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Abstract

Purpose of review

The number of deaths associated with cardiovascular disease remains high, despite 
great advances in treating the associated high levels of cholesterol. The main under-
lying pathology of cardiovascular disease is atherosclerosis, which is recognized as 
a chronic autoimmune-like inflammatory disease. Hence, there is a pressing need 
to shed light on the immune pathways associated with atherosclerosis. B cells have 
long been thought to have a general protective effect in atherosclerosis. However, 
findings in the last decade have challenged this paradigm, showing that it is crucial 
to differentiate between the various B cell subsets when assessing their effect on 
atherosclerosis.

Recent findings

It has become increasingly recognized that B cells can have significant effects on 
the immune system independent of antibody production. The understanding that 
B cells form a major source of cytokines and can directly influence T cell responses 
via surface markers, have led to the identification of novel B cell subsets. These 
subsets are important modulators of auto-immune disorders but have not yet been 
fully investigated in atherosclerosis.

Summary

Here we review the current known roles of B cell subsets and the putative effects of 
recently identified B cells on atherosclerosis.
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Introduction

Atherosclerosis has long been established as a chronic autoimmune-like inflamma-
tory disease. Substantial work in the last years has identified a broad spectrum of 
immune cells and immunomodulatory checkpoints that can have a significant con-
tribution to the onset and/or progression of atherosclerosis. Immune cells such as 
macrophages, monocytes, neutrophils, dendritic cells and T cells have been exten-
sively investigated and as such their impact on atherosclerosis has been illuminated 
to a great extent.

In addition, already in 2002 it was shown that B cells can also have a substantial im-
pact on the pathophysiology of atherosclerosis1,2. Two independent studies showed 
a general atheroprotective effect on atherosclerosis. Since then, the number of 
studies on B cells in atherosclerosis has somewhat waned compared to the number 
of papers examining T cells. However, the discovery that different B cell subsets can 
have opposing effects on atherosclerosis has led to a resurge in interest in B cells 
and atherosclerosis in recent years. As a result, the two main B cell lineages and 
their effects on atherosclerosis are now understood to a certain extent. In contrast, 
novel B cell subsets have been recently identified which could have great potential 
in atherosclerosis and have not yet been fully explored.

In this review we briefly discuss the current understanding of the role of classical 
B cells and the putative contribution of novel B cell subtypes to atherosclerosis.

B1 and B2 and antibody production

Broadly, B  cells can be divided into two lineages that differ greatly in ontogeny, 
function, location and surface marker expression: B1 and B2 cells (Fig. 1). B1 cells 
are the dominant type of B cell in neonates and originate mainly from fetal liver 
and omentum. In adult life, they reside mostly in pleural and peritoneal cavities and 
respond to self- and T-independent antigens by secreting polyreactive natural IgM 
antibodies. Based on the expression of the surface marker CD5, B1 cells can be 
further subdivided in B1a and B1b cells. Alternatively, the large majority of B cells in 
the adult is comprised of B2 cells that include the conventional follicular B cells and 
marginal zone B cells. The latter are often considered as part of the innate immune 
system, since they rapidly respond to blood-borne antigens, including bacterial cell 
wall components and self-antigens, with polyreactive antibodies. However, the larg-
est population of splenic B cells consists of follicular B cells that undergo isotype 
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switching in germinal centers in response to T-cell dependent antigens and either 
give rise to memory B cells or antibody secreting plasma cells.

In 2002, two groups provided the first compelling evidence on the modulatory prop-
erties of B cells in atherosclerosis1,2. Initially, these two corroborating studies led to 
the idea of B cells having an overall atheroprotective effect. However, later studies 

Figure 1. Overview of the main B cell lineages and novel B cell subtypes with their known and puta-
tive effects on atherosclerosis. B cells can be divided into two main lineages; B1 and B2 cells. B1 cells 
can be further divided into B1b and B1a B cells that both attenuate atherosclerosis by the secretion 
of natural IgM antibodies (IgM NAbs). IRA B cells are derived from B1a cells and are characterized by 
GM-CSF production by which they promote inflammation in the spleen, which results in increased 
atherosclerosis. Conventional B2 cells, including marginal zone (MZ) and follicular (FO) B cells, are 
generally believed to have an atherogenic effect, which may be caused by their IgG secretion. Regula-
tory B cells (Bregs) negatively influence the immune response and hence could have potential athero-
protective effects. They share markers with many other B cell subsets and it remains unknown if they 
develop from a specific type of B cell or if all B cells can become regulatory when provided with the 
right immunological context. The majority of Bregs are dependent on IL10 production and many dif-
ferent markers have been ascribed to these cells, such as CD1dhiCD5+, TIM-1+, CD9+, CD138+ and 
CD21hiCD23hiCD24hi B cells. Only the latter have already been reported to protect against athero-
sclerosis. Killer B cells can induce apoptosis in TH cells by their expression of FASL. B cells expressing 
CD39 and CD73 can drive the purinergic response from the ATP to ADP and adenosine that is associ-
ated with atheroprotection. B cells expressing high levels of PD-L1 can inhibit the TFH-germinal center 
axis and decrease the secretion of high-affinity IgG antibodies. *Dotted lines/arrows depict not yet 
determined roles in atherosclerosis.
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challenged this paradigm by pointing out major differences between B1 and B2 cells 
in modulating atherosclerosis3–5. Currently, the evidence for a protective function 
of B1a cells is firmly established5–8. There is a widespread agreement that B1 cells 
protect against atherosclerosis due to the production of natural IgM antibodies that 
induce the clearance of oxidized low-density lipoproteins (oxLDL) and apoptotic 
cells9–11. In addition, it was recently shown that B1b cells contain similar atheropro-
tective characteristics by secreting natural antibodies12. On the other hand, there 
is an abundance of data claiming an atherogenic effect of B2 cells3,4,13,14. The most 
important evidence for this statement is provided by depletion studies, which show 
that selective depletion of B2 cells limits the development of atherosclerosis3,4,13,14. 
One reason for this is that the antibodies secreted by B2 cells are usually of the 
IgG isotype which are, in contrast to IgM antibodies, often associated with aggra-
vated atherosclerosis. However, the understanding about the effects of different 
isoforms of IgG is still very limited15. In addition, the exact influence of B2 cells on 
atherosclerosis remains debatable, since conflicting evidence shows that adoptively 
transferred B2 cells can also reduce lesion size16,17. The main difference between 
these apparent contradictory studies is the number and genotype of adoptively 
transferred B cells, 5x106 B cells from C57BL/6J (BL/6) mice versus 30x106 B cells 
from apolipoprotein E knockout (apoE‑/‑) mice4,16. This discrepancy points out the 
importance of taking into consideration that not all B2 cells are similar and that the 
source and number of cells used can have a major influence on the development of 
atherosclerosis.

In recent years, it has been shown that within the B1 and B2 lineages additional B 
cell subsets can be identified (Fig. 1). While most papers discussing B1 and B2 cells 
often emphasize their antibody producing capacities, the majority of these novel B 
cell subsets are either identified based on secretion of specific cytokines or surface 
marker expression. These B cells can modulate immune responses by altering the 
cytokine network or directly altering T cell responses via co-receptor expression. 
These emerging concepts play major roles in auto-immune disorders, but are not yet 
fully appreciated in the context of atherosclerosis.

IL-10 dependent regulatory B cells

One major group of B cells that has seen a lot of attention in the last decade is that of 
regulatory B cells (Bregs, Fig. 1). In general, B cells that negatively modulate the immune 
response are considered Bregs and the majority of these B cells depend in one way or 
another on the secretion of interleukin-10 (IL-10)18. IL-10 is an extensively studied 
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anti-inflammatory cytokine with well-known anti-atherogenic properties19–21. It is 
primarily secreted by macrophages and T cells and protects against atherosclerosis 
in several ways, including inhibition of macrophage and T cell activation but it also 
has impact on lipid metabolism21,22. It is now known that B cells are also capable in 
regulating auto-immune disorders via secretion of IL-1023, but this concept has only 
recently been investigated in atherosclerosis24,25. Using a chimeric system to gener-
ate Ldlr‑/‑ mice with a B cell specific deficiency in IL-10, Sage et al. showed that a loss 
of B cell-derived IL10 unexpectedly did not result in a significant effect on plaque 
size24. A second study, however, showed that B-cell derived IL-10 is actually capable 
of reducing atherosclerosis development in apoE‑/‑ mice25. Strom et al. reported a 
significant increase in IL10+ B cells in the lymph nodes of female apoE‑/‑ mice com-
pared to BL/6 mice. Subsequent adoptive transfer of these lymph node B cells into 
apoE‑/‑ mice protected them against collar-induced neo-intima formation. This effect 
was IL10-dependent since concurrent injection with an IL-10 neutralizing antibody 
abrogated the effects. Similarly, adoptive transfer of IL-10‑/‑ B cells failed to protect 
against atherosclerosis25. The apparent discrepancy between these two studies can 
in part be explained by their different experimental approaches (e.g. apoE‑/‑ vs. Ldlr‑/‑ 
or chow diet vs. high-fat diet). However, another possibility is that IL10-producing 
B cells or the CD21hiCD23hiCD24hi B cell population as used by Strom et al. does 
not exclusively secrete IL-10. Two recent papers elegantly show that IL-35 is able 
to induce IL-10-producing B cells which in turn also secrete large amounts of IL-35 
that can suppress autoimmune disease26,27. As suggested by others, there could be 
a complex interplay between IL-35 and IL-10 in mediating immunosuppression28. 
Thus, silencing only one of these cytokines could lead to compensatory mechanisms 
resulting in upregulation of the cytokine by other cell types or the induction of 
other anti-inflammatory cytokines. For instance, in the aorta of mice deficient for B 
cell derived IL-10 a significant increase in IL-10 gene expression was found, while 
IL-35 or transforming growth factor β were not measured24. Moreover, the IL-10 
blocking antibody used by Strom et al. did not neutralize the decrease in lesional 
macrophages, again displaying only a partial response of IL-10-mediated immune 
suppression25.

Adding to the complexity is the lack of a unifying surface marker or transcription 
factor to identify IL-10 producing B cells. Currently, there is a growing collection 
of literature that identifies different B cell subsets in which IL10-producing B cells 
are enriched29–33. Many of these subsets are frequently used as biomarker for IL10-
producing B cells or for adoptive transfer experiments. Since these subsets differ 
largely in their surface marker expression and also in the actual number of IL-10 
producing B cells, the research into the exact contribution of B cell derived IL-10 to 
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atherosclerosis and other auto-immune disorders remains a challenge. It will thus 
be interesting to examine the effects of adoptive transfer studies using pure IL-10 
producing B cells. In addition, studies that shed light on the complex network of 
multiple immune-suppressive B cell derived cytokines are warranted to fully under-
stand the effects of IL-10 secreting B cells in atherosclerosis.

Other regulatory B cells

While typically regulatory B cells are associated with IL-10 producing B cells, the 
family of regulatory B cells has greatly expanded since the term was claimed18. It 
now also includes B cells expressing specific surface markers that can negatively 
regulate the immune response independent of IL-10 (Fig. 1).

For instance, Khan et al. identified a unique B cell subset that highly expresses 
programmed death ligand 1 (PD-L1)34. These PD-L1hi B cells are potent regulators 
of T cell responses both in vitro and in vivo. In particular the expansion of follicular 
helper T cells (TFH) that express the receptor for PD-L1 (PD-1) is negatively regulated 
by PD-L1hi B  cells34. TFH cells are important modulators of the humoral immune 
response since they trigger and maintain the development of germinal centers. It 
has recently been demonstrated that this TFH-germinal center axis develops dur-
ing atherosclerosis, including isotype switching of antibodies from IgM to IgG35. 
Blockade or promotion of this axis results in attenuated or enhanced atherosclerosis 
in apoE‑/‑ mice, respectively35. Since the PD-1/PD-L1 pathway has also shown its 
potential in modulating atherosclerosis, it will be very interesting to investigate the 
effects of the PD-L1hi B cells in this context 36–38.

Another B cell subtype that has been shown to negatively regulate T cell responses 
is the so called killer B cell39. This type of B cell expresses Fas ligand (FasL, CD178) 
which is usually found on cytotoxic CD8+ T cells and natural killer (NK) cells. Binding 
of FasL to its receptor Fas (CD95) leads to apoptosis in target cells. FasL+ B cells 
are mainly found within the splenic CD5+ population and can be induced by CD40 
stimulation and IL-540. Killer B cells are able to induce TH cell apoptosis and promote 
tolerance39,41, which are both crucial processes in treating atherosclerosis. In addi-
tion, soluble levels of FasL are clinically associated with a lower risk of cardiovascular 
disease42,43. Although it has not been directly shown that killer B cells secrete FasL, 
it remains of interest to study their influence on the pathophysiology of atheroscle-
rosis.
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A third type of B cell that has been reported to exert immune suppression depends 
on the ectoenzymes CD39 and CD7344. Both enzymes work towards the removal of 
extracellular ATP and increasing the level of extracellular adenosine (ADO), which is 
associated with atheroprotection45. CD39 is expressed on all B cells, but the expres-
sion of CD73 is restricted to a specific subset of B1 cells. Sorting of CD73– and 
CD73+ B cells showed that only the latter were able to protect against experimental 
inflammatory colitis44. Ablation of CD73 results in increased neo-intima formation 
in a wire injury model46 and increased atherosclerosis in apoE‑/‑ mice47. Since these 
studies used total knockouts of CD73, the role of CD73 and/or CD39 on B cells in 
atherosclerosis has not yet been elucidated.

Innate response activator (IRA) B cells

In contrast to Bregs, additional B cell subsets have been identified that predominantly 
exert pro-inflammatory functions (Fig. 1). IRA B cells were identified as a unique B 
cell subset regarding their ontology, development and function. They are particu-
larly characterized by the secretion of granulocyte macrophage colony stimulating 
factor (GM-CSF)48. GM-CSF is a pleiotropic cytokine that was first thought to be 
exclusively secreted by non-hematopoietic cells, macrophages and T cells. However, 
in response to LPS or sepsis a small population of peritoneal B1a cells is able to 
relocate to the spleen, secrete GM-CSF and hence protect against bacterial infec-
tion48. Several studies have been performed using total GM-CSF knockout mice on 
an apoE- or Ldlr-deficient background to examine the contribution of GM-CSF to 
atherosclerosis, but the results remain somewhat ambiguous. Gm-csf/apoE double 
knockout mice displayed an increase in atherosclerosis49, while gm-csf/Ldlr double 
knockout mice showed no difference50 or a sex-related reduction in plaque size 
(i.e. only in female mice)51. These conflicting results highlight the complex immune 
pathways of this cytokine and suggest that the context, timing and cellular source of 
GM-CSF might be important for the regulation of atherosclerosis.

Recently, it was shown by Hilgendorf et al. that during atherosclerosis progression, 
a small population of IRA B cells develops in the spleen52. Notably, they did not find 
any IRA B cells within the aorta, suggesting that B cells do not contribute to aortic 
GM-CSF and that they exert their effects indirectly. This was confirmed by show-
ing that an increased expression of GM-CSF in the spleen during atherosclerosis 
progression resulted in an expansion of conventional CD11c+ dendritic cells in the 
spleen. These in turn stimulated the proliferation of effector T  cells and skewed 
them towards a Th1-dominant phenotype with a concomitant increase in antibodies 
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of the IgG2c isotype. This unfavorable immune response initiated by IRA B  cells 
eventually culminated in an increase in atherosclerotic lesion size in Ldlr‑/‑ mice52. 
Although this study elegantly showed that IRA B cells harbor atherogenic properties 
in the spleen of Ldlr‑/‑ mice, it does not account for the differences found in the 
complete GM-CSF knock-out models between Ldlr‑/‑ and apoE‑/‑ mice. Since the 
increase in IRA B cells was most prominent in the apoE‑/‑ mouse model, it would 
be expected that the contribution of B cells to the total levels of GM-CSF would 
be maximal in these mice. Along that line, gm-csf‑/‑apoE‑/‑ mice would most likely 
demonstrate a decrease in lesion size, however the opposite has been reported49. 
On the other hand, it could be suggested that since women are better protected 
against sepsis than men53, they naturally contain more IRA B cells, which could at 
least partially explain the sex-difference found between females and males in gm-
csf‑/‑ Ldlr‑/‑ mice51.

Taken together, the study by Hilgendorf et al. was one of the first to report the 
effects of specific cytokine producing B cells on atherosclerosis, underscoring the 
immune-modulating effect B cells can have during atherosclerosis besides antibody 
production52.

Concluding remarks

B cells can have a tremendous impact on atherosclerosis, however it is crucial to 
differentiate between the different B cell subsets regarding their effects on athero-
sclerosis. The increased knowledge on other B cell subtypes than B1/B2 and the 
additional roles besides antibody production in recent years, has also improved the 
understanding of B cells in cardiovascular disease. However, one drawback is that 
most subsets share surface markers, proving it difficult to pinpoint the individual ef-
fects to a specific subtype of B cells. In terms of therapeutic potential, the frequently 
used option of global B cell depletion with CD20 antibodies might not be the most 
favorable option. Ideally, treatments that either selectively induce protective B cells 
or limit the effects of atherogenic B cells could offer more potential.

In conclusion, there still is a lot to gain in exploring and harvesting the potential of 
B cells in the field of atherosclerosis.
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