Rossol et al. 

2005). HDL was shown to reduce the monocyte inflammatory response, with 
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apoA-I again being responsible for this reduction (Murphy et al. 2008). 

Interestingly, when ABCA1 was blocked, the beneficial effect of apoA-I on 

inflammation was also blocked, suggesting that cholesterol efflux is essential for 

this mechanism (Murphy et al. 2008). In addition to reducing atherosclerosis, D-

4F was also shown to inhibit collagen-induced arthritis, an animal model of RA, 

when administered in combination with pravastatin (Charles-Schoeman et al. 

2008). Thus, treatment with apolipoprotein A-I may have important implications 

not only for atherosclerosis, but also for other diseases involving chronic 

inflammation and autoimmunity such as RA and SLE. 

   Beneficial Effects of ApoA-I on the Skin. The beneficial effects of apoA-

I treatment to the skin cholesterol phenotype were also very apparent. With HDL 

present and cholesterol efflux restored in DKO+A-I mice, cholesterol was 

removed from the skin, resulting in a decrease in both cholesterol and cells in the 

skin and an overall reversal of inflammation. This is significant given that skin 

cholesterol accumulation can prove to be fatal for DKO mice (Zabalawi et al. 

2003; Zabalawi et al. 2007). Not only was the skin cholesterol accumulation 

reversed, but the structure of the skin was also restored. We speculate that 

cholesterol efflux and the presence of apoA-I reduced cellular activation and 

inflammation in the skin, allowing for this restoration of skin structure. 

Importantly, two potentially inflammatory cell types, macrophages and DCs, were 

reduced in the skin. The decrease in DCs and macrophages in the skin was 

accompanied by a trend towards increases in both of these cell populations in 

the LNs, suggesting that the presence of HDL apoA-I may have resulted in the 
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ability of these cells to migrate from the skin to the LNs. This would agree with 

results from previous studies which indicated that HDL restored migration of DCs 

from the skin to LNs in hypercholesterolemic mice (Angeli et al. 2004). In 

hypercholesterolemic ApoE-/- mice, the DCs that are in the skin are activated and 

their inability to migrate back to the LNs results in poor immunologic priming and 

contributes to local inflammation in the skin (Angeli et al. 2004). It is possible that 

the impaired migration of activated DCs from the periphery may aid in 

exacerbating memory responses to the periphery (Angeli et al. 2004). By helping 

to maintain normal DC migration, HDL supports a healthy protective immune 

response.  

 Beneficial Effects of ApoA-I on LNs. Following treatment with apoA-I, 

the ratio of esterified cholesterol to total cholesterol in LNs was reduced 

compared to DKO+BSA mice. This reduction in cholesterol is significant given 

that an environment with increased cholesterol can lead to T cell proliferation 

(Armstrong et al. 2010). Consistent with this idea, a reduction in the total LN cell 

number was seen in DKO+A-I mice compared to DKO+BSA mice, however this 

was not different from 6 wk diet-fed DKO. This suggests that, while the skin 

phenotype seems to have been reversed with apoA-I treatment, this treatment 

did not reverse the cellular accumulation in LNs but rather served to prevent 

further accumulation and proliferation. It is also possible, however, that the LN 

cells are involved in cholesterol removal from the skin, with lymphocytes 

constantly moving from the skin to the LNs, and that the number would be further 

reduced if the treatment period had been extended to the point where the skin 
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cholesterol accumulation was completely reversed. Nevertheless, the reduction 

in cells, especially activated T cells, in the LNs suggests that apoA-I treatment 

had beneficial effects on the LNs.(Armstrong et al. 2010) 

 Importance of Treg in Autoimmunity and Potential Beneficial Effects 

of ApoA-I. Treg are an important component of the immune system, acting to 

maintain self-tolerance, and absence of, or defects in, Treg can lead to severe 

autoimmune disorders (Wildin et al. 2002; Hori et al. 2003; Sakaguchi 2005; 

Dejaco et al. 2006; Andre et al. 2009). Despite the autoimmune phenotype in 

diet-fed DKO mice, Treg are increased in LNs. This is similar to findings from 

previous studies in patients with RA, where Treg were increased in synovial fluid 

of inflamed joints (Cao et al. 2004; Monte et al. 2008). The increase of Treg in 

tissue suggests that Treg are homing to sites of inflammation. The correlation 

between Treg levels in peripheral blood and disease activity is not clear, as some 

studies have reported increased Treg in blood while others show no difference or 

decreased Treg compared to healthy patients (Crispin et al. 2003; Liu et al. 2004; 

Putheti et al. 2004; Viglietta et al. 2004; Gottenberg et al. 2005; Dejaco et al. 

2006; Brusko et al. 2008). Thus, the level of circulating Treg does not always 

reflect the levels at the site of inflammation but, in many cases Treg are 

increased at sites of inflammation (Dejaco et al. 2006). 

 When Treg are increased at sites of inflammation, why does the 

autoimmunity still exist? Studies suggest that the suppressive activity of Treg 

may be maintained, but that Teff or chronically activated APCs in some 

autoimmune models may be able to resist this suppression (Pasare et al. 2003; 
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Serra et al. 2003; Wohlfert et al. 2004; Dejaco et al. 2006; King et al. 2006; Andre 

et al. 2009; Walker 2009). Both the MAPK and NFκB pathways have been 

implicated in the chronic activation of APCs (Andre et al. 2009). Thus, the MAPK 

pathway, which is affected in cholesterol loaded T cells from ABCG1-/- mice 

(Armstrong et al. 2010), may also play a role in the ability of cells to overcome 

suppression by Treg. In addition, the cytokine environment may have an effect 

on the ability of Teff to overcome suppression by Treg, and resistance to Treg 

suppression by Teff typically occurs in the setting of chronic inflammation 

(Dejaco et al. 2006; Andre et al. 2009; Walker 2009). While Treg produce anti-

inflammatory cytokines which can act to suppress Teff, Teff produce 

inflammatory cytokines which can render Treg ineffective. Thus, it is important to 

maintain a balance between Treg and Teff. 

 While the increase in Treg in DKO+BSA mice may seem paradoxical 

considering the autoimmune phenotype, it may be that the function of LN Treg in 

DKO mice is impaired or that the Teff are simply more effective at overcoming 

suppression. Nevertheless, treatment with apoA-I reduces inflammation in DKO 

mice, resulting in an increased LN Treg population. T cell activation is also 

reduced, suggesting that the Treg function is improved or that Teff are less 

resistant to Treg suppression. Overall, the ratio of Treg:Teff is increased in 

DKO+A-I mice compared to diet-fed mice. Taken together, these data 

demonstrate that DKO mice have a defective Treg response caused by impaired 

Treg function or by improved ability of Teff to resist suppression and that the 
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reduction of systemic inflammation in DKO+A-I mice allows for an improved Treg 

response. 

 Interestingly, studies have suggested that Treg can prime DCs in sites of 

inflammation, leading to a reduction in co-stimulatory signaling with T cells 

(Onishi et al. 2008; Wing et al. 2008). These DCs gain the ability to migrate to 

secondary lymphoid organs where they present self-antigen to Teff (Andre et al. 

2009). The reduction in co-stimulatory signaling results in reduced T cell 

activation (Andre et al. 2009). This is an interesting point of reference considering 

the trend towards increased DCs in the LNs. It is possible that Treg are also 

present in increased numbers in the skin, a major site of inflammation in DKO 

diet-fed mice (Zabalawi et al. 2003; Zabalawi et al. 2007), but that DCs are 

unable to migrate back to the LNs after interaction with Treg. As seen in previous 

studies which demonstrated improved migration of DCs from the skin to the LNs 

with the addition of HDL (Angeli et al. 2004), apoA-I treatment may restore 

migration of Treg-primed DCs from the skin to the LNs in DKO mice, thus 

contributing to the reduction in T cell activation. Although both the number and 

percentage of CD4+CD62Llow cells in DKO+BSA LNs was not decreased all the 

way down to SKO levels, the observed reduction in these cells is significant in 

that it indicates that the immune system in apoA-I treated mice has less potential 

for self-reactivity when compared to BSA controls. 

 Overall Conclusion and Significance. In this work, we have shown that 

HDL apoA-I is an important mediator of both cholesterol and immune system 

homeostasis. By maintaining cholesterol efflux from cells through ABCA1 and 
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ABCG1, HDL apoA-I prevents cholesterol buildup and the resulting cellular 

activation and proliferation. The prevention of cellular activation and proliferation 

reduces the potential for autoimmunity. Thus, by promoting RCT and exerting its 

many anti-inflammatory actions, HDL apoA-I helps maintain self-tolerance. We 

have also shown that treatment with human apoA-I not only reduces the 

inflammation and cholesterol accumulation leading to autoimmunity, but also 

results in an effective increase in the LN Treg population. This has important 

implications given the potential therapeutic benefits of increasing Treg to both 

atherosclerosis and autoimmunity. ApoA-I may also restore immune tolerance, 

providing another important therapeutic approach for treatment for autoimmunity. 

  Future Directions. This project would be further benefitted by performing 

a direct assessment of regulatory T cell function in order to determine if 

regulatory T cells are in fact defective in DKO mice and if treatment with apoA-I 

affects this cell population. This can be done by isolating regulatory T cells 

(CD4+CD25+) and non-regulatory T cells (CD4+CD25- or Teff) from DKO, SKO 

and DKO+A-I mice and culturing these cells in varying ratios of Treg:Teff 

including 1:1, 1:4 and 1:8. During the last 24 hours of culture, the cells are pulsed 

with [3H]-thymidine and the proliferation assessed. Larger amounts of [3H]-

thymidine would indicate increased proliferation. If cells from DKO mice display 

increased proliferation compared to SKO mice at the same ratio, this would 

suggest that regulatory T cells in DKO mice are less able to suppress 

proliferation of Teff cells. 
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 Our data suggest that perhaps DC migration from the skin to the LNs is 

impaired in DKO mice but may be improved with apoA-I treatment. In order to 

confirm this, a DC migration assay may be performed where a FITC tag is 

applied to the skin and, 18 hours later, the skin-draining LNs are collected and 

examined for cells staining positive for both FITC and CD11c, a common DC 

marker. Double positive staining for FITC and CD11c indicates DCs which have 

taken up the FITC tag in the skin and migrated to the LNs. A reduced number of 

FITC+ DCs in the LNs of DKO mice would indicate reduced DC migration. Should 

this number be increased in DKO+A-I mice, it would indicate a role for apoA-I in 

maintaining DC migration.  
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