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Abstract 

 
               Atherosclerosis is a chronic inflammatory disease of the artery wall that leads 

to the development of cardiovascular disease (CVD) and its sequelae, which remain the 

leading cause of death worldwide. The development of CVD varies significantly among 

individuals with similar traditional risk factors, suggesting that CVD could be further 

prevented by additional strategies. The completion of the Canakinumab anti-

inflammatory thrombosis outcome study (CANTOS) has given validation to the 

inflammatory hypothesis that reducing inflammation reduces the risk of CVD 

independent of lipid-lowering therapies, and immunomodulatory therapy holds promise 

for improving CVD prevention.  

             B cells have emerged as important immune cells that regulate atherosclerosis in 

a subset-specific manner. B-1 cells have a known atheroprotective function that is 

mediated by production of anti-inflammatory IgM antibodies that recognize oxidation 

specific epitopes (OSE), which accumulate in atherosclerosis. Bone marrow B-1 cells 

contribute significantly to circulating IgM titers at homeostasis, yet the mechanisms 

regulating B-1 cell localization to the bone marrow are undetermined. Moreover, factors 

that regulate anti-OSE IgM production by the putative human B-1 cell subset, and its 

atheroprotective role in human CVD remain unexplored. 

          The C-X-C motif chemokine receptor CXCR4 regulates cell trafficking and 

localization and is broadly expressed on both immune and non-immune cell populations. 

Genome-wide association studies and murine experimental models have implicated 

CXCR4 in CVD, yet results have been conflicting due to its broad expression and the 

relative lack of cell type-specific studies.  
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             In this dissertation, I present evidence demonstrating a role for CXCR4 in 

regulating B-1 cell production of atheroprotective IgM antibody, and characterize a 

deeper heterogeneity present in human and murine B-1 cell populations. I present my 

work in murine models showing that CXCR4 regulated B-1 cell localization to the bone 

marrow and circulating amount of anti-OSE IgM, and in a human CVD cohort that B-1 

CXCR4 expression associated with reduced coronary artery plaque burden and a 

protected plaque phenotype. Murine studies utilized a B cell-specific CXCR4 knockout 

mouse model, which revealed fewer B-1a cells and IgM antibody-secreting cells in the 

bone marrow in the absence of CXCR4. Conversely, retroviral-mediated overexpression 

of CXCR4 in vivo increased B-1a localization to the bone marrow and associated with 

increased circulating anti-OSE IgM. Mechanistically, we found that CXCR4 mediated 

trafficking of circulating peripheral B-1a cells to the bone marrow and regulated bone 

marrow B-1a cell survival. I additionally examine niche-specific heterogeneity in murine 

B-1 cell populations, and provide novel characterization of the immunoglobulin repertoire 

of aged hyperlipidemic ApoE-/- mice, which reveals greater IgM repertoire diversity 

expressed by bone marrow B-1a cells compared to peritoneal B-1a cells. Finally, 

analysis of a human CVD cohort demonstrates that CXCR4 expression on the putative 

human B-1 subset associates with increased circulating anti-OSE IgM antibodies and 

decreased coronary artery disease. Thus, the evidence presented here supports the 

hypothesis that the bone marrow B-1a pool uniquely contributes to the pool of available 

atheroprotective IgM antibodies, and its maintenance is governed by CXCR4, a novel 

marker associating with protection in human CVD.  
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Impact and Pathogenesis of Atherosclerosis  

Cardiovascular disease (CVD) remains the leading cause of death worldwide, 

responsible for 31% of all global deaths in 20131, and projected to account for >23.6 

million annual global deaths by the year 20302. Additionally, more than any other 

diagnosis, CVD imposes the greatest economic burden on the healthcare system; CVD 

diagnoses and treatment resulted in $199.2 billion in direct healthcare costs in the US 

from 2013 to 2014, accounting for 14% of total health expenditures in that year2. The 

primary cause of CVD is atherosclerosis, a chronic inflammatory disease involving 

accumulation of oxidized lipids within the artery wall and progressive lesion formation 

that can over time result in arterial stenosis, ischemia, and downstream adverse events 

3-5. Atherosclerosis is initiated by accumulation and subsequent oxidative modification of 

low-density lipoprotein (LDL) within the subendothelial space of the artery wall, resulting 

in early lesions termed “fatty streaks”. These oxidized lipids are pro-inflammatory and 

result in endothelial cell dysfunction, a consequence of which is increased adhesion 

molecule expression and circulating leukocyte recruitment into the vascular wall. Within 

the subintimal space, recruited monocytes and other immune cells secrete pro-

inflammatory cytokines and chemokines that further contribute to increased immune cell 

entry into the nascent lesion. Monocytes differentiate into macrophages upon 

scavenging oxidized LDL, eventually becoming lipid-laden foam cells. As disease 

progresses, infiltrating immune cells, buildup of dying cells, and phenotypically switched 

smooth muscle cells, among other mediators, contribute to formation of the 

atherosclerotic plaque consisting of a lipid-rich necrotic core stabilized by a collagen-rich 

fibrous cap. In late stages of disease, plaques can become destabilized by erosion of the 

fibrous cap. Rupture of the lesion and exposure of necrotic core material to thrombotic 
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factors in the circulation can potentiate clot formation and adverse clinical events 

including heart attacks and strokes.  

While overall mortality attributable to CVD has been on the decline in the US 

since 1980 due to medical therapies and lifestyle changes2, this decline is reaching a 

plateau, suggesting that the standard forms of therapy available may need to be 

supplemented with other effective strategies to lower risk and burden. The completion of 

the Canakinumab anti-inflammatory thrombosis outcome study6 has both given 

validation to the inflammatory hypothesis that reducing inflammation reduces the risk of 

cardiovascular disease independent of standard lipid lowering therapies, and also 

underscored the importance of developing targeted immune strategies to avoid untoward 

consequences of altering the immune system on a systemic level. The contribution of 

innate and adaptive immunity to atherosclerosis development is well established, and 

immune modulation can tip the balance of pro- or anti-inflammatory effects resulting in 

progression or attenuation of atherosclerosis. 

 

B cells in atherosclerosis 

 A wealth of murine studies over the last several years have demonstrated that the 

role of B cells in atherosclerosis is subset specific (Figure 1)7-9. Several subsets of B 

cells exist in mice, and can broadly be defined into B-1 and B-2 subsets that are so-

called due to the timing of their development; B-1 cell subsets arise earlier in ontogeny 

primarily within the fetal liver and persist through self-renewal, while B-2 cells arise later 

and are continuously generated de novo by progenitors in adult bone marrow10. 

Functionally, B-1 cells participate in T cell-independent responses leading to the 

generation of primarily IgM isotype antibodies. B-2 cells consist of follicular B cells and 

marginal zone (MZ) B cells. Follicular B-2 cells participate in the germinal center (GC) 
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reaction through cognate interaction with T cells, resulting in the generation of long-lived 

recirculating memory B cells or plasma cells and high-affinity class-switched antibodies. 

Marginal zone (MZ) B cells are a non-circulating population in mice that reside within the 

marginal zone of the spleen and are uniquely positioned to encounter blood-borne 

pathogens, participate in T cell-independent IgM production, and rapidly process and 

present antigen to T cells. A third broad subset of B cells, regulatory B cells, are defined 

primarily through their secretion of the anti-inflammatory cytokine IL-10 and can be 

derived from B-1 or B-2 subsets. B cell subsets are developmentally, functionally, and 

phenotypically distinct, with unique subset-specific contributions to atherosclerosis 

development.  

 While B cells are found in low numbers in atherosclerotic lesions themselves, they 

are found abundantly within the perivascular adipose tissue and arterial adventitia, and B 

cell antibodies are detected in plaques themselves. Importantly, prior work demonstrates 

that loss or gain of peripheral B cell subsets does impact atherogenesis. Early studies 

examining B cell-deficient LDLR-/- mice or splenectomized ApoE-/- mice that resulted in 

increased atherosclerosis indicated a protective role for B cells11,12. However, selective 

follicular B-2 cell depletion with anti-CD20 monoclonal antibody administration or through 

BAFFR deficiency was associated with reduced atherosclerotic lesion area, fewer T cells 

and macrophages in atherosclerotic lesions, and reduced proinflammatory cytokine 

expression13-16. Importantly, these studies appeared to selectively preserve either B-1 

cells or B-1-derived IgM antibodies, suggesting an atherogenic role for B-2 cells. In 

support of this, adoptive transfer of CD22+ splenic B-2 cells into lymphocyte-deficient 

Rag2-/-ApoE-/- or B cell-deficient µMT ApoE-/- mice resulted in increased lesion area and 

lesional macrophage content15.  
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 However, the role of B-2 cell derived IgG antibodies in atherosclerosis 

development remains unclear and is likely dependent on multiple factors. Several 

studies have suggested a protective role for IgG antibodies following immunization with 

oxidized LDL (oxLDL)17,18, in which induction of anti-oxLDL IgG titers associated with 

reduced atherosclerotic lesion development. Moreover, anti-oxLDL IgG antibodies were 

demonstrated to enhance LDL clearance through immune complex formation in 

humanized mice19, and passive administration of recombinant anti-MDA-LDL IgG1 into 

hypercholesterolemic mice inhibited lesion formation20. In contrast, studies in human 

CVD patients have demonstrated a positive association between circulating amount of 

IgG against oxidation specific epitopes and increased coronary artery disease and risk of 

CVD events21,22, though these correlations lose significance when multivariate analyses 

are performed. The role for IgG in atherosclerosis is further complicated by different IgG 

isotypes that have varying affinities for Fcg receptors, which can be activating or 

inhibitory. Recently, the B cell-specific role of the inhibitory FcgRIIb was demonstrated to 

be cell- and sex-specific, differentially regulating proatherogenic IgG-mediated GC B cell 

responses and atheroprotective IgM-mediated B-1 cell responses in male versus female 

mice23. Overall, the role for B-2 cells in atherosclerosis remains incompletely resolved, 

as their roles in non-B immune cell modulation versus generation of a humoral response 

may lead to opposing effects on atherosclerosis.  

 The role of IgE isotype antibodies in atherosclerosis has also received recent 

attention. IgE is involved in allergic responses and its binding to FceRI receptor on 

perivascular mast cells can result in pro-inflammatory histamine and cytokine release 

that potentiate atherosclerosis24-26. Recently, Tsiantoulas and colleagues discovered that 

LDLR-/- mice deficient for secretory IgM (sIgM-/-) had increased IgE and increased 
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atherosclerosis, and that delivery of neutralizing IgE conferred atheroprotection and 

reduced the frequency of activated mast cells in perivascular regions of atherosclerotic 

plaques27. Consistent with these murine findings, increased plasma IgE is also 

associated with CVD in humans28 29 30 31,32. 

 The role of marginal zone and regulatory B cells in atherosclerosis has been less 

widely investigated, though recent studies have highlighted their importance.  Marginal 

zone (MZ) B cells were recently demonstrated to limit atherosclerosis through restricting 

splenic T follicular helper (TFH) accumulation in an ATF3-dependent manner, 

suppressing TFH cell motility in a PDL1-dependent manner, and altering TFH 

differentiation33. Regulatory B cells, defined primarily through their secretion of the anti-

inflammatory cytokine IL-10, can be derived from B-1 or B-2 subsets. The role of 

regulatory B cells in atherosclerosis is conflicted. One study demonstrated a protective 

role for lymph node-derived IL-10-producing B2 cells in a perivascular carotid collar 

model of atherosclerosis development 34. Additionally, decreased regulatory B cell 

number in the aortas of L-selectin-deficient mice was associated with less serum and 

aortic IL-10 and increased atherosclerosis 35. In contrast, another study utilizing chimeric 

LDLR-/- mice with B cell-specific deficiency of IL-10 demonstrated no differences in 

plaque size or composition in a high fat diet-induced model of atherosclerosis36.  

 B-1 cells, on the other hand, have a known protective role in atherosclerosis that 

is mediated primarily by IgM antibody production. Murine B-1 cells can be divided into 

distinct B-1a and B-1b subsets based on expression of the surface marker CD5 (B-1a 

being CD5+), and both subsets secrete IgM against oxidation-specific epitopes (OSE) 

and protect against atherosclerosis after adoptive transfer into immunodeficient recipient 

hosts37,38. However, one unique subset of B-1a-derived cells, termed innate response 

activator (IRA) B cells, produce GM-CSF and can promote atherosclerosis development 
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through promoting the expansion of dendritic cells and the inflammatory IFN-g producing 

T helper 1 (Th1) cell subset39. But in general, B-1a and B-1b cells and their secreted IgM 

are protective against atherosclerosis development. 
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Figure 1. B cell-derived antibodies in atherosclerosis. B cells have subset-specific 

roles in atherosclerosis. Peripheral antibody production occurs primarily in the spleen 

and bone marrow. IgM-secreting B-1 cells in the bone marrow and spleen contribute 

significantly to plasma IgM titers. Plasma cells in the bone marrow also produce IgM and 

IgG antibodies. In the spleen, follicular B-2 cells present antigens to T follicular helper 

cells (TFH) via MHCII, and provide co-stimulatory signaling through CD40-CD40L 

interaction. This can lead germinal center (GC) reactions in which B cells undergo 

affinity maturation and isotype switching to generate high-affinity IgG or IgE antibodies. 

B-2 cells can differentiate into long lived plasma cells that reside in the bone marrow. 

Additionally, FcgRIIb has been shown to inhibit GC-derived IgG production in B-2 cells. 

In response to hypercholesterolemia, marginal zone (MZ) B cells upregulate PD-L1 

which interacts with PD-1 on TFH cells to suppress TFH differentiation, thus limiting pro-

inflammatory TFH/B-2 cell interactions. During atherosclerosis, LDL accumulation and 

oxidative modification into oxLDL is pro-inflammatory and results in recruitment of 

monocytes and other immune cells into the subendothelial space of the artery wall. IgM, 

IgG, and IgE antibodies made peripherally or locally in the perivascular adipose tissue 

(PVAT) and adventitial tertiary lymphoid organs (ATLO) enters the lesion with 

immunomodulatory effects. IgM binds oxLDL and prevents its binding through scavenger 

receptors (SR) on monocytes and macrophages in the lesion, thus preventing pro-

inflammatory cytokine secretion and foam cell formation. IgG binding to Fcg receptors 

(FcgR) and IgE binding to FcεRI on macrophages can also result in proinflammatory 

cytokine production. TFH and B-2 interactions in ATLO can result in IgG and IgE 

antibodies that are pro-inflammatory. IgE can bind FcεRI present on mast cells, resulting 

in release of pro-inflammatory cytokines including IL-6 and IFN-g.   
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Figure 1.  
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B-1 cells produce anti-OSE IgM antibodies in a T cell-independent manner 

B-1 cells serve to protect against atherosclerosis primarily through their 

production of IgM antibodies. Studies using IgM allotype chimeric mice have 

demonstrated that ~80% of steady-state IgM is B-1 derived40. Importantly, B-1 cells are 

the main B cell subset contributing to the production of natural antibodies, a subset of 

primarily IgM isotype antibodies that form in the absence of any exogenous antigen 

exposure 41-45, and are thus present even in germ-free mice fed an antigen-free diet46. 

The repertoire of natural IgM antibodies consists primarily of germline VDJ gene 

segments with a propensity for autoreactive specificities47-49. Natural IgM antibodies 

undergo limited somatic hypermutation and contain few non-template-encoded N-

nucleotide insertions, resulting in antibodies that are low affinity and polyreactive. In 

addition to natural IgM, B-1 cells can also be induced to secrete antigen-specific immune 

IgM in response to exogenous pathogens.  

In contrast to follicular B-2 cells of the adaptive immune response, which are 

strongly selected against self-reactivity and produce high affinity, class-switched 

antibodies in a T cell-dependent manner, B-1a and B-1b cells instead participate in type 

1 and type 2 T cell-independent (TI) responses. In the TI type 1 response, signals 

independent of the BCR, including stimulation of pattern recognition receptors (PRR) like 

toll-like receptors (TLR) or cytokine receptors, induces the secretion of polyclonal IgM 

antibodies. In the TI type 2 response, extensive BCR crosslinking to multivalent 

antigens, like the capsular polysaccharides of gram-negative bacteria, overrides the 

requirement of T cell help for production of antigen-specific immune antibodies. Studies 

using pneumococcal polysaccharide (PPS) immunization initially supported a simple 

division of labor model in which B-1a cells were responsible for natural IgM production 

while B-1b cells were responsible for generating PPS-specific immune IgM, memory 
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responses, and long-lasting immunity to pathogen challenge50,51. However, alternative 

infection models utilizing Francisella tularensis immunization52,53 demonstrated that B-1a 

cells, too, can generate pathogen-specific IgM antibody and long-term immunity. 

Therefore, it is clear that the B-1 cell IgM response likely depends on a diversity of 

factors, including the antigen itself. It has been proposed that the differences between 

natural IgM-secreting B-1 cells versus antigen-induced IgM-secreting B-1 cells may arise 

from differences in B-1 ontogeny, microenvironmental niche, and responsiveness to self-

antigens versus foreign antigens, as elegantly reviewed by Baumgarth and colleagues41.  

Notably, a significant proportion (~30%) of B-1 derived natural IgM antibodies 

recognize oxidation specific epitopes (OSE)54, including phosphocholine (PC) and 

malondialdehyde (MDA). Interestingly, these epitopes are commonly conserved on both 

pathogen-associated molecular patterns (PAMPs) on invading pathogens, and the 

damage-associated molecular patterns (DAMPs) on neo-self epitopes that arise 

endogenously in health and disease. For example, the prototypic natural antibody, T15, 

recognizes the PC head group present as the immunodominant epitope on the cell wall 

of S. pneumoniae, the cell membrane of apoptotic cells, and on oxidized phospholipids 

present in atherosclerotic lesions55. Analysis of hybridomas derived from splenic B cells 

of hypercholesterolemic ApoE-/- mice demonstrated that there are abundant IgM 

antibodies specific for various epitopes of oxidized LDL (oxLDL) in vivo and that they 

localize to atherosclerotic lesions54,56,57. Moreover, sequencing of the antigen-binding 

CDR3 region of one clone, E06, demonstrated 100% similarity in the VL and VH regions 

to T1558. Because B-1 cells are thought to undergo positive selection for their 

autoreactivity 59,60, it has been argued that the self-antigens that form the B-1 repertoire 

are “evolutionarily conserved templates” providing antibody specificities for both 

damaging self and pathogen-related epitopes47. 
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Natural anti-OSE IgM is atheroprotective 

The functions of natural IgM antibodies include providing the first line of defense 

against exogenous pathogens40,51-53,61-63, providing a housekeeping role through 

enhancing apoptotic cell clearance via the complement protein C1q64-66, and performing 

an immunoregulatory role by inhibiting proinflammatory pathways induced by OSE58,67,68. 

As dying cells, OSE, and a proinflammatory milieu are all involved in the pathogenesis of 

atherosclerosis, there are several ways by which IgM might serve to protect against 

atherosclerosis.  

 In support of this, LDLR-/- mice deficient for secreted IgM (sIgM-/-) have increased 

atherosclerosis69, and delivery of polyclonal IgM during the last 4 weeks of a 29-week 

Western diet feed reduces lesion area70. Strategies to increase IgM production have also 

been shown to mitigate atherosclerosis development. Immunization with phosphatidyl 

serine-coated liposomes, apoptotic cells, or PPS was demonstrated to increase IgM 

titers to OSE, increase IgM-secreting B-1 cell number, and curb lesion development71-73. 

Mechanistically, anti-OSE IgM has been shown to block oxLDL uptake by macrophages 

in vitro71, suggesting that it may inhibit foam cell formation in vivo. In support of this, 

transgenic mice overexpressing E06-scFv, the antigen-binding portion of the IgM 

antibody identical to T15 that recognizes PC, have decreased oxLDL uptake by 

peritoneal cavity (PerC) macrophages, reduced inflammatory phenotype in both PerC 

and aortic macrophages, and reduced atherosclerotic lesion and necrotic core area74. 

Overexpression of IK17-scFv, which recognizes MDA epitopes, is also able to reduce 

lipid accumulation in PerC macrophages and decrease atherosclerosis75. These studies 

using scFv antibodies suggest that anti-OSE antibodies mediate atheroprotection 

primarily through sequestering OSE and blocking its ability to induce inflammation in 
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macrophages. However, whether endogenous anti-OSE IgM might subsequently 

facilitate OSE clearance through binding receptors via its Fc portion remains unclear. 

Studies comparing atherosclerosis in C1q-deficient and sIgM-deficient mice suggest that 

the protective effects of IgM in atherosclerosis are partially independent of the classical 

complement pathway and apoptotic cell clearance69. This also aligns with studies in 

which mice given sIgM-/- B-1a cells had similar lesional apoptotic cell content as mice 

given sIgM+/+ B-1a cells37. Whether the Fcµ or Fca/µ receptors have a role in anti-OSE 

IgM-mediated atheroprotection is unexplored.  

Importantly, IgM secretion is the primary mechanism of B-1-mediated 

atheroprotection, as adoptive transfer of sIgM-deficient B-1a cells fails to protect from 

atherosclerosis, unlike transfer of sIgM-sufficient B-1a cells37. As B-1-derived anti-OSE 

IgM has been demonstrated to be atheroprotective, it is important to understand the 

factors that regulate its production, as this may provide new therapeutic targets for 

atherosclerosis prevention.  

 

Niche-specific differences in B-1 IgM antibody production 

In mice, B-1 cells are present at highest frequency (~40% of all lymphocytes) in 

the serosal (peritoneal and pleural) cavities, while smaller frequencies are seen in the 

spleen, bone marrow (BM), intestinal lamina propria, and lymph nodes47. In addition to 

lymphoid organs, IgM-secreting B-1 cells are also present in adipose tissues, including 

omental fat and the perivascular adipose tissue (PVAT), which surrounds the aorta and 

other major vessels 76,77. Importantly, while B-1 frequency is high in the peritoneal cavity, 

constitutive IgM antibody production by PerC B-1 cells occurs at a very low level during 

steady state78, though activation by innate stimuli can induce their proliferation, rapid 

migration to other sites, and differentiation into antibody secreting cells79-81.  
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In contrast, B1 cells in lymphoid organs such as the spleen and bone marrow 

secrete greater amounts of IgM on a per cell basis constitutively and are the primary 

contributors to steady-state IgM titers81-84. Baumgarth and colleagues have further 

demonstrated that sorted bone marrow IgM-secreting cells produce more IgM on a per 

cell basis than splenic IgM-secreting cells in vitro82. Additionally, studies from our lab 

demonstrate that the highest B1:B2 cell ratio is present in PVAT and omental fat, 

compared to spleen, bone marrow, and PerC, suggesting that these adipose tissues 

may also significantly contribute to circulating IgM levels (as shown in reference77 and 

unpublished data).  

IgM-secreting B-1 cells also accumulate within artery tertiary lymphoid organs 

(ATLOs) that form in the adventitia in aged ApoE-/- mice85,86. Studies by Habenicht and 

colleagues demonstrate that lymphotoxin-b receptor signaling induces smooth muscle 

cell expression of CXCL13 and CCL21, lymphorganogenic chemokines that result in 

progressive immune cell aggregation and eventual formation of ATLOs that contain high 

endothelial venules, B cell follicles and germinal centers, T cell zones, and other immune 

cells87. Interestingly, most B-1 cells within ATLOs are B-1b cells, a majority of which 

produce the anti-inflammatory cytokine IL-1085.  

As B-1 cell IgM production appears to be heterogeneous and niche-specific 

(Figure 2), it becomes important from a therapeutic standpoint to understand the factors 

that regulate their localization to sites of high antibody production. The differences in IgM 

antibody production by B cells from different locations could be due to intrinsic properties 

of those B-1 cells, or extrinsic factors that inhibit or activate B-1 antibody production. 

Current studies demonstrate that multiple factors contribute to B-1 cell heterogeneity, 

including 1) the microenvironment within a specific niche and 2) intrinsic factors such as 

the B-1 cell antibody repertoire, ontogeny, and intracellular signaling molecules.   
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Figure 2. Niche-specific B-1 cell heterogeneity. B-1 cells from distinct anatomical 

regions display functional heterogeneity in IgM antibody production, arising from both 

extrinsic microenvironmental factors and intrinsic differences. Peritoneal cavity (PerC) B-

1 cells secrete less IgM constitutively compared to B-1 cells from spleen, bone marrow, 

perivascular adipose tissue (PVAT), and adventitial tertiary lymphoid organs (ATLO). In 

the PerC, PC-1 expression distinguishes B-1a cells with high capacity to produce IgM 

(PC-1lo), from those with low capacity to produce IgM (PC-1hi). The Src family kinase Lck 

also maintains the hyporesponsiveness of PerC B-1a cells. Additional heterogeneity in 

the PerC B-1 population is evidenced by distinct immunoglobulin heavy chain (IgH) 

repertoires expressed by PerC B-1a vs B-1b cells, with PerC B-1a cells expressing more 

germline sequences that lack N-additions and a preference for VH11/VH12 family gene 

segments. In contrast, splenic B-1a cells produce more IgM constitutively in a manner 

dependent on the transcription factor IRF4, and the splenic B-1a IgH repertoire contains 

more N-additions and greater VDJ gene segment diversity. The transcription factor Id3 

inhibits B-1b cell number and consequently IgM antibody production. Bone marrow (BM) 

B-1 cells also produce more IgM constitutively compared to PerC B-1 cells, and IL-5 has 

been shown to maintain the BM IgM-secreting cell population. The PVAT contains type 2 

innate lymphoid cells (ILC-2) that secrete IL-5 in response to IL-33. Whether ILC-2 

derived IL-5 is responsible for maintaining the high constitutive IgM production that 

occurs in PVAT is unknown. ATLO contain an abundance of IL-10 producing B-1b cells. 

B-1 cell trafficking between these compartments relies on adhesion molecules. The 

chemokine receptor CXCR5 mediates B-1 cell trafficking between the spleen and the 

PerC. CXCR4 mediates B-1 cell migration to the bone marrow. CCR6 and L-selectin 

mediate B-1 localization to the PVAT and aorta.  
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Extrinsic mechanisms contributing to B-1 cell heterogeneity 

In support of B cell-extrinsic mechanisms contributing to B-1 cell functional 

heterogeneity, Chace and colleagues reported that release of prostaglandin E2 by 

peritoneal macrophages inhibited LPS-induced IgM production by peritoneal B1 cells in 

vitro, suggesting that PerC macrophages may be partially responsible for the low IgM-

producing capacity of PerC B-1 cells in vivo88. As certain cytokines have also been 

shown to be important for maintaining B-1 cell homeostasis and IgM production, 

differential cytokine concentration or availability within distinct niches could likely impact 

IgM production within a niche. For example, interleukin (IL)-5 has a critical role in 

maintaining peritoneal B-1a cell survival and proliferation, and consequently antibody 

production 89,90. IgM production by bone marrow B cells was also demonstrated to be 

enhanced by IL-5 in vitro 91.  Moreover, IL-5-deficient bone marrow chimeras have 

decreased T15/E06 IgM titers in response to Western diet feeding and increased 

atherosclerosis92. IL-10 has also been demonstrated to be important for B-1 cell function, 

operating in synergy with CXCL12 signaling to mediate B-1 cell proliferation, survival, 

and retention within the peritoneal cavity93. In the NZB/W mouse model of lupus, the 

combined actions of IL-10 and CXCL12 were demonstrated to be key for development of 

anti-dsDNA autoantibodies94. A fraction of serosal B-1a cells termed innate response 

activator (IRA) B cells have additionally been demonstrated to require autocrine GM-

CSF for efficient IgM production95.  

Notably, the presence of fat-associated lymphoid clusters (FALCs) as sites of B-1 

cell activation and antibody production has been highlighted in recent years96. FALCs 

form independently of canonical mechanisms leading to formation of other secondary 

lymphoid tissues, like the lymphotoxin-b receptor pathway and lymphoid tissue-inducer 

cells97. Instead, FALC formation increases with age and is inducible by inflammatory 
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stimuli in a manner dependent on tumor-necrosis factor receptor signaling97. FALCs are 

found primarily in the omentum, pericardium, and mediastinum, and contain abundant 

numbers of type 2 innate lymphoid cells (ILC2) that produce Th2 cytokines including IL-

598, and stromal cells that produce IL-3399. In a model of pleural infection, IL-5 and IL-33 

were both required for the activation of FALC B1 cells and IgM production99. Therefore, it 

is very likely that FALC formation brings into close proximity IL-33, IL-5, and B-1 cells, 

and may be responsible for the greater IgM production that occurs in adipose tissues 

relative to that in the serosal cavities. Notably, ILC2 are also found within the PVAT and 

aortic adventitia, and produce IL-5 after stimulation with IL-33, suggesting that they may 

contribute to B-1 homeostasis and IgM production within the PVAT100.  

 

Intrinsic mechanisms contributing to B-1 cell heterogeneity  

Intrinsic differences in the B-1 cell ontogeny, BCR repertoire, or intracellular 

signaling molecules likely also account for differences in IgM production. The source of 

IgM-secreting B-1 cells in various compartments remains controversial. B-1 cells in adult 

mice are a largely self-renewing population, derived from precursors from the fetal liver 

and bone marrow, in contrast to B-2 cells which are continuously generated de novo in 

adult bone marrow. Dorshkind and colleagues have proposed a model in which murine 

B-1 cell development occurs in waves, with the first wave being the embryonic yolk sac, 

the second wave arising from the fetal liver and bone marrow, and the third wave arising 

from neonatal and adult bone marrow during the first few weeks of life10. After that, de 

novo B-1 cell development wanes, and the adult B-1 cell pool is primarily maintained 

through self-renewal. However, distinct B-1a and B-1b progenitors have also been found 

in adult bone marrow and adult spleen101-105. Yet, the capacity of these progenitors to 

regenerate the B-1 compartment has been demonstrated only after an injury to the B-1 
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compartment such as lethal irradiation, making it unclear how significantly these 

progenitors contribute to endogenous B-1a and B-1b subsets in health. Earlier studies 

suggested that peritoneal B-1 cells arose from precursors within the spleen, because 

splenectomy reduced peritoneal B-1 number 106,107. However, in apparent contrast to 

this, adoptive transfer of adult peritoneal B-1 cells is able to reconstitute all B-1 

compartments in adult mice, including in the spleen and bone marrow 91,108,109. Though 

the origins and migratory  capacities of B-1 cells from different body cavities remains 

incompletely understood, it is clear that functional heterogeneity exists within the B-1 

compartments; some B-1 cells contribute to constitutive natural IgM secretion 

(predominantly B-1 cells within spleen and bone marrow), while serosal B-1 cells seem 

to be primed for rapid response to stimuli via migration and differentiation into antibody-

secreting cells41. 

Heterogeneity in the B-1 population also occurs at the level of the B cell receptor 

(BCR), which determines antibody specificity. The variable region of the BCR develops 

through a process called VDJ recombination, in which VH, D, and JH gene family 

segments rearrange to make the immunoglobulin heavy chain, and VL and JL segments 

make up the immunoglobulin light chain. Pairing and dimerization of two heavy and two 

light chains and addition of constant region exons forms the mature BCR. Positive and 

negative selection events strongly influence the development of the BCR and the overall 

B cell repertoire present in an animal. Additional heterogeneity is introduced through 

non-template-encoded N nucleotide (N-additions) and nucleotide excisions at the 

junctions between V-D and D-J gene segments. Antigen binding occurs and is 

determined by hypervariable regions of IgH V called the complementarity determining 

regions (CDRs), the most variable of which is CDR-H3, which extends across both V-D 

and D-J junctions. Several studies have sequenced the variable region of the heavy 
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chain (IgH V) and shown that significant heterogeneity exists in the IgH V repertoire of B 

cell subsets from different locations. For example, IgH deep sequencing indicates that 

the B-1a repertoire (both peritoneal and splenic) is generally more restricted and favors 

usage of certain VH genes that encode for autoreactive specificities, compared to the IgH 

repertoire of splenic marginal zone, splenic follicular B-2, and peritoneal B-2 cells49. 

Moreover, the peritoneal B-1a repertoire is generally less diverse in comparison to the 

splenic B-1a repertoire regardless of age, containing more recurrent CDR-H3 nucleotide 

sequences, a bias towards VH11 and VH12 gene usage, and little if any N-additions, 

indicative of a more germline antibody repertoire49. In contrast, the splenic B-1a 

repertoire contains more unique CDR-H3 sequences, and appears to accumulate N-

additions and undergo increased somatic hypermutation with age49. Because N-

additions require the enzyme Tdt, which is only expressed postnatally, it has been 

proposed that the peritoneal B-1a IgH repertoire is generated primarily from prenatal 

fetal-derived B-1a cells. However, other studies have demonstrated that N-additions 

increase in PerC B-1a cells with age103,110, which may arise from the contribution of 

postnatally developed B-1a cells, B-1a cells migrating from other compartments, or from 

selective antigen-induced pressures that are specific to a particular microenvironmental 

niche. Importantly, given the potential for postnatal diversification and selection of the 

IgM repertoire, defining the IgM repertoire in the context of atherosclerosis risk factors 

such as age and hyperlipidemia is of key importance. While BM B-1a cells significantly 

contribute to IgM production, IgH V analysis of the mature BM B-1a cell population 

remains undefined.  

Certain intracellular signaling pathways may also contribute to differences in IgM 

antibody production between B-1 cells from different compartments. For example, 

Holodick and colleagues reported that low-level constitutive IgM production by peritoneal 
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B-1 cells was independent of the transcription factor IRF4, unlike splenic B-1 cells, which 

secrete much more IgM on a per cell basis in an IRF4-dependent manner78. Additionally, 

expression of the src family kinase Lck in peritoneal, but not splenic, B-1a cells was 

demonstrated to contribute to their hyporesponsiveness, and Lck-null mice have 

increased amounts of circulating natural antibodies111. Surface expression of plasma cell 

alloantigen 1 (PC-1) was also demonstrated to divide the peritoneal B-1a compartment 

based on high capacity (PC-1lo B-1a) versus low capacity (PC-1hi B-1a) to produce 

natural IgM112. Interestingly, PC-1lo B-1a cells were demonstrated to arise in an earlier 

wave of B-1a cell development from the fetal liver, while PC-1hi B-1a cells increased in 

number only after birth.  Additionally, certain molecules including Id3100, Lin28b113, 

PIK3CD114, IgM Fc receptor115, RasGRP1116, and CD6117 have been shown to play a role 

in B-1a cell development or self-renewal and serum natural IgM production. In these 

studies, it is important to note the difference between direct modulation of IgM 

production versus indirect modulation of IgM titers by changes in B-1 cell number. The 

factors regulating preferential expression of these molecules in a niche-, subset- or 

antigen-specific manner is an intriguing area for future study.  

 

Niche-specific B-1 cell contributions to atheroprotection  

Although B-1 cells in the aorta are present predominantly in the surrounding 

perivascular adipose tissue and adventitia and only rarely within intimal lesions 

themselves77,85, abundant IgM to OSE is present in human and mouse atherosclerotic 

lesions54,57,58. As IgM has been demonstrated to block OSE-induced pro-inflammatory 

signals within macrophages and this associates with decreased atherosclerosis74,75, it is 

thought that IgM limits plaque formation primarily through its actions within the plaque. 

However, how IgM gets into the lesion and whether it is supplied by systemic plasma 
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IgM made in peripheral niches, by IgM-producing cells locally within the PVAT and 

adventitia, or both, remains unclear.   

Of all the candidate sites for atheroprotective IgM production, the contribution of 

the spleen has been most widely studied. B cells in the spleen respond to atherogenesis 

through expansion of clones reactive to PC and oxLDL72. Splenectomy aggravates 

atherosclerosis in ApoE-/- mice, and adoptive transfer of splenic B cells into 

splenectomized mice increases circulating titers of anti-OSE IgM and IgG and reduces 

lesion size even below that of sham-operated controls11. Moreover, splenectomy 

significantly reduces the amount of IgM within aortic root lesions, suggesting that 

peripheral IgM production significantly contributes to lesional IgM accumulation37. These 

studies demonstrate that the spleen harbors a protective B cell response during 

atherosclerosis. However, in the splenectomy + adoptive B cell transfer studies, it was 

not determined to which niche the transferred B cells homed nor where IgM was being 

generated in the absence of the spleen.  

There is evidence that B cell homing to the aorta is atheroprotective. Our lab has 

demonstrated that adoptively transferred splenic B cells home to the aortic adventitia in 

a manner dependent on Id3 and CCR6, and that this associates with decreased lesion 

area and reduced plaque macrophage content118. Furthermore, transfer of splenic 

CCR6+/+ApoE-/- B cells into sIgM-/- ApoE-/- mice attenuates atherosclerosis only if those B 

cells are capable of secreting IgM119. Additionally, L-selectin-deficient mice have reduced 

numbers of aortic B-1a and regulatory B cells, decreased T15 IgM and IL-10 in aortic 

supernatants, and increased atherosclerosis35. These studies suggest that B cell 

migration to the aorta and subsequent local IgM production is atheroprotective.  

Finally, while the bone marrow is an important site of B-1 IgM production, the 

local B-1 response within the BM during atherosclerosis development is not known. B-1 
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circulation between all of these sites is likely dynamic and recent studies have shed light 

on the chemokine axis governing this traffic. 

 

Regulation of B-1 cell trafficking   

While there are clear differences in IgM production between B-1 cells from 

different niches as summarized in the sections above, the factors regulating B-1 cell 

number at sites of high antibody production, like the bone marrow, both at steady state 

and in the context of chronic inflammation, remain largely unexplored. Cell trafficking 

and localization is controlled by a number of cell surface adhesion molecules including 

chemokine receptors, integrins, and selectins.  

Parabiosis studies have demonstrated dynamic circulation of B-1 cells to the 

PerC between parabiotic partners79. Steady-state B-1 localization to the PerC depends 

on the chemokine/receptor pairs CXCR5/CXCL1379 and CXCR4/CXCL12120, as well as 

the integrins a4b1 and CD980 which are important for B-1 cell retention in the PerC. 

CXCR5/CXCL13 are required for both B-1 cell trafficking to the PerC via the 

omentum79,121, as well as B-1 cell trafficking out of the PerC80. Sphingosine 1-phosphate 

(S1P) and one of its receptors S1P1 are also involved in peritoneal B-1 localization, as 

treatment with the S1P1 agonist FTY720 results in reduction in PerC, blood, and 

omental B-1 numbers, and accumulation of B-1 cells in the parathymic lymph nodes and 

bone marrow122. Cell transfer studies indicate that the B-1 cell population in the spleen at 

steady-state is derived partially from B-1 migrants from the PerC81,123. Heterogeneity in 

PerC B-1a migratory capacity has also been demonstrated, with low expression of the 

surface marker PC-1 on B-1a cells associating with increased capacity to migrate to the 

spleen compared to PC-1hi B-1a cells after intraperitoneal transfer112.  
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 In addition to steady-state circulation, PerC B-1 cells can also mobilize in 

response to activation by inflammatory stimuli123. Several studies have used TLR 

agonists or bacterial ligands to study B-1 migration. For example, intraperitoneal transfer 

of IgMb allotype PerC cells into congenic IgMa allotype hosts and stimulation with 

intraperitoneal LPS resulted in emigration of donor B-1 cells from PerC to spleen and 

differentiation into antibody-secreting cells 81. This study additionally demonstrated that 

the spleen contains both tissue-resident B-1 cells that rapidly differentiate into CD138+ 

B-1 plasma cells without dividing first, and a later population of migrated CD11b+ PerC 

B-1 cells that require cell division before differentiation into CD138+ B-1 plasma cells81. 

TLR4 stimulation induces rapid down-regulation of the integrins a4 and b1 as well as 

CD9 on PerC B-1 cells, and coincides with B-1 egress from PerC and concomitant 

increased B-1 numbers in spleen and omentum80. Absence of CXCL13 also hampers B-

1 emigration from PerC in response to TLR4 agonist, further demonstrating the 

importance of this chemokine in B-1 trafficking80. Additionally, oral or intranasal LPS 

administration leads to accumulation of IgM-producing B-1 cells in the lamina propria124 

or mediastinal lymph nodes95 respectively, demonstrating that B-1 cells can have 

regional responses. CD11b and type I interferon signaling were demonstrated to be 

necessary for B-1 cell accumulation in mediastinal lymph nodes in response to influenza 

infection125.   

Importantly, expression of these adhesion molecules is dynamic. Berberich and 

colleagues have demonstrated that splenic B cells transferred intraperitoneally take on 

the chemokine receptor profile of peritoneal B cells, and are able to more efficiently 

migrate to the PerC compared to freshly isolated splenocytes on competitive adoptive 

transfer121. There is also evidence that coordinated regulation of CXCR4 and CXCR5 

surface expression coincides with B-1 cell egress from the PerC: after intraperitoneal 
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LPS administration, CXCR5 expression increases rapidly by 5 hours but wanes by 10 

hours, while CXCR4 expression peaks much later (24 hours post-stimulation)126. 

Furthermore, factors that influence the chemokine gradient can also influence cell 

localization. The atypical chemokine receptor D6 is present on peritoneal cavity B-1 

cells127, and can influence the overall chemokine gradient by functioning as a chemokine 

scavenger, internalizing chemokines but not inducing Ca2+ fluxes or chemotaxis. D6 

deficiency results in reduced B-1 cell number in PerC, spleen, and omentum, and 

reduced serum anti-PC IgA and IgG3127.   

 Importantly, a number of these studies demonstrating niche-specific deficits in B-

1 cell number in the absence of chemokines/receptors also demonstrate an associated 

deficit in natural antibody production, highlighting the idea that B-1 cell localization is an 

important factor influencing IgM production. For example, CXCL13-/- mice that contain 

diminished PerC B-1 cell numbers have reduced titers of anti-PC and T15 IgM both at 

steady-state and in response to intraperitoneal immunization with R36A streptococcal 

vaccine, which expresses phosphocholine that is an antigenic target primarily for B-1a 

cells79. Yet, intravenous administration of R36A did not lead to the same deficit in anti-

PC IgM in CXCL13-/- mice79, and CXCL13-/- mice immunized with B-1b cell-inducing 

bacterial antigens including B. hermsii or PPS did not exhibit a defect in antigen-specific 

antibody responses128. Therefore, the requirement of any specific adhesion molecule in 

generating an antibody response may differ based on route of antigen administration 

and the specific cell subset being activated by a particular antigen, and are important 

factors to consider when interpreting these studies or designing future studies. 

Furthermore, in the D6 study described above, D6 deficiency did not lead to deficiency in 

serum anti-PC IgM, despite reduced B-1 cell number in PerC, spleen, and omentum, 

further highlighting the potential contributions of B-1 cells from other niches, including 
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the bone marrow, to anti-PC IgM titers. As of the start of this project, factors mediating 

B-1 cell localization or migration to the bone marrow had yet to be examined.  

 
CXCR4 expression, signaling, and functions 

CXCR4 is a broadly expressed G protein-coupled chemokine receptor present on 

both immune and non-immune cell types. CXCR4 is critical for development, as its 

global knockout results in fetal lethality due to multiple developmental defects129. CXCR4 

has a well-established role in retaining hematopoietic stem and progenitor cells (HSPC) 

in the fetal liver and fetal and adult bone marrow 129,130. In addition to its role in cell 

retention, CXCR4 also facilitates cell mobilization into the periphery towards its ligands, 

CXCL12 and MIF, in health or in response to injury or stress. CXCL12 is similarly 

broadly expressed, including in bone marrow stroma, high endothelial venules, germinal 

centers, and peritoneal mesothelial cells. Binding of CXCL12 to CXCR4 triggers 

dissociation of the coupled heterotrimeric G-protein, into its Gai subunit and Gbg dimer. 

These subunits mediate downstream signaling events that lead to calcium mobilization 

and activation of the MAPK and PI3K pathways, ultimately resulting in chemotaxis. 

Ligand binding to CXCR4 can also lead to the recruitment of b-arrestin, which mediates 

CXCR4 endocytosis and receptor recycling. Therefore, CXCR4 expression is controlled 

in part by expression and availability of its ligands. Furthermore, an alternative receptor 

for CXCL12, CXCR7, has gained interest due to its higher affinity for CXCL12 and ability 

to function as a decoy receptor, competing for available CXCL12 and negatively 

regulating CXCR4 signaling131.  

Importantly, CXCR4 and its ligand CXCL12 have been implicated in PerC B-1 

mobility. At homeostasis, PerC mesothelial cells constitutively produce CXCL12120, 

which is important for CXCR4-mediated retention of B-1 cells within the PerC93. In 
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support of this C57BL/6 mice with B cell-specific loss of CXCR4 have reduced numbers 

of PerC B-1 cells and reduced TI-antibody responses to acute immunization with NP-

Ficoll132. Soon after a TLR4 stimulus is delivered intraperitoneally, CXCL12 expression in 

mesothelial cells decreases80, and CXCR4 expression on B-1 cells increases126, 

presumably due to diminished CXCL12-mediated internalization of CXCR4. The LPS-

induced increase in surface CXCR4 expression on B-1 cells facilitates B-1 migration 

towards higher concentrations of CXCL12 in vitro 126, and may also modulate B-1 egress 

from the PerC down a CXCL12 gradient in vivo. In support of this, mice with mutated 

CXCR4 that is unable to be desensitized display enhanced responses to CXCL12 and 

leukopenia133.  

In addition to its role in chemotaxis, CXCR4 also has a demonstrated role in 

mediating cell cycle progression and cell survival. For example, exogenous CXCL12 was 

demonstrated to have pro-survival and anti-apoptotic effects on murine embryonic stem 

cells134, while CXCR4 neutralizing antibody resulted in diminished proliferation and 

increased apoptosis of pancreatic ductal cells isolated from non-obese diabetic mice135. 

The pro-survival effects of CXCR4 signaling are also often co-opted by transformed and 

malignant cancer cells, which exhibit heightened expression of this receptor associated 

with increased proliferation, migration, and invasion136. Mechanistically, CXCR4 

expressed by malignant peripheral nerve sheath tumors but not by non-transformed 

cells, was demonstrated to promote cyclin D1 expression and cell-cycle progression 

through PI3K and b-catenin signaling137. Exogenous CXCL12 was also demonstrated to 

induce expression of the anti-apoptosis protein, survivin, in a glioblastoma cell line138.   
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CXCR4 in atherosclerosis 

           Studies implicating CXCR4 in regulating atherosclerosis development have 

yielded contrasting results on whether CXCR4 serves an atheroprotective or atherogenic 

role, likely due to the early use of strategies that targeted CXCR4/CXCL12 globally, 

through use of small molecule inhibitors or bone marrow transplantation, rather than in a 

cell type-specific manner (summarized thoroughly by Doring and colleagues139). CXCR4 

has been suggested to promote atherosclerosis by mediating monocyte adhesion and 

migration into the artery wall140,141. In contrast, CXCR4 involvement in maintenance of 

endothelial barrier integrity, smooth muscle cell contractile phenotype, and neutrophil 

homeostasis was linked to reduced atherosclerosis142,143. Several human genome wide 

association studies have identified single nucleotide polymorphisms (SNPs) in CXCR4 

and CXCL12 associated with CVD142,144-149. However, reports conflict on direction of 

association with CVD, and whether the risk alleles alter CXCR4/CXCL12 expression or 

function139. These differences may arise from examining CXCR4 expression on total 

peripheral blood cells, which is a heterogeneous mix of cells with pro- or anti-

inflammatory functions depending on context, or plasma CXCL12 levels, which may or 

may not reflect what is happening at the tissue site during disease. Thus far, it remains 

unknown what role CXCR4 plays on B cells, specifically B-1 cells, in atherosclerosis, or 

how hyperlipidemic conditions may affect CXCR4 expression on B cell subsets. 

 

Human B cell subsets and human B-1 cells 

 In contrast to murine B-1 cells, human B-1 cells have been harder to define. 

Studies on human B cell subsets were slower compared to their T cell counterparts, in 

part due to a lack of reagents that clearly distinguished B cell subsets150. CD5 was an 

early marker helpful in a clinical setting for distinguishing lymphomas and leukemias, but 
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it was less helpful in differentiating healthy B cells. Early studies by Liu and Banchereau 

in the late 1990’s used IgD and CD38 expression to classify naïve, germinal center, and 

memory B cells from tonsils, and named this the B mature classification system151,152. 

Since then, more surface markers, as well as characterization of BCR affinity, BCR 

mutation frequency, and functional assays including immunoglobulin secretion have 

added to our understanding of human B cell populations150. In light of these findings, it is 

clear that a much deeper heterogeneity exists in human B cell subsets that can’t be seen 

when using one or two surface markers. For example, CD27, which is a surface marker 

used to classify memory B cells, correlates with functional parameters of memory, 

including greater somatic hypermutation in the IgH V region, proliferation, and ability to 

differentiate into antibody secreting cells153-155. However, the total CD27+ B cell pool is 

diverse, being expressed on cells with nonmemory phenotypes156, and there are certain 

B cells with memory-like phenotype that lack CD27 expression157. It is also important to 

consider that surface marker expression may be dynamic, and a transitioning or 

polarized population may have altered expression of certain subset-specific markers, yet 

may be derived or related to a conventional subset.  

 Rothstein and colleagues identified the putative human B-1 subset using a 

reverse engineering approach, in which characteristics typical of murine B-1 cells, 

including spontaneous in vitro IgM antibody production, efficient T cell stimulation, and 

tonic intracellular signaling were used to identify a human B-1 equivalent158 (Figure 3). 

This subset was identified at low frequency in peripheral and umbilical cord blood and 

defined as CD20+CD3-CD27+CD43+159,160. Since its initial discovery, controversy has 

existed on the frequency of this population in peripheral blood, and the difference 

between human B-1 cells and plasmablasts or pre-plasmablasts161-163. In response, 

Rothstein and colleagues have extensively and carefully delineated the isolation process 
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and gating strategy to identify human B-1 cells from peripheral blood164 and 

demonstrated that this subset differs from plasmablasts and pre-plasmablasts based on 

CD38 expression, transcriptional profiling, antibody repertoire, and other 

characteristics165. Yet, studies from Rothstein’s lab have also identified further 

heterogeneity in the CD20+CD3-CD27+CD43+ population, including differential CD11b 

expression, which distinguishes predominantly IgM-secreting B-1 cells (CD11b-), from 

predominantly IL-10-secreting B-1 cells with increased capacity to modulate T cells 

(CD11b+)166,167. Thus far, an equivalent to murine B-1a and B-1b subsets has not been 

identified within the human B-1 population. CD5, which distinguishes these subsets in 

mice, does not differentiate human B-1 cells; most CD5+ B cells are not CD20+CD3-

CD27+CD43+ B-1 cells, and CD5 is not expressed on all B-1 cells158. Studies from our 

lab also suggest that deeper heterogeneity exists in this B-1 subset, and more research 

is necessary to identify potential functionally distinct subpopulations.  

 

Anti-OSE antibodies in human CVD 
  
          The role of B cells and their secreted antibodies in human CVD remains an 

evolving field. A 2013 study utilizing an integrated systems biology approach to analyze 

data from the Framingham Heart Study revealed that B cell activation genes were 

enriched in control individuals compared to those with coronary artery disease168.  

Moreover, natural anti-OSE antibodies and human B-1 cells decline in amount, 

frequency, and avidity with age169, while prevalence of atherosclerosis increases with 

age, leading to the interesting hypothesis that natural IgM may serve as a useful metric 

to predict susceptibility to age-related diseases involving OSE170. Indeed, studies in 

human CVD patient cohorts have demonstrated that increased amounts of circulating 

IgM antibodies for the OSE malondialdehyde(MDA)-modified LDL are associated with 
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less coronary artery disease and fewer cardiovascular events 21,22,171,172. Recent interest 

has been piqued in examining cardiovascular parameters in human patients receiving B 

cell-targeted immunotherapies that have been used for decades in treatment of 

autoimmune diseases, such as systemic lupus erythematosus (SLE) and rheumatoid 

arthritis (RA)173. This is especially so in light of the CANTOS trial, which highlighted the 

important role of inflammation in CVD progression6, and in line with this, autoimmune 

patient populations show increased susceptibility to adverse cardiovascular events174. A 

recent review by Porsch and Binder examining current B cell-targeted therapies and 

their impact on human CVD indicates that more work in larger human cohorts is 

necessary to draw conclusions173. For example, the anti-CD20 B cell-depleting 

monoclonal antibody rituximab showed promise in a small-scale study in reducing 

carotid intima-media thickness (n=55 RA subjects)175. However, other studies showed no 

significant effect of rituximab treatment, while other B-cell immunotherapies either have 

no effect on CVD parameters, or have simply not yet been assessed176.  

 Importantly, human B-1 cells have been shown to produce IgM antibodies that 

are associated with CVD. Advanced glycation endproduct (AGE) modifications are 

glycated proteins or lipids that arise after exposure to sugar. AGE modifications have 

been implicated in progression of CVD associated with oxidative stress, inflammation, 

and endothelial cell dysfunction177. Methylglyoxal (MGO) is a reactive aldehyde that 

results in AGE modifications, and human B-1 cells have been shown to produce IgM 

antibodies against methylglyoxal (MGO)-modified apoB100 in vitro178. Moreover, low 

levels of MGO-specific IgM antibodies are associated with increased risk of 

cardiovascular events178. These data provide compelling support for the human 

relevance of murine findings that B-1 derived IgM against modified LDL that arise during 

chronic inflammatory disease are atheroprotective.  
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Figure 3. Human B-1 cells. Human B-1 cells were identified in peripheral and cord 

blood by Rothstein and colleagues as a CD20+CD3-CD27+CD43+ population. 

Functionally, this subset spontaneously secretes IgM, exhibits tonic intracellular 

phospholipase C gamma 2 (PLC-g2) and Syk phosphorylation, and efficiently stimulates 

T cell proliferation. Heterogeneity has been demonstrated within the human CD20+CD3-

CD27+CD43+ B-1 population differentiated by CD11b expression. Human B-1 cells with 

low or no CD11b expression are better able to spontaneously secrete IgM, thus are 

termed “B-1 secretors.” CD11b+ human B-1 cells have been demonstrated to express 

higher levels of CD86 and to more efficiently stimulate allogeneic CD4+ T cell 

proliferation compared to B-1 secretors. CD11b+ B-1 cells also spontaneously secrete 

IL-10, which is able to suppress intracellular TNF-a expression by anti-CD3 stimulated T 

cells in vitro. CD11b+ B-1 cells are termed “B-1 orchestrators” due to their increased 

capacity to modulate T cell activation and proliferation.  
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Project rationale 

         At the outset of this project, it was known that B-1 cells in the bone marrow (BM) 

contributed significantly to plasma IgM titers82, and that IgM was critical for mediating 

protection against atherosclerosis8,43. Yet, the factors mediating B-1 cell localization to 

the BM at steady-state and in the chronic inflammatory state of atherosclerosis were not 

known. Furthermore, the IgH V repertoire expressed by bone marrow B-1 cells was not 

yet determined. Additionally, while the putative human B-1 cell subset had been 

described158, follow-on studies were revealing that heterogeneity existed within this 

subset, and knowledge of the factors influencing human B-1 IgM antibody production 

was limited. We became interested in CXCR4 as a potential regulator of B-1 cell 

antibody production and atheroprotection due to initial associative findings in a human 

cohort of CVD, which we then examined in-depth using CXCR4 loss-of-function and 

gain-of-function mouse models. We hypothesized that CXCR4 was an important 

regulator of BM B-1 cell localization, anti-OSE IgM production, and atheroprotection.  

           In chapter 3, we present evidence that CXCR4 maintains the BM B-1a cell 

population and IgM production within the BM. In ApoE-/- mice either lacking CXCR4 

(CXCR4BKOApoE-/-) or overexpressing CXCR4 in B cells, specifically, we found that 

CXCR4 was necessary for maintaining the number of B-1a cells in the BM, the number 

of IgM-secreting cells in the BM, and plasma IgM titers. Moreover, we demonstrate using 

single-cell sequencing of sorted BM or PerC B-1a cells from 100-weeks-aged ApoE-/- 

mice that the IgH V repertoire of BM B-1a cells is unique and diverse compared to PerC 

B-1a cells, containing increased N-additions and a greater frequency of unique CDR-H3 

sequences. Furthermore, we found that certain CDR-H3 sequences were common to 

both PerC and BM B-1a cells, indicating potential B-1a migration between 

compartments. We demonstrate using adoptive cell transfer that migration of PerC B-1a 
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cells to the BM depended upon CXCR4. Finally, in a 50-subject human cohort of CVD, 

we find that CXCR4 expression on the putative B-1 subset associates with increased 

amount of plasma anti-MDA-LDL IgM antibodies, and decreased plaque burden and 

stenosis. These studies are the first to demonstrate that BM B-1a cells uniquely 

contribute to the IgM antibody repertoire, and that their maintenance is governed by 

CXCR4, a novel marker associating with protection in human CVD.  

             In chapter 4, we discuss the B-1 cell-specific role of CXCR4 in mediating 

atheroprotection in mice. We examine the local BM and spleen B-1 cell response to 

atherosclerosis in chow-fed versus Western diet-fed CXCR4BKOApoE-/- mice. We also go 

over atherosclerosis studies performed in CXCR4BKOApoE-/- mice, and after adoptive 

transfer of CXCR4-sufficient or CXCR4-deficient B-1a cells into lymphocyte-deficient 

Rag1-/-ApoE-/- mice. We discuss caveats of these mouse models that influence our 

interpretation of the results.  
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Human subjects 

Patients were recruited for study through the Cardiac Catheterization laboratory 

at the University of Virginia as previously described179. All participants provided written 

informed consent prior to enrollment, and the study was approved by the Human IRB 

Committee at UVA.  A total of 50 patients presenting for a medically indicated diagnostic 

cardiac catheterization were enrolled if they met inclusion criteria and had a vessel 

suitable for intravascular ultrasound (IVUS). All were outpatients with stable coronary 

syndrome. Patients were excluded if they had: any acute illness, type 1 diabetes, current 

acute coronary syndrome, autoimmune disease or on immunosuppressive therapy, prior 

organ transplantation, anemia, pregnancy, HIV infection, or no vessel suitable for IVUS. 

No patient was on anticoagulation or had deep vein thrombosis or pulmonary embolism.  

 

IVUS 

One-vessel IVUS was performed on 50 participants in accordance with the 

American College of Cardiology standards for image acquisition on a non-infarct related 

artery as previously described179. Summarily, a 2.6 F, 30 MHz IVUS catheter (Volcano 

Corporation) was advanced over a guidewire into either the left anterior descending 

coronary artery or the least-angulated vessel providing the longest length for evaluation. 

Images were obtained at 30 frames/s for a minimum of 40 mm of vessel. IVUS images 

were analyzed using virtual histology by two blinded investigators according to the 

guidelines by the American College of Cardiology. Every 60th image was analyzed at 1 

mm intervals for a total of 40 mm along the length of the artery beginning at the proximal 

end. Volcano Image Analysis Software was used to define plaque tissue composition 

into fibrous, necrotic, or calcified areas, which were expressed as a percentage of total 
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intima area. Atheroma burden and maximum stenosis were quantified as previously 

described179. 

 

Systemic cholesterol measurements 

Mouse whole blood was collected with 0.5 M EDTA, centrifuged at 10,000 rpm 

for 10 minutes, and then plasma was aliquoted in a new tube. Human arterial blood 

samples were obtained just before IVUS and blood was collected in BD vacutainer 

serum tubes, centrifuged at 400 rcf for 10 minutes, and then serum was aliquoted into a 

new tube. Human serum cholesterol quantification was performed by the University of 

Virginia Medical Laboratories as previously described118.  

 

Mice 

All animal protocols were approved by the Animal Care and Use Committee at 

the University of Virginia. CXCR4fl/fl and ApoE-/- mice were purchased from Jackson 

Laboratory. CD19cre/+ and Rag1-/- mice were provided by Dr. Timothy Bender (University 

of Virginia). CXCR4fl/fl mice were bred to the ApoE-/- line and then to CD19cre/+ mice to 

develop CXCR4fl/fl ApoE-/- CD19cre/+ mice. These mice were then bred to CXCR4fl/fl ApoE-

/- CD19+/+ mice to generate CXCR4fl/fl ApoE-/- CD19cre/+ (CXCR4BKO ApoE-/-) and 

CXCR4fl/fl ApoE-/- CD19+/+ (CXCR4WTApoE-/-) littermate controls. Rag1-/- or sIgM-/- mice 

were crossed with ApoE-/- mice to generate Rag1-/-ApoE-/- or sIgM-/-ApoE-/-  mice. ApoE-/- 

mice with the CD45.1 allotype were provided by Dr. Gary Owens (University of Virginia). 

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

Laboratory or backcrossed 10 generations with pure C57BL/6J. Mice were fed a 

standard chow diet (Tekland 7012) or a Western diet (TD.88137, 42% kcal from fat). 

Mice were euthanized by CO2 inhalation. Only male mice were used for experiments. 
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Splenectomy was performed in accordance with ACUC-approved animal protocol by 

anesthetizing mice with ketamine/xylazine (60-80 mg/5-10kg), excising the spleen, and 

closing the peritoneal and abdominal wall with absorbable sutures. Sham surgery 

involved anesthetization, incision, moving spleen with forceps, and suturing the 

incisions.  

  

Cell preparations for murine and human flow cytometry  

During organ harvest, peritoneal cells were harvested by flushing the peritoneal 

cavity with 10 mL FACS buffer (PBS containing 1% BSA, 0.05% NaN3). Peripheral blood 

was collected by cardiac puncture and 20 µL of 0.5 M EDTA was added as an 

anticoagulant before 50 µL was aliquoted for flow cytometry analysis. Mice were 

perfused with heparinated PBS then spleen and one femur and tibia were removed. 

Spleens and flushed bone marrow were filtered through a 70 μm cell strainer. Red blood 

cells were lysed from single-cell suspensions of bone marrow, spleen and peripheral 

blood using a lysis buffer containing 155 mM NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA. 

Cell surface Fc receptors were blocked using anti-CD16/32 (clone:93, eBioscience), 

then cells were stained with fluorescently conjugated antibodies against cell surface 

markers. Cells were stained with fixable Live/Dead Yellow or Live/Dead Aqua (Life 

Technologies) for dead cell discrimination, then fixed in 2% PFA in PBS. For B-1a cell 

sorting, dead cell discrimination was determined using DAPI staining. DAPI-CD19+CD23-

B220mid-loIgM+CD5+ B-1a cells were sorted to better than 99% purity from their parent 

gate. Clone and fluorophore information for the flow cytometry antibodies used in murine 

experiments to FAC-sort or immunophenotype B cell subsets are given in Table 1.  
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Isolation of PBMC’s from human peripheral blood was performed as previously 

described38 using Ficoll-Paque Plus (GE Healthcare) and SepMate tubes (Stemcell 

Technologies), and the buffy coat layer was isolated for staining. Clone and fluorophore 

information for the flow cytometry antibodies used in human flow cytometry experiments 

to immunophenotype B cell subsets are given in Table 2. 

 

Table 1. Mouse flow cytometry antibodies 

 

 

 

 

 

 

 

 

Table 2. Human flow cytometry antibodies 

 

 

 

 

 

All flow cytometry analysis was conducted at the University of Virginia Flow 

Cytometry Core Facility. Immunophenotyping was performed on a CyAn ADP (Beckman 

Coulter) or an Attune NxT (ThermoFisher) cytometer. Data analysis and flow plots were 

generated using FlowJo software (Tree Star Inc). Representative flow plots were chosen 
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based on the samples whose population frequencies were closest to the mean for that 

group. B-1a cell sorting was performed on an Influx or FACS Vantage cell sorter (BD 

Bioscience). Gates on flow plots were set using fluorescence minus one (FMO) controls.  

 

Single-cell sorting and sequencing of the immunoglobulin heavy chain 

 CD45+CD19+B220mid-lo CD43+CD5+ B-1a cells from bone marrow and peritoneal 

cavity of five 100-week-old chow-fed ApoE-/- mice were single-cell sorted into 96 well 

plates containing lysis buffer (RNaseOut, 5x Buffer, DTT, IgePAL, carrier RNA, 

Invitrogen). A 20µl reverse transcription reaction was run per well using the SuperScript 

III enzyme and random hexamers (Invitrogen). Qiagen’s HotStart Taq Plus master mix 

kit was used to perform the first round of PCR (25µl reaction) using 2.5µl of cDNA 

diluted 1:2 and the MsVHE and MsCµE primers (Table 3;180) each at 0.6 µM.  Each 25 

µl reaction was run as follows: 95°C for 5 minutes; 35 cycles at 94°C for 30 seconds, 

50°C for 30 seconds, 72°C for 30 seconds; and then a final extension at 72°C for 10 

minutes.  The product from this first reaction was then diluted at 1:100 in dH2O and 2 µl 

was used in the second semi-nested 25 µl reaction using the following MsVHE and 

MsCµN primers (Supplementary Table 8) each at 0.6 µM. The second reaction was run 

as follows: 95°C for 5 minutes; 40 cycles at 94°C for 30 seconds, 53°C for 30 seconds, 

72°C for 30 seconds; and then a final extension at 72°C for 10 minutes. DNA 

concentration was determined using the Qiagen Qiaxcel. PCR products were sequenced 

(Genewiz) using the MsVHE primer. Sequences were analyzed using an online 

sequence analysis tool, IMGT/HighV-Quest181, and only sequences with ³90% homology 

to VDJ regions were included.  
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Table 3. PCR primer sequences 

 

 

 

 

 

 

 

 

 

MDA-LDL generation  

MDA-LDL was either provided by Dr. Sotirios Tsimikas (UCSD), or prepared as 

follows. MDA was freshly generated by incubating malonaldehyde bis dimethylacetal 

with 1N HCl at 37°C, then the solution was adjusted to pH 7.4 with NaOH. MDA-LDL 

was prepared by incubating the prepared MDA solution with human LDL (Kalen 

Biomedical, LLC) at a constant ratio of 100 uL MDA per 1 mg of LDL, for 3 hours at 

37°C. After conjugation, MDA-LDL was extensively dialyzed against PBS at 4°C in 10K 

(10,000 MWCO) Slide-A-Lyzer dialysis cassettes (Thermo Fisher Scientific) to remove 

excess MDA. Protein concentration was determined by Bradford assay. MDA-LDL was 

used to coat ELISPOT plates for quantification of anti-MDA-LDL IgM ASC in tissue, as 

described below.  

 

ELISPOT 

Single-cell suspensions of bone marrow and spleen were prepared as described 

above. ELISPOT to measure total IgM ASC was performed as described previously38. 
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Briefly, 10 µg/mL unlabeled anti-mouse IgM antibody (Southern Biotech, 1020-01) or 

MDA-LDL (prepared as described above) was used to coat Sterile Multiscreen IP-Plates 

(MSIPS4510). ELISPOT wells were blocked with RPMI1640 containing 10% FCS, then 

1-2.5x105 spleen or bone marrow cells were added to leading wells and serial 5-fold 

dilutions of samples were performed. Non-binding cells were washed off with PBS 

containing 0.01% Tween-20, then ELISPOT wells were incubated in 2 µg/mL biotin-

labeled anti-mouse IgM secondary antibody (Southern Biotech, 1020-08) in PBS/0.01% 

Tween-20. For detection, sequential incubations with streptavidin alkaline phosphatase 

(Abcam), then BCIP/NBT were performed. Wells were imaged using a Bioreader 4000 

(Biosys) and spots were counted manually. Overall IgM ASC number was back-

calculated based on sample dilution or total cell count.  

 

ELISA for quantification of total and anti-OSE IgM in mice and humans 

Total IgM, IgG1, IgG2b, IgG2c, and IgG3 in mouse serum or plasma was 

measured using colorimetric ELISA as follows. EIA/RIA high-binding microplates were 

coated with goat anti-mouse IgM, IgG1, IgG2b, IgG2c, or IgG3 capture antibody 

(Southern Biotech, 1020-01; 1070-1; 1090-01; 1079-01; 1100-01). Mouse IgM, IgG1, 

IgG2b, IgG2c, and IgG3 standards (Southern Biotech, 0101-01; 0102-01; 0104-01; 

0122-01; 0105-01), or plasma or serum samples were detected with alkaline 

phosphatase-conjugated goat anti-mouse IgM, IgG1, IgG2b, IgG2c or IgG3 secondary 

antibody (Southern Biotech, 1020-04; 1070-04; 1090-04; 1079-04; 1100-04 ) and pNPP 

substrate (Southern Biotech 0201-01). Absorbance measurements were analyzed with a 

SpectraMAX 190 microplate reader (Molecular Devices) at 405 nm. The standard curve 

was determined using a 4-parameter function and concentration measurements were 
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extrapolated using Softmax Pro 3.1.2 software. Only samples with CV<15% and within 

the standard curve were included in analysis.  

 Levels of IgM antibodies specific for MDA-LDL, AB1-2 (anti-idiotypic antibody 

recognizing E06/T15 specificity), and α-1,3-dextran in mouse serum or plasma were 

determined by chemiluminescent ELISA as previously described 38,71,182. In brief, 

microtiter plates were coated with various antigens at 5 μg/mL in PBS. Antigens used 

were prepared as previously described 71,182. Serially diluted plasma was added, and 

bound plasma IgM was detected with rat anti-mouse IgM μ-chain conjugated to alkaline 

phosphatase (Abcam) and LumiPhos 530 solution, using a Dynex Luminometer (Dynex 

Technologies, Chantilly, VA, USA). Data were expressed as relative light units counted 

per 100 milliseconds (RLU/100 ms). For each set of mice, plasma pools were made 

initially and used for formal dilution curves to determine optimal dilution for each antigen 

to use in binding assays. A specific non-saturating dilution was chosen for each antigen, 

and then plasma samples from each mouse were assayed to determine mean and SD 

for that determination.  

Levels of IgM or IgG against MDA-LDL in human plasma were measured by 

chemiluminescent ELISA as previously described171. Briefly, 5 ug/mL MDA-LDL was 

coated on microtiter well plates, plasma was added, and IgG or IgM antibodies binding 

to MDA-LDL were detected with alkaline phosphatase-conjugated goat anti-human IgM 

or IgG (Sigma).  

 

In vitro LPS stimulation 

Peritoneal B-1a cells from CXCR4WTApoE-/- and CXCR4BKOApoE-/- mice were 

sorted as described above, and cultured in vitro in B cell media (RPMI-1640, 10% heat-

inactivated fetal bovine serum, 10 mM HEPES, non-essential amino acids, 1 mM sodium 
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pyruvate, 50 ug/mL gentamicin, 55 nM b-mercaptoethanol) containing either 50 µg/mL 

LPS (Sigma, L4391) or an equivalent volume of PBS. After 72 hours, culture 

supernatants were harvested, total IgM was measured by ELISA as described above, 

and normalized to cell counts plated. The fold change in amount of IgM secreted into 

supernatants from cells cultured with LPS over cells cultured in PBS from each mouse 

was compared.  

 

Transmigration assay 

Peritoneal lavage cells from CXCR4WTApoE-/- and CXCR4BKOApoE-/- mice were 

isolated and 2.5x106 cells were plated into transwell chambers containing 0.4 micron 

pores (Costar, Corning Incorporated, 3450). Lower wells contained media either with or 

without 100 ng/mL CXCL12 to distinguish spontaneous migration from migration towards 

CXCL12. An input aliquot from each sample was additionally analyzed by flow 

cytometry. Cells were cultured at 37°C for 6 hours then migrated cells in the lower well 

were harvested for flow cytometry. Percent specific migration towards CXCL12 was 

defined as the (# of B cells migrating towards CXCL12 - # of B cells migrating 

spontaneously)/(# of input B cells loaded in the transwell). 

 

Real-time polymerase chain reaction for analysis of chemokine expression 

RNA was extracted from CD19+ splenocytes or total bone marrow cells using the 

RNeasy Plus mini kit (Qiagen, 74134). 1µg of RNA was then treated with DNase 

(Invitrogen) and used to reverse transcribe cDNA using an iScript cDNA synthesis kit 

(BioRad). To quantify gene expression, cDNA was diluted 1:10 in water and combined 

with 0.5mM forward and reverse primers and SYBR Green (SensiFast, BioLine). Semi-

quantitative real-time PCR was performed on a CFX96 Real-Time System with an 
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annealing temperature of 60°C for all reactions (BioRad). Data were calculated by the 

ΔΔCt method and expressed in arbitrary units that were normalized to 18s ribosomal 

RNA levels. Primer sequences are listed in Table 3.  

 

Cell cycle analysis 

 8-10 week-old CXCR4WTApoE-/- and CXCR4BKOApoE-/- mice were fed 1 week of 

Western diet, and 1.5 mg BrdU (BD Biosciences 550891) was intraperitoneally injected 

on days 5, 6, and 7. On day 7, spleen and bone marrow was harvested and prepared for 

flow cytometry as above. After primary antibody and Live/Dead Yellow staining, cells 

were fixed, permeabilized, and stained with anti-BrdU FITC (BD 347583) using the BD 

Cytofix/Cytoperm protocol (554714) according to the manufacturer’s instructions. 7-

aminoactinomycin (CalBioChem 129935) was used to stain DNA. 

 

Retrovirus production 

CXCR4-GFP and Ctl-GFP retroviruses were generated using the pMigR1 

retroviral vector (provided by Dr. Timothy Bender, UVA), which expresses GFP. The 

mouse CXCR4 gene was subcloned from a pCMV-SPORT6 vector (cDNA clone 

IMAGE:2864967, provided by Dr. Timothy Bender) into the MigR1 retroviral vector using 

XhoI and EcoRI restriction sites to generate a CXCR4-GFP retroviral vector. The MigR1 

(Ctl-GFP) or CXCR4-GFP retroviral vector was co-transfected with the pCL-Eco 

retroviral packaging vector into 293T cells using calcium phosphate transfection. 

Transfected 293T cells were incubated at 37°C in an incubator containing 5% CO2 and 

viral supernatant was collected 48 hours later. Viral titer was determined by quantifying 

the frequency of GFP+ cells 24 hours after transduction of 3T3 cells. 
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Retroviral overexpression of CXCR4 on mouse B cells 

Mouse peritoneal B cells were enriched using MACS depletion. Briefly, peritoneal 

lavage cells from CD45.1+ ApoE-/- mice were stained with biotinylated anti-mouse 

Ter119, CD3e, Gr-1, CD23, NK1.1, and F4/80 antibodies (Table 4), secondarily stained 

with anti-biotin magnetic beads (Miltenyi Biotec), then depleted over Miltenyi MACS LS 

columns. Enriched B cells were cultured overnight in the presence of 100 nM TLR9 

agonist CpG ODN 1668 (Invivogen) to stimulate cell proliferation required for retroviral 

transduction. Twenty-four hours after stimulation, cells were transduced at a 20:1 

multiplicity of infection with Ctl-GFP or CXCR4-GFP retroviral particles using spinfection 

at 2000 rpm for 90 minutes and cultured for 3 hours at 37°C in the presence of 

polybrene. Then excess virus was washed off and cells were cultured in fresh B cell 

media (described above) overnight at 37°C. Cells were FACS-sorted for GFP+ B-1a 

cells to be used for adoptive transfer. Approximately 30-40% of B-1a cells were 

successfully transduced by this method.  

 

 

Table 4. Biotinylated antibodies for MACS depletion. 
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Adoptive Transfer  

Following fluorescence activated cell sorting as described above, B-1a cells were 

adoptively transferred accordingly: 

For short-term transfer of CD45.2+ ApoE-/- B-1 cells: 1x106 ApoE-/- peritoneal B-1 cells 

from CD45.2 allotype mice or an equivalent volume control PBS were intravenously 

injected into CD45.1 allotype ApoE-/- mice. 4 days later, tissues were harvested for flow 

cytometry.  

For short-term transfer of CXCR4-WT or –BKO B-1 cells: 750,000 CXCR4WT ApoE-/- or 

CXCR4BKO ApoE-/- B-1 cells or an equivalent volume PBS were intravenously injected 

into Rag1-/- ApoE-/- mice via retro-orbital injection. Three hours later, tissues were 

harvested for flow cytometry. 

For transfer of virally transduced B-1a cells: 100,000 Ctl-GFP+ or CXCR4-GFP+ B-1a 

cells from CD45.1 allotype ApoE-/- mice were intravenously injected into CD45.2 allotype 

Rag1-/- ApoE-/- host mice via retro-orbital injection. Host mice were maintained on chow 

diet for one week after transfer, then switched to Western diet (TD.88137) for 16 weeks. 

At the end of diet feeding, tissues were collected for analysis of donor CD45.1+GFP+ B-

1a cell localization. 

For long-term transfer of B-1a cells: 80,000 CXCR4WT ApoE-/- or CXCR4BKO ApoE-/- B-1a 

cells or an equivalent volume control PBS were intraperitoneally injected into Rag1-/- 

ApoE-/- mice. Host mice were maintained on chow diet for one week after transfer, then 

switched to Western diet (TD.88137) for 16 weeks.  

 

Atherosclerosis analysis 

Aortas were perfused with heparinated PBS then opened longitudinally from the 

aortic arch to the iliac bifurcation, fixed in 4% paraformaldehyde, pinned, and stained 
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using Sudan IV (Sigma) as previously described [6]. Aortas were imaged using a Nikon 

D70 DSLR camera and the percentage of the total aorta area that was Sudan IV+ 

plaque area was quantified using Image-Pro Plus software (Media Cybernetics).  

Hearts were separated, cut, embedded in OCT compound (Tissue-Tek), and 

snap frozen in liquid nitrogen. Serial 7 micron sections from the first appearance of the 

three aortic leaflets to the aortic arch were collected using a Cryostat (Leica biosystems). 

4 slides from each mouse containing sections spanning 21 to 550 microns away from 

the initiation of the root were stained with Oil Red O. Briefly, slides were fixed in 4% 

paraformaldehyde, rinsed with 60% isopropanol, stained with a 3mg/mL Oil Red O 

solution (Sigma, 00625), and counterstained with hematoxylin (Sigma, MHS-16). Tissue 

sections were imaged on an Olympus BX51 high-magnification microscope. Total lesion 

area or fraction of lesion area within the external elastic lamina was quantified using 

Image-Pro Plus software. 

 

Immunofluorescence analysis of IgM and CD68 area within aortic root lesions 

Four aortic root sections from each mouse were stained for analysis. Briefly, 

tissues sections underwent acetone fixation, rehydration with PBS, and incubation with a 

blocking buffer (10% donkey serum in PBS) to prevent non-specific antibody binding. 

Slides were stained in blocking buffer containing 1:100 goat anti-mouse IgM (Southern 

Biotech, 1021-01) or 1:200 rat anti-mouse CD68 (Biolegend, 137001) and the following 

secondary antibodies: donkey anti-goat Alexa Fluor 555 (Life Technologies, A21432) 

and donkey anti-rat Alexa Fluor 488 (Life Technologies, A21208). Slides were mounted 

using Vectashield hardset mounting medium containing DAPI. Tissue sections were 

imaged on an Olympus BX51 high-magnification microscope. The percentage of total 

lesion area that was IgM+ or CD68+was quantified using Image-Pro Plus software. 
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Collagen and necrotic area analysis within aortic root lesions 

 Four aortic root sections from each mouse were stained for analysis. Briefly, 

tissue sections were stained with Weigert’s iron hematoxylin and Van Gieson solution 

containing 1% acid fuchsin in aqueous picric acid. Tissue sections were imaged on an 

Olympus BX51 high-magnification microscope. Dark pink collagen staining and acellular 

necrotic core area within lesions was quantified using Image-Pro Plus software. 

 

Randomization, blinding, power calculation 

 To avoid differences arising from cage to cage variation in mouse experiments, 

each cage had at least one mouse from each experimental group, but otherwise, 

experimental groups were allocated randomly, and investigators were blinded to group 

allocation when performing all data collection. No power calculation was performed in 

mouse experiments, but the sample size of 5-10 is similar to what has been reported in 

previous publications. 

 

Statistics 

Statistics were performed as indicated using GraphPad Prism Version 7.0a 

(GraphPad Software, Inc). For comparison of data containing two groups, Mann-Whitney 

test was performed. Potential single outliers were tested in data sets using two-sided 

Dixon’s outlier test and excluded if p<0.05. For comparing more than two groups of data, 

one-way ANOVA with Tukey’s multiple comparisons test was used where data was 

normally distributed. For comparing more than two groups of non-parametric data, 

Kruskal-Wallis test was used. c2 analysis was performed using 2x4 and 2x2 

comparisons as indicated. Results from all replicated experiments are displayed and bar 
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graphs display mean ± standard error of the mean. Correlations were determined using 

Pearson correlation coefficient (r-value) when both variables passed the D’Agostino and 

Pearson test for normality. Where one or both variables being correlated failed the 

D’Agostino and Pearson test for normality, Spearman correlation coefficients are 

reported. For correlation and in multivariate analysis, log transformation was applied to 

the MFI of CXCR4 on B1 cells to transform the highly skewed variable into an 

approximately normal variable. To exclude co-linearity between variables, a Spearman 

correlation matrix was generated using the PROC CORR procedure in SAS 9.4. 

Additional co-linearity diagnostics was performed by including tolerance and variance 

inflation terms in multivariate linear regression modeling using the PROC REG 

procedure in SAS 9.4. P-values were adjusted for multiple testing by using False 

Discovery Rate, determined in SAS 9.4. 

 

Data availability  

The datasets generated and analyzed in this study are available from the 

corresponding author upon reasonable request (C.A.M). The human data are not 

publicly available as they contain information that could compromise research participant 

privacy and consent.  
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ABSTRACT  

Rationale: B-1 cell-derived natural IgM antibodies against oxidation-specific epitopes 

(OSE) on low-density lipoprotein are anti-inflammatory and atheroprotective. Bone 

marrow (BM) B-1a cells contribute abundantly to IgM production, yet the unique 

repertoire of IgM antibodies generated by BM B-1a, and the factors maintaining the BM 

B-1a population remain unexplored. The chemokine receptor CXCR4 has been 

implicated in human CVD and B cell homeostasis, yet the role of B-1 cell CXCR4 in 

regulating atheroprotective IgM levels and human CVD is unknown. 

Objective: To characterize the BM B-1a IgM repertoire and to determine whether 

CXCR4 regulates B-1 production of atheroprotective IgM in mice and humans.  

Methods and Results: Single-cell sequencing demonstrated that BM B-1a cells from 

aged ApoE-/- mice with established atherosclerosis express a unique repertoire of IgM 

antibodies containing increased N-additions and a greater frequency of unique CDR-H3 

sequences compared to peritoneal (PerC) B-1a cells. Some CDR-H3 sequences were 

common to both compartments suggesting B-1a migration between compartments. 

Indeed, mature PerC B-1a cells migrated to BM in a CXCR4-dependent manner. 

Furthermore, BM production of anti-OSE IgM and plasma IgM levels were reduced in 

ApoE-/- mice with B cell-specific knockout of CXCR4, and overexpression of CXCR4 on 

B-1a cells increased bone marrow localization and plasma anti-OSE IgM, including IgM 

against malondialdehyde (MDA)-modified LDL. Finally, in a 50-subject human cohort, we 

find that CXCR4 expression on circulating human B-1 cells positively associates with 

plasma levels of anti-MDA-LDL IgM antibodies and inversely associates with human 

coronary artery plaque burden and necrosis. 

Conclusions: These data provide the first report of a unique BM B-1a cell IgM repertoire 

and identifies CXCR4 expression as a critical factor selectively governing BM B-1a 

localization and anti-OSE IgM production. That CXCR4 expression on human B-1 cells 
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was greater in humans with low coronary artery plaque burden suggests a potential 

targeted approach for immune modulation to limit atherosclerosis.  

 
 
 
 
INTRODUCTION 
 

A wealth of evidence in murine models demonstrates an atheroprotective role for 

B-1 cells, primarily through their ability to produce anti-inflammatory IgM antibodies 

against oxidation-specific epitopes (OSE), such as malondialdehyde (MDA)7,14,37,38,54,55. 

Studies in human cardiovascular disease (CVD) patients have demonstrated that 

increased amounts of circulating IgM antibodies specific for MDA-modified-LDL are 

associated with less coronary artery disease and fewer cardiovascular events21,22, yet 

the factors regulating production of IgM to MDA-LDL in humans are unknown. A putative 

human equivalent of the murine B-1 cell was identified by Rothstein and colleagues as a 

CD20+CD27+CD43+ subset present in peripheral blood that demonstrated key 

functional hallmarks of murine B-1 cells, including spontaneous T cell-independent IgM 

production158. However, functional and phenotypic heterogeneity in the 

CD20+CD27+CD43+ B-1 subset suggests additional markers may further refine the 

phenotype of anti-OSE IgM producing human B-1 cells162,165,167.  

In mice, B-1 cells can be further divided into phenotypically distinct B-1a and B-

1b subsets based on expression of the surface marker CD5, and both subsets secrete 

anti-OSE IgM and protect against atherosclerosis 37,38. While peritoneal cavity (PerC) B-

1 cells constitutively secrete a small amount of IgM, B-1 cells in the bone marrow (BM) 

and spleen secrete larger amounts of antibody per cell and significantly contribute to 

plasma IgM titers78,82,83. However, the factors that regulate B-1 cell number at sites of 
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high antibody production like the BM, both at steady-state and in the context of chronic 

inflammation, remain largely unexplored. 

Further heterogeneity in the B-1 population occurs at the level of the B cell 

receptor, which consists of heavy and light chains containing variable regions that 

determine the specificity of IgM antibodies. The variable region of the immunoglobulin 

heavy chain (IgH V) is formed by combinatorial joining of germline VH, D, and JH family 

gene segments through a process called VDJ recombination, and additional 

heterogeneity is introduced through non-template-encoded N nucleotides (N-region 

additions) at the junctions between V-D and D-J gene segments. Antigen binding occurs 

at and is determined by hypervariable regions of IgH V called the complementarity 

determining regions (CDRs), the most variable of which is CDR-H3, which extends 

across both V-D and D-J junctions. Analyses of IgH V sequences to date demonstrate 

that PerC B-1a cells express a restricted VDJ repertoire containing a paucity of N-

additions, consistent with their origins from primarily fetal liver precursors that lack 

expression of Tdt, the enzyme mediating N-additions48,49,183. However, the prevalence of 

N-additions increases in PerC and splenic B-1a cells with age, which may arise from the 

contribution of postnatally developed B-1a cells, from the contribution of B-1 cells from 

other compartments such as the BM, or from selective antigen-induced pressures that 

are specific to a particular microenvironmental niche41,49,103,110. While BM B-1a cells 

significantly contribute to IgM production, IgH V analysis of the mature BM B-1a cell 

population remains undefined. Moreover, given the potential for postnatal diversification 

and selection, defining the BM B-1a IgM repertoire in the context of atherosclerosis risk 

factors such as age and hyperlipidemia is of key importance.  

Abundant IgM and specifically IgM to OSE are present in human and mouse 

atherosclerotic lesions 54,57, and administration or overexpression of anti-OSE IgM 

antibodies in vivo can inhibit oxidized LDL-induced activation of inflammatory pathways 
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and reduce lesion area 74,75. However, targeted B-1 cell-specific strategies to increase 

IgM antibody production in vivo have been limited, likely due to an incomplete 

understanding of factors that regulate B-1 production of atheroprotective IgM in the 

setting of hyperlipidemia.  

The chemokine receptor CXCR4 regulates cell trafficking and 

localization120,130,184. Genome-wide association studies have implicated CXCR4 and its 

ligand CXCL12 in human CVD 139,144,146,147, although results demonstrate conflicting 

effects, likely due to the broad expression of CXCR4 on a myriad of cell types with both 

pro- and anti-inflammatory functions. Prior studies have demonstrated that CXCR4 

mediates IgM responses to acute immunization with the T-independent antigen NP-

Ficoll132, suggesting a role for CXCR4 on B-1 cells. Whether CXCR4 regulates B-1 cell 

production of anti-OSE IgM in the setting of hyperlipidemia, and the mechanisms 

underlying this regulation are unknown. Moreover, whether B-1 cell CXCR4 expression 

is linked to circulating anti-OSE IgM levels or CVD in humans has not been explored. 

The present study provides novel characterization of the the BM B-1a IgH V 

repertoire in aged mice with hyperlipidemia and examines the factors maintaining B-1a 

number and IgM production within the BM. We demonstrate that the BM B-1a IgH V 

repertoire in aged ApoE-/- mice is distinct from the PerC B-1a repertoire, containing 

increased N-additions and greater frequency of unique CDR-H3 sequences. Using 

adoptive transfer studies, we find that the BM B-1a population is replenished by 

trafficking of mature B-1a cells from the periphery to the BM in a CXCR4-dependent 

manner. Furthermore, B cell-specific loss of CXCR4 decreases B-1a number and IgM 

production specifically within the BM, resulting in decreased plasma IgM. Conversely, B-

1a cell-specific overexpression of CXCR4 in vivo associates with increased B-1a 

localization to the bone marrow and increased plasma anti-OSE IgM. Finally, in a 50-

subject human cohort, CXCR4 expression on the circulating human 
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CD20+CD27+CD43+ B-1 subset significantly positively associates with the amount of 

plasma anti-MDA-LDL IgM, and inversely associates with plaque burden and necrotic 

area in human coronary arteries. Overall these data indicate that BM B-1a cells uniquely 

contribute to the IgM antibody repertoire, and that their maintenance is governed by 

CXCR4, a novel marker associating with protection in human CVD.   

 
 
  

 
RESULTS 
 
IgM of mature bone marrow B-1a cells is distinct from IgM of peritoneal B-1a cells 

in atherosclerotic mice 

To characterize the immunoglobulin repertoire of the mature bone marrow B-1a 

cell population in the context of atherosclerosis, we utilized 100-week-old chow-fed 

ApoE-/- mice. B-1a cells from BM and PerC were single-cell sorted and the variable 

region of the immunoglobulin heavy chain was sequenced. BM B-1a cells displayed 

increased diversity at the V-D and D-J junctions, as evidenced by an increase in N-

additions, with 32% of sequences containing ³1 N-additions at both junctions, compared 

to 2% of PerC B-1a sequences (P<0.0001 by 2X4 c2 analysis, df=3; Figure 4a). 

Moreover, the average number of N-additions at the V-D and D-J junctions, as well as 

the average sum of N-additions at both junctions was significantly greater in BM B-1a 

cells (Figure 4b). Together, these data indicate increased diversity and a shift away 

from germline in the BM B-1a immunoglobulin heavy chain repertoire of aged ApoE-/- 

mice as compared to PerC B-1a cells. 

Comparison of VH, D, and JH gene segment usage revealed marked differences 

between the BM and PerC B-1a repertoire, with increased VH1, VH2, VH3, VH5, VH6, 

VH10, VH11, VH14, DH1-1, JH2, JH3, and JH4 gene family usage in BM B-1a cells 
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compared to PerC B-1a (Figure 4c). In contrast, PerC B-1a cells showed increased 

usage of VH12, DH2, and JH1 family genes.  

Importantly, sequence comparison between PerC and BM B-1a cells revealed 

that a high frequency of PerC B-1a cells (92%) and to a lesser extent BM B-1a cells 

(65%) were replicate sequences present in more than one B-1a cell in these 

compartments. Notably, the sequence of the most common CDR-H3 in the BM, 

AGDYDGYWYFDV, was also the most common CDR-H3 sequence in the PerC (Fig. 

4d) and other sequences were also common to both BM and PerC (Table 5), suggesting 

that B-1a migration between compartments could be occuring.  

Intriguingly, AGDYDGYWYFDV accounted for 70% of total PerC B-1a 

sequences, while it only accounted for 11.6% of total BM B-1a sequences (Fig. 4d), 

suggesting that selection pressure driving the presence or survival of B-1a cells 

expressing AGDYDGYWYFDV is stronger in the PerC than the BM in aged ApoE-/- mice. 

Additionally, the presence of more unique CDR-H3 sequences in the BM also suggests 

that the BM B-1a microenvironment is more permissive for IgH V diversification.  
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Figure 4. The bone marrow B-1a cell IgH V repertoire is distinct from the peritoneal 

B-1a cell IgH V repertoire. (a) Percentage of total sequences with 0 N-additions at both 

V-D and D-J junctions (lower left), 1 or more N-additions at both junctions (upper right), 

or one or more N-addition at either the V-D or D-J junction (upper left or lower right) in 

the variable region of the immunoglobulin heavy chain of sorted bone marrow or perC B-

1a cells. (b) Average number of N-additions at either the V-D junction, the D-J junction, 

or the average sum of N-additions at both junctions in sorted bone marrow and 

peritoneal cavity B-1a cells. P<0.0001 by Mann-Whitney test. (c) Frequency of total 

sequences utilizing the given VH, D, and JH gene segments in the variable region of the 

immunoglobulin heavy chain from single cell-sorted B-1a cells from peritoneal cavity 

(black bars) or bone marrow (checkered bars) of 100-week-old chow-fed ApoE-/- mice. 

****P<0.0001, **P<0.01, or *P<0.05 by 2x2 c2 analysis, df=1. (d) VDJ usage, CDR-H3 

amino acid sequence, and number and frequency of replicates for the top three most 

frequent replicate sequences found in sorted PerC or BM B-1a cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 59 

 
Figure 4 
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Table 5. Replicate CDR-H3 amino acid sequences (those present more than once) and 

frequency present in single cell-sorted BM and PerC B-1a cells 
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Mature PerC-derived B-1a cells migrate to the bone marrow and the bone marrow 

B-1 population does not rely on the spleen 

To examine the factors that maintain BM B-1 cells, we first determined whether 

the BM B-1 population can be replenished by B-1 cells from the circulation. Short-term 

intravenous transfer of CD45.2 ApoE-/- PerC B-1 cells into CD45.1 ApoE-/- hosts 

revealed that a small fraction of the total B-1 population in PerC and spleen were 

emigrated CD45.2+ donor cells, as expected in immunocompetent hosts with an 

endogenous B cell compartment (Fig. 5). Importantly, CD45.2+ B-1 cells were also 

present in the bone marrow, indicating that mature PerC B-1 cells can migrate from the 

periphery to the BM (Fig. 5).   

The adult PerC B-1 cell population has previously been shown to depend upon 

the spleen37,107. To determine whether the adult BM B-1 cell population relies upon 

splenic migrants, we performed sham or splenectomy surgery on ApoE-/- mice and 

quantified BM B-1 cell populations after 4 weeks of Western diet feeding (Fig. 6a). Bone 

marrow B-1a and B-1b cell numbers were not altered by absence of the spleen, 

suggesting that B-1a migrants to the BM may come from locations other than the spleen 

(Fig. 6b).   
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Figure 5. Mature peritoneal B-1 cells migrate to the bone marrow.  

(a) Experimental schematic for short-term 4-day adoptive transfer. (b) Calculated 

frequency of CD45.2+ donor B-1 cells recovered from peritoneal cavity (PerC), bone 

marrow, or spleen of CD45.1 ApoE-/- mice receiving control PBS (n=1) or 1x106 CD45.2+ 

CD19+ CD23- peritoneal cavity B-1 cells (n=4).  
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Figure 6. The adult bone marrow B-1 population does not rely on the spleen. (a) 

Experimental schematic for splenectomy. (b) Calculated number of CD19+ B220mid-lo 

IgM+ CD23- CD43+ CD5+ or - B-1a or B-1b cells recovered from bone marrow of ApoE-/- 

mice receiving splenectomy (n=6) or sham surgery (n=5). N.s. indicates non-significant 

p-value by Mann-Whitney test. 
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CXCR4 facilitates mature B-1a migration to the bone marrow 

CXCR4 has a well-established role in mediating progenitor cell retention in the 

BM130, yet whether CXCR4 is needed for mature B-1a cell homing to BM is unknown. To 

examine the role of B cell CXCR4 on B-1a cell BM migration, we developed a B cell-

specific CXCR4 knockout mouse model on the atherosclerosis-prone ApoE-/- 

background. This is a Cre-Lox model in which Cre recombinase is under control of the 

CD19 promoter, thereby deleting floxed CXCR4 alleles in all B cells (B-1 and B-2). 

ApoE-/- mice lacking CXCR4 in B cells (CXCR4BKOApoE-/-) display efficient knockdown of 

CXCR4 mRNA and protein expression in B cells, and a defect in migratory capacity 

towards its ligand CXCL12 relative to littermate control mice that retain expression of 

CXCR4 (CXCR4WT ApoE-/-) (Figure 7).  

Adoptive transfer of PerC B-1 cells from CXCR4WT ApoE-/- or CXCR4BKOApoE-/- 

mice into T- and B cell-deficient Rag1-/- ApoE-/- hosts (Fig. 8a) revealed that B-1a cells 

migrated to both the BM and spleen, however only BM homing was CXCR4-dependent 

(Fig. 8b-d). To examine why CXCR4 might preferentially facilitate B-1a migration to the 

BM, and how that is altered in an inflammatory state, we compared mRNA expression of 

the CXCR4 ligands, CXCL12 and MIF, as well as another important B cell chemokine, 

CXCL13, in spleen and BM of C57BL/6J and ApoE-/- mice. Results demonstrate greater 

expression of CXCL12 in BM of C57BL/6J and ApoE-/- mice compared to spleen, and 

increased CXCL12 expression in ApoE-/- BM compared to C57BL/6J BM (Fig. 8e). MIF 

expression was not significantly different between BM and spleen, but was increased in 

ApoE-/- mice compared to C57BL/6J (Fig. 8f). CXCL13 expression was significantly 

higher in spleen than BM, and was not significantly different between ApoE-/- and 

C57BL/6J mice (Fig. 8g). These results provide evidence for differential chemokine 

expression in spleen and BM at baseline and in hyperlipidemic states, providing a likely 
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mechanism for CXCR4-dependent B-1a migration preferentially to the BM over the 

spleen.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 66 

Figure 7. Generation of a B cell specific knockout of CXCR4 on an atherogenic 

ApoE-/- background. (a) Quantification of CXCR4 mRNA expression in CD19+ 

splenocytes isolated from CXCR4WT ApoE-/- (n=3) or CXCR4BKO ApoE-/- (n=4) mice. 

*P<0.05 by two-tailed t-test. (b) Surface CXCR4 expression on CD19+ B cells or CD3+ T 

cells in peripheral blood from CXCR4WT ApoE-/- (solid black histogram) or CXCR4BKO 

ApoE-/- mice (dashed line histogram). Shaded histograms indicate FMO-CXCR4 control. 

(c) Representative flow plots of the frequency of CXCR4WT ApoE-/- (top) or CXCR4BKO 

ApoE-/- (bottom) CD19+ cells migrating spontaneously (left) or towards CXCL12 . (d) 

Frequency of B cells isolated from CXCR4WT ApoE-/- (n=3) or CXCR4BKO ApoE-/- (n=2) 

mice that migrated towards CXCL12 as a percentage of the total number of B cells 

loaded in transwell. Error bars represent mean ± s.e.m. 
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Figure 8. B-1a cells traffic to the bone marrow in a CXCR4-dependent manner. (a) 

Experimental schematic for short-term adoptive transfer. (b) Representative gating 

strategy from one bone marrow sample per transfer condition for quantification of 

adoptively transferred B-1 cells in Rag1-/-ApoE-/- mice receiving control PBS (n=1) or 

7.5x105 CD19+ B220lo IgM+ CD23- peritoneal cavity B-1 cells from CXCR4WT ApoE-/- 

(n=3) or CXCR4BKO ApoE-/- (n=3) donor mice. Quantification of the number of donor B-1a 

cells (CD19+IgM+CD23-CD5+) recovered in bone marrow (c) and spleen (d) of Rag1-/- 

ApoE-/- recipient mice 3 hours post-intravenous transfer. *P<0.05 or n.s. indicates non-

significant p-value by Kruskal-Wallis test. Quantification of CXCL12 (e), MIF (f), and 

CXCL13 (g) mRNA expression normalized to 18s ribosomal RNA expression in total 

bone marrow and spleen single cell suspensions isolated from C57BL/6 mice (n=5) or 

ApoE-/- mice (n=5) ***P<0.001, **P<0.01, *P<0.05 or n.s. indicates non-significant p-

value by one-way ANOVA with Tukey’s multiple comparisons test. Error bars represent 

mean ± s.e.m.  
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Figure 8.  
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CXCR4 is critical for maintaining bone marrow B-1a cell number, bone marrow IgM 

ASC, and circulating IgM levels  

To determine if B cell-specific loss of CXCR4 impacts the endogenous BM B-1a 

population, we quantified BM B-1 cells in CXCR4BKOApoE-/- mice by flow cytometry. We 

identified B-1 cells as live CD19+ IgM+ B220mid-lo CD23- CD43+ cells in the bone marrow 

and further classified into B-1a and B-1b subsets based on expression of CD5 (Fig. 9a). 

CXCR4BKOApoE-/-mice harbor a significant reduction in total B-1 cells in the bone marrow 

and blood, but not spleen or peritoneal cavity (Fig. 9b). Importantly, the reduction in B-1 

number in the bone marrow was attributable to a loss specifically in the B-1a subset, 

while B-1b numbers were equal between genotypes (Fig. 9c,d). Loss of CXCR4 

additionally reduced the number of CD19+B220hiCD23+CD43- B-2 cells in the bone 

marrow, but did not impact B-2 cell numbers in blood, spleen, or perC (Fig. 10a). There 

were no significant differences in other immune cell types, including CD3+ T cells, 

CD115+ monocytes, and Ly6G+ neutrophils in the spleen, bone marrow, and blood 

between CXCR4WT ApoE-/- and CXCR4BKOApoE-/- mice (Fig. 11).  

Consistent with fewer BM B-1a cells, total circulating IgM in CXCR4BKOApoE-/-

mice was significantly reduced compared to CXCR4WT ApoE-/- littermate controls (Fig. 

9e). Sort-purified B-1a and B-1b cells from CXCR4WT ApoE-/- and CXCR4BKOApoE-/- mice 

secreted equivalent amounts of IgM after stimulation with LPS, a TLR4 agonist which 

induces B-1 cell IgM production (Fig. 9f), indicating that loss of CXCR4 does not reduce 

the ability of B-1 cells to produce and secrete IgM. Instead, B cell-specific loss of CXCR4 

resulted in reduced numbers of IgM antibody-secreting cells (ASC) and MDA-LDL-

specific IgM ASC in the bone marrow but not in the spleen (Fig. 9g-k). Titers of IgG1, 

IgG2b, IgG2c, and IgG3 were not significantly different between CXCR4WT ApoE-/- and 

CXCR4BKOApoE-/- mice (Fig. 10b-e). Taken together, these data provide evidence that 
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CXCR4 regulates plasma IgM titers by maintaining the number of IgM antibody-secreting 

B-1a cells specifically within the bone marrow.  
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Figure 9. CXCR4 is critical for maintaining bone marrow B-1a cell number, bone 

marrow IgM ASC, and circulating IgM levels in ApoE-/- mice. (a) Representative 

gating strategy for quantification of bone marrow B-1 cells by flow cytometry. (b) 

Quantification of B-1 cells from the bone marrow, blood, spleen, and peritoneal cavity of 

8-week-old CXCR4WT ApoE-/- (n=6) or CXCR4BKO ApoE-/- (n=8) mice using flow 

cytometry. (c) Quantification of B-1a and B-1b cell number in bone marrow of CXCR4WT 

ApoE-/- (n=6) and CXCR4BKO ApoE-/- (n=8) mice. (d) Representative flow plots of B-1a 

and B-1b gating from bone marrow of CXCR4WT ApoE-/- or CXCR4BKO ApoE-/- mice. (e) 

Calculated concentration of total IgM in sera of 8-week-old CXCR4WT ApoE-/- (n=10) or 

CXCR4BKO ApoE-/- (n=10) mice. (f) Fold change in concentration of IgM in supernatants 

of cultured peritoneal B-1a or B-1b cells from CXCR4WT ApoE-/- (n=5) or CXCR4BKO 

ApoE-/- (n=6) mice in response to 50 µg/mL LPS over the amount secreted in response 

to control PBS. (g) Representative ELISPOT wells depicting IgM antibody-secreting cells 

(ASC) from bone marrow and spleen of 8-week-old CXCR4WT ApoE-/- or CXCR4BKO 

ApoE-/- mice. Calculated numbers of IgM ASC in bone marrow (h) and spleen (i) of 8-

week-old CXCR4WT ApoE-/- (n=6) or CXCR4BKO ApoE-/- (n=6) mice. Calculated numbers 

of anti-MDA-LDL IgM ASC in bone marrow (j) and spleen (k) of 8-week-old CXCR4WT 

ApoE-/- (n=6) or CXCR4BKO ApoE-/- (n=6) mice. Error bars represent mean ± s.e.m. 

*P<0.05, **P<0.01, ***P<0.001, or n.s. indicating non-significant p-value by Mann-

Whitney test. 
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Figure 9.  
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Figure 10. B cell-specific loss of CXCR4 reduces mature B-2 number in the BM but 

does not significantly impair production of IgG antibodies in young ApoE-/- mice. 

(a) Quantification of CD19+B220hiCD23+ B-2 cells from bone marrow, blood, spleen, and 

peritoneal cavity of 8-week-old CXCR4WT ApoE-/- (n=6) or CXCR4BKO ApoE-/- (n=8) mice. 

Relative titers of (b) IgG1, (c) IgG2b, (d) IgG2c, and (e) IgG3 in sera of 8-week-old 

CXCR4WT ApoE-/- (n=10) or CXCR4BKO ApoE-/- (n=10) mice. 4 samples excluded in IgG1 

dataset due to duplicate measurements having CV>30%. ***P<0.001 or n.s. indicates 

non-significant p-value using Mann-Whitney test. 
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Figure 11. B cell-specific loss of CXCR4 does not significantly impact numbers of 

other immune cell types in the spleen, bone marrow, or blood. Calculated numbers 

of CD3+ T cells, CD115+ monocytes, and Ly6G+ neutrophils in spleen (a), bone marrow 

(b), or circulating blood (c) of 8-week-old CXCR4WT ApoE-/- (n=5) or CXCR4BKO ApoE-/- 

(n=5) mice. Error bars represent mean ± s.e.m. 
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CXCR4 overexpression associates with increased B-1a localization to the bone 

marrow and increased plasma anti-OSE IgM levels 

To determine if increasing CXCR4 expression in wild-type B-1a cells could 

increase localization to the bone marrow and boost IgM production, CXCR4 was 

overexpressed in B-1a cells using a retroviral approach. The generated CXCR4-GFP 

retrovirus was able to effectively increase B-1 cell surface CXCR4 expression and 

functional migration towards CXCL12 compared to a control (Ctl-GFP) retrovirus (Fig. 

12a-c), without affecting B cell viability (Fig. 12d-e). Rag1-/-ApoE-/- recipient mice were 

adoptively transferred with Ctl-GFP+ B-1a cells, CXCR4-GFP+ B-1a cells, or control 

PBS and fed Western diet for 16 weeks (Fig. 13a). Donor B-1a cells recovered in the 

bone marrow and spleen  of recipients given CXCR4-GFP+ B-1a cells maintained 

increased CXCR4 expression after 16 weeks (Fig. 13b,c). However, the degree of 

CXCR4 overexpression varied between mice. Therefore, correlative analysis of the full 

experimental cohort was performed to determine the effect of CXCR4 overexpression on 

donor B-1a cell localization. A positive association was identified with the MFI of CXCR4 

on donor B-1a cells and the number of donor B-1a cells in the bone marrow but not 

spleen (Fig. 13d). These data provide further evidence that CXCR4 expression 

preferentially mediates B-1a migration to the bone marrow. Furthermore, the number of 

donor B-1a cells in the bone marrow positively associated with circulating levels of IgM 

against MDA-LDL and a trend towards increased IgM against phosphocholine (plasma 

E06/T15 IgM), but not with IgM against α-1,3-Dextran, a classic T-independent bacterial 

surface antigen used as a non-OSE type antigen control (Fig. 13e).  
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Figure 12. Retroviral-mediated overexpression of CXCR4 on CXCR4BKO ApoE-/- B 

cells. Peritoneal B cells from CXCR4BKOApoE-/- mice were isolated and transduced with 

Ctl-GFP or CXCR4-GFP retrovirus, or cultured without transduction. (a) Representative 

flow plots of CXCR4 and GFP expression on B-1 cells from non-transduced (upper left), 

Ctl-GFP transduced (lower left), or CXCR4-GFP transduced (lower right) conditions. 

FMO-CXCR4 (upper right) used to set CXCR4 positive gate. (b) Quantification of the 

MFI of CXCR4 on GFP+ B-1 cells from non-transduced (n=1), Ctl-GFP transduced 

(n=2), or CXCR4-GFP transduced (n=2) conditions. *P<0.05 by one-way ANOVA with 

Tukey’s multiple comparisons test. (c) Frequency of non-transduced (n=1), Ctl-GFP 

transduced (n=2), or CXCR4-GFP transduced (n=2) B-1 cells that migrated towards 

CXCL12 as a percentage of the total number of B-1 cells loaded in transwell. (d) 

Representative gating strategy for quantification of viable cells within the successfully 

transduced B cell population (CD19+GFP+). (e) Frequency of live B cells after 

transduction with Ctl-GFP (n=2) or CXCR4-GFP retrovirus (n=2). Error bars represent 

mean ± s.e.m. 
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Figure 12.  
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Figure 13. Overexpression of CXCR4 in murine B-1a cells associates with 

increased B-1a cell localization to the bone marrow and increased plasma anti-

OSE IgM levels. (a) Experimental setup: Peritoneal B cells from CXCR4 wild-type 

CD45.1 allotype ApoE-/- mice were transduced with CXCR4-GFP or Ctl-GFP retrovirus 

and 1x105 successfully transduced B-1a cells were intravenously transferred into Rag1-/-

ApoE-/- hosts, which were fed 16 weeks of Western diet. Quantification of the mean 

fluorescence intensity (MFI) of CXCR4 on recovered CD45.1+GFP+ donor B-1a cells in 

bone marrow (b) or spleen (c) of Rag1-/-ApoE-/- mice receiving CXCR4-GFP+ B-1a cells 

(n=5) or Ctl-GFP+ B-1a cells (n=6) after 16 weeks Western diet feeding. *P<0.05 or 

**P<0.01 by Mann-Whitney test. (d) The MFI of CXCR4 on donor B-1a cells correlated 

with the number of donor B-1a cells in bone marrow or spleen of Rag1-/-ApoE-/-recipient 

mice after 16 weeks Western diet feeding. N=11 mice. (e) The number of donor B-1a 

cells in bone marrow correlated with circulating levels of anti-MDA-LDL IgM, E06/T15 

IgM specific for phosphocholine, or anti-1,3-Dextran IgM after 16 weeks Western diet 

feeding. Data presented as correlation coefficient (r) and statistical significance (p). 
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Figure 13.  
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Loss of secreted IgM enhances atherosclerosis in aged ApoE-/- mice with modest 

cholesterol levels 

To determine if secreted IgM impacts atherogenesis in a setting relevant to 

human disease, we examined atherosclerosis by en face analysis in 80-week-old chow-

fed ApoE-/- mice lacking secreted IgM (sIgM-/-). As age has been shown to accelerate 

atherogenesis185, one might consider this model more comparable to a 70-year-old 

human with hypercholesterolemia.  Aged chow-fed ApoE-/- sIgM-/-  mice had significantly 

increased atherosclerosis compared to chow-fed ApoE-/- controls (Figure 14a,b) and 

had cholesterol levels of 421-468 mg/dL (Figure 14e). In contrast, in a typical model of 

murine atherosclerosis (young mice fed Western diet for 8 weeks), atherosclerosis did 

not differ between genotypes (Fig. 14c,d). Notably, this model is comparable to a much 

younger human and has total cholesterol levels approaching 2000 mg/dL (Fig. 14e), 

representing an extreme atherogenic pressure not encountered in human CVD. These 

findings suggest that typical murine models of atherosclerosis may not be appropriate for 

determining if CXCR4 mediates B-1 cell production of anti-OSE IgM and 

atheroprotection. 
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Figure 14. Loss of secreted IgM enhances atherosclerosis in aged ApoE-/- mice 

with modest cholesterol levels. Representative images (a) and quantification (b) of 

Sudan-IV+ lesion area in aortas from 80-week-old ApoE-/- (n=4) and sIgM-/-ApoE-/- (n=6) 

mice fed normal chow diet. Representative images (c) and quantification (d) of Sudan-

IV+ lesion area in aortas from 16-week-old ApoE-/- (n=9) and sIgM-/-ApoE-/- (n=9) mice 

fed 8 weeks of Western diet. *P<0.05 or non-significant (n.s.) by Mann-Whitney test. (e) 

Total cholesterol levels in ApoE-/- and sIgM-/-ApoE-/- mice fed 8 weeks of Western diet or 

80 weeks normal chow diet.  
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CXCR4 expression on human peripheral B-1 cells associates with increased 

amount of plasma anti-MDA-LDL IgM antibodies 

Accordingly, we turned to a human atherosclerosis cohort to test for association 

between B-1 cell CXCR4 expression and anti-OSE IgM and coronary artery disease. We 

analyzed a cohort of 50 human subjects presenting to the cardiac catheterization 

laboratory at the University of Virginia. We quantified circulating levels of IgM and IgG 

antibodies specific for MDA-LDL and CXCR4 expression on circulating B-1 cells (Fig. 

15a,b). We used the flow cytometry strategy originally defined by Rothstein and 

colleagues 158 when quantifying the B-1 population. In this strategy, and for all findings in 

this report, human B-1 cells are defined as live, singlet, CD20+CD3-CD27+CD43+ cells. 

Representative flow cytometry plots of circulating immune cells from one subject (Fig. 

15b,c) reveal a diffuse population of human B-1 cells, when gated based on an FMO-

CD43 control (Fig. 15d). Cell surface expression of CXCR4 was measured as mean 

fluorescence intensity (MFI) of CXCR4 on B-1 cells (Fig. 15e). As the MFI of CXCR4 on 

B-1 cells was a skewed variable, we performed log transformation to approximate 

normality for use in correlative analysis. The frequency of CD20+CD3-CD27+CD43+ B-1 

cells within the total CD20+ B cell population displayed no significant association with 

plasma levels of anti-MDA-LDL IgM (Fig. 15f). Notably, the addition of cell surface 

expression of CXCR4 to the analysis of B-1 cells significantly improved the positive 

association with amount of plasma anti-MDA-LDL IgM (Fig. 15f). No associations were 

identified between anti-MDA-LDL IgG levels and CXCR4 expression on B-1 cells (Fig. 

15f) or anti-MDA-LDL IgG or IgM levels and CXCR4 expression on other peripheral B 

cell subsets including naïve CD20+CD3-CD27-CD43- B cells and memory CD20+CD3-

CD27+CD43- B cells (Table 6).  
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Figure 15. CXCR4 expression on peripheral human B-1 cells associates with 

increased circulating amounts of anti-MDA-LDL IgM antibodies. (a), A 50-subject 

human cohort was analyzed for circulating anti-MDA-LDL IgM or IgG antibody levels and 

CXCR4 expression on peripheral blood B cell subsets. (b) Representative flow 

cytometry of peripheral blood mononuclear cells subset into CD20+ B cells and CD3+ T 

cells. (c) CD20+ B cells further subset into CD27+CD43+ B-1 cells. (d) FMO minus 

CD43 control used to set CD43 positivity. (e) Representative histograms depicting 

CXCR4 expression on the CD27+CD43+ B-1 subset from an FMO minus CXCR4 control 

(blue histogram) or a representative patient sample (red histogram). Dashed lines 

indicate mean fluorescence intensity (MFI) of CXCR4. (f) The percentage of CD20+CD3-

CD27+CD43+ B-1 cells of total CD20+ B cells, or CXCR4 expression on B-1 cells 

(log(MFI CXCR4)) correlated with circulating amounts of anti-MDA-LDL IgM or IgG 

antibodies in 50 subjects. Correlation data presented as correlation coefficient (r) and 

statistical significance (p).  
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Figure 15. 
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Table 6. Associations between circulating levels of anti-MDA-LDL antibodies and 

CXCR4 expression on other B cell subsets or the frequency of other B cell subsets. Data 

presented as correlation coefficient (r) and statistical significance (p). N=50 subjects. 

*P<0.05. 
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CXCR4 expression on human peripheral B-1 cells inversely associates with 

plaque volume and stenosis and indices of plaque instability.    

Next, we analyzed the relationship between human B-1 CXCR4 expression and 

plaque burden and composition in human coronary arteries, as quantified by 

intravascular ultrasound and virtual histology (IVUS-VH) (Fig. 16a). Clinical and 

laboratory characteristics of this patient cohort are provided in Table 7. Consistent with 

the positive association of CXCR4 expression on human B-1 cells with circulating levels 

of IgM to MDA-LDL, human B-1 CXCR4 expression showed an inverse association with 

plaque burden and stenosis (Fig. 16b,c). Furthermore, while the frequency of circulating 

B-1 cells was not significantly associated with plaque burden, stenosis, or plaque 

characteristics (Table 8), CXCR4 expression on these B-1 cells demonstrated a trending 

positive association with the percentage of fibrous area in plaque and a trending inverse 

association with the percentage of necrotic area in plaque (Fig. 16d), indicative of a 

more stable plaque phenotype. Additionally, there were no significant associations of B-1 

CXCR4 expression and circulating levels of HDL, LDL, or triglycerides (Fig. 16d). 

Consistent with these findings, CXCR4 expression was not different on B cell subsets 

between age-matched C57BL/6 mice and hypercholesterolemic ApoE-/- mice fed chow 

or Western diet (Fig. 17). Multivariate analysis indicated that CXCR4 expression on 

human B-1 cells predicted plaque burden independently of LDL cholesterol, age, or 

gender in this 50-subject cohort (b coefficient= -11.33; standard error 3.04; P-

value=0.0005). Finally, no significant associations were seen between human B-1 

CXCR4 expression and other CAD risk factors such as hsCRP, BMI, HbA1c%, or 

creatinine (Table 9).   
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Figure 16. CXCR4 expression on peripheral human B-1 cells associates with 

decreased plaque volume and a protected plaque phenotype. (a) Plaque burden, 

stenosis, and composition were measured in human coronary arteries by intravascular 

ultrasound (IVUS) and virtual histology (VH). (b) Correlation plot of plaque burden with 

CXCR4 expression on B-1 cells (log(MFI CXCR4)) in 50 subjects. (c) Correlation plot of 

maximum stenosis with CXCR4 expression on B-1 cells (log(MFI CXCR4)) in 50 

subjects. (d) Associations between CXCR4 expression on peripheral human B-1 cells 

and plaque burden, stenosis, plaque characteristics, or plasma cholesterol levels in 50 

subjects. Data presented as correlation coefficient (r) and False Discovery Rate (FDR)-

corrected statistical significance (p). *P<0.05 for FDR-corrected p-values. 
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Table 7. Clinical and laboratory characteristics of IVUS subjects. Values are presented 

as n(%) for binary measures or as mean± SD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Subject Characteristics Values 

Age (y) 58.7 ± 9.6 

Gender n (%male) n (%female) 27 (54%), 23 (46%) 

Race n (%African Americans) n (%Caucasians) 3 (6%), 47 (94%) 

Body Mass Index (kgm-2) 31.7 ± 7.0 

Hypertension n(%) 41(82%) 

Type-2 Diabetes n (%) 20 (40%) 

Statin use n (%) 42 (84%) 

Hemoglobin (k/μl) 12.7 ± 2.4 

Hematocrit (%) 38.2 ± 4.3  

Platelets (k/μl) 221 ± 55 

White blood cell count (k/μl) 7.2 ± 2.7 

Serum Creatinine (mg/dl) 0.9 ± 0.17 

eGFR (MDRD) (ml/min per 1.73 m2) 87.2 ± 14.2 

Total cholesterol (mg/dl) 148 ± 35 

Triglycerides (mg/dl) 116 ± 71 

High density lipoprotein cholesterol (mg/dl) 39.8 ± 11 

Low density lipoprotein cholesterol (mg/dl) 89.3 ± 30 
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Table 8. Associations of the frequency of circulating B-1 cells with IVUS virtual histology 

measurements. Given values represent correlation coefficient (r), and statistical 

significance (p). N=50 subjects.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Variable %CD27+CD43+ B-1 cells of 
total CD20+ B cells 

     R-value                p-value  

Plaque Burden -0.0073 0.96 

Stenosis -0.042 0.77 

%Fibrous -0.028 0.84 

%Necrotic  0.011 0.94 

%Calcium -0.11 0.46 
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Table 9. Associations of the MFI of CXCR4 on circulating human B-1 cells with other 

clinical characteristics. Given values represent correlation coefficient (r), and statistical 

significance (p). N=50 subjects.  

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variable MFI CXCR4 on B-1 cells 
     R-value         p-value  

hsCRP (mg/L) 0.20 0.16 
BMI 0.025 0.86 

A1c% -0.18 0.23 
Creatinine (mg/dL) -0.053 0.71 
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Figure 17. CXCR4 expression on B cell subsets is not modulated by ApoE 

knockout or Western diet. Quantification of CXCR4 MFI on splenic, bone marrow, 

blood, and peritoneal B cell subsets isolated from age-matched male C57BL/6 (n=5), 

ApoE-/- chow-fed (n=4), and ApoE-/- 8 weeks Western diet-fed (n=4) mice. B-2 cells were 

identified as CD19+B220hiCD23+ cells; B-1 cells were identified as CD19+ B220mid-lo 

CD23- CD43+ IgM+ cells, then CD5 was used to discriminate B-1a and B-1b cells. 

CXCR4 expression was determined using an FMO control. Error bars represent mean ± 

s.e.m. 
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DISCUSSION 
 

As B-1 cell-derived anti-OSE IgM antibodies have been demonstrated to be 

atheroprotective, identifying the factors that regulate their production has potential 

therapeutic implications. BM B-1a cells are known to be major contributors to circulating 

IgM levels82. While comparisons in immunoglobulin repertoire and circulatory patterns 

between splenic and peritoneal B-1a populations in non-atherosclerotic mice have been 

explored48,49,80,81,103,110,112,123,183, little is known about what maintains the BM B-1a 

population or their IgM repertoire, particularly in the setting of atherosclerosis. Here we 

characterize, for the first time, the immunoglobulin heavy chain repertoire of BM B-1a 

cells in the context of atherosclerosis, and find that it is distinct from that of PerC B-1a 

cells. Moreover, we identify CXCR4 as a critical factor regulating BM B-1a number, BM 

IgM ASC number, and plasma levels of anti-OSE IgM in mice, and further as a novel 

marker associating with atheroprotection in humans (Fig. 18).  
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Figure 18. CXCR4 mediates atheroprotective IgM production in the bone marrow, a 

niche permissive for a unique repertoire of IgM antibodies. In mice (left), the BM IgH 

V repertoire is distinct and diversified compared to B-1a cells in the peritoneal cavity. 

The IgH V repertoire displayed by BM B-1a cells contains increased VH1 gene segment 

usage, more N-additions, and a greater frequency of unique CDR-H3 sequences, 

resulting in greater IgH V repertoire diversity. The BM B-1a compartment is maintained 

by CXCR4, as loss of CXCR4 results in reduced B-1a migration to the BM and 

decreased anti-OSE IgM production in the BM. Conversely, overexpression of CXCR4 

results in increased B-1a migration to the BM and increased anti-OSE IgM levels. In 

humans (right) CXCR4 expression on the human B-1 cell subset associates with 

increased circulating IgM, decreased atherosclerotic plaque burden, and a protected 

plaque phenotype in coronary arteries.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 94 

Previous studies comparing the IgH V region of single cell-sorted or bulk-sorted 

PerC B cell subsets from non-immune C57BL/6 or BALB/c-ByJ mice have demonstrated 

that PerC B-1a cells have a restricted heavy chain VDJ repertoire, and lose diversity in 

VDJ rearrangements and gain N-additions with age48,49,110. In line with these studies, we 

found that the PerC B-1a repertoire from 100-week aged ApoE-/- mice was very limited. 

Some CDR-H3 sequences in our dataset were previously observed on deep sequencing 

of bulk peritoneal B-1a cells from young C57BL/6 mice48, supporting the conservation of 

B-1a sequences. Notably in aged ApoE-/- mice, we found that 70% of PerC B-1a 

sequences utilized one identical VH12-DH2-JH1 nucleotide sequence that encoded one 

identical CDR-H3 amino acid sequence, a significantly higher frequency than previously 

reported in C57BL/6 mice, in which two CDR-H3 sequences comprised 43% of total 

PerC B-1a sequences48. Strikingly, we also found that N-additions in aged ApoE-/- PerC 

B-1a cells were very limited, with 92% of sequences containing 0 N-additions at both V-

D and D-J junctions. These data contrast with previous studies, which showed that PerC 

B-1a from 7-24 month old BALB/c-ByJ mice contained 28% of sequences with 0 N-

additions110, and from 12-week-old C57BL/6 mice that contained ~60% of sequences 

with no N-additions48. These differences may be due to differences in mouse 

background, vivarium conditions, or perhaps the heightened inflammatory 

microenvironment of the 100-weeks-aged ApoE-/- mouse, which may drive preferential 

selection for germline sequences in the PerC.  

In contrast, our novel BM B-1a repertoire data in aged ApoE-/- mice reveals 

significantly more N-additions and fewer replicate sequences, indicating a shift away 

from germline and increased antibody diversity compared to PerC B-1a. Despite this 

diversity, some CDR-H3 sequences were common to both BM and PerC B-1a cells. It 

remains undetermined whether the adult BM B-1a population is maintained by circulating 

B-1a cells from PerC or elsewhere, or from resident adult BM B-1 cell progenitors, or 
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both. On one hand, the commonalities seen between PerC and BM B-1a sequences 

raise the intriguing hypothesis that certain B-1 cell clones preferentially migrate to the 

BM for antibody production. Consistent with this hypothesis, our data utilizing adoptive 

transfer of B-1a cells either overexpressing or deficient in CXCR4 demonstrate that 

PerC-derived mature B-1a cells traffic to the BM in a CXCR4-dependent manner. 

Alternatively, the differences observed between PerC and BM B-1a IgH V sequences 

suggest that niche-specific signals within the BM may also permit antibody repertoire 

diversification.  

The most frequently utilized CDR-H3 in both BM and Perc B-1a was 

AGDYDGYWYFDV, a sequence previously observed to be associated with binding to 

phosphatidylcholine (PtC)49. Prior studies by Witztum and colleages have demonstrated 

that another PtC-binding antibody binds oxidized LDL and specifically, the 

phosphocholine (PC) head group present on PtC and oxidized phospholipids48. Our 

finding of high prevalence of AGDYDGYWYFDV in PerC and BM B-1a cells of aged 

ApoE-/- mice, coupled with the known abundance of PC-containing oxidized 

phospholipids in atherosclerosis74 leads us to speculate that the hyperlipidemic 

conditions in ApoE-/- mice may drive preferential selection and expansion of IgM 

antibodies against PC and perhaps other OSE.  

We additionally provide evidence that B-1a cell trafficking to the BM likely does 

not depend on B-1a cell migration from the spleen, as splenectomy does not alter B-1 

cell numbers within the BM. Instead, the preferential expression of CXCL12 in the BM 

and CXCL13 expression in the spleen may guide B-1 cells with varying expression of 

CXCR4 or CXCR5 (receptor for CXCL13), to the BM or spleen, respectively. We found 

that CXCR4 expression on B cell subsets remains constant between C57BL/6, ApoE-/- 

chow-fed and ApoE-/- Western diet-fed mice. Future analysis of CXCR5 expression, or 
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the ratio of CXCR4:CXCR5 on B-1 cells, may further help delineate additional trafficking 

patterns of B-1 cells.  

 To examine the relationship between B-1 CXCR4 expression and 

atherosclerosis, we utilized a human CVD cohort. We chose this approach due to 

significant caveats of available murine models, including the lack of B-1a-specificity in 

the CXCR4BKOApoE-/- model, and the marked hyperlipidemia and immunodeficient 

setting of the Western diet-fed Rag1-/- ApoE-/- model. While a protective role for B-1 cells 

in murine atherosclerosis is well established, translating these findings to humans has 

been challenging. The human equivalent of the murine B-1 cell has remained elusive 

due to its distinct cell surface phenotype and low frequency in peripheral blood 164. Since 

its initial discovery, controversy has existed on the difference between human B-1 cells 

and plasmablasts (PB) or pre-plasmablasts (pre-PB) 161, though Rothstein and 

colleagues have since demonstrated that the CD20+CD27+CD43+ B-1 subset differs 

from pre-PB and PB based on CD38 expression, transcriptional profiling, antibody 

repertoire, and other characteristics 165. Additionally, differential expression of CD11b on 

the CD27+CD43+ B-1 population has been shown to associate either with increased IgM 

production (CD11b- human B-1) or increased IL-10 production and capacity to modulate 

T cells (CD11b+ human B-1)167. This suggests that a deeper heterogeneity within the 

CD27+CD43+ B-1 subset exists, and additional surface markers may correlate with 

functional differences. We found in a 50-subject human cohort that B-1 CXCR4 

expression significantly positively associated with plasma levels of IgM to MDA-LDL, 

echoing our murine findings that CXCR4 is critical for maintaining circulating anti-OSE 

IgM levels.  

Advances in coronary artery imaging, such as the use of IVUS-VH, have also 

improved our abilities to translate murine discoveries to humans. By utilizing IVUS-VH to 

quantify coronary artery plaque volume and characteristics, we provide the first evidence 
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that B-1 CXCR4 expression inversely associates with plaque burden and stenosis, and 

positively associates with a more stable plaque phenotype. These correlations support a 

hypothesis in which CXCR4 directs B-1 migration to sites of IgM antibody production like 

the bone marrow, thereby increasing circulating anti-OSE IgM levels that can modify 

plaque phenotype and reduce plaque burden.  

In sum, this report provides novel findings demonstrating a distinct IgM repertoire 

between PerC and BM B-1a cells in the setting of atherosclerosis, and niche-specific 

differences in CXCR4-dependent B-1a cell maintenance and IgM production. 

Furthermore, our initial proof-of-concept study overexpressing CXCR4 on B-1a cells in 

vivo provides a rationale for future studies investigating whether modulating chemokine 

receptor expression in a targeted manner can have therapeutic potential. Our initial 

findings in a 50-subject cohort, coupled with our novel murine findings that production of 

circulating IgM to OSE and B-1a homeostasis depends on CXCR4, underscore the need 

for larger studies examining the association between human B-1 CXCR4 expression and 

plaque characteristics. 
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Novelty and Significance 
 
 
What is known? 
 

• IgM antibodies against oxidation-specific epitopes (OSE), like malondialdehyde 

(MDA)-modified LDL are associated with atheroprotection in mouse models and 

in human patients with cardiovascular disease (CVD). 

• Bone marrow (BM) B-1a cells contribute significantly to amount of plasma IgM.  

• The putative human B-1 cell subset was previously identified as a CD20+CD3-

CD27+CD43+ population in the circulation.  

What new information does this article contribute? 

• The repertoire of IgM expressed by BM B-1a cells is unique and displays greater 

heterogeneity compared to B-1a cells in the peritoneal cavity, where B-1 cells are 

found in abundance but where IgM secretion is low.   

• The chemokine receptor CXCR4 regulates BM B-1a cell number in mice through 

mediating B-1a trafficking to the BM, and consequently sustains IgM production 

in the bone marrow. 

• CXCR4 expression on human B-1 cells associates with increased amount of 

plasma anti-MDA-LDL IgM antibodies and decreased atherosclerosis in human 

coronary arteries.  

 

 
B-1 cells in mice and humans produce atheroprotective anti-OSE IgM antibodies. 

While BM B-1a cells contribute significantly to overall plasma IgM titers, little is known 

about what mechanisms maintain the BM B-1a population. Here we show that CXCR4 is 

necessary for maintaining B-1a and IgM secreting-cell number in the BM, and 

consequently plasma IgM levels. Moreover, we find that the repertoire of IgM expressed 
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by BM B-1a cells during atherosclerosis is unique and displays greater heterogeneity 

than that of peritoneal cavity B-1a cells. Certain IgM sequences were commonly 

expressed by both peritoneal cavity and BM B-1a cells, suggesting that B-1a migration 

between compartments may be occurring. We show that, indeed, CXCR4 mediates the 

migration of peritoneal B-1a cells to the BM. Finally, in 50 human CVD subjects, CXCR4 

expression on the putative human B-1 subset associated with increased levels of plasma 

anti-MDA-LDL IgM antibodies and less coronary artery plaque burden. These findings 

highlight a previously underappreciated diversity in human and murine B-1 cell 

populations and identify CXCR4 as a novel biomarker associating with protection in 

human CVD. Moreover, these results suggest that a targeted approach for limiting 

atherosclerosis via increasing B-1 CXCR4 expression may be relevant to humans.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 101 

 
 
 
 
 

Chapter 4 
 
 
 

The Role of CXCR4 in B-1a cell homeostasis and murine atherosclerosis  
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ABSTRACT 
 
Rationale: CXCR4 expression on human B-1 cells associates with less coronary artery 

atherosclerosis, and CXCR4 expression in mice is important for maintaining bone 

marrow B-1a number. However, whether CXCR4 expression is necessary for B-1a-

mediated atheroprotection is not known, and the local bone marrow B-1a cell response 

during atherosclerosis has not been examined. Mice with B cell-specific knockout of 

CXCR4 have reduced B-1a cell number in the bone marrow partly due to a defect in 

migration, but alternative mechanisms may be responsible for this phenotype, due to 

CXCR4’s roles in cell survival and turnover.  

Objective: To examine the bone marrow B-1 cell response during atherosclerosis, to 

determine if CXCR4 is necessary for B-1a-mediated atheroprotection, and to examine 

alternative mechanisms responsible for the loss of B-1a number in the bone marrow in 

CXCR4BKOApoE-/- mice.  

Methods and Results: We demonstrate that 9 weeks of Western diet (WD) feeding 

does not significantly induce B-1a cell or IgM antibody secreting cell (ASC) expansion in 

the bone marrow compared to age-matched chow-fed mice. CXCR4 was necessary for 

maintaining bone marrow B-1a cell number in both chow-fed and WD-fed conditions. 

Western diet induced a mild non-significant expansion of IgM ASC in the spleen that was 

not dependent on CXCR4. Plasma amounts of total IgM and anti-MDA-LDL IgM 

increased upon 9 weeks WD feeding, while E06/T15 IgM levels remained stable. 

CXCR4BKOApoE-/- mice had no significant differences in atherosclerotic lesion area in the 

aorta both after 9 weeks and 18 weeks of WD feeding. Long-term CXCR4BKOApoE-/- B-

1a cell transfer into lymphocyte-deficient Rag1-/- ApoE-/- mice resulted in reduced donor 

B-1a and IgM ASC number in multiple niches and reduced plasma total IgM and anti-
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OSE IgM compared to CXCR4WTApoE-/- B-1a cell transfer. Yet, surprisingly, 

atherosclerosis was reduced to a similar extent in both cell transfer groups compared to 

control Rag1-/- ApoE-/- mice receiving PBS. Intriguingly, B-1a cell transfer reduced 

plasma cholesterol in a CXCR4-independent manner. To determine whether bone 

marrow B-1a cell turnover or survival were impacted upon loss of CXCR4, BrdU uptake 

analysis was performed in CXCR4WTApoE-/- and CXCR4BKOApoE-/- mice. In the absence 

of CXCR4, bone marrow B-1a cells incorporated BrdU to much greater extent and the 

frequency of dead B-1a cells in the bone marrow was significantly increased. Bone 

marrow B-1a cells from CXCR4BKOApoE-/- mice also expressed less IL-5R, a cytokine 

receptor important for B-1a survival and homeostasis.  

Conclusions: Our findings suggest that the bone marrow is a site of constitutive natural 

IgM antibody production and is not a site for B-1a/IgM ASC expansion in response to 

hyperlipidemia. Our findings also suggest that B cell CXCR4 expression is not essential 

for protection from WD-induced atherosclerosis in mice, but potential caveats of the 

utilized mouse models are additionally discussed. Finally, CXCR4 also has a role in 

maintaining bone marrow B-1a cell homeostasis and survival.  
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INTRODUCTION 

While B-1a cells have a known atheroprotective function through production of 

IgM37, less is known about the niche-specific nature of the B-1a cell response during 

atherosclerosis. It has previously been shown that spleens of hyperlipidemic ApoE-/- mice 

contain increased numbers of PC-specific IgM ASC compared to spleens of C57BL/6 

mice72. Moreover, transfer of splenic B cells from aged atherosclerotic ApoE-/- mice 

reduces atherosclerosis in young ApoE-/- mice11, suggesting that the spleen contains a 

protective B cell response to hyperlipidemia and atherosclerosis. However, the local 

bone marrow B-1a cell and IgM ASC response to hyperlipidemia has not yet been 

examined, but may be important since the BM is another site of constitutive IgM 

production82. In the previous chapter, we demonstrated that CXCR4 regulates bone 

marrow B-1a cell number and IgM production in young ApoE-/- mice, but whether CXCR4 

regulates the BM B-1a response to hyperlipidemia remains to be tested.  

In chapter 3 we also provided evidence that human B-1 CXCR4 expression 

associates with less coronary artery plaque burden and necrosis. Yet, whether CXCR4 

is necessary for B-1a cell-mediated atheroprotection, and the mechanisms underlying 

this have not been examined. A few studies have provided evidence that it is important 

to examine the role of CXCR4 in atherosclerosis in a cell-type specific manner. Deletion 

of CXCR4 in arterial endothelial cells reduced endothelial barrier function and resulted in 

a more permeable vasculature, increased leukocyte adhesion to endothelium, increased 

macrophage content in aortic root lesions, and increased atherosclerosis142. Deletion of 

CXCR4 in vascular smooth muscle cells (VSMC) also resulted in increased 

atherosclerosis, though not by promoting immune cell recruitment142. Instead, CXCR4 

was responsible for maintaining VSMC in a contractile state, and CXCR4 deficiency 
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resulted in reduced aortic root SMC content and VSMC dedifferentiation. Another study 

additionally demonstrated that CXCR4 deficiency or antagonism resulted in increased 

neutrophil recruitment into lesions and aggravated atherosclerosis143. These studies 

indicate that CXCR4 is protective in atherosclerosis through its regulation of multiple cell 

types. Conversely, other studies have demonstrated that CXCR4 may promote 

atherosclerotic lesion development through recruitment of smooth muscle progenitor 

cells and their differentiation into lesional SMC186,187. The role for CXCR4 on B cells, and 

specifically B-1a cells, in atherosclerosis remains to be examined.  

We also provided evidence in the previous chapter that CXCR4 regulates bone 

marrow B-1a cell number through mediating B-1a migration to the bone marrow. 

However, much fewer B-1a cells migrated to the bone marrow compared to the spleen 

after adoptive transfer (Chapter 3, Figure 8). Because CXCR4 has functions outside of 

chemotaxis, including regulating cell cycle and cell survival, we hypothesized that 

alternative mechanisms could also be responsible for the loss of BM B-1a number seen 

in CXCR4BKOApoE-/- mice. 

 Here, we demonstrate that the bone marrow B-1a and IgM ASC population does 

not increase in response to hyperlipidemia. Moreover, while CXCR4 was necessary for 

maintaining the bone marrow B-1a/IgM ASC population and circulating amount of 

T15/E06 IgM, it was not necessary for maintaining the splenic B-1a/IgM ASC population 

or plasma amount of total or anti-MDA-LDL IgM after WD feeding in the CXCR4BKO 

ApoE-/- model. CXCR4BKO ApoE-/- and littermate control mice additionally had no 

significant differences in atherosclerotic lesion area after WD feeding, though knockout 

of CXCR4 in multiple B cell subsets in this model made it difficult to interpret this result. 

In order to examine the B-1a cell-specific role of CXCR4 in regulating atherosclerosis, 

we utilized adoptive B-1a cell transfer into Rag1-/-ApoE-/- mice and Western diet feeding. 
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In contrast to results in CXCR4BKO ApoE-/- mice, we demonstrate that CXCR4 expression 

on donor B-1a cells was necessary for maintaining their number in BM, spleen, and 

PerC after long-term adoptive transfer and for generating plasma total and anti-MDA-

LDL IgM. Yet, CXCR4 was not required for B-1a-mediated protection from 

atherosclerosis. This was perhaps due to a CXCR4-independent lipid-lowering effect of 

B-1a cell transfer, however, caveats of the adoptive transfer model system are also 

discussed. Finally, we provide evidence that CXCR4 also regulates BrdU uptake, cell 

survival, and IL-5R expression specifically in bone marrow B-1a cells. 
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RESULTS 

The bone marrow B-1a and IgM ASC population does not expand upon Western 

diet feeding 

To examine the local BM B-1a response to atherosclerosis and to see if it was 

regulated by CXCR4, we quantified B-1a number in chow-fed or 9 weeks WD-fed 

CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice. CXCR4 was necessary for maintaining BM 

B-1a number both in chow and WD-feeding conditions, however, B-1a cells did not 

significantly expand in the bone marrow upon WD feeding (Fig. 19a). B-1a cell number 

also did not increase in the spleen in response to WD, and loss of CXCR4 did not 

significantly impact splenic B-1a number (Fig. 19b).  

To examine whether BM IgM production was altered upon WD feeding, we 

quantified IgM ASC using ELISPOT. Similar to flow cytometry results, loss of CXCR4 

resulted in fewer IgM ASC in the bone marrow regardless of feeding condition, and no 

significant expansion of BM IgM ASC occurred upon WD-feeding (Fig. 19c). In contrast, 

a trend towards increased splenic IgM ASC was seen in WD-fed mice compared to 

chow, which was not dependent on CXCR4 (Fig. 19d).  

Next, to examine whether the changes in the BM B-1a and IgM ASC populations 

impacted circulating levels of IgM, we measured plasma amount of total IgM, E06/T15 

IgM specific for PC, and anti-MDA-LDL IgM. Western diet induced an increase in total 

plasma IgM, an effect that was not entirely CXCR4-dependent, though WD-fed 

CXCR4BKOApoE-/- mice had a trend towards lower amount of total IgM compared to WD-

fed wild-type littermate controls (Fig. 19e). Intriguingly, anti-OSE IgM specificities were 

induced differently upon WD. The amount of PC-specific E06/T15 IgM did not increase 
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after WD-feeding, but depended upon CXCR4 (Fig. 19f), while anti-MDA-LDL IgM was 

induced upon WD-feeding and was less dependent on CXCR4 (Fig. 19g).  

In sum, these data indicate that the bone marrow does not contain local B-1a or 

IgM ASC expansion in response to hyperlipidemia, and that the WD-induced increases 

in plasma total and anti-MDA-LDL IgM may arise from IgM production in other niches, or 

by other cell types, such as B-1b or plasma cells. Alternatively, though B-1a and IgM 

ASC cell number was not increased, the amount of IgM secreted by B-1a cells on a per 

cell basis could be increased in hyperlipidemic conditions.  
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Figure 19. Western diet does not induce a local bone marrow B-1a cell or IgM ASC 

response. Calculated number of B-1a cells in the bone marrow (a) or spleen (b) of age-

matched male CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice fed chow or 9 weeks of 

Western diet. ***P<0.001, **P<0.01, or n.s. indicates non-significant differences using 

Kruskal-Wallis test. Calculated number of IgM antibody secreting cells (ASC) in the bone 

marrow (c) or spleen (d) of age-matched CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice fed 

chow or 9 weeks of Western diet. *P<0.05, or #p=0.07 with removal of outlier in spleen 

CXCR4WTApoE-/- chow group by Kruskal-Wallis test. Plasma amount of total IgM (e), 

E06/T15 IgM (f), or anti-MDA-LDL IgM (g) in age-matched CXCR4WTApoE-/- or 

CXCR4BKOApoE-/- mice fed chow or 9 weeks of Western diet. *P<0.05 by Kruskal-Wallis 

test.  
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B cell-specific knockout of CXCR4 does not impact atherosclerosis in WD-fed 

ApoE-/- mice 

 Next, to determine whether B cell-specific loss of CXCR4 impacted 

atherosclerosis development, we examined atherosclerotic lesion area in the aorta of  

CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice fed 9 weeks of Western diet. Loss of CXCR4 

did not significantly alter Sudan IV+ lesion area in the aorta (Fig. 20a,b). However, an 

important caveat of this model is that CXCR4 is lost on all subsets of B cells, not only B-

1a, and different B cell subsets can have opposing effects on atherosclerosis7. Indeed, B 

cell-specific loss of CXCR4 additionally led to loss of mature B-2 cells in the bone 

marrow (Fig. 20c).  

 After 9 weeks of WD feeding, lesion development in the aorta was minimal 

(<5%). Therefore, we also examined atherosclerosis in CXCR4WTApoE-/- or 

CXCR4BKOApoE-/- mice fed 18 weeks of Western diet. Loss of CXCR4 also did not 

impact atherosclerosis with this longer WD feed (Fig. 20d,e). Interestingly, at this later 

time point, the trend towards decreased amount of total plasma IgM in CXCR4BKOApoE-/- 

mice was lost (Fig. 20f), though the defect in bone marrow B-1a number persisted to this 

age (Fig. 20g). These data again suggest that BM B-1a cells, though necessary for 

generating homeostatic levels of circulating IgM (Chapter 3-Figure 9e and Choi et al82), 

may not be the primary B cell population responsible for generating IgM during 

hyperlipidemic WD feeding.  

Altogether, these data indicate that total B cell knockout of CXCR4 does not 

impact atherosclerosis development in the aorta. Whether aortic root lesion 

development, aortic root plaque composition, lesion IgM accumulation, or levels of 

plasma or lesional IgG isotypes differ between Western diet-fed CXCR4WTApoE-/- or 
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CXCR4BKOApoE-/- mice remains unanswered. We chose to move away from this model 

as it did not allow us to parse out the B-1a cell-specific role of CXCR4 in atherosclerosis. 
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Figure 20. B-cell specific loss of CXCR4 does not impact atherosclerosis after 9 or 

18 weeks of Western diet. Representative images of Sudan-IV stained aortas (a) and 

quantification of Sudan IV+ area (b) in age-matched CXCR4WTApoE-/- or 

CXCR4BKOApoE-/- mice fed 9 weeks of Western diet. P=0.16 by Mann-Whitney test. (c) 

Calculated number of CD19+CD23+CD43-B220hi B-2 cells in bone marrow of 

CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice fed 9 weeks of chow or Western diet. 

***P<0.001 or **P<0.01 using Kruskal-Wallis test. Representative images of Sudan-IV 

stained aortas (d) and quantification of Sudan IV+ area (e) in age-matched 

CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice fed 18 weeks of Western diet. (f) Plasma 

amount of total IgM in age-matched CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice fed 18 

weeks of Western diet. (g) Quantified number of CD19+CD23-CD43+B220loIgM+CD5+ B-

1a cells in bone marrow of CXCR4WTApoE-/- or CXCR4BKOApoE-/- mice fed 18 weeks of 

Western diet. 
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Figure 20.  
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Absence of CXCR4 on B-1a cells significantly reduces cell number and IgM 

production in lymphoid tissues after adoptive transfer into Rag1-/- ApoE-/- mice  

To examine the role of CXCR4 specifically on the B-1a subset under conditions 

of hypercholesterolemia, we instead turned to an adoptive transfer model. Lymphocyte-

deficient Rag1-/- ApoE-/- recipient mice were adoptively transferred with FAC-sorted 

CXCR4WT ApoE-/- or CXCR4BKOApoE-/- B-1a cells or control PBS and fed Western diet for 

16 weeks (Fig. 21a). In contrast to the results in CXCR4BKOApoE-/- mice in which B-1a 

cell loss was limited to the bone marrow (Fig. 19a,b, and Chapter 3 Fig 9b), flow 

cytometry on tissues revealed fewer B-1a cells present in the bone marrow, spleen, and 

peritoneal cavity of Rag1-/- ApoE-/- recipients given CXCR4BKOApoE-/- B-1a cells 

compared to those given CXCR4WTApoE-/- B-1a cells (Fig. 21b-e). B-1a cell transfer also 

resulted in an increase in the number of Ly6G+ neutrophils in the spleen, bone marrow, 

and blood of Rag1-/- ApoE-/- recipients, but no significant differences in CD3+T cells or 

CD115+ monocytes (Fig. 22). 

ELISPOT analysis revealed fewer IgM ASC in the bone marrow and spleen of 

recipients given CXCR4BKOApoE-/- B-1a cells compared to those given CXCR4WTApoE-/- 

B-1a cells (Fig. 21f-h). In contrast to WD-fed CXCR4BKOApoE-/- mice, in which absence 

of CXCR4 did not impact circulating total or anti-MDA-LDL IgM (Fig. 19 e,g), lower titers 

of total IgM and anti-MDA-LDL IgM were found in plasma of recipients given 

CXCR4BKOApoE-/- B-1a cells (Fig. 21i,j). Titers of IgM against CuOx-LDL and PC were 

lower in recipients given CXCR4BKOApoE-/- B-1a cells, although these did not reach 

statistical significance (Fig. 21k,l). 

 In sum, these results after B-1a adoptive transfer differed from what was 

observed in the WD-fed CXCR4BKOApoE-/- model, and indicated that CXCR4 specifically 

on B-1a cells was important for maintaining B-1a number in niches not limited to the 
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bone marrow, and for generating plasma total and anti-MDA-LDL IgM in WD-fed Rag1-/- 

ApoE-/- hosts. The fact that we saw a defect in B-1a number in multiple niches in the 

absence of CXCR4 further indicated that CXCR4 may also regulate B-1a survival. The 

implications of these findings are discussed below.  
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Figure 21. CXCR4BKO ApoE-/- B-1a cells are defective in the ability to generate 

circulating IgM and retain their numbers in lymphoid tissues after adoptive 

transfer into Rag1-/- ApoE-/- mice. (a) Experimental setup: Control PBS or 8x104 

peritoneal B-1a cells from CXCR4WT ApoE-/- or CXCR4BKO ApoE-/- mice were adoptively 

transferred into Rag1-/-ApoE-/- hosts, which were fed 16 weeks of Western diet. (b) 

Representative gating strategy for quantification of donor B-1a cells in B cell-deficient 

Rag1-/-ApoE-/- hosts. Calculated number of CD19+IgM+CD23- donor cells recovered in 

bone marrow (c), spleen (d), and peritoneal cavity (e) of Rag1-/-  ApoE-/- recipient mice 

adoptively transferred with CXCR4WT ApoE-/- B-1a cells (n=12), CXCR4BKO ApoE-/- B-1a 

cells (n=12), or control PBS (n=11) after 16 weeks Western diet feeding. (f) 

Representative ELISPOT wells depicting splenic IgM ASC in Rag1-/-ApoE-/- recipients 

after 16 weeks Western diet feeding. Calculated number of IgM ASC in cell suspensions 

of total bone marrow (g) or spleen (h) of Rag1-/-ApoE-/- hosts receiving control PBS 

(n=11), CXCR4WT ApoE-/- B-1a cells (n=12), or CXCR4BKO ApoE-/- B-1a cells (n=12) after 

16 weeks Western diet feeding. (i) Calculated concentration of total IgM in plasma of 

Rag1-/-ApoE-/- recipient mice adoptively transferred with CXCR4WT ApoE-/- B-1a cells 

(n=7), CXCR4BKO ApoE-/- B-1a cells (n=7), or control PBS (n=7) after 16 weeks Western 

diet feeding. Relative titer of IgM reactive to MDA-LDL (j), CuOx-LDL (k), or PC-KLH (l) 

in plasma of Rag1-/-ApoE-/- recipient mice after 16 weeks Western diet feeding. 

****P<0.0001, ***P<0.001, **P<0.01 using one-way ANOVA with Tukey’s multiple 

comparisons test. Error bars represent mean ± s.e.m. 
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Figure 21.  
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Figure 22. Effect of B-1a adoptive transfer on other immune cell populations in 

spleen, bone marrow, and blood. Calculated numbers of CD3+ T cells, CD115+ 

monocytes, and Ly6G+ neutrophils in spleen (a), bone marrow (b), or circulating blood 

(c) of B- and T-cell deficient Rag1-/-ApoE-/- recipient mice adoptively transferred with 

8x104 CXCR4WT ApoE-/- B-1a cells (n=5), CXCR4BKO ApoE-/- B-1a cells (n=5), or control 

PBS (n=3), after 16 weeks of Western diet feeding. Error bars represent mean ± s.e.m. 
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B-1a cell transfer attenuates atherosclerosis in Western diet-fed Rag1-/- ApoE-/- 

mice in a region-specific but CXCR4-independent manner   

Next, we examined atherosclerosis in B-1a adoptive transfer recipients. 

Consistent with previous studies37, transfer of CXCR4-sufficient B-1a cells attenuated 

atherosclerosis in the aorta relative to PBS controls (Fig. 23a,b). Notably, the B-1a effect 

on atherosclerosis was seen only in the aortic arch and thoracic aorta, not in the 

abdominal aorta (Fig. 23c-e). There were no significant differences in Sudan-IV+ lesion 

area between Rag1-/- ApoE-/- recipients given CXCR4WTApoE-/- and CXCR4BKOApoE-/- B-

1a cells. Cross-sectional analysis of Oil Red O-stained aortic root sections additionally 

confirmed that B-1a cell transfer attenuated atherosclerotic lesion development in a 

CXCR4-independent manner (Fig. 23f-h).  

Intriguingly, despite significant differences in plasma IgM titers between the two 

B-1a cell transfer groups (Fig. 21i), there was only a non-significant trend towards 

reduced lesional IgM in Rag1-/- ApoE-/- recipients given CXCR4BKOApoE-/- B-1a cells 

compared to CXCR4WTApoE-/- B-1a cells (Fig. 24a,b). B-1a cell transfer did not 

significantly modulate CD68+ macrophage, necrotic core, or collagen content in aortic 

root lesions (Fig. 24c-f). Unexpectedly, we also found that B-1a cell transfer reduced 

total cholesterol, specifically non-HDL cholesterol, and overall body weight, in a CXCR4-

independent manner (Fig. 25). 

 In sum, these data indicate that CXCR4 on B-1a cells is not necessary for B-1a-

mediated atheroprotection in WD-fed Rag1-/-ApoE-/- mice. Moreover, protection from 

atherosclerosis did not correlate with plasma IgM levels in this study. To understand this 

finding, it is important to consider caveats of the atherosclerosis model we used. One 

explanation for why plasma IgM levels did not correlate with reduced atherosclerosis in 

our adoptive transfer experiment is that perhaps sufficient IgM was not generated to 
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mitigate the significantly heightened lipid burden present in Western diet-fed Rag1-/-

ApoE-/- mice. Indeed, CXCR4WT ApoE-/- B-1a cell transfer resulted in only ~25 ug/mL 

plasma IgM (Fig. 21i), in comparison to 100 ug/mL present in young CXCR4WTApoE-/- 

mice (Chapter 3, Fig. 9e) and ~900 ug/mL present in 18 weeks Western diet-fed 

CXCR4WTApoE-/- mice (Fig. 20f). Moreover, attenuation of atherosclerosis was IgM-

dependent only in the setting of more moderate lipid levels such as in aged chow-fed 

ApoE-/- mice that had average total cholesterol of approximately 450 mg/dL, but not in 

young ApoE-/- mice fed 8 weeks of Western diet, which had average total cholesterol of 

almost 2000 mg/dL (Chapter 3, Fig. 14). Thus, the combination of insufficient IgM 

production and extreme, non-physiologic cholesterol levels may have overwhelmed the 

ability of IgM to be protective in this 16 week-WD fed model, and may be why we do not 

observe further reduced atherosclerosis after CXCR4WT ApoE-/- B-1a cell transfer 

compared to CXCR4BKO ApoE-/- B-1a cell transfer. The fact that we do see a CXCR4-

independent reduction in atherosclerosis after B-1a transfer could be due to 1) IgM 

made in a CXCR4-independent manner in other niches like the PVAT that generates 

enough lesional IgM to mediate atheroprotection without impacting plasma IgM levels, or 

2) the CXCR4-independent lipid-lowering effect of B-1a transfer. Overall, we now know 

that there are significant pitfalls to using the WD-induced atherosclerosis model to 

answer our specific question of whether CXCR4 on B-1a cells is atheroprotective, 

especially because it is not likely to represent the human condition, which involves 

significantly less cholesterol burden. The implications of these findings and potential 

alternative approaches are discussed in Chapter 5.   
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Figure 23. B-1a cell transfer attenuates atherosclerosis in Western diet-fed Rag1-/- 

ApoE-/- mice in a region-specific but CXCR4-independent manner   

 (a) Representative images of Sudan IV staining and quantification of the percentage of 

Sudan IV+ atherosclerotic lesion area in the total aorta (b), aortic arch (c), thoracic aorta 

(d), or abdominal aorta (e) from Rag1-/-ApoE-/- mice adoptively transferred with 8x104 

CXCR4WT ApoE-/- B-1a cells (n=12), CXCR4BKO ApoE-/- B-1a cells (n=12), or control PBS 

(n=11), after 16 weeks of Western diet feeding. **P<0.01; ***P<0.001, using one-way 

ANOVA with Tukey’s multiple comparisons test. (f) Representative images of Oil Red O-

stained aortic root sections from Rag1-/-ApoE-/- mice adoptively transferred with 

CXCR4WT ApoE-/- B-1a cells, CXCR4BKO ApoE-/- B-1a cells, or control PBS, after 16 

weeks of Western diet feeding. Quantification of total lesion area (g) or fraction of 

lesion+ area within the external elastic lamina (EEL) (h) measured over the length of the 

aortic root in Rag1-/-ApoE-/- mice adoptively transferred with CXCR4WT ApoE-/- B-1a cells 

(n=5), CXCR4BKO ApoE-/- B-1a cells (n=5), or control PBS (n=9). ****P<0.0001 by 2-way 

ANOVA (F(2,225)=20.38 for (g); F(2,225)=18.11 for (h)). n.s. indicates non-significant p-

value. Error bars represent mean ± s.e.m. 
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Figure 23.  
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Figure 24. B-1a cell transfer increases lesional IgM in a CXCR4-independent 

manner, but does not modulate lesional CD68+ content, necrotic area, or collagen 

content  

(a) Representative brightfield images (top row), IgM immunofluorescence staining 

(middle row), or CD68 immunofluorescence staining (bottom row) at 4x magnification in 

aortic root sections of Rag1-/-ApoE-/- recipients. Scale bar=500 μm. Quantification of the 

percentage of aortic root lesion area that is IgM+ (b), or CD68+ (c) in Rag1-/- ApoE-/- 

recipients transferred with CXCR4WT ApoE-/- B-1a cells (n=5), CXCR4BKO ApoE-/- B-1a 

cells (n=5), or control PBS (n=9), after 16 weeks of Western diet feeding. (d) 

Representative images of van Gieson collagen staining in aortic root sections from 

Rag1-/-ApoE-/- recipient mice. Acellular necrotic regions indicated by yellow arrows. 

Quantification of the percentage of acellular necrotic area (e) or collagen+ area (f) within 

aortic root lesions of Rag1-/-ApoE-/- hosts receiving CXCR4WT ApoE-/- B-1a cells (n=5), 

CXCR4BKO ApoE-/- B-1a cells (n=5), or control PBS (n=9), after 16 weeks of Western diet 

feeding. ****P<0.0001, ***P<0.001, *P<0.05, or n.s. indicates non-significant difference 

by one-way ANOVA with Tukey’s multiple comparisons test. Error bars represent mean 

± s.e.m. 
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Figure 24. 
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Figure 25. Reduced plasma cholesterol and total body weight after adoptive B-1a 

cell transfer into Rag1-/- ApoE-/- mice. Calculated concentration of total cholesterol (a), 

HDL cholesterol (b), triglycerides (c), and non-HDL cholesterol (d) in plasma of Western 

diet-fed Rag1-/- ApoE-/- mice adoptively transferred with 8x104 CXCR4WT ApoE-/-  B-1a 

cells (n=12), CXCR4BKO ApoE-/-  B-1a cells (n=12), or PBS control (n=11). **P<0.01, 

***P<0.001 using one-way ANOVA with Tukey’s multiple comparisons test. Error bars 

represent mean ± s.e.m. (e) Average total body weights over the time course of Western 

diet feeding. *P<0.05 by 2-way ANOVA; F(2, 213)=4.65.  
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CXCR4 regulates bone marrow B-1a cell BrdU uptake, survival, and IL-5R 

expression 

The fact that we saw fewer donor B-1a cells in the spleen, bone marrow, and 

PerC of Rag1-/- ApoE-/- recipients receiving CXCR4BKOApoE-/- B-1a cells (Fig. 21c-e), and 

the known role of CXCR4 in mediating cell survival led us to examine alternative 

mechanisms (besides migration) whereby CXCR4 regulates bone marrow B-1a number. 

We first examined whether loss of CXCR4 affected the bone marrow B-1a cell cycle by 

analyzing in vivo BrdU uptake in CXCR4WT ApoE-/- and CXCR4BKOApoE-/- mice (Fig. 

26a). Unexpectedly, despite overall lower B-1a cell numbers in CXCR4BKOApoE-/- bone 

marrow (Chapter 3 Fig. 9b), B-1a cells from CXCR4BKOApoE-/- bone marrow 

demonstrated significantly greater BrdU uptake relative to CXCR4WT ApoE-/- controls, 

indicating a greater frequency of cells in S-phase of the cell cycle (Fig. 26b,c). Splenic 

B-1a cells did not display differences in BrdU uptake between genotypes (Fig. 26c).  

The greater frequency of BrdU+ B-1a cells, yet overall lower bone marrow B-1a 

cell number in CXCR4BKOApoE-/- mice led us to hypothesize that loss of CXCR4 may 

impair B-1a cell survival. Therefore, we quantified the frequency of dead B-1a cells by 

performing dead cell discrimination after gating on singlet, B-1a cells (Fig. 26d,e). The 

frequency of dead B-1a cells in the bone marrow of CXCR4BKOApoE-/- mice was >4-fold 

higher than that in CXCR4WT ApoE-/- bone marrow (Fig. 26f). Splenic B-1a cells from 

CXCR4BKOApoE-/- mice also contained a significantly higher frequency of dead cells 

compared to CXCR4WT ApoE-/- mice, although the fold increase (<2-fold) was much less 

robust than in the bone marrow (Fig. 26f).  

To determine why absence of CXCR4 resulted in such drastic alterations in B-1a 

homeostasis in the bone marrow, we next turned to the cytokine IL-5, which has been 

demonstrated to have an important role in maintaining B-1a cell survival, proliferation, 

and antibody production 89,90,92,100. To determine whether bone marrow B-1a cells from 
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CXCR4BKOApoE-/- mice are deficient in the capacity to sense IL-5, we quantified the 

frequency of IL-5R+ B-1a cells by flow cytometry (Fig. 26g). The overall frequency of IL-

5R+ B-1a cells was low, and B cell-specific loss of CXCR4 resulted in further reduced IL-

5R+ B-1a cells in the bone marrow (Fig. 26h). Splenic, peritoneal, and peripheral blood 

B-1a cells displayed no differences in IL-5R expression in the absence of CXCR4 (Fig. 

26h). Taken together, these data indicate that the loss of B-1a cell number in bone 

marrow of CXCR4BKOApoE-/- mice is not only due to migration (as discussed in Chapter 

3), but may also arise from BM-specific disruption in B-1a homeostasis. The underlying 

mechanisms responsible for reduced B-1a cell survival remain unanswered, but future 

strategies to further understand this phenotype are discussed below.  
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Figure 26. CXCR4 regulates bone marrow B-1a BrdU uptake, survival, and IL-5R 

expression. (a) Experimental schematic for in vivo cell cycle or cell survival analysis in 

CXCR4WT ApoE-/- and CXCR4BKO ApoE-/- mice. Representative gating strategy from one 

bone marrow sample per genotype (b) and quantification (c) of the frequency of S-phase 

BrdU+ B-1a cells in spleen and bone marrow of CXCR4WT ApoE-/- (n=4) or CXCR4BKO 

ApoE-/- (n=4) mice. *P<0.05 by Mann-Whitney test. Representative gating strategy from 

one bone marrow sample per genotype (d,e) and quantification (f) of the frequency of 

dead B-1a cells in spleen and bone marrow of CXCR4WT ApoE-/- (n=4) or CXCR4BKO 

ApoE-/- (n=4) mice. *P<0.05 by Mann-Whitney test. (g) Representative gating strategy 

from an FMO-IL5R control or one bone marrow sample per genotype and quantification 

(h) of the frequency of IL-5R+ B-1a cells in spleen, bone marrow, peritoneal cavity 

(PerC), and blood of CXCR4WT ApoE-/- (n=9) or CXCR4BKO ApoE-/- (n=10) mice. **P<0.01 

by Mann-Whitney test.  
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DISCUSSION 
 
The BM response to WD-induced hyperlipidemia 

We began this chapter by examining the local bone marrow B-1a response to 

hyperlipidemia, and provided evidence that BM B-1a cells do not expand upon Western 

diet feeding. However, other B cell subsets, including B-1b and plasma cells could also 

produce atheroprotective IgM in the bone marrow. Yet, we demonstrate that the IgM 

ASC population in the bone marrow also does not expand in response to WD feeding. 

These data suggest that the BM is not a site for B-1a cell expansion or increased IgM 

production during hyperlipidemia. Because the BM is a site of constitutive 

atheroprotective IgM production, understanding the endogenous BM B-1a cell response 

is important because it could help to identify novel strategies for atheroprotection. We 

now know that the BM B-1a/IgM ASC population does not expand during hyperlipidemia, 

and that CXCR4 expression on B-1 cells also stays constant during hyperlipidemia 

(Chapter 3, Figure 17). This suggests that targeting CXCR4 on B-1a cells for increased 

BM localization may be an attractive option to effectively boost IgM production, since it is 

not already happening endogenously in mice. Our initial retroviral CXCR4 

overexpression studies indicate that this is feasible (Chapter 3, Figure 13), though 

further studies are necessary to determine its effect on atheroprotection.  

Alternatively, the relative IgM/B-1a homeostasis observed in the bone marrow in 

response to WD is itself an interesting finding, because it significantly differs from the 

spleen, where IgM ASC do increase during hyperlipidemia188. Whether there are 

immunoregulatory factors suppressing B-1a/IgM ASC expansion in the BM, or activating 

factors specific to the spleen might be an interesting avenue to pursue through analysis 

of secreted soluble factors within each niche. It may also be that the unique architecture 
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of the spleen, including specific B cell zones, enables a microenvironment favorable for 

IgM ASC expansion that is not present in the bone marrow. Many unanswered questions 

remain regarding the maintenance and differences between splenic and BM B-1 cells 

and IgM ASC, which are further explored in Chapter 5.   

Previous studies have shown that the bone marrow B-1 population is critical for 

maintaining homeostatic levels of IgM82. This innate, natural IgM is an important first line 

of defense against exogenous pathogens63,189, and for clearance of apoptotic 

cells65,66,190. Moreover, CD19 transgenic mice that contain an expanded B-1a 

compartment have increased titers of anti-PC natural IgM and reduced susceptibility to 

S. pneumoniae infection, while CD19-/- mice lacking B-1a cells have the opposite 

phenotype50,51, indicating that B-1a cells are critical for generation of protective natural 

IgM. Our results align with this literature, as loss of BM B-1a cells in CXCR4BKOApoE-/- 

mice coincided with loss of PC-specific E06/T15 IgM. Interestingly, we found that plasma 

amount of E06/T15 IgM did not increase upon WD-feeding. This result also echoes 

previous studies demonstrating that B-1a-derived natural antibodies stay constant during 

influenza infection, while acquired antiviral IgM increases40.  

Notably, total plasma IgM levels increased in response to WD despite no 

increases in the BM B-1a/IgM ASC compartment. It appears that BM IgM production 

may not be necessary for generating the WD-induced increase in IgM, which could 

instead arise from splenic IgM ASC expansion, or IgM made in other niches such as the 

omental fat or PVAT. It is also important to consider the difference between innate 

natural IgM and antigen-induced/adaptive IgM, both of which can arise from B-1 cells41. 

For example, in contrast to E06/T15 IgM, we found that anti-MDA-LDL IgM was induced 

after WD. Several studies have shown that IgM specific for MDA epitopes is present in 

germ-free mice and expresses germline genes with limited N-additions, indicating that 
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MDA epitopes are targets of natural IgM antibodies54,191. However, several murine 

studies utilizing homologous MDA-LDL immunization demonstrate that MDA epitopes 

can also trigger adaptive immune responses. For example, MDA-LDL immunization 

induced MDA-specific T cell-dependent IgG antibodies and a TH2 response92,182. In 

considering the sources for induced anti-MDA-LDL IgM in WD-fed mice, we note that the 

B-1b subset, especially, has been demonstrated to have adaptive immune capability and 

functions primarily through the TI-2 response that is BCR and antigen-specific50,192. 

Moreover, after adoptive transfer into lymphocyte-deficient Rag1-/- ApoE-/- mice, B-1b 

cells generate a greater amount of anti-MDA-LDL IgM compared to B-1a cells38. Thus, 

the fact that we see an induction in anti-MDA-LDL IgM after WD leads us to speculate 

that B-1b cells may contribute to this increase.  

Overall, the observed differences between splenic and BM IgM ASC induction 

and between total and anti-MDA-LDL IgM versus E06/T15 IgM suggests that 

considerable heterogeneity exists within IgM-secreting B-1 populations. While B cell-

specific loss of CXCR4 associated with loss of BM B-1a and reduced natural E06/T15 

IgM, CXCR4-independent WD-induced IgM may have arisen from splenic IgM ASC 

expansion derived from B-1b or other B cell subsets. This heterogeneity aligns with a 

paradigm proposed by Baumgarth and colleagues, that distinct subsets of B-1 cells 

exist, some responsible for maintaining homeostatic IgM, and others that are primed 

responders responsible for generating antigen-induced IgM41.  

 

The B-1a cell-specific role of CXCR4 in IgM production 

Next, to examine the B-1a-cell specific role of CXCR4, we turned to B-1a 

adoptive transfer into the B- and T-cell deficient Rag1-/- ApoE-/- model. We observed 

important differences in CXCR4-dependent regulation of total and anti-OSE IgM titers, 
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compared with the CXCR4BKOApoE-/- model. Specifically, while WD-fed CXCR4BKOApoE-/- 

mice did not have a deficiency in total and anti-MDA-LDL IgM compared to littermate 

controls (Fig. 19e,g), adoptive transfer of CXCR4BKOApoE-/- B-1a cells did result in 

reduced total and anti-MDA-LDL IgM titers compared to CXCR4WTApoE-/- B-1a cell 

transfer (Fig. 21i,j). Several differences between these models could account for these 

varying results. First, other B cell subsets that do not rely on CXCR4 for their 

maintenance could be responsible for IgM generation in CXCR4BKOApoE-/- mice, 

including splenic B-1b, as discussed above. Second, reduced B-1a number in multiple 

niches after adoptive transfer of CXCR4BKOApoE-/- B-1a cells (BM, spleen, and PerC; 

Fig. 21c-e), could have also contributed to the more marked reduction in IgM in the 

adoptive transfer model. Why absence of CXCR4 on B-1a cells results in this 

widespread reduction in B-1a number specifically after adoptive transfer, but not in the 

otherwise immunocompetent setting of the CXCR4BKOApoE-/- mouse is an interesting 

question for future study. It could be that other B cell subsets, T cells, or their secreted 

soluble factors, which are lacking in immunodeficient Rag1-/- ApoE-/- hosts, are important 

for maintaining long-term B-1a survival or localization in the spleen and PerC. Notably, 

we did not see marked differences in B-1a migration or number in the spleen after short-

term 3-hour adoptive transfer of CXCR4BKOApoE-/- B-1a cells into Rag1-/- ApoE-/- hosts 

(Chapter 3, Fig. 8). This suggests that splenic B-1a loss observed after long-term 

transfer may be more indicative of impaired cell turnover or survival, as a consequence 

of increased age or hyperlipidemic conditions, rather than impaired migration.  

Of note, the significant reduction in plasma IgM did not correlate with a marked 

defect in lesional IgM in Rag1-/- ApoE-/- mice given CXCR4BKOApoE-/- B-1a cells (Fig. 21i 

vs Fig. 24b). Whether lesional IgM accumulates from circulating IgM entering through 

leaky endothelium, or from vasa vasorum that brings in IgM generated in the PVAT and 
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adventitia remains an unanswered question. The contributions of PVAT B-1 cells versus 

peripheral B-1 cells to lesional IgM accumulation remains an area of open investigation. 

It is hard to answer these questions in our study, as lesional IgM likely accumulated over 

time, but we were only able to examine donor B-1a cell number at the time of sacrifice, 

post-16 weeks WD feeding. In the future, examining lesional IgM accumulation in mice 

with smooth muscle cell-specific deletion of PPAR-g, which lack PVAT formation193, 

could help determine the contribution of PVAT B-1 cells to lesional IgM and 

atheroprotection. 

 

The role of B cell CXCR4 in atherosclerosis 

We found that CXCR4 was not necessary for B-1a cell-mediated protection from 

WD-induced atherosclerosis, both in the CXCR4BKOApoE-/- model after 9 or 18 weeks 

WD, and in the adoptive transfer model into Rag1-/- ApoE-/- mice. However, the overall 

impact of loss of B-1a cells and IgM on atherosclerosis in the CXCR4BKOApoE-/-  model 

was unclear, since perturbations were also seen in the B-2 cell subset (Fig. 20c), which 

has atherogenic functions. The Rag1-/- ApoE-/- model was also not ideal for assessment 

of atherosclerosis. These mice lack other B cell subsets and all T cells, which are known 

to influence atherosclerosis in both humans and mice. Moreover, the amount of IgM 

generated after B-1a adoptive transfer into Rag1-/- ApoE-/- mice was significantly lower 

than what was present in immunocompetent ApoE-/- mice after WD feeding. We have 

also attempted adoptive transfer into B cell deficient µMT mice, and mice deficient for 

secreted IgM. However, in these models, adoptively transferred B-1 cells do not survive 

and IgM titers generated by transferred B-1a cells are reduced to background levels by 

3-6 weeks post-transfer194, and data not shown. 
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Most significantly, we believe that standard murine models of atherosclerosis 

involving WD feeding are not ideal to answer whether CXCR4-mediated B-1a IgM 

production is atheroprotective, because of the excessive lipid burden present in these 

models. As shown in Chapter 3 Figure 14, we demonstrate that loss of secreted IgM 

enhances atherosclerosis in 80-weeks-aged ApoE-/- mice fed chow diet that have 

moderate cholesterol levels, but not in young ApoE-/- mice fed 8 weeks of Western diet 

that have excessive cholesterol levels. Because the primary mechanism whereby IgM is 

thought to protect against atherosclerosis development is through preventing oxidized 

LDL uptake by inflammatory cells and preventing downstream inflammatory processes, it 

may be that excessive cholesterol levels (and therefore excessive oxLDL) overwhelm 

this protective pathway. Alternative approaches to answering this question, and how we 

reconcile these results with our human findings from Chapter 3 are further discussed in 

Chapter 5.  

Intriguingly, we also found that B-1a cell transfer reduced plasma non-HDL 

cholesterol in a manner independent of CXCR4 and circulating IgM. Previous studies 

also provide some support for B cell-mediated cholesterol reduction. For example, 

splenectomized ApoE-/- mice adoptively transferred with B cells from atherosclerotic 

ApoE-/- mice have reduced total cholesterol and reduced atherosclerosis11. Moreover, 

injection of apoptotic cells (which contain shared epitopes with oxLDL) reduced aortic 

root lesion area and total cholesterol in a B cell-dependent manner72. Our results are the 

first to show that B cell-mediated cholesterol reduction can be conferred by the B-1a 

subset, specifically. The mechanism by which B-1a cells reduce plasma cholesterol, if 

not through plasma IgM, is an interesting question for future study. One possible avenue 

to pursue is B-1 cell production of IL-10 195, a cytokine which has previously been shown 

to alter circulating LDL levels196 and cholesterol clearance by macrophages197. 
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Alternatively, given the reduction in overall body weight after B-1a cell transfer, it could 

also be that B-1a cell recipients consumed less food or had other overall health 

differences from control PBS recipients, although triglyceride levels were no different 

and outward differences in mouse behavior characteristic of sickness were not visibly 

evident.  

Another interesting finding was that B-1a cell transfer had region-specific effects 

on atherosclerosis, with significant attenuation of lesion area seen in the aortic arch and 

thoracic aorta, but no effect seen in the abdominal aorta. Of note, thoracic PVAT is 

phenotypically more similar to thermogenic brown adipose tissue while abdominal PVAT 

is more like white adipose tissue198.  Whether this could impact on B-1a cell homing to 

these regions is unknown. Additionally, the aortic arch vascular smooth muscle cells 

(VSMCs) are from a different embryological origin than abdominal VSMC199 and during 

lesion development, VSMC produce chemokines that attract B lymphocytes to the 

adventitia87,200.  Further studies are needed to unravel these region-specific differences, 

which could inform strategies to enhance B-1a homing to PVAT.  

 

The role of CXCR4 in B-1a cell homeostasis 

Finally, we also provide evidence that CXCR4 regulates B-1a cell number by 

influencing B-1a cell survival. While CXCR4 has been linked to cell survival in 

hematopoietic progenitor cells and in cancer 134,135,138,201, niche-dependent regulation of 

B-1a cell homeostasis by CXCR4 has not previously been reported. We demonstrate a 

marked increase in BrdU+ B-1a cells and increased B-1a cell death in bone marrow, but 

not spleen, of CXCR4BKOApoE-/- mice compared to littermate control mice. Though 

increased BrdU may initially suggest increased cell proliferation, it has previously been 

shown that BrdU can be incorporated during apoptosis202, or could be evidence for DNA 
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repair203. Intriguingly, CXCR4 antagonism has been shown to induce multinucleation, 

G2-M cell cycle arrest, and abnormal mitosis in ovarian cancer cells, coinciding with 

deregulated expression of DNA damage and spindle assembly checkpoint proteins, 

including Cdc2, Cdc25a, and Chk1, which are involved with progression from G2 to M 

phase 204. CXCR4 has also been shown to regulate expression, localization, and 

phosphorylation of the cell cycle proteins Rb and E2F-1 in neurons205. In germinal center 

(GC) B cells, CXCR4 was demonstrated to increase in expression throughout the GC B 

cell cycle, with the highest relative expression on cells in G2/M phase, scaling with 

increased cell surface area 206. These studies suggest that CXCR4 may be important for 

B-1a cell turnover as well, and lead us to hypothesize that our observations in 

CXCR4BKOApoE-/- mice could arise from an arrest in transition from G2 to M phase in BM 

B-1a cells. Several studies could be performed to test this hypothesis. First, analysis of 

cell cycle protein expression or phosphorylation status in sorted BM B-1a cells from 

CXCR4WTApoE-/- and CXCR4BKOApoE-/- mice could indicate whether proteins regulating 

the G2-M transition differ in the absence of CXCR4. Second, as CXCR4-mediated 

chemotaxis relies on actin polymerization, and rearrangement of the cytoskeleton is also 

involved in cell division, we could test for defects in actin polymerization and presence of 

multinucleated B-1a cells in CXCR4BKOApoE-/- BM using Imagestream. Another exciting 

possibility would be to utilize Fucci mice, in which dual-labeling of cells in G1 versus 

S/G2/M phases facilitates live cell imaging of cell cycle transitions. Isolation and 

transfection of Fucci B-1 cells with CXCR4 siRNA or overexpression with our previously 

generated CXCR4-GFP retrovirus and subsequent cell cycle visualization could pinpoint 

if and where a cell cycle block occurs.   

Loss of CXCR4 on B-1a cells also resulted in a significant reduction in IL-5R 

expression on B-1a cells specifically in the bone marrow. IL-5/IL-5R signaling promotes 
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B-1a cell survival, proliferation, and IgM secretion 89,90,92,100, suggesting that loss of IL-5R 

may contribute to the homeostatic alterations we found in CXCR4BKO ApoE-/- bone 

marrow B-1a cells, including increased cell death. It has previously been shown that IL-

10 and CXCL12 act in synergy on peritoneal B-1 cells93, suggesting that cytokines and 

chemokines can act cooperatively to modulate B-1 cell function. However, to our 

knowledge, our finding that loss of CXCR4 leads to reduced IL-5R expression is novel. 

How exactly B-1a expression of CXCR4 alters IL-5R expression remains unanswered 

and is an intriguing area for future study. First, to test whether reduced IL-5R expression 

is a consequence of B cell-intrinsic loss of CXCR4, and to see if this is functionally 

relevant, we could isolate CXCR4WTApoE-/- and CXCR4BKOApoE-/- B-1a cells and culture 

in the presence of IL-5, CXCL12, or both, and then measure IL-5R expression, cell 

proliferation, apoptosis, and IgM secretion. If CXCL12 stimulation induces increased IL-

5R expression in CXCR4WTApoE-/- but not CXCR4BKOApoE-/- B-1a cells, this would 

indicate that CXCR4 signaling induces IL-5R expression in a B cell-intrinsic manner, and 

that our finding of reduced IL-5R expression on CXCR4-deficient BM B-1a cells was not 

a consequence of other factors in the bone marrow environment. Furthermore, if IL-5 

stimulation led to cell proliferation, increased IgM secretion, or reduced apoptosis in a 

CXCR4-dependent manner, that would further establish a functional link between the 

two receptors. It was recently shown that CXCR4 colocalizes with the IgD-BCR and 

CD19 on the cell surface of splenic B cells, and that CXCR4-induced actin cytoskeleton 

remodeling depended on the IgD-BCR 207. Whether IL-5R is also clustered close to 

CXCR4 on the cell surface could be tested using confocal microscopy or Imagestream, 

or more robust techniques like FRET or proximity ligation assay.  

In sum, the data provided in this chapter raises many more questions about the 

role of CXCR4 in regulating B-1a cell homeostasis, and the role of BM B-1a cells and 
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BM IgM secretion in atherosclerosis. The implications of our findings and future 

approaches to address these questions are discussed further in Chapter 5. 
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                 Atherosclerosis is a complex, multi-factorial disease that has both genetic and 

environmental roots. Multiple contributors influence the development of atherosclerosis 

and the progression to cardiovascular events, including age, smoking, high blood 

pressure, lipid metabolism, deregulation of vascular wall cells, thrombotic factors, and 

the immune system. Much time, money, and research effort has been spent on 

understanding and treating atherosclerosis and heart disease, making it America’s 

costliest disease according to the American Heart Association (AHA). The AHA has set 

a strategic goal to improve the cardiovascular health of all Americans by 20% while 

decreasing deaths from CVD and stroke by 20% by the year 2020208. To attain this goal, 

the AHA has recommended 7 lifestyle approaches to achieve better cardiovascular 

health, which include no smoking, regular physical activity, healthy diet, and 

maintenance of a healthy weight, blood pressure, cholesterol, and blood sugar level. 

Several of these lifestyle recommendations can also have a positive impact in improving 

immunity209,210, and conversely, deregulated immune mechanisms are involved in 

obesity211, hypertension212, lipid metabolism213, and diabetes214 in turn. This suggests 

that some risk factors contributing to heart disease may converge on common immune 

pathways, and underscores the importance of efforts to identify key immune regulatory 

mechanisms in atherosclerosis. Evidence for the contribution of innate and adaptive 

immunity to atherosclerosis development has accumulated over the last few decades, 

and more recent advances have demonstrated complex, immune cell subset-specific 

roles that sustain or mitigate lesion advancement4,215. As our knowledge advances, 

deeper, more robust, and unbiased investigation into immune cell surface marker 

heterogeneity, functional diversity, and the associated impact on human disease 

becomes relevant for identifying disease biomarkers and developing targeted therapies.  
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                In Chapters 3 and 4, we presented evidence that CXCR4 regulates B-1a 

number in the bone marrow, a population expressing a unique IgH V repertoire, and 

atheroprotective IgM production. We explore potential mechanisms by which CXCR4 

regulates BM B-1a number, including migration and survival. Key differences between 

the BM and spleen IgM ASC response to WD-induced hyperlipidemia are demonstrated. 

Furthermore, we test whether B-1a CXCR4 expression facilitates atheroprotection in 

mice, and observe positive associations between human B-1 CXCR4 expression, anti-

OSE IgM production, and protection in human CVD. Several new questions arise from 

this work, including: 1) What are the mechanisms facilitating IgH V repertoire 

diversification in BM B-1a cells? 2) Why are spleen and BM IgM ASC induced differently 

during WD? 3) Can B-1 cell heterogeneity be utilized for therapy? 4) Are WD-induced 

atherosclerosis models sufficient for studying B-1- or IgM-related mechanisms? 5) Could 

human B-1 CXCR4 expression be used as a therapeutic target? In this chapter, these 

remaining questions and future experiments to address them will be discussed.  

 

The BM B-1a population expresses a unique IgH V repertoire 

            We demonstrate that the BM B-1a IgH V repertoire from 100-weeks-aged ApoE-/- 

mice is unique, diversified, and displays a shift away from germline sequences, 

compared to that of PerC B-1a cells. An important next question is what mechanisms 

facilitate this diversification in the BM. It is known that the enzyme Tdt, which facilitates 

N-additions, is not expressed during fetal life103. This suggests that niches where B-1a 

cells don’t express many N-additions, like the PerC, may largely be derived from fetal 

liver precursors that self-renew throughout life. In contrast, the progenitor source 

seeding the BM B-1a population is not known. Montecino-Rodriguez et al identified a Lin-

CD19+B220loCD93+ B-1 cell progenitor present at low frequency in adult bone marrow104. 
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These adult BM B-1 progenitors express Tdt and their progeny acquire N-additions103. 

Therefore, the increased N-additions and repertoire diversity observed in BM B-1a cells 

in our experiment could be explained by their originating from the adult BM B-1 

progenitor, rather than the fetal liver progenitors that give rise to body cavity B-1a cells. 

To test this, one could isolate and transfer either the CD19+B220loCD93+ adult BM B-1 

progenitor or B-1 fetal liver progenitors into immunodeficient hosts, and examine the B-

1a progeny generated in the bone marrow. If one of the progenitor populations is better 

able to regenerate wild-type numbers of BM B-1a cells that display a similar phenotype 

of increased N-additions, this may point to the progenitor source for the adult BM B-1a 

population. Alternatively, we may find that BM B-1a population is derived from multiple 

progenitor pools.  

                While a distinct B-1 progenitor could contribute to BM B-1a repertoire diversity, 

we also found commonalities between the PerC and BM B-1a repertoire. Indeed, certain 

VDJ and CDR-H3 sequences were common to both BM and PerC B-1a, and the most 

frequent CDR-H3 expressed by PerC and BM B-1a was the same: AGDYDGYWYFDV. 

This suggested to us that migration from PerC to BM could be possible, which we 

confirmed and demonstrated was CXCR4-dependent. Yet, we observed that B-1a 

migration to the BM was limited compared with B-1a migration to the spleen. As an 

alternative to migration, the presence of common IgH V sequences in BM and PerC B-

1a could instead arise from separate and independent selection pressure in these niches 

driven by common antigens. For example, B-1a cells expressing AGDYDGYWYFDV, a 

CDR-H3 previously associated with recognizing phosphatidylcholine epitopes49, could 

independently arise in PerC and BM due to heightened presence of PtC epitopes in 

aged ApoE-/- mice. The fact that 70% of PerC B-1a sequences expressed 

AGDYDGYWYFDV, compared with only 11.6% of BM B-1a sequences, could point to 
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reduced availability of PtC epitopes in the BM versus PerC. To differentiate between 

migration versus independent selection, one could analyze the BM IgH V repertoire after 

disrupting migration, for example using pertussis toxin, which inactivates chemokine 

receptor signaling, or specific chemokine receptor blockade or knockdown.  

                 Importantly, more studies on the BM B-1a IgH V repertoire are needed to 

determine whether our results are a consequence of age or hyperlipidemic conditions in 

100-weeks-aged ApoE-/- mice. Future IgH V repertoire analysis in younger mice, or mice 

without ApoE-/- deficiency may help to understand how the BM B-1a repertoire changes 

with time or with increased inflammation. While we did not see an expansion of BM B-1a 

cells in response to WD (Chapter 4, Fig. 19a), it could be that the IgM repertoire 

undergoes shifts instead. It is also important to note that while comparing the CDR-H3 of 

IgH V can provide some insight into BCR/antibody specificity, a major limitation of our 

approach is that the corresponding light chain regions were not sequenced or analyzed. 

The mature BCR consists of both heavy and light chains, and in order to determine 

antigen specificity, we would need to sequence the light chain variable region, amplify 

and express the light and heavy chains as single chain variable fragments via cloning 

methods, then test their specificities against an array of epitopes. These future 

experiments would be helpful to determine what BCR specificities are selected for during 

hyperlipidemia, and may facilitate discovery of new antigens to target against for 

atheroprotection.  

 

CXCR4 maintains BM B-1a number through regulating migration and survival 

             Our data indicates that CXCR4 regulates BM B-1a number through regulating 

both B-1a migration to the BM and B-1a homeostasis. The circulatory patterns of B-1 

cells remain incompletely understood and are a complex area of study. The methods we 
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used including adoptive transfer and flow cytometry are limited in that what we get is a 

snapshot image that is less informative about the kinetics of migration. Indeed, how 

frequently the BM B-1a population is replenished by migrating peripheral B-1a cells 

remains unknown. We found that the number of B-1a cells that migrated to the bone 

marrow was less than the number that migrated to the spleen both after short-term 

(Chapter 3 Fig. 8c,d) and long-term (Chapter 4, Fig. 21c,d) adoptive transfer. This 

could indicate that at least part of the BM B-1a population has more of a resident nature, 

maintaining itself through self-renewal, or replenishment through the aforementioned 

adult BM B-1 progenitor. Novel techniques like intravital imaging of intact bone 

marrow216 could provide more information on whether and where B-1 cells organize in 

the bone marrow, how quickly they are replenished, and whether they interact with other 

cell types that could be important for their maintenance. While the BM localization of the 

B-1a subset, specifically is not known, previous studies have demonstrated that IgM+ B 

cells localize to both extravascular and intravascular regions of the bone marrow, often 

adjacent to sinusoid walls217. Some studies have suggested that their perisinusoidal 

location may increase their accessibility to encounter and respond to blood-borne 

pathogens218.  

                We also demonstrated that absence of CXCR4 significantly impaired BM B-1a 

survival, and discussed potential next steps to examine the role of CXCR4 in cell cycle 

maintenance in Chapter 4. Studies by Nie et al132 previously demonstrated that CXCR4 

is important for B-2 progenitor cell retention and survival in the bone marrow, with B cell-

specific loss of CXCR4 resulting in premature egress of B-2 cell progenitors into spleen 

and subsequent cell death. If CXCR4 is also important for regulating B-1a cell 

progenitors, then reduced progenitor cell survival could also contribute to the loss of 

mature BM B-1a cells we observe in CXCR4BKOApoE-/- mice. Near the start of this 
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project, we observed that CXCR4BKOApoE-/- mice had a defect selectively in BM B-1a 

cells, not spleen or PerC B-1a (Chapter 3, Fig. 9b). This led us to think that B-1a 

progenitor cell survival is likely not affected by loss of CXCR4, since B-1a cells are 

largely fetally-derived, and if loss of CXCR4 did impair B-1a progenitor survival, then 

we’d see global loss of B-1a number in all examined niches. However, since then, it has 

become clearer that separate B-1a progenitor pools exist, both in fetal liver and in adult 

BM, and that they can give rise to B-1a cells with distinct characteristics, including 

varying N-addition frequency103. Therefore, it is possible that the BM B-1a pool arises 

from adult BM B-1 progenitors in a CXCR4-dependent manner, while the PerC and/or 

spleen B-1a pool arises primarily from fetal liver progenitors in a CXCR4-independent 

manner. This hypothesis is supported by preliminary data demonstrating a loss of the 

CD19+B220loCD93+ adult BM B-1 cell progenitor in CXCR4BKOApoE-/- mice (Fig. 27). 

Future studies on the CXCR4 dependency of adult BM B-1 progenitors could involve 

determining whether B-1a progenitors have disrupted localization in the BM 

microenvironment upon CXCR4 blockade using intravital imaging, or whether the B-1a 

progenitor cell cycle is impaired in the absence of CXCR4. Overall, our data suggest that 

a more complex heterogeneity in B-1a subsets exists than previously assumed, and that 

it is necessary for future studies to examine B-1a subsets not only in a surface marker-

specific manner, but also in a niche-specific manner.  

 

 

 

 

 

 



 148 

 

Figure 27. CXCR4BKOApoE-/- mice have reduced number of adult bone marrow B-1 

progenitor cells. (a) Representative gating strategy for quantification of CD19+ B220lo 

IgM- CD93(AA4.1)+ BM B-1 progenitor cells from one CXCR4WTApoE-/- (top) and one 

CXCR4BKOApoE-/- (bottom) mouse. (b) Calculated number of CD19+ B220lo IgM- 

CD93(AA4.1)+ B-1 progenitor cells in CXCR4WTApoE-/- (n=3) and CXCR4BKOApoE-/- 

(n=2) mice.  
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B-1 cell heterogeneity in mice  

              The data presented in chapters 3 and 4 indicate that the BM B-1a population is 

unique, and may be regulated by distinct mechanisms compared to PerC and splenic B-

1a cells. These differences become functionally relevant in health and disease when 

considering the possibility that B-1a cells from different niches may have evolved for 

unique functions, or for IgM production against distinct antigens. Serosal peritoneal and 

pleural B-1 cells may have evolved to be rapid responders for exogenous antigens that 

enter through the gut and airways, while BM B-1 cells may have evolved to provide 

baseline homeostatic IgM production for sterile inflammatory processes like clearance of 

apoptotic cells. All of these B-1 populations may become important in the setting of 

atherosclerosis due to epitopes that are common to oxLDL, apoptotic cells, and 

exogenous pathogens, like PC and MDA.   

             Constitutive IgM production is lower in the PerC compared with the spleen and 

BM78,82, and we have shown that BM IgM ASC do not expand in response to WD-

induced hyperlipidemia in contrast to splenic IgM ASC (Chapter 4, Fig. 19). Therefore, 

important next questions include what maintains differential IgM production in these 

niches and what governs whether they can be induced or not? Previous studies have 

shown that in contrast to BM IgG ASC, the BM IgM ASC population does not rely on 

eosinophils or IL-6, but is sustained by IL-5 at least in vitro91. We also observed reduced 

IL-5R expression on BM B-1a cells from CXCR4BKOApoE-/- mice (Chapter 4, Fig. 26), 

coinciding with reduced B-1a number. IL-5-producing ILC2 cells have previously been 

shown to maintain peritoneal and fat-associated lymphoid cluster (FALC) B-1a 

number99,100, and ILC2 are also found in the bone marrow219. Therefore, the dependence 

of BM IgM ASC/B-1a on IL-5/ILC2 production could be examined in the future using 

ILC2 knockout mice. Testing whether BM IgM ASC can be induced to increase IgM 
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production by exogenous IL-5 administration for atheroprotection might also be a 

potentially therapeutically relevant study. In these studies where BM IgM ASC are 

manipulated to increase IgM production, it would be important to develop targeted 

strategies and find an effective therapeutic window, to avoid IgM overproduction or 

autoimmunity.  

                  Factors specific to the spleen could also maintain splenic IgM ASC or 

facilitate WD-induced IgM ASC expansion in the spleen. Our results demonstrating that 

the splenic B-1a population relies on CXCR4 after B-1a adoptive transfer into Rag1-/- 

ApoE-/- mice (Chapter 4, Fig. 21d), but does not require CXCR4 for its maintenance in 

CXCR4BKOApoE-/- mice (Chapter 3, Fig. 9b), suggests that splenic B-1a may rely on 

other cell types or secreted factors not present in Rag1-/- ApoE-/- mice. Interestingly, 

splenic B-1 cells have previously been shown to associate closely with the follicular 

dendritic cell (FDC) network, and splenic B cells support FDC development through 

production of lymphotoxin alpha220,221. Furthermore, B cells can serve as antigen 

transporters to FDC via complement or immune complexes, and conversely FDC can 

present antigen to cognate B cells to initiate the development of memory B cells or 

plasma cells222. This suggests a close link between splenic B cells and FDC that may be 

important for the maintenance of both populations. Therefore, a hypothesis to explain 

our differing results in Rag1-/- ApoE-/- versus CXCR4BKOApoE-/- mice could be: despite 

absence of CXCR4 on splenic B-1a, normal FDC development in CXCR4BKOApoE-/- mice 

supports or “rescues” splenic B-1a survival. In contrast, impaired FDC development in 

Rag1-/- ApoE-/- mice (due to lack of B cells) could result in impaired splenic B-1a survival 

in the absence of CXCR4. Co-culture experiments with FDC and CXCR4-deficient or –

sufficient splenic or BM B-1a cells could help test this hypothesis, or examining splenic 
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IgM ASC and B-1a number in mice undergoing FDC ablation, which has previously been 

described223.  

                 In Chapter 4, we also discussed how the splenic B-1b population could 

contribute to the increase in IgM ASC and plasma IgM. Importantly, the report identifying 

increased anti-OSE IgM ASC in the spleen in response to hyperlipidemia found that 

there was no change in the frequency of splenic B-1a cells72, similar to our results (Fig. 

19b). Yet, they did find an increase in marginal zone B cells with hyperlipidemia, but 

splenic B-1b frequency was not examined. As MZ B cells and B-1b both participate in TI-

2 responses, it is conceivable that splenic B-1b cells could also expand or secrete more 

IgM in response to hyperlipidemia. Given the possibility that B-1b cells could be induced 

during hyperlipidemia whereas B-1a cells may not be, understanding the differences 

between B-1a and B-1b cells also becomes important. Prior studies have demonstrated 

that B-1a cells primarily function in TI-1 responses activated through TLR or cytokine 

receptor signaling, while B-1b cells participate in TI-2 responses through the BCR and 

can generate B-1 cell memory50,51. CD5, which is used to distinguish B-1a from CD5- B-

1b cells, functions as a negative regulator of BCR signaling224. An intriguing new study 

by Baumgarth and colleagues demonstrates that CD5+ peritoneal B-1a cells can lose 

expression of CD5 after TLR-mediated activation, which reorganizes the BCR signaling 

complex and leads to increased downstream BCR signaling225. This finding suggests 

that B-1a and B-1b cells may actually not be two separate populations, but varying 

activation states of the same population. Many questions remain, including 1) do B-1a 

cells from other locations like the spleen and BM also function similarly? 2) is loss of 

CD5 expression reversible, and can a B-1a cell that has differentiated into B-1b revert 

back to its CD5+ state? 3) do the antibodies made by CD5+ B-1 cells and activated 

CD5- B-1 cells differ? Future studies on isolated and TLR-stimulated BM/splenic B-1 
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subsets and subsequent analysis of CD5 expression and the IgH V repertoire could 

begin to answer these questions. 

                Overall, several different mechanisms could contribute to B-1 cell 

heterogeneity in mice, including niche-specific factors or antigens, development from 

distinct progenitor cells, or TLR- vs BCR-mediated signaling events. Given that B-1 cells 

have diverse immunoregulatory functions outside of IgM production, including cytokine 

production, antigen presentation, phagocytic capability, T cell modulation, and a newly 

discovered cholesterol-lowering capability, it is also important to examine functional 

differences in a niche-specific manner. Our data also suggests that B-1 heterogeneity 

could be taken advantage of for developing therapies for atheroprotection. For example, 

CXCR4 overexpression on B-1a cells selectively increased trafficking to the bone 

marrow and increased anti-OSE IgM production. Similar strategies could be developed 

to increase B-1 trafficking to other locations that are more conducive to IgM ASC 

expansion during hyperlipidemia, like the spleen, or for other niche-specific B-1 cell 

functions.  

 

 B-1 cell heterogeneity in humans 

                  Previous reports by Rothstein’s group165-167 as well as ongoing studies in our 

lab demonstrate that the human CD20+ CD3- CD27+ CD43+ B-1 population is 

heterogeneous. The results provided in Chapter 3 demonstrate that functional 

heterogeneity in the B-1 subset can be separated by CXCR4 expression. While the 

overall frequency of circulating human B-1 cells did not associate with plasma anti-MDA-

LDL IgM or reduced plaque burden, the addition of CXCR4 expression on B-1 cells did. 

Our analysis of PBMC has the caveat that B-1 cells are likely not secreting antibody 

within the blood itself, and may behave differently within tissues. Yet, because we are 
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examining a receptor that regulates trafficking, and because the peripheral blood is a 

highway for cells to get to their eventual destination, our associations point to the idea 

that CXCR4 guides human B-1 cells to niches where atheroprotective IgM is produced, 

like the bone marrow. Ongoing and future studies in our lab aim to examine human B-1 

cell phenotype and function in other locations like the peritoneal fluid, spleen, or bone 

marrow to test whether this hypothesis stands. Notably, the CXCR4 antagonist plerixafor 

is used clinically for BM hematopoietic stem cell mobilization and autologous HSC 

transplantation in patients with non-Hodgkin’s lymphoma and multiple myeloma226. 

Moreover, plerixafor can enhance the pro-apoptotic effects of anti-CD20 monoclonal 

antibody (rituximab) used to treat patients with diffuse large B cell lymphoma227. This is 

in line with studies in mice showing that CXCR4 is important for maintaining B cell 

survival. Examining the human B-1 cell population in patients undergoing plerixafor 

treatment might be useful for understanding whether CXCR4 impacts B-1 localization or 

functions, but it is also important to consider that patients receiving plerixafor likely don’t 

represent healthy or normal conditions, and that plerixafor treatment targets all cells 

expressing CXCR4, not just the human B-1 subset. 

                  It is likely that deeper heterogeneity exists in the human B-1 subset and that 

other surface markers also associate with distinct B-1 cell functions. Examining 

peripheral B-1 cells using techniques like CyTOF, which allow analysis of up to 40 

surface or intracellular markers in a multidimensional, semi-unbiased way could identify 

new B-1 phenotypes that correlate with anti-OSE IgM production or atheroprotection. 

Novel studies in our lab have used CyTOF to examine B cell populations in patients with 

either high or low amount of plasma anti-MDA-LDL IgM (unpublished data). This 

analysis has identified 2 B cell clusters that display the typical Rothstein B-1 markers, 

CD27 and CD43, but that have differential IgM production in vitro and in vivo, and 
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differentially express CD24, a marker previously shown to inhibit CXCR4 function in a 

human pre-B cell line228. Whether these clusters also differ in signaling responses to 

TLR versus BCR-stimulation, cytokine production, antigen presentation and T cell 

stimulation, or other B-1 characteristics remain interesting unanswered questions for the 

future. Our lab is also interested in examining whether B cell populations differ in 

subjects with high or low amount of coronary artery disease. Future analysis in CAD 

subject cohorts of markers that regulate B cell checkpoints, chemokine receptor 

expression, signaling molecules, or markers involved in B cell regulation of other 

immune cells would increase understanding of how B cell populations change during 

CAD.  

 

Limitations of WD-induced atherosclerosis models 

                As with any experimental disease model, it is important to consider how 

closely it recapitulates human disease and the human immune system. The data 

presented in preceding chapters indicates that WD-induced atherosclerosis models are 

significantly limited in representing human CVD, because of the extreme lipid burden 

present. Moreover, the use of immunodeficient Rag1-/- ApoE-/- mice is similarly flawed, as 

the absence of T and other B cells removes the contributions of these cells and their 

interactions, which are known to influence atherosclerosis development. Though this 

model provided a clean background to visualize adoptively transferred B-1a cells and 

IgM, sufficient IgM was not generated in Rag1-/- ApoE-/- mice to withstand the non-

physiologic cholesterol burden created by 16 weeks WD. This does not diminish prior 

studies utilizing WD-fed models, which demonstrate that B-1a cell IgM production is 

atheroprotective, only that considering the balance between anti-OSE IgM and 

cholesterol in any given model may be important in designing future studies. Alternative 
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strategies utilizing immune-sufficient models, multiple B-1 cell injections to generate 

wild-type levels of IgM, or aged chow-fed ApoE-/- mice pose their own challenges and 

limitations, but may be useful for corroborating our findings.  

 

B-1 CXCR4 expression as a therapeutic target 

             Overall, our studies suggest that strategies to increase B-1 CXCR4 expression 

may be protective against atherosclerosis. Intriguingly, the association between human 

B-1 CXCR4 expression and reduced plaque burden and stenosis was stronger than that 

between B-1 CXCR4 expression and amount of anti-MDA-LDL IgM (Chapter 3 Fig. 15f 

vs Fig. 16d). Moreover, multivariate analysis indicated that human B-1 CXCR4 

expression associated with reduced plaque burden regardless of inclusion of anti-MDA-

LDL IgM in the multivariate model. This suggests that B-1 CXCR4 expression may also 

regulate atheroprotective functions outside of IgM production. Does human B-1 CXCR4 

expression also associate with B-1 ability to secrete cytokines, present antigen, or alter 

T cell function? Alternatively, does the IgM repertoire differ in B-1 subsets that have 

unique functions? Future in vitro studies addressing these questions would help 

understanding of this fascinating cell subset. Alternative strategies to overexpress B-1 

CXCR4 in vivo, using lentiviral systems or liposomal delivery, or the discovery of a B-1 

cell-specific surface receptor to use in targeted delivery of siRNA or CXCR4 antagonists, 

could aid future pre-clinical studies determining if B-1 CXCR4 expression is 

atheroprotective.  
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