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Abstract

Atherosclerosis is a progressive inflammatory disease of the medium to large arteries that is the
largest contributor to cardiovascular disease (CVD). B cell subsets have been shown in animal
models of atherosclerosis to have both atherogenic and atheroprotective properties. In this review
we highlight the research that developed our understanding of the role of B cells in atherosclerosis
both in humans and mice. From this we discuss the potential clinical impact B cells could have
both as diagnostic biomarkers and as targets for immunotherapy. Finally, we recognize the
inherent difficulty in translating findings from animal models into humans given the differences in
both cardivascular disease and the immune system between mice and humans, making the case for
greater efforts at addressing the role of B cells in humans atherosclerosis.
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Introduction

Cardiovascular disease (CVVD) remains the leading global cause of death, accounting for at
least 17.3 million deaths annually [1]. The primary contributor to CVD is atherosclerosis, a
progressive inflammatory disease of large and medium sized arteries defined by
accumulation of lipids in the vascular wall and progressive expansion of vascular lesions
[2,3]. Traditional risk factors for atherosclerosis include obesity, hypertension, dyslipidemia,
diabetes, and smoking status. While these risk factors frequently present in patients that
develop clinical manifestations of atherosclerosis, they fall short at predicting the majority
of acute events which occur in asymptomatic individuals [4-6]. The Framingham Heart
Study demonstrated that half of patients present with unheralded myocardial infarction or
sudden cardiac death as their first manifestation of coronary artery disease [7].
Approximately two-thirds of acute coronary syndromes occur following rupture of
atherosclerotic plaque initially less than 50% stenosed which may explain the development
of acute events in asymptomatic individuals [8-10]. This suggests that our current means of
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testing for and treatment of CVD is missing a large portion of the population at risk for
atherothrombotic events and requires us to look beyond the contributions of traditional risk
factors for our answers.

Early lesions, called ‘fatty streaks’, form as a result of LDL aggregation in the vascular wall
which consequently becomes oxidized producing a mix of immunogenic lipid species [3].
Oxidized LDL (oxLDL) drives the inflammatory response by activating endothelial cells
and macrophages to express adhesion molecules and inflammatory cytokines that recruit
other leukocytes to the lesion. Macrophages use scavenger receptors to take up oxLDL
converting them to lipid laden foam cells [2]. When foam cells undergo apoptosis they are
poorly cleared which causes the formation of a necrotic core with an overlying collagen rich
fibrous cap [11]. Expansion of the lesion over time causes stenosis of the artery and
ischemia of the surrounding tissue. Erosion or rupture of the fibrous cap exposes thrombotic
material from the necrotic core to the circulation leading to thrombus formation and
downstream tissue infarction. The innate and adaptive immune systems have been
implicated in modulating these vessel wall responses. Numerous leukocyte subsets have
been linked to atherosclerosis both through correlative autopsy findings and in rodent
models of the disease and have been reviewed thoroughly elsewhere [2,12-14], We have
previously published a more detailed review of the roles of B cells in murine atherosclerosis
[15]. This review will highlight key aspects of emerging findings in the field of B cells and
atherosclerosis focusing on their potential clinical implications.

The Role of B Cells in Atherosclerosis

Lymphocytes have long been known to locate at sites of plaque formation. Gerlis described
“foci of inflammatory cells” within the adventitia of coronary arteries in patients that
suffered acute Ml in 1956 [16]. Development of targeting antibodies allowed for
characterization of cells via immunohistochemistry which definitively showed these foci to
contain B cells [17-19]. Importantly, a recent study by Hamze and colleagues used laser
capture microdissection to analyze individual lymphocytes in diseased coronaries finding
that the majority of B cells were present in the adventitia of these arteries and that they
primarily expressed an activated plasmablast phenotype suggesting the cells were active at
the sites of disease [20]. These observations have been supported with a wealth of work in
murine models of atherosclerosis. Indeed, Habenicht and colleagues showed that aged
atherogenic mice (Apoe™~) develop tertiary lymphoid organs containing mature B cell
follicles within the adventitia of the aorta [21,22]. A number of elegantly performed studies
over the last few decades have implicated a role for B cells in atherosclerosis. In particular,
two papers from 2002 were published describing an atheroprotective role for B cells by
manipulating B cell numbers in mouse models. Hansson’s group showed that splenectomy,
which depletes B and T cells, dramatically increased atherosclerosis and that protection was
provided by adoptive transfer of B cells into the splenectomized mice [23]. This finding was
reinforced by Major and colleagues through work that showed bone marrow transplant from
B cell deficient mice (UMT) into lethally irradiated Ldlr~/~ mice led to the development of
significantly more atherosclerosis compared with mice receiving wild type bone marrow
[24]. The atheroprotective function of B cells was hypothesized to be, in part, due to their
production of protective IgM antibodies against oxidized phospholipids [23]. This notion
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B2 B cells

B1 B cells

was previously proposed by the findings of Witztum and others [25-27] and supported in
subsequent studies demonstrating that mice unable to secrete IgM (slgM) develop
significantly greater atherosclerosis than control mice [28].

The idea that all B cells are atheroprotective has been revised by recent publications
showing that B cells can also be atherogenic. Evidence for this was found through the
specific depletion of B2 B cells with a monoclonal antibody against CD20 [29,30] or by
using B cell activating factor (BAFF) receptor deficient mice which are also depleted for B2
cells [31,32]. In both cases, the B2 depleted mice had attenuated diet-induced atherosclerosis
suggesting that this subset has atherogenic properties. Additionally, the adoptive transfer of
5 million splenic B2 cells taken from C57BL/6 mice into atherogenic lymphocyte deficient
(Rag2~"~yc™/~Apoe~") and atherogenic B cell deficient (UMT) mice led to significantly
increased atherosclerosis compared to PBS or peritoneal B1 B cell transfer [29].
Alternatively, adoptive transfer of innate B1 B cells into splenectomized Apoe™~ mice was
shown to attenuate atherosclerosis suggesting that these cells were atheroprotective and
demonstrating subset specific differences in B cell function in mice [33]. Figure 1 shows the
surface markers used to differentiate murine B cell subsets and the possible roles they have
in atherosclerosis. Potential equivalent human B cell subsets are discussed below.

Conventional B2 B cells are associated with adaptive immunity. These cells develop in the
bone marrow from common lymphoid progenitors and migrate to secondary lymphoid
organs such as the spleen and lymph nodes, going through a number of transitional stages
before becoming naive mature B cells in the follicular regions of lymphoid organs. B2 B
cells respond to antigen presentation in a T cell dependent manner undergoing proliferation,
affinity maturation, and isotype class switching to produce large amounts of highly specific
antibodies against foreign pathogens. This process can be maladaptive in the setting of
autoimmunity when these antibodies react to auto-antigens. It is hypothesized that B2 B
cells may promote atherosclerosis in mice through their ability to produce inflammatory
cytokines that can activate Th1 T cells and monocyte/macrophages [29]. Alternatively, this
could be due to the presence of immune complexes involving 1gG auto-antibodies within
atherosclerotic plaques [25], or yet undiscovered mechanisms. That B2 B cells may have
atheroprotective properties under certain conditions was suggested by findings that adoptive
transfer of 30 or 60 million splenic B2 B cells from Apoe™~ mice significantly reduced
Western diet-induced atherosclerosis in pMTApoe ™'~ mice [34]. This apparent contradiction
with findings of Kyaw that 5 million B2 B cells from B6 mice promoted atherogenesis may
suggest that prior B cell exposure to lipid antigen may impact on the effect of B cells on
atherosclerosis. Indeed, we have shown that transfer of 60 million B2 B cells derived from
C57BL/6 mice into uMTApoe ™~ mice did not have an atheroprotective effect [35]
suggesting that hypercholesterolemia may induce an atheroprotective phenotype in B2 B
cells.

B1 B cells serve an integral role in the innate immune system. In mice, they develop from
specific precursors in the fetal liver, reside in serosal cavities, and self-replicate in a T-
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independent manner [36]. B1 B cells spontaneously produce antibodies, with few nucleotide
inclusions, that are primarily IgM [37-39]. Their protective role in atherosclerosis is thought
to be due to the production of natural antibodies (NAbs) that bind modified self epitopes
such as oxidation specific epitopes (OSEs) found on OxLDL and apoptotic cells [40]. One
class of NAbs in particular, called E06, binds to phosphorylcholine on the surface of
OxLDL and apoptotic cells. It has been established that E06 is atheroprotective both through
the inhibition of OXLDL uptake by resident macrophages which slows their conversion to
foam cells and increased clearance of apoptotic bodies which decreases necrotic core
formation [41]. Indeed, Binder and colleagues showed that immunization of atherogenic
LdIr~/~ mice with Streptococcus pneumonia, which also expresses the phrosphorylcholine
antigen recognized by E06, was found to greatly increase production of circulating E06 IgM
and decrease the extent of atherosclerosis [42]. The same group showed that LdIr ™~ mice
that were lethally irradiated and received IL-57/~ bone marrow had significantly reduced
circulating titers of E06 and developed greatly increased atherosclerosis compared to IL-5*/*
bone marrow donor controls [43], supporting the notion that Bla B cells have
atheroprotective functions due at least in part to the production of NAb such as E06. Similar
to the question of whether all B2 B cells are atherogenic, recent identification of a novel
subset of B1 B cells called innate response activating (IRA) B cells by Rauch and colleagues
[44] raised the question of atherogenic B1 B cells. They showed that IRA B cells, derived
from peritoneal B1la B cells that migrate to the spleen, produce granulocyte-macrophage
colony-stimulating factor (GM-CSF) in response to LPS stimulation. This could be
important to atherosclerosis as GM-CSF induces an inflammatory phenotype in
macrophages and treatment of mice with GM-CSF aggravates atherosclerosis [45]. This
example of a potentially atherogenic B cell derived from “atheroprotective” Bla B cells
further underscores the notion that the simple dichotomy that B1 B cells attenuate and B2 B
cells aggravate atherosclerosis is likely too simplistic.

Regulatory B cells

A final classification of B cells are regulatory B cells (Bregs) and are functionally defined
by their ability to suppress the immune response primarily through the production of the
anti-inflammatory cytokine 1L-10 or through direct interaction with other leukocytes [46].
Several types of Bregs exist, including Bla-derived and B2-derived Bregs as well as a
possibly distinct B cell subset termed B10 cells due to their primary function of IL-10
production [47,48]. While it is unknown how Bregs contribute to atherosclerosis, it is
realistic to hypothesize that they would be atheroprotective given our knowledge that Bregs
have anti-inflammatory properties and that depletion of IL-10 in mice is atherogenic [49].
Furthermore, there has been extensive research on Bregs in human autoimmunity showing
that functional or numerical deficits in Bregs appear to play a role in disease pathogenesis
[46,50]. Moreover, helminth induction of IL-10 expression from B cells appears to protect
from multiple sclerosis further suggesting that Bregs may be important in protecting against
immune mediated diseases [51].
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B Cells in human vascular disease

A recent study of cases taken from the Framingham Heart study used genome wide
association (GWAS) to develop gene co-expression networks and identify independent
genes that associate with CHD [52]. This study found that genes associated with B cell
activation were the most strongly enriched in controls but not in CHD cases suggesting B
cells may play an important protective role in human atherosclerosis. However, few studies
have compared B cells and B cell subsets to clinical measures of CHD. One study showed
that circulating CD80™ late phase activated B cell numbers correlate with carotid intimal
medial thickness (CIMT), an established risk factor for adverse cardiovascular events,
suggesting that this subset contributes to atherosclerosis [53]. Adding to the difficulty in this
field is our poor understanding of human B cell subsets. The Bla B cell subset in mice is
recognized by its surface expression of the T cell marker CD5 and its spontaneous
production of NAbs. This does not carry over to humans as multiple B cell subsets are
known to express CD5 [54]. In 2011, Griffin and colleagues used a clever approach whereby
they identified a subset of circulating human B cells that shared behaviors characteristic of
murine B1 cells. These cells spontaneously produce NAbs, stimulate T cells to proliferate,
and demonstrate tonic intracellular signaling [55]. The subset was present in human
umbilical cord blood as well as adult peripheral blood, and has a surface phenotype that is
CD19, CD20, CD27, and CD43 positive. The same group has recently reported the existence
of a Breg-like human B cell population they termed “Orchestrator” B cells (Blorc) which
are CD11b* B1 cells that spontaneously secrete IL-10 and suppress T cell activation [56].
There have been challenges to this group’s findings arguing that the CD19, CD20, CD27,
and CD43 positive B cells in humans are not the equivalent of murine B1 cells but instead
may be pre-plasmablasts [57-62], highlighting the difficulties in identifying the human
equivalents of murine subsets. Nonetheless, as CD19, CD20, CD27, and CD43 positive B
cells spontaneously produces IgM, further study is required to determine if these cells
produce NAb to OSE, determine if numbers of circulating CD19, CD20, CD27, and CD43
positive B cells are associated with circulating levels of NAb to OSE and atherosclerosis. It
has been well established that leukocytosis is independently associated with CAD [63] and
poor outcomes after cardiovascular events [64—66] suggesting that circulating leukocyte
counts can act as biomarkers for disease progression and outcome. Though less established,
it has been shown that circulating lymphocyte counts show an inverse relationship to
recurrent ischemic events and cardiovascular mortality [63]. Indeed, the ratio of neutrophils
to lymphocytes is an indicator of acute vascular events and associates with CAD severity
and 3 year outcome [67]. Importantly, increased neutrophil to lymphocyte ratio has been
shown to have independent prognostic value of cardiovascular events [68]. A better
understanding of individual B cell subset association with atherosclerosis could provide a
clearer picture of the functional relevance of lymphocytes to cardiovascular disease in
humans and possibly provide better prognostic measures than neutrophil to lymphocyte
ratio. Importantly, characterization of human B cell subsets may help identify individuals at
higher risk of acute atherothrombotic events.
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Circulating immunoglobulins and B cell homing receptors as possible
biomarkers of atherosclerosis

Clinicians and researchers have invested significant effort and resources in an attempt to
identify biomarkers which can predict risk of adverse cardiovascular events in individuals
with subclinical atherosclerosis as there are currently no reliable means to identify unstable
atherosclerotic plaques that are prone to rupture. Biomarkers such as CRP, Lp-PLA2, or
MPO and non-invasive testing such as coronary calcium scoring, coronary computed
tomographic angiography, carotid ultrasound to assess intima-media thickness, and
assessment of endothelial function with flow-mediated vasodilation, along with traditional
risk factors, have been proposed to aid clinicians in risk-stratifying patients. Given our
rapidly growing knowledge regarding the role of B cells in atherosclerosis perhaps novel
biomarkers of disease can be developed from circulating B cells or their products.

Immunoglobulins

Studies involving circulating antibodies have shown associations between immunoglobulin
isotype and atherosclerosis. In patients with prior assessment of coronary artery disease
burden with coronary angiography, patients with higher levels of IgG had greater burden of
CAD whereas IgM had an inverse relationship with CAD burden [69]. This could suggest
that 1gG and IgM are atherogenic and atheroprotective respectively. Additionally, it was
reported that circulating IgA associates with disease burden through a multivariate analysis
from patients assessed by carotid and femoral angiography. In this cohort IgA levels
independently associated with atherosclerosis suggesting IgA could have an atherogenic
function [70]. Alternatively, these findings could be purely associative wherein circulating
antibodies could serve as novel biomarkers of disease. Two recent studies looked at the
response of oxidative biomarkers, including oxidized phospholipid epitopes on circulating
apolipoprotein B-100 (apoB) and 1gG and IgM apoB immune complexes, to lipid-lowering
statin therapies in patients with stable CAD or ACS. Both cohorts demonstrated that apoB
levels increase in response to statins whereas immune complexes decrease [71,72]
suggesting that circulating antibodies could also potentially serve as indicators for efficacy
of therapy.

B cell homing markers

The idea of modifying leukocyte homing as a means of treating atherosclerosis has become
popular based on findings that monocyte subsets differentially regulate the chemokine
receptors CCR2 and CX3CR1. Classical monocytes (CD14+*CD16™) which associate with
cardiovascular events express high levels of CCR2 whereas non-classical (CD14*CD16%)
express CX3CR1 and negatively associate with carotid atherosclerosis [73] suggesting
homing factors could be used as targets or diagnostic markers for cardiovascular disease.
Our group recently demonstrated that splenic B cells isolated by CD43 negative selection
traffick to the aorta and provide atheroprotection in Apoe™~ mice. [34]. Moreover, adoptive
transfer of CCR67/~ B cells reduced B cell trafficking to the aorta and did not provide
atheroprotection. This data suggests that the trafficking of B cells to the aorta plays an
important role in B cell-mediated atheroprotection in mice. Other factors implicated in B
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cell homing to sites of atherosclerosis include L-selectin [74] and CCR7 [21]. Though these
findings remain to be established in humans. This raises the question of whether homing
factors such as chemokine receptors, selectins, and integrins could play an important role in
the function of human B cells in atherosclerosis. Furthermore, as with CD14 and CD16
expression on monocytes, perhaps surface homing receptors on B cells could be used to
assess outcomes in cardiovascular disease. Further research is required to confirm these
murine findings and to establish whether differential expression of chemokines on B cell
subsets correlate with atherosclerosis in humans.

Novel Treatment Strategies

Immune Modulation

Alteration of normal immune function through use of therapies targeting specific cells or
molecules carries the potential to have a profound impact on patients. In some
circumstances, the disease of interest may be positively affected with minimal adverse side
effects. However, there remains the potential that disruption of normal immune function
may result in serious adverse effects such as increasing the risk for severe infusion reactions
during administration, increasing risk of infection or increasing the risk of malignancy. Our
expanding knowledge of B cell function in atherosclerosis holds great potential for
developing treatment options that could induce the atheroprotective, or block the
atherogenic, functions of B cells. One aspect to pursuing this line of treatment may be
unraveling the mechanism by which B cells modulate atherosclerosis from the adventitia
[75]. Further research is necessary to clarify whether the presence of B cells within ATLOs
are playing an atheroprotective or atherogenic role [21]. Following clarification of B cell
function within the adventitia of the arterial wall, small molecules could be developed to
either enhance or inhibit B cell function in these regions. Furthermore, immune modulation
could be attempted which would promote the development of B cells shown to have
beneficial effects. For instance, local treatment with IL-5 or an agonist, which in mice
induces Bla proliferation [43] and in humans is associated with levels of NAbs against
oxLDL [76], could serve a protective role by increasing B1 B cell numbers and protective
antibody titers. Alternatively, targeted therapies can be developed to specifically inhibit or
induce programmed cell death in atherogenic B cells.

B cell subset depletion — Treatment with biologics

With the common use of immunosuppressive biologics for the treatment of autoimmunity
and the expanding evidence that parts of the immune system serve atheroprotective
capacities, it is important that we determine the potential implications of
immunosuppressive biologics on cardiovascular disease. It is well established that there is a
strong association between autoimmune rheumatic disease and atherosclerosis [77]. Indeed,
acute coronary disease is the primary cause of premature mortality in patients with
autoimmune diseases and patients with autoimmunity have been shown to have greater
inflammation and plaque instability in their coronaries at autopsy [78,79]. In particular to B
cells, rheumatoid arthritis is associated with the presence of auto-antibodies such as
rheumatoid factor that form immune complexes found in affected joints [80]. Furthermore,
B cells are known to contribute to rheumatoid arthritis through antigen presentationto T
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cells and cytokine production [81]. The use of the monoclonal anti-CD20 antibody
Rituximab (RTX) has become a common clinical practice in the treatment of rheumatoid
arthritis, vasculitis, system lupus erythematosus, and other rheumatologic diseases refractory
to anti-TNFa treatment or immunosuppresive therapy [82]. Long-term B cell depletion
using RTX is thought to improve outcomes through the reduction in autoreactive antibodies
in comparison to long lasting protective antibodies [83]. These authors hypothesized that
this is due to preferential depletion of short lived auto-reactive cells compared to long-lived
plasma cells. While monoclonal anti-CD20 antibody delivery attenuates atherosclerosis
development in mice, whether RTX treatment in humans is associated with reduced
subclinical atherosclerosis or CV events is poorly understood. Early findings from several
cohort studies suggest RTX treatment could be beneficial for cardiovascular outcomes but
they are limited in size and scope. Thirty-eight patients receiving RTX treatment showed
improved flow mediated dilation after 24 months and slightly improved carotid intima-
media thickness [84]. These findings were supported by a study that reported five patients
treated with RTX showed improved flow mediated dilation of the brachial artery, resulted in
a transient decrease in carotid intima-media thickness, as well as improved lipid profiles
[85]. Another study reported improved lipid profiles after six months in patients whose RA
positively responded to RTX treatment compared with those that responded poorly [86]. In
contrast, a study of rheumatoid arthritis patients measuring arterial stiffness after 12 months
of RTX therapy found no difference in arterial stiffness and decreased inflammatory
markers such as C-reactive protein but increased LDL with HDL levels unchanged [87].
These studies are small in size and use surrogate markers rather than acute cardiovascular
events making conclusions hard to draw however they raise the interesting possibility that
RTX treatment could be beneficial for CV outcomes.

To further explore whether RTX has an impact on cardiovascular events, we performed a
meta-analysis of all randomized controlled trials comparing Rituximab therapy with a
standard medical therapy control in patients with rheumatologic disease. All included
studies had to report the presence or absence of adverse cardiovascular events defined as
cardiac death, myocardial infarction, stroke, or heart failure during the study period for
inclusion in the analysis. Table 1 provides study and patient characteristics of all included
studies. We included 17 studies [88-104] which randomized 3,336 patients to either RTX
(n=2,125) or standard medical therapy (n=1,211) with follow-up ranging from 2 to 12
months. As seen by the Forest Plots in Figure 1, treatment with RTX compared with
standard medical therapy does not increase nor decrease the short-term risk of adverse
cardiovascular events (Odds Ratio 0.98, p=0.95) with very low heterogeneity between the
studies (12=0%). As atherosclerosis is a chronic, progressive inflammatory disease, longer
time points will be required in order to determine if RTX induced B cell depletion alters
cardiovascular outcomes in patients with rheumatologic disease. Other means of B cell
depletion in the context of autoimmunity that have been proposed include neutralizing
antibodies against BAFF or its ligand APRIL or neutralizing antibodies against the pan-B
cell surface markers CD19 and CD22 [105]. Clinical trials using a monoclonal antibody
against BAFF have made it through Phase Il for the treatment of RA and SLE [106]. A
second means of blocking BAFF and APRIL is being tested using a TACI-Fc fusion protein
which is in phase Il and 11 testing for various autoimmune disorders [107]. The possible
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effects these treatments will have on cardiovascular disease have not been addressed.
Furthermore, depletion of BAFF could have unexpected complications as it was recently
shown that BAFF regulates 1L-10 production from MZ derived Bregs in mice [108].

Immunization

In addition to passive immunization where antibodies are administered to the individual,
such as the use of biologics against autoimmunity described above, active immunization is a
promising form of immune modulation as it could be used to cheaply induce a lasting
immune response against common atherogenic antigens. Early evidence supporting this
concept was provided by Palinski and colleagues when they showed that immunization of
hyperlipidemic rabbits with malondialdehyde-modified LDL induced high titers of natural
antibodies and protected against atherosclerosis [26]. Binder and colleagues corroborated
these findings when they showed that immunization of Apoe™~ mice with Streptococcus
pneumonia, which expresses the same phosphorylcholine epitope on its cell surface as that
bound by T15-EO6 on Ox-LDL, induced high titers of ox-LDL reactive IgM and protected
against atherosclerosis [42]. These findings suggest that immunization against oxidation
specific epitopes (OSEs) could be an effective treatment option [109]. Another target for
immunization is to induce tolerance against apoB-100 which has been shown to cause an
atherogenic adaptive immune response [110]. Though tolerance is well established asa T
cell response it is likely that Bregs are involved as they have been shown to suppress Thl
responses and induce Tregs in mice after immunization to induce auto-immune arthritis
[111]. These findings suggest that immune modulation could be achieved through
immunization to either induce a protective response against oxidized LDL or a tolerogenic
response against the atherogenic component of the adaptive immune system. Further
supporting this idea is the knowledge that natural antibodies against OSEs make up a large
portion of total IgM in plasma of newborns showing that the human immune system
strongly reacts against these conserved epitopes [41]. Though work in animals models
strongly supports the use of immunization as a treatment option, more work is needed to
fully describe the relevant epitopes involved in the human atherosclerotic immune response.

Conclusion

Though our understanding of the role of B cells in atherosclerosis has come a long way in
recent years, many more questions remain to be answered. For example, are natural
antibodies the only means by which B1 B cells are atheroprotective or are there other
factors, either secreted or interaction-dependent? What is the impact of regulatory B cells on
atherosclerosis? Do atheroprotective effects of B cells occur at the local level of the
atherosclerotic plaque or do B cells induce a systemic atheroprotective effect or both? Can a
subset within the B2 B cell compartment be validated as an atherogenic cell type? Are the
effects on atherosclerosis of B1 and B2 B cells context-dependent?

An important caveat is that the vast majority of the findings implicating B cells in
atherosclerosis come from murine models which do not recapitulate thrombotic
complications of human atherosclerosis [112]. Furthermore, distinct differences exist
between the immune systems of humans and mice, as well as between various inbred mouse
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strains [113]. Of particular import, it is known that humans and mice express alternative
subtypes of immunoglobulins as humans express 1gG 1-4 and two subtypes of IgA, IgA1
and IgA2, whereas mice have an alternative 1gG 2b, no 1gG 4 and only 1gA1 [113].
Furthermore, humans and mice also express different IgG receptors with different affinities
and expression patterns [114]. This could have significant impact on potential therapeutics
seeking to induce or target antibody production against atherosclerosis. Considering these
fundamental differences between humans and mice, a stronger emphasis should be placed on
assessing the impact of B cells on atherosclerosis in humans both through large cohort
studies and basic research using human tissue and blood samples as well as plaque
characterization with different imaging modalities. Though strong evidence exists that B
cells both protect from and contribute to atherosclerosis in mice, it is of great importance
that we determine the impact of B cells on atherosclerosis and CV events in humans. Only
then will novel disease biomarkers or targets for treatment emerge.

Expert commentary

In this review we have touched on the seminal findings that were used to describe the
potential role of B cells in atherosclerosis in animal models and humans. We addressed the
complex contributions of different B cell subsets that are still being described and speculated
on their clinical implications. Finally, we discussed possible clinical benefits that could be
derived from an improved understanding of B cells in atherosclerosis in the development of
novel risk factors and biomarkers as well as novel immunotherapies.

The field of B cells and atherosclerosis has taken several large steps forward recently with
the findings that there are subset and context specific differences in B cell function in
cardiovascular disease. However, as described in this review, there is still a great deal left to
uncover pertaining to B cell subsets in humans and their function in conditions that lead to
atherosclerosis. The two recent human studies that used GWAS and laser capture
microdissection to assess important genes in CVD and B cells within human vasculature
respectively are strong examples of where the field needs to move in the future [20,52].
With new high throughput genetic technologies it will be important to begin studying the
genetic and epigenetic components of B cell subset development and whether there is a
population of patients that have skewed B cell subsets that put them at higher risk for CVD.
Furthermore, the wide-scale study of SNPs in genes important for B cell development and
function could reveal novel targets for immune modulation. For instance, our lab previously
published that a human SNP within the coding region of the id3 gene, which is expressed in
approximately 25% of humans, associates with atherosclerosis as assessed by intimal-medial
thickness [115]. 1d3 is an important atheroprotective transcription factor and it regulates B
cell trafficking to the aorta in mice [34]. It is our hypothesis that the human id3 SNP is
important to human atherosclerosis, in part, through its function in B cells.

One of the greatest limitations in the field is our dependence on immune depleted mouse
models such as SCID, Rag, or uMT which are deficient for various leukocytes. The
advantage of these models is the ability to do adoptive transfer experiments without immune
rejection. However, eliminating leukocytes from the model also eliminates interacting
partners and severely modifies the complex network of regulation that makes up the immune
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system limiting what we are able to conclude from any of our findings and leading to
disparate findings based on model, cell of origin, or prior cell stimulus. This is not to say
these models are not useful or question the findings derived from them but it will be
important for the field to embrace cell specific strategies and to commit ourselves to finding
more immune-sufficient animal models.

The greatest potential treatment against CVD is immunization against atherogenic antigens.
Considering scale and cost, a vaccine against atherosclerosis could potentially have great
impact when added with statin therapy and lifestyle change to help deal with CVD, still the
largest world-wide contributor to morbidity and mortality even with improved recognition
and treatment [1]. At a time when health care costs have skyrocketed, it is important to focus
on treatments that are both effective and cost-effective.

Five year view

Recognizing how much our knowledge has expanded in the last five years with the
description of a possible human B1 cell equivalent and the recognition that B cells have
subset and context dependent differences in how they respond in animal models of
atherosclerosis, the next five years will potentially add a great deal more to our
understanding of human and murine B cells subsets and their contributions to
atherosclerosis. We believe through increased emphasis on studying human B cells and the
discovery of additional surface markers that describe minor B cell populations, this will get
us closer to revealing novel at-risk populations and developing targeted immune therapy for
the treatment of atherosclerosis. Furthermore, a greater understanding of the target antigens
that induce B cell response in CVD will lead to possible targets for immunization. We
expect that early clinical trials of immunization will need to focus on high risk subgroups in
order to show differences in clinical events. Additionally, more refined studies to determine
the benefits garnered from immunotherapies will show whether there is a potential downside
to B cell depletion or if this could be used as a viable treatment option in the future. These
will be important steps as we continue to determine precisely how B cells contribute to CVD
and how we can use them clinically as biomarkers or targets for therapy.
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Surface markers used to distinguish murine B cell subsets and the potential functions of B

cell subsets in atherosclerosis. *Established in the literature. TProposed in the literature. 2
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Figure 2.
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Meta-analysis of RTX treatment in rheumatologic diseases shows no correlation with
cardiovascular events. Forest plot showing RTX treatment vs. standard therapy looking at
adverse cardiovascular events. Odds Ratio 0.98, p=0.95, 12=0%.
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