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HIGHLIGHTS

� B cells regulate atherosclerotic plaque formation through production of antibodies and cytokines, and effects are subset

specific (B1 and B2).

� Putative human atheroprotective B1 cells function similarly to murine B1 in their spontaneous IgM antibody production.

However, marker strategies in identifying human and murine B1 are different.

� IgM antibody to oxidation specific epitopes produced by B1 cells associate with human coronary artery disease.

� Neoantigen immunization may be a promising strategy for atherosclerosis vaccine development, but further study to

determine relevant antigens still need to be done.

� B-cell–targeted therapies, used in treating autoimmune diseases as well as lymphoid cancers, might have potential

applications in treating cardiovascular diseases. Short- and long-term cardiovascular effects of these agents need to be

assessed.
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Because atherosclerotic cardiovascular disease is a leading cause of death worldwide, understanding inflammatory

processes underpinning its pathology is critical. B cells have been implicated as a key immune cell type in regulating

atherosclerosis. B-cell effects, mediated by antibodies and cytokines, are subset specific. In this review, we focus on

elaborating mechanisms underlying subtype-specific roles of B cells in atherosclerosis and discuss available human data

implicating B cells in atherosclerosis. We further discuss potential B cell–linked therapeutic approaches, including im-

munization and B cell–targeted biologics. Given recent evidence strongly supporting a role for B cells in human

atherosclerosis and the expansion of immunomodulatory agents that affect B-cell biology in clinical use and clinical trials

for other disorders, it is important that the cardiovascular field be cognizant of potential beneficial or untoward effects of

modulating B-cell activity on atherosclerosis. (J Am Coll Cardiol Basic Trans Science 2021;6:546–63)

© 2021 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A wealth of data have implicated smoking, hy-
pertension, diabetes, hyperlipidemia, and
lifestyle in the risk of developing atheroscle-

rotic cardiovascular disease (CVD), and interventions
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AB BR E V I A T I O N S

AND ACRONYM S

ApoE = apolipoprotein E

APRIL = A proliferationL

inducing ligand

BAFF = B-cell–activating factor

BAFFR = B-cell–activating

factor receptor

BCMA = B-cell maturation

antigen

BCR = B-cell receptor

Breg = regulatory B cell

CAD = coronary artery disease

CTLA4 = cytotoxic T-

lymphocyte–associated protein 4

CVD = cardiovascular disease

CXCR4 = C-X-C motif

chemokine receptor 4

GC = germinal center

GITR = glucocorticoid-induced

tumor necrosis factor receptor–

related protein

GITRL = glucocorticoid-

induced tumor necrosis factor

receptor–related protein ligand

GM-CSF = granulocyte-

macrophage colony–

stimulating factor

ICI = immunecheckpoint inhibitor

IFN = interferon

IL = interleukin

IVUS = intravascular

ultrasound

LDL = low-density lipoprotein

LDLR = low-density

lipoprotein receptor

mAb = monoclonal antibody

MDA-LDL = malondialdehyde-

modified low-density lipoprotein

MI = myocardial infarction

OSE = oxidation-specific epitope

OxLDL = oxidized low-density

lipoprotein

PC = phosphorylcholine

PD-1 = programmed cell death

protein 1

PDL1 = programmed death

ligand 1

PD-L2 = programmed death

ligand 2

RA = rheumatoid arthritis

SLE = systemic lupus

erythematosus

TACI = transmembrane

activator and CAML interactor

TNF = tumor necrosis factor
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need for a deeper understanding of the underpin-
nings of atherosclerotic lesion formation. Nearly 50
years ago, Ross and Glomset published a seminal pa-
per in the New England Journal of Medicine on the
pathogenesis of atherosclerosis, defining it as a
“response to injury” (3), with the injurious stimuli
including the risk factors mentioned above. Gerlis
(4) and Schwartz and Mitchell (5) reported the pres-
ence of immune cells within atherosclerotic plaques
and the adventitia of arteries in 1956 and 1962,
respectively. These important observations accompa-
nied by the biomedical research advances by many
others over the ensuing decades led to our current
understanding of atherosclerosis as a chronic inflam-
matory disease (6–10).

A major initiating event in atherosclerosis is
deposition of lipids in the arterial wall. These lipids,
acted on by oxidative enzymes produced by vessel
wall cells, subsequently harbor oxidation-specific
epitopes (OSEs). These OSEs in turn stimulate
vascular cells, such as smooth muscle cells and
endothelial cells, to produce adhesion molecules,
cytokines, and chemokines that attract additional
leukocytes, such as circulating monocytes and T cells,
to the vessel wall (10). Monocytes that enter the
arterial wall differentiate into macrophages. The
mechanisms whereby T cells and macrophages
contribute to atherosclerosis has been extensively
reviewed elsewhere (11–13). In brief, macrophages can
take up oxidized lipids to become foam cells. In
addition, OSEs and other lesion-derived neoantigens
function as danger-associated molecular patterns,
which can engage Toll-like receptors and other
pattern-recognition receptors (14,15), further stimu-
lating inflammatory pathways in macrophages and T
cells. T cells can also encounter local antigen and
cytokines which also contribute to lesion progression
through amplification of the inflammatory response
(11,16).

Recent use of cutting-edge high-dimensional
analysis of murine and human atherosclerotic lesions
(17,18) confirms and extends earlier studies that T
cells and macrophages are predominant cell types in
the atherosclerotic lesion itself. B Cells, in contrast,
are not a predominant immune cell type identified
within the atherosclerotic lesions (17,18). However,
they are in abundance in perivascular adipose tissue,
which, in addition to the spleen and bone marrow,
serves as a niche for immunoglobulin (Ig) production
(14). Like other tissues with chronic inflammation,
atherosclerotic vessels also harbor tertiary lymphoid
organs, which contain Ig- and cytokine-producing B
cells (14,19,20). Cytokines and Igs produced by B cells
at these sites are thought to be important regulators
of inflammation in atherosclerosis lesion
formation. Moreover, circulating Igs pro-
duced in secondary lymphoid organs are
found in atherosclerotic lesions, providing
support that B cells outside of lesions may
have important lesion-modifying effects
(19–31). The present review predominantly
highlights key mechanisms whereby B cell–
derived Igs modulate atherosclerosis, with a
focus on the implications for potential B-cell–
targeted therapies for atherosclerotic CVD
and potential CVD complications of B-cell–
targeted therapies in clinical trials or clinical
use for other diseases.

BRIEF GENERAL OVERVIEW OF

B-CELL BIOLOGY

B cells are lymphocytes that play major roles
in both innate and adaptive immunity mainly
through production of antibodies and cyto-
kines. Murine B cells are broadly divided into
B1 and B2 cells, that have distinct character-
istics and cell surface markers reviewed in
detail elsewhere (32). In brief, B1 cells
develop mostly in the fetal liver and undergo
self-renewal in the periphery (33). They
reside predominantly in serosal cavities, but
can travel to spleen and bone marrow where
they produce predominantly IgM antibodies
in a T-cell–independent manner (27,34,35).
Murine B1 cells can be subdivided into B1a
and B1b cells, which are distinguished by CD5
expression: B1a cells are CD5þ and B1b cells
are CD5� (36,37). B2 cells are known as con-
ventional B cells and participate in adaptive
immunity. They arise from lymphoid pro-
genitors in bone marrow, and differentiate
into immature B cells through Ig heavy and
light chain rearrangement (38). These imma-
ture B cells leave bone marrow to travel to
secondary lymphoid organs, undergoing
transitional stages to become mature B cells,
which further differentiate into marginal
zone B cells and follicular B cells (38,39).
Follicular B cells represent a majority of B2
cells and participate in adaptive immune re-
sponses as they become activated by antigens
stimulation via T-cell help in the germinal
center (GC) (38). These activated B cells in the
GC then undergo affinity maturation, class
switching, and somatic hypermutation to
produce highly antigen-specific predomi-
nantly IgG antibodies. These GC B cells then
Treg = regulatory T cell
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further differentiate into plasma cells or memory B
cells (38). In addition, certain B-cell subtypes regulate
inflammatory reactions through cytokine production.
Regulatory B cells (Breg) are known to produce anti-
inflammatory cytokine interleukin (IL) 10, which
suppresses T-helper cells and inhibits macrophage Ag
presentation and proinflammatory cytokine produc-
tion (40).

B CELLS AND ATHEROSCLEROSIS IN MICE

An important role for B cells in murine atherosclerosis
has been clearly demonstrated (20–24,30,31,41,42),
and this topic has been recently reviewed in detail
elsewhere (26,38,43,44). In brief, as depicted in
Figure 1, B1 cells protect against atherosclerosis
development through secreting IgM, which binds
OSEs on low-density lipoprotein (LDL), preventing
lipid uptake and inflammatory cytokine production
by macrophages, thus reducing formation of foam
cells and limiting inflammation. In addition, B1-
derived IgM binds epitopes on apoptotic cells and
enhances clearance of these cells, further contrib-
uting to limiting inflammation (14). Innate response
activator is a B1a-derived B-cell subset induced by
lipopolysaccharides to produce granulocyte-
macrophage colony–stimulating factor (GM-CSF),
promoting extramedullary hematopoiesis in the
spleen and atherosclerosis. On the other hand, B2
cells are largely considered to be atherogenic via
production of pathogenic IgG, activation of T cells,
and induction of proinflammatory cytokines such as
interferon (IFN) g (20–22,24). The evidence support-
ing these B-cell subset–specific effects goes back
nearly 20 years. In 2002, Caligiuri et al. showed that
removal of the spleen in apolipoprotein E gene
knockout (ApoE�/�) mice exacerbated atheroscle-
rosis, whereas adoptive transfer of B cells to these
splenectomized mice (41) attenuated disease devel-
opment. In the same year, Major et al. demonstrated
that LDL receptor–deficient (LDLR�/�) mice
with <1.0% of their normal B-cell population in the
bone marrow had a 30% to 40% increase in athero-
sclerotic lesion area (42) These two studies provided
novel evidence that B cells protect against athero-
sclerosis development. Follow-on studies supported
data implicating loss of anti–oxidized LDL (OxLDL)
antibodies (42) as mice unable to secrete IgM had
increased atherosclerotic disease (25,27,45). Interest-
ingly, studies using a CD20 monoclonal antibody
(mAb) or B-cell–activating factor receptor deletion
(BAFFR�/�) to deplete B cells in hyperlipemic mice
resulted in decreased atherosclerosis compared with
control mice despite similar serum cholesterol levels
(20–22,24). B2 depletion increased IL-17 production,
suppressed T-cell production of IFN-g, decreased
proliferation of CD4 T cells in the spleen, lessened
production of other proinflammatory cytokines, such
as tumor necrosis factor (TNF) a and IL-1b, and che-
mokines, such as monocyte chemoattractant protein
1, and reduced atherosclerosis (21,24). Furthermore,
murine B2 cells produce IgG antibodies that bind
OSEs and stimulate inflammation, at least in part
through the Fc-g receptor (46–48). These data coun-
tered the notion that B cells were atheroprotective.
Notably, in these studies, the predominant B-cell
subtype depleted with anti-CD20 or BAFFR deficiency
was the B2 cell. Follow-on studies, using adoptive
transfer of specific B-cell subsets confirmed that
B-cell effects on atherosclerosis were subset specific,
with B1 cells inhibiting (23) and B2 cells promoting
(24) atherosclerosis.

Extrapolation of murine B-cell subtypes to humans
has been challenging owing to differences in surface
markers defining subtypes (19,44,49,50). However,
emerging evidence has demonstrated common sur-
face markers on human and murine B1 cells (e.g., C-X-
C motif chemokine receptor 4 [CXCR4]) that associate
with plasma levels of atheroprotective IgM to OSEs.
Mechanistic gain- and loss-of-function studies in
mice confirmed a causal relationship for CXCR4 on
B1a cells and bone marrow production of IgM to OSEs
(27). That CXCR4 expression on B1 cells results in
increased IgM to OSEs in mice and humans and is
inversely associated with coronary artery plaque
volume as measured with the use of intravascular
ultrasound (IVUS) in humans (27) underscores that
parallels between mice and human can exist and that
combining both preclinical mechanistic studies and
studies in humans may be the best approach to un-
derstanding B-cell–mediated regulation of athero-
sclerosis. The identification of the putative human
equivalents of the murine B1 cells that produce IgM to
OSEs (27,51) and the abundance of evidence, albeit
largely associative, that B cells are important in hu-
man disease (52) and that IgM to OSEs is inversely
associated with coronary artery disease (CAD)
(39,40,51) is discussed in detail below.

B CELLS AND ATHEROSCLEROSIS IN HUMANS

A HISTORICAL PERSPECTIVE. More than 100 years
ago, Sir Clifford Allbutt in his book Diseases of the
Artery (53) noted that “round cell growth in the
adventitia in arteriosclerosis is correlated with ab-
sorption of depraved matter from the diseased in-
tima.” With the advent of specific immunohistologic
reagents in the ensuring decades, these round cells



FIGURE 1 Broad Overview of Subsets of Murine B Cells That Are Involved in Atherosclerosis

Murine B cells can be divided into B cell subsets based on established cell surface markers. The B1 B cells are atheroprotective and can be

divided into B1a and B1b based on CD5 expression with B1a being CD5þ and B1b being CD5-. B1a and B1b have unique capability to produce

atheroprotective IgM in a T cell independent manner. In response to LPS, B1a cells can migrate to spleen and produce GM-CSF, promoting

extramedullary hematopoiesis and atherogenesis (IRA B cells). Both B1 and B2 cells can give rise to IL-10 producing regulatory B cells (Breg).

Breg is defined by its capability to produce anti-inflammatory cytokines like IL-10. B2, on the other hand, promotes atherosclerosis through

production of atherogenic IgG, activation of T cells, and induced production of inflammatory cytokines (eg, IFN). GM-CSF ¼ granulocyte-

macrophage colony-stimulating factor; IgG ¼ immunoglobulin G; IgM ¼ immunoglobulin M; IL ¼ interleukin; IFN ¼ interferon;

LPS ¼ lipopolysaccharide.
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were found to be lymphocytes with a predominance
of B cells (4,5,54,55). Key data implicating B cells in
human atherosclerosis come from important studies
in patient cohorts that reported on the relationship
between CAD and antibodies to OSEs (47,56–60).
Consistent with the data in mice demonstrating B1-
derived IgM–attenuated atherosclerosis and B2-
derived IgG–promoted atherosclerosis, in a cohort
of 504 patients undergoing medically indicated cor-
onary angiography, univariate analysis revealed that
IgM to OSEs was inversely and IgG to OSEs positively
associated with coronary stenoses >50% (56). Anal-
ysis of 748 cases and 1,723 controls in the European
Prospective Investigation into Cancer and Nutrition—
Norfolk study suggested that IgM and IgG autoanti-
bodies and immune complexes could modify risk
prediction for CVD (61). Indeed, a subsequent report
of incident CVD (ischemic stroke, myocardial
infarction (MI), new-onset unstable angina, acute
coronary interventions, and vascular death) over 15
years of follow-up in the Bruneck Study revealed
that subjects with high IgG to OSEs had higher risk
of CVD, whereas those with high IgM to OSEs had
lower risk. Using these biomarkers as variables
improved CVD risk prediction, enabling reclassifica-
tion of subjects into more correct risk categories
(59). In the Dallas Heart Study, autoantibodies to
malondialdehyde-modified LDL (MDA-LDL) were
measured in 3,509 subjects that were followed for
10.5 years. Multivariable-adjusted Cox regression
analysis demonstrated that IgG to MDA-LDL was
independently associated with time-to-incident ma-
jor adverse cardiovascular events (60). Analysis of
subjects with CAD development and respective
control subjects in NORDIL (the Nordic Diltiazem
Study) supported the hypothesis that lower IgM to
MDA-LDL was associated with CAD development and
further showed that there was an inverse relation-
ship with IgM to MDA-LDL and necrotic core volume
as measured with the use of IVUS (59).
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A few studies have implicated low levels of IgG to a
specific ApoB100 peptide (p210) and CAD events
(60,62) along with the association of low IgM to native
and MDA-modified versions of p210 and p45 (60).
Other studies demonstrated that low levels of IgG to
native p210 but not IgM to MDA-modified p210 were
inversely associated with severity of CAD and MI risk
(52), raising the interesting possibility that isotype
responses may be idiotype specific. In addition, these
studies highlight the complexity and controversy
related to IgG autoantibodies and CVD. As in murine
models, evidence for a protective role for IgM to OSEs
in human atherosclerosis is more consistent than the
evidence for IgG.

In addition to this wealth of evidence that anti-
bodies produced exclusively by B cells are associated
with CVD, additional data support an important role
for B cells in human atherosclerosis. Huan et al. per-
formed a network-driven analysis incorporating
whole-blood gene expression profiles and CAD single-
nucleotide polymorphism analysis constructed from
188 subjects with CAD and 188 age- and sex-matched
control subjects from the Framingham Heart Study
with Bayesian networks. Results clearly identified B-
cell–centered immune function to be related to CAD
pathogenesis. Gene ontology enrichment analysis
identified B-cell activation, B-cell differentiation, and
B-cell receptor (BCR) signaling pathways as signifi-
cantly enriched in CAD. Of the top 20 CAD key driver
genes, B-cell genes predominated, supporting a crit-
ical role for B cells in human atherosclerosis and
suggesting that B-cell–targeted therapies may be
useful to prevent or treat atherosclerosis (63). Yet
while much is known about B-cell subtypes in murine
atherosclerosis, much less is known about B-cell
subtypes in human disease.
HUMAN B-CELL SUBSETS. It is not possible to
directly translate murine B-cell subtypes to humans.
Issues that contribute to this limitation include dif-
ferences in surface markers and in responses in im-
mune cells between mice and human (64). Multiple
studies completed by the Inflammation and Host
Response to Injury Large-Scale Collaborative
Research Program demonstrate that immune re-
sponses in mice often do not predict immune re-
sponses in humans (39,40). Until recently, there have
been limited robust assays that allow comprehensive
immune profiling in humans. Prior standards set by
the Human Immunophenotyping Consortium relied
on the use of 5 markers to define human B-cell sub-
types (65). However, these still lack the capacity to
identify the human equivalent of murine IgM-
producing B1 cells, which seems particularly rele-
vant in CVD as IgM to MDA-LDL (produced by B1 cells)
is implicated in reducing inflammation and athero-
sclerosis. The recent publication of an integrated
multiomic single-cell atlas of human B cells
provides unprecedented high-dimensional data and
identified 12 unique human B-cell clusters (51). It is
likely that the human B1 cells are part of the
CD45RBþCD27þCD73� memory cluster, but this needs
further exploration.
B1 ce l l s . Because of the difficulties with using mu-
rine marker strategies to identify the human equiva-
lent of IgM-producing B1 cells, Griffin et al. identified
putative human B1 cells by sort-purifying B-cell
fractions and testing for 3 fundamental murine B1 cell
functions: spontaneous IgM secretion, efficient T-cell
stimulations, and tonic intracellular signaling (66).
They found that CD20þCD27þCD43þ identified the
human B-cell subset that fulfilled these criteria.
Although some controversies have surrounded the
identification of surface markers that define these
cells (67,68), it is clear that cells within this subset
produce IgM to modified phospholipids linked to
atherosclerosis (66,69) and are inversely associated
with CAD (27). Similarly to those in mice, these B1
cells comprise <5% to 10% of circulating B cells.
Griffin went on to show that these B1 cells can be
further subdivided into orchestrator B1 cells (CD11bþ)
and secretor B1 cells (CD11b�). Secretor B1 cells
secrete large amounts of IgM and orchestrator B1 cells
produce both IgM and anti-inflammatory cytokine IL-
10 to suppress T-cell activation (70).

In support of a role for human B1 cells in protecting
from atherosclerosis, Meeuwsen et al. (71) demon-
strated higher numbers of unswitched memory B cells
(CD27þCD43þ B1-like) associated with fewer second-
ary cardiovascular events, defined as any or combi-
nation of cardiovascular death, stroke, MI, coronary
intervention, and peripheral intervention following
carotid endarterectomy. Apart from an association
between B1 cell frequency and cardiovascular inci-
dence, recent studies demonstrated that the amount
of the chemokine receptor CXCR4 on human
CD20þCD27þCD43þ B1 cells was significantly associ-
ated with circulating levels of IgM antibodies specific
for MDA-LDL (27), suggesting that CXCR4 is a crucial
marker for identifying IgM to MDA-LDL–producing B1
cells in humans. In support of this associative finding,
gain- and loss-of-function studies in mice demon-
strated that CXCR4 expression on B1a cells induced
migration to bone marrow and enhanced production
of IgM to MDA-LDL (27). Moreover, CXCR4 expression
on circulating human CD20þCD27þCD43þ B1 cells
inversely correlated with coronary artery plaque
burden and necrosis as measured by means of IVUS
with virtual histology (23), and female mice lacking
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B-cell CXCR4 had increased atherosclerosis (72).
Confirming the causal link between CXCR4 expres-
sion on B1a cells and production of IgM to MDA-LDL
via regulation of trafficking to the bone marrow is
not possible in humans. However, the common
associative data in mice and humans strengthens the
likelihood for a common or related mechanism and
provides rationale for pursuing strategies that may
augment CXCR4 on human B1 cells primed to produce
IgM to OSEs.
B2 cel l s . B2 Cells develop in the bone marrow and
travel to secondary lymphoid organs where they can
transform into mature naïve B cells in follicular re-
gions or differentiate to become memory B cells or
antibody-producing plasma cells. In the early anti-
body response, plasmablasts are rapidly produced but
are short lived (71). In humans, increased plasma-
blasts are associated with atherosclerosis (73). The
plasmablasts then further develop into plasma cells,
which secrete much higher levels of antibodies,
including high-affinity IgG (74). This IgG, as
mentioned above, has been shown to correlate with
coronary artery stenosis in some human studies
(58,75,76).
Regulatory B ce l l s . Regulatory B cells (Bregs) are a
group of B cells that suppress the immune system and
control inflammation, often through the secretion of
IL-10. Thus far, cell surface markers for murine Bregs
have been identified, but markers to identify human
Bregs remain unclear (77–79) Because of their anti-
inflammatory nature, it has been hypothesized that
IL-10–producing Bregs suppress plaque development
(80). Decreased serum levels of IL-10 have long been
associated with human CVD (81,82). IL-10 is produced
by many cells, and it is unclear whether IL-10 pro-
duced specifically by B cells is sufficient to attenuate
atherosclerosis, although patients with a history of
atherosclerotic events had lower levels of IL-10þ B
cells (72).

CLINICAL IMPLICATIONS

Understanding the roles of B cells in human athero-
sclerosis is still in its infancy, and the majority of
supporting evidence is associative. Nonetheless,
these preliminary associations allow us to generate
hypotheses to test in mechanistic studies in preclin-
ical models that address key findings in humans. In
addition, the advent of high-dimensional immune-
subtyping technologies like CyTOF and RNAseq have
strengthened our armamentarium of tools to identify
human B-cell subtypes. Moreover, the expansion of
immunotherapies that target specific B-cell surface
proteins for cancer, autoimmune, and other disease
(83-90) provides important clinical opportunities to
assess the effect of these agents on specific B-cell
subtypes, production of Igs and cytokines linked to
CVD, and even CVD end points themselves. The
following sections review potential B-cell–based
therapeutic possibilities for human CVD and potential
opportunities to learn more about mechanisms
whereby B cells may regulate atherosclerosis in
humans through exploring CVD end points in in-
dividuals getting B-cell–targeted therapies for other
disorders. We discuss potential CVD therapies with
evidence in murine models, such as use of immuni-
zation, biologics that lead to B-cell depletion or
reduced survival, and targeted T-cell costimulatory
and immune checkpoint therapies, and highlight the
need for evaluation of CVD end points in clinical trials
and clinical care using these agents.

IMMUNIZATION. In addition to murine models of
atherosclerosis, OxLDL has been shown to be present
in the arterial wall in larger animal models of hyper-
cholesteremia and in humans (91–93). Given the pro-
tective role of IgM to OSEs in blocking OxLDL uptake
by macrophages to produce foam cells or stimulating
downstream inflammatory pathways, it is appealing
to hypothesize that immunization to induce anti-
bodies to OxLDL would inhibit atherosclerosis for-
mation. With immunization as a preventive approach
for atherosclerosis, patients could receive an injec-
tion of immunogen that could potentially lead to an
expansion of B cells and production of IgM specific to
the injected immunogen (Figure 2). The binding of
IgM on the OxLDL adduct then further blocks OxLDL
from being taken up by macrophages, resulting in
reduction of plaque formation. Although immuniza-
tion of various forms of OxLDL (e.g., MDA-LDL,
malondialdehyde-acetaldehyde adduct) were shown
to be atheroprotective in murine and rabbit models
(75), specific OxLDL forms to be used as immunogens
in humans remain to be determined. This highlights
the need to better develop approaches to characterize
modified LDL moieties and other antigens in human
plaques to determine the relevant antigens/immu-
nogens to advance immunization as a poten-
tial therapy.

Streptococcus pneumoniae immunizat ion . B cells
in ApoE�/� murine models have been shown to
generate IgM that binds the phosphorylcholine (PC)
moiety found on OxLDL but not native LDL (94,95).
These anti-PC antibodies were identified to be iden-
tical to the T15 idiotype natural IgM that is
produced by B1 cells (96,97) and known to bind PC
moieties of polysaccharides on the cell wall of Strep-
tococcus pneumoniae and confer protection against



FIGURE 2 Immunization

Various types of antigens (eg, MDA-LDL, PC, ApoB-100 peptide) were shown to have an atheroprotective effect in pre-clinical models. Whether any of these antigens

work and how they work in human are still unanswered questions. A potential mechanism underlining atheroprotective effect of the immunization includes stimulation

of antigen specific immunoglobulin (IgM or IgG) production. These immunoglobulins can potentially bind to oxidized LDL to prevent formation of foam cells leading to a

plaque formation. However, detailed characterization of B cells responsible for immunoglobulin production to limit atherosclerosis is still needed. ApoB¼ apoliprotein B;

MDA-LDL ¼ malondialdehyde modified low density lipoprotein; OxLDL ¼ oxidized low density lipoprotein; other abbreviations as in Figure 1.
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pneumococcal infection (98). Notably, patients with a
recent diagnosis of pneumococcal pneumonia were
found to have increased IgM specific to OxLDL, sug-
gesting that immunization for S. pneumoniae may
attenuate atherosclerosis. Indeed, immunization of
LDLR–/– mice with S. pneumoniae resulted in expan-
sion of splenic B cells that produced anti-PC IgM that
recognized the PC moiety found on both the bacterial
cell wall and OxLDL and reduced atherosclerosis in
the mice (96,99). There is evidence in humans that
immunization of toddlers with a 9-valent pneumo-
coccal conjugate vaccine resulted in higher IgM titers
than IgG for some serotypes and persistence of
functionally active IgM for a least a year (99). These
data and a wealth of other work raise the interesting
question of whether human pneumococcal vaccina-
tion might prevent cardiovascular events. Many
observational studies of S. pneumoniae vaccine in
human subjects have analyzed cardiovascular end
points with conflicting and confounded findings
(100–103), underscoring the need for a randomized
controlled clinical trial. The AUSPICE (Australian
Study for the Prevention Through Immunization of
Cardiovascular Events) randomized 4,725 individuals
age 55 to 60 years with no self-reported prior MI or
stroke to receive either pneumococcal vaccine or
placebo (104). Results are pending, so whether the PC
epitope present on the cell wall of S. pneumoniae and
on OxLDL is the right immunogen for immunization
in humans have yet to be clearly shown.
Immunizat ion with other modified l ip ids or l ip id
components . In addition to animal studies sup-
porting pneumococcal immunization to attenuate
atherosclerosis, other immunogens have been
considered (60,63,69,104–109). Early studies showed
that immunization with homologous MDA-LDL
inhibited the progression of atherogenesis in mice
and Watanabe heritable hyperlipidemic rabbits
(108,109). Notably, IgM to MDA-LDL has been
inversely associated with atherosclerosis as measured
by coronary angiography, coronary artery calcium,
and events in humans (58–60,110). Yet, although im-
munization with MDA-LDL led to atheroprotection in
experimental models, use of MDA-LDL as an



FIGURE 3 B-Cell Therapies That Target BCR Modulation and Activation

Binding of Ag to the B cell receptor (BCR) induces a signaling cascade that increases intracellular Ca2þ and also results in transcription of

genes that increase chemokine release. Ibrutinib and acalabrutinib inhibit BTK, a key step in the cascade, thus possibly decreasing release of

chemokines such as CCL3 and CCL4, which enhances tissue infiltration by monocytes and T cells. Similarly, epratuzumab is an agonist of CD22,

which, when activated, results in inhibition of the BCR activation cascade. BLNK ¼ B cell linker protein; BTK - Bruton tyrosine kinase; ERK ¼
extracellular signal-regulated kinase; NF-kB1 ¼ nuclear factor kappa Beta subunit 1; PKC ¼ protein kinase C.
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immunogen may be impractical because when MDA is
used to modify LDL, a wide variety of related MDA
adducts are formed, not all of which may be athero-
protective. Malondialdehyde-acetaldehyde–type ad-
ducts have emerged as important immunodominant
epitopes that lead to atheroprotective responses (111)
and thus may hold promise as a potential immunogen
to develop a vaccine approach to retard or prevent
atherosclerosis. In addition, there are data to support
specific apoB100 peptides as effective immunogens
(60,62,107). Clearly, more work needs to be done in
both humans and other animals to define the relevant
antigens in atherosclerotic plaques to develop po-
tential strategies to induce a humoral response to
limit the impact of these neoantigens on atheroscle-
rosis formation.

B-CELL THERAPIES

B-cell–targeted therapies are available and in clinical
use for a variety of disease states, including B-cell
leukemias, systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), multiple sclerosis, and
multiple myeloma. Although B-cell–targeted thera-
pies are not currently used for atherosclerosis, given
the compelling data for subset-specific effects of B
cells on atherosclerosis in preclinical models
described above and the consistent association with
B-cell and B-cell–derived products in human
atherosclerosis, it is interesting to hypothesize that
they may affect human atherosclerosis. Not only
may they have potential therapeutic impact on
atherosclerosis but it is also important to consider
potential effects of these B-cell–targeted agents on
atherosclerosis in patients treated with these agents
for other disease conditions. It would clearly be
prudent for patients receiving B-cell–targeted ther-
apies to be followed for both short- and long-term
cardiovascular effects. We discuss the potential
atherosclerotic effects of B-cell therapies that are
currently available, undergoing clinical trials, or
currently in preclinical studies.

B-CELL RECEPTOR MODULATION AND ACTIVATION.

Antigen engagement with the BCR directs the cell to
activate and differentiate into an antibody-
generating plasma cell. Binding of antigen to the
BCR can also induce a complex signaling cascade that
increases intracellular Ca2þ and results in transcrip-
tion of genes that promote release of chemokines
such as CCL3 and CCL4. CCL3 and CCL4 then enhance
infiltration of the local tissue by monocytes and T
cells (112–114). Several therapies have been developed
to target or modulate BCR activation (Figure 3).



FIGURE 4 B-Cell and Plasma Cell Depletion Therapies

These therapies target surface receptors that are pan markers of B cells (CD20, CD19, CD22) and plasma cells (CD38, CD19, SLAMF7, BCMA).

The impact of these therapies on atherosclerosis is unknown but maybe governed by the B cell subtypes/plasma cells that are depleted.
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Inhibition of the BCR signaling pathway has been
effective in treating cancers such as chronic lym-
phocytic leukemia (114–116). Ibrutinib and acalabru-
tinib inhibit Bruton tyrosine kinase, a key step in the
cascade, thus decreasing release of chemokines
(117,118). Acalabrutinib has been used for the treat-
ment of relapsed or refractory mantle cell lymphoma
(83) Similarly, epratuzumab is an agonist of CD22,
which when activated results in inhibition of the
downstream Ca2þ influx in the BCR activation cascade
(119). It is interesting to hypothesize that use of BCR
signaling inhibitors may be atheroprotective due to
diminished proinflammatory chemokine release, but
to date reported cardiovascular consequences of
these agents have been largely an increase in atrial
fibrillation (120).
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The role of BCR signaling in determining B-cell fate
and the relative proportion of different B-cell subsets
adds an additional layer of complexity to develop-
ment of therapies targeting the BCR pathways (121).
In general, loss of inhibition of the BCR pathway
skews B-cell development toward the B1a or B1 cell
fate in murine and human cells, respectively
(122,123). Even binding self-antigen by IgM, which
prevents binding of these antigens to BCR, can in-
fluence B-cell development (124). Careful assessment
not only for atrial fibrillation and any attendant in-
crease in bleeding risk with needed anticoagulation
therapy to reduce stroke risk, in addition to longer-
term impacts related to atherosclerosis, need to be
considered.

B-CELL AND PLASMA CELL DEPLETION. Therapies
that deplete B cells and plasma cells target various
surface receptors, triggering cell death via apoptosis
and/or lysis. The following are B and plasma
cell depletion drugs and their targets: rituximab-
CD20, ofatumumab-CD20, ocrelizumab-CD20, blina-
tomumab-CD19, inebilizumab-CD19, inotuzumab-CD22,
ozogamicin-CD22, elotuzumab-SLAMF7, daratumumab-
CD38, GSK2857916-BCMA, and AMG420/BI836909-
BCMA (125,126) (Figure 4). Likely, the impact of
these drugs on atherosclerosis would be influenced
by the B-cell subset that is most affected.

Murine studies using a CD20-specific monoclonal
antibody resulted in a preferential depletion of B2
cells with loss of IgG and less diet-induced athero-
sclerosis (21,24). Although both B1 and B2 cells ex-
press CD20, murine studies demonstrated that CD20
mAb treatment depleted 95% to 98% of B cells in the
bone marrow, blood, spleen, lymph nodes, and gut-
associated lymphoid tissues, but only 30% to 43% of
B1 cells and 43% to 78% of B2 cells in the peritoneal
cavity. The peritoneal cavity is the major reservoir of
B1 cells and appears to protect from anti-CD20
depletion, which could account for the preferential
depletion of B2 cells (126). Given that B2 cells are
involved in proinflammatory processes that promote
atherosclerosis, it would be reasonable to hypothe-
size that anti-CD20 mAb therapy would be athero-
protective. Indeed, RA patients taking rituximab
demonstrate decreased inflammation, improved
endothelial function, and decreased carotid intima-
media thickness (cIMT) (86,127). Data from clinical
trials of rituximab for autoimmune diseases, howev-
er, do not support differences in major adverse car-
diovascular events (128).

Although data suggest that drugs that target CD20
largely affect B2 cells and not B1 cells, therapies tar-
geting CD19 and CD22 can affect both B-cell subsets.
These drugs are used for treatment of acute B-cell
lymphoblastic leukemia (129,130). While these drugs
may affect processes that both aggravate and atten-
uate atherosclerosis, to our knowledge there are no
data as to whether they affect atherosclerosis in
humans. CD19 is also found on the cell surface of
plasma cells. In addition, other therapies that target
plasma cells (elotuzumab-SLAMF7, daratumumab-
CD38, GSK2857916-BCMA, AMG420/BI836909-BCMA)
have been used to reduce clonal plasma cells in the
bone marrow due to multiple myeloma (85,86). These
therapies also have potential to affect plasma cells
involved in producing antibodies that could modulate
atherosclerosis and have been associated with
vascular thrombosis in humans (88). Yet, the role of
plasma cells in murine atherosclerosis is controver-
sial. Depletion of plasma cells in mice has been shown
to attenuate atherosclerotic lesion size (89) and at the
same time increasing plaque instability (89). In
contrast, in a murine model of deficient antibody
production, there were increased atherosclerotic le-
sions and necrotic cores (131). As such, it will be
important to study the effects of these agents on
antibody isotypes that target OSEs and monitor both
short- and long-term follow-up for coronary events
such as MI.

B-CELL SURVIVAL. B-cell survival is dependent on
several factors, including BAFF and A proliferation-
inducing ligand (APRIL) binding to cell surface
receptors. BAFF binds BAFFR, transmembrane acti-
vator and CAML interactor (TACI), and B-cell matu-
ration antigen (BCMA), while APRIL binds TACI and
BCMA. Binding of these ligands in conjunction with
antigen to the BCR induces an intracellular signaling
cascade resulting in activation of nuclear factor kB
and increased B-cell survival (132) (Figure 5).

The impact of APRIL- and BAFF-targeting therapies
on development of atherosclerosis continues to be a
subject of debate. A major effect of blocking BAFF-
BAFFR interaction in mice is reduced B2-cell sur-
vival. BAFFR-deficient LDLR�/� mice were found to
have decreased B2 cells with the levels of B1a cells
and IgM remaining unaffected (20). Similar findings
were reported in BAFFR-deficient ApoE�/� mice and
ApoE�/�mice treated with anti-BAFFR mAb (22).
Those studies showed reduced atherosclerosis lesion
formation and thus therapeutic value in targeting
BAFF-BAFFR. However, other studies have indicated
a possible atheroprotective role of BAFF as well. B-
cell cultures treated with BAFF had greater tran-
scription factor activator protein 1 activation and
more IL-10–producing B cells (133). A possible mech-
anism underlying the anti-inflammatory effect is the



FIGURE 5 B-Cell Therapies That Target B-Cell Survival Inhibit Interaction of APRIL and BAFF With TACI, BCMA, and BAFFR on B Cells

Binding of APRIL and BAFF ligands activates an intracellular signaling cascade via NF-kB that results in transcription of genes that enhance B

cell survival. Atacicept inhibits binding of APRIL on BCMA and TACI and binding of BAFF on BAFFR, while belimumab, blisibimod and

ianalumab target only binding between BAFF and BAFFR. APRIL ¼ A proliferation-inducing ligand; BAFF ¼ B-cell activating factor;

BAFFR ¼ B-cell activating factor receptor; BCMA ¼ B-cell maturation antigen; BCR ¼ B cell receptor; TACI ¼ transmembrane activator and

CAML interactor; other abbreviations as in Figure 2.
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expansion of regulatory T cells (Tregs) in response to
BAFFR activation (134). Overexpression of BAFF also
increased anti-OxLDL IgM production and signifi-
cantly attenuated atherosclerosis in hyperlipidemic
mice (135). Thus, further elucidation of the B-cell
subsets and processes that are affected by drugs tar-
geting APRIL and BAFF is needed.

Therapies targeting BAFF/BAFFR and APRIL are
being used in the clinical setting mainly as therapy for
treating graft-versus-host disease and autoimmune
conditions, including RA, SLE, and myasthenia gravis
(136–138). Belimumab (anti-BAFF mAb) was approved
for treatment of SLE (139). Other drugs, including
blisibimod (anti-BAFF mAb) (140), ianalumab (anti-
BAFFR mAb) (141), and atacicept (anti-BAFF and anti-
APRIL mAb) (142), also targeting the same pathways,
are in clinical trials and no impact on cardiovascular
events have been reported to date. These drugs could
potentially be repurposed as atherosclerosis therapy
once the roles of BAFF/APRIL in atherosclerosis are
better clarified.
IMMUNE CHECKPOINT INHIBITORS. Although im-
mune checkpoint inhibitors (ICIs) have drastically
altered the landscape of oncology therapy by inter-
fering with cancer cell–T-cell interactions and over-
coming tumor tolerance, recent evidence suggests
that B cells have a potential role in response to these
therapies (143). In addition, use of ICIs is associated
with cardiotoxicity (e.g., myocarditis, acute MI,
and vasculitis) (144,145) as well as increasing



FIGURE 6 Therapies Targeting Interactions of Immune Checkpoint Receptors to Disrupt T-Cell Activation Through T- and B-Cell Communication

This family of therapies can be divided into immune checkpoint inhibitors (ICIs) and T cell co-stimulation classes. ICIs mainly target interactions between PD-1 and PD-

L1/L2 or CTLA4 and CD80/86, which generally inhibits T cell activation and proliferation caused by TCR and MHCII interaction. Therefore, ICIs increase T cell activation

which could result in atherogenic effects. T cell costimulation serves to promote T cell response to foreign antigens and to limit undesired responses to self-antigens.

This class of drugs mainly targets CD28-CD80/86, CD40L/CD40, GITR/GITRL, OX40/OX40L, and CD137/CD137L interactions. IL2 ¼ interleukin-2; MHCII ¼major

histocompatibility complex class II molecules; TNFa ¼ tumor necrosis factor- alpha; other abbreviation as in Figure 2.
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evidence pointing to a link between ICI use and
atherosclerosis-driven cardiovascular events (146).
The mechanism underlying these cardiotoxic/
atherosclerotic effects may be an inflammatory
process resulting from use of ICIs, although much
more work remains to be done to fully understand
their impact on atherosclerosis (147,148). The car-
diovascular effects of ICI therapies and drugs



CENTRAL ILLUSTRATION Roles of B Cells in Atherosclerosis and Implications of
B-Cell–Targeted Therapies for Cardiovascular Disease

Pattarabanjird, T. et al. J Am Coll Cardiol Basic Trans Science. 2021;6(6):546–63.

IgG ¼ immunoglobulin G; IgM ¼ immunoglobulin M.
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targeting T-cell costimulation have recently been
reviewed in detail by Simons et al. (149), but high-
lights as they related to B cells will be briefly
described below.

ICIs target the interaction of immune checkpoint
receptors on T cells with their ligands on antigen-
presenting cells such as B cells (Figure 6). pro-
grammed cell death protein 1 (PD-1) on T cells binds
PD ligand (PDL) 1 or 2 on B cells. Similarly, cytotoxic
T-lymphocyte–associated protein 4 (CTLA4) on T cells
binds CD80 and CD86 on B cells. In most cases, PD1-
PDL1/L2 and CTLA4-CD80/86 interactions inhibit T-
cell receptor–major histocompatibility complex class
II molecules and CD28-CD80/86 activation of T cells,
resulting in increased T-cell activity and prolifera-
tion. CD80/CD86 on B cells likely has a predominantly
atherogenic effect, as CD86 promotes the induction of
TH1 immunity (150). In addition, numbers of CD86þ B
cells also correlate with increased stenosis and inci-
dence of stroke in humans (151).

PDL1/2 on B cells as well as other antigen-
presenting cells mainly have atheroprotective
effects. Deletion of PDL1/2 in LDLR deficient
(PD-L1/2�/�LDLR�/�) revealed larger lesions with
increased numbers of lesional CD4 and CD8 T cells
and elevated serum levels of TNFa (152). While the
role of the PD-1/PDL1 interaction has been well-
studied, the PD-1/PDL2 interaction is less under-
stood but may play a vital role in atherosclerosis. In
murine studies, 50% to 70% of peritoneal atheropro-
tective B1a cells expressed PDL2. This subpopulation
of B1a cells are highly enriched for VH11/VH12 reper-
toire, which has capability in binding phosphatidyl-
choline moiety on OxLDL (153). Perhaps these cells
represent a subpopulation of B1a cells that play a
greater role in atheroprotection. Notably, advanced
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coronary artery imaging with fluorodeoxyglucose
positron-emission tomography revealed significant
inflammatory activity in subjects receiving ICI [CTLA-
4 and/or PD-1 inhibitors (154)], underscoring the
important need for vigilant consideration of the risk
for vascular inflammation.

Examples of drugs and their targets include nivo-
lumab (inhibits PD-1), pembrolizumab (inhibits PD-1
and PDL2), atezolizumab (inhibits PD-L1), durvalu-
mab (inhibits PDL1), avelumab (inhibits PDL1), and
ipilimumab (inhibits CTLA4) (155–158).

T-CELL COSTIMULATION. T-cell costimulation serves
to promote T-cell response to foreign antigens and to
limit undesired responses to self-antigens through
binding of costimulatory molecules expressed on
antigen-presenting cells. Two major families of these
costimulatory molecules include the B7 and TNF
families (159). B7-family molecules CD80 and CD86
are expressed on B cells to activate CD28 receptors on
T cells. CD80/86�/�LDLR�/� mice have reduced diet-
induced atherosclerosis lesion formation and less
proinflammatory IFN-g cytokine production by T cells
(160). TNF-family molecules CD40, CD137L (41BBL),
OX40L, and glucocorticoid-induced TNF receptor–
related protein ligand (GITRL) are also found on B
cells. Apart from performing as a costimulatory
molecule, CD40 can also up-regulate CD80/CD86
expression (156,161). Using an anti-CD40L antibody or
knocking out CD40L resulted in decreased lesion size
in some mouse studies and unchanged lesion size in
other studies; in addition, some studies report slower
atherosclerotic progression with blocking CD40L
(162–164). Clinical trials of ruplizumab, an antibody
targeting the CD40-CD40L interaction, showed
promising results but was halted because of compli-
cations related to thrombosis (165). Currently, in
addition to antibodies, inhibitory peptides and small
molecules are undergoing preclinical study (157,165).

CD137L binds to CD137 on T cells, especially CD8 T
cells, to control T-cell activation. ApoE�/� mice
treated with anti-CD137 agonist have increased levels
of aortic plaque development, inflammatory cyto-
kines in the lesions, and CD8 infiltration (158). Ure-
lumab and utolmilumab, anti-CD137 agonist
antibodies, are currently in clinical trials. The
agonistic activity of these drugs likely causes higher
CD8 infiltration and potentially increased athero-
sclerosis (166). Ox40L on B cells is not constitutively
expressed, but can be induced through CD28/CD80–
86, CD40-CD40L interactions, or cytokine IL-18 (157).

OX40L binds to OX40 expressed on activated CD4
and CD8 T cells and Tregs. Interaction between OX40/
OX40L leads to prolongation of T-cell response and
increased T-cell proliferation and survival, thus pro-
moting atherosclerosis. OX40L�/� mice have reduced
atherosclerosis plaque, whereas mice with over-
expression of OX40L have increased plaque volume
(167,168). Agonistic anti-OX40 antibodies were pre-
viously found to have antitumor effects and are
currently undergoing clinical trials; these antibodies
have the potential to have atherogenic effects due to
increased immune response activation (169).

GITRL on B cells mostly binds to GITR on CD4
effector memory T cells and Tregs to promote effector
function and proliferation/survival of these T cells
(170). Transplantation of bone marrow from B-cell–
restricted overexpression of GITRL transgenic mice to
LDLR�/� mice shows reduced diet-induced aortic
atherosclerosis plaque, potentially through balancing
regulation CD4 effector memory T cells and Tregs
(171). Several agonists of GITR are being studied in the
context of cancer therapy but may also have an effect
on atherosclerosis (170–173). Because of its effect on
both CD4 T cells and Tregs, the overall impact of GITR
activation on the level of inflammation is unknown.
However, constitutive activation of B-cell GITR in
mice showed an overall atheroprotective effect and
decreased atherosclerosis severity (171).

CONCLUSIONS

In summary, B cells have been clearly shown to be
important regulators of diet-induced atherosclerosis
in mice. Accumulating evidence in humans suggests a
key role for B-cell–derived Igs and cytokines in hu-
man atherosclerotic disease (Central Illustration).
Despite a plethora of new biological therapeutic
agents that target B cells, however, clinical trials in
cardiovascular medicine are limited. There is oppor-
tunity to learn about cardiovascular impact of some of
these agents through careful assessment of short- and
long-term indexes of subclinical and clinical cardio-
vascular events in trials of these agents for other in-
dications or even in post-approval assessment. This is
not only important for advancing our knowledge
about potential use of B-cell–targeted agents and ICIs
for cardiovascular disease, but also for a better un-
derstanding of the cardiovascular benefits or adverse
consequences of using these agents for cancer or
autoimmunity.

In addition to directly targeting B cells, vaccination
to stimulate B cells to produce atheroprotective an-
tibodies is a very appealing approach owing to the
low cost of vaccines. However, much more work in
humans needs to be done to understand the relevant
antigens and ways to promote production of specific
isotypes that would have protective rather than
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proatherogenic activity. Several key questions remain
unanswered. What human B cell produces IgM to
MDA-LDL or other relevant antigens? Can that cell be
modulated to enhance production? Would there by
cross-reactivity with other self-antigens? Given the
promise of potential benefit in humans based on
preclinical mechanistic studies and the wealth of
compelling human associative studies, we hope this
review serves to accelerate research in this important
yet understudied area.
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