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Abstract 

 

Coronary artery disease remains the leading cause of death worldwide. 

The underlying cause of coronary artery disease, atherosclerosis, is the 

formation of plaques in the arterial wall that can rupture, resulting in heart attacks 

and stroke. The pathogenesis of atherosclerosis can initiate early in childhood 

with the deposition of lipoproteins in the wall, leading to the activation of vessel 

wall cells and innate and adaptive immune responses. Current therapy directed 

toward lowering pathogenic lipoproteins in the circulation have reduced morbidity 

and mortality. However, disease burden remains high, suggesting that additional 

approaches are needed. Therapies targeting inflammation have emerged as the 

next frontier and anti-inflammatory agents are in clinical trials to reduce 

cardiovascular events. As such, understanding the complex cellular and 

molecular mechanisms in the immune pathogenesis of atherosclerosis may help 

identify those who will benefit from immune-modulatory therapeutic approaches. 

Inhibitor of DNA binding-3 (Id3) is a transcription factor protein that has 

been reported to be important in murine and human atherosclerosis. Id3-deficient 

atherogenic (Id3-/-Apoe-/-) mice display early onset atherosclerosis.  Compared to 

control mice, Id3-/-Apoe-/- mice contain fewer proliferating B-1a B cells, an 

immune cell that is a subset of B cells and can protect from atherosclerosis 

through the secretion of natural IgM antibodies. Additionally, Id3-/-Apoe-/- mice 

contained lower amounts of a natural IgM antibody, E06, in the circulation 
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compared to control mice. The generation of a B cell specific, Id3-deficient 

mouse revealed that these effects were not due to the loss of Id3 in B cells. 

Instead, Id3-/-Apoe-/- mice contained lower amounts of interleukin-5 (IL-5), a 

cytokine important for B-1a B cell proliferation and natural IgM antibody 

production. Furthermore, reduced amounts of IL-5 was detected in natural helper 

cells isolated from Id3-/-Apoe-/- mice compared to control mice. Lastly, 

proliferating B-1a B cells and IL-5 producing natural helper cells were identified in 

the aorta and surrounding tissue. Data provides evidence for a novel role for Id3 

in promoting IL-5 production by natural helper cells and subsequent proliferation 

of B-1a B cells.  

Prior studies suggest that another mechanism for protection from 

atherosclerosis in Id3-deficient mice might be due to the loss of Id3 in B cells. To 

determine if the loss of Id3 in B cells exacerbates atherosclerosis, B cell specific, 

Id3-deficient and littermate control mice were placed on a Western diet to induce 

atherosclerosis. Surprisingly, B cell specific, Id3-deficient mice displayed 

attenuated atherosclerosis compared to controls. B cell specific, Id3-deficient 

mice also contained a greater number of B-1b B cells and larger amounts of a 

natural IgM antibody, T15-Id IgM, in the circulation compared to control mice 

after Western diet. Atherosclerotic plaques of B cell specific, Id3-deficient mice 

had fewer apoptotic cells and less macrophage content. These associations 

suggest that B-1b B cells may protect from atherosclerosis; a hypothesis that has 

yet to be tested.  
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Pathogenesis of atherosclerosis 

Atherosclerosis and its attendant sequelae of heart attacks and strokes 

remains a leading cause of death and disability in Westernized countries1. 

Substantial work over the last several decades has clearly established 

atherosclerosis as a chronic inflammatory disease of the blood vessel wall2. 

Immune cells including macrophages, dendritic cells, mast cells, neutrophils, T 

cells and B cells regulate the atherogenic process3-6. As such, immune-

modulatory therapy holds promise as the next frontier for improving prevention of 

atherosclerotic cardiovascular disease7-9. Deposition of lipids such as low-density 

lipoprotein (LDL) in the subendothelial space of the intima and other injurious 

stimuli have been implicated as initial inflammatory triggers10. Vessel wall 

enzymes can act on deposited lipids to generate modifications in the lipids, such 

as oxidation, that serve both directly and indirectly as inflammatory signals11-14. 

Inflammatory cells are then recruited to the arterial wall, promoting progression of 

plaques through a host of interconnected mechanisms5,15-18. For example, 

recruited monocytes differentiate into macrophages within the plaque. There they 

engulf oxidized lipids, becoming foam cells, which secrete chemokines and other 

cytokines that further promote immune cell infiltration and activation including 

additional monocytes. Furthermore, many of these lipid-laden macrophages 

subsequently undergo apoptosis and necrosis, releasing their contents into the 

extracellular space and contributing to the necrotic core2 (Figure 1). Factors such 

as hypoxia, oxidative stress, and pro-inflammatory cytokines   
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Figure 1. Characteristics of advanced atherosclerotic disease. As luminal LDL is 

deposited into the subendothelial space of the blood vessel wall, it becomes 

oxidized. Oxidized lipids trigger the recruitment of leukocytes to the 

subendothelial space. Monocytes differentiate into dendritic cells or tissue 

macrophages that engulf oxidized lipids and become foam cells. Without 

effective clearance of these apoptotic-prone cells, they accumulate, secrete pro-

inflammatory cytokines and undergo apoptosis and necrosis, releasing their lipid 

contents into the extracellular space to create a necrotic core. Vessel wall and 

immune cell production of cytokines and immunoglobulins can further exacerbate 

atherosclerosis. ATLOs are found in the adventitia of diseased vessels and are 

composed of T cells, B cells, macrophages, and other leukocytes. Soluble factors 

can cross into the media through conduits and may contribute to plaque 

development. Abbr.: oxidized LDL (oxLDL), aortic tertiary lymphoid organ 

(ATLO), endothelial cell (EC), smooth muscle cell (SMC), adipocyte (Adip), 

monocyte (Mono), macrophage (Mac), foam cell (FC), dendritic cell (DC). 
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also induce apoptosis in vascular wall cells and other leukocytes in the 

atherosclerotic plaque19. Apoptotic cell burden can contribute to the necrotic core 

and/or may initiate plaque erosion and if not contained can lead to the unstable 

syndromes that result in heart attack and stroke.  

 

The adventitia in atherosclerosis 

In addition to immune cell entry into the plaque via the blood vessel 

lumen, immune cells are also found in the adventitia, or outer layer of the vessel 

wall. In fact, aortic tertiary lymphoid organs (ATLOs) have been identified in the 

aortic adventitia of aged mice at sites of advanced intimal plaque (Figure 1). 

Conduit networks, similar to those that filter soluble substances within lymph 

nodes20 and facilitate lymphocyte organization in the white pulp of the spleen21 

connect the adventitia with the vessel wall22,23. At homeostasis, dendritic cells, 

macrophages, T cells and B cells are present in the adventitia and peri-aortic 

adipose tissue in wildtype and hyperlipidemic, apolipoprotein E knockout (Apoe-/-) 

mice without atherosclerosis24,25 (Figure 2), indicating that the aortic adventitia 

and surrounding perivascular fat (PVAT) is a homeostatic niche for specific 

leukocytes including B cells. 
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Figure 2. Immune cells at homeostasis in the adventitia of C57BL/6 and Apoe-/- 

mice. A healthy blood vessel is composed of an endothelial layer, an intima in 

between the endothelial layer and smooth muscle cell layer, and a smooth 

muscle cell layer (media) surrounded by the adventitia and peri-vascular fat. (A) 

The adventitia of a C57BL/6 mouse contains T cells, B cells, macrophages, 

dendritic cells, and others (neutrophils, natural killer cells, and natural killer T 

cells) 24,26. (B) Apoe-/- mice have an increase in the number of T cells and 

macrophages, with a lesser increase in dendritic cells and other cells 

(neutrophils, natural killer cells, and natural killer T cells) compared to C57BL/6 

24. Abundant adventitial B cells persist in the Apoe-/- mouse24,25. They also have 

an expanded peri-vascular fat pad compared to (A). Abbr.: macrophage (Mac), 

dendritic cell (DC), endothelial cell (EC), smooth muscle cell (SMC), adipocyte 

(Adip). 
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Historical perspective on lymphocytes in atherosclerosis 

Lymphocytes have long been identified in the adventitia and plaque of 

diseased arteries. In his 1915 book, Diseases of the Arteries, Including Angina 

Pectoris, Sir Thomas Clifford Allbutt noted that, "Round cell growth in the 

adventitia in arteriosclerosis is correlated with absorption of depraved matter 

from the diseased intima"27, suggesting that lymphocytes might serve to protect 

against the accumulation of lipids and necrotic material in blood vessel walls. 

Subsequent histological studies confirmed the presence of lymphocytes in 

diseased blood vessels, underscoring the hypothesis that lymphocytes may be 

important regulators of atheroma development28,29. Yet, it was not until the 

advent of immunohistological reagents in the 1980s which allowed the 

visualization of specific types of lymphocytes that the presence of B cells in 

atherosclerotic plaques and the adventitia of diseased blood vessels were clearly 

confirmed30-32. A wealth of active and passive immunization studies in mice and 

the identification of atheroprotective IgM antibodies implicated B cells in 

attenuating atherosclerosis33-40.   

 

B cell subsets 

B cells can be divided into two developmentally distinct lineages, B-1 and 

B-2. These lineages arise in overlapping waves within a layered immune system 

where B-1 B cell development predominates in the fetus and B-2 B cell 
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development in the adult. B-2 B cells include follicular B cells and marginal zone 

B cells; and B-1 B cells include B-1a B and B-1b B cells41-45. Common surface 

markers used to identify these B cell subsets are outlined in Table 1. 

Conventional follicular B-2 B cells undergo isotype switching and affinity 

maturation in the spleen and lymph nodes in response to T-dependent antigens 

to either become plasma cells that secrete large amounts of antibody, or memory 

B cells with the ability to produce specific antibodies upon re-exposure to the 

same antigen46-49. Unlike conventional follicular B-2 B cells of the adaptive 

immune system, marginal zone (MZ) B cells are considered part of the innate 

immune system. Marginal zone B cells reside in the spleen and are positioned to 

immediately respond to antigens in the blood that are filtering through the 

spleen50,51.  

Mature, adult B-1 B cells develop from fetal tissues including the liver and 

bone marrow, and less so from progenitors in the adult spleen and bone 

marrow41,52-56. Mature B-1 B cells are primarily found in serosal cavities and the 

spleen, and have the capacity to self-renew. B-1 B cells are largely T cell-

independent and produce the majority of IgM antibodies that recognize self and 

foreign antigens44,57,58. B-1a B cells spontaneously produce natural IgM 

antibodies, which constitutes most of the serum IgM at homeostasis59-63. 

Additionally, their antibody repertoire is biased toward self-reactivity64-68. B-1b B 

cells have a distinct role from B-1a B cells in that they can be induced to secrete 

antibodies and proliferate by cross-linking the BCR on antigen specific B cells in  
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Table 1. B cell Subset Surface Markers 

Subset Surface Markers* Citation 

Follicular CD19+ B220+ IgMdull IgDhi CD21mid CD23+ 69 

Marginal zone CD19+ B220+ IgMhi IgDdull CD1dhi CD21hi CD23- 69 

B-1a CD19+ B220low/mid IgMhi IgDdull CD43+ CD11b+ CD5+ 70 

B-1b CD19+ B220low/mid IgMhi IgDdull CD43+ CD11b+ CD5- 70 

*Surface markers define follicular and marginal zone B cells in the spleen, and B-

1 B cells in the peritoneal cavity 
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a clonal manner. This response includes producing IgM or isotype switching to 

IgG3 or IgA with limited affinity maturation, and may lead to a memory-like 

phenotype71-75. 

Regulatory B cells (Bregs) are defined by their ability to inhibit 

autoimmune pathogenesis and restore tissue homeostasis mainly through 

production of IL-1076-80. Varying proportions of IL-10-producing B cells are found 

in several B cell subsets such as transitional 2-MZ precursor cells, MZ cells, and 

B-1a B cells, making it difficult to define a particular set of surface markers for 

Bregs. At present, the lack of clarity with respect to surface immunophenotype 

makes understanding Breg development challenging76.  

 

 B cells in atherosclerosis 

Beginning in 2002, studies emerged directly testing the hypothesis that B 

cells modulate atherosclerosis. Early studies reported that splenectomy of Apoe-/-

 mice exacerbated atherosclerosis compared to the sham control group81. 

Adoptive transfer of splenic B cells from atherosclerotic Apoe-/- mice not only 

rescued these mice from the atherogenic effects of splenectomy, but also 

reduced atherosclerosis to significantly less than that observed in the non-

splenectomized controls. In addition, adoptive transfer of B cells, but not T cells, 

from atherosclerotic Apoe-/- mice to non-splenectomized, sham-operated mice 

significantly attenuated atherosclerosis81. Consistent with these findings, another 
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study showed increased atherosclerosis in atherogenic low-density lipoprotein 

receptor knockout (Ldlr-/-) mice transplanted with bone marrow from B cell 

deficient (µMT) mice compared to Ldlr-/- mice transplanted with bone marrow 

from control C57BL/6 mice82. Additional studies have suggested a protective role 

for B cells in atherosclerosis. Ldlr-/- mice unable to secrete IgM (sIgM) had 

accelerated atherosclerosis compared to control Ldlr-/- mice when fed a Western 

diet83. Also, there was attenuated Western diet-induced atherosclerosis in B cell 

deficient µMT Apoe-/- mice with the adoptive transfer of splenic B cells from Apoe-

/- mice25. Taken together, these studies indicate that B cells protect from Western 

diet-induced atherosclerosis. 

However, in 2010 two groups utilized an anti-CD20 monoclonal antibody 

to predominantly deplete B-2 cells, and less so B-1a B cells, in Apoe-/- mice and 

found attenuation of Western diet-induced atherosclerosis84,85. Confirmation of an 

atherogenic role for B-2 cells was provided by these same two groups in studies 

using atherosclerosis-prone mice null for B cell activation factor receptor (Baffr-/-) 

or anti-BAFFR treated mice86 87,88. Baffr-/- mice lack B-2 B cells that require BAFF 

for survival, such as follicular or marginal zone B cells89,90. Baffr-/-Apoe-/- mice or 

Apoe-/- mice treated with anti-BAFFR developed less severe atherosclerosis 

compared to control Apoe-/- mice when fed an atherogenic diet86,88. 

Additionally, Ldlr-/- mice reconstituted with bone marrow from Baffr-/- mice had 

less Western diet-induced atherosclerosis compared to Ldlr-/- mice reconstituted 

with bone marrow from C57BL/6 mice87. These studies suggest that B-2 B cells 
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can aggravate atherosclerosis development. The apparent discrepancy in 

findings between studies early on suggesting an atheroprotective role for B cells 

and those more recent suggesting an atherogenic role for B cells may be 

explained by unique roles for specific B cell subsets in regulating atherosclerosis 

(Figure 3).  

 

B-2 B cells in atherosclerosis 

B cell depletion studies have suggested that B-2 B cells are an 

atherogenic B cell subset84-88, but the mechanisms by which B-2 B cells can 

aggravate atherosclerosis are incompletely understood. Anti-CD20 treatment 

was associated with an increase in the percentage of IL-17+ T cells (Th17 cells), 

and IL-17A neutralization abrogated anti-CD20 attenuation of atherosclerosis85. 

These results imply that IL-17 may mediate B-2 B cell aggravation of 

atherosclerosis (Figure 3). However, the role for IL-17 in atherosclerosis remains 

controversial91-97. In addition to increasing Th17 cells, anti-CD20 treatment was 

also associated with a decrease in CD4 T cell secretion of the Th1 cytokine IFNγ, 

and reduced proliferation and activation of splenic CD4 T cells85,87. Several pro-

atherogenic roles for Th1 cells have been identified and reviewed5,6,9,22,98-100. 

Depletion of B-2 B cells was also associated with decreased T cells in the 

atherosclerotic plaque 85,87,88, suggesting that B-2 B cells may aggravate 

atherosclerosis by regulating T cells in the aorta as well as the spleen.  
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Figure 3. Known and putative roles for B cell subsets in atherosclerosis. 

Conventional, follicular (FO) B-2 B cells may promote atherosclerosis by skewing 

CD4 T cell differentiation to IFNγ producing Th1 cells and away from IL-17 

producing Th17 T cells. The role of Bregs in atherosclerosis is not yet 

determined, but they may attenuate atherosclerosis by secretion of IL-10. 

Peritoneal B-1a B cells attenuate atherosclerosis through production of IgM, and 

potentially IL-10. PD-L2 is expressed on anti-phosphocholine (PC) B-1a B cells, 

potentially marking atheroprotective cells within this subset. The role of B-1b B 

cells in atherosclerosis is unknown. *( - - - ) Role in atherosclerosis not yet 

reported. 
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B-2 B cells may also aggravate atherosclerosis by producing pathogenic 

antibodies. B-2 B cell depletion was associated with a reduction in total serum 

IgG including IgG1, IgG2a, IgG2c, as well as IgG1 and IgG2a in the 

atherosclerotic plaque. Furthermore, B-2 cell depletion resulted in a reduction in 

serum IgG against modified lipids, oxLDL and malondialdehyde LDL (MDA-LDL). 

Consistent with the predominant depletion of B-2 cells and not B-1a B cells, there 

were only modest decreases in total IgM and IgM against MDA-LDL and 

oxLDL84,85,87,88. Interestingly, univariate analysis revealed that serum levels of 

IgG and IgM to oxLDL have divergent associations with coronary artery disease 

in humans.  IgM to OxLDL was inversely associated with coronary artery disease 

while IgG was positively associated101.  Mechanisms whereby adaptive 

immunoglobulins might regulate plaque development are poorly 

understood.  Downstream of antibody production, B cells may indirectly regulate 

atherosclerosis in an antigen-independent manner when IgG immune complexes 

bind to Fc gamma receptors (FcγR). Activating FcγRs have been implicated as 

being pro-atherogenic 102 and inhibitory FcγRIIb anti-atherogenic103,104. 

Additionally, IgE and its Fc receptor present on mast cells, FcεR1α, are pro-

atherogenic105. 

B-2 B cells may also promote atherosclerosis by altering other 

inflammatory mediators in the aorta. The loss of BAFFR in Apoe-/- mice resulted 

in decreased immunostaining of VCAM1, CD11c, CD83 and proliferating cell 

nuclear antigen, and reduced gene expression of the inflammatory markers 
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tumor necrosis factor α, IL-1β, and CCL2 in the atherosclerotic lesion88. Taken 

together, recent studies suggest that B-2 B cells are atherogenic, yet the specific 

role for certain types of B-2 B cells in atherosclerosis such as FO, MZ, and Bregs 

is unclear.  

 

B-1 B cells in atherosclerosis 

The adoptive transfer of B-1a B cells attenuated splenectomy-aggravated 

atherosclerosis, providing direct evidence for an atheroprotective role for B-1a B 

cells. B-1a B cells produce IgM antibodies that have long been implicated in 

atheroprotection106. Indeed, adoptive transfer of B-1a B cells from sIgM mice did 

not protect from splenectomy-aggravated atherosclerosis107.  

The mechanisms whereby B-1a B cell-derived IgM can protect from 

atherosclerosis have been best characterized using the prototypic monoclonal 

IgM antibody, E0637,108-112. E06 is structurally and functionally similar to the 

classic antibody T15 and is produced by B-1a B cells at homeostasis in germ-

free mice110,111 suggesting that E06 IgM is a natural antibody. E06 was cloned 

from spleens of Western diet fed Apoe-/- mice and is able to bind oxidized LDL 

(oxLDL) in serum and in atherosclerotic lesions113. E06 inhibits uptake of oxLDL 

by macrophages109,114 preventing foam cell formation, inhibiting release of pro-

inflammatory cytokines in the atherosclerotic lesion. Additionally, E06 and other 

T15-idiotype (T15-Id) containing NAbs bind to oxidation-specific epitopes, 



18 
 

including phosphocholine (PC), on membrane phospholipids of proinflammatory 

apoptotic cells and mediate apoptotic cell clearance111,115. Effective clearance of 

apoptotic cells and oxLDL neutralization reduces proinflammatory effects on 

other vessel wall cells16,106,108,112,116. Natural IgM antibodies, typified by E06, 

provide one mechanism whereby B-1a B cells can attenuate atherosclerotic 

plaque progression117. 

Characterization of the impact of splenectomy and B-1a B rescue on 

atherosclerotic plaques provided in vivo support for atheroprotective mechanisms 

originally described in vitro 14,106,107,117. Splenectomy led to reduced 

atherosclerotic lesion IgM content and increased the size of the necrotic core 

within the lesion107. Large lesional necrotic cores typify advanced unstable 

plaques and are linked to failed apoptotic cell clearance16,118. Consistent with 

previous work demonstrating increased IgM in atherosclerotic lesions of Rag-/- 

mice after adoptive transfer of B-1 cells111, adoptive transfer of B-1a B cells to 

splenectomized mice increased lesional IgM. The increased IgM was associated 

with a reduced necrotic core, an effect that was lost when the transferred B-1a B 

cells came from sIgM null mice107. These data suggest that the increased 

necrotic core could be due to failed IgM-mediated clearance of apoptotic foam 

cells. Indeed, adoptive transfer of B-1a B cells reduced splenectomy-induced 

lesional apoptosis. However, it is not clear that this effect was dependent on IgM, 

as there was a trend toward an increase in apoptotic cells in lesions from mice 

receiving B-1a B cells null for sIgM compared to wildtype, but it was not 
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statistically significant107. Consistent with this observation, sIgM.Ldlr-/- mice had 

only a non-significant trend toward an increase in lesion apoptotic cell content 

compared to control Ldlr-/- mice83. Additional studies will be needed to fully 

address the role of B-1a B cell-derived IgM in apoptotic clearance in vivo. 

Moreover, IgM-dependent effects of B-1a B cells may need to be tested in a 

model without splenectomy as B-1a B cells may need the spleen for full IgM 

production. B-1a B cells in the peritoneal cavity spontaneously secrete low 

amounts of IgM, but in the spleen, they are ‘super-secretors’119, suggesting that 

the spleen may be important for B-1a B cells to produce large amounts of IgM 

antibodies against modified lipids that are protective against atherogenesis. In 

addition, these results raise the possibility that B-1a B cells may also regulate 

apoptotic cell clearance by mechanisms independent of IgM. B-1a B cells are 

known to produce cytokines involved in atheroprotection120 and future studies are 

needed to determine if production of cytokines might be another mechanism 

whereby B-1a B cells protect from atherosclerosis.  

The sister population to B-1a B cells, B-1b B cells, also produce IgM and 

can undergo clonal expansion in response to T-independent (TI) antigens44,57,121. 

Yet, the role of B-1b B cells in atherosclerosis is unknown (Figure 3). Insight into 

a potential role for B-1b B cells in atherosclerosis may come from studies on the 

immune response to TI pathogens. In infection models of B. hermsii74 or 

Salmonella75 and immunization models of S. pneumoniae73, B-1b cells have a 

distinct role from B-1a B cells in that they can proliferate in a clonal manner in 
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response to antigen and provide a protective antibody response by isotype 

switching to IgG3 or IgA, or increasing natural IgM titers upon pathogen re-

challenge, suggesting that they may be able to provide long-lasting protection 

from pathogens37 75. Mounting a TI-2 response to pneumococcal vaccination can 

protect from atherosclerosis through inducing an anti-PC IgM response37, 

inferring that B-1b cells could provide long-lasting protection from atherosclerosis 

in an antigen-specific manner potentially through production of IgM. 

 

Innate immune responses in atherosclerosis  

Innate immunity plays a major role in initial defense against disease by using 

natural receptors that discriminate ‘self’ versus ‘neo-self’ epitopes. In the context 

of atherosclerosis, self-epitopes such as native LDL can become modified after 

oxidation to become oxLDL and express neo-self epitopes, including MDA and 

PC (Figure 4). Another classic example is lipid-laden macrophages that undergo 

apoptosis and expose the PC group on oxidized phospholipids in their plasma 

membrane14. Oxidation-specific epitopes are recognized by pattern recognition 

receptors (PRR) in innate immunity, including natural antibodies, toll like 

receptors, scavenger receptors, and soluble receptors14,106. Oxidation-specific 

epitopes are a class of danger signals termed danger associated molecular 

pattern or ‘DAMPS’ in the case of oxidized lipids and are considered pathogen  

 



21 
 

Figure 4. Innate immune responses in atherosclerosis. Oxidizing conditions in 

atherosclerosis induce LDL to become oxLDL and cellular apoptosis which can 

then express oxidation-specific epitopes PC, MDA. Microbial pathogens such as 

S. pneumoniae also display molecular mimics of oxidation-specific epitopes. 

Oxidation-specific epitopes are considered DAMPs when displayed on oxLDL 

and PAMPs on apoptotic cells and pathogens. PRRs in the innate immune 

system, such as natural antibodies, toll-like receptors, scavenger receptors and 

soluble receptors, recognize DAMPs and PAMPs and initiate responses in 

vascular disease and infection. Abbr.: Danger associated molecular pattern 

(DAMP), pathogen associated molecular pattern (PAMP), pattern recognition 

receptor (PRR), natural antibody (NAb), toll-like receptor (TLR), scavenger 

receptor (SR). Adapted from Witztum and Lichtman, Annu. Rev. Pathol. Mech. 

Dis. 2014.
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associated molecular patterns or ‘PAMPS’ when expressed on apoptotic cells or 

as molecular mimics on microbes122. 

One group of natural antibodies that recognize the PC group on oxidized 

phospholipids and apoptotic cells are the T15-Id antibodies which are present in 

atherosclerotic plaques110,111. A turning point in the progression of 

atherosclerosis is the failure to resolve inflammation, which usually involves the 

suppression of cell infiltration, effective clearance of apoptotic cells, and 

promotion of cell efflux from the arterial wall. However, when there are defects in 

these mechanisms, or when these mechanisms are overwhelmed, 

atherosclerotic plaques progress to dangerous plaques capable of rupture16.  

 

IL-33/IL-5 axis in atherosclerosis  

The IL-33/IL-5 axis is atheroprotective most likely by promoting B-1a B cell 

proliferation and E06 production14,40,123 (Figure 5).  Treatment with IL-33, an IL-

1β cytokine family member, in Apoe-/- mice results in decreased atherosclerosis 

and is associated with an increase in serum levels of IL-5, a Th2-associated 

cytokine that is important for survival and proliferation of B-1a B cells124,125 and is 

atheroprotective123,126. Immunization with MDA-LDL induced IL-5 production by 

splenocytes, increased plasma IL-5 and E06 levels, and reduced atherosclerosis. 

In addition, Il5-/- mice have reduced levels of E06 in the plasma compared to  
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Figure 5. The IL-33/IL-5 axis in protection from atherosclerosis. The IL-1β 

cytokine, IL-33, induces IL-5 production by Th2-like cells such as Th2 T cells, 

mast cells, and NH cells. IL-5 is important for B-1a B cell proliferation and 

production of IgM such as E06 that has been shown to prevent oxLDL uptake by 

macrophages and facilitate clearance of apoptotic cells.  
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controls, while treatment with IL-5 increases E06 levels in wildtype mice40. Lastly, 

Ldlr-/- mice reconstituted with Il5-/- bone marrow have decreased plasma E06 

levels and increased atherosclerosis compared to mice reconstituted with control 

bone marrow40. Many cell types including Th2 T cells and the recently discovered 

natural helper (NH) cell can be stimulated by IL-33 to produce IL-5.   

 

Natural helper cells 

NH cells belong to an emerging arm of the innate lymphoid cell (ILC) 

family, the group 2 ILC helper subset127-131. Group 2 ILCs are important in 

clearing extracellular parasites, flu pathology, and allergy128,131-141. More 

specifically, NH cells have key roles in helminth expulsion and allergic lung 

inflammation137,138,140. NH cell development is most likely from the bone marrow 

and is dependent on Id2, RORα, GATA3, γc and IL-7 129,139,140,142-144. NH cells are 

organized into fat-associated lymphoid clusters (FALCs) in the mesenteric 

adipose depot at homeostasis and can also be found in the lung under pathologic 

conditions. No specific markers have been identified that define NH cells and 

they are therefore defined by the lack of lineage markers (lin-) and positive for 

Sca-1, CD117 (c-kit), CD44, CD90 and the IL-33R (T1/ST2)139,140. NH cells 

produce mainly Th2-associated cytokines IL-2, IL-4, IL-5, IL-6, and IL-13, in 

response to a variety of stimuli including IL-2, IL-25, and IL-33. Co-culture 

experiments demonstrate that NH cells directly support B-1 cell proliferation 
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similar to IL-5 alone and in vivo studies show that they can support B-1 

proliferation in Rag2-/- mice140. However, it is unknown if NH cells participate in 

atherosclerosis. 

 

HLH transcription factors 

The basic helix-loop-helix (bHLH) family of transcription factors is highly 

conserved and plays a role in the differentiation and growth of a variety of cell 

types145-147. These factors are characterized by the presence of two domains. 

The basic domain binds DNA by recognizing a hexanucleotide “E-box” sequence 

and the HLH domain at the carboxy-terminus facilitates dimerization of these 

factors. Within the bHLH family, there are several subgroups including E-

proteins, tissue-specific bHLH factors and inhibitors of DNA binding (Ids).  

There are six E-proteins: E12 and E47 which are splice variants from the 

E2A gene, ITF-1, ITF-2a and ITF-2b which are from the E2-2 gene and HEB. 

These widely expressed factors function as homodimers or as heterodimers and 

are highly conserved among mammals. HLH factors are part of a complex gene-

regulatory network of lineage specific transcription factors that determine 

lymphocyte development and activation148-157.   

The Ids are a unique subset of HLH factors. While the Ids possess a HLH 

domain, they lack the basic domain required for DNA binding. Through the HLH 

domain, they heterodimerize with the E-proteins, or other bHLH family members, 
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and disrupt E-protein dimers, thereby inhibiting the ability of those factors to 

activate or repress transcription158,159 (Figure 6). Because of this mechanism of 

action, the Ids are considered dominant negative inhibitors of DNA binding and 

transcription. The four known mammalian Id genes (Id 1-4) have overlapping, 

non-redundant function145,147 and are broadly but not uniformly expressed. Levels 

tend to be high during development and in proliferating cells, while they are low 

in healthy adult tissues, terminally differentiated or quiescent cells147,159. One 

exception is the hematopoietic system, where Id proteins are expressed even in 

mature lymphocytes160. Ids are also re-expressed in disease states, including 

cancer, autoimmune and vascular disease147,161-163.  

 

Id3 and B cell function 

Most effort in studying the role of Id and E-proteins in B cells has been 

focused on lymphocyte development157,164. In 1999, Yuan Zhaung’s group 

characterized the Id3 deficient mouse and found defects in B cell proliferation 

and clonal expansion154. Id3 knockout mice contain normal numbers of B and T 

lymphocytes, but have reduced levels of IgG1 and IgG2a prior to immunization 

and an impaired antibody response to type 2 TI antigens. Full B cell activation 

has two steps, first, activation signals from the B-cell receptor (BCR) as indicated 

by surface marker expression and calcium signaling and second, proliferation  
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Figure 6. Paradigm of HLH function. bHLH family members can hetero- or 

homodimerize through their HLH domain enabling their basic domain to bind to 

conserved regions on DNA termed ‘E-boxes.’ Id proteins lack the basic domain, 

thereby sequestering bHLH proteins from DNA and regulating transcription. 
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and/or differentiation. B cells from Id3-/- mice have a normal first step of the 

activation response downstream of B-cell receptor (BCR) signaling, but they 

cannot proliferate in response to surface BCR cross-linking. In B cells from 

wildtype mice, BCR crosslinking leads to rapid upregulation of Id3, suggesting 

that Id3 is downstream from BCR crosslinking and is important for clonal 

expansion. Further evidence suggests that Id3 may be important in mature B cell 

somatic hypermutation and class switch recombination165. Id3, in concert with E-

proteins, can directly regulate transcription of the Aicda gene165 which produces 

the enzyme AID that may directly or indirectly induce DNA mutations166. These 

data suggest that Id3 may regulate adaptive B cell humoral responses.  
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Project rationale and summary 

At the inception of this project, the role of B cells in atherosclerosis was 

emerging to be subset dependent, with B-2 B cells atherogenic, and B-1a B cells 

atheroprotective2. Prior studies in the lab demonstrated that adoptive transfer of 

splenic B cells to a B cell-deficient mouse attenuated Western diet-induced 

atherosclerosis, an effect that was dependent on Id325,167. Id3 was also shown to 

modulate B cell homing and vessel wall adhesion molecule expression25,167 yet, 

Id3 may also regulate factors involved in innate immunity as loss of Id3 in Apoe-/- 

mice resulted in very early onset of diet-induced atherosclerosis25. We 

hypothesized that Id3 may be an important regulator of B-1a B cells and natural 

immunity.    

In Chapter 3, we provide evidence that Id3 may be an important regulator 

of natural immunity in atherosclerosis. Mice lacking Id3 had significantly fewer B-

1a B cells in the spleen and peritoneal cavity and reduced levels of E06 in the 

serum. B cell-specific deletion of Id3 revealed that this effect was not due to the 

loss of Id3 in B cells. IL-33 induced abundant, Id3-dependent IL-5 production in 

NH cells, but not Th2 or mast cells and delivery of IL-5 to Id3-deficient mice 

restored B-1a B cell proliferation. Proliferating B-1a B cells and IL-5 producing 

NH cells in response to exogenous IL-33 stimulation were identified in the aorta 

and surrounding adventitia/PVAT. These studies are the first to identify NH and 

B-1a B cells in the aorta and provide evidence that Id3 is a key regulator of NH 

cell IL-5 production and B-1a B cell homeostatic maintenance. 
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In Chapter 4, we suggest that the B cell specific deletion of Id3 may have 

an intrinsic role in B-1b B cells and attenuate atherosclerosis. The B cell specific 

loss of Id3 on an atherogenic background resulted in a greater number of B-1b B 

cells and elevated levels of IgM in the serum. After Western diet feeding, there 

was a systemic increase in the number of B-1b B cells and levels of IgM and 

T15-Id IgM. B cell specific Id3 knockout mice had a decrease in atherosclerotic 

plaque area that contained less macrophage content and fewer apoptotic cells. 

Data in the B cell specific Id3 knockout mouse model suggests that Id3 may 

regulate B-1b B cells in atherosclerosis. 
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Chapter 2 

 

Materials & Methods 
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Mice  

All animal protocols were approved by the Animal Care and Use 

Committee at the University of Virginia. Apoe-/- male mice were purchased from 

Jackson Laboratory (Stock # 002052). Id3-/- and Id3fl/fl 162 mice were a generous 

gift of Dr. Yuan Zhang (Duke University).  Id3-/- mice were bred to the Apoe-/- 

background to obtain Id3-/-Apoe-/- as previously described25. CD19cre/+ mice were 

gifted by Timothy Bender (University of Virginia). Id3fl/fl mice were bred to the 

Apoe-/- mouse, and then to CD19cre/+ mice to generate Id3fl/flApoe-/-CD19cre/+. 

These mice were then bred to Id3fl/flApoe-/-CD19+/+ mice to generate Id3fl/flApoe-/-

CD19cre/+ and littermate control Id3fl/flApoe-/-CD19+/+ mice. Id3-GFP mice were a 

generous gift from the Murre Lab (University of California San Diego).  All mice 

were purchased from Jackson on a pure C57BL/6J background or mice were 

backcrossed 10 generations to pure C57BL/6J except Id3-GFP mice. Studies 

were with male mice fed a constant chow (Teklad 7012) or standard Western 

diet, 42% kcal from fat (Teklad TD.88137). All mice were euthanized by CO2 

inhalation as approved by the ACUC. 

 

Determination of serum lipid levels  

Whole blood was harvested from non-fasting mice at the time of sacrifice 

by right ventricular puncture. Blood was centrifuged at 2,000 xg for five minutes, 

after which the serum layer was removed to a clean tube. Cholesterol and 
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triglyceride determinations were performed by the University of Virginia Medical 

Laboratories using an Architect 8000 series analyzer.  

 

Flow cytometry 

Aortas were harvested as previously described25 except with the peri-

aortic adipose tissue left intact and all lymph nodes carefully removed. Aortas 

were chopped in PBS + 20 mM HEPES with 200 U mL-1 Coll XI (Sigma), 60 U 

mL-1 DNaseI (Sigma), 125 U mL-1 Hyaluronidase I (Sigma) and 50 U mL-1 Coll I 

(Sigma) and placed in a 37°C shaking incubator for 45 minutes. After 

centrifugation, adipocytes were aspirated. The cell suspension was washed and 

strained through a 40 µm filter. Mesenteric cells were prepared as described 

elsewhere140. Briefly, mice were transcardially perfused with PBS +20 U mL-1 

heparin after CO2 euthanasia. Mesenteric adipose tissue was carefully removed 

of mesenteric lymph nodes and separated from intestines, and finely chopped in 

5 mL of DMEM with 2 mg mL-1 Collagenase I (Worthington Biochemical Co.) and 

4% BSA (Sigma), then digested at 37°C in a shaking incubator for 45 minutes. 

The supernatant containing adipocytes after centrifugation was aspirated. After 

washing the cells in HBSS with 10% HI-FBS, cells were strained through a 40 µm 

filter. Peritoneal cells were harvested by lavage with 4 mL DMEM+ (DMEM, 1X L-

glut, 1X P/S, 5% HI-FBS). Spleens were filtered through a 70 µm filter in DMEM+ 

and red blood cells lysed with AKC lysis buffer. Pairs of peri-aortic lymph nodes 

were combined and filtered through a 70 µm filter in DMEM+. Peritoneal cavity 
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cells, splenocytes, lysed blood, lymph nodes, mesenteric cells, digested aortas or 

cultured cells were first blocked for Fc receptors (FCR-4G8, invitrogen), then 

stained for cell surface markers, followed by a live/dead stain, and/or intracellular 

markers. For intracellular staining, the FIX & PERM® kit (Invitrogen GAS004) 

was used as per manufacturer’s instructions. Flow cytometry antibodies CD3ε 

(500A2), CD4 (GK1.4, RM4-5), CD5 (53-7.3), CD8α (53-6.7), CD11b (M1/70), 

CD11c (HL3), CD19 (1D3), CD43 (S7) CD44 (IM7), CD45 (30F11), CD45R/B220 

(RA3-6B2), CD49b (DX5), CD90 (53-2.1), CD117 (ACK2), CD196 (29-2L17), 

FcεR1α (MAR-1), IgM (II/41), IFNγ (XMG1.2), IL-4 (BVD6-24G2), IL-5 (TRFK5), 

Ly6G (RB6-8C5), NK1.1 (PK136), Sca-1 (D7), SiglecF (E50-2440), TCRβ (H57-

597), TCRγδ (GL3) and Ter119 (TER119) were purchased from eBioscience or 

BD Bioscience and T1/ST2 (DJ8) from MDbioscience. Live/dead discrimination 

was determined by LIVE/DEAD® fixable yellow cell staining (Invitrogen) or dapi. 

Cells were run on a CyAN ADP (Beckman Coulter) or sorted on a Reflection Cell 

Sorter (iCyt) and analyzed with FlowJo software (Tree Star Inc) using 

fluorescence minus one (FMO) controls for gate determination. Counting beads 

were used for quantification as per manufacturer’s instructions (CountBright™ 

Absolute Counting Beads, Molecular Probes).  
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ELISA 

Whole blood was harvested from mice by right ventricular puncture and 

peritoneal fluid was harvested by lavage with 1 mL PBS at the time of sacrifice. 

For murine E06, ELISA plates (Costar, 3590) were coated with anti-PC T15 

(AB1-2, ATCC). For IgM, IgG1, IgG2b, IgG2c, or IgG3, ELISA plates were coated 

with their respective capture antibody from Southern Biotech, anti-mouse IgM 

(1020-01), IgG1 (1070-01), IgG2b (1090-01), IgG2c (1079-06), IgG3 (1100-01) 

overnight. Plates were then washed with a plate washer and blocked with BSA-

PBS for two hours at room temperature. Then plates were washed and serum 

was added at a dilution of 1:250 (E06), 1:1000 (IgM), or 1:10000 (IgG1, IgG2b, 

IgG2c, IgG3) for two hours at room temperature. After washing, the secondary 

antibody, anti-IgM AP (Southern Biotech 1020-04) for E06 and IgM or IgG1-AP 

(1070-04), IgG2b-AP (1090-04), IgG2c-AP (1079-04), IgG3-AP (1100-04) was 

added for one hour. The plate was developed with PNPP (Sigma N1891) then 

stopped with a strong base. For IL-5 levels, mice were i.p injected with 125 ng of 

mIL-33 (CF, R&D) reconstituted in PBS every three days for 7 days. Serum and 

peritoneal fluid were then harvested for concentration of IL-5 in undiluted 

samples (BD OptEIA™, BDbiosciences as per manufacturer’s instructions). IL-33 

was measured undiluted by the mouse/rat Quantikine ELISA kit (R&D). Plates 

were read at 405 nm with 570 nm subtraction. Data was considered not 

detectable if below the sensitivity of the assay. 
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Real-time PCR 

Total RNA was isolated from FACS purified peritoneal B cells using the 

RNeasy Plus Micro kit with gDNA elimination columns (Qiagen). RNA (1 µg) was 

reversed transcribed with SuperScript III First-Strand Synthesis System by Oligo 

d(T) tailing (Invitrogen). E06 gene expression was normalized by the ΔΔCq 

method to 18S as determined by TaqMan real-time PCR (SsoFast™ Probes 

Supermix, Bio-Rad). Secreted IgM or Id3 was also normalized by the ΔΔCq 

method to 18S or cyclophilin with SYBR® Green real-time PCR (SsoFast™ 

EvaGreen® Supermix, Bio-Rad). PCR reactions were always performed with at 

least duplicate wells using the C1000 Thermal Cycler and CFX96 Real Time 

system (Bio-Rad). Primers were used as follows: E06 IgHV, forward primer (5’-

CTG TGC AAG AGA TTA CTA CGG TAG-3’) flanked the E06 IgH V and D 

junction, the reverse primer (5’-AGG ACT GAC TCT CTG AGG AGA CG-3’) 

flanked the JH and mu chain junction for amplifying E06 IgM, but not T15 IgA. 

The fluorescent probe (6FAM CGC CCC AGA CAT CGA AGT ACC AG TAMRA, 

Applied Biosystems) matched to the E06 IgH D and J junction; sIgM, forward 

primer (5’-GGA GAG ACC TAT ACC TGT GTT GTA GG-3’) and reverse primer 

(5’-TGA GCG CTA GCA TGG TCA ATA GCA G-3’); 18S forward primer (5’-CGG 

CTA CCA CAT CCA AGG AA-3’), reverse primer (5’-AGC TGG AAT TAC CGC 

GGC-3’) and probe (6FAM TGC TGG CAC CAG ACT TGC CCT C TAMRA, 

Applied Biosystems); Id3 forward primer (5’-TGC TAC GAG GCG GTG TGC TG-

3’) and reverse primer (5’-TGT CGT CCA AGA GGC TAA GAG GCT-3’); CypB 
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forward primer (5’-TGC CGG AGT CGA CAA TGA T-3’) and reverse primer (5’-

TGG AGA GCA CCA AGA CAG ACA-3’). For Id3 expression in NH cells, 

mesenteric adipose tissue was processed and cell suspensions were incubated 

with CD90.2 microbeads. CD90+ cells were positively selected on an LS column 

as per manufacturer’s instructions (Miltenyi Biotech). Cells were washed in PBS 

+ 5% BSA and sorted for live, singlet, CD45+Lin-Sca1+CD117+ fraction by 

FACS. Id3 (Invitrogen, Cat. # 4331182) and 18S (Invitrogen Cat. # 4331182) 

transcripts were determined in purified cells using the TaqMan® Gene 

Expression Cells-to-CT™ Kit (Invitrogen) as per manufacturer’s instructions.  

 

In vivo proliferation 

1.5 mg of BrdU was administered i.p. and peritoneal cells or spleens were 

harvested one or two days later and BrdU was detected by flow cytometry as per 

manufacturer’s kit instructions (FITC BrdU Flow Kit, BD Pharmingen). In some 

experiments, 1 µg of IL-5 was administered every day for 5 days, including 1.5 

mg of BrdU on day 5. For CFSE dilution experiments, mice were intraperitoneally 

(i.p.) injected with 1 mL of 10 µm CFSE (CFDA, SE-mixed isomers, Invitrogen). 

After 7 days, peritoneal cells were harvested and stained for flow cytometry as 

described above. 
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Apoptosis assay 

 Peritoneal lavage cells were washed in cold PBS and suspended in 

binding buffer (10 mM Hepes/NaOH, pH7.4, 140 mM NaCL, 2.5 mM CaCl2). 

PerC cells were then incubated with Annexin V (BD Pharmigen, 556420) and B 

cell surface marker antibodies for 15 min at room temperature. After washing 

with binding buffer, cells were incubated with dapi and analyzed by flow 

cytometry. 

 

Western blot analysis 

Splenic B cells were isolated by CD19 microbeads (Miltenyi Biotech) with 

>99% pure CD19+ B cells. 10 x 106 cells were resuspended in 200 μL lysis buffer 

(1% DOC, 1% NP40, 50mM Tris pH 7.6, 1 mM EDTA, 150mM NaCl, 0.1% SDS 

with protease inhibitor cocktail), incubated on ice for 30 minutes, and centrifuged 

for 10 minutes at 11,600 xg, 4°C.  The infranatants were separated from the 

pellet. Samples were assayed for protein concentration with the Bio-Rad DC 

protein assay (catalog #500-0111), adjusted to equal concentration with lysis 

buffer, and supplemented with 11% β-mercaptoethanol and 0.5% bromophenol 

blue.  Samples were resolved on 4-20% Tris-glycine gels (Invitrogen) and 

transferred to a polyvinylidene difluoride membrane (BioRad). Equal protein 

loading was confirmed by staining the membrane with immunodetection of β-

tubulin.  Western blotting was carried out using an antibody to Id3 (0.1 μg ml-1, 
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CalBioreagents, catalog #M097) or β-tubulin (16 µg ml-1, Cell Signaling 

Technology, Inc. catalog #2146) followed by horseradish peroxidase-linked 

secondary antibody (Jackson). Immunoreactive bands were visualized by 

enhanced chemiluminescence after incubation with ECL reagent (Amersham 

Pharmacia Biotech). Densitometry was analyzed by ImageJ. 

 

Cell Culture 

Mesenteric cells were isolated as above and plated at 2 x 105 cells per 

well in a 96 well plate with 200 µL of complete RPMI 1640 (cRPMI, RPMI-1640 

medium containing 10% HI-FBS, 50 mM 2-mercaptoethanol, 100 U mL-1 

penicillin and 100 mg mL-1 streptomycin, 1X nonessential amino acids, 10 mM 

HEPES, 1 mM sodium pyruvate), and 10 ng mL-1 mrIL-33 (CF, R&D) for 4 days 

without golgi transport inhibitor.  

For Th2 cells, 7 x 105 splenic CD4+ cells isolated by macs column 

purification with CD4 microbeads (Miltenyi Biotech) were stimulated with soluble 

anti-CD3/anti-CD28 Dynabeads® (GIBCO) and a combination of 10 ng mL-1 mIL-

4 (peprotech), 5 ng mL-1 mIL-2 (R&D), 10 ng mL-1 mrIL-33 for four days. Cells 

were then stimulated for six hours with 50 ng mL-1 PMA and 1 µg mL-1 ionomycin. 

During the last three hours, golgiplug (BDbioscience) was added to the culture. 

Cells were then harvested for flow cytometry and polarization was confirmed with 

intracellular staining of IL-4.  
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Mast cells and basophils were derived by culturing bone marrow 

harvested from femurs with 20% WEHI-3b conditioned media. After 7 days, cells 

in suspension were collected and plated with cRPMI and 10 ng mL-1 mrIL-33 for 

5 days. On day 6, golgiplug was added to the culture for the last 4 hours, and 

cells were harvested flow cytometry and stained for mast cells (FcεR1α+, CD49b-, 

CD117+) and basophils (FcεR1α+, CD49b+, CD117-) and intracellular IL-5 and 

IFNγ.   

Eosinophils were derived from bone marrow as described by others168,169. 

Briefly, bone marrow was harvested from femurs and seeded for 5 days in 

cRPMI with 10 ng mL-1 mrIL-33 (CF, R&D). On day 6, cells were harvested for 

eosinophils (CD45+SiglecF+) and intracellular IL-5 and IFNγ detection by flow 

cytometry as above. 

 

IL-5 Promoter-Reporter Assay 

BJAB cells, a lymphoid cell line derived from a human lymphoma of B 

lymphocyte type, co-electroporated with 2 µg of human IL-5 promoter-luciferase 

construct, pLightSwitch-IL5 (pLS-IL5, Switchgear Genomics) and 10 µg of empty 

pEF4 or pEF4 human Id3 expression vector previously described170. GFP was 

used as an electroporation efficiency control. After 24 hours, cells were 

harvested for luciferase chemiluminescence and normalized to total protein. 
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Atherosclerosis measurement 

At eight weeks of age, mice were placed on a Western diet and 16 weeks 

later, mice were euthanized and perfused with PBS + 20 U mL-1 heparin. The 

heart including the aortic sinus was removed and placed in OCT (Tissue-Tek, 

Andwin Scientific) then snap frozen in N2(l) and stored at -80°C. Cryostat sections 

of 6 µm were cut from the beginning of the three aortic leaflets to the aortic arch. 

Five slides containing four sections taken every 30 µm per mouse were stained 

for oil-red-O and counterstained with hemotoxylin and eosin. Plaque volume was 

quantified using ImagePro 5.0 software.  

 

Immunohistochemistry 

 Fresh frozen sections in OCT were selected at 30 µm intervals from the 

start of the aortic valves. OCT was removed by DPBS with Ca2+ and Mg2+ then 

fixed in cold acetone for 10 minutes at 4°C. Slides were air dried for 10 minutes 

then washed twice with dH2O and blocked with DPBS containing fish scale 

gelatin for one hour at room temperature. Mac-2 (Biotinylated rat anti-mouse, 

Cedarlene CL8942B) or isotype control (Rat IgG2a Biotinylated, Cedarlene 

CLCR2A15) at 1:100 was incubated in a humidified chamber overnight in 

blocking buffer. Slides were then washed five times with DPBS. For Mac-2, 

secondary (Streptavidin Alexa Fluor 488, Invitrogen Molecular Probes S11223) 

was added at 1:100 and incubated in a humidified chamber for 30 minutes at 
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room temperature. Slides were then washed three times in DPBS with the last 

wash in dH2O. Lastly, slides were mounted with anti-fade + DAPI reagent 

(Vectashield H-1500). Area per intima area was measured independently by two 

investigators as the area within the intima divided by the total area of the intima 

on one section per slide, 5 slides per mouse, using ImagePro Plus 7.0 software.  

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

was performed to assess cellular apoptosis using the EMD Millipore (Billerica, 

MA) ApopTag Peroxidase In Situ Apoptosis Detection Kit (S7100) according to 

the manufacturer’s instructions. Briefly, slides with fresh frozen sections of the 

aortic sinus in OCT were fixed with 1% PFA in PBS, pH 7.4 for 10 minutes at 

room temperature and washed twice in PBS then placed in 2:1 ethanol:acetic 

acid for 5 minutes at -20°C. Endogenous peroxidase activity was quenched using 

3% hydrogen peroxide in PBS. Tissues were incubated in TdT for 1 hour at 37°C, 

then incubated in anti-digoxigenin conjugate for 30 minutes at room temperature, 

treated with peroxidase substrate (10mL PBS + 1 tablet DAB, Acros 7411-49-6 + 

7.5 µL 30% H2O2) for 3 minutes, and counterstained with 0.5% methyl green 

(DAKO S-1962). Slides were allowed to air dry and mounted with Vectamount 

(H-5000) permanent mounting medium. One section was chosen per slide every 

30 µm and 5 slides were averaged per mouse. Nuclei were considered apoptotic 

if completely brown and had morphometric features of apoptosis including cell 

shrinkage, nuclear condensation, or fragmentation and expressed as TUNEL+ 
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per intima area by two independent investigators using ImagePro Plus 7.0 

software. 

 

Statistics 

To test if data sets fit a Gaussian distribution, a D’Agostino-Pearson 

omnibus normality test was used. If data was normal and had equal variance, a 

student’s t-test was performed. If data sets had unequal variance, a t-test with 

Welch’s correction was used. For non-Gaussian distributed data, a Mann-

Whitney test was performed to determine statistical significance. Data was 

analyzed using Prism 6.0b (GraphPad Software, Inc.). Results are displayed 

containing all replicated experiments and values shown are mean only or mean ± 

SEM. 
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Chapter 3 

 

The Helix-Loop-Helix Factor Id3 Regulates IL-5 Expression and 

B-1a B cell Proliferation 

As published in: Perry, H. M. et al. Helix-Loop-Helix Factor Inhibitor of 
Differentiation 3 Regulates Interleukin-5 Expression and B-1a B-Cell 

Proliferation. Arterioscler Thromb Vasc Biol, doi:10.1161/ATVBAHA.113.302571 
(2013). 
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Abstract 

Objective: Natural immunity is emerging as an important mediator of protection 

from atherogenesis. Natural IgM antibodies that recognize oxidation-specific 

epitopes on LDL or phospholipids and the B-1a B cells that produce them, 

attenuate atherosclerosis. We previously demonstrated that Apoe-/- mice globally 

deficient in the helix-loop-helix protein Id3 develop early diet-induced 

atherosclerosis. Furthermore, B cell-mediated attenuation of atherosclerosis in B 

cell-deficient mice was dependent on Id3. Here we sought to determine if Id3 

regulates B-1a B cells and the natural antibodies that they produce, and identify 

mechanisms mediating these effects.     

Approach & Results: Id3 deficient mice contained significantly fewer B-1a B cells 

in the spleen and peritoneal cavity and reduced serum levels of the natural 

antibody E06. B cell-specific deletion of Id3 revealed that this effect was not due 

to the loss of Id3 in B cells. IL-33 induced abundant, Id3-dependent IL-5 

production in the recently identified innate lymphoid cell, the natural helper (NH) 

cell, but not Th2 or mast cells. Additionally, delivery of IL-5 to Id3-deficient mice 

restored B-1a B cell proliferation. B-1a B cells were present in aortic samples 

also contained NH cells. Aortic NH cells produced IL-5, a B-1a B cell mitogen in 

response to IL-33 stimulation.  
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Conclusion: These studies are the first to identify NH and B-1a B cells in the 

aorta and provide evidence that Id3 is a key regulator of NH cell IL-5 production 

and B-1a B cell homeostasis.    
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Introduction 

Atherosclerosis is a chronic inflammatory disease of the blood vessel wall 

that can lead to heart attacks and stroke. Despite current therapy targeting 

traditional risk factors, atherosclerosis remains the leading cause of death in 

Westernized countries1. Substantial work over the last several decades clearly 

established a key role for the immune system in atherosclerosis development 

and progression4,5. As such, immune modulation holds promise as an effective 

addition to current prevention approaches. Thus, a deeper understanding of the 

contributions of various immune cells to atherogenesis is of key importance.  

While abundant evidence implicates macrophages and some T cell subsets in 

promoting inflammation in the vessel wall5,6,16,22, B cells have emerged as 

another important immune cell that can modulate atherogenesis. 

Characterization of atheroprotective antibodies, passive and active immunization 

studies33-40, and adoptive transfer studies of splenic B cells from Apoe-/- mice81,82 

support an atheroprotective role for B cells in mice. Yet, recent studies suggest 

that the role of B cells is subset dependent, where B-2 B cells may be 

atherogenic and B-1a B cells protective2. 

A subset of B cells from the B-1 lineage, the B-1a B cell41,44, has been 

reported to rescue the enhanced atherosclerosis caused by splenectomy. 

Atheroprotection was demonstrated to be dependent on the ability of the B-1a B 

cells to secrete IgM natural antibodies (NAbs)107. B-1a B cells are considered 

part of the innate immune system, develop from fetal tissues, have a high 
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capacity to undergo homeostatic proliferation41,44,52,54-56, and spontaneously 

secrete IgM NAbs40,107,111. IgM NAbs are present prior to pathogen exposure, 

recognize self-antigens for housekeeping functions14,63 and are thought to be the 

product of natural selection. A representative IgM NAb, E06, has been reported 

to be atheroprotective through recognition of oxidation-specific epitopes on 

oxidized LDL and apoptotic cells, blocking the uptake of oxidized LDL by 

macrophage scavenger receptors and mediating apoptotic cell 

clearance14,108,109,111,114,171. While B-1a B cells are important because of the IgM 

NAbs they produce, the factors that regulate B-1a B cells in atherosclerosis are 

poorly understood.  IL-5 is an important atheroprotective cytokine known to 

promote B-1a B cell proliferation and E06 production40,124,125,172. Many cell types 

including Th2 T cells and the recently discovered natural helper (NH) cells 

produce IL-5. Moreover, NH cells produce large amounts of IL-5 relative to other 

IL-5 producing cells140. 

NH cells belong to an emerging arm of the innate lymphoid cell family: the 

group two innate lymphoid cell (ILC) helper subset127-131. NH cells are organized 

into fat-associated lymphoid clusters (FALCs) in the mesenteric adipose depot. 

No specific markers have been identified that define NH cells and they are 

therefore defined by lineage negative (Lin-: CD3ε, CD4, CD5, CD8α, CD11b, 

CD11c, CD19, CD45R/B220, FcεR1α, Ly6G, NK1.1, TCRβ, TCRγδ and Ter119).  

They are positive for Sca-1, CD117 (c-kit), CD44, CD90 and the IL-33R 

(T1/ST2)139,140. NH cells produce mainly Th2-associated cytokines in response to 
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a variety of stimuli, including IL-33. Direct evidence with co-culture experiments 

demonstrates that NH cells support B-1 B cell proliferation, similar to IL-5 

alone140.  

Inhibitor of differentiation 3 (Id3), a helix-loop-helix (HLH) protein, is a 

widely expressed dominant negative regulator of gene transcription that acts 

through interaction with DNA binding bHLH proteins, such as E-proteins173. 

These HLH proteins are part of a complex gene-regulatory network of lineage 

specific transcription factors that orchestrate lymphocyte development and 

activation148-157. Studies suggest that Id3 is also important in human and murine 

atherosclerosis. In humans, the ID3 gene contains a single nucleotide 

polymorphism (SNP) at rs11574. This non-synonymous SNP results in an amino 

acid substitution in the carboxy-terminus of the ID3 protein which attenuates ID3 

antagonism of the E-protein, E12170. Notably, this SNP is associated with 

increased carotid intimal media thickness in humans, suggesting that loss of Id3 

function may promote vascular disease. In murine models, global deletion of Id3 

results in increased atherosclerosis in both Ldlr-/- and Apoe-/- mice25,167,170. 

Moreover, Id3 was necessary for B cell-mediated attenuation of atherosclerosis 

in B cell-deficient/Apoe-/- mice25,167. Id3 has also been reported to modulate B cell 

homing and vessel wall adhesion molecule expression25,167, yet Id3 may also 

regulate factors involved in innate immunity as loss of Id3 in Apoe-/- mice resulted 

in very early onset of diet-induced atherosclerosis25. These results raise the 
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interesting hypothesis that Id3 may be an important regulator of B-1a B cells and 

natural immunity.     

The present study demonstrates that Id3 is important for maintenance of 

splenic and peritoneal cavity B-1a B cells and serum levels of E06. However, Id3 

regulation of the B-1a B cell pool is due to the loss of Id3 in a non-B cell 

population as the B-1a B cell number was unchanged in mice with B cell-specific 

loss of Id3. Loss of Id3 significantly reduced NH cell production of the B-1a B cell 

mitogen, IL-5. In addition to the mesentery, NH cells are present and produce IL-

5 in response to IL-33 stimulation in the aortic adventitia/surrounding perivascular 

adipose tissue (PVAT). B-1a B cells were also found in the aortic 

adventitia/surrounding PVAT. These results provide the first evidence that NH 

cells and B-1a cells are present in the aorta and implicate Id3 as a key regulator 

of NH cell IL-5 production and B-1a B cell homeostasis.     
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Results 

Id3 regulates B-1a B cell number in Apoe-/- mice. Previous studies 

demonstrated that B-1a B cells are atheroprotective by producing IgM 

NAbs37,40,107,110-112 . To determine if Id3 regulates B-1a B cell number in Apoe-/- 

mice, B-1a B cells in Id3+/+Apoe-/- and Id3-/-Apoe-/- mice were quantified by flow 

cytometry. The gating strategy has been previously described90,174 and Figure 7 

presents representative flow cytometry plots that identify B-1a B cells 

(CD19+B220loCD5+CD43+IgMhi) and B-2 B cells (CD19+B220hi) in both the spleen 

and peritoneal cavity (PerC). Results reveal significantly fewer B-1a B cells in 

both the spleen and PerC in Id3-/-Apoe-/- mice compared to Id3+/+Apoe-/- mice 

(Figure 7). In contrast, and consistent with previous reports25,154, the absolute 

number of B-2 B cells in the spleen and PerC of Id3-/-Apoe-/- mice was equivalent 

compared to Id3+/+Apoe-/- mice (Figure 7).  

 Id3 has been reported to be necessary for protection from atherosclerosis 

in Apoe-/- mice25,170. To investigate if the global loss of Id3 resulted in alterations 

of other immune cell populations important in atherosclerosis, flow cytometry was 

performed for splenic CD4+ T cells, CD4+Foxp3+ regulatory T cells (Tregs), 

CD8+ T cells, and peritoneal CD4+ T cells, CD8+ T cells, and F4/80+ 

macrophages in Id3-/-Apoe-/- and Id3+/+Apoe-/- mice. No differences were 

observed in the proportions of these populations (data not shown). Cholesterol 

levels also effect atherogenesis4 and there was no difference in the serum lipid  
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Figure 7. Id3-/-Apoe-/- mice have fewer B-1a B cells in the spleen and PerC 

compared to Id3+/+Apoe-/- mice. Representative flow cytometry plots (top) and 

quantification (bottom) of B-2 B cells (CD19+B220hi) and B-1a 

(CD19+B220loCD5+CD43+IgMhi) in the spleen and peritoneal cavity lavage (PerC) 

of Id3+/+Apoe-/- (n=13) or Id3-/-Apoe-/- (n = 12) mice at 8 weeks of age as 

measured by flow cytometry. ** p < 0.01, *** p < 0.001.  
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profiles of Id3-/-Apoe-/- mice compared to control mice (Table 2) consistent with 

previous observations25.  

Consistent with the decreased number of B-1a B cells in Id3-/-Apoe-/- mice, 

we detected less E06 antibody in the serum of 8-week-old Id3-/-Apoe-/- mice 

compared to control mice (Figure 8A). To determine if the lower amount of serum 

E06 antibody is due to reduced production of E06 on a per-cell basis, B-1a B 

cells were isolated from the PerC by FACS and analyzed for the amount of 

mRNA encoding the secreted form of E06 IgM.  The gating strategy for FACS 

purification of B-1a and B-2 B cells is depicted in Figure 8B.  There was no 

difference in E06 mRNA in B-1a B cells from Id3-/-Apoe-/- compared to Id3+/+Apoe-

/- mice (Figure 8C), providing evidence that the lower amount of serum E06 

antibody is not due to reduced production of E06, but more likely due to fewer B-

1a B cells in Id3-/-Apoe-/- mice. To determine if the loss of Id3 altered proliferation 

of B-1a B cells, BrdU or CFSE was administered i.p. to Id3+/+Apoe-/- and Id3-/-

Apoe-/- mice.  PerC cells were harvested for BrdU incorporation twenty-four hours 

later or for CFSE dilution seven days later in B-1a and B-2 B cells by flow 

cytometry (Figure 9A). A decrease in the proportion of B-1a B cells that 

incorporated BrdU as well as CFSE dilution was detected in Id3-/-Apoe-/- 

compared to Id3+/+Apoe-/- mice. Consistent with no difference in B-2 B cell 

number associated with the loss of Id3, there was no difference in the proportion 

of B-2 B cells that incorporated BrdU or diluted CFSE. In addition, there was no  
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Table 2. Average serum lipid profiles of Id3+/+Apoe-/- and Id3-/-Apoe-/- mice at 

eight to ten weeks of age. 

  Id3+/+Apoe-/- Id3-/-Apoe-/- 

n 8 8 

Cholesterol (mg/dL) 314.2 ± 23.9 376.0 ± 34.5 

HDL-C (mg/dL) 35.63 ± 3.6 36.75 ± 1.4 

Non HDL-C (mg/dL) 252.6 ± 13.9 303.4 ± 33.6 

Triglycerides (mg/dL) 184.3 ± 31.7 215.1 ± 20.7 

Values are mean ± SEM. No comparisons are statistically significant. 
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Figure 8. Id3 is necessary for normal serum levels of E06. (A) E06 levels in the 

serum of Id3+/+Apoe-/- or Id3-/-Apoe-/- mice as measured by ELISA. (B) Gating 

strategy to sort B cells (dapi-, singlets, lymphs, CD3ε-, B-2: CD19+B220hi, B-1a: 

CD19+B220lo, CD5+) and post-sort purity of B-1a cells. (C) E06 sIgM normalized 

to total sIgM transcript levels in peritoneal B cell subsets, B-2 (CD19+B220hi) and 

B-1a (CD19+B220lo CD5+) B cells as measured by real-time PCR from three 

independent cell sorts. ** p < 0.01. Abbr.: lymphocytes (lymphs). 
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Figure 9. Reduced proliferation of B-1a B cells in Id3-/-Apoe-/- mice. (A) BrdU 

incorporation (top) and CFSE dilution (bottom) or (B) Annexin V+ in PerC B cell 

subsets of Id3+/+Apoe-/- (n = 6) or Id3-/-Apoe-/- (n = 7) mice in vivo. * p < 0.05, *** p 

< 0.001.  
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difference in the proportion of peritoneal B-1a or B-2 B cells that were positive for 

Annexin V, a marker of apoptosis (Figure 9B). These results suggest that the 

reduced number of B-1a B cells in Id3-/-Apoe-/- mice is due to reduced B-1a B cell 

proliferation.   

To determine if the reduced number of B-1a B cells in Id3-/-Apoe-/- mice 

was due to the loss of Id3 in B cells, Id3 was specifically deleted in B cells on the 

Apoe-/- background. These mice were generated by first crossing a floxed Id3 

allele onto the Apoe-/- background to produce Id3fl/flApoe-/- mice. These mice 

were then crossed with Apoe-/-CD19cre/+ mice to produce Id3fl/flApoe-/-CD19cre/+ 

and Id3fl/flApoe-/-CD19+/+ control mice. Western blotting of lysates from splenic B 

cells demonstrated the loss of Id3 protein in B cells from Id3fl/flApoe-/-CD19cre/+ 

mice compared to controls (Figure 10A).  Furthermore, Id3 mRNA was not 

detectable by real-time PCR in sorted B-1a B cells from Id3fl/flApoe-/-CD19cre/+ 

mice (Figure 10A). Consistent with results in the Id3-/-Apoe-/- mice, Id3fl/flApoe-/-

CD19cre/+ mice contained an equivalent number of B-2 B cells compared to 

control mice (Figure 10B). However, in contrast Id3-/-Apoe-/- mice, despite the 

loss of Id3, the number of PerC B-1a B cells detected in Id3fl/flApoe-/-CD19cre/+ 

mice was equivalent to that detected in control mice. Furthermore, the amount of 

EO6 antibody detected in the serum was also the same (Figure 10C).  These 

results suggest that Id3 regulates B-1a B cell number through effects in a cell 

type other than B cells. 
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Figure 10. Generation of a B cell specific knockout of Id3 reveals that the loss of 

Id3 in B cells does not result in an altered number of B-1a B cells or E06 levels. 

(A) Left, Id3 and β-tubulin protein in total splenic B cells from Id3fl/flApoe-/-

CD19+/+, Id3fl/+Apoe-/-CD19cre/+, Id3fl/flApoe-/-CD19cre/+ and Id3fl/fl, Apoe-/-, CD19cre/+ 

mice. Results are representative of five individual mice tested. Right, peritoneal 

lavage cells were sorted from Id3fl/flApoe-/-CD19+/+ (open bar) or Id3fl/flApoe-/-

CD19cre/+ (closed bar) mice for B-1a (CD19+B220lo CD5+) cells as in Figure 5 and 

Id3 mRNA was measured by real-time PCR and normalized to cyclophilin b 

(CypB). (B) Quantification of peritoneal B-2 and B-1a B cell subsets by flow 

cytometry in Id3fl/flApoe-/-CD19+/+ (n = 10) or Id3fl/flApoe-/-CD19cre/+ (n = 11) mice 

at eight weeks of age. (C) Serum levels of E06 in Id3fl/flApoe-/-CD19+/+ (open 

circles) or Id3fl/flApoe-/-CD19cre/+ (closed circles) mice were determined by ELISA. 

Values are the mean RLU of duplicate determinations. Abbr.: relative light unit 

(RLU). 
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Loss of Id3 markedly attenuates IL-33-induced IL-5 production.  IL-5 is an IL-

33-induced Th2 cytokine that is critically important for homeostatic proliferation 

and survival of B-1a B cells. To determine if Id3 is necessary for IL-33 induced 

production of IL-5, Id3+/+Apoe-/- and Id3-/-Apoe-/- mice were treated with PBS 

vehicle control or IL-33 and the concentration of IL-5 in the serum and peritoneal 

fluid was measured by an ELISA. As presented in Figure 11A, IL-33-induced 

abundant IL-5 in the serum and peritoneal fluid and this effect was abolished in 

Id3 deficient mice. IL-5 was undetectable in the serum and peritoneal fluid of 

PBS-treated Apoe-/- mice, consistent with previous reports140 (Figure 11A). Since 

Id3-/-Apoe-/- mice had a markedly attenuated IL-33-induced IL-5 response and 

reduced homeostatic proliferation of B-1a B cells, we sought to determine if 

delivery of exogenous IL-5 could increase the proliferation of PerC B-1a B cells in 

Id3-/-Apoe-/- mice. Id3-/-Apoe-/- mice were injected with IL-5 intraperitoneally every 

day for five days, and on the last day BrdU was co-injected. Consistent with 

earlier findings (Figure 9A), there was a smaller percentage of BrdU+ B-1a B 

cells in PBS control injected Id3-/-Apoe-/- mice compared to Id3+/+Apoe-/- mice. 

Moreover, exogenous IL-5 increased the proportion of BrdU+ B-1a B cells in Id3-/-

Apoe-/- mice compared to PBS control (Figure 11B).  

 

Id3 regulates NH cell production of IL-5. Previous studies have identified NH 

cells as the predominant source of IL-33-induced IL-5 production in vivo and co-

culture experiments demonstrated that NH cells can directly support B-1 B cell  
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Figure 11. Id3 is necessary for IL-33 induced IL-5 protein in the serum and 

peritoneal fluid. (A) IL-33 or PBS vehicle control was administered every two 

days to Id3+/+Apoe-/- (PBS group, n = 7; IL-33, n = 5) or Id3-/-Apoe-/- (PBS group, 

n = 7; IL-33, n = 6) mice three times in four independent experiments. On day 7, 

levels of IL-5 in the serum and peritoneal fluid were determined by ELISA. Values 

were considered not detectable (n.d.) if below the sensitivity of the assay (≤ 1.56 

pg/mL). (B) Id3+/+Apoe-/- or Id3-/-Apoe-/- mice were administered PBS vehicle 

control and/or IL-5 for 5 days, including BrdU on day 5. * p < 0.05, ** p < 0.001, 

**** p < 0.0001. 

  



68 
 

 

  

  

 



69 
 

proliferation125,140. To determine if Id3-/-Apoe-/- mice had lower IL-33-induced IL-5 

serum and peritoneal fluid levels due to fewer NH cells, flow cytometry was 

carried out to quantify NH cells in the mesentery.  NH cells were identified as 

CD45+, lineage negative (Lin-: CD3ε, CD4, CD5, CD8α, CD11b, CD11c, CD19, 

CD45R/B220, FcεR1α, Ly6G, NK1.1, TCRβ, TCRγδ and Ter119) Sca1+ CD117+ 

T1/ST2+ CD90+ and CD44+ cells140 (Figure 12A). In contrast to mice that are null 

for Id2 and lack NH cells140, Id3-/-Apoe-/- mice contain a similar number of NH 

cells compared to Id3+/+Apoe-/- mice (2,566 ± 731.3 vs. 2,486 ± 515.1 

respectively, n = 9) in the mesentery. We were able to detect Id3 mRNA in FACS 

purified NH cells by real-time PCR (not shown). The lower IL-33-induced IL-5 

serum levels were not due to Id3 regulation of the IL-33 receptor, T1/ST2, on NH 

cells as Id3-/-Apoe-/- mice had similar expression of NH cell T1/ST2 compared to 

control mice (Figure 12A). There was also no difference in the concentration of 

IL-33 in the peritoneal fluid of Id3-/-Apoe-/- mice compared to control mice (21.78 ± 

10.01 pg/mL vs. 29.11 ± 8.18 pg/mL respectively, n = 6) and serum levels were 

below the sensitivity of the assay (≤ 2.39 pg/mL). To determine if Id3 regulates 

production of IL-5 by a specific Th2 cytokine-producing cell, flow cytometry with 

intracellular cytokine staining for IL-5 was performed on isolated cells cultured 

with IL-33. Consistent with previous reports140, the percentage of NH cells that 

produced IL-5 is markedly higher than other Th2 cytokine producing cells such as 

polarized CD4+ T cells and bone-marrow derived mast cells (BMMC) (Figure 

12B).  Intracellular cytokine staining of IL-5 in IL-33 treated basophils or 

eosinophils was not detected (data not shown).   
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Figure 12. Id3 regulates IL-5 production in natural helper cells. (A) 

Representative flow cytometry for the gating strategy of FALC NH cells. Live, 

CD45+, lin- cells were gated for Sca1+ CD117+ cells. CD44, CD90 and T1/ST2 

expression on Sca1+ CD117+ cells from Id3+/+Apoe-/- mice (open histograms) or 

T1/ST2 from Id3-/-Apoe-/- mice (green shaded histogram). Fluorescence-minus-

one (FMO) control, grey shaded histograms. (B) (Top) Representative flow 

cytometry of NH cells, CD4+ T cells, and mast cells (MC) from Id3+/+Apoe-/- or Id3-

/-Apoe-/- mice stained for intracellular IFNγ and IL-5 after IL-33 stimulation and 

(bottom) quantification of IL-5+IFNγ- of each cell type. Results are expressed as 

individual mice from two independent experiments performed in duplicate. (C) 

Luciferase activity (top) and protein expression of Id3 and β-tubulin (bottom) in 

lymphoid cells (see methods) co-transfected with IL-5 promoter-reporter and 

either empty vector (control) or Id3. Data are from three independent 

experiments performed in duplicate. * p < 0.05. 
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Interestingly,  a 50% reduction was detected in the percentage of  NH cells that 

produce IL-5 in response to IL-33  in Id3-/-Apoe-/- mice compared to NH cells 

isolated from control Id3+/+Apoe-/- mice (Figure 12B). Consistent with previous 

data140, NH cells do not produce detectable IFNγ. Loss of Id3 did not alter IL-5 

production in CD4+ T cells or BMMCs, other cell types known to produce IL-5. Id3 

is known to both activate and repress gene expression through the regulation of 

promoter elements termed E-boxes157. The IL-5 promoter contains several E-box 

elements. To determine if Id3 regulates the IL-5 promoter, an IL-5 luciferase 

promoter-reporter, pLS-IL5, was co-transfected with control empty vector (pEF4) 

or Id3 (pEF4-Id3) in a lymphoid cell line. As presented in Figure 12C, transfected 

Id3 significantly increased IL-5 promoter activity above that induced by a control 

empty vector. Western blots confirm Id3 protein over-expression. Together, 

results demonstrate that Id3 regulates IL-5 expression in lymphoid cells and in 

particular, NH cells. 

 

IL-5 producing-natural helper cells and B-1a B cells are present in the 

perivascular aortic adipose tissue.  NH cells reside in fat associated lymphoid 

clusters (FALC) in the mesenteric adipose depot. The PVAT also contains 

immune cells, is intimately associated with the adventitial layer of the vessel wall 

and has been implicated in regulating atherogenesis22,175.  B cells are known to 

reside in the adventitial layer of vessels and presence of B cells in the adventitia 

has been associated with both atherogenesis176 and atheroprotection25.  
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However, whether NH cells and B-1a B cells are present in peri-aortic adipose 

tissue and adventitia has not been reported. To determine if NH cells reside in 

peri-aortic adipose tissue, flow cytometry for NH cells was performed on cells 

isolated from whole aortas including the adjacent adventitia and PVAT from 

chow-fed, 8-10 week old Apoe-/- mice. Indeed, a population of NH cells, identified 

as CD45+ Lin- Sca1+ CD117+ cells, was present in whole aortas of Apoe-/- mice 

(Figure 13A). Similar to the mesentery, the number of aortic NH cells was not 

different with the loss of Id3 (556.3 ± 46.79, n = 9 Id3+/+Apoe-/- vs. 607.8 ± 149.4, 

n = 5 Id3-/-Apoe-/-). Aortic NH cells displayed surface expression of CD44, CD90 

and the IL-33 receptor (T1/ST2) comparable to mesenteric NH cells. Similar to 

NH cells in the lung, intestines, and mesentery, these NH cells did not express C-

C chemokine receptor 6 (CCR6)139. To determine if aortic NH cells produce IL-5 

in response to IL-33 stimulation in vivo, Apoe-/- mice were treated with PBS 

vehicle control or IL-33 every two days and euthanized on day seven. Flow 

cytometry analysis of the entire aorta revealed IL-33-induced IL-5 expression in 

aortic NH cells (Figure 13B). NH cells have been demonstrated to directly 

support B-1 B cell proliferation140. To determine if B-1a B cells also reside in and 

around the aorta of mice prior to atheroma development, flow cytometry was 

performed on aortas including the peri-aortic adventitia and PVAT for B cell 

subsets. B-1a cells were present in the whole aorta (Figure 13C). To determine if 

IL-33 can induce B-1a B cell proliferation in the aorta, Apoe-/- mice were treated 

with PBS vehicle control or IL-33 every two days with BrdU co-injected for the 

final treatment and euthanized  
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Figure 13. Natural helper cells are present in the aorta including peri-aortic 

adventitia and PVAT and produce IL-5. Whole aortas containing the adventitia 

and PVAT were isolated from Apoe-/- mice. (A) Representative flow cytometry 

plots of NH cells (CD45+, lineage negative, CD117+, Sca-1+). (B) (Left), IFNγ and 

IL-5 intracellular staining in aortic NH cells and (right), quantitation of the 

percentage of NH cells expressing IL-5 (n = 6 in each group) after vehicle or IL-

33 treatment. Representative flow cytometry plots of (C) B cell subsets, B-2 

(CD19+B220hi) and B-1a (CD19+B220loCD5+CD43+IgMhi) and (D) BrdU 

incorporation in aortic B-1a B cells after vehicle or IL-33 treatment. Results are 

representative of two independent experiments. Numbers on flow cytometry plots 

indicate the percentage of the population of interest. * p < 0.05. Abbr.: side 

scatter linear (SSlin).  
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on day seven. Flow cytometry analysis of the entire aorta revealed IL-33-induced 

BrdU incorporation in aortic B-1a B cells (Figure 13D). This is the first 

demonstration that NH cells and B-1a B cells in the aortic adventitia/PVAT and 

provide evidence that IL-33 can induce aortic NH cells to increase local IL-5 

production and B-1a B cell proliferation.  

  



77 
 

Discussion 

The present study provides evidence that Id3 is a key mediator of natural 

immunity and  the IL-33/IL-5 pathway using a genetic model of early and 

accelerated atherosclerosis, the Apoe-/- mouse null for Id325,170. First, we 

identified reduced number and proliferation of B-1a B cells and lower serum 

levels of an IgM NAb, E06, in Id3-/-Apoe-/- mice. However, when Id3 is deleted 

only in B cells, there is no effect on B-1a B cell number or E06 serum levels, 

suggesting that Id3 regulates the number of B-1a B cells by a mechanism that 

involves a non-B cell. Second, we demonstrated that IL-33 induced IL-5 levels 

are attenuated in Id3-/-Apoe-/- mice, and administration of IL-5 can rescue the B-

1a proliferation defect in Id3-/-Apoe-/- mice. Third, we demonstrated reduced 

production of IL-5 in IL-33 treated NH cells isolated from Id3-/-Apoe-/- mice. We 

also demonstrate by flow cytometry that the aorta, including the adventitia and 

PVAT, contains B-1a B cells and NH cells. Aortic NH cells can be stimulated to 

produce the IL-5 that may maintain B-1a B cell proliferation. Thus, our data 

identifies Id3 as a key regulator of NH cell production of the atheroprotective 

cytokine IL-5 that promotes B-1a B cell proliferation (Figure 14), linking this event 

to natural immune protection from atherosclerosis.  

Natural IgM antibodies, such as E06, and the B-1a B cells that produce 

these antibodies have been reported to attenuate diet-induced 

atherosclerosis14,33,34,37,40,107-112. Kyaw et.al. demonstrated a significant reduction  
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Figure 14. Id3 is a key regulator of NH cell IL-5 production and B-1a B cell 

proliferation, and NH cells may be important in innate protection from 

atherosclerosis. IL-33 stimulates FALC resident NH cells to produce IL-5, which 

is dependent on Id3. IL-5 stimulates B-1a B cell proliferation and IgM NAb 

production, an atheroprotective process. IL-5 and IgM NAb can enter the 

bloodstream. Aorta/PVAT resident NH cells can be stimulated by IL-33 to 

produce IL-5. This local process may stimulate resident atheroprotective B-1a 

cells. 
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in the number of peritoneal cavity B-1a B cells and levels of serum IgM 

antibodies that bind modified lipids after splenectomy, which was associated with 

enhanced atherosclerosis in Apoe-/- mice. Moreover, adoptive transfer of B-1a B 

cells were reported to rescue splenectomy-induced atherosclerosis, an effect 

dependent on the ability for B-1a B cells to secrete IgM107. Here we provide 

evidence that Id3 may be a key factor for maintaining the normal number of B-1a 

B cells and levels of E06 in the serum, suggesting that Id3 may be important in 

B-1a B cell mediated atheroprotection. However, B cell-specific deletion of Id3 

did not result in a reduced number of B-1a B cells or level of E06 in the serum 

compared to control mice, suggesting that it is the loss of Id3 in a non-B cell that 

results in altered B-1a B cell homeostasis in Id3-/-Apoe-/- mice.   

Results herein demonstrate that Id3 regulates IL-33-induced amounts of 

IL-5 in the serum and peritoneal fluid. Consistent with the known ability of IL-5 to 

promote homeostatic proliferation of B-1a B cells125, administration of exogenous 

IL-5 rescued B-1a B cell proliferation in Id3-deficient mice. Similar to Id325,170, 

both IL-33 and IL-5 attenuate atherosclerosis40,123,126. Treatment with IL-33 

increased serum concentration of IL-5 and oxidation-specific IgM antibodies, and 

reduced plaque size in Apoe-/- mice123,126. In addition, Ldlr-/- mice reconstituted 

with Il5-/- bone marrow had decreased amounts of plasma E06 antibody and 

increased atherosclerosis compared to controls40. In the present study, we 

provide evidence that Id3 regulates amounts of IL-5, thereby mediating this 

important IL-33/IL-5 atheroprotective pathway. 
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Id3 regulates the production of IL-5 by the recently identified innate 

lymphoid cell, the NH cell140. Importantly, Id3 is not required for the development 

of NH cells, unlike Id2140. NH cells produce large amounts of IL-5 in response to 

IL-33 relative to Th2 cells, basophils, invariant natural killer T (iNKT) cells, mast 

cells and CD43+ cells140,177,178. Results of the present study support these 

findings in that IL-33 stimulated 50% of NH cells to produce IL5, while less than 

2% of Th2 or mast cells produced IL-5. In this study, we did not detect any 

basophils and eosinophils producing IL-5 in response to IL-33. Moreover, of 

these cell types, only NH cells displayed reduced percentage of IL-33-stimulated 

IL-5 producing cells in Apoe-/- mice with deletion of Id3. Of note, differences in the 

intracellular staining for IL-5 in NH cells harvested from Id3-/-Apoe-/- mice 

compared to control mice were less marked than differences in the serum and 

peritoneal fluid, raising the interesting possibility that there may be an additional, 

yet unidentified, cell type producing IL-5 in an Id3-dependent manner. While NH 

cell specific deletion of Id3 would help address this question, this is not feasible 

as there is no lineage specific marker for NH cells. Moreover, it is more likely that 

measuring intracellular levels of this secreted protein underrepresents the effects 

of Id3 on total production of IL-5, including that which has already been secreted. 

Nevertheless, results clearly demonstrate that Id3 regulates NH cell production of 

IL-5 in response to IL-33.   

While lymphocytes have long been identified in human and murine aortic 

adventitia29,31, recent studies provide evidence that adventitial lymphocyte 
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activation, including B cells, may be important in regulating 

atherosclerosis25,167,176,179-181. Data from this study suggests that 

adventitial/PVAT B-1a B cells and NH cells present prior to Western diet initiation 

may be part of the local IL-33/IL-5 pathway poised to protect from atherogenesis. 

Aortic NH cells express markers identical to FALC NH cells including the IL-33 

receptor. IL-33 is produced by cells in the aortic adventitia123, which may provide 

a local stimulus for NH cell production of IL-5. Exogenous IL-33 induced IL-5 

production by NH cells and proliferation of aortic B-1a B cells in vivo, suggesting 

that NH cell-derived IL-5 may function to support proliferation of the resident B-1a 

B cells.  These B-1a B cells could produce E06 or other natural IgM antibodies in 

the adventitia/PVAT182. While further study is needed to more fully understand 

the role of innate-like lymphocytes in the aortic adventitia and surrounding PVAT, 

results herein demonstrate the existence of functional aortic NH cells.  

The present study is the first to demonstrate Id3 regulation of the IL-33/IL-

5 pathway and natural immunity.  As we have clearly demonstrated that loss of 

Id3 leads to early atherosclerosis in mice25,167,170, this may be an important 

mechanism whereby Id3 promotes innate protection from atherosclerosis. Prior 

studies demonstrated that loss of Id3 led to decreased B cell homing to the 

aorta25,167 and increased intimal adhesion molecule expression167 in atheroprone 

mouse models. In addition, it is interesting to speculate that Id3 may also provide 

atheroprotection by regulating Tregs. Tregs are thought to be atheroprotective6 

and Id3 has been implicated in the promotion of Treg development in 
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neonates152, although consistent with previous data152, we did not observe a 

difference in the frequency of Tregs with the loss of Id3. There may be other, as 

yet unidentified, mechanisms whereby Id3 may regulate atheroprotection. The 

fact that a single SNP in a single gene (ID3) is associated with carotid intimal 

medial thickness in humans would support a role for Id3 in regulating pathways in 

many cell types involved in atherosclerosis.  Although the SNP does not result in 

reduced expression of Id3 protein, as seen with a knockout mouse, it does 

results in decreased Id3 binding to its basic helix-loop-helix partner, E12, which 

markedly attenuates Id3 function170. Therefore, identification of specific Id3-

mediated atheroprotective pathways, such as the IL-33/IL-5 axis, in mice has the 

potential to lead to interesting hypotheses that can be tested in humans, such as 

whether humans with polymorphism at rs11574 have alterations in natural 

immunity that could be linked to premature atherosclerosis. Such findings may 

identify individuals amenable to novel prevention or treatment approaches. 
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Chapter 4 

 

B cell specific loss of Id3 enhances number of B-1b B cells and 

attenuates atherosclerosis   
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Abstract 

Objective: We have previously demonstrated that B cell-mediated attenuation of 

atherosclerosis in B cell-deficient mice was dependent on Id3. However, these 

studies were performed with a global Id3 knockout and an immune-impaired 

murine model of atherosclerosis. Here we sought to determine if the loss of Id3 

specifically in B cells in an immune competent murine model effects 

atherosclerosis and identify mechanisms mediating these effects.     

Approach & Results: Western diet induced atherosclerosis was significantly 

decreased in mice lacking Id3 in B cells compared to littermate control mice. On 

Western diet, B cell specific Id3 knockout mice had a greater number of B-1b B 

cells and higher levels of IgM and T15-Id IgM in the serum compared to control 

mice. Atherosclerotic lesions in B cell specific Id3 knockout mice contained fewer 

apoptotic cells and less macrophage content compared to controls. 

Conclusion: These studies are the first to suggest that Id3 regulates B-1b B cells 

and that the loss of Id3 in B cells attenuates atherosclerosis potentially by 

enhancing apoptotic cell clearance and reducing macrophage accumulation.   
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Introduction  

 Atherosclerotic heart disease and stroke have remained the leading cause 

of mortality in the world183. Advances in immune cell research have clearly 

established a crucial role for inflammation in atherosclerotic plaque development 

in the blood vessel wall4. Ample studies have focused on understanding 

monocyte and T cells subsets in disease formation184, and recent data provides 

evidence that B cells may play a subset-dependent role in atherosclerosis2. B-2 

B cells are thought to enhance atherosclerotic disease presumably through the 

cytokines they produce and/or interaction with other leukocytes, and B-1 B cells 

are thought to protect against disease14,185. 

 B-1 B cells are divided into two subtypes, B-1a and B-1b B cells41,43,44, 

and while B-1a B cells have been reported to rescue enhanced atherosclerosis in 

splenectomized mice through cell secretion of IgM NAbs107, the role for B-1b B 

cells in atherosclerosis has not been studied. B-1a B cells may spontaneously 

secrete IgM NAbs prior to exposure of T cell-independent type 2 (TI-2) 

pathogens, providing initial protection from pathogen exposure. After 

immunization, B-1b B cells were able to produce IgM antibody in response to 

antigen and provide long term protection from TI-2 pathogen exposure 72,75,186,187 

together suggesting that B-1a and B-1b B cells may have different roles in 

protection from TI-2 pathogens. An epitope expressed by TI-2 pathogens, PC, is 

a molecular mimic of an oxidation-specific epitope present on oxLDL and 

apoptotic cells in atherosclerosis and is recognized by IgM NAbs. B-1b B cells 
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may also have a role in atherosclerosis, potentially by producing a protective 

antigen-specific IgM antibody response. 

 Inhibitor of DNA binding-3 (Id3) is a dominant negative transcriptional 

regulator in the helix-loop-helix family of transcription factors173 and global Id3 

knockout mice have accelerated atherosclerosis25,167,170. Moreover, Id3 was 

important for B cell-mediated attenuation of atherosclerosis in B cell-deficient 

µMT/Apoe-/- mice25,167 and Id3 can modulate B cell homing and vessel wall 

adhesion molecule expression25,167. Together, studies suggest that a B cell 

specific, Id3 knockout murine model would have increased atherosclerosis. 

Surprisingly, here we demonstrate that the B cell specific loss of Id3 results in 

reduced atherosclerosis compared to littermate control mice. Furthermore, there 

was a greater number of B-1b B cells in the peritoneal cavity, spleen and 

circulation, and higher levels of T15-Id IgM in the serum of B cell specific Id3 

knockout mice. Also, atherosclerotic lesions in B cell specific Id3 knockout mice 

contained decreased macrophage and apoptotic cell content. Together, our data 

suggests that Id3 is important in B-1b B cell biology and that B-1b B cells may be 

atheroprotective by producing T15-Id IgM which reduce macrophage 

accumulation and enhance apoptotic cell clearance in atherosclerotic plaques. 
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Results 

The B cell specific loss of Id3 attenuates Western diet induced 

atherosclerosis. Prior studies demonstrate that the adoptive transfer of 

predominately B-2 B cells from the spleen of Apoe-/- mice to a B cell deficient 

atherosclerosis prone mouse (µMT/Apoe-/-) reduces atherosclerosis compared to 

PBS injected control mice, while donor cells isolated from Id3-/-Apoe-/- mice 

cannot confer protection25, suggesting that the loss of Id3 in B cells would 

aggravate atherosclerosis. To determine if the B cell specific loss of Id3 regulates 

atherosclerosis, Id3fl/flApoe-/-CD19+/+ and littermate control Id3fl/flApoe-/-CD19cre/+ 

mice were placed on a Western diet for 16 weeks and aortic roots were 

harvested for oil-red-O detection of lipids for quantification of atherosclerotic 

lesion area. The inability to detect Id3 protein in the CD19+ splenocyte fraction in 

Id3fl/flApoe-/-CD19cre/+ mice demonstrated B cell specific deletion of Id3 (Figure 

10). Figure 15 displays reduced lesion area in Id3fl/flApoe-/-CD19cre/+ mice 

compared to control Id3fl/flApoe-/-CD19+/+ mice. Cholesterol levels can effect 

atherogenesis4, but there was no difference in serum lipids of Id3fl/flApoe-/-

CD19+/+ compared to control Id3fl/flApoe-/-CD19cre/+ mice prior to initiation of 

Western diet at eight weeks of age (baseline) or after 16 weeks of Western diet 

(Table 3). 
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Figure 15. B cell specific loss of Id3 attenuates atherosclerosis. Eight week old 

Id3fl/flApoe-/-CD19+/+ (+/+) and litter-mate control Id3fl/flApoe-/-CD19cre/+ (cre/+) 

mice were placed on a Western diet. After 16 weeks, aortic root lesion area was 

quantified with oil-red-O. * p < 0.05. 



90 
 

+/+ cre/+ 



91 
 

Table 3. Average serum lipid profiles of Id3fl/flApoe-/-CD19+/+ and litter-mate 

Id3fl/flApoe-/-CD19cre/+ mice at baseline and after 16 weeks of Western diet  

  Id3fl/flApoe-/-CD19+/+ Id3fl/flApoe-/-CD19cre/+ 

n 10 8 

   Baseline 

  Cholesterol 358.2 ± 34.9 370.0 ± 30.5 

HDL-C 43.4 ± 1.0 47.0 ± 2.1 

Non HDL-C 263.8 ± 31.8 285.9 ± 27.0 

Triglycerides 218.4 ± 29.7 223.8 ± 23.1 

   Western Diet 

 Cholesterol 1476.0 ± 65.0 1514.0 ± 100.3 

HDL-C 43.6 ± 3.2 42.6 ± 4.1 

Non HDL-C NC NC 

Triglycerides 358.6 ± 23.3 387.9 ± 29.2 

Values are the average ± SEM in mg/dL. No comparisons between 
Id3fl/flApoe-/-CD19+/+ vs. Id3fl/flApoe-/-CD19cre/+ mice are statistically 
significant. NC: not calculated 
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The B cell specific loss of Id3 results in a greater number of B-1b B cells 

and increased levels of serum IgM. Previous studies reveal that when Id3 is 

specifically lost in B cells in Apoe-/- mice, there are no differences in the number 

of PerC B-2 or B-1a B cells (Figure 10), yet it is unknown if Id3 regulates B-1b B 

cells in these mice. Representative flow cytometry plots for the gating strategy of 

B-1b B cells (CD19+B220loCD5-IgMhi) are shown in Figure 16A. To determine if 

Id3 is expressed in B-1b B cells, Id3 promoter activation was assessed in B-1b B 

cells of GFP reporter (Id3gfp/+) mice and compared to littermate wildtype mice 

(Id3+/+) in the spleen and PerC by flow cytometry. Figure 16B demonstrates Id3 

promoter activation expression indicated by GFP fluorescence in B-1b B cells in 

the PerC, similar GFP fluorescence was observed in splenic B cell subsets (not 

shown). For comparison, GFP fluorescence in B-2 and B-1a B cells is also 

displayed. To determine if Id3 is absent in B-1b B cells in Id3fl/flApoe-/-CD19cre/+ 

mice, B-1b B cells were sorted by FACS with purification results similar to B-1a B 

cells in Figure 8 and Id3 transcript was detected by real-time PCR. Id3 transcript 

was detected in B-1b B cells purified from Id3fl/flApoe-/-CD19+/+ mice, consistent 

with B-1b B cell expression of Id3 in the GFP reporter mouse (Figure 16B), but 

not detectable in sorted B-1b B cells from Id3fl/flApoe-/-CD19cre/+ mice (Figure 

16C). To determine if the B cell specific loss of Id3 regulates the number of B-1b 

B cells, B-1b B cells in Id3fl/flApoe-/-CD19cre/+ and control Id3fl/flApoe-/-CD19+/+ 

mice at eight weeks of age and on chow diet (defined as ‘baseline’ mice) were 

quantified by flow cytometry. The B cell specific loss of Id3 resulted in a marked 

fourfold increase in the number of B-1b B cells in the peritoneal cavity and  



93 
 

Figure 16: B-1b B cells express Id3. (A) Representative gating strategy for B-2 

(CD19+B220hi), B-1a (CD19+B220loCD5+IgMhi) and B-1b (CD19+B220loCD5-IgMhi) 

B cell subsets in the PerC of C57BL/6 mice by flow cytometry. (B) PerC B-2, B-

1a, B-1b B cells (gated as in (A)) from Id3gfp/+ mice (open histogram) compared to 

littermate Id3+/+ mice (solid grey histograms). (C) Peritoneal lavage cells were 

sorted from Id3fl/flApoe-/-CD19+/+ (CD19+/+, closed bar) or Id3fl/flApoe-/-CD19cre/+ 

(CD19cre/+, open bar) mice for B-1b (CD19+B220lo CD5-) cells and Id3 transcript 

was measured by real-time PCR and normalized to a housekeeping gene, 

cyclophilin b (CypB). Abbr.: peritoneal cavity (PerC).   
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Figure 17. B cell specific Id3 knockout mice have a greater number of B-1b B 

cells. Eight to ten week old Id3fl/flApoe-/-CD19+/+ and litter-mate Id3fl/flApoe-/-

CD19cre/+ mice on chow diet (baseline mice).  (A) Quantification of B-1b B cells in 

the PerC, spleen (n = 10 and 13, respectively) and blood (n = 5 and 9, 

respectively).  (B) (Left), representative flow cytometry and (right), quantification 

of CFSE labeled B-1b B cells from Id3fl/flApoe-/-CD19+/+ (+/+, open histogram) and 

litter-mate Id3fl/flApoe-/-CD19cre/+ mice (cre/+, shaded histogram) (n = 5). ** p < 

0.01, *** p < 0.001.  
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circulation and no difference was observed in the number of B-1b B cells in the 

spleen (Figure 17A). Next, we sought to determine if the difference in number of 

peritoneal B-1b B cells was due to enhanced proliferation. Id3fl/flApoe-/-CD19cre/+ 

and control mice were intraperitoneally injected with CFSE, and after seven days 

proliferation by CFSE dilution was determined in peritoneal B-1b B cells by flow 

cytometry. As shown in Figure 17B, Id3fl/flApoe-/-CD19cre/+ mice had an increased 

proportion of proliferating B-1b B cells compared to control mice. B-1 B cells 

have been reported to produce the majority of serum IgM44. Consistent with an 

increase in B-1b B cells in Id3fl/flApoe-/-CD19cre/+ mice; there was also an increase 

in levels of IgM in the serum of Id3fl/flApoe-/-CD19cre/+ mice compared to control 

mice at baseline (Table 4). Serum levels of T15-Id IgM, IgG1, IgG2b, IgG2c, and 

IgG3 were equivalent in Id3fl/flApoe-/-CD19cre/+ mice compared to controls. 

 

The loss of Id3 in B cells does not reduce total CD19+ B cells in the aorta. 

Previous data from our laboratory demonstrated that Id3 is important for B cell 

homing to the aorta and not to peri-aortic LNs through regulating expression of 

the chemokine receptor, CCR625,167. To determine if the loss of Id3 in B cells 

results in reduced CCR6 expression, CCR6 protein on B cell subsets was 

determined in Id3fl/flApoe-/-CD19+/+ and Id3fl/flApoe-/-CD19cre/+ mice in the PerC by 

flow cytometry. Indeed, there was a reduced percentage of CCR6+ on B-2, B-1a, 

and B-1b B cells in B cell specific Id3 knockout mice compared to controls  
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Table 4. Serum immunoglobulins in eight to ten week old Id3fl/flApoe-/-CD19+/+ 

and littermate Id3fl/flApoe-/-CD19cre/+ mice. 

 
Id3fl/flApoe-/-CD19+/+ Id3fl/flApoe-/-CD19cre/+ p-value 

 
     n 8 7 

  
     IgM (µg/mL) 123.7 ± 5.7 150.1 ± 10.1A 0.043 

 T15 IgM (RLU) 53.4 ± 3.7 59.4 ± 9.9 0.587 
 IgG1 (µg/mL) 295.4 ± 101.3 197.4 ± 64.1 0.466 
 IgG2b (µg/mL) 328.2 ± 32.1 277.5 ± 35.7 0.308 
 IgG2c (µg/mL) 103.1 ± 20.9 90.86 ± 17.3 0.664 
 IgG3 (µg/mL) 1091.0 ± 110.0 792.8 ± 188.8 0.182 
         
 Values are average ± SEM. Ap < 0.05 Id3fl/flApoe-/-CD19+/+ vs. Id3fl/flApoe-/-

CD19cre/+  
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Figure 18. Id3 regulates CCR6 expression on B cell subsets. (A) Top, CCR6 

expression on B cells from eight to ten week old Id3fl/flApoe-/-CD19+/+ (open 

histograms, n = 6) and litter-mate Id3fl/flApoe-/-CD19cre/+ (shaded histograms, n = 

9) mice compared to FMO control (solid black) in the PerC and (bottom) 

quantification by flow cytometry. (B)  Quantification of CD19+ B cells in the (left) 

aorta and (right) peri-aortic lymph nodes (LN). **** p < 0.0001. 
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(Figure 18A). Next, to determine if there were fewer B cells in the aortas of B cell 

specific Id3 knockout mice, whole aortas and peri-aortic LNs from Id3fl/flApoe-/-

CD19+/+ and littermate Id3fl/flApoe-/-CD19cre/+ mice at baseline were digested and 

B cells were quantified by flow cytometry. There was not a reduced number of 

CD19+ B cells in aortas of Id3fl/flApoe-/-CD19cre/+ compared to Id3fl/flApoe-/-CD19+/+ 

mice (Figure 18B). However, there appeared to be an increase in the number of 

total peri-aortic LN CD19+ B cells. To determine if there was an increase B-1b B 

cells in peri-aortic LN similar to the peritoneal cavity and circulation (Figure 17B), 

B-1b B cells were quantified in the peri-aortic LNs as defined in Figure 16. 

Indeed, a greater number of B-1b B cells was observed in the mediastinal, renal, 

and lumbar LNs of Id3fl/flApoe-/-CD19cre/+ compared to littermate control mice 

(Figure 19).  

 

The B cell specific loss of Id3 results in a systemic increase in B-1b B cell 

number and serum IgM antibodies compared to controls after Western diet. 

There are increased B-1b B cells and serum levels of IgM in B cell specific Id3 

knockout mice at baseline, and we sought to determine if these observations are 

present after Western diet. As shown in Figure 20, Id3fl/flApoe-/-CD19cre/+ mice 

contained significantly more B-1b B cells in the spleen and circulation compared 

to control Id3fl/flApoe-/-CD19+/+ mice as assessed by flow cytometry. Similar to the 

findings at baseline (Figure 17A) there was a greater number of B-1b B cells in  
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Figure 19. Peri-aortic lymph nodes have a greater number of B-1b B cells. 

Quantification of B-1b B cells in peri-aortic lymph nodes (LN) of eight to ten week 

old Id3fl/flApoe-/-CD19+/+ and litter-mate Id3fl/flApoe-/-CD19cre/+ mice at baseline. 
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p = 0.0028 p = 0.0028 p = 0.0727 
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Figure 20. B cell specific Id3 knockout mice have a greater number of B-1b B 

cells systemically after Western diet. Eight week old Id3fl/flApoe-/-CD19+/+ (n = 11) 

and litter-mate control Id3fl/flApoe-/-CD19cre/+ (n = 13) mice were placed on a 

Western diet. After 16 weeks, the spleen and blood were harvested for flow 

cytometry for B cell subsets. * p < 0.05, ** p < 0.01. 
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the PerC of Id3fl/flApoe-/-CD19cre/+ mice compared to controls (not shown). 

Consistent with findings in eight week old mice (Figure 10), there was no 

difference in the number of B-1a B cells in Id3fl/flApoe-/-CD19cre/+ mice compared 

to control mice in the PerC (not shown). There was also no difference in the 

number of B-2 and B-1a B cells in the spleen or circulation. To determine if the 

higher levels of serum IgM with the B cell specific loss of Id3 persisted after 

Western diet, serum antibodies were measured by ELISA. Indeed, Id3fl/flApoe-/-

CD19cre/+ mice had increased levels of IgM in the serum compared to control 

Id3fl/flApoe-/-CD19+/+ mice (Table 5). There was also significantly more T15-Id IgM 

in the serum of Id3fl/flApoe-/-CD19cre/+ mice compared to controls. Levels of IgG1, 

IgG2b, IgG2c, and IgG3 were equivalent after 16 weeks of Western diet, similar 

to baseline (Table 4). 

 

Decreased apoptotic cells and macrophage content in atherosclerotic 

lesions of B cell specific Id3 knockout mice. T15-Id IgM can facilitate 

apoptotic cell clearance and inhibit oxLDL uptake by macrophages, which may 

prevent the pro-inflammatory effects of defective apoptotic cell clearance and 

foam cell formation, thereby attenuating atherosclerosis16,188. To evaluate 

apoptotic cell and macrophage content in atherosclerotic lesions of mice with the 

B cell deletion of Id3, TUNEL+ cells and Mac2 were quantified in aortic roots of 

Id3fl/flApoe-/-CD19+/+ and Id3fl/flApoe-/-CD19cre/+ mice by immunohistochemistry. 

There were significantly fewer TUNEL+ cells when normalized to plaque area in 
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atherosclerotic lesions of Id3fl/flApoe-/-CD19cre/+ mice compared to control mice 

(Figure 21A). Negative control (-tdt) sections did not observe any brown staining 

(not shown). Mac2 area normalized to plaque area was also decreased in 

atherosclerotic lesions of Id3fl/flApoe-/-CD19cre/+ mice compared to controls (Figure 

21B). Isotype control for Mac2 did not reveal any immunofluorescence signal (not 

shown). 
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Table 5. Serum immunoglobulins in Id3fl/flApoe-/-CD19+/+ mice and Id3fl/flApoe-/-

CD19cre/+ control mice after Western diet. 

  
Id3fl/flApoe-/-CD19+/+ Id3fl/flApoe-/-CD19cre/+ p-value 

     n 
 

9 8 
 

     IgM (µg/mL) 
 

102.7 ± 8.4 180.8 ± 24.0A 0.014 

T15 IgM (RLU) 
 

61.5 ± 7.9 111.4 ± 18.0A 0.025 

IgG1 (µg/mL) 
 

198.2 ± 66.0 164.0 ± 45.0 0.675 

IgG2b (µg/mL) 
 

384.3 ± 15.4 360.7 ± 13.9 0.278 

IgG2c (µg/mL) 
 

213.0 ± 7.6 215.6 ± 1.0 0.833 

IgG3 (µg/mL) 
 

1511.0 ± 279.6 1954.0 ± 306.4 0.301 

Values are average ± SEM.  
Ap < 0.05 Id3fl/flApoe-/-CD19+/+ vs. Id3fl/flApoe-/-CD19cre/+  
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 Figure 21. B cell specific loss of Id3 reduces lesional apoptotic cell and 

macrophage content. Eight week old Id3fl/flApoe-/-CD19+/+ (+/+) and litter-mate 

control Id3fl/flApoe-/-CD19cre/+ (cre/+) mice were placed on a Western diet for 16 

weeks. Aortic root lesion (A) TUNEL+ cells (brown nuclei) (n = 9 or 11) 

counterstained with methyl green and (B) mac2 (green) and dapi (blue) (n = 5) 

were determined by immunohistochemistry. Abbr.: A: adventitia, P: plaque, L: 

lumen. * p < 0.05. 
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Discussion 

This study provides evidence that Id3 regulates the B-1b B cell pool and 

that deletion of Id3 in B cells decreases atherosclerosis. Western diet induced 

atherosclerosis is attenuated in B cell specific Id3 knockout mice and is 

associated with decreased apoptotic cells and reduced macrophage content in 

atherosclerotic plaques. Additionally, B-1b B cell number and serum levels of 

T15-Id IgM were enhanced in B cell specific Id3 knockout mice compared to 

control mice fed a Western diet, suggesting that the reduced atherosclerosis in B 

cell specific knockout mice may be due to increased T15-Id IgM mediating 

apoptotic cell clearance and reducing macrophage accumulation in 

atherosclerotic plaques.  

In germ-free, uninfected mice most, if not all, serum IgM is thought to be 

spontaneously produced by B-1 B cells44,111 yet, B-1 B cell subsets may have 

distinct roles during infection and potentially during Western diet conditions. IgM 

NAbs, including those with the T15-Id, are present in gnotobiotic, chow fed, 

wildtype mice and can recognize oxidation-specific epitopes on oxLDL111 that are 

induced by Western diet189,190, suggesting that IgM NAbs are present prior to any 

pathogenic exposure. Furthermore, T15-Id recognizes the same PC moiety on 

the bacterial cell wall of S. pneumonia as on oxLDL, identifying T15-Id antibodies 

and the B-1 B cells that produce them as key players in the protective humoral 

response to infection75,183. Recent evidence suggests that spontaneous 

production of IgM NAbs by B-1a B cells is important for early protection in S. 
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pneumonia models of infection and production of antigen specific IgM by clonal 

expansion of memory like B-1b B cells is important for long lasting 

protection48,72,73,75,187,191. This division of labor between B-1 B cell subsets may 

explain why in B cell specific Id3 knockout mice there is no difference in the 

levels of T15-Id IgM in the serum compared to control mice at baseline, and there 

are significantly higher levels of T15-Id IgM in the serum of B cell specific Id3 

knockout mice compared to control mice on a Western diet. At baseline in chow 

fed mice, B-1a B cells may spontaneously secrete most of the T15-Id IgM found 

in the serum and there is no difference in the number of B-1a B cells and 

therefore no difference in levels of T15-Id IgM in the serum of B cell specific Id3 

knockout mice compared to control mice. However, after Western diet, B-1b B 

cells may produce the majority of T15-Id IgM and there are more B-1b B cells in 

the peritoneal cavity, spleen, and circulation of B cell specific Id3 knockout mice 

compared to littermate controls. Moreover, levels of T15-Id IgM in the serum of B 

cell specific Id3 knockout mice are significantly greater than controls after 

Western diet. Interestingly, there are more B-1b B cells in the spleens of B cell 

specific Id3 knockout mice compared to controls when mice are fed a Western 

diet, but not at baseline.  B-1b B cells may be induced to migrate from the 

peritoneal cavity to the spleen to secrete IgM antibodies192. Data suggests that 

under Western diet conditions, B-1b B cells may migrate to the spleen to produce 

T15-Id IgM in B cell specific Id3 knockout mice.  
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IgM NAbs have been reported to mediate clearance of apoptotic 

cells108,110-112,115,193 preventing the pro-inflammatory effects of defective apoptotic 

cell clearance16,63,117, which may be a primary mechanism for B-1 B cell 

atheroprotection. While recent evidence directly supports B-1a B cell 

atheroprotection mediated by secretion of IgM107, B-1b B cells have not been 

independently studied. B-1 B cells in reconstituted Rag1-/-Apoe-/- mice are able to 

produce IgM NAbs, including T15-Id IgM which recognizes oxidation-specific 

epitopes such as PC on apoptotic cells, and have enhanced apoptotic cell 

clearance compared to controls in atherosclerotic mice111. Furthermore, NAbs 

against oxidation-specific epitopes have been detected in atherosclerotic 

lesions110,111 and increased plaque area is associated with a higher frequency of 

apoptotic cells in sIgM.Ldlr-/- mice83. Here we provide evidence that decreased 

atherosclerosis is associated with a systemic increase in B-1b B cells, increased 

serum T15-Id IgM, and decreased lesional apoptotic cells in B cell specific Id3 

knockout mice, suggesting that the increase in T15-Id IgM may be due to the 

increase in B-1b B cells and that the loss of Id3 in B cells may result in enhanced 

apoptotic cell clearance in atherosclerotic lesions. However, it is unknown if other 

atherosclerotic plaque characteristics such as plaque stability, T cell content, and 

necrotic core area or if the stage of plaques are different in B cell specific Id3 

knockout mice compared to controls. Future studies will need to be performed to 

determine if mice with B cell specific deletion of Id3 have an increase in antigen 

specific IgM in the plaque, such as T15-Id IgM, which may mediate apoptotic cell 

clearance in atherosclerotic lesions.   
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A hallmark of exacerbated atherogenesis is macrophage engulfment of 

oxLDL and subsequent foam cell formation that produces pro-inflammatory 

signals to recruit additional leukocytes, including monocytes, to the plaque194. 

Oxidation-specific IgM NAbs target epitopes including PC present on oxLDL and 

prevent macrophage oxLDL uptake14 which is thought to occur in atherosclerotic 

plaques. In B cell specific Id3 knockout mice, reduced atherosclerosis is 

associated with enhanced levels of T15-Id IgM NAbs in the serum and decreased 

macrophage content in plaques. However, the atheroprotective effect of IgM is 

not thought to be due to clearance of oxidized lipids from the serum195 and it has 

yet to be determined if there is increased T15-Id antibodies in lesions of B cell 

specific Id3 knockout mice. It has yet to be determined if another potential 

mechanism for atheroprotection in B cell specific Id3 knockout mice is T15-Id IgM 

NAb binding to oxLDL and inhibiting macrophage uptake, preventing foam cell 

formation and additional recruitment of monocytes to atherosclerotic plaques 

resulting in less macrophage accumulation.  

How circulating IgM antibodies that may be produced by peripheral B-1b B 

cells are able to deposit into atherosclerotic plaques is currently unknown. 

Ischemia-reperfusion injured vasculature activates the endothelium to express 

neo-epitopes that natural IgM can bind and deposit into the vessel wall196 and 

atherosclerotic plaques have an activated endothelium and can express neo-

epitopes108,110,116. Oxidation specific IgM antibodies were able to target micelles 

to atherosclerotic plaques in Apoe-/- mice and were visualized in plaques with 
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magnetic resonance imaging197, together suggesting that circulating oxidation 

specific antibodies may enter atherosclerotic plaques through the endothelium 

and deposit into lesions. In addition, IgM can bind minimally modified LDL 

(mmLDL) present in serum195 and immune complex can be deposited into 

vasculature198, suggesting that oxidation-specific antibodies bound as immune 

complex may selectively deposit into atherosclerotic plaques. Igs are not thought 

to be able to transit through conduits from the adventitia into the SMC layer176,199 

and therefore it is unknown if the local production of Igs can cross from the 

adventitia, where B cells are mostly found5, through the SMC layer to the plaque.  

There is a systemic increase in the number of B-1b B cells, levels of 

serum T15-Id, and a decrease in atherosclerotic plaque size, apoptotic cell 

content, and macrophage content in B cell specific Id3 knockout mice after 

Western diet, yet how these observations directly relate is currently unclear. B-1b 

B cells provide humoral protection to TI-2 blood borne particulate 

antigens72,75,186,187 and B-1b B cells may be able to mobilize to LNs and become 

antibody secreting cells200 in response to pathogens or may produce antibody in 

other peripheral lymphoid organs such as the spleen and peritoneal 

cavity72,75,186,187. In future studies, it will be important to determine if there is an 

increase in B-1b B cells locally in the aorta. B-1b B cells may be increased in 

peri-aortic LNs of B cell specific Id3 knockout mice and may be poised to 

encounter neo-antigens draining from the aorta or produce antibody in other 

peripheral lymphoid organs. Whether B-1b B cells in peri-aortic lymph nodes 
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undergo antigen dependent expansion and produce antigen specific antibodies, 

including those of the T15-Id, is unknown.  

 Prior studies from our lab demonstrate that there was reduced 

atherosclerosis with the adoptive transfer of splenic B cells isolated from Apoe-/- 

mice to µMT/Apoe-/- mice when compared to vehicle control25. However, donor 

splenic B cells from Id3-/-Apoe-/- mice could not confer atheroprotection to 

µMT/Apoe-/- mice, suggesting that B cell mediated atheroprotection is dependent 

on Id3. Presumably, Id3 would only be absent in B cells in this atherosclerotic 

model and present in all other cells in the recipient µMT mice, altogether 

suggesting the B cell specific loss of Id3 would result in exacerbated 

atherosclerosis. Surprisingly, loss of Id3 in B cells resulted in reduced 

atherosclerosis in Id3fl/flApoe-/-CD19cre/+ mice compared to littermate control mice. 

Apparent discrepancies in outcomes may be explained by the different murine 

models of atherosclerosis. µMT/Apoe-/- mice are generated by crossing the Apoe-

/- mouse with the B cell deficient, µMT mouse which has a point mutation in the 

transmembrane domain of IgM, resulting in arrested B cell development at the 

pre-B cell stage and complete absence of mature B cells201. Studies have 

reported that T cells from µMT mice produce higher levels of IFNγ and very little 

IL-4202,203 and may inhibit reconstitution of B cell populations204, implying that T 

cells, and maybe even other cells of the immune system, in µMT/Apoe-/- mice 

have altered function compared to T cells that would be present in B cell specific, 

Id3 knockout Apoe-/- mice. Thus, the Id3-dependent B cell mediated 
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atheroprotection observed in µMT/Apoe-/- mice may be specific to the immune 

system of that model. 

 B cell atheroprotection mediated by Id3 in the µMT/Apoe-/- murine model 

was also associated with Id3-dependent B cell homing to the aorta. In addition, 

the global loss of Id3 resulted in enhanced atherosclerosis, fewer aortic B cells, 

and decreased B cell expression of the homing chemokine receptor, CCR625,167, 

suggesting that Id3 is necessary for atheroprotective B cell homing to the aorta. 

Notably, the global Id3 knockout model would result in the loss of Id3 in other 

cells important in atherosclerosis such as T cells, which Id3 can 

regulate148,152,155,162. Aortas of CCR6-null mice contained fewer B cells and B cell 

mediated atheroprotection in the µMT/Apoe-/- murine model was CCR6 

dependent25, providing evidence that Id3 regulates the expression of CCR6 on B 

cells and B cell homing to the aorta in protection from atherosclerosis. These 

studies would predict that mice with the B cell specific loss of Id3 would have 

reduced B cell expression of CCR6 and fewer B cells in the aorta. However, 

while all B cell subsets observed less CCR6 expression, there did not appear to 

be fewer B cells in the aortas of B cell specific Id3 knockout mice implying that in 

this model, Id3 can regulate expression of CCR6 but that reduced CCR6 

expression in B cells may not be sufficient to reduce B cell number in the aorta. 

Data suggests that the loss of Id3 in B cells and an aberrant immune system, 

potentially T cell mediated, in µMT and global Id3 knockout mice may account for 

the differences observed in Id3 regulation of B cells and atherosclerosis in the 
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global Id3 knockout and µMT/Apoe-/- model compared to the B cell specific Id3 

knockout model.  

 While many questions remain, data from this study is the first to implicate 

a potential atheroprotective role for B-1b B cells, which may be through 

production of T15-Id IgMs that clear apoptotic cells and prevent macrophage 

accumulation in atherosclerotic lesions. Immunization with S. pneumonia protects 

from atherosclerosis through the T15-Id response37,40 and B-1b B cells may play 

a key role in immunization by providing long lasting protection through antigen 

specific, memory B-1b B cells73,75. As such, enhancing B-1b B cell proliferation 

and memory formation may benefit immunization strategies to protect from 

atherosclerosis205. 
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Chapter 5 

 

General Discussion and Future Directions 
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Atherosclerosis can be described as a polygenic disorder with chronic 

inflammation of the arterial blood vessel wall, underscoring the complexity of the 

disease with contributing factors including the environment and genetics that 

regulate vascular hemodynamics, lipid metabolism, vascular wall cells, and the 

immune system. Despite advancements in high dose statin therapy to limit 

hyperlipidemia, cardiovascular events and atherosclerotic burden remain high206. 

Abundant research has focused on the role for immune cells in murine models of 

atherosclerosis yet, applying discoveries in mice to humans remains 

challenging8. Targeting leukocytes for therapy is complicated due to the opposing 

roles of subtypes within subsets of immune cells6. However, with the promising 

advancement of whole systems technologies such as systems genetics207 and 

mass cytometry where pathway alterations can be observed in many cell types at 

once208, the daunting task of managing such a complex disease by 

understanding the various contributions of different leukocytes in response to 

therapy in individuals with a particular genetic makeup may become a reality. In 

particular, as opposing roles for B cell subsets has emerged in murine 

atherosclerosis2, recent efforts to standardize human B cell phenotypic 

profiling209,210 may help identify the unknown phenotypic differences of B cell 

subsets in human atherosclerosis. 

 

Id3 is an important regulator of natural immunity in atherosclerosis 
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 Immunization strategies to inhibit atherosclerosis are thought to modulate 

anti-PC IgM NAbs37,205,211 potentially through IL-5 dependent B-1 B cell 

proliferation in mice40. In humans, plasma levels of IL-5 correlate with levels of 

anti-oxLDL IgM, which are negatively associated with measures of 

atherosclerosis101,212-216. Additionally, IL-5 production and levels of anti-PC IgM in 

the serum are dependent on Id3 and Id3-deficient mice have a defective humoral 

response to TI type 2 antigens154, which includes PC, suggesting that Id3 may be 

an important factor in immunization strategies against atherosclerosis. In 

addition, the ID3 SNP at rs11574 results in attenuated protein function and is 

associated with increased atherosclerosis in humans170  altogether suggesting 

that the ID3 SNP may be a biomarker for those with a defective IL-5 pathway and  

unresponsive to immunization. An association of patients with the ID3 risk allele 

and decreased levels of IL-5 and anti-PC IgM in the serum would support this 

intriguing hypothesis. Moreover, this ID3 SNP may be a biomarker for humans 

with defective natural immunity leading to premature atherosclerosis and may 

identify individuals amenable to alternative prevention or treatment approaches. 

Currently, clinical trials for vaccination against atherosclerosis are still in infant 

stages217. 

 Id3 regulates production of the atheroprotective cytokine, IL-5, by NH 

cells, which are found in the PVAT/adventitia and can be stimulated to produce 

IL-5, implicating a local role in addition to a systemic role for this cell type in 

atherosclerosis. Importantly, circulating NH cells have been detected in humans 

and can produce IL-5 in response to IL-33130, raising the possibility to study an 
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association between circulating NH cells and burden of atherosclerosis or 

stenosis in the coronary artery measured by intravascular ultrasound. Current 

approaches to study the role of NH cells in murine models of atherosclerosis may 

be difficult due to the lack of a lineage specific marker for lineage depletion 

studies and the number of mice needed to pool for sufficient numbers for 

adoptive transfer studies. Nonetheless, the challenging task of understanding the 

role of NH cells in atherosclerosis is worthwhile and may become more feasible 

as new model systems are developed and if a lineage specific marker is 

identified. 

 

Id3 may be a key factor in IL-5 production by NH cells 

 The mechanism by which Id3 regulates IL-5 production in NH cells has yet 

to be explored, but insight may be gained from the observation that Id3 regulation 

of IL-33-induced IL-5 production is specific to NH cells and not Th2 T cells or 

BMMCs. A recent study found that in NH cells, IL-33 induces the MAPK pathway, 

similar to Th2 T cells218, to promote IL-5 transcription (Figure 22). Furthermore, 

IL-33 induced phosphorylation of p38 MAPK which was important for 

phosphorylation and increased expression of the transcription factor GATA3 

allowed for binding of GATA3 to the il5 promoter and activation of 

transcription143,144,218. IL-33 also induced protein expression of transcription 

factors highly expressed by Th2 T cells important for cytokine production, Gfi-1, 

c-Maf, and NFATc1, in NH cells. Notably, the MAPK pathway was activated and 

transcription factors were expressed at low levels in unstimulated NH cells but  
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Figure 22. IL-33 induction of the MAPK pathway and production of IL-5. IL-33 

receptor engagement induces p38 MAPK activation and phosphorylation of 

GATA3, which then bound to the il5 promoter in NH cells. SB203580, a p38 

inhibitor, blocked this pathway. IL-33 was also able to induce acetylation of 

histones at the IL-5 promoter and transcription factors important for Th2 cytokine 

production.   
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not in other IL-5 producing cells such as BMMCs. IL-33 could rapidly activate the 

MAPK pathway and upregulate transcription factors important in IL-5 

production218, suggesting that the pathways for abundant cytokine expression by 

NH cells is in a low level state and can be rapidly induced. Consistent with this 

notion, Id3 is a transcription factor poised for rapid upregulation219,220 and can be 

induced by the MAPK pathway221,222.  

As antibodies against phosphorylation specific kinases and intracellular 

transcription factors become readily available for flow cytometry, future studies 

exploring the Id3 dependent pathways important for NH cell IL-5 production that 

are different in Th2 T cells or BMMCs may become more feasible. Mesenteric 

cells could be isolated from Id3-/-Apoe-/- and control Apoe-/- mice and flow 

cytometry could be performed to identify NH cells and intracellular staining of 

GATA3. Interestingly, Id3 inhibits expression of GATA3 in T cells152, suggesting 

that Id3 dependent NH cell IL-5 production is by a mechanism other than 

inhibiting GATA3 expression or that Id3 actually induces GATA3 expression in 

NH cells. Therefore, it would be predicted that in NH cell isolated from Id3-

deficient mice, GATA3 expression would be diminished. In addition, only 5,000 

NH cells cultured with IL-2 were required for detection of transcript or protein 

levels of transcription factors or phosphorylation of kinases, suggesting it may be 

feasible to study how Id3 may regulate IL-5 production by NH cells in vitro. In our 

hands, roughly 20,000 cells can be acquired from pooling five, 24 week old mice 

by FACS. Initial experiments would include culturing 5,000 NH cells isolated from 

Apoe-/- mice and determining if varying concentrations (0 – 30 µM) of the p38 
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inhibitor, SB203580, in the presence of IL-33 reduces Id3 expression by real-time 

PCR and/or Western blotting similar to conditions previously described218. If there 

was reduced Id3 expression, results would indicate that Id3 is downstream of the 

MAPK pathway and that Id3 may regulate GATA3 transcription. In this assay, IL-

5 in NH cells could be measured by intracellular cytokine detection by flow 

cytometry and in the supernatant by ELISA. It would be expected that with the 

addition of the p38 inhibitor, there would be decreased levels of IL-5 compared to 

DMSO. If there was not reduced expression, earlier time points may need to be 

explored since induction of the MAPK pathway occurred within 30 minutes218. 

Additionally, if Id3 was downstream of p38, then levels of other transcription 

factors important for production of IL-5 such as Gfi-1, c-Maf, and NFATc1 could 

be measured in nuclear extracts of NH cells isolated from Id3-deficient and 

control mice by western blotting after culturing with IL-33. It would be important to 

compare NH cells to Th2 T cells or BMMCs cells derived from the same mice, to 

determine if there was differential regulation of transcription factor expression 

with the loss of Id3 in NH cells but not in Th2 T cells or BMMCs.  

Id3 may regulate acetylation of histone H3 at Lys9 and/or Lys14 at the il5 

promoter, which can be induced by IL-33 in NH cells218. E2A, an E-protein 

binding partner for Id3, has been reported to interact with the transcriptional co-

activator, p300/CBP, which can then recruit histone acetyltransferases and RNA 

polymerase II223,224. The e2a gene encodes two alternatively splice proteins, E12 

and E47, but the role for E-proteins has been understudied in ILC lineages. 

Studies suggest that E2A can restore group 1 and 2 ILC populations in Id2-
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deficient mice225, but it is unknown if E-proteins or other bHLHs can directly 

regulate transcription by binding to the promoter of il5. In other IL-5 expressing 

lineages, E-proteins are thought to be upstream of factors regulating the IL-5 

promoter173. Currently, we have E12-/- and E47-/- mice in the laboratory and future 

experiments could be to determine if, similar to Id2, either of these proteins are 

important for group 2 ILC lineage development or if they regulate group 2 ILC 

function, similar to Id3.  

 

Id3 may regulate B-1b B cells and atherosclerosis 

 Id3 is important in atherosclerosis potentially by regulating NH cells, 

smooth muscle cells, B-2 cells25,167,219,226-228, and potentially B-1b B cells. While 

the existence of B-1b B cells has been known for three decades42, only recent 

evidence suggests that B-1b B cells may have a distinct role from B-1a B cells in 

immunity44. In B cell specific Id3 knockout mice there is a greater number of B-1b 

B cells and there is no change in the number of B-1a B cells compared to control 

mice, supporting the concept that B-1a and B-1b B cells are distinctly functioning 

B-1 B cell subsets. While attenuated atherosclerosis in Western diet fed B cell 

specific Id3 knockout mice was associated with increased B-1b B cells and T15-

Id IgM in the serum compared to control mice, it is unknown if there is increased 

T15-Id IgM in atherosclerotic lesions. Numerous labs have detected IgM in 

atherosclerotic plaques by immunohistochemistry including 

immunofluorescence83,107,111 and a reduction in plaque IgM content caused by 

splenectomy could be rescued by the adoptive transfer of B-1a B cells107. 
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Furthermore, T15-Id antibodies and other oxidation-specific natural antibodies 

could be detected in atherosclerotic plaques110,111,229. Atherosclerotic lesions of 

sIgM.Apoe-/- or Rag1-/-Ldlr-/- mice served as negative controls in addition to 

isotype controls83,111. To assess if increased serum T15-Id IgM is associated with 

increased T15-Id in atherosclerotic plaques, frozen sections of aortic roots from 

16 week Western diet fed B cell specific Id3 knockout mice and controls could be 

stained with biotinylated AB1-2, an anti-T15 Id Ab, and compared to control non-

immune biotinylated IgG followed by an avidin-biotin–AP complex and 

phosphatase substrate. We would predict increased T15-Id staining per plaque 

area with the B cell specific Id3 knockout compared to controls, suggesting that 

the increased T15-Id mediates enhanced apoptotic cell clearance and reduced 

macrophage accumulation. We observed increased IgM in the serum of B cell 

specific Id3 knockout mice but initial attempts to quantify total IgM in 

atherosclerotic plaques were inconclusive and immunohistochemistry may not be 

a sensitive enough assay to quantify immunoglobulins in the plaque. An 

alternative approach to quantifying IgM and T15-Id antibodies may be to elute 

antibodies from aortas in Western diet fed mice as previously described230.  

Opsonization of apoptotic cells mediated by IgM and T15-Id NAbs requires 

cooperation with complement factor C1q in activation of the classical 

complement cascade63,115,117,193,231 therefore, if we observed increased T15-Id in 

atherosclerotic plaque, we would also predict that there would be increased C1q 

deposition. C1qa.Ldlr-/- and sIgM.Ldlr-/- have increased atherosclerosis compared 

to control mice. Interestingly, C1qa.sIgM.Ldlr-/- mice fed a Western diet did not 
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have exacerbated atherosclerosis relative to C1qa.Ldlr-/- or sIgM.Ldlr-/- mice, 

suggesting that the deletion of C1q and IgM does not have an additive effect on 

atherosclerosis83. However, atherosclerotic lesions of sIgM.Ldlr-/- mice did not 

have less C3 or C5b-9 deposition, which are downstream of both the classic and 

alternative complement pathways, suggesting that the protective effect of IgM 

may be independent of complement activation in the arterial wall. Furthermore, 

there was not an increase in apoptotic cell content in atherosclerotic plaques of 

C1aq.sIgM.Ldlr-/- mice relative to sIgM.Ldlr-/- or C1qa.Ldlr-/-, raising the possibility 

of compensatory mechanisms in the triple knockout mouse. It is currently unclear 

how IgM may mediate apoptotic cell clearance, termed ‘efferocytosis’ in vivo, yet, 

it would still be important to detect T15-Id Ab, and C1q, C3, or C5b-9 deposition 

by confocal microscopy in atherosclerotic plaques of B cell specific Id3 knockout 

mice and controls. We would expect increased T15-Id Ab and C1q if apoptotic 

cell clearance is mediated by the classical pathway, and increased C3 or C5b-9 

detection if enhanced apoptotic cell clearance is mediated by complement 

through activation of either the classical or alternative pathway in B cell specific 

Id3 knockout mice compared to control mice. The window of protective 

efferocytosis may be earlier in Western diet induced atherosclerotic plaque 

formation in this cohort of mice or, complement recruitment and apoptotic cell 

clearance happens so rapidly, and we may not be able to observe differences in 

mediators of this pathway but only the end result of fewer apoptotic cells. 

Nonetheless, results of these studies would help to elucidate the mechanism of 

IgM mediated atheroprotection in vivo.  
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It is currently unknown if there are increased B-1b B cells in the aortic 

adventitia of B cell specific Id3 knockout mice and if they are producing T15-Id 

IgM, providing evidence for a local role of B-1b B cells after Western diet. Using a 

combined approach of quantifying B-1b B cells by flow cytometry and 

enumerating anti-T15-Id IgM antibody secreting cells in the stromal vascular 

fraction of the aorta by ELISPOT, we would anticipate increased numbers of B-

1b B cells and anti-T15-Id IgM antibody secreting cells in aortas of B cell specific 

Id3 knockout mice compared to control mice after Western diet. However, while 

focus has been on the T15-Id antibodies, there are many other pattern 

recognition receptors (PRRs) that can mediate apoptotic cell clearance and 

inhibit macrophage oxLDL uptake, contributing to innate immune protection from 

atherosclerosis. MDA, oxidized cardiolipin, and 4HNE are all thought to be 

present on oxLDL and apoptotic cells, and PRRs including other NAbs, TLRs, 

scavenger receptors, and soluble receptors, can target these oxidation-specific 

epitopes. It is currently unknown if B-1b B cell TLR expression or production of 

other natural antibodies are important in atherosclerosis. Furthermore, if the B 

cell specific loss of Id3 affects expression of PRRs on phagocytes, enhanced 

phagocyte engulfment of apoptotic cells may also result in fewer apoptotic cells 

in atherosclerotic plaques of B cell specific Id3 knockout mice. Recent data 

suggests that B cells may induce monocyte mobilization to the myocardium by 

producing CCL7 in a murine model of myocardial infarction232 and B cells can 

reduce macrophage content in plaques potentially through regulating VCAM-1 

expression167. It is also currently unknown if B-1b B cells can inhibit atherogenic 
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monocyte (Ly6chi) recruitment to the plaque, potentially through cytokine 

production, attributing to the reduced macrophage content in atherosclerotic 

plaques of B cell specific Id3 knockout mice. 

 B-1b B cells may also have systemic effects that could influence apoptotic 

cell clearance and macrophage accumulation in atherosclerotic plaques. 

Interestingly, there appear to be increased B-1b B cells in draining lymph nodes 

of the aortas of B cell specific Id3 knockout mice, and if this local environment 

triggers B-1b B cells to enhance pathogenic monocyte egress from aortas to 

lymph nodes, which is attributed as an atheroprotective event233, this may be an 

additional mechanism for reduced macrophage content in atherosclerotic 

plaques of B cell specific Id3 knockout mice. An experiment to test this 

hypothesis would be to transplant aortas as previously described234 from 

CD45.1+ Apoe-/- mice to B cell specific Id3 knockout mice or control mice, with 

the anticipated result of increased pathogenic CD45.1+ monocyte egress to 

draining lymph nodes in B cell specific Id3 knockout mice compared to controls. 

While we see a trend in an increase in monocytes in the draining lymph nodes of 

aortas of B cell specific Id3 knockout mice at baseline (data not provided), 

however which subset and if this affects atherogenesis is unknown. CCR7 may 

mediate pathogenic monocyte egress from the aorta to nearby lymphatics234, it 

would be interesting to determine if B-1b B cells in aortic lymph nodes produce 

the ligands for CCR7, CCL19 and CCL21235. In addition, monocyte migration to 

B-1b conditioned media in a transwell assay could also help to the hypothesis 

that B-1b B cells may induce Ly6chi monocyte migration. In total, if there were 
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fewer circulating Ly6chi monocytes and less recruitment of these monocytes to 

the plaque, or if B-1b B cells trigger monocyte egress from atherosclerotic 

plaques, data would provide the first evidence that B-1b B cells may regulate 

monocyte mobilization in atheroprotection. In addition, apoptotic cells can 

activate B cells to produce the anti-inflammatory and atheroprotective cytokine, 

IL-10236,237. IL-10 is thought to be atheroprotective by inhibiting macrophage 

activation and death, and the production of pro-inflammatory cytokines, resulting 

in inhibition of foam cell formation and apoptosis238-240. CD5+ B cells have been 

reported to produce IL-10, yet it is unclear if B-1b B cells can be stimulated to 

produce IL-10. A simple experiment to test this would be to harvest peritoneal 

cavity B-1b B cells in B cell specific Id3 knockout and control mice and determine 

IL-10 intracellular cytokine staining by flow cytometry after stimulation using 

methods previously described241. Additionally, levels of IL-10 in serum of mice 

could be measured by ELISA in B cell specific Id3 knockout and control mice fed 

a Western diet. It would be anticipated that there would be increased levels of IL-

10 in the serum and/or atherosclerotic plaques of B cell specific Id3 knockout 

compared to controls, altogether indicating that the loss of Id3 in B cells is 

atheroprotective by enhancing anti-inflammatory IL-10 production by B-1b B 

cells, resulting in fewer apoptotic cells and less macrophage content in 

atherosclerotic lesions.   

While the current study suggests that B-1b B cells may be 

atheroprotective, this, along with the hypothesis that B-1b B cell atheroprotection 

is IgM mediated remains to be directly tested. FACS purified 100,000 PerC B-1b 
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B cells from B cell specific Id3 knockout mice, littermate controls, and sIgM/Apoe-

/- mice could be adoptively transferred to Rag/Apoe-/- mice. Recipients, along with 

mice receiving a PBS vehicle control would be then placed on Western diet for 

16 weeks. 100,000 B-1b B cells adoptively transferred to Rag-/- mice are able to 

produce IgM and provide protection from pathogens186,187. Additionally, only 

30,000 B-1a B cells adoptively transferred to splenectomized mice were able to 

rescue splenectomy aggravated atherosclerosis. This study will also directly test 

if the adoptive transfer of B-1b B cells results in fewer apoptotic cells and 

macrophage content in atherosclerotic lesions and furthermore, if this is 

dependent on IgM.  

 

Id3 regulates B-1b B cell number 

B cell specific Id3 knockout mice have a fourfold increase in the number of 

B-1b B cells in the peritoneal cavity and circulation yet, it is largely unknown how 

Id3 may regulate B-1b B cell number. In vivo CFSE labeling experiments suggest 

that Id3 may regulate B-1b B cell proliferation however, future studies will need to 

be performed to determine if BrdU incorporation is increased in B-1b B cells in B 

cell specific Id3 knockout mice. BrdU labeling could be determined in B-1b B 

cells over a time period of days in vivo and in vitro without  stimulus to determine 

if the loss of Id3 in B cells regulates self-renewal of B-1b B cells. If Id3-deficient 

B-1b B cells are able to maintain themselves in culture without stimulus in greater 

numbers relative to wildtype, results would suggest that Id3 may control survival, 

and/or self-renewal depending on the status of BrdU incorporation, of B-1b B 
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cells. IL-5, CD40L +IL-4, and LPS are thought to induce proliferation of B-1b B 

cells123-125,242 and in vitro experiments of B-1b B cells harvested from B cell 

specific Id3 knockout mice with these stimuli in conjunction with BrdU labeling 

may reveal if Id3 regulates B-1b B cell proliferation. Furthermore, if there is a 

difference in proliferation, B-1b B cells could be labeled with DRAQ5 to 

determine which stage of the cell cycle is altered. It will also be important to 

determine if Id3 regulates the expression of the IL-5 receptor on B-1b B cells by 

flow cytometry. Prior studies reveal that Id3 may be downstream of BCR cross-

linking, resulting in defective mature B-2 B cell proliferation and clonal expansion 

in global Id3 deficient mice154.  However, B-1 B cells do not proliferate in 

response to BCR crosslinking alone and B-2 and B-1 B cells have different 

regulation of the cell cycle G1/S checkpoint by cyclin D2 and D3243. If prior 

studies reveal that Id3 regulates self-renewal or proliferation of B-1b B cells at 

the G1/S checkpoint, future studies could be to explore if Id3 regulates 

expression of cyclin D2 and D3 in B-1b cells or other known cell cycle genes 

regulated by Id3 such as p21219. A candidate approach in combination with a cell 

cycle array would provide potential targets of Id3. PD-L1 BCR co-engagement 

suppresses B-1b B cell proliferation but not survival, and PD-L1 expression may 

be another target of Id3 in B-1b B cells72. Alternatively, there may be increased 

number of B-1b B cells in B cell specific Id3 knockout mice due to decreased 

apoptosis. Annexin V can be detected on apoptotic cells by flow cytometry, which 

can easily be performed on peritoneal cavity B-1b B cells. 
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B-1b B cells may also be increased in B cell specific Id3 knockout mice 

due to increased B-1b B cell homing to the peritoneal cavity, spleen and lymph 

nodes. CCR7 and CXCR5 are important for B-1b B cell homing to the PerC244-246 

and TLR stimulation can induce migration B-1 B cells out of the PerC247,248. B-1b 

B cell homing to the spleen and peri-aortic lymph nodes is largely unknown249. It 

will be important to determine if Id3 regulates expression of the receptors CCR7 

and CXCR5 on B-1b B cells or secretion of their ligands. Additionally, there may 

be a combination of proliferation, survival, apoptosis, and homing regulating 

increased number of B-1b B cells in B cell specific Id3 knockout mice. 

Natural immunity is emerging as a protective process in atherosclerosis 

and we provide evidence that Id3 may be a key factor in regulating B-1 B cell 

subsets. Natural IgM antibodies that recognize oxidative epitopes on LDL or 

phospholipids prevent atherosclerosis and are thought to be produced by the 

atheroprotective B cell subset, the B-1a B cell. We identify Id3 as an important 

regulator of B-1a B cell homeostasis through NH cell production of IL-5. In the B 

cell specific Id3 knockout mouse, B-1a B cell number was unchanged, but we did 

observe an increase in the number of B-1b B cells and levels of IgM in the serum 

in baseline mice. Moreover, this phenotype persisted and was associated with 

attenuated atherosclerosis in Western diet fed mice. As B-1b B cells can undergo 

antigen dependent clonal expansion in response to TI-2 antigens75,186,187, it would 

be very interesting to determine if B-1b B cells deficient in Id3 have the enhanced 

capacity to expand and produce antigen specific antibodies in response to 

oxidation-specific epitopes such as PC on POVPC that are important in 
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atherosclerosis14,250. If B-1b B cells were able to undergo enhanced antigen 

dependent expansion with the loss of Id3, this event would link the increase in B-

1b B cell number and protection from atherosclerosis in B cell deficient Id3 

knockout mice and potentially identify a novel role for B-1b B cells in 

atherosclerosis.  
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