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Abstract in English 

There is substantial evidence that humoral immunity and particularly natural IgM 

antibodies is a strong modulator of initiation and progression of atherosclerosis. Several 

epidemiological studies have shown that the risk for cardiovascular disease (CVD) is 

inversely associated with increased levels of IgM antibodies with specificity to oxidation-

specific epitopes (OSE), which are lipid peroxidation products and are present on both 

oxidized low density lipoprotein and apoptotic cells. I investigated here whether 

microparticles (MP), which are generated upon membrane blebbing of activated and 

apoptotic cells and are increased in CVD patients, carry OSE and are recognized by 

OSE-specific IgM antibodies. I found that a large part of circulating MP express OSE on 

their surface and can be bound both in vivo and in vitro by OSE-specific IgM antibodies, 

particularly by those that are specific for malondialdehyde (MDA) epitopes. Moreover, I 

show that MP stimulation of monocytes results in IL-8 secretion, which is inhibited in 

presence of an MDA-specific natural IgM antibody compared to an isotype control 

suggesting that MDA bearing MP exhibit proinflammatory properties. In addition, I also 

found increased numbers of MDA
+
 MP in the coronary compared to peripheral blood of 

acute myocardial infarction patients. These data identify a novel mechanism by which 

OSE-specific IgM antibodies protect from CVD. Because MP are a prototypic source of 

self-antigens, which have been shown to be critical regulators of B cell development, I 

hypothesized that natural IgM antibodies may also protect from atherosclerosis by 

modulating B cell responses. Here, I show that mice deficient in secreted IgM antibodies, 

which develop accelerated atherosclerosis, display enhanced BCR signaling impaired 

generation of CD23
+
 B cells and robustly increased IgE antibody levels. Neutralization of 

IgE antibodies prevents the accelerated atherosclerosis in these mice. These data 

demonstrate that the protective role of natural IgM antibodies in atherosclerosis 

prominently includes the maintenance of B cell homeostasis, which is most likely based 

on their ability to bind self-antigens.    
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Abstract in German  

Die humorale Immunität und vor allem natürliche IgM Antikörper spielen eine wesentliche 

Rolle in der Initiation und Progression von Atherosklerose. Mehrere epidemiologische 

Studien zeigten eine inverse Korrelation zwischen kardiovaskulären Krankheiten (KVK) 

und erhöhten IgM Antikörper-Spiegeln, welche sich gegen sogenannte oxidations-

spezifische Epitope (OSE) richten. Diese Epitope entstehen durch Lipidperoxidation und 

befinden sich auf der Oberfläche von LDL (low-density lipoprotein) und apoptotischen 

Zellen. Diese Arbeit befasst sich mit der Fragestellung ob Mikropartikel (MP), die durch 

Membranabschnürung  von aktivierten und apoptotischen Zellen entstehen und auch 

vermehrt in KVK Patienten zu finden sind, OSE exprimieren und durch OSE-spezifische 

IgM Antikörper erkannt werden. Ich konnte feststellen, dass ein Großteil der 

zirkulierenden MP OSE auf ihrer Oberfläche aufweisen und in vivo als auch in vitro von 

OSE-spezifischen IgM Antikörpern und vorallem durch jene, die Malondialdehyd (MDA)-

Epitope erkennen, gebunden werden. Nach Stimulation mit Mikropartikeln wiesen 

Monozyten eine erhöhte Produktion von Interleukin-8 auf - ein Effekt, der durch 

Gegenwart von MDA-spezifischen IgM Antikörpern inhibiert werden konnte. Dies lässt 

die pro-inflammatorischen Eigenschaften von MDA-tragenden MP erkennen. Weiters 

konnte ich zeigen, dass die Zahl der MDA-tragenden MP im Koronarblut von 

Herzinfarktpatienten deutlich höher als im peripher gewonnenem Blut derselben 

Patienten ist. Dies weist auf einen neuen Mechanismus, durch welchen OSE-spezifische 

IgM Antikörper vor KVK schützen, hin. MP stellen prototypische Quellen von Antigenen 

dar, welche auch kritische Regulatoren der Entwicklung von B-Zellen sind. Basierend auf 

dieser Tatsache und der Erkenntnis, dass MP von natürlichen IgM Antikörpern gebunden 

werden, befasste ich mich weiters mit der Fragestellung ob die Regulation der B-

Zellentwicklung Teil der Schutzfunktion von IgM Antikörpern in der Atherosklerose 

beinhaltet. So konnte ich zeigen, dass bei Mäusen, die keine IgM Antikörper sezernieren 

können und vermehrt atherosklerotische Läsionen bilden, B-Zell-Rezeptor Signale 

verstärkt, die Entstehung von CD23
+
 B-Zellen beeinträchtigt, sowie IgE Antikörper stark 

erhöht sind. Durch Neutralisierung von IgE Antikörper wiederum konnte ich Fortschreiten 

der Atherosklerose in diesen Mäusen verhindern. Zusammenfassend zeigen meine 

Daten, dass die protektive Rolle von natürlichen IgM Antikörpern in Atherosklerose unter 

anderem auf die Erhaltung der B-Zellen Homöostase, welche wiederum auf dem Binden 

von Selbst-Antigenen basiert, zurückzuführen ist. 

 



 
 

1. INTRODUCTION  

 

1.1 Atherosclerosis, a chronic inflammatory disease 

Atherosclerosis is a disease that affects mainly large and medium size arteries. 

It is characterized by the accumulation of cholesterol as well as different immune 

cells in the subendothelial space of the artery wall that leads to the formation of an 

atherosclerotic plaque (Glass & Witztum, 2001). Atherosclerotic plaque formation 

starts early in life and progresses for several decades silently. Rupture of an 

atherosclerotic plaque releases material that triggers thrombus formation leading to 

severe clinical manifestations, such as myocardial infarction and stroke, which both 

are leading causes of mortality and morbidity worldwide (Libby et al, 2013). 

Thrombus formation followed by myocardial infarction and stroke, can also occur in 

absence of plaque rupture, via a mechanism termed plaque erosion. These plaques 

differ in their characteristics with plaques that are prone to rupture. They contain few 

immune cells and lipids and are rich in smooth muscle cells and proteoglycans 

(Otsuka et al, 2014). 

Hypercholesterolemia is major risk factor for atherosclerosis. The causative role 

of cholesterol in atherosclerotic plaque formation was originally demonstrated by Dr. 

Nikolai Anitschkow, a Russian pathologist who showed that cholesterol fed rabbits 

developed atherosclerosis. In 1950s, Dr. John Gofman identified two different 

cholesterol fractions - based on their density - the low density lipoprotein cholesterol 

(LDL) and high density lipoprotein cholesterol (HDL) by subjecting rabbit hyperlipemic 

serum to ultracentrifugation. Gofman and colleagues later showed that rabbits, which 

were fed cholesterol and developed atherosclerosis had also elevated levels of the 

LDL fraction. Moreover, the authors found increased levels of LDL in cardiovascular 

disease (CVD) and diabetes patients (Gofman & Lindgren, 1950). 

Since then, a large set of epidemiological data suggest that increased plasma 

levels of LDL are a major risk factor for CVD in humans, whereas increased levels of 

HDL associate with lower risk. The causative relationship of the latter with 

atheroprotection has been recently challenged as a number of pharmacological 

agents that increase HDL levels failed to confer clinical benefit (Rader & Tall, 2012).  

LDL cholesterol lowering interventions, such as administration of statins, have a 

clear therapeutic benefit in the progression of atherosclerosis (Steinberg, 2002). 

Apart from hyperlipidemia, several lines of evidence - both experimental and 
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epidemiological - have shown that the immune system plays a key role in the 

initiation and progression of atherosclerosis. For example, patients suffering from 

systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) are develop 

premature atherosclerosis and have an increased risk of ischemic heart disease, 

which cannot be explained by changes in total cholesterol levels or other traditional 

risk factors such as age, smoking or systolic blood pressure, pointing to a role for the 

immune system in the pathophysiology of atherosclerosis (Tsiantoulas et al, 2015b). 

In the last two decades, an overwhelming amount of experimental studies 

mainly using the two best established murine models of atherosclerosis, the low 

density lipoprotein receptor deficient (Ldlr -/-) and apolipoprotein E deficient (Apoe-/-) 

mice, showed that both the innate and adaptive arms of the immune system 

contribute to the initiation and progression of atherosclerosis (Hansson & 

Hermansson, 2011). The initial steps of atherosclerotic plaque formation include 

activation of the endothelial cells and the subsequent accumulation of LDL 

cholesterol in the intima of the artery wall. In the subendothelial space of arteries, 

LDL undergoes oxidation and acquires novel pro-inflammatory properties such as a 

potential to activate endothelial cells. In response to this, monocytes are recruited 

and arrested in the activated endothelium via chemokines and adhesion molecules 

respectively, and migrate to the intima (Weber & Noels, 2011). Next, the newly 

recruited monocytes, which in the intima differentiate to macrophages, take up 

oxidized LDL (OxLDL) in order to prevent its accumulation. Uptake of OxLDL by 

macrophages, beyond their clearance capacity, results in cells that are characterized 

by a foamy appearance (known as foam cells) due to the formation of large lipid 

droplets in their cytoplasm. Foam cells eventually become apoptotic, and their 

accumulation has been shown to enhance lesion formation at later stages by 

promoting intimal inflammation (Tabas, 2010). 

Although adaptive immunity (B and T lymphocytes) is not essential for 

atherosclerosis development (Dansky et al, 1997; Reardon et al, 2003), it clearly 

affects its progression. T lymphocytes are present in both mouse and human 

atherosclerotic lesions and consist of predominately CD4+ T cells, though small 

numbers of CD8+ T cells are found as well. T cell responses are both protective and 

proatherogenic and include several cell subsets. Th1 responses, which are 

characterized by IFNγ production, have been shown to promote atherosclerosis. On 

the other hand, the role of Th2 cells is not clearly established. Th2 responses are 
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characterized by IL-5, IL-10 and IL-13 production, which have been shown to play a 

protective role, as well as IL-4 production, for which the majority of the data suggest, 

a proatherogenic role. As all above mentioned cytokines are produced by other cells 

besides T cells,  additional studies that include deletion of these cytokines in a  T cell 

specific manner would shed more light on the role of Th2 cells (Ait-Oufella et al, 

2014). Moreover, T regulatory cells, which are involved in the maintenance of self-

tolerance and therefore prevention of autoimmunity, have been shown to play a 

protective role in atherosclerosis (Ait-Oufella et al, 2006). The exact underlying 

mechanism remains elusive but may involve suppression of effector Th1 responses 

as well as changes in the lipoprotein lipid profile (Ait-Oufella et al, 2014). Finally, the 

role of Th17 cells, which produce large amount of IL-17A cytokine, is still debatable 

as several studies, which include genetic ablation or exogenous administration of IL-

17A, suggest either a protective or proatherogenic role (Taleb et al, 2014).  

 

1.2 B cell development, subsets and their role in atherosclerosis 

Even though they are found in very small numbers within atherosclerotic 

plaques (Galkina et al, 2006), B lymphocytes play a major role in atherosclerosis 

(Tsiantoulas et al, 2014; Tsiantoulas et al, 2015b). B cells are divided into two main 

subtypes, the B1 and B2 cells. B2 cells, which consist of marginal zone (MZ) and 

follicular (FO) B cells, have a half-life of only a few days. B1 cells develop from fetal 

liver and are characterized by their via self-renewal capacity. They are divided into 

B1a and B1b cells. B1 cells are primarily found in peritoneal and pleural cavities 

(Baumgarth, 2011).  

The role of different B cell subsets in atherosclerosis is reviewed below in 

Tsiantoulas D, Sage AP, Mallat Z, Binder CJ (2015b) Targeting B cells in 

atherosclerosis: closing the gap from bench to bedside. Arterioscler Thromb Vasc 

Biol 35(2): 296-302 and Tsiantoulas D, Diehl CJ, Witztum JL, Binder CJ (2014) B 

cells and humoral immunity in atherosclerosis. Circ Res 114(11): 1743-1756. 
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Nonstandard Abbreviations and Acronyms

Apoe apolipoprotein E

BAFF B-cell activating factor

BAFFR B-cell activating factor receptor

BCR B-cell receptor

LDL low-density lipoprotein

RA rheumatoid arthritis

SLE systemic lupus erythematosus

TACI transmembrane activator and calcium modulator and 
 cyclophilin ligand interactor

B1a B1b FOIRA MZ

?

IL-5

Mph

DC

B2

T cell

IFNγ

IgM

IgE
IgG

IL-4

BCR

TCR

antigen

IRA

B2

IFNγ

anti-OxLDL IgG2c

T cell

DC
GM-CSF

antigen
MHC

TCR

B1a

BAFF
BAFFR

B1 B2

MHC

IL-1β, IL-6, etc

TLR4/6

BCR

SR

Mph/
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Figure 1. Role of different B-cell subsets in murine 
atherosclerosis. B cells consist of 2 major cell 
subsets, named B1 and B2 cells, which are char-
acterized by different localization properties and 
activation requirements. B1 cells reside predomi-
nately in the peritoneum and are subdivided into 
B1a and B1b. B1a cells protect from atheroscle-
rosis. Their atheroprotective properties depend 
mainly on the capacity to produce oxidized low-
density lipoprotein (oxLDL)–specific natural IgM 
antibodies, which can be enhanced by interleukin 
(IL)-5 stimulation, that block oxLDL uptake and 
foam cell formation. In addition, natural IgM have 
also been shown to promote apoptotic cell clear-
ance. The role of B1b in atherosclerosis remains 
still elusive. B2 cells are mainly found in the spleen 
and consist of marginal (MZ) and follicular (FO) B 
cells. B2 cells seem to be proatherogenic. Although 
the underlying mechanism is yet to be identified, 
this may include production of proatherogenic IgG 
and IgE antibodies. Innate response activator B 
cells (IRA), which are characterized by GM-CSF 
secretion, promote the expansion of IgG2c anti-
oxLDL antibodies and aggravate atherosclerosis. 
BAFFR indicates B-cell activating factor receptor; 
BCR, B-cell receptor; DC, dendritic cell; GM-CSF, 
granulocyte macrophage colony-stimulating fac-
tor; MHC, major histocompatibility complex; Mph, 
macrophage; SR, scavenger receptor;  TCR, T-cell 
receptor; and TLR, Toll-like receptor.
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μ
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Effect on
Atherosclerosis
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plasma immunoglobulin titers
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anti-IgE
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unknown
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Figure 2. Biologicals that target B cells and their 
effect on murine atherosclerosis. Anti-CD20 anti-
bodies cross-link the surface CD20 receptor on 
B cells, resulting in Fcγ-mediated depletion of 
predominantly B2 cells. Plasma IgM titers are mod-
erately reduced, whereas IgG titers are strongly 
decreased after anti-CD20 treatment. Atheroscle-
rosis-prone mice injected with anti-CD20 antibody 
develop reduced atherosclerotic plaque size. In 
contrast to B1 cells, B-cell activating factor (BAFF) 
signaling via the B-cell activating factor receptor 
(BAFFR) is essential for B2 cell survival. Treatment 
with a neutralizing antibody against BAFF leads to 
B2 cell apoptosis followed by strong reduction in 
plasma IgG titers. Combined neutralization of BAFF 
and a proliferation inducing ligand on treatment 
with the extracellular domain of the transmembrane 
activator and calcium modulator and cyclophilin 
ligand interactor receptor (TACI) fused to an Ig 
backbone (TACI-Ig) results in reduced numbers 
of B2 and to lesser extent of B1 cells. Moreover, 
TACI-Ig treatment inhibits plasma cell survival fol-
lowed by reduction in total Ig plasma titers. The 
effect of both anti-BAFF and TACI-Ig treatment in 
atherosclerosis remains to be shown. Finally, IgE 
antibodies have been suggested to promote ath-
erosclerotic plaque development and to correlate 
with cardiovascular disease risk. The effect of IgE 
antibody blockage via anti-IgE treatment in athero-
sclerosis is yet to be investigated. IRA indicates 
innate response activator B cells.
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It is clear that some B-cell responses promote atherosclerosis, whereas others are protective. Natural antibody secretion from the B1a cell 
subset is a major protective pathway, but which types of B-cell responses or functions are most pathogenic is unclear. To study this in more 
detail is critical because (1) understanding the critical components specific to pathogenic B-cell responses will inform future therapeutic 
strategies against atherosclerosis; (2) B-cell responses are complex and it is important to understand which specific pathways and compo-
nents are pathogenic rather than protective; (3) many autoimmune disease patients at high risk for cardiovascular disease are being treated 
by B-cell–targeting therapies; and (4) there are diverse opportunities to target B cells and many existing therapies used in autoimmune 
diseases and cancer could be translated for use in cardiovascular disease, and the previous successes of this mode of intervention bode well 
for future therapeutic developments.

Significance
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1.3 Immunoglobulin M – the house keeper  

 IgM Abs comprise both natural IgM antibodies and adaptive IgM antibodies. In 

contrast to adaptive IgM, natural IgM antibodies are produced by B1 cells in a T cell 

independent manner. In uninfected mice more than 80% of the total IgM pool is 

derived from B1 cells (Baumgarth et al, 1999). Both epidemiological and 

experimental studies suggest that natural IgM exhibit atheroprotective properties 

(Tsiantoulas et al, 2014).  

 The role of natural IgM antibodies in atherosclerosis is reviewed below in 

Tsiantoulas D, Diehl CJ, Witztum JL, Binder CJ (2014) B cells and humoral immunity 

in atherosclerosis. Circ Res 114(11): 1743-1756. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12



1743

Circulation Research

Abstract:

Circ Res

■ ■ ■

■ ■

Peter Libby and G.K. Hansson, Guest Editors

13

mailto:christoph.binder@meduniwien.ac.at
http://circres.ahajournals.org/


1744  Circulation Research  

γ
γ

β
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Nonstandard Abbreviations and Acronyms 

Apoe−/− apolipoprotein E deficient

BAFF B-cell–activating factor

BAFFR B-cell–activating factor receptor 

CFH complement factor H

CHD coronary heart disease 

CuOx-LDL copper-oxidized LDL

CVD cardiovascular disease

Hsp60 heat shock protein 60

IFN-γ interferon-γ

IL-10 interleukin-10 

IRA innate response activator 

LDL low-density lipoprotein

Ldlr−/− low-density lipoprotein receptor–deficient

MDA-LDL malondialdehyde-modified LDL 

NAbs natural antibodies 

OSE oxidation-specific epitope

OxLDL oxidized LDL

OxPL oxidized phospholipid 

SLE systemic lupus erythematosus

SNP single-nucleotide polymorphism 
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Table 1. Summary of Murine B-Cell Subsets and Their Surface Markers, Localization, and Frequencies in the Spleen

Murine B Cells Cell Surface Markers Localization Frequency (of Splenic B Cells)

B1

  B1a CD19+ B220low IgMhigh CD5+ CD43+ CD23− Spleen, peritoneum ≈2%

  B1b CD19+ B220low IgMhigh CD5− CD43+ CD23− Spleen, peritoneum <1%

IRA

  Innate response activator IgMhigh CD43+ CD23low CD93+ Spleen <0.5%*

B2

  Marginal zone CD19+ B220+ IgMhigh CD21high CD43− CD23− Spleen ≈10%

  Follicular CD19+ B220+ IgMlow CD21+ CD43− CD23+ Spleen, circulation ≈80%

Bregs

  B regulatory CD19+ B220+ IgMhigh CD1dhigh CD43− Spleen ≈1%

Bregs indicates regulatory B cells; and IRA, innate response activator.
*The frequency of IRA B cells increases to ≈4% in response to lipopolysaccharide injections.
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γ

γ

γ

Table 2. Summary of Experimental Studies With Respect to the Role of Different B-Cell Subsets in Atherosclerosis

Atherosclerosis Studies in Mice That Involve Different B-Cell Subsets Effect on Atherosclerosis

B-Cell Subsets (Potentially) Affected

B1a B1b IRA MZ FO Bregs

Adoptive CD19+ B-cell transfer (20×106) into splenectomized or sham- 
operated Apoe−/− mice22

↓ � � � � � �

Reconstitution of Ldlr−/− mice with B-cell–deficient (μMT) bone marrow23 ↑ � � � � � �

CD20 antibody treatment of Apoe−/− and Ldlr−/− mice24,25 ↓ (�) � ? � � �

Adoptive transfer of splenic CD43− B cells into lymphocyte-deficient 
Rag2−/−γ-chain−/−Apoe−/− (5×106 or 5×107) or B-cell–deficient μMT/
Apoe−/− (5×106) mice25

↑ … … … � � �

Adoptive transfer of splenic CD43− B cells (3×107 or 6×107) into B-cell– 
deficient μMT/Apoe−/− mice28

↓ … … … � � �

Adoptive transfer of wild-type but not sIgM−/− B1a cells (105 every 3 wk) 
into splenectomized atherosclerotic Apoe−/− mice29

↓ � … … … … …

BAFFR-deficient Apoe−/− or Ldlr−/− mice24,30 ↓ … … (�) � � ?

Anti-BAFFR treatment of Apoe−/− mice31 ↓ … … (�) � � ?

Reconstitution of Ldlr−/− mice with 50% GM-CSF and 50% B-cell–deficient 
(μMT) bone marrow to achieve GM-CSF deficiency in B cells only32

↓ … … � … … …

Apoe−/− indicates apolipoprotein E deficient; BAFFR, B-cell–activating factor receptor; Bregs, regulatory B cells; FO, follicular; IRA, innate response activator; Ldlr−/−, 
low-density lipoprotein receptor; and MZ, marginal zone.

16
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signifi

Figure 1. B1 and B2 cells have different 
immunoglobulin production profiles in mice. 
B cells are divided in 2 main subfamilies, the B1 
and B2 cells. B1 cells produce germline-encoded 
natural IgM and IgA antibodies. B2 cells respond 
to T-cell help on antigen stimulation and produce 
adaptive IgM, followed by IgG (IgG1, IgG2a/c, 
IgG3), IgA, or IgE antibodies via a process termed 
class switching.
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Figure 2. Role of immunoglobulins 
in lesion development. Different 
immunoglobulins are present in 
atherosclerotic plaques, which are 
directed against relevant antigens such 
heat shock proteins (HSPs) and oxidized 
low-density lipoproteins (OxLDLs). IgM 
antibodies may mediate atheroprotection 
by neutralizing the proinflammatory 
properties of OxLDL, inhibiting the 
uptake of OxLDL by macrophages, and 
by promoting apoptotic cell clearance. 
Their protective capacity may be largely 
dependent on their ability to recognize 
oxidation-specific epitopes (OSEs) 
present on both OxLDL and apoptotic 
cells. OxLDL-specific IgG antibodies 
could activate macrophages via Fcγ 
receptor engagement, thereby promoting 
atherogenesis, but may also exhibit 
protective neutralizing capacities. IgM and 
IgG immune complexes with LDL carrying 
OSEs are also found in the circulation and 
may promote clearance of proatherogenic 
LDL particles. HSP60/65-specific IgG 
recognize stressed endothelial cells and 
induce damage via antibody-dependent 
cellular cytotoxicity. IgE antibodies 
activate mast cells and macrophages via 
the engagement FcεRI resulting in plaque 
destabilization. Specificities of IgE for 
atherosclerosis antigens, for example, 
OxLDL, remain to be shown. The role of 
IgA antibodies in atherosclerosis is still 
elusive. Opsonization of apoptotic cells 
with C3b and iC3b enhances their uptake 
by macrophages. EC indicates endothelial 
cells; IC, immune complexes; IFN-γ 
interferon-γ; IL-6, interleukin-6; SMCs, 
smooth muscle cells; and SR, scavenger 
receptors.
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Table 3. Summary of B-Cell Depleting Compounds Already Approved or in Development for Treatment SLE and RA and Their 

Effects in Experimental Atherosclerosis (if Applicable)

Compound Function Effect on B Cells
Effect on Murine 
Atherosclerosis Clinical Application Reference

α-CD20 Cross-linking of CD20 receptor Fcγ receptor–mediated 
B-cell depletion

Decreased atherosclerosis RA 35

α-BAFF Neutralization of circulating BAFF B2 cell apoptosis Unknown SLE (Belimumab) 135

BAFFR-Fc Neutralization of both circulating 
and membrane-bound BAFF

B2 cell apoptosis Unknown Unknown 136

α-BAFFR BAFF receptor blockage B2 cell apoptosis Decreased atherosclerosis Unknown 31

TACI-Fc Neutralization of circulating and 
membrane-bound BAFF and APRIL

B2 cell and plasma cell 
apoptosis

Unknown Phase 3 clinical trial for 
SLE (Atacicept)

137,138

APRIL indicates a proliferation inducing ligand; BAFFR, B-cell–activating factor receptor; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; and TACI, 
transmembrane activator and calcium modulator and cyclophilin ligand interactor. 
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Collectively, these data suggest that in conditions of low or deficiency in IgM 

antibodies, there are additional distinct immunoregulatory mechanisms by which IgM 

antibodies confer atheroprotection and these may require the full or at least broader 

repertoire of IgM specificities. 

 

1.4 Microparticles and their role in cardiovascular disease 

Several pathologies - including atherosclerosis - in which accumulation of 

apoptotic cells is an important pathophysiological feature, are also characterized by 

increased numbers of circulating microparticles (MP). MP are defined as small 

anucleoid phospholipid vesicles (0.1-1 μm) that are released from activated or dying 

cells including platelets, red blood cells, endothelial cells and monocytes, and are 

present in the circulation (Rautou et al, 2011b). MP are formed when the membrane 

phospholipid asymmetry is lost resulting in phosphatidylserine (PS) exposure, 

although PS-negative MP have also been reported (Owens & Mackman, 2011). 

Elevated serum levels of MP have been shown to associate with increased risk of 

CVD, cancer and autoimmune disorders (Morel et al, 2011; Owens & Mackman, 

2011; Rautou et al, 2011b). For example, levels of plasma MP are increased in 

patients with acute coronary syndrome (ACS) (Mallat et al, 2000) and individuals with 

high atherothrombotic risk, as well as in patients with venous thromboembolism 

(Morel et al, 2011). 

MP can activate cells through specific interactions with cell surface receptors 

due to the high concentration of ligand molecules they carry on their surface, or they 

can directly transfer part of their content (e.g RNA and proteins) to recipient cells 

thereby modulating their function (Mause & Weber, 2010). For example, MP isolated 

from human atherosclerotic plaques have been shown to mediate monocyte 

adhesion on endothelial cells by direct ICAM-1 transfer to endothelial cells (Rautou et 

al, 2011a). On the other hand, monocyte-derived MP have been found to transfer IL-

1 along with other components of the inflammasome such as NLRP3 and caspase-1 

to endothelial cells, resulting in the expression of adhesion molecules such as ICAM-

1, VCAM-1 and E-selectin (Wang et al, 2011b). In line with this, platelet derived MP 

have been shown to activate endothelial cells resulting in enhanced monocyte 

adhesion and to promote inflammation in arthritis by triggering cytokine responses 

from synovial fibroblasts in an IL-1 dependent manner (Boilard et al, 2010). 

Nevertheless, the pro-inflammatory moieties mediating effects of MP are far from fully 
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characterized. For example, also bioactive lipid moieties have been suggested to be 

involved (Barry et al, 1997). 

MP have been also shown to modulate the function of adaptive immune cells 

such as B and T lymphocytes (Messer et al, 2009; Sheng et al, 2011), Notably, MP 

are elevated in several autoimmune conditions, which are associated with increased 

cardiovascular risk, such as RA and SLE (Sellam et al, 2009). Notably, MRL-lpr/lpr 

lupus prone mice develop more severe autoimmunity, in absence of secretory IgM 

antibodies (Boes et al, 2000). Moreover, mice lacking lactadherin, which is necessary 

for apoptotic cell clearance, have increased numbers of AnnexinV+ MP in plasma and 

develop aggravated atherosclerosis (Ait-Oufella et al, 2007).  

As mentioned above, MP are generated upon membrane blebbing of apoptotic 

cells, which also carry OSE on their surface. Thus, I hypothesized that OSE are 

present on the surface of MP as well. This is particularly interesting, as MP are found 

in the circulation, where they could be recognized by OSE-specific natural IgM 

antibodies. Thus, I hypothesized that an additional novel mechanism by which 

natural IgM antibodies protect from atherosclerosis is by limiting the proatherogenic 

effect of MP. Therefore, I investigated whether MP carry OSE and are recognized by 

natural IgM, and how this interaction affects MP effector functions. Moreover, as 

mentioned above self-antigens are critically involved in B cell development. 

Circulating MP represent a prototypic source of self-antigens. Thus the ability of 

natural IgM antibodies to bind cellular debris may also be important in regulation of B 

cell development. Indeed, it has been reported that deficiency of natural IgM 

antibodies results in altered BCR signaling (Notley et al, 2010), which as mentioned 

above is a critical regulator of B cell development. Therefore, I investigated whether 

natural IgM antibodies exhibit their atheroprotective properties also by modulating B 

cell homeostasis. 
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2. AIMS 

 

1. To investigate whether microparticles carry OSE and are targeted by OSE 

specific natural IgM antibodies 

2. To investigate the role of natural IgM antibodies in B cell receptor signaling 

and splenic B cell maturation  

3. To identify the mechanisms by which natural IgM antibody deficiency 

aggravates atherosclerosis 
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3. RESULTS 

 

3.1 Part 1: (Tsiantoulas et al, 2015a) 

 

Title: Circulating microparticles carry oxidation-specific epitopes and are recognized 

by natural IgM antibodies 

 

3.1.1 A subset of circulating MP carries oxidation specific epitopes 

It has been previously shown that apoptosis of EC, thymocytes, and Jurkat T-

cells induced by various triggers, such as serum deprivation, staurosporine, 

dexamethasone, PMA, and UV-irradiation results in the formation of OSE on the 

surface of these cells (Amir et al, 2012; Chang et al, 1999; Chang et al, 2004; Chou 

et al, 2009; Tuominen et al, 2006). Moreover, in vitro Fe2+ and tert-butyl 

hydroperoxide-treated microvesicles of EC as well as microvesicles of THP-1 

(human acute monocytic leukemia cell line) monocytes treated with unesterified 

cholesterol have been found to carry OSE (Huber et al, 2002; Liu et al, 2012). To test 

whether OSE are indeed present on MP in vivo, we isolated MP from plasma of 

healthy individuals by sequential centrifugation (Figure 1), and the presence of OSE 

on the surface of AnnexinV+ MP was determined by flow cytometry using previously 

characterized monoclonal anti-OxLDL IgM NAbs with specificity for PC (T15/E06) 

and MDA-type epitopes (LR04, NA17, and E014), respectively (Amir et al, 2012; 

Chou et al, 2009; Horkko et al, 1999; Palinski et al, 1996). These NAbs bind OxLDL 

and exhibit a selective specificity for certain OSE (Amir et al, 2012; Chou et al, 2009; 

Horkko et al, 1999; Palinski et al, 1996) (Figure 2). 
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Figure 1. Flow-cytometric gating strategy for MP definition. The MP size gate was 

defined using monodisperse polystyrene reference beads with diameter of 1 µm and data 

acquired from buffer only to exclude noise. MP were stained with Annexin V and analyzed by 

flow cytometry. Representative flow cytometry plots are shown. 

 

Figure 2. Binding properties of monoclonal IgM antibodies. The IgM NAb T15/E06 is 

specific for PC, whereas LR04, NA17, and E014 are directed against MDA-type epitopes. 

Binding of (A) T15/E06, (B) LR04, (C) NA17 and (D) E014 to either MDA-BSA or PC-BSA or 

native BSA was assessed by chemiluminescent ELISA. MDA-BSA contains different MDA-

type epitopes including, advanced MAA-epitopes. Data are expressed as RLU/100ms. 
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A subset of circulating MP of all tested individuals was bound by OSE-specific 

IgM, while an isotype control antibody showed only minimal binding (Figure 3A). On 

average 26±2% of MP were bound by the OxPL-specific NAb T15/E06 (Figure 3B). 

Strikingly, 46±1% and 42±2% of MP showed reactivity with the MDA-specific 

antibodies LR04 and NA17, respectively (Chou et al, 2009; Palinski et al, 1996). In 

addition, the MDA-specific antibody E014 bound 32±1% of MP, suggesting specificity 

for a different type of MDA-adduct. A similar percentage of OSE-carrying MP was 

found in the plasma of a second cohort of healthy individuals (Figure 4).  

Figure 3. A subset of circulating MP carries OSE. (A,B) MP isolated from plasma of 

healthy volunteers were stained with Annexin V and OSE-specific IgM NAbs including 

T15/E06 (specific for PC), LR04, NA17 and E014 (specific for MDA-type epitopes) and 

analyzed by flow cytometry. (A) Representative flow cytometry plots of stained MP. (B) 

Quantification of the percentages of MP with positive staining for each antibody. Bonferroni’s 

multiple comparison test; $ P< 0.0001 compared to isotype control; # P< 0.0001 and #2 P< 

0.05 compared to T15/E06; and §P< 0.001 compared to E014. Black circles depict MP from 

individual donors identified by AnnexinV+ and size ≤1µm. (C, D) MP were stained with anti-

CD41a (platelets), anti-CD235a (RBC) and anti-CD31 (EC) to identify their cellular origin and 

with LR04 to assess MDA+ MP within each cellular fraction. (C) Distribution of cellular origin 

and (D) percentages of LR04+ MP of MP of all donors. Data represent mean ±SEM. 
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Figure 4. A subset of circulating MP carries 

OSE. Circulating plasma MP of 18 healthy 

volunteers were stained with biotinylated 

T15/E06 (specific for PC) and LR04 (specific for 

MDA/MAA) as well as an isotype control antibody 

and analyzed by flow cytometry. Shown are the 

percentages of MP with positive staining for each 

antibody. Bonferroni’s multiple comparison test; 

(# P<0.001compared to isotype control; § 

P<0.001; compared to T15/E06). Circles depict MP from individual donors.  

 

Moreover, co-staining of circulating MP with LR04 and T15/E06 antibodies 

revealed that PC epitopes are nearly exclusively present on MDA-carrying MP 

(Figure 5). To rule out that the presence of OSE was due to ex vivo oxidation, BHT 

was added to the plasma, in addition to EDTA, before isolating MP, as addition of 

BHT to plasma has been shown to prevent ex vivo oxidation of LDL (Jialal et al, 

1995). Supplementation of plasma with BHT did not affect the presence of OSE 

(Figure 6).  

 

Figure 5. PC epitopes are nearly exclusively present on MP that carry MDA epitopes. 

Circulating plasma MP of healthy volunteers (n=3) were sequentially stained with T15/E06 

(specific for PC), anti-mouse IgM FITC (II/41), LR04 (specific for MDA/MAA), anti-mouse IgM 

APC (II/41) and Annexin V and analyzed by flow cytometry. Data show dot plots of one 

representative experiment out of three (A) and the percentages of Annexin V+ MP with 

positive staining for either LR04 or T15/E06 only or for both antibodies (B).  
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Figure 6. The presence of OSE on MP is 

not due to ex vivo oxidation. Circulating 

MP were isolated by sequential 

ultracentrifugation from plasma treated with 

BHT or left untreated. Subsequently, binding 

of LR04 and T15/E06 to MP was quantified 

by flow cytometry. Data show contour plots of 

a representative experiment. 

 

 

 

 

3.1.2 MDA-epitopes are present on circulating MP irrespective of their cellular 

origin 

As circulating MP originate from different parental cells, we investigated the 

cellular origin of the MP preparation, which contained 85±1% Annexin V+ particles. 

MP origin was analyzed using antibodies specific for CD41a (platelets), CD235a 

(RBC), and CD31 (EC). Consistent with previous reports (Morel et al, 2011), a 

majority (64±5%) of MP were of platelet origin, while 21±2% were RBC-derived and 

3±1% derived from EC (Figure 3C). MDA-carrying MP were present irrespective of 

the cellular origin of MP (Figure 3D). To further corroborate these results and to test 

whether MDA-epitopes can also be formed in vitro during the process of MP 

formation, we generated MP from platelets by Ca2+ ionophore stimulation. While the 

MDA-specific antibody LR04 did not bind to the surface of platelets, a large part of 

MP generated from these cells showed strong binding (Figure 7).  
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Figure 7. A subset of in vitro generated platelet-derived MP carry MDA epitopes. 

Platelet-derived MP were isolated from ionomycin-treated platelets, and binding of LR04 to 

MP and parental platelets was evaluated by flow cytometry. Shown are representative flow 

cytometry plots of (A) MP and (B) platelets stained with either a control antibody or LR04 as 

indicated. In contrast to parental cells, platelet-derived MP carry MDA epitopes.
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3.1.3 Circulating microparticles carry surface bound IgM with specificity for 

MDA-LDL 

Because OSE are a dominant target of IgM NAbs (Chou et al, 2009), we 

tested whether part of the isolated MP were already bound by IgM. Indeed, we found 

that 23±2% of circulating MP had endogenous IgM bound on their surface even after 

extensive washing (Figure 8A). Next, we eluted IgM from lysed MP and assessed the 

binding to MDA-modified LDL (MDA-LDL) and Cu2+-oxidized LDL (CuOx-LDL), two 

model antigens for OSE, in comparison to circulating IgM in plasma of the same 

individuals. Normalization of antigen-specific IgM to total IgM revealed that IgM 

antibodies to MDA-LDL represented more than 80% of total IgM in MP-eluates, while 

plasma IgM to MDA-LDL was about 15% of total IgM (Figure 8B). The latter findings 

are consistent with our previous demonstration that MDA-LDL specific IgM represent 

~15% of IgM NAbs in mice (Chou et al, 2009). The specificity of the MP-eluted IgM 

for MDA-LDL was tested in immunocompetition assays, in which neither soluble 

native LDL nor CuOx-LDL competed for the binding to coated MDA-LDL, while 

soluble MDA-LDL inhibited the binding by more than 75% (Figure 8C). Thus, MP-

associated IgM are primarily composed of IgM with specificity for MDA-LDL. These 

data are consistent with the presence of OSE on a subset of circulating MP and 

support the notion that MDA-adducts are dominant.  
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Figure 8. Circulating MP carry IgM that have specificity for MDA-LDL. (A) IgM antibodies 

are bound on the surface of circulating MP. MP isolated from healthy volunteers were stained 

with anti-human IgM and an isotype control antibody, and analyzed by flow cytometry. 

Symbols depict percentages of MP with bound IgM of individual donors. (B) IgM antibodies 

eluted from circulating MP are enriched for IgM with specificity for MDA-LDL compared to 

IgM in plasma. Binding of MP-eluted and plasma IgM to native LDL, CuOx-LDL, and MDA-

LDL was measured by ELISA and the ratio of antigen-specific IgM/total IgM was calculated. 

Shown are the mean±SEM results of 4 samples. ***P< 0.0001; Bonferroni’s multiple 

comparison test. (C) Competition immunoassay. Binding of MP-eluted IgM to coated MDA-

LDL in the presence of soluble LDL, CuOx-LDL, and MDA-LDL. Data are expressed as a 

ratio of the binding in the presence of competitor divided by the binding in the absence of 

competitor (B/B0). Shown are mean ±SEM data of 4 donors. ***P< 0.0001; Bonferroni’s 

multiple comparison test.  

 

3.1.4 MDA-adducts contribute to the proinflammatory effect of MP 

We and others have previously shown that malondialdehyde-acetaldehyde 

(MAA)-modified BSA induces pro-inflammatory responses in various cells, including 

IL-8 secretion by THP-1 cells (Thiele et al, 2004; Weismann et al, 2011). To test 

whether MP induce chemokine expression via MDA-epitopes, we determined IL-8 

secretion by THP-1 cells or primary human monocytes that were stimulated with 

platelet-derived MP in the presence of the MDA/MAA-specific IgM LR04 or an isotype 

control. A subset of platelet-derived MP was bound by LR04, but not an isotype 

control (Figure 9A). MP stimulation induced secretion of IL-8 by both THP-1 and 

primary human monocytes. Co-incubation with the MDA-specific antibody LR04, but 

not an isotype control, inhibited MP-induced IL-8 production by >25% and >90% in 

THP-1 cells and primary monocytes, respectively (Figure 9B, C). The more robust 

inhibition found in primary monocytes may be explained by previously observed 

differences between THP-1 cells and primary monocytes in their functional 
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responses and suggest that primary monocytes are more sensitive to MDA-

dependent effects (Qin, 2012). In contrast, LR04 did not inhibit the IL-8 secretion 

induced with the specific TLR4 ligand KDO2-Lipid A stimulation (data not shown).  

Collectively, these data demonstrate the capacity of MDA-specific natural IgM 

antibodies to inhibit inflammatory effects of MP and indicate that the proinflammatory 

properties of MP are to a significant extent mediated by MDA/MAA-epitopes.  

Figure 9. LR04, an MDA-specific IgM NAb, decreases the proinflammatory effect of 

platelet MP. (A) Platelet-derived MP stained with the MDA/MAA-specific LR04 or isotype 

antibody and analyzed by flow cytometry. (B) Stimulation of THP-1 human monocytes for 8 

hours with in vitro generated platelet-derived MP resulted in IL-8 secretion, which was 

inhibited when MP were preincubated with LR04 compared to isotype control. Data are from 

one experiment representative of four in triplicate determinations. (C) Stimulation of primary 

human monocytes isolated from healthy donors (n=6) for 8 hours with in vitro generated 

platelet-derived MP resulted in IL-8 secretion, which was inhibited when MP were 

preincubated with LR04 but not an isotype control. Data are from two independent 

experiments. Data are presented as mean ±SEM. (ns; not significant, **P‹ 0.01, ***P‹ 0.001; 

Bonferroni’s multiple comparison test or paired t test).  
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3.1.5 MDA-carrying MP are increased at the site of the coronary occlusion in 

ST-elevation myocardial infarction (STE-MI) 

Several studies have reported that patients with ACS have increased levels of 

circulating MP, which could propagate the inflammatory responses of affected 

arteries. Therefore, we tested whether MP isolated from the peripheral and coronary 

circulations of patients with STE-MI also carry MDA-epitopes. Blood was obtained 

from the femoral artery sheath and from the site of occlusion of the affected coronary 

arteries of the same patients during primary percutaneous coronary intervention 

(pPCI) (Table 1). MP levels were significantly higher in the affected coronary arteries 

compared to the peripheral site of the same patient (Figure 10A). In comparing the 

source of isolated MP from the peripheral (88±2% Annexin V+ particles) and coronary 

circulation (81±4% Annexin V+ particles), the relative contribution of RBC-derived MP 

was similar between the two vascular sites (Figure 10B). In contrast, platelet-derived 

MP were decreased (Figure 10C), while EC-derived MP increased in the coronary 

compared to the peripheral blood (Figure 10D). Moreover, the frequency of 

monocyte/macrophage-derived MP identified by expression of CD14 was very low 

and not different between the two sites (periphery: 1.02% ±0.3 of total MP vs. 

coronary: 1.15% ±0.3 of total MP). Similar data were obtained after normalization for 

Annexin V+ events (data not shown). Importantly, characterization of MP from both 

sites not only demonstrated higher numbers (Figure 10E), but also a higher 

percentage of MDA-carrying MP (Figure 10F) in the coronary circulation, despite 

similar levels of anti-MDA-LDL IgM at both sites (Figure 11). Moreover, the increased 

frequency of MDA-carrying MP was specifically found in platelet-derived MP (Figure 

10G), but not red blood cell-derived MP (Figure 10H). Thus, the total number and 

frequency of MDA-carrying MP are elevated in the coronary circulation of STE-MI 

patients. 
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Table 1. STE-MI patient characteristics. Data are presented as mean ± SD. CPKmax, 

CRP, Creatinine, Cholesterol, LDL, HDL and Triglycerides were measured one day after 

pPCI. CAD, coronary artery disease; BMI, body mass index; LAD, left anterior descending 

artery; CX, left circumflex artery; RCA, right coronary artery; VD, vessel disease; CPKmax, 

peak value of serum creatine phosphokinase; CRP, C-reactive protein; LDL, low-density 

lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol. 

Number of patients  14 

Age, years 
 

54.9 ± 10.0 

Female gender, n (%) 
 

6 (42.9) 

Diabetes, n (%) 
 

2 (14.3) 

History of hypertension, n (%) 
 

5 (35.7) 

Ever smoker, n (%) 
 

10 (71.4) 

Family history of CAD, n (%) 
 

6 (42.9) 

BMI > 25kg/m², n (%) 
 

11 (78.6) 

Troponin T max, ng/ml 
 

3.9± 3.2 

Culprit vessel, n (%) LAD 4 (28.6) 

 
CX 3 (21.4) 

 
RCA 7 (50) 

CAD, n (%) 1VD 8 (57.1) 

 
2VD 6 (42.9) 

 
3VD 0 (0) 

CPKmax, U/l 
 

2076.4 ± 

1947.8 

CRP, mg/dl 
 

0.7 ± 0.8 

Creatinine, mg/dl 
 

1.1 ± 0.3 

Total Cholesterol, mg/dl 
 

220.0 ± 60.2 

LDL, mg/dl 
 

136.3 ± 59.7 

HDL, mg/dl 
 

39.7 ± 5.8 

Triglycerides, mg/dl 
 

185.9 ± 188.5 
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Figure 10. MDA-carrying MP are increased at the culprit lesion site in STE-MI. (A) Total 

numbers of MP were quantified by flow cytometry in plasma isolated from peripheral (femoral 

artery) and coronary blood samples of patients with STE-MI. (B, C, D) Cellular origin: 

Isolated MP were stained with anti-CD41a (platelet), anti-CD235a (RBC) and anti-CD31 (EC) 

to identify their cellular origin, and are presented as percentages of positive MP of total MP. 

(E-H) MDA-epitopes: Isolated MP were stained with Annexin V, anti-CD41a, or anti-CD235a 

and LR04, and analyzed by flow cytometry. Data show (E) total numbers of Annexin V+ 

LR04+ MP per µl plasma and (F) percentages of Annexin V+ LR04+ MP of total MP, as well 

as the percentages of LR04+ MP of either (G) CD41a+ platelet or (H) CD235a+ RBC MP. All 

results are presented as mean ±SEM of 13-14 STE-MI patients, *P<0.05 and **P<0.01 

(paired t test). 
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Figure 11. Similar IgM antibody titers specific for MDA-LDL in coronary and peripheral 

plasma of STE-MI patients. (A) Determination of IgM titers to MDA-LDL in diluted plasma 

isolated from peripheral and coronary blood of STE-MI patients by ELISA. Data are mean ± 

SEM of 14 AMI patients and expressed as RLU/100ms. (B) Correlation of IgM titers to MDA-

LDL between peripheral and coronary circulation. Circles represent results of individual 

patients and correlation analysis was performed with Pearson’s test; P<0.001. 
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3.2 Part 2: (Tsiantoulas et al in preparation) 

 

Title: Natural IgM antibodies regulate plasma IgE levels 

Levels of natural IgM antibodies with specificity for OSE have been shown to 

inversely correlate with cardiovascular disease risk (Tsiantoulas et al, 2014). 

Moreover, several experimental studies have shown that increased levels of certain 

OSE-specific IgM clones such as T15/E06, which binds OxLDL and apoptotic cells, 

confer an atheroprotective effect. The proposed mechanisms for the protective 

properties of OSE-specific natural IgM antibodies, which account for approximately 

30% of total natural IgM, include blockage of scavenger receptor-mediated uptake of 

OxLDL by macrophages, promotion of apoptotic cell clearance (Tsiantoulas et al, 

2014) and - as we show above - inhibition of  the proinflammatory effect of MP. 

Consistent with such a protective function of natural IgM, it has been previously 

demonstrated that sIgM-/- mice deficient develop accelerated atherosclerosis. 

However, no significant difference in lesional apoptotic cell content between western 

diet fed Ldlr-/- and Ldlr-/-sIgM-/- mice was observed (Lewis et al, 2009). This prompted 

us to hypothesize that different mechanisms exist that promote atherosclerosis in 

absence of polyclonal natural IgM pool. Indeed, natural IgM have been demonstrated 

to play a important role in the development of  B cells (Baker & Ehrenstein, 2002; 

Boes et al, 1998; Ehrenstein et al, 1998; Notley et al, 2010), which – as reviewed 

above - are critical modulators of atherosclerosis development. Thus, we investigated 

whether altered B cell responses are responsible for the accelerated atherosclerosis 

in sIgM-/- mice. 

 

3.2.1 Mature B cells display decreased surface B220 expression in sIgM-/- mice  

 B1 cells are characterized by reduced surface expression of the 

transmembrane protein tyrosine phosphatase B220 (Baumgarth, 2011), which is the 

biggest isoform of the CD45 receptor (CD45R) and has also been shown to be a 

negative regulator of BCR signaling (Rhee & Veillette, 2012; Shrivastava et al, 2004). 

CD45 E613R transgenic mice, which carry a point mutation (E613R) that abrogates 

the inhibitory effect of the CD45 receptor on BCR signaling develop increased B1 

and reduced B2 cell numbers both in the spleen and the peritoneal cavity (Hermiston 

et al, 2005). These data suggest that CD45 is involved in the developmental fate of 
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B1 cells and B2 cells most likely by modulating BCR signaling. Because sIgM-/- mice 

have strongly increased B1 cell numbers both in the spleen and the peritoneal cavity 

(Boes et al, 1998), we investigated whether the lack of soluble natural IgM antibodies 

impacts the surface expression of B220 in splenic and peritoneal B cells (Figure 12). 

We found that in contrast to newly formed (NF) and transitional stage 1 (T1) B cells, 

B220 expression on the cell surface was significantly reduced in follicular and CD23+ 

transitional stage 2 (FO/T2), marginal zone (MZ) as well as CD21+CD23- splenic B 

cells in sIgM-/- compared to sIgM+/+ mice (Figure 13A). In line with this, we also found 

reduced surface levels of B220 in bone marrow B cells that express a BCR (Figure 

13B). Moreover, peritoneal B1a, B1b and CD23+ B2 cells were found to express 

decreased surface B220 in sIgM-/- mice (Figure 13C), which was completely restored 

to levels similar to wild type mice, upon intraperitoneal injection of 200µg of 

polyclonal IgM preparations every other day over a two week period (Figure 13D-F). 

These data identify soluble natural IgM antibodies as a novel regulator of surface 

B220 expression and suggest that soluble IgM antibodies may be modulators of BCR 

signaling.   
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Figure 12. Gating strategy of mature splenic and peritoneal B cells. (A) Splenic B cell 

subsets. Follicular and CD23+ transitional stage 2 B cells (FO/T2; blue) were defined as 

B220+CD21+CD23+CD43-, marginal zone (MZ; purple) B cells were defined as 

B220+CD21highCD23-CD43-, CD21+CD23- B cells (were defined as B220+CD21+CD23- CD43- 

; red), transitional stage 1 (T1; green) B cells were defined as B220+CD21lowCD23-CD43- and 

newly formed (NF; grey) B cells were defined as B220+CD21-CD23-CD43-. (B) Peritoneal B 

cell subsets. B1a cells (red) defined as B220+ CD11bintermediate CD5+, B1b (blue) defined as 

B220+ CD11bintermediate CD5-, and CD23+ B2 cells (purple) defined as B220highCD11b- CD5- 

CD23+. 
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Figure 13. Mature splenic and peritoneal B cells display decreased surface B220 

expression in sIgM-/- mice. (A) Quantification of B220 expression of splenic B cell subsets 

in sIgM+/+ (light colored bars) and sIgM-/- (dark colored bars) mice, analyzed by flow 

cytometry. Bars represent the mean fluorescence intensity (MFI) of B220 expression in 

FO/T2 (blue), MZ (purple), CD21+CD23- B cells (red), T1 (green) and NF (grey) as defined in 

Figure 12A. (B) Quantification of B220 expression of bone marrow B cells in sIgM+/+ (light 

blue bar) and sIgM-/- (dark blue bar) mice analyzed by flow cytometry. Bars represent the MFI 

of B220 expression in B220+ B cells that also express either kappa or lambda light chains on 

their cell surface. (C) Quantification of B220 expression in peritoneal B cell subsets of sIgM+/+ 

(light colored bars) and sIgM-/- (dark colored bars) mice analyzed by flow cytometry. Bars 

represent MFI of B220 expression in B1a cells (red), B1b (blue) and CD23+ B2 cells (purple) 

as defined in Figure 12B (D, E, F) Quantification of B220 expression in peritoneal B cell 

subsets of sIgM+/+ (light colored bars) that were injected i.p. with DPBS and sIgM-/- (dark 

colored bars) mice that were injected with either DPBS or polyclonal IgM for every other day 

for two weeks. Bars represent the MFI of B220 expression in B1a cells (red), B1b (blue) and 

CD23+ B2 cells (purple) as defined in (c). All results show mean ± SEM, (A,C: Values of one 

representative experiment of three independent experiments are shown with six mice per 
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group; Mann-Whitney test, B: Values of one representative experiment of two independent 

experiments are shown with six mice per group; Mann-Whitney test, D,E,F: Values of four to 

five mice per group are shown; One-Way ANOVA followed by Newman-Keuls test).*P<0.05, 

**P<0.01. 

 

3.2.2 Soluble natural IgM antibodies decrease antigen mediated BCR signaling 

and reduce BCR editing.  

We and others have previously shown that natural IgM antibodies recognize 

and promote the clearance of apoptotic cells (Chang et al, 2004; Chou et al, 2009; 

Ogden et al, 2005) resulting in prevention of autoimmune responses against self-

antigens (Boes et al, 2000; Notley et al, 2011). Moreover, B cells that have robustly 

increased antigen-mediated BCR signaling, also display reduced B220 expression on 

their cell surface (Hojyo et al, 2014). Because we found reduced B220 cell surface 

expression in B cells of sIgM-/- mice, we were prompted to investigate the role of IgM 

antibodies in antigen mediated BCR signaling. Therefore, we isolated splenic B2 

cells from t11µMT mice (Klein et al, 1997) that exclusively express BCRs directed 

against the vesicular stomatitis virus (VSV) antigen, and stimulated them with UV-

inactivated VSV antigens that were preincubated with either an anti-VSV specific IgM 

(that recognizes a different epitope than the BCR) or an isotype control antibody. To 

evaluate the strength of the VSV antigen mediated BCR signaling we quantified 

mRNA expression of the orphan nuclear hormone receptor Nur77 gene that has 

been shown to be rapidly upregulated upon BCR stimulation (Mittelstadt & DeFranco, 

1993). The VSV antigen preincubated with the isotype control antibody stimulated 

Nur77 gene expression to the same extent as 10µg/ml of anti-IgM F(ab’)2. 

Interestingly, Nur77 expression was significantly reduced when the VSV antigen was 

bound by a monoclonal IgM VSV-specific antibody suggesting that soluble IgM 

interfere with the signaling triggered by BCR bound antigens (Figure 14A). Because 

the antigen-mediated BCR signaling strength determines evasion of immature B cells 

in the bone marrow from autoreactivity by influencing BCR editing (Clark et al, 2014), 

we examined the ratio of B cells expressing kappa to B cells expressing lambda light 

chains as a marker of BCR editing. We found a decreased ratio of kappa/lambda 

light chain expressing B cells in the bone marrow of sIgM-/- (Figure 14B) compared to 

sIgM+/+ mice indicative of enhanced BCR editing. In line with this, splenic B cells 

showed also a decreased ratio of kappa/lambda light chain expressing B cells in 
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sIgM-/- mice (Figure 14C). Thus, our results suggest that soluble natural IgM 

antibodies modulate the interaction of self-antigens with B cells resulting in 

decreased BCR signaling and editing and thus influence the BCR repertoire present 

in peripheral mature B cells. 

 

Figure 14. Natural IgM antibodies decrease the antigen mediated BCR signaling and 

reduce BCR editing in sIgM-/- mice. (A) Purified B2 (B220+ CD43-) cells from t11µMT mice 

were stimulated with either 10 µg/ml of anti-IgM F(ab’)2 or 465,000 PFU of inactivated 

vesicular stomatitis virus (VSV) for 30 minutes. VSV was preincubated with either 2 µg/ml of 

an anti-VSV (M4C11H2) or a control IgM antibody (MM-30). Nur77 mRNA was quantified by 

Real-time PCR. Data show one representative experiment of two independent experiments. 

(B) Ratio of kappa and lambda light chain expressing B220+ cells in bone marrow of sIgM+/+ 

(light blue bar) and sIgM-/- (dark blue bar) mice analyzed by flow cytometry. Representative 

flow cytometry plots show the percentage of either kappa or lambda light chain positive cells 

of B220+ B cells (within B220+ B cells that express kappa or lambda light chains), and bars 

represent the mean kappa/lambda light chain ratio of all mice. Data show one representative 

experiment of two independent experiments. (C) Ratio of kappa and lambda light chain 

expressing B2 cells in the spleen of sIgM+/+ (light blue bar) and sIgM-/- (dark blue bar) mice 

analyzed by flow cytometry. Representative flow cytometry plots show the percentage of 

either kappa or lambda light chain positive cells of B220+ CD43- cells and bars represent the 

mean kappa/lambda light chain ratio of all mice. Data show one representative experiment of 
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three independent experiments with six mice per group. All results are represented as mean 

± SEM, *P<0.05, **P<0.01 ((A) unpaired t test or (B, C) Mann-Whitney test). 

 

3.2.3 Mature splenic B cells display increased BCR signaling in sIgM-/- mice in 

vivo.  

Because the decreased kappa/lambda light chain ratio in bone marrow and 

splenic B cells (Figure 14B,C) of sIgM-/- mice indicates enhanced BCR editing, we 

hypothesized that B cells are exposed to strong BCR signaling in absence of soluble 

natural IgM antibodies. To investigate this, we quantified the phosphorylated spleen 

tyrosine kinase (pSyk) and Bruton’s tyrosine kinase (pBtk) levels in splenic B cell 

subsets of sIgM+/+ and sIgM-/- mice by flow cytometry. These kinases have been 

shown to be critically involved in antigen mediated BCR signaling and B cell 

maturation towards FO and MZ B cells (Cariappa et al, 2001; Cornall et al, 2000). 

Our results show that splenic NF and T1 B cells display similar pSyk and pBtk MFI in 

sIgM+/+ and sIgM-/- mice. In contrast, both MZ and FO/T2 were found to have higher 

levels of both pSyk and pBtk. Similar results were obtained for CD21+CD23- splenic 

B cells (Figure 15A,B). To confirm our results, we quantified the expression of Nur77 

in splenic B cell subsets of Nur77-GFP/sIgM-/- and Nur77-GFP/sIgM+/+ reporter mice 

as a marker of BCR signaling intensity (Zikherman et al, 2012). In analogy to the 

levels of pBtk and pSyk we found higher Nur77 expression in MZ, FO/T2 and 

CD21+CD23- B cells of sIgM-/- mice (Figure 15C). Collectively, these data indicate 

that in absence of soluble natural IgM antibodies, mature splenic B cells subsets are 

exposed to higher BCR signaling in sIgM-/- mice.  
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3.2.4 Marginal zone B cells display stronger BCR signaling compared to 

follicular B cells in vivo.  

Notably, we also found that MZ B cells display higher pSyk and pBtk levels 

(Figure 15A,B) in wild type mice. In line with this, we also show that Nurr77 

expression of MZ B cells (light purple bar) is higher than that of FO/T2 (light blue bar) 

B cells in Nur77-GFP reporter mice (Figure 15C). Similar results were obtained when 

Nur77-GFP mice were housed in a different specific pathogen free animal facility 

(Figure 15D). Next, we gated on B220+CD93- B cells in order to exclude all 

transitional B cells and compare the GFP MFI of MZ to FO B cells only. We obtained 

similar data showing that MZ have higher Nur77 expression compared to FO B cells 

(Figure 15E). This suggests that the MZ B cell compartment displays stronger BCR 

signaling compared to FO B cells.  

 

 

Figure 15. Increased B cell receptor signaling in sIgM-/- mice. Quantification of (A) 

phosphorylated spleen tyrosine kinase (pSyk) and (B) phosphorylated Bruton’s tyrosine 

kinase (pBtk) in splenic B cell subsets of sIgM+/+ (light colored bars) and sIgM-/- (dark colored 

bars) mice by flow cytometry. Shown are representative flow cytometry histograms for the 

MFI of pSyk and pBtk expression (left) and the mean MFI of pSyk and pBtk expression of all 

mice analyzed (bar graphs, right) in FO/T2 (blue), MZ (purple), CD21+CD23- B cells (red), T1 
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(green) and NF (grey) as defined in Figure 12. (C) Quantification of Nurr77-GFP expression 

in splenic B cell subsets of Nur77-GFP/sIgM+/+ (light colored) and Nur77-GFP/sIgM-/- (dark 

colored) mice analyzed by flow cytometry. Shown are representative flow cytometry 

histograms for the MFI of Nurr77-GFP expression (left) and the mean MFI of all mice 

analyzed (bar graphs, right) in FO/T2 (blue), MZ (purple), CD21+CD23- B cells (red), T1 

(green) and NF (grey) as defined in Figure 12. (D) Shown are the mean MFI (bar graphs) of 

FO/T2 B cells (grey bar) and MZ B cells (black bar) as defined in Figure 12 of all Nur77-GFP 

mice analyzed, which were housed in a different animal facility. (E) Shown are representative 

flow cytometry histograms for the MFI of Nurr77-GFP expression (left) and the mean MFI of 

all mice analyzed (bar graphs, right) of B220highCD21+CD23+CD93-   FO B cells (grey bar) and 

B220highCD21highCD23-CD93- MZ B cells (black bar) of Nur77-GFP mice. All results show 

mean ± SEM, (A,B: Values of one representative experiment of two independent 

experiments are shown with four mice per group; unpaired t test, C: Values of two 

independent experiments are shown with four to five mice per group; unpaired or paired t 

test, D: Values of one experiment are shown with five mice per group; paired t test, E: Values 

of two independent experiments are shown with five mice per group; paired t test.). *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001.  

 

3.2.5 Abnormal splenic B cell development results in reduced CD23+ B cells in 

sIgM-/- mice.  

Newly formed splenic B cells further differentiate to transitional and then mature 

splenic B cells, which include FO and MZ B cells. Whether a transitional B cell will 

mature towards the FO or MZ zone B cell type is largely determined by the BCR 

signaling with the FO B cell differentiation to be promoted in conditions of strong BCR 

signaling (Loder et al, 1999; Pillai & Cariappa, 2009). Because our data show 

increased BCR signaling in the spleen of sIgM-/- mice, we were prompted to examine 

the splenic B cell differentiation in sIgM-/- mice. Therefore, we performed a detailed 

flow cytometry analysis of splenic B cell subsets in sIgM-/- and sIgM+/+ mice. We 

found no difference in total viable or dying B cell numbers between sIgM-/- and 

sIgM+/+ mice (Figure 16A-C). NF and T1 (Figure 17A) as well as total transitional B 

cell numbers (Figure 18B) were not different between sIgM-/- and sIgM+/+ mice. 

Moreover and in agreement with a  previous report (Baker & Ehrenstein, 2002), we 

also found increased MZ B cell numbers in young (12-14 week old) sIgM-/- mice 

(Figure 17A) but this was not the case for older (28 week old) mice (Figure 19A). 

Notably, we also found a robust increase in mature CD21+CD23- B cells in both 

52



 
 

young and older sIgM-/- mice compared to sIgM+/+ controls (Figure 17A and Figure 

19C). Interestingly, our analysis revealed a strong decrease in CD23+ B cells, which 

consist of FO and CD23+ T2 B cells (FO/T2), in both young and older sIgM-/- mice 

(Figure 17A and Figure 19B). In line with this we found that the transitional stage 2 B 

cells, defined as B220+CD93+CD21+, were shifted towards CD23- cells in sIgM-/- mice 

(Figure 18C). Because, CD23+ B cells have circulating capacity, we examined their 

numbers in the peripheral blood as well as in the peritoneal cavity and we found that 

they were strongly reduced at both sites in sIgM-/- mice (Figure 17B,C). Collectively, 

these data show abnormal splenic B cell development, which results in impaired 

generation of CD23+ B cells in absence of soluble natural IgM antibodies.   

 

 

 

Figure 16. Total 

splenic B cell 

numbers are not 

different between 

sIgM+/+ and sIgM-/- 

mice. Bars represent 

the absolute number of splenic B cells defined as (A) B220+ IgM+ or (B) CD19+ and the 

absolute numbers of (C) CD19+ 7-AAD+ dying B cells of sIgM+/+ (light blue bar) and sIgM-/- 

(dark blue bar) mice analyzed by flow cytometry. Data represent mean ± SEM values of one 

representative experiment of at least two independent experiments with six mice per group.  
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Figure 17. Abnormal splenic B cell development results in reduced CD23+ B cells in 

sIgM-/- mice. (A) Quantification of splenic B cell subsets in sIgM+/+ (light colored bars) and 

sIgM-/- (dark colored bars) mice by flow cytometry. Flow cytometry plots show representative 

examples of different B cell populations identified by staining with antibodies against CD21 

and CD23. Bar graphs represent absolute numbers of FO/T2 (blue), MZ (purple), 

CD21+CD23- B cells (red), T1 (green) and NF (grey) cells as defined in Figure 12. 

Quantification of circulating (B) and peritoneal (C) CD23+ B cells of sIgM+/+ (light blue bar) 

and sIgM-/- (dark blue bar) mice by flow cytometry. Flow cytometry plots show representative 

examples CD23+ B cells identified by staining with antibodies against B220 and CD23. Bar 

graphs represent percentages of CD23+ B2 cells within the B2 population defined as B220+ 

CD5- CD11b- of sIgM+/+ (light blue bar) and sIgM-/- (dark blue bar) mice. Data shown are from 

one representative experiment of (A,C) at least three independent experiments and (B) two 

independent experiments . All results are represented as mean ± SEM of six mice per group, 

*P<0.05, **P<0.01 (Mann-Whitney test).  
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Figure 18. Transitional stage 2 B cells are shifted towards CD23- cells in the spleen of 

sIgM-/- mice. (A) Bars represent the absolute numbers of splenic B220high CD93- CD21+ 

CD23- B cells in sIgM+/+ (light blue bar) and sIgM-/- (dark blue bar) mice, analyzed by flow 

cytometry. (B) Bars represent the absolute numbers of splenic transitional B cells defined as 

B220+ CD93+ in sIgM+/+ (light blue bar) and sIgM-/- (dark blue bar) mice analyzed by flow 

cytometry. (C) Representative flow cytometry histograms and bar graphs showing the 

percentages of B220+ CD93+ CD21+ CD23- within transitional stage 2 B cells defined as 

B220+CD93+CD21+ in sIgM+/+ (light blue bar) and sIgM-/- (dark blue bar) mice, analyzed by 

flow cytometry. All results are represented as mean ± SEM of six mice per group. Data show 

one representative experiment of at least two independent experiments. *P<0.05 (Mann-

Whitney test).  
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Figure 19. Marginal 

zone B cells are not 

increased in old sIgM-/- 

mice. Quantification of 

splenic B cell subsets in 

28 week old sIgM+/+ 

(light colored bars) and 

sIgM-/- (dark colored 

bars) mice by flow cytometry. Bars represent the absolute numbers of (A) MZ (purple), (B) 

FO/T2 (blue) and (C) CD21+CD23- B cells (red) as defined in Figure 12. All results are 

represented as mean ± SEM of six mice per group. Data show one of at least two 

independent experiments. **P<0.01 (Mann-Whitney test). 

 

3.2.6 Natural IgM antibody deficiency results in increased serum IgE titers

 CD23, which is the low affinity receptor for IgE (FcεRII) and expressed 

primarily in B cells, has been previously shown to be involved in regulation of plasma 

IgE levels (Cheng et al, 2010; Ford et al, 2006; Lewis et al, 2004; Yu et al, 1994). 

Because sIgM-/- mice have decreased CD23 expressing B cells in the spleen, 

periphery and peritoneal cavity (Figure 17A-C), we examined serum IgE levels in 

these mice. IgE levels were found to be >8 fold higher in both young (Figure 20A) 

and older (Figure 20B) sIgM-/- mice compared to sIgM+/+ controls. In order to 

investigate whether the increased IgE levels were due to increased production or 

impaired clearance, we quantified the germline and mature IgE mRNA as well as the 

numbers of IgE+ B cells in the spleen of sIgM-/- and sIgM+/+ mice. We found no 

difference in germline IgE mRNA between sIgM-/- and sIgM+/+ mice (Figure 20C). 

Mature IgE mRNA was neither detectable in sIgM+/+ nor in sIgM-/- splenocytes (Figure 

20D). Moreover, our results show that sIgM-/- and sIgM+/+ mice have equivalent 

numbers of IgE+ splenic B cells (Figure 20E, F). Thus, our data demonstrate for the 

first time that mice deficient in natural IgM antibodies have robustly increased IgE 

titers in their serum, most likely resulting from impaired clearance due to decreased 

CD23+ B cells. 
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Figure 20. Increased plasma IgE titers in sIgM-/- mice. (A) Quantification of total plasma 

IgE antibody titers in (A) 12-14 week old (n=9-10 mice /group) and (B) 28 week old (n=10 

mice /group) sIgM+/+ (light blue bar) and sIgM-/- (dark blue bar) mice by ELISA. Quantification 

of (C) germline IgE mRNA and (D) mature IgE mRNA in splenocytes of sIgM+/+ (light blue 

bar) and sIgM-/- (dark blue bar) mice by Real-time PCR (n.d.; not detectable). Quantification 

of IgE+ B cells. (E) Representative flow cytometry plots and bar graphs show the percentage 

of IgE+ B220+ B cells within total splenic B220+ B cells and (F) the splenic IgE+ B220+ B cell 

absolute number in the spleens of sIgM+/+ (light blue bar) and sIgM-/- (dark blue bar) mice 

analyzed by flow cytometry. All results are represented as mean ± SEM. (C-F) Data show 

one of at least two independent experiments with six mice per group. ***P<0.001, 

****P<0.0001 (Mann-Whitney test). 

 

3.2.7 IgE neutralization reverses the accelerated atherosclerosis in Ldlr-/-sIgM-/- 

mice. 

Wang et al have demonstrated that atherosclerosis-prone mice deficient in the 

high affinity receptor for IgE (FcεRI), develop smaller and less inflammatory 

atherosclerotic lesions (Wang et al, 2011a). Thus, we hypothesized that increased 

IgE levels may contribute to the accelerated atherosclerosis in sIgM-/- mice. Similar to 

sIgM-/- mice, Ldlr-/-sIgM-/- mice fed a chow diet display reduced CD23+ B cells in the 

57



 
 

spleen and the peritoneum (Figure 21A,B) , >9-fold increased serum IgE titers 

(Figure 21C) and no difference in IgE germline mRNA (Figure 21D). Mature IgE 

mRNA was not detectable in splenocytes isolated from Ldlr-/-sIgM-/- or Ldlr-/- mice. 

Moreover, we also found reduced soluble CD23 levels in the serum of Ldlr-/-sIgM-/- 

mice compared to Ldlr-/- controls (Figure 21E), which is in line with reduced 

generation of CD23+ B cells. In addition, atherogenic diet fed Ldlr-/-sIgM-/- mice that 

developed increased atherosclerosis despite similar serum cholesterol and 

triglyceride levels (Table 2; study 1), had also reduced splenic CD23+ B cells and 

increased serum IgE levels (Figure 22A-C).  

 

Figure 21. Reduced CD23+ B cells and increased plasma IgE titers in Ldlr-/-sIgM-/- mice. 

(A) Quantification of splenic B cell subsets in sIgM+/+ (light colored bars) and sIgM-/- (dark 

colored bars) mice by flow cytometry. Flow cytometry plots show representative examples of 

different B cell populations identified by staining with antibodies against CD21 and CD23. Bar 

graphs represent absolute numbers of FO/T2 (blue), MZ (purple), CD21+CD23- B cells (red), 

T1 (green) and NF (grey) cells as defined in Figure 12 of Ldlr-/-sIgM+/+ (light blue bar) and 

Ldlr-/-sIgM-/- (dark blue bar) mice. (B) Quantification of peritoneal CD23+ B cells of sIgM+/+ 

(light blue bar) and sIgM-/- (dark blue bar) mice by flow cytometry. Flow cytometry plots show 

representative examples of CD23+ B cells identified by staining with antibodies against B220 

and CD23. Bar graphs represent percentages of CD23+ B2 cells within the B2 population as 
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defined in Figure 12 of Ldlr-/-sIgM+/+ (light blue bar) and Ldlr-/-sIgM-/- (dark blue bar) mice. (C) 

Quantification of total plasma IgE antibody titers in Ldlr-/-sIgM+/+ (light blue bar) and Ldlr-/-

sIgM-/- (dark blue bar) mice by ELISA. (D) Quantification of germline IgE mRNA by Real-time 

PCR in splenocytes of Ldlr-/-sIgM+/+ (light colored bars) and Ldlr-/-sIgM-/- (dark colored bars) 

mice. Bars represent the fold increase compared to Ldlr-/-sIgM+/+ mice. (E) Quantification of 

soluble CD23 in plasma of Ldlr-/-sIgM+/+ (light blue bar) and Ldlr-/-sIgM-/- (dark blue bar) mice 

by ELISA. All results are represented as mean ± SEM of six mice per group, *P<0.05, 

**P<0.01. ***P<0.001 ((A,B,C) Mann-Whitney test, (E) unpaired t test).  

 

Figure 22. Reduced CD23+ B cells, increased plasma IgE titers and accelerated 

atherosclerosis in Ldlr-/-sIgM-/- mice fed an atherogenic diet. (A) Representative 

photomicrographs and quantification of en face lesion size expressed as percentage of total 

area of Sudan IV stained aortas of female Ldlr-/-sIgM+/+  (light blue bar) or Ldlr-/-sIgM-/- (dark 

blue bar) mice that were fed an atherogenic diet for 16 weeks (n=13-15 mice/group). (B) 

Quantification of CD23+ B cells. Bars represent the percentage of splenic CD23+ B2 cells 

defined as B220+IgM+CD43- CD23+ within B2 cells of Ldlr-/-sIgM+/+ (light blue bar) and Ldlr-/-

sIgM-/- (dark blue bar) mice analyzed by flow cytometry. (C) Quantification of total plasma IgE 

antibody titers in Ldlr-/- sIgM+/+ (light blue bar) and Ldlr-/- sIgM-/- (dark blue bar) mice (n=13 

mice/group) by ELISA. Results are represented as mean ± SEM, ****P<0.0001, ((A) unpaired 

t test or (B, C) Mann- Whitney test).  
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Table 2. Whole body weight and serum or plasma total cholesterol and triglyceride 

quantification in Ldlr-/- and Ldlr-/-sIgM-/- mice that were fed an atherogenic diet. Serum 

or plasma total cholesterol and triglycerides were measured under standardized conditions in 

an ISO 15189 accredited medical laboratory on Beckman Coulter AU5400 (Beckman 

Coulter) or Roche Cobas 8000 (Roche) instruments. All results are represented as mean 

±SD. 

 

To investigate whether increased IgE titers contribute to the accelerated 

atherosclerosis in mice lacking soluble natural IgM antibodies, Ldlr-/-sIgM-/- or Ldlr-/- 

mice were fed an atherogenic diet for 6 weeks and at the same time treated with 

either a neutralizing anti-IgE antibody (R1E4) or a control antibody (Ctrl), 

respectively. Anti-IgE treatment resulted in complete neutralization of free IgE 

antibodies (Figure 23A) as well as >40% reduction of total serum IgE levels (Figure 

23B), while it did not alter the reduced numbers of CD23+ B cells in Ldlr-/-sIgM-/- mice 

(Figure 24A,B). Moreover, anti-IgE treatment did not change serum cholesterol and 

triglyceride levels (Table 2; study 2). While Ldlr-/-sIgM-/- mice treated with the control 

antibody developed significantly increased atherosclerosis compared to Ldlr-/- mice in 

the aortic root, enhanced lesion formation in Ldlr-/-sIgM-/- mice was fully reversed by 

anti-IgE treatment (Figure 23C). Because IgE antibodies robustly activate mast cells 

via the FcεRI and have been shown to promote atherosclerotic plaque formation (Bot 

et al, 2007; Sun et al, 2007), we examined the activation status of mast cells in the 

perivascular area of aortic root atherosclerotic lesions. We found that Ldlr-/-sIgM-/- 

mice treated with the control Ab developed significantly increased frequency of 

activated mast cells compared to Ldlr-/- mice, while this effect was fully reversed by 

anti-IgE treatment (Figure 23D). Finally, because neutrophils, which have been 

shown to promote atherosclerosis (Doring et al, 2014), express the FcγRIV receptor 

(Jakus et al, 2008) that has been recently identified to bind IgE (Hirano et al, 2007; 

Mancardi et al, 2008) we were also prompted to examine neutrophil numbers in the 
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same perivascular area. We found that Ldlr-/-sIgM-/- mice treated with the control Ab 

had significantly increased numbers of neutrophils compared to Ldlr-/- mice, and this 

was fully reversed by anti-IgE treatment (Figure 23E). 

 

Figure 23.  IgE neutralization reverses accelerated atherosclerosis in Ldlr-/-sIgM-/- mice. 

Quantification of (A) free and (B) total plasma IgE antibody titers, (C) representative 

photomicrographs of H&E aortic root lesions (left) and bar graphs showing  the intimal lesion 

size throughout the entire aortic origin expressed as µm2/section in female Ldlr-/- (light blue 

bar) or Ldlr-/-sIgM-/- (dark blue bars) mice that were fed an atherogenic diet for 6 weeks. (D) 

Chloroacetate esterase staining of a resting and an activated mast cell (MC), (upper left; 10x, 

bottom left; 40x) and bar graphs (right) showing the percentage of activated mast cells in 

perivascular area of aortic root atherosclerotic lesions and (E) bar graphs showing the 

absolute numbers of neutrophils in the perivascular area of aortic root atherosclerotic lesions 

in female Ldlr-/- (light blue bar) or Ldlr-/-sIgM-/- (dark blue bars) mice that were fed an 

atherogenic diet for 6 weeks. During the diet feeding, mice were injected intraperitoneally 

with 25µg diluted in 100µl DPBS (Sigma) of an anti-IgE neutralizing antibody (clone R1E4; 

kind gift of Dr. Daniel Conrad, Virginia, USA) or a control IgG (Ctrl; Jackson Immunoresearch 

Inc.) once every week, ((A, B, C) Ldlr-/- & Ctrl IgG; n=14, Ldlr-/-sIgM-/- & Ctrl IgG; n=16, Ldlr-/-

sIgM-/- & α-IgE; n=15, (D,E) Ldlr-/- & Ctrl IgG; n=13, Ldlr-/-sIgM-/- & Ctrl IgG; n=15, Ldlr-/-sIgM-/- 

& α-IgE; n=14). Data are represented as mean ± SEM, *P<0.05, **P<0.01, ****P<0.0001 

(One-Way ANOVA test followed by (A, B, C, D) Newman-Keuls or (D) unpaired t test). 
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Similar data were obtained when Ldlr-/-sIgM-/- and Ldlr-/- mice were fed an atherogenic 

diet for 8 weeks and treated with a neutralizing anti-IgE or a control antibody as 

described above (data not shown). Similar to this study, anti-IgE treatment did not 

affect plasma cholesterol or triglyceride levels. Moreover, stimulation of bone marrow 

derived mast cells (BMMCs) with plasma collected from Ldlr-/-sIgM-/- mice treated with 

the control antibody at the end of the diet feeding resulted in robust IL-6 secretion 

compared to stimulation with plasma from control antibody treated Ldlr-/- mice. 

Notably, stimulation with plasma of Ldlr-/-sIgM-/- mice treated with the anti anti-IgE 

antibody, failed to stimulate IL-6 secretion by BMMCs (Figure 25). In summary, IgE 

neutralization reverses the accelerated atherosclerosis in Ldlr-/-sIgM-/- mice at least in 

part by preventing mast cell activation and neutrophil recruitment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. IgE neutralization does not alter the reduced CD23+ B2 cell population in 

Ldlr-/-sIgM-/- mice. Bars represent (A) the percentages of splenic CD23+ B2 cells defined as 

B220+IgM+CD43-CD23+ within B2 cells, and (B) the percentages of peritoneal CD23+ B2 cells 

defined as B220+CD11b-CD5-CD23+  within B2  cells in Ldlr-/- (light blue bar) and Ldlr-/-sIgM-/- 

(dark blue bar) mice that were fed an atherogenic diet for 6 weeks. During the diet feeding 

mice were injected intraperitoneally with 25µg diluted in 100µl DPBS (Sigma) of an anti-IgE 

neutralizing antibody (clone R1E4; kind gift from Dr. Daniel Conrad, Virginia, USA) or a 

control IgG (Ctrl) (Jackson Immunoresearch Inc.) once every week (Ldlr-/- /Ctrl IgG; n=14, 

Ldlr-/-sIgM-/- /Ctrl IgG; n=16, Ldlr-/-sIgM-/- /α-IgE; n=15). Data are represented as mean ± SEM, 

****P<0.0001 (One-Way ANOVA test followed by (A) Newman-Keuls test or (B) Dunn’s test). 
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Figure 25. Plasma from atherogenic diet fed Ldlr-/-

sIgM-/- mice triggers IL-6 secretion by bone marrow 

derived mast cells in an IgE dependent manner. 

Ldlr-/- (light blue bars) and Ldlr-/-sIgM-/- (dark blue bars) 

mice were fed an atherogenic diet for 8 weeks and 

injected intraperitoneally with 25µg diluted in 100µl 

DPBS (Sigma) of an anti-IgE neutralizing antibody 

(clone R1E4; kind gift from Dr. Daniel Conrad, Virginia, 

USA) or a control IgG (Ctrl; Jackson Immunoresearch 

Inc.) once every week (Ldlr-/- /Ctrl IgG; n=8, Ldlr-/-sIgM-/-

/Ctrl IgG; n=9, Ldlr-/-sIgM-/-/α-IgE; n=7).Quantification of IL-6 by ELISA in supernatants of 

bone marrow derived mast cells stimulated for 2 hours with pooled plasma from each group 

collected from the mice described above at the end of the diet feeding. Data are represented 

as mean ± SEM of quadruplicates. ***P<0.001, ****P<0.0001 (One-Way ANOVA test 

followed by Bonferroni’s test). 

 

 

 

 

 

 

 

 

  

63



 
 

4. DISCUSSION 

In this study, we identified a subset of circulating MP that carries OSE and is 

increased at the site of coronary occlusion of patients with STE-MI. OSE+ MP are 

recognized by OxLDL-specific IgM antibodies, which have the capacity to decrease 

pro-inflammatory effects of MP. We further show that mice lacking secreted natural 

IgM antibodies have abnormal splenic B cell development resulting in impaired 

generation of CD23 expressing B cells and increased IgE plasma levels, which 

mediate the accelerated atherosclerotic lesion formation in these mice. Thus, natural 

IgM have the potential to protect from atherosclerosis both by neutralizing pro-

inflammatory effects of stress-induced self-antigens as well as by regulating B cell 

homeostasis. The latter may be in part dependent on the ability of natural IgM to bind 

OSE on self-antigens.  

 

4.1 Microparticles are recognized by OSE-specific natural IgM antibodies 

There is substantial evidence from both epidemiological and experimental 

studies demonstrating that humoral immunity plays an important role in CVD 

(Tsiantoulas et al, 2014). OSE-specific IgM antibodies in particular have been shown 

to associate with lower CVD risk (Karvonen et al, 2003; Tsimikas et al, 2007). 

Moreover, high levels of OSE-specific IgM antibodies have been shown to predict a 

lower risk of cardiovascular events (Fiskesund et al, 2010; Gronlund et al, 2009). 

Specifically, a recent analysis of the Bruneck study, which prospectively followed 765 

individuals for 15 years, demonstrated that high IgM titers to CuOx-LDL and MDA-

LDL were associated with a significantly lower risk of adverse cardiovascular events 

(Tsimikas et al, 2012). Our findings that MP carry OSE and are recognized by the 

same antibodies that bind CuOx-LDL and MDA-LDL suggest a novel atheroprotective 

mechanism for OxLDL-specific IgM.  

Indeed, patients with ACS were found to have increased circulating MP of EC 

origin (Mallat et al, 2000). Moreover, in a recent study of 45 AMI patients, the number 

of MP in the blood collected distal to the coronary lesions with an aspiration catheter 

of the culprit coronary artery was also found to be increased before pPCI compared 

to MP in the blood collected from the femoral artery (Min et al, 2013). We now report 

that STE-MI patients have increased numbers of EC-derived MP at the coronary 

occlusion site, suggesting that MP are generated most likely from injured and dying 
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cells at this site. In turn, these MP may contribute to pro-inflammatory and pro-

coagulatory responses during atherothrombosis. It has been recently demonstrated 

by immunological and mass spectroscopy techniques the presence of OSE, including 

a variety of OxPL as well as MDA-type epitopes, on embolized material from 

vulnerable plaques trapped on distal protection devices during PCI procedures 

(Ravandi et al, 2014). MDA-modified proteins induce the secretion of pro-

inflammatory cytokines, such as IL-8, in monocytes and macrophages (Shanmugam 

et al, 2008; Weismann et al, 2011). Because MP also carry MDA-epitopes, they may 

propagate inflammation locally by triggering inflammatory responses via the same 

mechanisms. In turn, these can be inhibited by MDA/MAA-specific IgM antibodies. 

Additional biological activities may also be mediated by other OSE present on MP, 

including PC of OxPL, which we found to be nearly exclusively present on MDA-

carrying MP. Notably, PC epitopes have been found to mediate EC activation when 

present on apoptotic cells or blebs (Chang et al, 2004; Huber et al, 2002). It has been 

previously shown that bioactive lipid-bearing platelet-derived MP can activate 

platelets and EC (Barry et al, 1997). One may hypothesize that MDA-modified lipids 

or proteins on the surface of MP contribute to these effects. Interestingly, activation 

of platelets has also been shown to generate MDA and induce MDA-modifications in 

LDL (Fogelman et al, 1980; Hammarstrom & Falardeau, 1977). Whether OSE-

specific IgM could also interfere with the pro-coagulatory potential of MP and 

subsequent thrombus formation remains to be shown. 

 

4.2 Deficiency in natural IgM antibodies accelerated atherosclerosis but does 

not result in apoptotic cell accumulation in atherosclerotic lesions 

In support of an atheroprotective role of IgM, deficiency of natural IgM 

antibodies has been shown to result in accelerated atherosclerosis in mice (Lewis et 

al, 2009). On the other hand, pneumococcal vaccination, which results in a robust 

increase of the PC specific T15/E06 natural IgM antibody levels or infusion of 

T15/E06 antibody in intact atherogenic diet fed Apoe-/-, reduces atherosclerotic lesion 

size. OSE-specific natural IgM antibodies, such as E06 and NA17, have been shown 

to bind apoptotic cells and inhibit their proinflammatory properties in vitro (Chang et 

al, 2004) and promote their uptake by macrophages in vivo (Chou et al, 2009), 

respectively. Indeed, accumulation of apoptotic cells in atherosclerotic lesions has 
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been shown to enhance atherosclerosis (Tabas, 2010; Tabas et al, 2009). Together 

these data suggest that OSE-specific natural IgM antibodies confer atheroprotection 

also via promoting apoptotic cell clearance. Surprisingly, however, deficiency in 

secreted IgM antibodies did not lead to increased accumulation of apoptotic cells in 

atherosclerotic lesions (Lewis et al, 2009). This suggests that there are additional 

mechanisms by which natural IgM protect from atherosclerosis that require the 

presence of the full or at least a broader repertoire.  

 

4.3 Soluble natural IgM antibodies decrease BCR signaling and editing, and 

modulate B cell maturation 

Natural IgM antibodies have been shown to regulate B cell responses (Baker 

& Ehrenstein, 2002; Boes et al, 1998; Boes et al, 2000; Ehrenstein et al, 1998; Notley 

et al, 2010), which are strong modulators of atherosclerotic lesion development 

(Tsiantoulas et al, 2014; Tsiantoulas et al, 2015b). Thus, we investigated whether 

alterations of B cell responses could be responsible for the accelerated 

atherosclerosis in mice lacking secreted IgM.  

In line with previous reports (Baker & Ehrenstein, 2002; Nguyen et al, 2015), 

we found that natural IgM antibody deficiency results in increased numbers of splenic 

MZ and CD21+CD23- B cells and decreased numbers of FO B cells, which altogether 

point to an abnormal splenic B cell development in sIgM-/- mice. A major determinant 

of the developmental fate of splenic B cells is the self-antigen mediated BCR 

signaling strength (Pillai & Cariappa, 2009). We report here that both MZ, 

CD21+CD23- and FO B cells display increased BCR signaling as judged by increased 

pBtk, pSyk and Nur77 expression. Additional evidence that supports further the 

increased BCR signaling in natural IgM antibody deficiency comes from our finding 

that bone marrow B cells of sIgM-/- mice display reduced kappa/lambda light chain 

ratio compared to sIgM+/+ controls. These data are indicative of enhanced BCR 

editing - presumably in order to avoid autoreactivity - most likely due to exposure to 

very strong self-antigen mediated BCR signaling. This finding is particularly 

interesting as products of editing at the lambda locus may trigger autoimmune 

responses (Doyle et al, 2006). Notably, decreased kappa/lambda light chain ratio has 

been reported for some autoimmune diseases, such as juvenile idiopathic arthritis 

(Low et al, 2007). Moreover, kappa/lambda light chain ratio was also decreased in 

splenic sIgM-/- B cells compared to sIgM+/+ controls. This also suggests that the 
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splenic BCR repertoire in sIgM-/- mice is more prone to autoreactivity, which  goes 

along with 1) stronger BCR signaling in splenic sIgM-/- B cells and 2) the increased 

autoantibody levels specific for anti-double stranded DNA and histones in sIgM-/- 

mice, crossed onto a lupus-prone mouse model (lpr) background (Boes et al, 2000).  

In line with these data, we also report that self-antigen mediated BCR 

signaling is decreased in presence of an antigen specific soluble IgM antibody, in 

vitro.  An obvious mechanism by which soluble IgM antibodies could regulate 

antigen-mediated BCR signaling would be by modulating the exposure to self-

antigens for example by competing for the binding to BCR or by promoting the 

clearance of certain self-antigens. We here show that in the presence of a soluble 

VSV-specific IgM antibody, which recognizes a different epitope on the VSV antigen 

than does the BCR (membrane bound IgM), VSV-mediated BCR signaling is reduced 

in VSV-specific BCR transgenic B cells.  

The data mentioned above are in contrast to a previous report, which has 

shown that CD43- splenic B cells of sIgM-/- mice display reduced intracellular basal 

phosphorylation of extracellular signal kinase (pErk) compared to B cells of sIgM+/+ 

mice (Notley et al, 2010), suggesting that natural IgM deficiency decreases BCR 

signaling in splenic B cell subsets. In our hands, pErk levels were not different in MZ 

or in FO B cells, but there was a strong tendency for CD21+CD23- cells to have 

increased basal pErk in sIgM-/- mice (data not shown). In addition, it is important to 

note that the authors of that study found also increased frequencies of dying B cells 

in the spleen of sIgM-/- mice compared to sIgM+/+ controls, which their inclusion in this 

analysis may account for the decreased pErk signaling in sIgM-/- mice.  

 An important observation made in our studies was the finding that BCR 

signaling was significantly stronger in MZ compared to FO B cells of wild type mice in 

vivo. These data suggest that MZ B cell differentiation is favored in conditions of 

enhanced BCR signaling, whereas FO B cells preferentially develop upon weaker 

BCR signaling. In line with our findings, it has been reported that BCR transgenic B 

cells specific for the self-Thy-1/CD90 glycoprotein differentiate towards MZ or FO B 

cells in presence or absence of the Thy-1 antigen, respectively (Wen et al, 2005). 

Moreover, B cell differentiation towards a MZ like phenotype is positively associated 

with increasing numbers of surface BCR copies, which also suggests that enhanced 

antigen mediated BCR signaling favors MZ B cell development (Heltemes & Manser, 

2002).  
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On the other hand, other studies have pointed to an inverse association 

between BCR signaling strength and FO B cell differentiation (Pillai & Cariappa, 

2009). For example, mice lacking Btk display impaired B cell proliferation upon anti-

IgM F(ab’)2 stimulation, which is indicative of impaired BCR signaling, and have 

robustly reduced FO B cells (Khan et al, 1995; Loder et al, 1999). Similar results 

were obtained with mice deficient in the Btk interacting partner PLC-γ2 (Wen et al, 

2003). Based on our findings an alternative interpretation of these data, would be that 

by increasing the strength of BCR signaling, MZ cells are deleted due to exposure to 

very strong signaling, whereas FO B cells may be still within the BCR signaling 

strength range that allows their survival. Moreover, because in both Btk and PLC-γ2 

deficient mice the reduction in FO B cells is not accompanied by a concomitant 

increased differentiation towards MZ B cells one could suggest that deficiency in Btk 

or PLC-γ2 may impact cell survival in a cell intrinsic manner, rather than B cell 

differentiation per se. 

Moreover, as mentioned above we found increased numbers of splenic mature 

CD21+CD23- B2 cells that also display stronger BCR signaling in sIgM-/- compared to 

sIgM+/+ mice. The exact role of these cells is not known. A possible function could be 

that the CD21+CD23- B2 cell population functions - in addition to T2 B cells - as a 

source or an intermediate step for future FO and MZ B cells. Based on our data, 

these cells display basal BCR signaling similar to FO B cells in wild type mice, which 

would suggest that they are more prone to differentiate to FO B cells. Based on this, 

it is very tempting to hypothesize that in sIgM-/- mice CD21+CD23- B2 cells 

accumulate at this stage due to increased BCR signaling and perhaps under these 

conditions are more prone to differentiate to MZ B cells.  

In line with the altered BCR signaling in sIgM-/- mice, we also show that bone 

marrow, mature splenic and peritoneal B cells in sIgM-/- mice display reduced surface 

expression of the protein tyrosine phosphatase B220. These data indicate that 

increased BCR signaling associates with decreased B220 surface expression. This is 

in line with a recent report showing that ZIP10 deficient B cells, which display 

increased antigen mediated BCR signaling have also decreased B220 surface 

expression (Hojyo et al, 2014). Moreover, we show here that intraperitoneal infusion 

of polyclonal IgM into sIgM-/- mice normalized the decreased B220 expression on the 

surface of all peritoneal B cells. Little is known on how B220 expression is regulated 

on the surface of B cells. Interestingly, B1 cells which their differentiation is favored 
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upon strong BCR signaling (Casola et al, 2004) and are the main producers of 

natural IgM antibodies display lower levels of B220 than B2 cells (Baumgarth, 2011). 

Thus, our findings also identify soluble IgM as regulator of B220 expression on the 

cell surface of B cells, which is likely a result of increased BCR signaling.   

 

4.4 sIgM-/- mice display robustly increased IgE titers and are characterized by 

decreased CD23+ B cells 

The decrease in FO B cells, which is the only mature B cell subset expressing 

the CD23 surface marker, was accompanied by strongly reduced frequencies of 

CD23 expressing B cells in both periphery and peritoneum. CD23, which is the low 

affinity receptor for IgE (FcεRII) has been implicated in the clearance of plasma IgE 

antibody levels (Cheng et al, 2010). Consistent with this, our data show that the 

increase in plasma IgE antibody titers is not due to preferential class switch to IgE, as 

neither IgE mRNA nor the numbers of IgE expressing splenic B cells are altered in 

sIgM-/- mice compared to wild type controls. Notably, sIgM-/- mice can class switch 

and produce all Ab classes similarly to wild type mice ((Boes et al, 1998) and data 

not shown). Thus, our data suggest that CD23 expression levels do not influence IgE 

production but rather regulate IgE levels most likely by promoting their clearance.   

IgE antibodies have been extensively studied in allergy and asthma, where they 

are considered critical mediators of these pathologies. Little is known about their role 

in atherosclerosis, though a few epidemiological studies exist that suggest a 

contribution for this usually tightly controlled immunoglobulin. For example, Kovanen 

et al found that high IgE levels are a prognostic factor for MI and cardiac death in 

dyslipidemic men in the Helsinki Heart Study (Kovanen et al, 1998). This association 

was later confirmed by Wang et al, who found that patients suffering from CHD have 

elevated IgE levels compared to non-CHD subjects (Wang et al, 2011a). Collectively, 

epidemiological data mentioned above suggest a proatherogenic role for IgE 

antibodies.  

 While the role of IgE Abs in experimental atherosclerosis has not been directly 

investigated, indirect evidence comes from studies in atherosclerosis-prone mice 

deficient in FcεRI receptor. As discussed above it has been demonstrated that Apoe-/- 

mice deficient in FcεRI develop significantly decreased atherosclerosis with reduced 

macrophage and apoptotic cell content in their lesions (Wang et al, 2011a). We here 

show for the first time that IgE neutralization confers an anti-atherogenic effect  in 
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vivo as the accelerated atherosclerosis in atherogenic diet fed Ldlr-/-sIgM-/- mice 

treated with an IgE neutralizing antibody was restored to similar levels with Ldlr-/-

mice, which were treated with a control antibody.  

It is important to note that plasma IgE levels in wild type C57BL/6 mice are 

particularly low (approximately 50ng/ml) compared to all other immunoglobulin 

subclasses. Interestingly, high fat diet consumption for 12 weeks - starting at the age 

of 10 weeks - resulted in a significant increase of plasma IgE titers in Apoe-/- mice 

(Wang et al, 2011a). Thus it is tempting to propose that at least in conditions of 

advanced atherosclerosis IgE neutralization could confer atheroprotective effect also 

in natural IgM competent mice.  

IgE Abs binding to FcεRI results in robust stimulation of mast cells, which have 

been implicated in atherosclerosis and in the destabilization of lesions in particular 

(Kovanen et al, 1995). Another study by Bot et al also demonstrated a 

proatherogenic effect of mast cell activation in Apoe-/- mice and a role for mast cell 

degranulation in particular (Bot et al, 2007). Studies in atherosclerotic Ldlr-/- mice 

have shown that mast cell deficiency results in reduced lesion formation, and that this 

may be promoted by mast cell-derived IL-6 and IFNγ (Sun et al, 2007). We found that 

Ldlr-/-sIgM-/- have increased frequencies of activated mast cells in the perivascular 

area of aortic root atherosclerotic lesions due to the increased IgE antibody levels in 

these mice. In addition, BMMC stimulation with plasma collected from control 

antibody treated western diet fed Ldlr-/-sIgM-/- mice resulted in IL-6 secretion by 

BMMCs, whereas plasma from α-IgE treated western diet fed Ldlr-/-sIgM-/- mice failed 

to do so. Moreover, it will be important to demonstrate whether the proatherogenic 

effects of IgE are dependent on certain antibody specificities for relevant antigens, 

e.g. OxLDL, or whether they are antigen independent (Kalesnikoff et al, 2001; 

Pandey et al, 2004).  

The pro-atherogenic role of reduced natural IgM titers is also supported by 

Kyaw et al, who has demonstrated that splenectomized Apoe-/- mice have 50% 

reduced B1a peritoneal cells along with 50% reduced IgM plasma antibody titers and 

accelerated atherosclerosis (Kyaw et al, 2011). Interestingly, injection of wild type 

B1a cells – in contrast to sIgM-/- B1a cells - to splenectomized recipients restores the 

plasma IgM levels and rescues the accelerated atherosclerosis. Despite the 

normalization of plasma and lesional IgM antibodies in splenectomized mice that 

received wild type B1a cells, there was no difference in the apoptotic cell content in 
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atherosclerotic lesions compared to sIgM-/- B1a cell injected animals, further hinting at 

distinct pro-atherogenic mechanisms when the polyclonal IgM pool is absent or 

strongly reduced. Notably, splenectomy in humans, which also causes reduction in 

IgM titers (Drew et al, 1984) has been reported to result in elevated plasma IgE titers 

(Balsalobre & Carbonell-Tatay, 1991; Balsalobre et al, 1993; Chelazzi et al, 1985), 

though the underlying mechanism remains still elusive. Additional evidence that links 

the levels of plasma IgM and IgE antibodies comes from patients with selective IgM 

deficiency. These patients, who frequently develop asthma and allergic disorders, 

have often elevated IgE titers, while B cell numbers as well as other immunoglobulin 

subclasses - such as IgG - remain usually unchanged. (De la Concha et al, 1982; 

Goldstein et al, 2008; Ideura et al, 2008; Louis & Gupta, 2014; Yamasaki, 1992).  

 

4.5 Translational aspects in targeting B cells and humoral immunity 

B cells along with the antibodies they produce promote the pathology of several 

autoimmune disorders such as SLE (Browning, 2006). Notably, IgE antibodies have 

been recently shown to be involved in the pathogenesis of SLE (Dema et al, 2014). 

Interestingly, SLE patients are characterized by increased risk of CVD complications, 

mainly ischemic heart disease, which is associated with the development of 

premature atherosclerosis (Roman & Salmon, 2007). Accelerated atherosclerosis in 

SLE patients seems to be independent of classical Framingham risk factors such as 

age, total cholesterol, HDL and systolic blood pressure. This suggests that 

aggravated atherosclerosis in these patients may be a result of increased 

inflammation and altered immune responses. Therefore, depleting B cells may 

represent an alternative therapeutic approach in atherosclerosis to limit their pro-

atherogenic effects, such as IgE antibody production. The development of B cell 

targeting therapeutics for RA and SLE has gained a lot of attention in the last years. 

The first B cell therapeutic agent that has been approved for clinical use in RA 

patients is the α-CD20 antibody (Rituximab). Rituximab cross links the CD20 receptor 

present on all B cells, leading to Fcγ mediated cell depletion and consequently to 

decreased immunoglobulin/autoantibody titers (Uchida et al, 2004). Another B cell 

depleting agent, a blocking antibody against BAFF (Belimumab) has been approved 

by the FDA in 2011 for clinical use in SLE patients, who have been shown to have 

increased plasma BAFF levels (Vincent et al, 2014). Belimumab, which is the first 

drug approved for SLE in 50 years, blocks soluble BAFF from binding to its receptor 
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(BAFFR) resulting in apoptosis of mature B cells. SLE patients treated with 

Belimumab show an improvement of clinical score (Hahn, 2013).  

All above mentioned B cell depleting therapeutic approaches are also 

characterized by the risk of compromising immunity in general with an increased risk 

of infections and presumably cancer development as well as decreased 

responsiveness to vaccination. Thus, more selective interventions that target B cell 

responses in atherosclerosis would be of great interest. Neutralizing IgE antibodies 

for example by using Omalizumab (an FDA approved human anti-IgE antibody that 

neutralizes free IgE antibodies) may provide a novel therapeutic approach against 

the development of atherosclerosis while maintaining the homeostasis of the immune 

system. 

 

4.6 Summary and Conclusions 

In summary, natural IgM antibodies seem to confer atheroprotection via distinct 

mechanisms. When total IgM levels and presumably the polyclonal repertoire are in 

physiological levels, an increase in OSE-specific natural IgM seems to be beneficial 

in atherosclerosis. The exact mechanism by which OSE-specific natural IgM protect 

from cardiovascular disease remains still elusive but there is evidence that 

mechanisms such as apoptotic cell clearance may be involved. We have identified 

here a subset of circulating MP that carry OSE and are also recognized by natural 

IgM antibodies. We also show that MP induced inflammation is decreased in 

presence of an MDA specific natural IgM antibody. These findings reveal a novel 

mechanism by which OSE-specific IgM could exhibit their atheroprotective 

properties. Understanding further the functional properties of the interaction between 

MP and IgM antibodies may help to identify novel diagnostic and therapeutic 

approaches for CVD. 

On the other hand, when the entire IgM repertoire is absent, this results in 

impaired generation of CD23 expressing B cells, as a result of abnormal splenic B 

cell development most likely due to enhanced BCR signalling. It would be particularly 

interesting to investigate whether and how BCR signalling is affected in atherogenic 

conditions. In addition, these changes in B cell development result in robustly 

increased IgE titers, which mediate the accelerated atherosclerosis in sIgM-/- mice. 

These data also call for further studies with respect to the role of IgE antibodies in 

atherosclerosis, particularly if α-IgE therapies could be beneficial in conventional 
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atherosclerosis, which may be associated with a similar phenotype at advanced 

stages of disease due to increased consumption of free IgM. 

In conclusion, natural IgM antibodies play a role both in “war and peace”. On 

one hand, they provide the first line of defense against exogenous antigens that are 

present on invading pathogens, and confer protection against endogenous sterile 

inflammation (e.g atherosclerosis). On the other hand, in healthy conditions they 

comprise a fundamental and critical regulator of immune homeostasis. These 

functions of natural IgM antibodies are largely mediated by their capacity to 

recognize highly conserved structures such as OSE, which are present on OxLDL, 

apoptotic cells and MP. 
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5. MATERIALS AND METHODS 

 

5.1 Collection of blood samples and isolation of circulating MP 

Blood samples were obtained from the antecubital vein of healthy individuals 

of two independent cohorts: a) 18 healthy individuals (10 female, 8 male) with a 

mean age of 28.4 and 28.7 years, and b) 15 healthy individuals, 10 male and 5 

female, with mean age 32.1 and 32.8 years, respectively. Moreover, blood samples 

were collected from a 6 French femoral sheath (herein after referred to as periphery) 

and from the coronary aspiration catheter of 14 patients during primary percutaneous 

intervention for ST-segment elevation acute myocardial infarction (STE-MI), as 

described (Distelmaier et al, 2009). Detailed patient characteristics are shown in 

Table 1. Patients received 250 mg aspirin and were treated with unfractionated 

heparin to achieve an activated clotting time ≥300s. A total of 10 ml blood was 

aspirated with a Pronto® V3 thrombus extraction catheter or the Medtronic Export 

Aspiration Catheter at the site of thrombotic occlusion prior to any intervention. 

Because of a 2 ml 0.9% sodium chloride flush of the aspiration catheter prior to 

thrombectomy all analyses were normalized for hematocrite. 

Blood samples were collected into K2EDTA containing collection tubes 

(Vacutainer® tubes, Becton Dickinson). Samples were immediately centrifuged at 

room temperature for 30 minutes at 2,000g to obtain platelet-poor plasma. In some 

experiments, plasma was additionally treated with 40 µmol of butylated 

hydroxytoluene (BHT). The resulting MP containing plasma was carefully removed 

without disturbing the cell pellet. An aliquot of the plasma sample was stored at -20ºC 

and the rest was transferred to autoclaved tubes and centrifuged at 21,000g for 30 

minutes at 4ºC to pellet MP. In some experiments, plasma was centrifuged for 2 

minutes at 13,000g to remove remnant platelets and aggregates prior to the 

ultracentrifugation step. After centrifugation, plasma was harvested and pelleted MP 

were resuspended and washed with Dulbecco's Phosphate Buffered Saline (DPBS; 

Sigma Aldrich) at 18,000 for 30 minutes. This washing step was repeated at least 

three times. Finally, MP were resuspended in DPBS and stored at -20ºC and/or used 

for further experiments. All studies were conducted after patients’ or healthy 

individuals’ written informed consent under the approval of the Ethics Committee of 

the Medical University of Vienna (EK-N: 303/2005 and 2051/2013). 
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5.2 Inclusion criteria of STE-MI patients 

Patients in the setting of STE-MI were included if all of the following criteria 

applied: 1) chest pain at the time of coronary angiography associated with ST-

segment elevation in 2 or more contiguous leads, 2) Thrombolysis In Myocardial 

Infarction 0–1 flow in a native culprit coronary artery, and an intraluminal filling defect 

suggestive of thrombus within 50 mm of the respective coronary ostium, 3) Absence 

of complete heart block, and 4) no thrombolytic therapy/or treatment with 

glycoprotein IIbIIIa antagonists. 

 

5.3 Flow cytometric analysis of MP  

To assess the presence of PS, isolated MP were stained with Annexin V 

conjugated to Phycoerythrin (PE) (eBiosciences) in calcium containing buffer 

(eBiosciences). To determine the presence of OSE on their surface, isolated MP 

were stained with 2 µg/ml of biotinylated or 40 µg/ml of unconjugated antibodies in 

filtered (0.1µm) PBS containing 0.5% fatty acid free BSA (PAA Laboratories) of the 

following IgM primary antibodies: anti-keyhole limpet hemocyanin (anti-KLH; MM-30; 

Becton Dickinson) as isotype control; T15/E06 specific for oxidized phosphocholine-

containing phospholipids; and NA-17, E014, and LR04, which are directed against 

MDA, including advanced malondialdehyde-acetaldehyde (MAA)-adducts (Amir et al, 

2012; Chou et al, 2009; Horkko et al, 1999; Palinski et al, 1996). The samples were 

incubated with the antibodies for 30 minutes at 4ºC. Then MP were pelleted at 

18,000g for 15 minutes. Supernatants were removed and avidin conjugated to 

fluorescein isothiocyanate (FITC) (Becton Dickinson) or anti-mouse IgM conjugated 

to allophycocyanin (APC) (II/41; eBiosciences) was added at a final concentration of 

0.5µg/ml or 1µg/ml respectively, and incubated for 20 minutes in darkness at 4°C. To 

identify MP that carry both MDA and PC epitopes, MP were sequentially stained with 

T15/E06, then anti-mouse IgM FITC at 2.5µg/ml (II/41; Becton Dickinson), followed 

by LR04 and then anti-mouse IgM APC. To determine surface bound human IgM, 

MP were stained with an anti-human IgM-PE (MHM 88; Becton Dickinson) or with the 

corresponding isotype control antibody (MOPC-21; Becton Dickinson) and incubated 

for 15 minutes in darkness at 4ºC. 

To identify the cellular origin, MP were stained with anti-human CD235a 

conjugated to R-Phycoerythrin (PE) (HIR 2), anti-human CD41a-FITC (HIP 8), anti-

human CD14-PercP Cy5.5 (61D3) or biotinylated anti-human CD31 (WM59) all 
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bought from eBiosciences, and incubated for 30 minutes in darkness at 4ºC. After 

incubation with antibodies, MP were pelleted at 18,000g for 15 minutes and the 

samples were then incubated with 0.5µg/ml streptavidin-PercP (Biolegend) for 20 

minutes in darkness at 4°C (Becton Dickinson). 

To quantify circulating MP in the peripheral and coronary blood of AMI 

patients, diluted plasma samples were stained with Annexin V-PE. All samples were 

acquired on a FACS Calibur (Becton Dickinson) for 30 seconds at low speed. 

Forward and sideward scatter (FSC, SSC) were set at logarithmic gain. MP were 

identified as Annexin V positive events with size ≤1µm, using monodisperse 

polystyrene microparticle size standards with a mean size of 1µm as reference. MP-

free buffer was acquired in order to exclude false events due to noise (figure 1). 

Samples were analyzed on a FACS Calibur (Becton Dickinson). All acquired row 

data were analyzed with Flow Jo software (Treestar).  

 

5.4 In vitro generation of platelet derived MP 

Purified platelets were obtained by apheresis from the Department of 

Transfusion Medicine of the Medical University of Vienna and incubated with 10µM of 

ionomycin in PBS containing 1mM CaCl2, for 30 minutes at 37ºC. After adding 5mM 

EDTA to stop the reaction, cells and debris were pelleted by sequential centrifugation 

at 2,000g and 3,900g for 10 minutes, respectively. After centrifugation, the MP 

containing supernatant was carefully removed and MP were pelleted and washed 

with DPBS and centrifuged at 18,000g for 30 minutes. This washing step was 

repeated at least three times. Finally, MP were resuspended in DPBS+0.01% BHT 

and stored at -20ºC for further experiments. The MP total protein amount was 

estimated using the BCA protein assay (Pierce). 

 

5.5 Flow cytometric analysis of platelets 

Purified platelets were stained with 10µg/ml of LR04 or an isotype control 

antibody (MM-30; Biolegend) for 30 minutes at 4ºC. After washing in filtered 

PBS+0.5% BSA, cells were pelleted at 500g and incubated with 0.25µg/ml of anti-

IgM APC (II/41; eBiosciences) for 20 minutes in darkness at 4ºC. Cells were washed 

again and samples were acquired on a FACS Calibur (Becton Dickinson) and data 

were analyzed using Flow Jo software (Treestar). 
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5.6 Elution of MP-associated IgM 

Isolated and extensively washed circulating MP were lysed in RIPA buffer 

containing 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 

0.1% SDS (pH=7.6) supplemented with a complete protease inhibitor cocktail (Roche 

Applied Science). After overnight incubation at 4ºC, the MP lysates were transferred 

to microdialysis cups with a molecular weight cut-off of 10 kDa (Micro DispoDialyzers, 

Harvard Apparatus) and extensively dialyzed against PBS containing 0.27mM EDTA. 

 

5.7 Antigen binding of monoclonal IgM antibodies 

The specificity of T15/E06, LR04, NA17 and E014 is extensively documented 

in the literature.(Amir et al, 2012; Chou et al, 2009; Horkko et al, 1999; Palinski et al, 

1996) To confirm these specificities with the aliquots used, we performed direct 

binding studies to native BSA, PC-BSA or MDA-BSA (which contains different types 

of MDA-adducts) using chemiluminescent ELISA as described (Chou et al, 2009).  

 

5.8 Antibody measurements and competition assay  

Total IgM and IgM antibodies to native LDL, CuOx-LDL, MDA-LDL were 

measured as described previously.(Chou et al, 2009) In brief, 5µg/ml of native LDL, 

CuOx-LDL and MDA-LDL diluted in PBS containing 0.27 mM EDTA and 0.02% 

sodium azide (PBS/EDTA) were coated to 96-well white round-bottomed MicroFluor 

microtiter plates (ThermoLabsystems) and incubated overnight at 4ºC. Coated plates 

were then blocked with Tris-buffered saline containing 1% BSA (TBS/BSA) for 1 h at 

room temperature. After washing 3 times with PBS/EDTA, 50 µl of diluted plasma 

(1:10,000) or MP-lysates (1:20) in TBS/BSA were added and incubated overnight at 

4°C. Plates were washed again 3 times with PBS/EDTA and binding of the IgM 

antibodies was detected with an alkaline phosphatase-conjugated goat anti-human 

IgM (A3437; Sigma Aldrich) diluted 1:30,000 in TBS/BSA. Following an incubation 

time of 1 h at room temperature, the wells were washed 3 times as described above, 

followed by a single rinse with distilled water. Then, 25 µl of a 30% LumiPhos Plus 

solution in dH20 (Lumigen Inc) was added. After 90 min, the light emissions were 

measured on a WALLAC VIKTOR II luminometer (Perkin Elmer) and expressed as 

77



 
 

relative light units (RLU) per 100ms. For the determination of total IgM, plates were 

coated with 5µg/ml of the polyclonal goat anti-human IgM antibody (I2386; Sigma 

Aldrich) and IgM in plasma (1:10,000) or MP-eluates (1:20) diluted in TBS/BSA was 

measured as above. The ratio of antigen specific IgM per total IgM was calculated for 

each sample.  

To quantify the IgM antibodies against MDA-LDL in the peripheral and 

coronary blood of the acute myocardial infarction patients, plasma was diluted 

(1:800) in TBS/BSA and binding to coated MDA-LDL was measured as described. 

Obtained data were normalized to hematocrite values in the periphery and coronary 

blood, respectively. 

To determine the specificity of the MP-bound IgM, an ELISA-based 

immunocompetition assay using native LDL, Cu-OxLDL or MDA-LDL as competitors 

was performed. MP lysates (1:50) were diluted in TBS/BSA and mixed 1:1 with 

50µg/ml of native LDL, Cu-OxLDL or MDA-LDL and binding to coated MDA-LDL was 

measured as described above. 

 

5.9 Isolation of human primary monocytes  

Blood was obtained from the antecubital vein of healthy individuals (n=6) as 

described above. Peripheral monocytes were isolated using Ficoll-Paque (Sigma) 

followed by positive selection using CD14 Microbeads (Miltenyi) according to the 

manufacturer’s instructions. The purity of the different preparations was evaluated by 

flow cytometry using anti-human CD14/PercP Cy5.5 (61D3). Samples were analyzed 

with a FACS Calibur Becton Dickinson), and data were analyzed using the Flow Jo 

software (Treestar). The purity of all preparations was found to be >96%. 

 

5.10 In vitro MP stimulation and neutralization assay 

To characterize the pro-inflammatory ability of MP in vitro, 5x104 THP-1 or 

primary human monocytes (after resting for 36 hours in RPMI + 10% FBS) were 

stimulated with 200 µg/ml of in vitro generated platelet-derived MP for 8 hours at 

37oC in RPMI media containing 50µg/ml BSA. In parallel experiments, MP were co-

cultured with 25 or 50µg/ml of either LR04 or control antibody (MM-30; Biolegend). At 

the end of the 8 hour stimulation, cell free supernatants were collected by pelleting 

the cells in a 96 well V bottom plate at 400g for 3 minutes. IL-8 protein levels were 

quantified in the supernatant by ELISA using a commercial kit (Becton Dickinson). 
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5.11 Mice, treatments and diets 

Ldlr-/- mice (on C57BL/6 background) and sIgM-/- (on 129 background) mice 

were bought from The Jackson Laboratories (USA). SIgM-/- mice were backcrossed 

onto C57BL/6 background for at least 10 generations. Ldlr-/-sIgM-/- mice were 

generated by intercrossing Ldlr-/- and sIgM-/- mice. t11µMT mice (Klein et al, 1997) 

(on C57BL/6 background) were kindly provided by Dr. Andreas Bergthaler (CeMM, 

Research Center for Molecular Medicine, Vienna, Austria). Nur77-GFP reporter mice 

(on C57BL/6 background) were kindly provided by Dr. Norbert Gerdes (LMU, Munich, 

Germany). Nur77-GFP/sIgM-/- mice were generated by intercrossing Nur77-GFP and 

sIgM-/- mice. All mice were bred in our in-house breeding facility.  

All mice included in atherosclerosis studies were matched for age and whole 

body weight. For the atherosclerosis study 1, female Ldlr-/- and Ldlr-/-sIgM-/- were fed 

an atherogenic diet (0.2% cholesterol, 21% fat; E15721-347 bought from Ssniff, 

Germany) for 16 weeks starting at the age of 12 weeks. For the atherosclerosis study 

2, female Ldlr-/- or Ldlr-/-sIgM-/- were fed an atherogenic diet for 6 weeks, starting at 

the age of 13-18 weeks. During the diet feeding period, the mice were injected 

intraperitoneally once every week, with 25µg diluted in 100µl DPBS (Sigma) of either 

an α-IgE neutralizing antibody (clone R1E4; kind gift by Dr. Daniel Conrad, Virginia, 

USA) or a control IgG (Jackson Immunoresearch Inc.). All experimental studies were 

approved by the Animal Ethics Committee of the Medical University of Vienna 

(Austria) BMWF-66.009/0157-II/3b/2013. 

5.12 Plasma or serum cholesterol and triglyceride quantification 

Fresh blood was collected from the vena cava at the time of sacrifice in 

MiniCollect Gold cap TUBE or MiniCollect K3EDTA TUBE (both from Greiner Bio-

One). Blood was centrifuged at 1000g for 30 minutes at room temperature. Serum or 

plasma total cholesterol and triglycerides were measured under standardized 

conditions in an ISO 15189 accredited medical laboratory on Beckman Coulter 

AU5400 (Beckman Coulter) or Roche Cobas 8000 (Roche) instruments using the 

Beckman Coulter OSR6516 and OSR60118 or Roche CHOL2 and TRIGL reagents, 

respectively.  
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5.13 Quantification of atherosclerotic lesion size 

Atherosclerotic lesion size was evaluated by computer assisted image 

analysis using Adobe Photoshop Elements 6.0 and ImageJ software as described 

previously (Binder et al, 2004; Binder et al, 2003; Cardilo-Reis et al, 2012). Briefly, 

lesion size in the aortic arch, descending thoracic and abdominal aorta was 

quantified in Sudan IV stained en face preparations of the entire aorta and is 

expressed as percentage of the whole aortic surface area. Lesion size in the aortic 

root was quantified in Hematoxylin and Eosin (H&E) stained cross sections 

(n=9/mouse) with 50µm distance that were collected starting with the appearance of 

all 3 valve leaflets. 

 

5.14 Mast cell and neutrophil staining 

Mast cells and neutrophils were visualized in the perivascular area of cross 

sections (1-2/mouse) by staining with a naphthol AS-D chloroacetate esterase 

staining kit (Sigma) and counted manually. A mast cell was considered resting when 

all granula were maintained inside the cell, while mast cells were assessed as 

activated when granula were deposited in the tissue surrounding the mast cell. 

Neutrophils were identified as round cells with a characteristic lobular nucleus and 

pink granular cytoplasm. Perivascular size was measured using a Leica image 

analysis system (Leica Ltd, UK). Morphometric analyses were performed by a 

blinded independent operator. 

 

5.15 Bone marrow derived mast cell culture and stimulation 

Bone marrow derived mast cells (BMMCs) were grown by culturing bone 

marrow cells at a density of 0.25x106 cells in RPMI containing 10% fetal bovine 

serum (FBS), 2 mmol/L l-glutamine, 100 U/mL penicillin, 100 g/mL streptomycin (all 

from PAA) and murine Interleukin-3 containing supernatant (supernatant from WEHI 

cells overexpressing murine Interleukin-3) for 4 weeks. BMMCs (5x105) were 

incubated with plasma (1:12 dilution in medium) from either Ldlr-/- or Ldlr-/-sIgM-/- mice 

(that were fed an atherogenic diet and were injected intraperitoneally once every 

week, with 25µg diluted in 100µl DPBS (Sigma) of either an α-IgE neutralizing 

antibody (clone R1E4; kind gift by Dr. Daniel Conrad, Virginia, USA) or a control IgG 
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(Jackson Immunoresearch Inc.)) for 2 hours at 37°C, after which supernatant was 

collected. IL-6 was determined by ELISA according to the manufacturer’s protocol 

(BD Biosciences). 

 

5.16 Total and free IgE, and soluble CD23 quantification by ELISA 

Total and free IgE serum titers were quantified by ELISA with the Mouse IgE 

ELISA MAX kit (Biolegend). To determine free IgE serum levels, plates were coated 

with the R1E4 antibody (described in mice treatments and diets section of the 

methods) at 5 g/mL. Serum soluble CD23 was determined by ELISA (protocol and 

reagents were kindly provided by Dr. Daniel Conrad, Virginia, USA). Briefly, 96-well 

white round-bottomed MicroFluor microtiter plates (Thermo Lab systems) plates were 

coated with 10 g/mL of 2H10 mAb overnight and then washed 3 times with 

PBS/EDTA and blocked with Tris-buffered saline containing 1% BSA (TBS/BSA) for 

1 h at room temperature. After washing the plates as before, diluted murine plasma 

and recombinant CD23 were added in TBS/BSA to the wells and incubated for 1 hour 

at room temperature. Plates were washed and bound soluble CD23 was detected 

with a rabbit anti-CD23 antibody. Following an incubation time for 1 hour at room 

temperature and a washing step as before, an anti-rabbit IgG conjugated to alkaline 

phosphatase (Sigma; A3687) was added for 1 hour at room temperature. Wells were 

washed again as before and rinsed once with distilled water, and 25 µl of a 30% 

LumiPhos Plus solution in dH20 (Lumigen Inc) was added. After 75 min the light 

emission was measured with a Synergy 2 luminometer (BIO-TEK) and expressed as 

RLU per 100ms. 

 

5.17 Total RNA extraction, cDNA synthesis and Real-time PCR analysis 

Total RNA was extracted with the peqGold total RNA kit (Peqlab) and cDNA 

was synthesized using the High capacity cDNA reverse transcription kit (Applied 

Biosystems). Quantitative Real-time PCR analysis was performed with the KAPA 

SYBR green FAST BioRad icycler kit (Peqlab). For the germline and mature IgE 

mRNA quantification, CD19 was used as reference gene and the data are expressed 

as fold change over sIgM+/+ or Ldlr-/-sIgM+/+ mice. Cyclin B or 36B4 mRNA was used 

as reference for the Nur77 mRNA quantification, and the data are expressed as fold 

change over unstimulated cells.  
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Primers:  

germline IgE forward: 5-TGGGCATGAATTAATGGTTACTAGAG-3 (Pongratz et al, 

2006), 

germline IgE reverse: 5-TGGCCAGACTGTTCTTATTCGAA-3 (Pongratz et al, 2006), 

mature IgE forward: 5-TCAAGGAACCTCAGTCACCGTCTC-3 (Pongratz et al, 2006), 

mature IgE reverse: 5-TTACAGGGCTTCAAGGGGTAGAGC-3 (Pongratz et al, 

2006), 

CD19 forward: 5-AAGAGGGAGGCAATGTTGTG-3, 

CD19 reverse: 5-AAAAGCCACCAGAGAAACCA-3, 

36B4 forward: 5-AGGGCGACCTGGAAGTTCC-3 (Lam et al, 2013), 

36B4 reverse: 5-CCCACAATGAAGCATTTTGGA-3 (Lam et al, 2013), 

Cyclin B forward: 5-CAGCAAGTTCCATCGTGTCATCAAGG-3, 

Cyclin B reverse: 5-GGAAGCGCTCACCATAGATGCTC-3, 

Nur77 forward: 5-GGCATGGTGAAGGAAGTTGT-3 (Papac-Milicevic et al, 2012), 

Nur77 reverse: 5-TCGATCAGTGATGAGGACCA-3 (Papac-Milicevic et al, 2012) 

 

5.18 Flow cytometry 

 Peritoneal cells were collected upon peritoneal lavage with HBSS (Gibco) 

media containing 2% FBS. To isolate circulating leukocytes, fresh blood collected 

from the vena cava was diluted in DPBS (Sigma) containing 2% dextran sulfate 

(Sigma) at approximately 1:1 v/v ratio and incubated at 37ºC for at least 30-40 

minutes. The upper phase that includes leukocytes was carefully collected without 

disturbing the lower phase that includes the erythrocytes. Bone marrow cells were 

isolated from the tibia and the femur bones on cell strainers with 100 µm diameter 

(BD Biosciences), and erythrocytes were lysed upon incubation with erythrocyte lysis 

buffer (MORPHISTO). Isolated spleens were mechanically dissociated in single cell 

suspensions using cell strainers with 100 µm diameter (BD Biosciences), and 

erythrocytes were lysed as above. Cells were added in a 96 well V-bottom plate 

(Thermo Scientific) and incubated for 20 min at 4ºC, with 2.5 µg/ml of a blocking anti-

CD16/32 antibody (clone 93; eBiosciences) diluted in DPBS (Sigma) containing 10% 

FBS (FACS buffer). After two washing steps with FACS buffer (393 g for 3 minutes at 

4ºC), cells were stained with different combinations (as defined in figure legends) of 

the following antibodies: anti-B220 PercP-Cy5.5 (clone RA3-6B2; eBiosciences), 
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anti-CD23 FITC, anti-CD23 eFluor450 (clone B3B4; eBiosciences), anti-CD43 PE 

(clone S7; BD Biosciences), anti-IgM APC (clone II/41; eBiosciences), anti-CD21 

biotinylated (clone 7E9; Biolegend), anti-CD93 PE (clone AA4.1; eBiosciences), anti-

CD19 PE (clone 1D3; BD Biosciences), anti-kappa FITC (clone 187.1; BD 

Biosciences), anti-lambda biotinylated (clone RML-42; Biolegend), anti-IgE FITC 

(clone RME-1; Biolegend), anti-IgE PE (clone 23G3; eBiosciences), anti-CD11b APC 

(clone M1/70; eBiosciences), anti-CD5 (clone 53-7.3; eBiosciences), streptavidin 

APC or streptavidin eFluor 450 (eBiosciences).  

 To determine the amount of the phosphorylated kinases pBtk and pSyk, cells 

were first fixed and permeabilized with fixation and permeabilzation solution (Miltenyi) 

for 30 minutes at 4ºC and then stained intracellularly in permeabilzation buffer 

(Miltenyi) with the following antibodies: pBTK/ITK (Y551/Y511) APC (clone M4G3LN; 

eBiosciences), pSYK (Y348) APC (clone moch1ct, eBiosciences). Finally, to identify 

dead cells staining with 7-AAD viability solution (eBiosciences) was performed where 

indicated. Data were acquired on a FACS Calibur (Becton Dickinson) or LSR 

Fortessa (Becton Dickinson) and were analyzed using Flow Jo software 7.6 

(Treestar).  

 

5.19 Polyclonal IgM treatment 

Female sIgM-/- mice (n=5)  were injected intraperitoneally six times, every two 

days for two weeks with 200 µg/mouse of polyclonal IgM (Rockland) diluted in 100µl 

DPBS and compared to sIgM-/- (n=5) and sIgM+/+ (n=4) mice that were injected with 

DPBS only. All mice were sacrificed and analyzed on day 14. 

 

5.20 Antigen-specific stimulation of t11µMT B cells  

Isolated spleens from t11µMT mice were mechanically dissociated in single 

cell suspensions as described above and then untouched B2 cells were isolated with 

the B cell isolation kit (Miltenyi) according to the manufacturerer’s instructions. 

Purified t11µMT B cells (3x105) were stimulated in RPMI (supplemented with 10% 

FBS, 1% penicillin/streptomycin, 1% NaPy, 0.1% 2-mercaptoethanol and 1µg/ml 

insulin (Sigma)) for 30 minutes at 37ºC with 465,000 PFU of UV-inactivated vesicular 

stomatitis virus (VSV) Indiana. VSV particles were preincubated for 30 minutes at 4ºC 

with either 2µg/ml of anti-VSV IgM antibody (produced in supernatants of the 

M4C11H2 hybridoma, (Fehr et al, 1997)) or a control IgM antibody (clone MM-30; 
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Biolegend). As positive control, cells were stimulated with 10 µg/ml of anti-mouse IgM 

F(ab’)2 (Jackson Immunoresearch Inc.).Then cells were pelleted in a 96 well V 

bottom plate (Thermo Scientific), total RNA was extracted and Nur77 mRNA 

quantified by Real-time PCR.  

 

5.21 Statistical Analyses 

Statistical analyses were performed using Graph Pad Prism 5 for Windows 

(Graph Pad Software). Experimental groups were compared using Student’s 

unpaired or paired t test or Mann-Whitney test as indicated. To analyze multiple 

group data, either One-Way or Two-Way ANOVA tests followed by Bonferroni’s 

Multiple Comparison or Newman-Keuls or Dunn’s or unpaired t test were performed 

as appropriate. For correlation analysis, the Pearson’s test was used. Data are 

presented as mean ±SEM or as mean ±SD where indicated. A P value of <0.05 was 

considered significant. 
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