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Abstract

Background—Atherosclerotic lesions grow via the accumulation of leukocytes and oxidized
lipoproteins in the vessel wall. Leukocytes can attenuate or augment atherosclerosis through the
release of cytokines, chemokines, and other mediators. Deciphering how leukocytes develop,
oppose and complement each other’s function, and shape the course of disease, can illuminate
understanding of atherosclerosis. Innate response activator (IRA) B cells are a recently described
population of GM-CSF-secreting cells of hitherto unknown function in atherosclerosis.
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Methods and Results—Here we show that IRA B cells arise during atherosclerosis in mice
and humans. In response to high cholesterol diet, IRA B cell numbers increase preferentially in
secondary lymphoid organs via Myd88-dependent signaling. Mixed chimeric mice lacking B cell-
derived GM-CSF develop smaller lesions with fewer macrophages and effector T cells.
Mechanistically, IRA B cells promote the expansion of classical dendritic cells, which then
generate IFN-y-producing Ty cells. This IRA B cell-dependent Ty, skewing manifests in an 1gG1
to 1gG2c isotype switch in the immunoglobulin response against oxidized lipoproteins.

Conclusions—GM-CSF-producing IRA B cells alter adaptive immune processes and shift the
leukocyte response toward a T-associated mileu that aggravates atherosclerosis.

Keywords

atherosclerosis; immunology; B cells; Dendritic cells; T cells; Granulocyte macrophage colony-
stimulating factor

Methods

Atherosclerosis is a lipid-driven inflammatory disease that mobilizes a diverse repertoire of
leukocytes. Although macrophages accumulate in lesions in greatest number, other
leukocytes can modulate the course of disease. Over the last twenty years, many studies
have explored how leukocytes influence atherosclerosis. For example, M1 macrophages, T
helper-1 (Twy) cells, and B2 B cells accelerate, whereas T regulatory (Tyeg) cells and B1 B
cells attenuate lesion growth, either by augmenting or restraining inflammation?-19, These
observations have clinical implications because they suggest that harnessing protective
leukocyte activities and silencing those that are harmful could furnish novel treatments for
atherosclerosis and other inflammatory diseases.

Innate response activator (IRA) B cells develop in the spleen during the inflammatory phase
of sepsis!l. IRA B cells produce GM-CSF, a pleiotropic growth factor that, although
dispensable to hematopoiesis in the steady state, promotes the survival, proliferation, and
activity of various leukocytes expressing its receptort2-14, The function and source of GM-
CSF in atherosclerosis remains obscure. Even though some have reported that GM-CSF
protects against atherosclerosis®, the weight of evidence suggests that GM-CSF is
atherogenic because LdIr~'~ Csf27/~ mice develop smaller lesions!®, whereas exogenous
administration of GM-CSF to atherosclerotic mice increases plaque burdenl? and stimulates
intimal cell proliferationl8. In Apoe™~ mice, hematopoietic stem and progenitor cells
(HSPC) elevate expression of the common beta chain (B.) of the GM-CSF receptor
downstream of impaired reverse cholesterol transport, leading to proliferation that generates
leukocytosis and monocytosis!®. GM-CSF can arise from macrophages, T cells, and
epithelial cells, but it remains unknown whether IRA B cells develop in atherosclerosis and,
if so, whether they have functional relevance.

A detailed description of the methods is available in the online-only Data Supplement.

Circulation. Author manuscript; available in PMC 2015 April 22.
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C57BI/6J (WT), B6.SJL-PtprcaPepcb/BoyJ (CD45.1%), B6.129P2(SJL)-Myd88tm1.1Defr/J
(Myd88~'"), B10.129S2(B6)-Ighmtm1Cgn/J (uMT), B6.Cg-Tg(TcraTcrb)425Chn/J (OT-11),
B6.129S7-LdIrtm1Her/J (Ldir~-) and B6.129P2-Apoetm1Unc/J (Apoe~'~) were purchased
from The Jackson Laboratory (Bar Harbor, ME). GM-CSF-deficient mice (Csf2~/~) were
kindly provided by Dr. Randy Seeley, University of Cincinnati, USA. GM-CSF-receptor
deficient mice (Csf2rb™") were kindly provided by Dr. Jeffrey Whitsett, Cincinnati
Children’s Hospital Medical Center, USA. All protocols are approved by the Animal
Review Committee at Massachusetts General Hospital.

Animal experiments

Histology

Mixed bone marrow chimeras were generated by lethally irradiating 8 weeks old male
LdIr~/~ mice and reconstituting with a 50:50 mixture of Csf2~~ with WT (Controls) and
UMT bone marrow cells (IRA B KO), or with CD45.1*, Myd88~/~ and Csf2rb™~ bone
marrow. For adoptive transfer studies 25 x 108 CD19" B cells from WT and Csf2~/~ mice,
respectively, were injected intravenously twice per mouse, 4 weeks apart.

Murine aortas and spleens were embedded in Tissue-Tek O.C.T compound (Sakura Finetek)
for sectioning and staining. Human spleen samples were fixed in 10% formalin and
embedded in paraffin for histologic sectioning and staining.

Flow Cytometry

Antibodies used for flow cytometry are listed in the online-only Data Supplement. Data
were acquired on a BD LSRII and analyzed with FlowJo.

Reverse transcription PCR

Cell culture

Statistics

RNA was isolated from sorted cells with the RNeasy Micro Kit (Qiagen) and from snap-
frozen aortas and spleens with the RNeasy Mini Kit (Qiagen). Quantitative real-time
TagMan PCR was run on a 7500 PCR thermal cycler (Applied Biosystems).

Lineage-depleted bone marrow cells were co-cultured with equal numbers of IRA B cells
and murine IL-4 (5000 U/ml) to generate dendritic cells. 1 x 10% IRA B cell generated bone
marrow derived DC (BMDC) were loaded with 100 pug/ml ovalbumin (OVA) or BSA and
co-cultured with 5 x 10* labelled OT-II T cells over 4 days for flow cytometric assessment
of proliferation. CD4* CD25* Treg cells were sorted from IRA B KO and control mice and
co-cultured with sorted CD45.1* CD4* CD25~ T¢opy cells at increasing dilutions on T cell-
depleted and irradiated splenocytes loaded with 1 ug/ml anti-CD3e. Suppression of T cell
proliferation was assessed by flow cytometry after 3 days.

Results are shown as mean = SEM. The unpaired Student’s t test was applied to evaluate
differences between two study groups. One-way ANOVA with post-hoc Dunnett’s multiple
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comparisons test was performed when comparing more than two groups. P-values of 0.05
and less denote significant changes.

Results

GM-CSF-producing IRA B cells expand in atherosclerosis

We asked whether IRA B cells develop in atherosclerosis. The spleens of both LdIr~~ and
Apoe™~ mice consuming a diet high in fat and cholesterol (HCD) contained a population of
GM-CSF-producing cells. Most of these were IgMhigh B220+ cD23low cp21low cp13ghigh
CD43Nigh v/|_A4high |IRA B cells, resembling IRA B cells generated by LPS stimulation
(Figure 1A, Supplemental Figure 1A), as originally described!l. Immunofluorescence (IF)
staining for GM-CSF revealed a population of GM-CSF-producing IgM* B cells in the
marginal zone and red pulp of the spleen (Figure 1B), a location where IRA B cells typically
reside. Analysis of various organs showed preferential IRA B cell accumulation in the
spleen, although the bone marrow and lymph nodes also harbored smaller IRA B cell
populations (Figure 1C). IRA B cell numbers rose most dramatically and progressively in
Apoe™~ mice (Figure 1D), a finding that agrees with the prevailing notion that Apoe™~
mice display more severe inflammation and atherosclerosis than Ldlr”~ mice. B cells
accumulate in the aortic adventitia2®, but we did not detect IRA B cells in the aorta,
indicating that IRA B cells do not furnish lesional GM-CSF2!, and suggesting that IRA B
cells do not affect lesions locally. Humans with severe coronary and peripheral artery
disease contained more GM-CSF* IgM* IRA B cells in the spleen compared to humans
without atherosclerotic disease (Figure 1E, Supplemental Figure 1B, C). Thus, IRA B cells
accumulate in secondary lymphoid organs in humans and mice with atherosclerosis. Future
studies will need to determine the exact triggers and risk factors responsible for IRA B cell
production.

During experimental sepsis, IRA B cells arise by engaging Myd88-dependent Toll-like-
receptors (TLR)L. To test whether IRA B cells require Myd88 in atherosclerosis, we
generated mixed chimeras by lethally irradiating LdIr~~ mice and reconstituting with a
mixture of wild type (WT) CD45.1* and Myd88~/~ CD45.2* bone marrow cells
(Supplemental Figure 1D). After reconstitution, mice consumed HCD for 12 weeks.
CD45.1* WT, but not CD45.2* Myd88~/~ cells, developed into IRA B cells, indicating a
requirement for direct Myd88 engagement in B cells (Supplemental Figure 1E).

IRA B cells aggravate atherosclerosis

Determining the impact of IRA B cells on atherosclerosis required selective depletion of
GM-CSF from B cells. To achieve this, we adapted the mixed chimeric strategy (Figure 2A).
LdIr~~ mice were lethally irradiated and reconstituted with a mixture of bone marrow cells
from Csf27/~ (i.e., GM-CSF~") and uMT mice (i.e., B cell-deficient). In the reconstituted
animals, B cells were the only population completely lacking the capacity to produce GM-
CSF because only Csf27/~ cells could give rise to B cells. As controls, we reconstituted
LdIr~= mice with bone marrow from Csf2~~ and WT mice, thus ensuring that differences
between the groups — should any arise — would exclusively reflect B cell-derived GM-CSF
deficiency while preserving GM-CSF production by other sources. RT-PCR analysis on
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sorted B cells, T cells, and myeloid cells confirmed the selective deletion of GM-CSF from
B cells (Figure 2B). After 6 weeks of reconstitution, we profiled the leukocyte repertoires in
the Csf2~/~/uMT (henceforth simply refered to as “IRA B KO mice”) and the Csf2~/~/WT
(control) mice. The blood, spleen, bone marrow and peritoneal cavity contained similar
numbers of leukocyte subsets in both groups (Supplemental Figure 2A-D), indicating
successful reconstitution and a similar leukocyte basal population before the triggering of
disease.

After reconstitution, the animals consumed HCD for 10 weeks. GM-CSF expression in the
spleen of IRA B KO mice was reduced by 70%, which shows a dominant role for IRA B
cells as a source of GM-CSF in the spleen during atherosclerosis (Supplemental Fig 2E).
GM-CSF production by other leukocytes was similar between the groups (Supplemental Fig
2F), as were body weights and plasma cholesterol levels (Supplemental Fig 3A). The
absence of IRA B cells, however, yielded smaller atherosclerotic lesions in the aorta and in
particular the aortic root (Figure 2C, D), diminished lipid- and macrophage-rich areas, and
reduced numbers of CD4 T cells, but did not change the smooth muscle cell and collagen
content. The changes in lesion size and macrophage content did not depend on circulating
monocyte and neutrophil number (Supplemental Figure 3B), as might be expected®: 14,
Moreover, blood Ly-6CN9" monocytes expressed similar levels of CCR2, VLA4, and
CD62L (Supplemental Figure 3C), which argued against a defect in monocytes’ capacity to
accumulate.

IRA B cells promote the expansion of Ty, effector cells

Numerous studies have identified a role for CD4 T cells in atherosclerosis. Naive CD4 T
cells can differentiate into various helper subsets exhibiting either protective or atherogenic
propertiest 7.10.22 The observation that lesions in IRA B KO mice accumulated fewer
CDA4 T cells prompted us to investigate this leukocyte population in more detail. The blood
of IRA B KO mice contained both effector CD44M3h CD62L'°W CD4 T cells and regulatory
Foxp3™ Tyeg T cells (Figure 3A). At the onset of the experiment, both groups contained
equal numbers of these subsets in the blood and spleen (Figure 3B), but after 10 weeks of
HCD IRA B KO mice developed fewer effector T cells in the blood, spleen, and para-aortic
lymph nodes compared to controls. Teq cells, on the other hand, developed similarly in both
groups in terms of number and suppressive function (Figure 3B, Supplemental Figure 4A,
B).

Among effector T cells, IFNy-producing Ty cells augment atherosclerosis? 10: 22 23 e
detected fewer IFN+y-producing Ty cells in blood, spleen, and lymph nodes in IRA B KO
mice compared to controls after 10 week HCD feeding (Figure 3C, D). Neither group
differed in the number of splenic Tyy7 or IL-4-producing T2 cells (Supplemental Figure
4C). Do IRA B cells shape an antigen-specific Ty milieu? In atherosclerosis, it is thought
that low-density lipoproteins (LDL) generate an adaptive immune response, presumably due
to a break in peripheral tolerance against self antigens?4. LDL also undergoes oxidation,
which can mobilize Ty, responses via antigen presentation in the context of oxidative stress-
related danger signals2>: 26, T,y; cells contribute to isotype switching, and thus influence
antigen-specific humoral immunity2’=29, T cell-derived IFN'y, for example, induces 1gG2a/c
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and dampens 1gG1 production, whereas I1L-4 has the opposite effect3C. In these experiments,
IRA B KO mice were impaired in generating Tw;-dependent 1gG2c¢ antibodies against
copper (Cu)-oxidized and MDA-modified LDL, even though total IgG and IgM levels
increased similarly in both groups (Figure 3E-G and Supplemental Figure 4D-G). Titers of
the atheroprotective IgM natural antibody E06 against oxidation-specific epitopes remained
unaffected (Supplemental Figure 3C). Hence, as IRA B cell number rose in secondary
lymphoid organs, so did the number of effector IFN-y-producing Ty, cells and concentration
of antigen-specific, IFN-y-dependent IgG2c. That said, we reasoned that IRA B cells did not
augment T cell numbers directly because T cells do not express the GM-CSF receptor3L.,

IRA B cells promote the generation of classical dendritic cells

Effector T cells arise in lymphoid organs when their T cell receptor (TCR) recognizes
antigen on DC. In the context of specific secondary signals, antigen presented on MHCII
can give rise to effector T4 cells that expand, enter the circulation and tissue, and
participate in immunity32. Unlike T cells, DC and their precursors express the GM-CSF
receptor, and might therefore be directly influenced by IRA B cells. To test this hypothesis,
we enumerated DC in the spleen, where IRA B cells expand most prominently. Three
populations of CD11c* MHCII™ classical (c)DC were identifiable: CD11b* CD8~ CD103",
CD11b~ CD8* CD103~, and CD11b~ CD8" CD103" (Figure 4A). Before the onset of
atherosclerosis, both mouse groups contained similar numbers of all three subsets, in
agreement with the observation that GM-CSF does not affect the generation of splenic DC
in the steady state33: 34, During inflammation and with increased GM-CSF, DC expand33: 35,
Consequently, over the course of HCD consumption, control mice selectively increased the
number of CD11b* cDC (Figure 4B). In contrast, IRA B KO mice maintained their cDC
numbers at steady state levels in the spleen (Figure 4B) and lymph nodes (Figure 4C).
Remarkably, not only did IRA B KO mice generate fewer cDC, but these cDC also
expressed less Typ-priming 1L-12p40 (Figure 4D). Although there were no differences in
CD86 and CD40 expression, MHCII decreased slightly on CD11b* ¢cDC in IRA B KO mice
(Supplemental Figure 5A). IRA B cell deficiency neither affected the generation of GMP
and CDP in the bone marrow, nor the number of preDC in the bone marrow and spleen,
which argues against an IRA B cell-dependent mobilization and expansion of DC
progenitors (Supplemental Figure 5B).

To determine whether the changes in cDC subset and function depended on the direct
interaction of GM-CSF with cDC, we reconstituted lethally irradiated Ldlr~”~ mice with a
50:50 mixture of bone marrow cells from CD45.1* WT mice and CD45.2* mice deficient in
the common beta chain of the GM-CSF-receptor (Csf2rb™-), and placed them on HCD for 3
months (Figure 4E). Whereas the CD45.1/CD45.2 splenic cDC chimerism was ~50:50
among the CD8* subset, chimerism was skewed towards the CD45.1* WT cells (60:40)
among CD11b* cDC, suggesting that Csf2rb™~ cells were impaired in generating CD11b*
cDC (Figure 4F). This observation agrees with an earlier report that exogenous GM-CSF
administration augmented the number of CD11b* but not CD8* ¢DC in the spleen36.
Moreover, 1L-12p40 expression was lower in sorted Csf2rb™~ ¢cDC compared to WT ¢cDC
(Figure 4G), thereby reproducing the main effects we observed in IRA B KO mice and
suggesting that IRA B cells influence cDC directly via GM-CSF.

Circulation. Author manuscript; available in PMC 2015 April 22.
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Since dendritic cells can differentiate from bone marrow precursors through culture with
recombinant (r)GM-CSF and IL-4, we wondered whether IRA B cells can act as GM-CSF
sources capable of generating functionally active DC. We sorted IRA B cells from LPS
stimulated WT mice (Figure 4H) and placed them in culture with lineage-depleted (i.e.,
enriched for HSPC) bone marrow cells and IL-4 (Figure 41). After 8 days, MHCII* CD11c*
CD40" CD86™ DC appeared (Figure 4J). As controls, we cultured bone marrow cells with
IL-4 alone or with B cells from Csf2~/~ mice plus IL-4, and enumerated fewer DC (Figure
4K). The group cultured with IRA B cells yielded more cells with characteristic dendritic
cell morphology (Figure 4L), thus complementing the surface marker characteristics. To
determine the functionality of IRA B cell-generated DC, we pulsed them with ovalbumin
(OVA) and co-cultured with OVA-specific transgenic OT-11 CD4™ cells that had been
labeled with a tracer. In the absence of OVA, OT-II cells did not proliferate but, when OVA
was added, T cells proliferated robustly, as determined by the progressive loss of their tracer
dye (Figure 4M). Likewise, IRA B cells sorted from spleens of atherosclerotic Ldlr”~ mice
generated functional bone marrow-derived DC capable of processing ovalbumin for
effective antigen presentation and OT-I1 cell proliferation (Supplemental Figure 5C, D).
These experiments indicate that IRA B cells indeed stimulate the generation of mature DC,
which can promote antigen-specific T cell expansion.

Transfer of GM-CSF-competent B cells aggravates atherosclerosis

If lesions are smaller in the absence of IRA B cells, could the adoptive transfer of GM-CSF-
competent B cells into IRA B KO mice give rise to IRA B cells and reverse the phenotype
by promoting IFN-y-producing Ty cells and atherogenesis? To test this conjecture, we
adoptively transferred WT B cells (i.e., B cell capable of producing GM-CSF) and Csf2™/~ B
cells into IRA B KO mice on HCD, twice, 4 weeks apart (Figure 5A). To establish whether
IRA B cells develop in recipient animals, we transferred CD45.1* WT B cells into CD45.2*
IRA B KO mice and profiled their phenotype after 8 weeks of HCD. Remarkably, a
population of CD45.1* GM-CSF* IRA B cells appeared in the spleen (Figure 5B), thus
allowing us to determine the impact of IRA B cell delivery on the development of
atherosclerosis. The transfer of WT but not Csf2~/~ B cells increased GM-CSF production in
the spleen by over 50% and gave rise to a larger number of splenic cDC and blood effector
T cells, including IFNy-producing Ty cells (Figure 5C, D). Moreover, we found
augmented expression of the T1-transcription factor Thet and T;-associated cytokine
IFNy in atherosclerotic lesions of mice receiving WT but not Csf2~/~ B cells or vehicle only
(Figure 5E). However, expression of Tyeq transcription factor Foxp3, Tyeg-associated
cytokines TGFB; and IL-10, Typ-associated GATA3 and IL-4, and Ty;7-associated RORyt
and IL-17, remained unaffected (Figure 5F, G). Quantification of lesion size and
morphology, as determined by ORO, Mac3, CD4, SMA, and Masson’s trichrome staining,
correlated these findings with those reported in Figure 2: mice receiving WT B cells had
larger lesions, with more macrophages and T cells, compared to mice receiving Csf2~/~ or
no B cells (Figure 5H-L). Altogether, these data indicate that IRA B cells aggravate
atherosclerosis by stimulating DC production and shifting the host response towards Ty1-
associated immunity (Figure 6).
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Discussion

DC are professional antigen presenting cells that, in the context of secondary signals such as
IL-12, can generate IFN-y-producing Ty cells capable of activating macrophages and
promoting isotype switching in B cells. In atherosclerosis, Ty1-type immunity promotes
disease, but the orchestrating pathways remain poorly understood3’. This study reveals that
IRA B cells can shape immunity in atherosclerosis. By expressing GM-CSF in
microenvironments that support the production of mature DC, IRA B cells operate in a
strategic location and deliver a potent signal that instructs the host to mount an adaptive-like
immune response.

In murine disease models that depend on antigen sensitization and challenge, such as
rheumatoid arthritis, multiple sclerosis, and myocarditis, GM-CSF deficiency ameliorates
disease3841, suggesting a major role for the growth factor in DC-mediated generation of
adaptive immunity. Our data expand on these observations by showing that, in
atherosclerosis, IRA B cells are major sources of DC-promoting GM-CSF. In the steady
state, when IRA B cells are exceedingly rare — or when they are absent altogether — splenic
DCs develop normally, indicating that cellular sources other than IRA B cells maintain this
population. In response to danger, however, mobilization of IRA B cells stimulates the
developmental expansion of mature CD11b* cDC, a subset whose dependence on GM-CSF
in atherosclerosis was previously unrecognized. These changes translate to the increase of
IFNy-producing T cells and OxLDL-specific and Ty1-dependent 1gG2c antibodies.

Assessing the role of B cells in atherosclerosis is complex, in part due to the difficulty in
separating the intrinsic biological effects of B cells from the effects of the antibodies they
secrete, and because of the increasing evidence for a variety of functionally distinct B cell
subsets#2. Considerable data support an atheroprotective role of B1 cells, particularly Bla
cells, which are believed to protect from atherosclerosis by secreting natural oxidized
lipoprotein-scavenging IgM antibodies. Controversy surrounds the role of B2 cells,
however, which are the main producers of adaptive 1gG antibodies. Clinically, high anti-
oxLDL IgG levels in cardiovascular patients positively correlate with disease burden*3: 44,
But how do they function? On the one hand, IgG-mediated antigen scavenging may provide
protection, similar to natural IgM antibodies. On the other hand, 1gG isotypes bind variably
to different Fc receptors, which can either activate or inhibit target cells such as
macrophages, irrespective of antigen binding. Signalling via different Fc receptors can thus
have opposing effects on atherosclerosis, as studies in mice deficient either for the activating
FcyR or the inhibitory FcyRIIb have shown*2. Adding to the complexity, 19G subclasses
exhibit different activation-to-inhibition ratios*. IRA B cell-dependent production of the
IgG2c isotype, which has the highest ratio, may therefore be consistent with the observation
that IRA B cells aggravate atherosclerosis. Beyond antibodies, B cells are also sources of
cytokines and chemokines, such as regulatory 1L-108 and monocyte-mobilizing MCP3/
CCL746, While the role of these subsets in atherosclerosis is still unknown, our study on yet
another class of mediator— a growth factor — reveals that B cells can aggravate
atherosclerosis by generating T1-priming cDC.

Circulation. Author manuscript; available in PMC 2015 April 22.
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One somewhat puzzling observation is that a B cell should be a major source of GM-CSF in
the first place. After all, B cells participate fundamentally in humoral immunity, and so it
may be counter-intuitive that B cells should also act in the generation of DC, the cells
specialized in the afferent limb of the T cell response. Yet, IRA B cells may be ideally suited
for a sentinel role in adaptive immunity. The spleen screens blood for pathogens and B cells
are the spleen’s most numerous occupants. B cells physically interact with dendritic cells in
the spleen to initiate T cell-independent immunity4’. Moreover, recent studies have shown
that signaling via Myd88 in B cells is important to DC function in lupus and T3

priming*8: 49, The finding that IRA B cells require signaling via Myd88 raises the possibility
that the link between Myd88 signaling in B cells and DC function in lupus likewise involves
B cell-derived GM-CSF. Strategically located and equipped with a plethora of receptors
capable of recognizing molecular patterns, IRA B cells may indeed represent a cellular node
that bridges innate and adaptive immunity.

The function of the pleiotropic cytokine GM-CSF depends on concentration, location, and
timing of expression. Although it is remarkable that a small population of B cells secreting
GM-CSF elicited a significant difference in lesion size, ORO area, and macrophage and T
cell content, it should be noted that other leukocytes, including macrophages and T cells, can
also produce GM-CSF21: 50, Therefore, attention to the cellular source may be critical to
understanding a cytokine’s pleiotropic behavior. This study focused on the interplay of GM-
CSF-producing IRA B cells with DC partly because IRA B cells selectively increased in
secondary lymphoid organs where DC reside. Even though we did not observe effects of
IRA B cells on monocytosis and neutrophilia, IRA B cells could elicit other effects on
myeloid cells as disease progresses. Similarly, the absence of IRA B cells in the aorta in our
setting does not preclude their accumulation and local influence in more advanced disease.
Future studies will need to determine how alternative cellular sources of GM-CSF at various
stages of disease influence atherosclerosis.

HMG-Co-A inhibitors (statins) have proven benefit in reducing cardiovascular events in
individuals in broad categories of risk in part through direct antiinflammatory actions. Yet,
despite treatment with the best available therapeutics, a considerable burden of residual
events threatens individuals prone to complications of atherosclerosis. This challenge has
energized efforts at targeting inflammation. Understanding the complex, redundant, and
interlinked networks of innate and adaptive immunity implicated in atherogenesis is
essential to the development of effective but nuanced immune-targeting approaches. An
integrated, systems-wide model that charts how the immune system recognizes harmful
atherosclerosis-promoting molecular patterns, how it incorporates and propagates this
information, and how it ultimately impacts disease should aid the development of specific
and finely-tuned treatments. The function of IRA B cells described here illuminates a
previously unknown regulatory node operating in atherosclerosis, and is worthy of
consideration as a candidate for therapeutic intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

Atherosclerosis is a lipid-driven inflammatory disease, yet treatment regimens currently
lack genuinely anti-inflammatory approaches. The growth of human and mouse
atherosclerotic lesions is characterized by the influx of functionally diverse leukocytes to
the vessel wall. Because leukocytosis is a risk factor for complications of atherosclerosis
in humans, understanding how leukocytes affect the course of disease is important, and
may lead to new strategies that either augment or attenuate particular leukocyte function.
This study shows that a previously unknown leukocyte population plays an important
role in atherosclerosis. Innate response activator (IRA) B cells develop in lymphoid
organs in humans with atherosclerosis at high numbers and in the two major mouse
models. Functionally, IRA B cells aggravate atherosclerosis by shaping Thl-type
adaptive immunity. The study identifies an upstream node of leukocyte communication
and suggests that targeting IRA B cell function might be a strategy for the treatment of
cardiovascular disease.
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Figurel.

GM-CSF producing IRA B cells expand in atherosclerosis. (A) Identification of GM-CSF* B220* IgMNi9" IRA B cells in
spleens of LdIr”~ and Apoe™~ mice after 3 months of HCD by flow cytometry and (B) immunofluorescence histochemistry. (C)
Flow cytometry based enumeration of IRA B cells in peripheral blood (per ml), total bone marrow, spleen, peritoneal lavage,
four para-aortic lymph nodes and aorta in aged-matched LdIr~~, C57BI/6 WT and Apoe™'~ mice after 3 months of normal chow
diet (gray) and HCD (white), respectively (n = 3 mice per group). Cell counts are presented as mean + SEM, * p < 0.05, ** p <
0.01, comparing chow vs. HCD per organ. (D) Kinetics of IRA B cell development in spleens of Apoe™~ mice. 8 week old
Apoe™~ mice were placed on HCD and sacrificed after 4, 8, 12 and 24 weeks on HCD to quantify IRA B cell numbers (n = 3
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mice per time point). Cell counts are presented as mean + SEM. (E) On the left, identification of IgM* GM-CSF* IRA B cells in
the spleen of a patient with atherosclerosis. On the right, quantification of IRA B cells in spleen sections of patients with (white)
or without (gray) symptomatic cardiovascular disease (CVD). Cells were counted in 12 randomly selected visual fields of
0.1mm? per sample. The combined number of IRA B cells in all 12 visual fields per patient was divided by the total area
analyzed (12 x 0.1mm?). Results are presented as means + SEM, ** p < 0.01, n = 4 per group. For all flow cytometric plots, the
ticks represent 0, 102, 103, 104, 10° fluorescence units, except axes labeled “SSC,” for which the ticks represent 0, 50 000, 100
000, 150 000, 200 000, and 250 000 fluorescence units.
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Figure2.

IRA B cells promote atherosclerosis. (A) For generation of mixed bone marrow chimeras with B cell restricted GM-CSF
deficiency (IRA B KO) lethally irradiated 8 week old Ldlr~'~ mice were reconstituted with a 50:50 mixture of GM-CSF
deficient (Csf27/") and B cell deficient (uMT) bone marrow (white). Control mice were reconstituted with a 50:50 mixture of
GM-CSF deficient (Csf2/~) and WT bone marrow (gray). After 6 weeks of reconstitution mice were placed on HCD for
another 10 weeks. (B) Validation of B cell restricted GM-CSF deficiency in IRA B KO mice after reconstitution and 10 weeks
of HCD. Identification of GM-CSF (Csf2) mRNA expression by semi-quantitative reverse transcription PCR in sorted CD3* (T
cells), CD19* (B cells) and CD11b* (myeloid cells) splenocytes from control and IRA B KO mice. Rpl19 serves as the
housekeeping gene. (C) En face Oil-Red-O (ORO) staining of excised aortas from control and IRA B KO mice after 10 weeks of
HCD on the left and quantification of lesion area on the right (n = 7 per group). Results are presented as means + SEM, ** p <
0.01, gray color for control, white color for IRA B KO mice. (D) Representative H&E staining of aortic root sections from
control (gray) and IRA B KO (white) mice after 10 weeks of HCD with quantification of lesion size in two independent
experiments (n = 20 per group). Results are presented as means + SEM. In addition immunohistology depicting ORO-, Mac3-,

Circulation. Author manuscript; available in PMC 2015 April 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hilgendorf et al. Page 18

smooth muscle actin (SMA)-, Masson’s trichrome (Masson) and CD4-positive staining of aortic root lesions representative of
both groups with quantification of n = 10 samples per group. Results are presented as mean + SEM, * p < 0.05, ** p < 0.01.
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Figure3.

IRA B cells promote the generation of Tyy1 effector cells in atherosclerosis. (A) Representative dot plots showing gating for
CD3* CD4* CD44Md" CD62LIOW T effector (Tefr) cells and CD3* CD4* Foxp3* regulatory T cells (Treg) in blood. (B) Kinetics
of Ter and Tyeq cell development in blood and spleen as well as proportion of Teg cells in para-aortic lymph nodes during 10
week HCD feeding of IRA B KO (white) and control (gray) mice. Results are presented as mean £ SEM, * p < 0.05, ** p <
0.01, comparing IRA B KO vs. control mice at 10 weeks, n = 6 per group. (C) Representative dot plots showing gating for CD3*
CD4* IFNy* T cells in blood. (D) Quantification of IFNy-producing T cells in blood, spleen and para-aortic lymph nodes after
10 week HCD feeding of IRA B KO (white) and control (gray) mice. Results are presented as mean + SEM, * p <0.05, n > 10
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per group. (E) Kinetics of total 1gG and IgM serum levels during 10 week HCD feeding of IRA B KO (white) and control (gray)
mice. Results are presented as mean = SEM, n = 6 per group and time point. (F) Quantification of 1gG,. antibody titers against
MDA-LDL and copper-oxidized LDL (CuOxLDL) in 1:25 diluted individual serum samples, n = 10 per group. Results are
presented as mean + SEM, * p < 0.05, ** p < 0.01. (G) Quantitative ratio of 1gG,; and 1gG titers against MDA-LDL and
copper-oxidized LDL (CuOxLDL) in 1:25 diluted individual serum samples, n = 10 per group. Results are presented as mean +
SEM fold changes of the 1gG,. : 1gG; ratio to illustrate shifts in isotype switching between control and IRA B KO mice, * p <
0.05, ** p<0.01.
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Figure4.

IRA B cells promote the generation of classical dendritic cells (cDC) in atherosclerosis. (A) Representative dot plots showing
gating for CD19~ MHCIIM9N CD11cNi9h classical (c)DC, CD8~ CD11b*, CD8* CD11b~ and CD8* CD103* subsets in the
spleen. (B) Kinetics of splenic cDC subset development during 10 week HCD feeding of IRA B KO (white) and control (gray)
mice. Results are presented as mean + SEM, * p < 0.05, ** p < 0.01, comparing IRA B KO vs. control mice at 10 weeks, n = 6
per group. (C) Identification and quantification of the proportion of cDC in para-aortic lymph nodes. Results are presented as
mean £ SEM, * p <0.05, n = 10 per group. (D) Quantification of IL-12p40 expression in splenic cDC sorted from IRA B KO
(white) and control (gray) mice by real-time PCR. Results are presented as mean + SEM fold change of 22Ct, * p < 0.05, n > 10

Circulation. Author manuscript; available in PMC 2015 April 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hilgendorf et al. Page 22

per group. (E) LdIr~~ mice were lethally irradiated, reconstituted with a 50:50 mixture of CD45.1* WT (black) and CD45.2*
Csf2rb~~ (white) bone marrow and placed on HCD for 3 months. (F) Assessment of chimerism for CD45.1 (WT in black) and
CD45.2 (Csf2rb™~ in white) in CD11b* and CD8* splenic cDC. Results are presented as mean + SEM, * p < 0.05, n = 5 per
group. (G) Quantification of IL-12p40 expression in sorted CD45.1 (WT in black) and CD45.2 (Csf2rb™" in white) splenic cDC
by real-time PCR. Results are presented as mean + SEM fold change of 22Ct * p < 0.05, n = 5 per group. (H) Flow assisted cell
sorting of CD23!°W |gMhigh cD43high cD138MigN cells from WT and Csf2~/~ mice after 4 x 25mg/day LPS i.p. Representative
dot plot showing enrichment for GM-CSF* IRA B cells in WT mice. Dashed lines represent isotype controls. (I) Representative
dot plot showing MHCII and CD11c expression in lineage depleted (Lin = CD3, CD90.2, CD19, B220, NK1.1, Ly6G) CD45.1*
bone marrow cells before in vitro culture. Dashed lines represent isotype controls. (J) Representative dot plot showing high
MHCII, CD11c, CD86 and CD40 expression on bone marrow derived DC (BMDC) generated through co-culture with IRA B
cells and 1L-4 over 8 days. Dashed lines represent isotype controls. (K) Enumeration of MHCII* CD11c* BMDC after co-
culture with medium alone (dark gray), medium plus IL-4 (black), IRA B cells and IL-4 (gray), or corresponding B cells from
LPS challenged GM-CSF~/~ mice with IL-4 (white). Results are presented as mean + SEM, * p < 0.05, comparing WT vs. all
other groups by ANOVA, n = 3 per group. (L) Evaluation of dendritic cell morphology of BMDC generated with IRA B cells or
Csf27/~ B cells. Representative phase contrast microscopy images are shown on the left. Quantification of cells with typical
dendritiform protrusions per visual field is shown on the right. Results are presented as mean + SEM analyzed in 6 visual fields
per well and group, * p <0.05, ** p < 0.01. (M) CD4* CD25~ OT-II cells were co-cultured with IRA B cell-generated BMDC
loaded with ovalbumin (OVA; 100ug/ml) or BSA (100ug/ml) for 4 days. Representative histograms show cell divisions of OT-
I1 T cells labeled with a cell tracer dye.
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Figure5.
Transfer of GM-CSF competent B cells aggravates atherosclerosis. (A) Experimental strategy for B cell adoptive transfer. Naive

IRA B KO mice were divided into three groups receiving either 2.5 x 107 CD19* B cells from WT (gray) or Csf2~/~ (white)
mice (n = 7 per group) or vehicle (DPBS) alone (black) (n = 5) at week 0 and 4 of a 8 week period of HCD feeding. (B)
Representative dot plots showing identification of IRA B cells in the spleen of a CD45.2* IRA B KO recipient on HCD 8 weeks
after transfer of 25 x 108 CD45.1* WT B cells twice, 4 weeks apart. (C) Quantification of GM-CSF (Csf2) expression in whole
spleen tissue of IRA B KO mice 8 weeks after transfer of WT (gray), Csf2~/~ (white) (n = 7 per group) or no B cells (black; n =
5) by real-time PCR. Results are presented as mean + SEM fold change of 2ACt * p < 0.05, comparing WT vs. the other groups
by ANOVA. (D) Enumeration of spleen cDC, blood T effector cells, and blood IFNy-producing T cells in recipients of WT
(gray) cells compared to those receiving Csf2~/~ (white) B cells (n = 7 per group) or vehicle (black; n = 5) after 8 weeks HCD
feeding. Results are presented as mean + SEM, * p < 0.05, comparing WT vs. the other groups by ANOVA. (E-G)
Quantification of Ty;-associated Tbet and IFNvy, Treg-associated Foxp3, TGFB; and IL-10, and T,- and T17-associated
GATA3, IL-4, RORyT and IL-17 expression in aortic tissue of WT (gray) versus Csf2~/~ (white) B cell recipients (n = 7 per
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group) and vehicle group (black; n = 5) by real-time PCR. Results are presented as mean + SEM fold change of 22Ct, * p < 0.05,
comparing WT vs. the other groups by ANOVA. (H) Quantification of ORO-rich areas in aortic root sections of recipients of
WT (gray) versus Csf2~/~ (white) B cells (n = 7 per group) and vehicle group (black; n = 5) on the right and representative
images on the left. Results are presented as mean = SEM, * p < 0.05, comparing WT vs. the other groups by ANOVA. (I-L)
Representative images and quantification of Mac3-, CD4-, SMA-positive and Masson’s trichrome staining in aortic root sections
of the three groups. Results are presented as mean £ SEM, * p < 0.05, comparing WT vs. the other groups by ANOVA.
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Figure6.
Model of IRA B cell-dependent T, skewing during atherosclerosis. During atherosclerosis IRA B cells arise in secondary

lymphoid organs via Myd88-dependent signaling and promote the generation of classical 1L-12 producing classical dendritic
cells (cDC). CD4* T-helper cells that recognize disease related antigens (i.e. oxidation specific epiptopes) presented by these
cDC differentiate into IFN-y-producing Ty cells. Ty cells infiltrate atherosclerotic lesions and stimulate macrophages.
Antigen-specific interaction between Ty, cells and B cells leads to IFNy-dependent isotype switching from IgG1 to 1gG2a/c
which carry the highest Fcy-receptor mediated activation capacity. By instructing Ty1-priming cDC IRA B cells aid in bridging
innate and adaptive immunity. Solid arrows depict functional relationship and dashed arrows depict spatial relationship.
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