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Abstract

B cells constitute a major component of the immapstem. They have significant
roles in many immune diseases. There are multipltypes of B cells. Bla and
conventional B2 cells are the two main subsets.d&lla are the primary producers of
natural IgM antibodies while B2 cells are the pnignaroducers of IgG antibodies.
IgM and IgG antibodies are believed to protect agfravate atherosclerosis
respectively. Atherosclerosis is a chronic inflanbona disease that is characterised
by focal accumulation of lipids and immune cellstie walls of medium and large
arteries. It results in cardiovascular diseaseshviaire the leading causes of death
from heart attacks and strokes in the world. Curtezatment is restricted to lipid-
lowering statins which are not sufficient in pretieg and remitting atherosclerosis.
The differential roles of IgM and IgG antibodiesatherosclerosis suggest that Bla

cells are atheroprotective and B2 cells are atlesniag

In this thesis, an atheroprotective effect of BHilscwas supported by increased
atherosclerosis in ApdE mice with diminished Bla cells after splenectorifijie
aggravation of atherosclerosis in splenectomisecoEAp mice was markedly
repressed by the reconstitution of Bla cells byp#de transfer. On the other hand,
an atherogenic effect of B2 cells was underscored tlie exacerbation of
atherosclerosis following their adoptive transfetoi lymphocyte-deficient ApoE
Rag2yc’ mice and B cell-deficient ApoEAMT mice. Moreover, ApoEBAFF-R”
mice that were selectively deficient in B2 cellsjt mot Bla cells, had reduced
atherosclerosis. These studies clearly indicatet #Baa cells protect against

atherosclerosis whereas B2 cells exacerbate atiierosis.



Notably, IgM and TNE deficiencies in Bla cells and B2 cells preventesht from

suppressing and aggravating atherosclerosis regglgctlt is likely that Bla cells

suppress atherosclerosis by producing natural Igkibadies which are deposited
within atherosclerotic lesions where they take parthe removal of apoptotic cells
and oxidized lipids to modulate inflammation. Corsedy, B2 cells may aggravate
atherosclerosis by producing ThRwvhich is a potent inducer of inflammation and
apoptosis. These mechanistic actions of Bla cellsBR2 cells can be exploited to

develop new and improved therapies against athleroscs.

Vi
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Chapter 1 Introduction

1.1 Global impact of cardiovascular disease

Cardiovascular disease (CVD) is the leading caudsdeath from heart attack and
strokes. According to latest estimates, the nurobdeaths per year from CVD stands
at an astonishing 17.3 million worldwide. This igected to reach 23.6 million by
the year 2030 (Smith, Collins et al. 2012). CVDpievalent in most developed
countries. The sheer magnitude of CVD is evidertha&n United States where it still
accounts for nearly 35% of deaths even after thmtry recorded a marked reduction
of 30.6% in cardiovascular mortality, largely besawf improvements in healthcare,
from 1998 to 2008 (Roger, Go et al. 2012). A mdstudbing statistic is that 33% of
CVD related deaths strike below the average lifpeetancy of 77.9 years. In
addition, the cost of CVD burden rose by more tBaf billion from 2007 to 2008
(Roger, Go et al. 2012). The same holds true irtrAlia given that CVD affects 17%

of the population and costs $4-6 billion annuaBp(rchier M 2011).

The full brunt of CVD is still to come. This prospérangs in the backdrop of a much
larger CVD pandemic that looms on the horizon @f-land middle-income countries.
At present, these countries sustain 80-90% of ¢lGh® mortality (Smith, Collins et
al. 2012). The impending crisis is primarily drivdéyy rapid development and
industrialization which lead to unhealthy lifestyland increased exposure to risk

factors such as smoking.

Indeed, massive efforts are required to dampenntipact of CVD. CVD is mainly
caused by atherosclerosis. Existing medical stiegegre restricted to surgical

angioplasty/stent intervention and the administratof lipid-lowering statins and

1



anti-thrombotics. None of these offer sufficientnission and protection from CVD.
From a therapeutic standpoint, the design of bétdatments is only tangible with a

sound understanding of the pathologies underlyihgrasclerosis.

1.2 Atherosclerosis

Atherosclerosis is a chronic inflammatory disortleait is associated with elevated
plasma cholesterol. It begins with the depositibtipds in the arterial wall. It is a
highly focal disease that occurs mainly at sitesrbérial curvature and bifurcations
where turbulent/oscillatory blood flow results owl hemodynamic shear stress. Shear
stress refers to the tangential force of blood ftowthe vascular wall (Malek, Alper et
al. 1999, VanderLaan, Reardon et al. 2004). Owvae tiatherosclerotic plaques
containing a plethora of immune cells and mediatiengelop. As plagues grow in size
and complexity, they encroach on the vessel lumémnctw eventually becomes
narrower. This limits blood flow to major organsuéing in ischaemia. In the event
of a plaque rupture, thrombotic occlusion of agercan give rise to myocardial

infarction and stroke with a fatal outcome (Hansand Hermansson 2011).

Macrophages and dendritic cells (DC) take partllistages of atherosclerosis. They
are present even in healthy non-atherosclerotitagespecially in the intimal and
adventitial layers of atherosclerosis-prone regiorfe.g. arterial branch
points/bifurcations) (Millonig, Niederegger et @001, Jongstra-Bilen, Haidari et al.
2006). Hence, they are well poised to initiate aikelerosis. They become foam cells
after ingesting lipids and are principally respbiesifor the cytokine and chemokine
milieu that instigates plaque inflammation (Moor8heedy et al. 2013). The

atherogenic functions of macrophages and DCs ajdifeed by adaptive immune



responses during the development and progressiathefosclerosis. Two examples
that will be described in detail are the primingno&crophages by CD4 T-helper 1
cells and antibodies of the IgG subclass. Thersuisstantial evidence of highly
immunogenic oxidized low-density lipoproteins ase tbhief stimulating factors
behind these processes (Stemme, Faber et al. G388 and Witztum 2001). Other
immune cells that are known to be atherogenic aelGD8 T cells, Natural Killer T

cells and Natural Killer cells (Hansson, Robertebal. 2006).

New insights have recently emerged from the studB aells in atherosclerosis. B

cells are well reputed for their arsenal of celludmd humoral immune functions.
They constantly survey for neo-antigens and actiyrticipate in coordinating

immune mechanisms through the secretion of cytskipeduction of antibodies and
activation of CD4 T-helper cells by antigen preatioh. There are multiple subtypes
of B cells. Each has a specialized set of actibasfacilitate immune activities under
defined settings. The focus of this review is oa slibset-specific roles of B cells in
atherosclerosis and the benefits of exploiting tfemdesigning therapies against

atherosclerosis.
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Figure 1 : LDL particles that are trapped withie tirterial wall are rapidly denatured and
oxidized by free radicals and enzymes. The resudtidized LDL (oxLDL) and lipid
peroxides stimulate endothelial cells to expregkdeyte adhesion and chemoattractant
molecules which recruit immune cells such as Tscatid B cells into the intimal layer.
The ingestion of oxLDL and aberrant LDL transformacrophages into foam cells.
Lipid-laden foam cells aggregate to form a fattgak. Overtime, more immune cells
participate to induce cytotoxicity against foaml€and secrete inflammatory cytokines
The death of foam cells and other cells resulthénformation of a necrotic core that
contains cholesterol, lipid droplets and cell deboxLDL also stimulates endothelial
cells to produce platelet-derived growth factor ebhstimulates smooth muscle cells
(SMC) to migrate from the media to the intima whigrey proliferate and produce
collagen. A fibrous cap rich in SMCs and collageargually forms. Progression of
atherosclerosis is evidenced by the enlargememéa@fotic core and thinning of fibrous
cap.




1.3 Low-density lipoprotein

Low-density lipoprotein (LDL) is a spherical compl#éat transports triglycerides and
cholesterol esters to tissues throughout the blbdy.encapsulated by a phospholipid
monolayer embedded with cholesterol and a singkencbf apolipoprotein B-100
(ApoB-100) (Matsuura, Kobayashi et al. 2006). Cmtng LDL routinely enters the
intimal layer of arteries and returns to the bldoefsm via transmural flow. However,
there is a tendency for LDL, which carries a nesifiee charge, to be retained by
negatively charged proteoglycan sugars in the gidibelial space of arteries
(Skalen, Gustafsson et al. 2002, Matsuura, Hughed. 2008). This is particularly
pervasive under hypertensive and hypercholesteroleomditions which promote the
influx of LDL. When exposed to metabolic enzymeg(éipoxygenases and NADPH
oxidase) within the arterial intima, LDL is rapidfenatured and oxidized by reactive
oxygen species (e.g. superoxide anion and hydrpgeoxide) (Stocker and Keaney
2004). There are copious derivatives of oxidizedLL®XLDL) ranging from
minimally to highly oxidized LDL. LDL is susceptiél to oxidation at the
polyunsaturated fatty acid chains of esterifiedlesi@rol and triglycerides and the
sterol group of cholesterol (Matsuura, Kobayashale2006, Matsuura, Hughes et al.
2008). When these LDL components are attacked &g fadicals, a cascade of
reactions occurs and further oxidative modificasiemsue.

1.3.1 Minimally-oxidized LDL

Oxidation of LDL is considered minimal when onlyetfatty acyl chains are modified
without any major effect on the native structuréApbB-100 (Navab, Ananthramaiah
et al. 2004, Itabe, Obama et al. 2011). Mild oxmtatof LDL does not affect
recognition by the LDL-receptor (LDLR) (Stocker akdaney 2004, Iltabe, Obama et

al. 2011). Mildly oxidized LDL stimulates the praztion of cAMP in endothelial



cells. In doing so, it increases the expressioseskral inflammatory genes of which
P-selectin, monocyte chemotactic protein-1 (MCP&kh)d macrophage colony-
stimulating factor (MCSF) have been identified imov(Berliner, Territo et al. 1990,
Cushing, Berliner et al. 1990, Rajavashisth, Aridadt al. 1990, Liao, Berliner et al.
1991, Parhami, Fang et al. 1993). Together, thesleaules guide the trafficking of
blood borne monocytes into atherosclerotic lesidsigon contact with P-selectin,
monocytes tether along the endothelium and migchtmotactically from sensing
MCP-1 into the arterial intima where MCSF mediathe differentiation of the
monocytes into macrophages (Stocker and Keaney, 208#sson 2005).

1.3.2 Highly-oxidized LDL

LDL is extensively modified when its oxidized lipicomponents disintegrate into
smaller molecules comprising mostly ketones aneélatdes. These lipid byproducts
can form covalent cross-links with other lipidsvesl as protein adducts with ApoB-
100 (ltabe, Obama et al. 2011). One example is d#&kssociation between
malondialdehyde (MDA) and the-amino ends of exposed lysine and histidine
residues on ApoB-100 (Palinski, Rosenfeld et aB9l%tocker and Keaney 2004).
The resultant Schiff bases are also very reactvihay bring about further lipid and
peptide conjugation (Matsuura, Kobayashi et al. 30@onsequently, ApoB-100
loses its conformation and breaks down into seagnfitagments that can fuse with
the phosphorylcholine headgroups of LDL phosphdfipand reconfigure them to
reveal cryptic epitopes (Binder, Chang et al. 20@2¢dman, Horkko et al. 2002).
Unlike mildly oxidized LDL, highly oxidized LDL isrecognized by scavenger
receptors, in particular, scavenger receptor A fASRnd CD36. Scavenger receptors

are regulated independently of cholesterol levalscells. As such, they are the



primary means of oxLDL uptake and accumulationipidtladen foam cells (Krieger
1997, Stocker and Keaney 2004, Matsuura, Kobaysdli 2006).

1.3.3 OxLDL as an immunogen

The oxidation of LDL creates a cocktail of immunoge autoantigens. This is
reflected by the increased presence of oxLDL-bigdmmunoglobulins in the blood
sera of mice and humans with established atherostse(Salonen, Yla-Herttuala et
al. 1992, Palinski, Tangirala et al. 1995). Enormaiffort has been devoted to
elucidate the immune mechanisms induced by speoKldL epitopes. Some are
ascertained to attenuate whereas others aggrabhat®sclerosis. This is likely due to
the types of immune cell that are involved and ititerplay between them. In the
context of B cell responses, IgM antibodies arekddh to the suppression of
atherosclerosis while IgG antibodies are associateth the aggravation of
atherosclerosis (Shoenfeld, Wu et al. 2004). Thgnak has kindled a keen interest to

develop vaccines against atherosclerosis.

Since oxLDL particles are mostly confined withimetosclerotic lesions, this poses
the question about their transfer to peripheraldigoid organs where they activate
immune cells. The heterogeneity of DCs offers sortexesting clues. Tissue-resident
DCs regularly screen for aberrant antigens espgaidien recruited to inflammatory
regions. After engulfing the aberrant molecules, sDBecome specialized at
processing and presenting them for T-cell engagen&rme may also migrate to
draining lymph nodes to transfer the antigens beiobCs and even B cells (Carbone,
Belz et al. 2004). Alternatively, antigens fromlamed tissues can directly access

draining lymph nodes through lymphatic conduitsri#tzod and Batista 2009). These



could be the means which B cells and other immulls gain contact with oxLDL

antigens in lymphoid organs.
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Figure 2 : OxLDL antigens may
travel directly from atheroscleroti
lesions via the lymphatic conduit
to draining lymph nodes where
they encounter and activate
antigen-specific B2 cells. Upon
contact, activated B2 cells may
mobilise cognate CD4 T cells and
other inflammatory immune cells
This process of activation is likely
to take place during early
atherosclerosis to kick start
atherogenic inflammatory immun
responses. Picture adapted from
(Harwood and Batista 2009).
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The mechanistic actions of oxLDL-specific IgM irhatosclerosis have been under

the spotlight for many years. This is attributedrtereasing evidence of oxLDL-IgM

restricting the development of atherosclerosis ubho various immunosuppressive

ways at the local and systemic levels. Given itgdrtance, measurements of oxLDL-

IgM are routinely included in studies to documeatiations related to the pathology

of atherosclerosis. For instance, increased oxLgM-lis deemed to modulate

inflammation in atherosclerotic plaques by detegymecrotic cell death, reducing the

accumulation of foam cells by preventing the uptade oxLDL by plaque

macrophages and promoting the removal of circudatirLDL (Shaw, Horkko et al.



2000, Rose and Afanasyeva 2003). These and othMeimigdiated atheroprotective
effects will be described below.

1.4.1 Natural IgM properties

Atheroprotective IgM antibodies mainly belong talass of naturally occurring IgM
antibodies, termed natural IgM. The variable regioh natural IgM antibodies are
germline encoded and highly conserved (Dorshkirdl Montecino-Rodriguez 2007).
They are believed to evolve under selective pressfrom endogenous neo-antigens
such as apoptotic ligands and commensal pathodgasm(garth, Tung et al. 2005,
Rapaka, Ricks et al. 2010). As a consequence, atalg antibodies are poly-
specific and recognize a broad range of molecules. (phospholipids and
glycoproteins) with common structural moieties. INat IgM antibodies do not
undergo somatic hypermutation and affinity matarat{Kantor, Merrill et al. 1997,
Herzenberg, Baumgarth et al. 2000, Gronwall, Vasalet2012). The ensuing
drawbacks are a limited array of antigenic targetd low antigen-binding affinity.
Nevertheless, an inherent property compels IgM badies to assemble into
pentamers of about 970kDa, and at times even hasatoeenhance overall antigen-
binding avidity (Ehrenstein and Notley 2010, Kayegilverman et al. 2012). In
essence, natural IgM antibodies are configured mberact promptly and
simultaneously with multiple antigens.

1.4.2 Natural-IgM producing Bla cells

In general, B cells are classified as Bl cells (lg8220° IgD"° CD23) or
conventional B2 cells (IgMB22d" IgD" CD23) (Fagarasan, Watanabe et al. 2000).
B1 cells are a minor subset of B cells consistihthoee subtypes namely, Bla, Blb
and Blc (Hastings, Gurdak et al. 2006). In contradB2 cells, which represent the

major population of B cells, B1 cells are long-livend self-renewing (Hayakawa and



Hardy 1988, Karras, Wang et al. 1997, Berland armtid/2002). They are absent in
peripheral lymph nodes and only account for abd%t & B cells in the spleen
(Kroese, Ammerlaan et al. 1992, Berland and Wd082). Much of the current
knowledge on B1 cells is derived from murine modélsman Bl cells have only
recently been characterized as CB2D27' CD43'CD70 cells (Griffin, Holodick et
al. 2011). In mice, the genesis of B1 cells steramffetal hematopoietic stem cells
(HSCs) in the fetal liver and omentum. The OB45R"°CD19" B1 precursors
decline markedly postnatal and scarcely residéaénadult bone marrow (Fagarasan,
Watanabe et al. 2000, Montecino-Rodriguez and Dximsh2006). Nonetheless, they
remain central to the homeostatic maintenance o€@ls throughout life. Maturing
B1 cells that bind strongly to self and non-selfigans are positively selected while
those that exhibit weak binding do not prevail (@as Otipoby et al. 2004, Hardy
2006). The current paradigm suggests that B1 gey®ung mice provide a first line
of defense against common pathogens. As the mme gider, antigen experience

becomes increasingly involved in shaping the BErre.

Bla cells are the principal source of natural IgMil@odies. Positive expression of
CD5 and CD11b distinguishes B1la cells from othercBlls (B1b, CD5 CD11b and
Blc, CD5 CD11b) (Hastings, Gurdak et al. 2006). The main sitesesfdence for
Bla cells are the pleural and peritoneal cavitiéghin these compartments, Bla cells
comprise 10-15% of B cells (Marcos, Huetz et alB9,9Kroese, Ammerlaan et al.
1992). Bla cells constitutively produce natural Ighthout T-cell help and supply
half of the entire IgM pool (Thurnheer, Zuercherkt2003). The near normal levels
of IgM in mice that were reared in germ-free enmiment bore testament to the

spontaneity of IgM production by Bla cells (Coutniazatchkine et al. 1995). This

10



was further exemplified by the almost complete aegtion of IgM in immune-
deficient Ragi‘ mice following the adoptive transfer of Bla céBsnder, Shaw et al.
2005, Chou, Fogelstrand et al. 2009). When Blas aglcounter cognate antigens,
they expand and generate increased amounts of tgmaolgM (Hardy 2006,
Gronwall, Vas et al. 2012). This may explain therelation between oxLDL-IgM and
atherosclerosis. Taken together, Bla cells comstitu vital branch of the innate
immune system by maintaining an umbrella of natughll antibodies to shield

against invading microbes.

1.5 Atheroprotective functions of Natural IgM

The pathogenesis of atherosclerosis has been esdbnstudied from the initiation of
fatty streak to the development and progressiomnafure plaque into vulnerable
plaque. However, the events that propel the transifrom one disease stage to
another still need further investigation. This patarly applies to the interactions
among cells in the atherosclerotic plaque and #fé&cts on atherogenesis. One such
area pertains to the clearance of apoptotic plagelés, a process known as
efferocytosis, which is severely impaired in adwahcatherosclerotic plaques
(Schrijvers, De Meyer et al. 2007).

1.5.1 Efferocytosis in atherosclerotic lesions

Besides phagocytosing oxLDL, plague macrophagese hevsecondary role in
removing dying cells since they are the main pitesl efferocytes in plaques (Li,
Sun et al. 2009, Hansson 2012). This takes pladeiesitly during early
atherosclerosis but subsides in the later phasesnwhere is a high level of
inflammatory and oxidative stress (Yvan-Charvetgl®aet al. 2010, Moore and

Tabas 2011). In advanced plaques, the frequenagweorfotic cells increases due to
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inefficient efferocytosis. The uncontrolled leakagfetoxic intracellular factors (e.g.
High mobility group box protein 1; HMGB1 and hedtosk proteins; HSP) from
necrotic cells can inflict profound damage on atkelerotic lesions (Moore, Sheedy
et al. 2013). Our previous study showed that HMGBE atherogenic and contrived
the recruitment of macrophages and stimulatiomfddimmatory mediators in plaques
(Kanellakis, Agrotis et al. 2011). In time, the etbsclerotic plague becomes more
inflamed and unstable as manifested by the enlaegemaf necrotic core and the
thinning of fibrous cap. The exact reason behingl ithpairment of efferocytosis
remains elusive. Initial work suggests that it codde multifactorial. Potential
mechanisms include a decline in the number of fanat efferocytes as a result of
oxLDL-induced macrophage death and reduced redognitf apoptotic cells due to
the disruption of efferocytic ligands (e.g phosjhdserine) and receptors (e.g.
MerTK) in advanced plaques (Thorp, Cui et al. 208&mon and Tabas 2009, Moore
and Tabas 2011).

1.5.2 Natural IgM-mediated efferocytosis in atheroderotic lesions

Lewis and colleagues reported that the loss of rahtigM by gene deletion of
secretory IgM (IgM) accentuated atherosclerosisD.R™” mice (Lewis, Malik et al.
2009). It also appeared that plaque apoptosis igadisantly elevated in the absence
of IgM. Although it could be argued that this wamare reflection of the increase in
plaque size in sIgMLDLR™ mice compared to LDLR mice, the result strongly
suggested defective removal of apoptotic cells atume atherosclerotic plaques that
lack IgM. This is an important finding with releaimplications of natural IgM

serving as scavengers of apoptotic cells in atlcrasic plagues.
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The opsonization of only apoptotic cells but noable cells is a notable trait of
natural IgM (Shaw, Goodyear et al. 2003). Apoptatells display an assortment of
‘gobble me’ ligands which are readily recognizednajyural IgM. Amongst them are
phosphatidylserine and phosphorylcholine of oxidipbospholipids (Gronwall, Vas
et al. 2012). Phosphatidylserine is a membrane ghtwipid that is located on the
cytosolic side in healthy cells but becomes expasethe outer surface of apoptotic
cells (Peng, Kowalewski et al. 2005). Of note, thess-reactivity of certain natural
IgM clones (e.g. T15/E06) against oxLDL and apaptotlls may be explained by
the phosphorylcholine group that is shared betwlentwo. This extends to other
apoptotic determinants bearing oxLDL motifs such MBA-lysine. The dual
specificity of natural IgM was verified by compeiit assays demonstrating that IgM
binding of apoptotic cells decreases markedly m phesence of oxLDL or MDA-
LDL but not native LDL antigens (Chang, Binder ét 2004). For this reason,
apoptotic markers and oxLDL antigens are partnerdickates for the intrinsic
selection of natural IgM.

1.5.3 Combined role of Natural IgM and complement poteins in efferocytosis

More studies are needed to reveal the downstreagnalsi of IgM-assisted
efferocytosis. The complement system is necessargdmpletion of the apoptotic
cell : efferocyte synapse (Peng, Kowalewski e2805, Gronwall, Vas et al. 2012).
This was apparent when the introduction of IgM lamdies improved efferocytosis in
concert with increased deposition of the complenpeatein, C3, on apoptotic cells in
slgM™ mice but not sigMC1q"~ mice (Ogden, Kowalewski et al. 2005). Perhaps, the
same should be attempted on atherosclerosis-pricee (DLR’ or ApoE") given
that the atherosclerotic plaques in ClsjgM”LDLR™ and slgM LDLR”" mice had

been found to be of similar size but larger comgpdcethe plaques in CI4DLR™
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and LDLR" mice on high fat diet (Lewis, Malik et al. 2009)hi§ can provide

clarification on C1lg as a co-factor for IgM to inie efferocytosis in atherosclerotic
plaques. One other member of the complement sy#itaiis worth addressing is
mannose-binding lectin (MBL), a protein analogoosCtlg. IgM antibodies contain
mannose-anchor sites for MBL to swamp IgM-boundpaptc cells and prime them

for engulfment by phagocytes (Chen, Khanna et@92Gronwall, Vas et al. 2012).

Although Cl1q and MBL, by themselves, conduct citicoles in the clearance of
apoptotic cells, they mostly act on cells in lapopgtotic stages (Nauta, Raaschou-
Jensen et al. 2003, Gronwall, Vas et al. 2012).tli@nother hand, IgM antibodies
attach to early- as well as late-stage apoptotils emd provide a platform for C1q
and MBL to join and summon efferocytosis (Chen, i et al. 2009). Hence, the
importance of IgM for optimal efferocytosis outwegythat of C1q and MBL. At
present, it is not known whether effective effetosys necessitates late complement
proteins (e.g. C3b and C4). Additional experimdrage to precisely verify the degree
of activation required of the complement cascade dBsecting the dependence of
IgM on each complement pathway — classic and lectieaknesses in the efferocytic
system in advanced atherosclerotic plagues may ¢onlight and offer avenues to
prevent plaque destabilization.

1.5.4 Anti-inflammatory role of Natural IgM and complement proteins

The alliance between natural IgM and complementepne against apoptotic cells
may offer more atheroprotective benefits. Support dn anti-inflammatory effect
surfaced when infusion of apoptotic cells inhibited activation of macrophages and
DCs by poly:IC in naive mice. There was even greatgpression following the

combined infusion of natural IgM and apoptotic s6lChen, Khanna et al. 2009).
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Decreased levels of pro-inflammatory cytokines andmokines were also recorded
in blood. Based on these observations, it is residerto speculate that the binding of
IgM antibodies to apoptotic cells prevents phagesytrom exerting unwarranted
inflammation and instead beckon for inflammatiosalation. It is plausible that anti-
apoptotic IgM in combination with C1g/MBL allow apiwmtic cells to form stable
connections with phagocytes and therein turn dfimmatory pathways (reviewed in
(Gronwall, Vas et al. 2012)). In vitro tests hamdicated that the blockade of mitogen
activated protein kinase (MAPK) signal transductism a potential immune
modulatory action of the anti-apoptotic natural Ighhd C1g/MBL complex
(Gronwall, Chen et al. 2012, Gronwall, Vas et @12). Questions remain on the
types of receptor involved and the possible stitma of ancillary regulatory
responses (e.g. suppressor of cytokine signaliS that favor the inhibition of

MAPK.

The structural biology of anti-apoptotic IgM anddZ¥BL could soon be an area of
interest too. The binding of IgM to apoptotic liglsnsets off allosteric reconfiguration
of the p-constant region for C1g or MBL to access and ht{@&ronwall, Vas et al.
2012). Due to the high ionic and pH sensitivity IgM, drastic variations in the
physical environment within advanced atherosclerptaques may interfere with the
conformational properties of IgM and hinder its aasation with complement
proteins. This may explain the waning of efferosygoas atherosclerosis progresses.
In view of the IgM structure : function relationphand the premise that natural IgM is
germline encoded, individuals may be more resistantsusceptible to rapid
progression of atherosclerosis depending on thefspmodules in IgM structure that

are crucial for maintaining the efferocytic functiof IgM. Identification of these key
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domains in IgM could pave the way for screeningtste® detect vulnerable
individuals as well as therapeutic strategies tammensate the efferocytic
inefficiencies due to anti-apoptotic IgM failing teustain during advanced

atherosclerosis.

1.6 Association between Natural IgM and Th2 respores

Natural IgM can be instrumental in regulating infl@atory responses by steering the
differentiation of effector CD4 T cells toward ThZhis was attested in mice that
were immunized with antigenic targets of naturdljgnice displayed Th2 immunity
even when the accompanying adjuvant was Thl bi@Bedler, Hartvigsen et al.
2004). Moreover, while the production of IfFNa Thl cytokine, was unaltered in
slgM”™ mice, production of the Th2 cytokines, IL-5 anddLwas strikingly reduced
(Rapaka, Ricks et al. 2010). It is conceivable #atigens bound by natural IgM
induce antigen presenting cells (APC) to coerce C4lls into becoming Th2 cells.
There are several possible ways for this to od€amplement and pattern recognition
receptor signaling pathways in APCs are just twangxes. A more direct signal
transducer is the Béu receptor which recognizes specifically antibodiéshe IgM
isotype. The resultant effect likely culminatestive@ presentation of antigens along
with accessory molecules that activate the trapson factor GATAS3 in cognate
CDA4 T cells. GATAS3 stimulates Th2 characteristigsdownregulating the expression
of IFNy and upregulating the expression of IL-4 and ILH® (@and Glimcher 2002).
Alternatively, IgM-bound antigens may incite thafficking of APCs to secondary
lymphoid organs to induce Th2 responses as reppr@adously (Rapaka, Ricks et al.
2010). This potentially involves the expressiorspécific chemokines and chemokine

receptors.
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Two studies have shed light on IgM-mediated Thapption in atherosclerosis. The
first demonstrated that hypercholesterolemic Apolnice with established
atherosclerosis displayed increased oxLDL-IgM Isveh the blood with a
concomitant switch from Thl to Th2 (Zhou, Paulssnal. 1998). However, it
remains to be determined whether the dominanceh@ dver Thl intervenes or
contributes to the progression of atherosclerdhsis far, the Th2 arm is believed to
exacerbate advanced atherogenesis as evidencedidnyrease in the size of mature
plaques in ApoEIL-4" mice compared to ApdE mice (Davenport and Tipping
2003). Furthermore, there are indications that esggh2 cells are detrimental to the
architecture of established lesions. Th2 cytokinese shown to promote the
formation of aortic aneurysms by stimulating elfdto enzymes that break down
elastic tissue essential for maintaining arteriallwntegrity (Shimizu, Shichiri et al.
2004). Likewise, Th2 cells may undermine lesior#ity by causing the degradation
of extracellular matrix in lesions. On a more pesitnote, the mitigation of Thl in
favor of Th2 suppresses early atherosclerosis dpuetnt. This was reported in the
second study which examined LDI'Rmice deficient in the Th1l transcription factor,
T-bet. LDLRT-bef” mice exhibited reduced atherosclerosis coupled imitreased
Th2 responses and natural IgM (Buono, Binder é2@05). A detailed knowledge of
the benefits and drawbacks of Th2 cells and natgiMlis paramount to achieve the
best outcome for employing Th2- and natural IgMdaatherapies to either stem the
growth of atherosclerotic lesions or prevent thesmf becoming unstable.

1.6.11L-10

An alternative explanation for the relationshipvieetn natural IgM and Th2 cells is
the production of IL-10 by Bla cells. Not only d8da cells the major source of

natural IgM, a subpopulation also constitutivelgrege IL-10 (O'Garra and Howard
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1992, Garaud, Le Dantec et al. 2009). IL-10 is eeoTh2 cytokine that modulates
inflammation. It serves as a critical autocrinetdacfor Bla cells to thrive and
proliferate (Nisitani, Tsubata et al. 1995). Th&aduction of an IL-10 neutralizing
antibody into mice selectively depleted Bla cells ot B2 cells (Ishida, Hastings et
al. 1992). Bla cells are the largest producersLefd amongst all B cells in the
peritoneum (O'Garra, Chang et al. 1992). As a gapgetoneal cells produce higher
levels of IL-10 than splenic cells. Although this hot an exact measure and
comparison of Bla cells to other specialized IL{i@ducing cells such as T-
regulatory (Treg) cells, it highlights the abilitf Bla cells to secrete IL-10 in

considerable quantities that may influence immuwiwvities.

One probable scenario involves Bla-derived IL-18ta@ning immune-regulatory
responses by maintaining the expression of FoxPReg cells. This is adjudged to
be one of the manners which IL-10 represses autamtynin Lyn kinase-deficient
mice (Scapini, Lamagna et al. 2011). Perhaps, é&x¢ challenge is to ascertain the
conditions that underlie the dominance of IL-10iekat from Bla cells and Treg
cells. Treg-derived IL-10 is expected to precedea-Bérived IL-10 in most
inflammatory settings. However, the latter may berenrelevant at sites where
FoxP3IL-10" Treg cells in particular, and FoxPB-10" Treg cells, but not FoxP8-
10" Treg cells, dictate anti-inflammatory processes. &ample, the lungs, liver and
secondary lymphoid organs are the main residerfceéex®3IL-10" Treg cells which
can secrete other regulatory cytokines such assioaning Growth Factor beta
(TGF{) (Maynard, Harrington et al. 2007). Within thesgions, Bla cells may be
the only source of IL-10, and despite their low tems, ensure the long-term

provision of IL-10-independent Treg function thatcritical to immune homeostasis.
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Treg cells are known to be atheroprotective. Muafiaal benefit can be gained from
harnessing Bla-derived IL-10 to amplify the effeetiess of Treg cells in
circumventing atherosclerosis.

1.6.21IL-5

The link between Bla cells and Th2 cells is undergd by another cytokine, IL-5.
Mice rendered deficient in IL-5 by gene knockoutdministration of IL-5 depleting
antibody had reduced numbers of Bla cells (Kopgntdvacher et al. 1996, Moon,
Takaki et al. 2004). The same effect was attainechice that were devoid of tlee
chain of IL-5 receptor (IL-5R), a receptor which is constantly expressed in &l
(Yoshida, Ikuta et al. 1996). Conversely, mice thnar express IL-5 have increased
Bla cells and serum IgM (Tominaga, Takaki et ab11Xatoh, Bendig et al. 1993).
The signals and events triggered by IL-5 are stit completely uncovered. For
instance, IL-5 is only crucial for the survival 8fla cells but not B2 cells. The
number of B2 cells is not affected in the abserfck-® and IL-5Ra (Moon, Takaki
et al. 2004). However, IL-5 appears to play a mirade in the differentiation of B2
cells into antibody-secreting plasma cells (Yoshikata et al. 1996). IL-5&" mice
have decreased 1IgGl but normal IgG2a levels aftezatrhent with
Lipopolysaccharide, an indication that they arelimed toward eliciting Thl
responses (Moon, Takaki et al. 2004). This is «test with the release of IL-5 by

activated Th2 cells.

The secretion of IL-5 by Th2 cells is believed tadbe innate and adaptive immune
responses. Intriguingly, this notion surfaced frastudy that examined the role of IL-
5 in atherosclerosis. Immunization of LDI'Rmice with MDA-LDL was found to

ameliorate atherosclerosis (Freigang, Horkko et1@88, Binder, Hartvigsen et al.

19



2004). It was proposed that the activation and esioa of Th2 cells against MDA-
LDL may have initiated the protective response.ebdi MDA-LDL-specific Th2
cells produced large quantities of IL-5, even msoecompared to other prominent
Th2 cytokines namely IL-4, IL-10 and IL-13. Theyutd be the reason for the
increase in IL-5 in the serum of MDA-LDL immunizexice (Binder, Hartvigsen et
al. 2004). In vitro and in vivo experiments showdtht the increase in IL-5
spontaneously activated Bla cells to secrete iseck@mounts of atheroprotective

oxLDL-binding natural IgM (Binder, Hartvigsen et a004).

Similar observations were made in ApoHnice that were treated with IL-33, a
member of the IL-1 family and a Th2-inducing cytoki(Miller, Xu et al. 2008). Mice
that were given IL-33 had significant increasesdlLid, IL-5 and IL-13 in the blood
and lymph nodes. Again, the increase in IL-5 wass mfost pronounced and was
accompanied by higher plasma titers of oxLDL-specifgM and reduced
atherosclerosis. However, the inclusion of an Hn®- blocking antibody in the
treatment abrogated the atheroprotective effects-88, underlining the importance

of IL-5 in IL-33-mediated atheroprotection (Millexu et al. 2008).

These findings portray a classic example of Thisdeleraging on the T-independent
humoral system through IL-5 for a more efficienspense against oxLDL. Further
validation of the protective role of IL-5 in athemderosis was gained from LDLR
mice that underwent bone marrow transplant fronsfLmice. LDLR recipients of
IL-5" bone marrow cells had significantly lower oxLDLtuaal IgM levels and larger
atherosclerotic lesions compared to LDLRecipients of IL-3"* bone marrow cells

(Binder, Hartvigsen et al. 2004). Confidence in #tkeroprotective feature of IL-5
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was also bolstered when IL-5 levels were shownotoetate positively with oxLDL-
specific IgM levels and negatively with atherosoles in humans (Sampi, Ukkola et

al. 2008).

Hence forth, added emphasis on exploiting IL-5 itoitl atherosclerosis is greatly
desired. The two most appealing advantages of wsing-5 agonist over MDA-LDL
immunization hinge on its highly targeted actiore@fically on Bla cells. B2 cells
and their T-dependent functions, such as MDA-LDEsfc IgG2a production which

is potentially atherogenic, are largely spared dB8m Hartvigsen et al. 2004, Moon,
Takaki et al. 2004). Moreover, stimulation of MDAL-specific Th2 cells, despite
their beneficial properties in early atherosclespsian be bypassed to lessen the
chance of atherosclerotic plagues becoming promepinre as mentioned above. The
elevation of natural IgM from injecting IL-5 inthié¢ peritoneum of mice offers much
promise (Binder, Hartvigsen et al. 2004). This apph certainly needs to be further
examined in LDLR and ApoE mice to assess its efficacy in preventing the
development of atherosclerosis as well as its pialein intervening the progression

of atherosclerosis.

1.7 Bla cells are atheroprotective

Heretofore, Bla cells are only implicated by theiffector functions to be

atheroprotective. There is as yet no direct evident them protecting against
atherosclerosis. Until such verification is madéaRells will not be as resourceful as
they can for the pursuit of therapies to retardembclerosis. To resolve this

outstanding issue, in vivo models are requireddwaborate that Bla cells impede

21



the development of atherosclerosis and assesdtibiet ¢hat they do so under normal

and adverse (e.g. hypercholesterolemia) circumstanc

The spleen is pivotal to the maintenance of Bldscdéla cell numbers were
markedly diminished in HoxI'Lmice that were congenitally asplenic as well dsl wi
type mice that had undergone splenectomy (Wardentowhm et al. 2002). Specific
Bla progenitors are hitherto not identified in #peen. To date, speculation remains
on antigen exposure influencing the designatiospdénic B cell precursors, termed
transitional B cells, to progress down the Bladme The present theory postulates
that strong and weak B cell receptor (BCR) sigrplespectively causes survival and
death of Bla cells (Casola 2007). If true, thislaixs the preferential selection of
Bla cells in mice that transgenically express BCigh wigh affinity for particular
self-antigens (Wen, Brill-Dashoff et al. 2005). &ss to survival factors may be
another reason for Bla cells to depend on the splEe explore this, studies can
begin by identifying the receptors on Bla celld @@ crucial for Bla cells to persist

over prolonged periods.

The feasibility of using splenectomy to examine dkigeroprotective functions of Bla
cells received a huge boost when splenectomisedEApoice were shown to sustain
more atherosclerosis than sham-operated Apwiiee (Caligiuri, Nicoletti et al. 2002,

Rezende, Neto et al. 2011). A more encouragingltresas the almost complete
alleviation of atherosclerosis in splenectomised)IE’p mice that were adoptively
transferred with splenic B cells but not T cellslodg with the reduction in

atherosclerosis, an increase in MDA-LDL-specifiMlgvas also noted in the B cell-

transferred mice (Caligiuri, Nicoletti et al. 2002Nevertheless, it was not known
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whether the amelioration of atherosclerosis wasigiintbabout by the inclusion of Bla
cells in the unfractionated population of transddrB cells. This prompted a study to
delineate the effects of reconstituting splenecseuhiApoE™ mice with peritoneal

Bla cells and splenic B2 cells. Indeed, atherogsisiwas significantly suppressed in
mice that received Bla cells but not in mice treateived B2 cells. Moreover, the
protective effect relied on the secretion of IgMBJa cells (Kyaw, Tay et al. 2011).
Perhaps, the capacity of Bla cells to regress ledted atherosclerosis can be

considered in future studies.

In spite of their small numbers, Bla cells proveb# rather potent in protecting
against atherosclerosis. Here, the function of Béls takes precedence over the
absolute size of the Bla population. This bringshfother minor B cell subsets that
have similar properties to Bla cells. For instano@rginal zone B cells and B
regulatory cells release IgM and IL-10 respectivgbpn activation and may also be
atheroprotective. By unravelling atheroprotectiv&rilautes of each B cell subset,
more ideas can be formulated to exploit the cellsdunteract atherosclerosis without

severely impairing the immune system.

1.8 Conventional B2 cells

Conventional B2 cells are integral to adaptive immuesponses. Random gene
rearrangement and non-template N-nucleotide adddanfer the B2 cell population
with a highly polymorphic BCR repertoire. B2 cgtisoduce responses that are highly
restricted to their target antigens. They secretdbadies that are antigen-specific and
activate CD4 T cells with corresponding antigenesfpety to mount concerted and

sustained actions against the antigens. On the slde/nthe immune commitments
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that B2 cells shoulder render B2 cells capable rohestrating many inflammatory
disorders. rituximab, a chimeric anti-CD20 monoelorantibody which was
developed to treat B cell chronic lymphocytic lenka in the mid 1990s, and other B
cell-based therapies (e.g. belimumab) have been wtgealleviate autoimmune
diseases such as rheumatoid arthritis and syslepus erythematosus (Tsokos 2004,
Sfikakis, Boletis et al. 2005). Much of the succesges to the depletion of pro-
inflammatory B2 cells as shown in experimental aisn(Hamaguchi, Uchida et al.
2005, Yanaba, Hamaguchi et al. 2007, Xiu, Wond.e2@08). This strongly appeals
for the design of B2 cell-centric immunotherapy, andertaking that is only
achievable upon understanding the precise meckaumistions of B2 cells in each
disease. The ultimate aim is to nullify only theykesponses of B2 cells that are
damaging rather than the broad stroke approaclelefidg the entire population of B

cells.

1.9 Development and maturation of B2 cells

The lymphopoiesis of B2 cells depends entirely daltaHSCs in the bone marrow.
Once they have acquired the essential characbsristnd gone through stringent
selection that excludes auto-reactive B2 cells,uneaB2 cells begin patrolling the
periphery to carry out their immune functions. Tperipheral pool of B2 cells is
continually screened in the spleen to ensure cohstgyilance against foreign
antigens and tolerance to self-antigens. This @ces organized into three
transitional stages — T1, T2 and T3 (Loder, Mutschkt al. 1999). T1 B2 cells are the
earliest B2 immigrants in the spleen. They enterréd pulp of the spleen and migrate
to the outer periarteriolar lymphoid sheath (PABS}he T cell : B cell interface. T2

and T3 B2 cells co-localize in the splenic folli¢@hung, Silverman et al. 2003).
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The fate of transitional B2 cells depends on thvellef BCR signal strength received
during engagement with self-antigens in the PAL8or®) signals lead to either
anergy or clonal deletion, intermediate signals ofavdifferentiation into
IgMMIgD"°CD21"CcD23° marginal zone (MZ) B2 cells that subsequently pgcthe
MZ compartments of the spleen and weak signalsrgenégM°igD"CD21°CD23"
Follicular (FO) B2 cells (Amano, Baumgarth et ad98, Wen, Brill-Dashoff et al.

2005).

MZ B2 cells bear resemblance to Bla cells in teoimtheir ability to self-renew and
respond T-independently with antibodies of the Igil IgG3 isotypes against blood-
borne antigens (Martin and Kearney 2000, Martinyélet al. 2001, Hardy 2006).
MZ B2 cells are mostly confined within the spleftZ. After capturing antigens,
however, MZ B2 cells shuttle from the MZ to the EGne to transfer the captured
antigens to follicular DCs (Ferguson, Youd et @02, Cinamon, Zachariah et al.
2008, Arnon, Horton et al. 2013). MZ B2 cells aetamed in the MZ through the
integrins — Lymphocyte function-associated antiggi+A-1) and Very late antigen-
4 (VLA-4) and their ligands — Intercellular adhesionolecule-1 (ICAM-1) and
Vascular cell adhesion molecule-1 (VCAM-1). Duaatment with anti-LFA-1 and
anti-VLA-4 antibodies will displace MZ B2 cells imothe splenic MZ (Lu and Cyster

2002).
FO B2 cells are the majority of conventional B2leFO B2 cells undergo further

maturation to become efficient in collaboratingw@D4 T helper cells (Chung, Sater

et al. 2002). Unlike MZ B2 cells, FO B2 cells ared to circulate between the blood
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and the lymphatic system (Hardy, Hayakawa et @831€ariappa, Chase et al. 2007).
Presently, there is no known interaction betweenB2Zells and FO B2 cells.
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Figure 3 : After emerging from the bone marrow,dcundergo further selection in
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follicular dendritic cells and are selected accogdio the strength of BCR : antigen
binding. This ensures efficient B cell self-tolecarand immunity. Picture adapted
from (Chung, Silverman et al. 20C

1.10 B2 cells are atherogenic

Recent studies indicated that B2 cells play a mailoerogenic role in atherosclerosis
alone and possibly also synergistically with otbells. The earliest lead came about
when the depletion of B2 cells in ApGEmice significantly suppressed the
development and progression of atherosclerosis-@Afella, Herbin et al. 2010,
Kyaw, Tay et al. 2010). In addition, lymphocyte-daB cell-deficient ApoEL mice
had increased atherosclerosis after receiving adoptansfers of B2 cells (Kyaw,
Tay et al. 2010). An important extension to thesdihgs leveraged on ApoE-/- mice
that were genetically deficient in the receptor Bacell activating factor (BAFF-R).

BAFF is a ligand of the tumor necrosis factor stgrerly. The association of BAFF
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and BAFF-R is crucial for transducing survival andturation signals in B2 cells but
not Bla cells (Rauch, Tussiwand et al. 2009). HeAg®E BAFF-R” mice have
diminished B2 and normal Bla populations. Indedtk typothesis on anti-
atherogenic Bla cells and pro-atherogenic B2 aglis strengthened by ApdE
BAFF-R” mice presenting marked reduction in atherosclerosmpared to control
ApoE” mice after eight weeks of high fat diet (Kyaw, Teyal. 2012). A similar
outcome was observed in chimeric LDLRnice that were selectively deprived of
BAFF-R in B2 cells (Sage, Tsiantoulas et al. 20125 clear that B2 cells are viable
therapeutic targets for combating atherosclerdodi® next phase of work ought to

unveil the atherogenic functions of B2 cells.

1.11 IgG antibody production by B2 cells

IgG is the hallmark isotype of the immunoglobulpr®duced by B2 cells during an
immune reaction. There are multiple 1gG subclastmsgexample in the mouse —
IgG1, IgG2a, 1gG2b and IgG3. Each is distinguishgdhe constant region on tlye
heavy chain (fy). The same applies to theyReceptors (e.g. #RI, FyRlla and
FeyRIIb) which differ by the strength of binding to Ggmolecules (Ravetch and
Bolland 2001, Nimmerjahn and Ravetch 2006). Thealenpact of IgG antibodies
on atherosclerosis remains controversial with sdvaudies providing distinct views
(Schiopu, Bengtsson et al. 2004, Kelly, Griffinat 2010). Although oxLDL-IgG
antibodies are detectable in the blood of healilyjexts, they are found at much
higher levels in atherosclerotic mice and patievita CVD (Tsimikas, Palinski et al.
2001, Fredrikson, Hedblad et al. 2003, Sjogrendgitkeon et al. 2008). Deposition of
oxLDL-1gG within atherosclerotic lesions is alsoigant (Yla-Herttuala, Palinski et

al. 1994). Despite these indications, there aremeslathat oxLDL-specific 1gG
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antibodies are mere biomarkers of atheroscleroglsage only suitable for diagnostic
and prognostic purposes. This calls for a thoraegitew of the behaviour of oxLDL-
IgG antibodies in atherosclerosis.

1.11.1 Role of oxLDL-IgG in atherosclerosis

Increasing oxLDL-IgG titers through vaccination Isf®wn to reduce atherosclerosis
in animal models (Schiopu, Bengtsson et al. 2004ztWn and Lichtman 2013). In
one case, two groups of Watanabe heritable hypaelipic rabbits were immunized
with MDA-LDL with one beginning at the age of 6 vkseand the other at 6 months
for 6.5 months (Palinski, Miller et al. 1995). Adtingh oxLDL-IgG levels were
markedly elevated in all immunized rabbits, athele®sis was reduced only in the
group that began vaccination at 6 months old artdmihe younger group of rabbits.
oxLDL-IgA was also increased albeit modestly congpato oxLDL-IgG whereas
oxLDL-IgM was unaltered by MDA-LDL immunization. T suggests a late-stage
atheroprotective role for oxLDL-IgG antibodies. Andar result was obtained in a
separate study that examined the effect of immngihigh fat diet-fed White New
Zealand rabbits with MDA-LDL (Ameli, Hultgardh-N#en et al. 1996). Following
the success in rabbits, confirmation of the athermgtive effect of increasing
oxLDL-IgG levels was attained in LDLRand ApoE" mice (Freigang, Horkko et al.
1998, Nicoletti, Kaveri et al. 1998, Zhou, Caligiet al. 2001, Fredrikson, Soderberg

et al. 2003).

The increase in oxLDL-IgG in rabbits with estabédhatherosclerosis may have
facilitated ongoing regulatory processes that wai inactive in the young non-
atherosclerotic rabbits. A second plausibility geito MDA-LDL immunization

increasing a specific 1gG subtype (e.g. 1gGl) agfaimxLDL that keeps
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atherosclerosis in check. This resonates with tlogrpssive dominance of oxLDL-
IgG1 over oxLDL-lgG2a as atherosclerosis develaop$iypercholesterolemic mice
(Zhou, Paulsson et al. 1998). IgG1 antibodies ceml Istrongly to EyRs. One

advantage of this is the rapid sequestration of llg@mune complexes by
macrophages. On this account, oxLDL-IgG1 antibodies reduce the retention of
oxLDL particles that can otherwise persist to fiflammatory processes in the
circulation and atherosclerotic lesions at the espeof increased foam cell formation.
The antibodies also create a competitive envirorimfen macrophage pattern
recognition receptors (PRR) and toll-like recept@nisR) to bind to oxLDL. Ligation

of oxLDL to certain PRR and TLR (e.g. CD14 and T)R# macrophages not only
enhances inflammation and ingestion of oxLDL busoahampers efferocytosis
(Miller, Viriyakosol et al. 2003). These effects ynhe buffered in the presence of
oxLDL-lgG1. The reduction of atherosclerosis affggissive immunization with

oxLDL-1gG1 in mice further underscores the atheotgctive facet of oxLDL-IgG1

antibodies and their potential for future therapeapplications (Schiopu, Bengtsson

et al. 2004).

A third reason that has to be taken into consideraiefers to the types of oxLDL
antigen targeted by IgG antibodies. Some oxLDLgams may be atherogenic while
others atheroprotective. Three apoB-100 peptid@s @5 and p210) have been
identified to protect against atherosclerosis @aerg, Horkko et al. 1998). Apobec-1
FLDLR™ mice that were passively immunized with human lgGainst MDA-

modified apoB-100 p45 showed a significant redurciio atherosclerosis (Schiopu,

Frendeus et al. 2007).
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1.11.2 Role of Ey receptors in atherosclerosis

On the contrary, most ¥ receptors are highly atherogenic. They are exptess
throughout the medial and intimal regions of huratirerosclerotic lesions (Ratcliffe,
Kennedy et al. 2001). In mice, the mRNA expresdanels of kyRI, FyRIlb and
FoRllla in the aorta were found to be significantiycieased in ApoE mice
compared to wild type mice on high fat diet (HemhenVargas, Ortiz-Munoz et al.
2006). Moreover, atherosclerosis was more thaneldalyy gene knockout of the
commony-chain of Ey in ApoE" mice (Hernandez-Vargas, Ortiz-Munoz et al. 2006).
The atherosclerotic lesions in Apbf™ mice contained less macrophages as well as
T-cells. It is also important to note that ApOE mice express only the inhibitory
FoyRIIb but not the activatingdR1 and RyRllla (Hernandez-Vargas, Ortiz-Munoz et
al. 2006). This is in line with two other reportsincreased atherosclerosis in LDLR
and ApoE" mice deficient in fyRIlb (Zhao, Wigren et al. 2010, Mendez-Fernandez,
Stevenson et al. 2011). In contrast, LDLRmice that lacked §RIll showed
decreased atherosclerosis (Kelly, Griffin et al1®@0 The reasons behind these
observations are still unknown. There are suggestd RyRI / FyRllla and RyRIIb
regulating the expression of Thl and Th2 cytokimesmmune cells respectively
(Pricop, Redecha et al. 2001, Kelly, Griffin et 2D10). Additionally, EyRIl and
FeyRIlla may anchor circulating leukocytes to oxLDL&gimmune complexes that
are increasingly deposited on the vascular endathetiuring the development of
atherosclerosis (Nagarajan 2007). This can trigfgeproduction of pro-inflammatory
chemokines (e.g. MCP-1) that mediate leukocyteltiafion into atherosclerotic
lesions as witnessed in ApbEmice in comparison to ApdE’ mice (Hernandez-

Vargas, Ortiz-Munoz et al. 2006). More specificalgngagement of 4RI and
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FeyRIlla on monocytes can tip the balance of lesianatrophages toward the pro-
inflammatory M1 subtype in lieu of the anti-inflanatory M2 subtype. This
potentiality arose when bone marrow transplantafiem ApoE"y" into ApoE"
mice resulted in smaller and more stable atherostatdesions that contained a lower

M1 : M2 ratio (Mallavia, Oguiza et al. 2013).

Perhaps, one way to resolve the complex role oDixlgG in atherosclerosis is to
reconstitute a B cell-deficient model with B2 celtait are engineered to apoptose on

differentiation to plasma cells.

1.12 Cytokine production by B2 cells

In addition to their trademark of producing IgG ibatlies, B2 cells can react to
iImmunogens by secreting cytokines. The secretionytdkines empowers B2 cells
with the ability to launch multiple responses syséically rather than sequentially
against a range of targets. It also enables B2 telcomplement the responses that
are mediated by other immune cells. In generablege-producing B2 cells fall into
two categories — B effector 1 (Be-1) and B effe@dBe-2), based on the cytokines
that they produce. Be-1 cells mainly secrete pflasimmatory cytokines (e.g. IFN
and TNFx) while Be-2 cells secrete anti-inflammatory cytws (e.g. IL-4, IL-10 and
TGF{) (Lund 2008). This coincides with the designatadnThl and Th2 cells for
CD4+ T cells. Presently, it is understood that &ntl Th2 cells stimulate B2 cells to
assume Be-1 and Be-2 roles respectively. Evidencthis came from the dominance
of Be-1 cells in Thl primed mice and Be-2 cellSfh2 primed mice (Harris, Haynes
et al. 2000). Human and mouse studies also sholadThl and Th2 activities are

further reinforced by Be-1 and Be-2 cells in a peacal manner (Schultze, Michalak
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et al. 1999, Harris, Haynes et al. 2000, Shirotad=et al. 2002, Wagner, Poeck et al.
2004, Gagro, Servis et al. 2006). The bilaterahtr@hship between Be-1/Be-2 and
Th1/Th2 serves as a central node that consolidgtps 1/2 immunity for maximal

effect on target antigens or allergens.

Be-1 cells are alleged culprits of the Type 1 imeuresponses that drive
atherosclerosis. This was conceived from the preatitial localization of B cells
and pro-inflammatory cytokines (TNFand IL-6) in atherosclerotic lesions of Ap‘bE
mice (Zhou and Hansson 1999). Moreover, the any#dodependent remission of
autoimmune disorders in rituximab-treated patisoiggests an important role for Be-
1 cells in promoting pathological inflammation, hacacteristic of atherosclerosis
(Tsokos 2004, Ramos-Casals, Soto et al. 2009)hitnregard, TNE- and IFN/-
producing Be-1 cells are well geared to exact athemic effects due to their
versatility in stimulating T cells and macrophageshin lymphoid tissues and at
inflammatory sites. Here, | outline the functiorfstivese cells and their potential to
aggravate atherosclerosis.

1.12.1 Role of TN&-producing B2 cells in lymphoid organs

It is imperative that B2 cells produce TtFor the immune system to stay vigilant.
B2-derived TN is fundamental for the development and maintenavicdey
structures in secondary lymphoid organs (Gonzaléackay et al. 1998, Endres,
Alimzhanov et al. 1999, Ngo, Cornall et al. 200Lmanov, Grivennikov et al. 2010).
This includes the marginal zone, primary B cellittés and follicular dendritic cell
network (FDC). The latter two are major componesftthe germinal center (GC).
The GC provides a niche for B cell : T cell croahkt clonal expansion of activated B

cells, plasma cell differentiation, antibody isagypwitching and affinity maturation.
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Antigens are presented in the FDC for positive aegdative selection of maturing B
cells and stimulation of naive B cells, GC B ceallsd memory B cells (Su and
Rawlings 2002, Allen and Cyster 2008). Lymphoid ammggenesis and humoral
responses are severely disrupted in mice with Bpeatblation of TNt in B cells

(Tumanov, Grivennikov et al. 2010).

It is also highly probable that B2-derived TélFegulates ectopic lymphangiogenesis.
This can directly influence atherosclerosis witle tformation of aortic tertiary
lymphoid organs (ATLO). ATLOs containing GC B cellE cells, plasma cells and
DCs are located in the adventitia immediately aghacto atherosclerotic lesions
(Houtkamp, de Boer et al. 2001, Maiellaro and Teyd07, Galkina and Ley 2009,
Campbell, Lipinski et al. 2012). Their importancereflected by the immune cell
clusters becoming increasingly organized as atbnmsis progresses. A significant
proportion of adventitial CD45leukocytes are IFidexpressing Thi cells (Butcher,
Herre et al. 2011). It is worthwhile to point obtit B2-derived TNE& potentiates the
production of IFN by T cells during Toxoplasma gondii infection incen (Menard,
Minns et al. 2007). A similar affair may occur lmetATLO since the B cell and T cell
nodules are in close contact with each other. Igtdbadies specific for oxXLDL have
been shown in rabbit and human atherosclerotiomessia clear sign of interaction

between B2 cells and CD4 T cells (Yla-Herttualdjri’&i et al. 1994).

Immune cells may commute between the intimal lesiod ATLO through the vasa

vasorum (Campbell, Lipinski et al. 2012). A mosafcchemotactic factors, lectins

and selectins, has been implicated in directing dblular traffic. There is also
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speculation that the vasa vasorum provides a padsagytokines, chemokines and
antibodies to pass from either side (Campbell,rski et al. 2012).

For future advances in this area, three hurdlesl neée overcome. The first is to
determine whether ATLOs modulate atherosclerosiependently of the peripheral
lymphoid organs (e.g. spleen). This may aid inglasig therapies specifically against
immune responses only within ATLOs. The second eorsthe role of B2-derived
TNFa in the ATLO. This can be addressed with the redemting that CCR6
expression is required for B cells to home to tbgaa(Doran, Lipinski et al. 2012).
CCR6" mice have markedly reduced aortic B cell numbdisis creates the
opportunity to reconstitute the aorta of B celltrieted CCR6-deficient chimeric mice
with TNFa-deficient or TNR-sufficient B2 cells by adoptive transfer. The atilgly
transferred B2 cells are expected to localise awdiraulate in the aortic adventitia
(Galkina, Kadl et al. 2006). Third, the identificat of other cytokines/chemokines
that are co-expressed in ThHexpressing B2 cells may provide more options txkl
the inflammatory effects of these cells. A receaspart of local B2 cells expressing
TNFa, IL-6 and GM-CSF in the aortic adventitia and atiselerotic plaque of
humans corroborates further characterization adlegie-producing B2 cells in these

regions (Hamze, Desmetz et al. 2013).
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Figure 4 : As atherosclerosis develops, immunes ¢elthe adventitial layer adjacent
to the lesion become increasingly organized anoh fdusters that resemble germing
centres in lymphoid organs. Germinal centre respoisthe adventitia are typified
by clonal expansion of activated B and T cellsspla cell differentiation and affinity
maturation. These result in the production of oxkgfecific IgG antibodies, oxLDL-
specific T cells and the secretion of cytokines elneimokines

1.12.2 Role of TNfa-producing B2 cells in atherosclerotic lesions

Within the atherosclerotic lesion, B2 cells maytéosa cycle of inflammation by
releasing TNE. This feature could endow B2 cells with the apilio promote
atherosclerosis T-independently as shown in lymptesdeficient ApoE Rag2yc”
mice following adoptive B2 cell transfer (Kyaw, Tagt al. 2010). TNE& is a
pleiotropic cytokine that promotes inflammation, Il ceroliferation, migration,
differentiation, survival and death. It is linkedo tan extensive list of
pathophysiological disorders. Treatment with thaide, an inhibitor of TNE&
expression, or soluble TNFdecoy receptor reduces atherosclerosis in Apofice
(Elhage, Maret et al. 1998, Chew, Zhou et al. 2008)oE” mice genetically

deficient in TNFx were shown to have significantly less atherossisroompared to
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control ApoE"™ mice after high fat feeding (Ohta, Wada et al. 2(ober, Canault et
al. 2007). Similarly, less advanced atherosclert®@ions were present in TNFE
ApoE*3-leiden mice (Boesten, Zadelaar et al. 200dpreover, bone marrow
transplantation from ApoETNFa” mice to ApoE  mice was carried out to
selectively ablate TN#r in leukocytes. As expected, atherosclerosis weduaed by
nearly 80% in recipients of ApdE'NFa™ bone marrow cells compared to control
recipients (Branen, Hovgaard et al. 2004). To daifdiate the atherogenic effects of
membrane-bound TNFand soluble TN&, ApoE™ mice transgenic for a mutated
form of TNFa that could only be expressed on but not releasenh fthe cell
membrane was evaluated. Although atherosclerosis rgduced in these mice
compared to ApoE mice expressing wild type TN# the degree of reduction was
markedly less than that in ApdEmice with total TN deficiency (Canault, Peiretti
et al. 2008). This indicates that ThFs more atherogenic when secreted (Canault,

Peiretti et al. 2004, Canault, Peiretti et al. 2008

There are two receptors for TMF TNFR1 and TNFR2. While TNFR1 is more
reactive to soluble TN#and is constitutively produced in all cell typ@®FR2 has a
preference for membrane-bound TdNBnd is mainly expressed in immune cells
(Wajant, Pfizenmaier et al. 2003). Both receptoaveh distinct responses when
activated by TNE. The majority of TNl-mediated inflammatory processes (e.g.
activation of vascular adhesion molecules), inelgdiTNFo-induced cell death by
apoptosis, are transduced through TNFR1 (Wajanmtemaier et al. 2003, Zhang,
Peppel et al. 2007). Quantification of apoptotidlscen atherosclerotic plaques
indicated that TNE&-deficient mice had a lower frequency of plaquepdptic cells

compared to TNé&-sufficient mice (Canault, Peiretti et al. 2008).sAcond reason
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that can explain the decrease in plaque apoptosisNiFa-deficient mice relates to

TNFa-mediated inhibition of apoptotic cell clearance macrophages (McPhillips,

Janssen et al. 2007). This was shown to be eslyepi@valent in the presence of
oxidants and inflammatory factors — a classic emumnent in atherosclerotic plaques.
The efferocytic function of mature macrophages banmpaired by TNé& through

TNFR1 and TNFR2 (McPhillips, Janssen et al. 2007).

Besides, other studies have claimed that d Nfimulates the production of MCP-1 in
endothelial cells (Murao, Ohyama et al. 2000, P¥dqg et al. 2004). MCP-1 and its
receptor, CCR2, are crucial for monocyte infiltoatiinto atherosclerotic plaques.
Mice that are deficient in MCP-1 and CCR2 have oy smaller but more stable
atherosclerotic plaques (Gu, Okada et al. 1998, @an Eck et al. 2003). TNFmay
also promote the formation of foam cells by upragonf scavenger receptors in
macrophages for LDL uptake (Hsu and Twu 2000). @iheerse range of TN
producers (e.g. macrophages and T cells) posesumdmum for deciphering the role
of TNFa-producing B2 cells in atherosclerotic lesions. lewer, studies have
presented distinct inflammatory effects of TiNFlerived from discrete cellular
sources (de Boer, van der Wal et al. 1999, GrivenniTumanov et al. 2005). This
firmly supports the impetus to define the specifide of B2-derived TNE in
atherosclerosis.

1.12.3 Blocking the effects of B2-derived TN

Anti-TNFa agents are currently employed to treat patientth vimflammatory
diseases. Insufficient remission and recurrenatisgflase are amongst the outstanding
problems (Engel, Gomez-Puerta et al. 2011). Urtiently, the principle function of

TNFa blockers had been assumed to antagonise the £€cINFu. Remarkably,
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there is new evidence of anti-TMRgents reducing GC B2 cells in lymphoid organs
as well as circulating memory B2 cells in the blddaholik, Ravikumar et al. 2008).

It is suspected that the occasional relapse oadeses due to resurgence of pathogenic
B2 cells post anti-TNé& treatment. Lately, one countermeasure has takepesto
overcome this shortfall of anti-TNFagents. The scheme engages the therapeutic
depletion of B cells and has proven to be effectivgpatients who do not respond
adequately to anti-TNF therapies (Engel, Gomez-Puerta et al. 2011). Thme
guestions need to be answered before a similategiracan be applied to treat
atherosclerosis. The first is to resolve the role&GC B2 cells and memory B2 cells in
atherosclerosis. The second requires the assessietiether TNk-producing B2
cells are neutralised by anti-TMRgents. The third entails comparing the efficacies
of anti-TNFu agents and B2 cell depletion therapies in modudeditherosclerosis.
1.12.4 Role of IFN-producing B2 cells in inflammation

B2 cells can also augment inflammation by produdiflgy. In vivo expression of
IFNy was evident in wild type B2 cells that were adeglij transferred into IF)
recipient mice treated with I1L-12 and IL-18 (Yoshito, Okamura et al. 1997). The
same was observed in B2 cells that were activatdd Ml cells or a combination of
anti-CD40 antibody, IL-12 and IL-18 in vitro (Yoshoto, Okamura et al. 1997,
Harris, Haynes et al. 2000). Ighroducing B2 cells were also found to induce
resting CD4 T-cells to differentiate into Thl cefldarris, Haynes et al. 2000, Lund
2008). They were predominant in Toxoplasma gomdéeted mice as well as
Borrelia burgdorferi-infected mice (Harris, Hayratsal. 2000, Ganapamo, Dennis et
al. 2001). B2 cells that were isolated from suchargecreted IFNat levels similar to
those of non-B cells ex vivo. Furthermore, the piciobn of IFNy by B2 cells gave

rise to a Thl-skewed setting as shown by decregg8d and increased lgG2a
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production (Yoshimoto, Okamura et al. 1997). Ig@#l &G2a are signature antibody
isotypes of Th2 and Thl responses in mice respaygtiNaive B2 cells have low
basal expression of IFNWhen activated by Th1l cells, a chain of signalgitiated
by IFNy-receptor (IFNR) to upregulate IFiexpression in B2 cells. The increase in
IFNy mRNA transcription can be as high as 100-fold (ldaiGoodrich et al. 2005).
One characteristic that has enticed much intesefte specific molecular factors that
distinguish IFN~producing Be-1 cells from other cytokine-produciBe-1 cells (e.g.
TNFa and IL-2). In the case of Thl-mediated activatite pathway is believed to
begin with Thl cells recognizing MHCII-restrictedt@ens on B2 cells. The cognate
Thl cells release IFNthat in turn binds to IFiR on B2 cells. This results in the
downregulation of GATA-3 and upregulation of T-eB2 cells (Harris, Goodrich et
al. 2005). Similar to Th1l cells, T-bet is indispable for B2 cells to produce IFNT-
bet” B2 cells, however, can differentiate into Té#producing and IL2-producing
Be-1 cells. Beyond this stage, Thl-derived yHBl not required to maintain IRN
producing Be-1 cells. Instead, an autocrine feeklisgstem is formed to sustain 1N
production in Be-1 cells (Harris, Goodrich et a08). The same occurs when B2
cells are stimulated by IL-12, IL-18 and other gatis/ligands. IFM production is
first turned on by the IL-12 receptor and subsetyeaken over by the IFN: IFNyR

: T-bet axis (Harris, Goodrich et al. 2005). Thisrenits IFN/-producing Be-1 cells to
chronic Type 1 inflammation.

1.12.5 Role of IFy in atherosclerosis

IFNy imposes a spectrum of effects on atherosclerodisman and mouse
atherosclerotic lesions contain considerable ansoahiFNy (Hansson, Holm et al.

1989, George, Shoenfeld et al. 2000, Huber, Sakkigieal. 2001). Injection of
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recombinant IFN produced larger atherosclerotic lesions in spft@a eeduction in
plasma cholesterol compared to injection of salineApoE” mice (Whitman,
Ravisankar et al. 2000). This damaging action pledaeven in a lymphocyte free
environment where vascular smooth muscle cellsifprated in response to IFN
mediated expression of platelet derived growthdiacgsulting in intimal expansion
(Tellides, Tereb et al. 2000). In addition, Apomice deficient in IFN or IFNyR had
significantly less atherosclerosis (Gupta, Pablal.€t997, Whitman, Ravisankar et al.
2002). This lends credence to &k an atherogenic cytokine.

1.12.6 Atherogenic effects of IFi

The atherogenic role of IRNs mainly due to its inflammatory properties. Qrighe
most potent manners which If§Npromotes inflammation is through antigen
presentation. Professional APCs (B2 cells, macrggfh@and DCs) respond rapidly to
IFNy by upregulating MHCII and regulatory proteins (ecgthepsins B, H, L) that
prepare and load antigens onto MHCII complexesstoweillance by CD4 T cells
(Wong, Clark-Lewis et al. 1983, Stemme, Fager etl8P0, McLaren and Ramiji
2009). MHCII antigen presentation is a major congranof the adaptive immune
system behind atherosclerosis. This was validatadiLR” mice deficient in CD74
(Sun, Hartvigsen et al. 2010). CD74 is known asitivariant chain of MHCII. It
chaperones the folding and assembly of theand B chains of MHCII in the
endoplasmic reticulum and ushers the assembled MH®lecule into transport
organelles for antigen loading. Without CD74, thell a and chains remain as
single entities and the total CD4 T cell pool ie thhymus and periphery is reduced
(Pieters 2000). LDLRCD74" mice showed a marked decrease in atherosclerosis
compared to control LDLR mice. Lesion numbers of CD4 T cells and Cb25
activated T cells were also lower in LDIRD74" mice (Sun, Hartvigsen et al.
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2010). Furthermore, HSP65-immunization only exaatath atherosclerosis in LDLR
" mice but not in LDLRCD74" mice (Sun, Hartvigsen et al. 2010). The latter was
likely due to a dysfunction in APC activity. In aed with the capacity of IFin
enhancing MHCII expression, increased MHGQI¢lls and CD4 T cells were found in
the lesions of ApoE mice administered with IFpN(Tellides, Tereb et al. 2000,
Whitman, Ravisankar et al. 2000). These were rederi® ApoE IFNy’™ mice

(Whitman, Ravisankar et al. 2002). The relationshgiween IFN and MHCII

antigen presentation clearly speaks volumes oatherogenic potential of IRN

Apart from CD4 T cells, IFM can mobilise cytotoxic CD8 T cells by inducing the
formation of antigen : MHCI complex (Schroder, Heg et al. 2004). MHCI antigen
presentation operates in professional and non-gsafeal APCs. It can be active in
the late phases of atherosclerosis when cytotokd8 T cells have been shown to
target smooth muscle cells, endothelial cells amgrophages for apoptosis (Kyaw,
Winship et al. 2013). The premature death of thels predisposes atherosclerotic
plagues to necrotic inflammation and increased enalbility to rupture. Given that
IFNy-producing Be-1 cells autoregulate their productbii-Ny, they are conditioned
to present antigens to T cells. This assigns BB edgth a site-specific atherogenic
role that may only come about locally within inflachtissues where an abundance of

antigen-specific T cells congregate.

A more direct atherogenic function of IFNs the support that it provides for the
formation of foam cells. IF) promotes the uptake of oxLDL by enhancing the
expression of SR-A and scavenger receptor for graigtylserine and oxLDL in
macrophages and VSMCs (Greaves, Gough et al. Bl88yaoka, Kume et al. 2000,
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McLaren and Ramji 2009). IFNalso mediates the retention of cholesterol esters
within cells as it upregulates Acyl coenzyme A abyllesterol transferase (ACAT)
(Panousis and Zuckerman 2000). ACAT catalyses #feriécation of cholesterol.
Cholesterol esters are highly lipophobic and canbet integrated in the cell
membrane lipid bilayer. They are packaged and dtordipid droplets in the cytosol
(Li and Glass 2002). Finally, IFNinhibits the expression of ABCA1, a member of
the ATP-binding cassette transporter family, andoatmondrial P450 enzyme
cholesterol 27-hydroxylase in macrophages (PanasisZuckerman 2000, Wang,
Panousis et al. 2002). These two molecules aidxpeleng cholesterol from cells
(Oram and Heinecke 2005). From a T-independentppetyve, Be-1 derived IFN
may act directly on plague macrophages to medlaée transformation into foam
cells. Notwithstanding its contribution to the acuuation of foam cells, IFiis
known to increase the expression of pro-apopteatotois such as TNFreceptor 1,
FAS and caspase 8 in monocytes, macrophages andC¥§Vamura, Ueda et al.
1996, Inagaki, Yamagishi et al. 2002). This canvitably lead to the growth of
necrotic cores in advanced lesions. Two other atgeric effects of IFM are the
induction of adhesion molecules (e.g. ICAM-1 andAKG1) and chemokines (e.g.
MCP-1) that recruit immune cells into lesions (Oybulsky et al. 1993, Boisvert

2004).

1.13 Concluding remarks

The contrasting roles of Bla and B2 cells in atbelayosis have renewed interest in
the search of novel therapies to prevent CVD. WdeerBla cells protect against
atherosclerosis, B2 cells aggravate atherosclerdsis production of natural IgM

antibodies is key to the atheroprotective functainBla cells. Although there are
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several features of natural IgM that are assertednodulate inflammation, their
impact on atherosclerosis is not known. The propagleroprotective role of Bla-
derived natural IgM in facilitating efferocytosis atherosclerotic lesions needs to be
more robustly tested. Studies have shown that ¢fiectiin efferocytosis occurs not at
the fatty streak stage but during the developmédnatberosclerotic plaques. By
increasing Bla-derived natural IgM in developingqules, efferocytosis is expected
to be restored and the plaques rescued from nearahiced inflammation. This has
been partially addressed in Bla-reconstituted sgtemised ApoE mice. However,
the site of atheroprotective action of natural Igbtreting Bla cells has still not been
determined. For instance, the need for Bla celleaféick to atherosclerotic lesions to
secrete natural IgM remains unresolved. Subsegeperiments should consider
selectively depleting and expanding Bla cells ircampromised mice to assess
whether the resulting differences in natural Ighpalgtion affect efferocytosis and

inflammation in developing lesions.

As for B2 cells, a potential strategy is to deliee#heir atherogenic role into T-
dependent and T-independent effector functionscd® can promote atherosclerosis
without help from other lymphocytes. Resident BRscare present in the aortic wall
even before the initiation of atherosclerosis. Tigegdually increase in number as
atherosclerosis develops and are also found witeueloping atherosclerotic lesions.
Thus, it is possible that B2 cells exert atherogeffilects directly at the site of lesions.
They may respond to atherogenic signals by relgasftammatory cytokines such as
TNFa and IFN as they do in other inflammatory settings. Thegwlkines can
promote atherosclerosis in a variety of ways thhougukocyte recruitment,

macrophage activation and apoptosis and VSMC praliion. The T-dependent
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effect of B2 cells is likely drawn from GC responsesecondary lymphoid organs
and possibly ATLOs. GC is a point of contact for &2ls, CD4 T cells and DCs. The
activities that take place in the GC are relatecadaptive immunity. The clearest
indications of GC involvement in the developmenatiferosclerosis are the increased
levels of oxLDL-IgG and oxLDL-specific CD4 T cell&ntigen presentation is the
main event that is responsible for these responsesk is needed to measure the
redundancy shared between B2 cells and DCs inmiageoxLDL antigens to CD4 T
cells and compare the atherogenicity of oxLDL-specD4 T cells pulsed by either

of them.

There is certainly a long road ahead to complatelyerstand the immune processes
that beget atherosclerosis. Advancements in rea tn vivo imaging techniques
would add a new dimension to examine the celluldiviies that take place in

atherosclerosis.
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1.14 Aims of thesis

Atherosclerosis is a chronic inflammatory disordérere is substantial evidence of
natural IgM antibodies protecting against the depelent of atherosclerosis. Given
that Bla B cells are the primary producers of radtigM antibodies, it is highly
possible that Bla cells play a major atheroproteaile. On the other hand,
conventional B2 B cells have been ascribed pathogeles in autoimmune diseases.
They are known to drive inflammation by produciraghmgenic IgG antibodies,
activating T cells and producing inflammatory cytas. It is likely that B2 cells
contribute to the development of atherosclerodi® fbcus of this thesis is to resolve

the differential roles and functions of Bla celtgl@82 cells in atherosclerosis.

- To determine the effect of depleting B cells ondlegelopment and
progression of atherosclerosis

- To determine the role and mechanistic action of &l in atherosclerosis

- To determine the role and mechanistic action ot8% in atherosclerosis

- To determine the effect of specifically depleting &lls on atherosclerosis
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Chapter 2: Conventional B2 B Cell Depletion Amelioates

whereas Its Adoptive Transfer Aggravates Atheroscl®sis

2.1 Short Introduction

B cell depletion mediated by anti-CD20 monoclonatiteody has been shown to
improve a wide variety of inflammatory disorders muman and mice. Here, |
examined the effects of anti-CD20 mediated B celblétion on atherosclerosis in
hypercholesterolemic ApdEmice. Depletion of B cells by anti-CD20 resultedhiot
only reduced development but also reduced prognessfi atherosclerosis in ApdE
mice fed a high fat diet. Body weight and plasnpadlilevels were not affected by
anti-CD20 treatment. Moreover, atherosclerosis veagnificantly increased in
lymphocyte-deficient ApoERag2 yc” mice as well as B cell-deficient ApdEMT
mice that received adoptive transfers of the BXstbf B cells compared to control
mice that did not receive any cells after 8 wedkisigh fat diet. Conversely, adoptive
transfer of the Bla subset of B cells did not bratmput any significant impact on
atherosclerosis. These findings suggest that B2IB but not Bla B cells promote

atherosclerosisl Immunol.2010; 185(7):4410-9.
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Conventional B2 B Cell Depletion Ameliorates whereas Its
Adoptive Transfer Aggravates Atherosclerosis

Tin Kyaw,*" Christopher Tay,*" Abdul Khan,*" Vanessa Dumouchel,*" Anh Cao,’
Kelly To,* Merilyn Kehry,” Robert Dunn,” Alex Agrotis,* Peter Tipping, '
Alex Bobik,*' and Ban-Hock Toh™!

Atherosclerosis is a chronic inflammatory arterial disease characterized by focal accumulation of lipid and inflammatory cells. It is
the number one cause of deaths in the Western world because of its complications of heart attacks and strokes. Statins are effective in
only approximately one third of patients, underscoring the urgent need for additional therapies. B cells that accumulate in ath-
erosclerotic lesions and the aortic adventitia of humans and mice are considered to protect against atherosclerosis development.
Unexpectedly, we found that selective B cell depletion in apolipoprotein E-deficient (ApoE ™) mice using a well-characterized mAb
to mouse CD20 reduced atherosclerosis development and progression without affecting the hyperlipidemia imposed by a high-fat
diet. Adoptive transfer of 5 X 10° or 5 x 107 conventional B2 B cells but not 5 x 10° B1 B cells to a lymphocyte-deficient ApoE ™'~
Rag-2~'~ common cytokine receptor vy-chain—deficient mouse that was fed a high-fat diet augmented atherosclerosis by 72%.
Transfer of 5 X 10° B2 B cells to an ApoE™'~ mouse deficient only in B cells aggravated atherosclerosis by >300%. Our findings
provide compelling evidence for the hitherto unrecognized proatherogenic role of conventional B2 cells. The data indicate that
B2 cells can potently promote atherosclerosis development entirely on their own in the total absence of all other lymphocyte
populations. Additionally, these B2 cells can also significantly augment atherosclerosis development in the presence of T cells and
all other lymphocyte populations. Our findings raise the prospect of B cell depletion as a therapeutic approach to inhibit

atherosclerosis development and progression in humans.

oday. atherosclerosis is considered a chronic inflammatory
discase of major arteries that leads toheart attacks and strokes
caused by rupture of atherosclerotic plagues and thrombotic
arterial occlusion. Current therapies for atherosclerosis are mainly
based on drugs that lower plasma cholesterol concentration and blood
pressure. The potent cholesterol-lowering agents (statins) signifi-
cantly reduce cardiovascularevents, notonly asa consequenceof their
cholesterol lowering properties but also through their more recently
described anti-inflammatory and immunomodulatory effects. How-
ever, atherosclerosis remains the main cause of heart attacks and
strokes that are responsible for the majority of deaths in Western
countries. Theidentification and development of promising new anti-
inflammatory and immunomodulatory therapies is therefore of great
interest in the management of atherosclerosis.
In early human plaques, B cells are minor populations found near
lipid cores, whereas advanced human lesions contain adventitial
nodular B cell aggregates (1, 2). In apolipoprotein E-deficient

*Vascular Biology and Atherosclerosis Laboratory, Baker IDI Heart and Diabetes
Research Institute; "Department of Medicine, Centre for Inflammatory Diseases,
Monash University, Victoria, Australia; and *Biogen Idec, San Diego, CA 92122
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node; LS, left subclavian artery: ox-LDL, oxidized low-density lipoprotein; PC,
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(ApoE™'7) mice, B cells are found in early fatty-streak lesions and
accumulate in basal regions of advanced plaques containing high
concentrations of proinflammatory cytokines TNF-« and IL-6 and
abundant IgG and 1gM deposits (3).

It is widely held that B cells protect against atherosclerosis
development by producing IgM Abs to oxidized low-density lipo-
protein (ox-LDL) (4, 5). This view is supported by the following
observations: first, Ldlr™™ mice rendered B cell deficient by
transplantation of bone marrow from p-chain—deficient mice
showed increased aortic atherosclerotic lesions accompanied by
reduced anti—ox-LDL Abs (6). Secondly, Ldlr™'~
in serum lgM, displayed substantially larger and more complex
atherosclerotic lesions (7). The protective role of B cells in ath-

mice, deficient

crosclerosis has stimulated interest in developing a protective
vaccine for atherosclerosis, targeted toward harnessing the pro-
tective B cell-derived IgM response to oxidized LDL (8).

B cell depletion mediated by mAb to CD20 remits a wide variety
of inflammatory diseases in humans (9-12) and mice (13-16). In
humans, rituximab, a chimeric Ab to human CD2(), has been ap-
proved for treating intractable rheumatoid arthritis, although its
value for other inflammatory diseases, such as systemic lupus ery-
thematosus (10, 11) and multiple sclerosis (12), is currently being
assessed. These observations highlight a key role for B lymphocytes
in inflammatory diseases.

Based on the observations with B cell-depletion therapy, we
revisited the role of B cells in atherosclerosis by depleting B lym-
phocytes using a mAb to mouse CD20 that has ameliorated murine
thyroidits (13), lupus (14), and arthritis (15). We found that B cell
depletion prevented the development and progression of athero-
sclerosis. Moreover, transfer of conventional B2 B cells into
a lymphocyte-deficient ApoE™'~ Rag-2~'~
ceptor «y-chain (yc)-deficient mouse or to B cell-deficient athero-
genic mice lacking B lymphocytes due to deleted p-chain of g

common cytokine re-
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FIGURE 1. Experimental design and specific B cell depletion by anti-CD20 Ab. A-C, Schema of experimental design of B cell depletion and adoptive
transfer of B2 B cells (n = 8-10/group). A, Depletion (prevention) study: ApoE ™~ mice were fed a HED for 4, 8. or 12 wk while maintaining B cell
depletion by anti-CD20 Ab. B, Depletion (intervention study): ApoE '~ mice were fed a HFD for 10 wk during which two injections of anti-CD20 Ab were
given. C, Adoptive transfer study: Ab administered. D, Single injection of anti-CD20 Ab depletes B cells up to 3 wk. ApoE™™ mice were given a single i.v.
injection of anti-CD20 Ab and culled at days 3, 7, 14, and 21 postinjection. Shown are dala for peripheral blood, spleen, and PC. Continuous and dotted
lines, respectively, represent mice injected with anti-CD20 18B12 Ab (test) and 2BS8 (control) Ab (n=2 in each group). E, Repeated injections of CD20 Ab
deplete =90% of B cells during atherosclerosis development. ApoE "~ mice were fed a HFD for 12 wk. Anti-CD20 Ab was given i.v. al the start of HFD
and every 2 wk thereafter. Mice were culled after 4, 8, or 12 wk. Data show >=90% depletion of CD22" B cells in mice fed a HFD for the 12 wk (n=9 in
each group). Similar B cell depletion efficiency was seen in both the 4 and 8 wk groups. F, Non-B lymphocytes and monocytes are unallected by anti-CD2(}
Ab treatment. Shown are data for blood lymphocytes (CD4™ T cells, CD8" T cells, CD4" CD25" Foxp3* T-reg cells. NK1.1* NK cells, and NK1.1" TCR-B*
NKT cells) and monocytes (CD11b" monocytes) in the 12 wk groups (n = 9 in each group). Similar findings were observed in spleen, PC, and lymph nodes
in the 12-wk groups. G, Lipid profiles are unaffected by anti-CD20 Ab treatment. Shown are data from the depletion (prevention) 12-wk groups (n =9 in
each group). Similar data were seen in both depletion (prevention) 4- and 8-wk groups. White bars. mice injected with control (2B8) Ab. Black bars, mice
injected with test (18B12) Ab. Data are mean values = SEM. ##p < (.01 #+#p <= (.001. Blood, peripheral blood; LN, peripheral lymph nodes; PC,
peritoneal cavity; T-reg, regulatory T cell.
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Materials and Methods
Depleting Abs

A unique mouse anti-mouse CD20 [gG2a (18B 12) used to deplete murine
B cells and an isotype-matched control Ab (mouse anti-human CD20 Ab;
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2B8) were supplied by Biogen Idec (San Diego. CA). The dosage used in
depletion study was 10 mg/kg body weight for both Abs.

Animals and experimental design

In the depletion (prevention) study, 6-8-wk-old ApoE ™'~ mice were fed
a high-fat diet (HED; Specialty Feeds, Glen Forrest, Western Australia) for
4, 8, and 12 wk, during which either control Ab (2B#) or test Ab (18B12)
was given once every 2 wk Lv. via lail vein (Fig. 14). To induce athero-
sclerosis in the depletion (intervention) study, 6—8-wk-old ApoE " mice
were fed an HFD for 6 wk and then given Ab lreatment once every 2 wk
for a further 4 wk on an HFD (Fig. 1B).
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We generated a lymphocyte-deficient atherogenic ApoE ! Rag-2 !
ve /7 (TKO) mouse model by crossing an ApoE '~ Rag-2~'" mouse and
an ApoE ! ye ~ mouse on a C57BL/6J background. We also generated
an atherosclerosis-prone mouse deficient only in B cells by crossing an
ApoE "~ mouse and a wMT " mouse lacking the p-chain of Ig on
C57BL/6] background. Genotype analysis confirmed the deleted gene
status (data not shown). Phenotype analysis confirmed absence of all
lymphocyte populations in the TKO mouse and absence of only B cells in
the ApoE™"" uMT ™"~ mouse (data not shown).

In the transfer study (Fig. 1C), we adoptively transferred 5 X 10° or 5 %
107 spleen B2 B cells to 6-8-wk-old lymphocyte-deficient TKO mice at
the start of an 8-wk HFD. The experiments were controlled by transfer of
PBS and with the transfer of 5 X 10° peritoneal B1 B cells. In a separate
study, we adoptively transferred 5 X 10° spleen B2 B cells to B cell-
deficient ApoE ! wMT '~ mice in a similar approach.

All animal experiments were conducted at Precinct Animal Centre, Alfred
Medical Research and Education Precinct, Praharn, Victoria, Australia. All
animal procedures were approved by the Alfred Medical Research and
Education Precinet Animal Ethics Commiltee.

Isolation of spleen conventional B2 B cells and peritoneal Bl
B cells

Conventional B2 B cells were purified from C57BL/6J spleens by using
a B cell isolation kit containing a mixture of Abs against CD4, CD43, and
Ter-113 (Miltenyi Biotec, Auburn, CA) according to the manufacturer’s
recommendation. Cell purity (>99%) was confirmed by FACS analysis
using fluorochrome-labeled CD22 and CD5 Abs (BD Pharmingen, San
Diego, CA). Cell viability (=98%) was assessed by trypan blue exclusion
method (data not shown).

Peritoneal cells from C57BL/6J mice were obtained by flushing the
peritoneum with FACS buffer and labeled with fluorochrome-conjugated
CD22 and CD5 Abs (BD Pharmingen). To obtain 5 X 10° B1 B cells,
a pool of peritoneal cells from 10 donor mice, each of which the perito-
neum was flushed with 10 ml FACS buffer, was used. CD22" CD5" Bl
B cells were isolated by FACSAria flow sorter (BD Biosciences, San Jose,
CA) to a purity of =99% (data not shown). Cell viability assessed by
trypan blue exclusion method was =98% (data not shown).

FACS analysis

B cell and non-B cell populations in peripheral blood, peritoneal fluid, periph-
eral lymph nodes, and spleen were analyzed using fluorochrome-conjugated
Abs (BD Pharmingen) on a BD FACSCanto II (BD Biosciences). For
B cells and monocytes, PE-conjugated CD22, allophycocyanin-conjugated
CD35, and allophycocyanin-Cy7—conjugated CDI11b Abs were used. For
non-B lymphocyle populations, Pacific Blue-conjugated CD4, PerCP-
conjugated CD8a, allophycocyanin-Cy7-conjugated CD25, PE-conjugated
Foxp3, allophycocyanin-conjugated TCR-B, and PE-Cy7—conjugated NK1.1
Abs were used. Dala analysis was performed using BD FACSDiva software
(BD Biosciences).

Lipid analysis

Plasma lipid profile was measured by a standard commercial enzymatic
assay using a Beckman Coulter LX20PRO Analyzer, with reagents and
calibrators supplied by Beckman Coulter Diagnostics, New South Wales,
Australia.

Atherosclerotic lesion size analysis

The heart and proximal aorta were dissected from mice. embedded in
OCT compound (Tissue-tek, Sakura Finetek, Torrance, CA) and frozen at
—80°C. Frozen sections (6 pm) were cul from the aortic sinus, defined as
the region where the valve or valve cusps first become visible to where the
left and right coronary arteries branch off (17). The aortic sinus was
evaluated because this region of the aorta is particularly susceptible to
development of atherosclerosis in mice fed a HFD (17). Sections were
stained with Oil Red O and examined using light microscopy and cross-
sectional area of lipid deposition quantified using image analysis software
(Optimas 6.2 Video Pro-32, Bedford Park, South Australia, Australia). For
each mouse, lesion size was measured in 6 cross-sectional areas at 30pm
intervals and averaged. Collagen stained with Picosirus Red was analyzed
using Polarizing microscope and Optimas software (Bedford Park).

Immunohistochemical analysis

Abs against CD68, CD22, CD4, and « smooth muscle actin were used in
immunohistochemical analyses of macrophages, B cells, CD4" T cells, and
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smooth muscle cells in frozen sections of the aortic roots, respectively. (Applied Biosystems). Each reaction was analyzed in triplicate, and the

CD68- and « smooth muscle actin positively stained areas were quantified changes in target gene expression levels were quantitated using the com-
by Optimas soltware (Bedford Park). We microscopically counted CD22- parative cycle threshold method with 18S rRNA primers (Applied Bio-
stained B cells and CD4-stained T cells within atherosclerotic lesions in systems) as an endogenous control (18, 19). Sequences of primers used

the intima of the aortic rool. Mean values for positively stained areas were as follows: TNF-« forward, 5'-TCT TCT GTC TAC TGA ACT TCG-
and cell counts were calculated from three sections in the same way as 3"; TNF-« reverse, 5'-GAA GAT GAT CTG AGT GTG AGG-3'; IFN-y

described for the assessment of lesion size by Oil Red O stain.

Measurement of ox-LDI—specific 1gG and IgM Abs

The ox-LDL-specific Abs were measured using ELISA. Briefly, copper-

oxidized human LDL and native human LDL (Calbiochem, Darmstadt,
Germany) were used Lo coat 96-well ELISA plates at 50 pl of 10 pg/ml

overnight at 4°C. Duplicate samples of 50 pl mouse plasma diluted 1:100

forward, 3'-CTG GAC CTG TGG GTT GTT GAC-3"; IFN-y reverse, 5'-
CAA CAG CAA GGC GAA AAA GG-3'; IL-2 forward, 5'-CGC AGA
GGT CCA AGT TCA TCT T-3"; IL-2 reverse, 5'-CAG GAT GCT CAC
CTT CAA ATT TTA C-3"; IL-4 forward, 5'-CGA GCT CAC TCT CTG
TGG TGT T-3'; IL4 reverse, 5'-GGA GAT GGATGT GCC AAA CG-3";
IL-12 forward, 5'-GGT GTA ACC AGA AAG GTG CG-3"; and IL-12
reverse, 5'-GAG GAA TTG TAA TAG CGA TCC TGA G-3'.

were added into the ELISA plates for 2 h at room temperature after Statistical analysis

blocking with 1% BSA, followed by addition of anti-mouse IgG or IgM
Abs conjugated with HRP. Color development was done by addition of

: GraphPad Prism 4 (GraphPad, San Diego, CA) was used for statistical

TMB solution, and plates were read at 450 nm wavelength. ox-LDL— "{“ﬂl)’*‘t’*"‘ Results are presented as mean * SEM. Two-lailed unpaired
specific Ab was determined by subtracting the native LDL OD from the Student ¢ tests (for comparisons between two groups) or one-way ANOVA
ox-LDL OD. (for comparisons of =3 groups) were used for statistical analyses. The

Measurement of plasma Igs

To determine plasma Igs titers using ELISA, 50 pl anti-mouse Ig (1 pwg/ml)

was used to coat 96-well ELISA plates overnight at 4°C. After blocking
with 1% BSA, duplicate samples of 50 pl plasma (diluted 1:10° for total Ig

and IgG and 1:10* for IgM) was added into ELISA plates for 2 h at room

temperature. Respective secondary anti-mouse Abs conjugated with HRP
were added into the wells, followed by addition of TMB substrate for color

development. The OD at 450 nm was read by ELISA reader.
Analysis of gene expression

Total RNA was extracted from aortic arches using TRIzol reagent (Invi-
trogen, Carlsbad, CA) and quantitated by measuring absorbance at 260nm
wavelength. cDNA was generated from 1 pg total RNA using TagMan re-
verse (ranscription (Applied Biosystems, Foster City, CA) reagents
according to the manufacturer’s recommendation. Quantitative gene ex-
pression analysis to determine the mRNA levels of TNF-a, [FN-y, IL-2,
IL-4, IL-12, and 18S was performed on an ABI PRISM 7500 real-time
PCR system (Applied Biosystems) using SYBR Green technology
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FIGURE 4. Transferred B2 B cells are found in
blood, spleen, and peritoneal cavity. A, Isolation of
purified B2 B cells. FACS analysis of magnetically
sorted spleen B2 B cells using anti-CD22 and anti- B
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p values were considered significant at <0.05.

Results
Mouse anti-mouse CD20 Ab (18B12) selectively depletes
B cells in ApoE™"™ mice
To test the efficiency of anti-CD20-mediated B cell depletion in
C57BL/6) ApoE™ ™ mice, we administered a single i.v. injection of
mouse l1gG2a anti-mouse CD20 Ab (18B12) and performed flow
cytometric (FACS) analysis of B cells in peripheral blood and
lymphoid tissues at days 3, 7, 14, and 21 postinjection. We observed
sustained depletion of circulating B cells (=97%) through to the
third week. Spleen and peritoneal B cells were depleted by =95
and =>70%, respectively (Fig. 1.D). Relative resistance of peritoneal
B cells to anti-CD20-mediated depletion has been reported (20). We
injected anti-CD20 Ab once every 2 wk to maintain B cell depletion.
To determine whether B cell depletion can prevent atheroscle-
rosis development, we fed 6-8-wk-old CS7BL/6J ApoE™ ™ mice

cbz2 >

Blood Spleen Peritoneal Gavity

CD35 Abs showed purity (=99%) of CD22'CDS™ B2
B cells. B, Identification of transferred B cells in pe- |
ripheral blood, spleen, and peritoneal cavity. Shown are TKO-PBS !
representative FACS data of CD22" B cells in blood, :.
spleen, and peritoneal cavity 8 wk postansfer of 5 X J

1

L |

1

Arion

|5

& e

10° magnetically sorted spleen B2 B cells into TKO f': al

mice (n = 8 in each group). Compared to ApoE ™ i
mice and TKO with PBS transfer (TKO-PBS). B cells e
transferred to TKO mice (TKO-B2) represented 0.1- TKO-B2

Note difference in scale between ApoE™'~ and TKO
mice. oL

0.3% of B cells in blood, spleen, and peritoneal cavily. /Ili"k

it : .
(4.8£0.87x10° cells/ml) (0.07£0.0x10" cells) | I\ (1.180.3x10° cells)

f T A
LM N ALY

(1.440.2¢10° cellsiml)| (5426.0x 0" cells) (1.1£0.3x10° cells)

ApoE * ) i '
: ,‘M'ﬁ
AN dj\ l 1N

ch22 >

78



an HFD for 4, 8, or 12 wk, during which we maintained B cell
depletion by injecting anti-CD20 Ab (Fig. 14). At the end of
experiments, B cells remained depleted by 90-95% in peripheral
blood, spleen, lymph nodes, and peritoneal cavity in anti-CD20—
treated mice compared with control mice (Fig. 1E). Non-
B lymphocytes and monocytes (Fig. 1F), total plasma cholesterol,
LDL cholesterol, HDL cholesterol, triglyceride levels (Fig. 1G),
and body weights (data not shown) were unaffected.

B cell depletion by anti-CD20 Ab ameliorates atherosclerosis
development in ApoE™"" mice

To investigate the effect of B cell depletion on atherosclerosis
development, we measured lipid content and macrophage accu-
mulation within the intima of the aortic sinus. We observed marked
reductions in B cell-depleted mice fed an HED for 8 wk and 12 wk,
but not for 4 wk. Lipid content (Fig. 24) and macrophage accu-
mulation (Fig. 2B) were reduced by 59 and 47%, respectively, in
the 8-wk group and by 50% in the 12-wk group. CD22-stained
B cells (Fig. 2C), but not CD4-stained T cells (Fig. 2D), were
reduced in atherosclerotic lesions in aortic roots of anti-CD20-
treated mice. Plaque stability assessed by collagen (Fig. 2E) and

smooth muscle cell content (Fig. 2F) in relation to lesion size were
unaffected in anti-CD20-treated mice.

B cell depletion by anti-CD20 Ab retards established
atherosclerosis in ApoE™"" mice

Next, we asked whether CD20-targeted B cell depletion can reduce
established atherosclerotic lesions. We employed an intervention
approach in which 6-8-wk-old C57BL/6J Apol_i_’f_ mice were
initially fed an HFD for 6 wk to allow establishment of athero-
sclerosis before commencement of anti-CD20 Ab treatment (Fig.
1B). In this study, anti-CD20 Ab reduced B cells by 50% in the
peripheral blood and 60% in the lymph nodes (Fig. 3A), whereas
other lymphocyte and monocyte populations, body weight, and
plasma lipids were unaffected (data not shown). Atherosclerotic
lesion size was reduced by 46% (Fig. 3B) and macrophage accu-
mulation by 33% (Fig. 3C) in the test group. Plaque stability
assessed by smooth muscle and collagen contents was unaffected
(data not shown). Lesion CD22* B cell numbers and lesion CD4*
T cell numbers remained unchanged (data not shown), suggesting
that activated B cells in established atherosclerosis may be more
resistant to anti-CD20-mediated depletion.
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Transferred conventional B2 B lymphocytes are found
in lymphocyte-deficient ApoE™"~ mice

One potential mechanism by which anti-CD20 Ab attenuates ath-
crosclerosis is by depleting conventional B2 B cells. To test this
hypothesis, we reintroduced B2 B cells into a lymphocyte-deficient
TKO mouse that is devoid of Rag-2-dependent lymphocytes (in-
cluding B, T, and NKT cells) and yc-dependent NK cells. We used
a B cell isolation kit (Miltenyi Biotec) to negatively select spleen
B2 B cells from non-B cells and CD43-expressing B-1 B cells
(21). Purity of the isolated B2 B cell preparation assessed by
FACS analysis was >99% (Fig. 4A). We transferred 5 X 10° B2
B cells into lymphocyte-deficient TKO mice and fed the mice an
HED for 8 wk. At the end of the experiment, B2 B cells were
found in peripheral blood, spleen, and peritoneal cavity, albeit in
very small numbers of 0.1-0.3% compared with B cells in
ApoE " mice (Fig. 4B).

Conventional B2 B lymphocytes potently augment
atherosclerosis development

Despite the very small numbers of transferred B2 B cells in the
peripheral blood, spleen, and peritoneal cavity of the lymphocyte-
deficient TKO mice, atherosclerotic lesion size and macrophage
accumulation in the aortic sinus were dramatically increased by
72 and 53%, respectively (Fig. 54, 5B), effects not observed fol-

lowing transfer of vehicle (PBS) only. Larger atherosclerotic
lesions were also seen in the aortic arch (Fig. 5C). Transferred
B2 B cells were present in these enlarged atherosclerotic lesions
(Fig. 5D). Hyperlipidemia in the lymphocyte-deficient TKO mice
was unaffected (data not shown).

In a separate experiment, we transferred 5 X 107 conventional
B2 B cells into lymphocyte-deficient TKO mice. Atherosclerotic
lesion size and macrophage accumulation were again increased,
but they were not significantly different from those that followed
5 %X 10° B2 B cell transfer (Fig. 6A). This result shows that 5 X
10° adoptively transferred B2 B cells is sufficient to accelerate
atherosclerosis in lymphocyte-deficient TKO mice and supports
the proatherogenic role of B2 B cells.

In another experiment, we examined the effect on atherosclerosis
following the adoptive transfer of 5 X 10° conventional B2 B cells
compared with the adoptive transfer of 5 % 10° B1 B cells into
lymphocyte-deficient TKO mice. We found that only the transfer of
B2 B cells, but not the transfer of B1 B cells, augmented athero-
sclerosis development (Fig. 68).

Conventional B2 B lymphocytes also increase atherosclerosis
development in ApoE™"™ mice deficient only in B lymphocytes

Because TKO mice are deficient not only in B cells but also in non-
B lymphocytes, we asked whether conventional B2 B cells are
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proatherogenic in ApoE™'~ mice selectively deficient only in
B cells. We generated ApoE™"~ uMT™'~ mice deficient in the
p-chain of Ig and lacking only in B cells (data not shown). We
then transferred 5 X 10° conventional B2 B cells into these B cell-
deficient ApoE™'" mice. Upon completion of 8 wk HFD, we found
that the atherosclerotic lesions in ApoE™'~ pMT ™™ mice were
increased =3-fold as compared with those from a control group that
had not received B2 B cells (Fig. 6C).

Plasma Ig and ox-LDL—specific Ab levels

As conventional B cells are best known for Ab production, we
examined plasma lgs as well as 1gG and IgM Abs to ox-LDL. We
used human LDL (Calbiochem) as a coating Ag in ELISA to
compare the levels of ox-LDL—specific Abs in our studies because
comparable ox-LDL—specific Abs against oxidized human LDL as
coating Ag in ELISA have been reported in mice immunized with
murine LDL (22). In our depletion (prevention) study. plasma lgs
and ox-LDL-specific Abs remained unchanged with anti-CD20-
mediated B cell depletion and 4 wk of HFD. With B cell depletion
and 8 or 12 wk of HFD, total Igs and IgG but not IgM decreased
(Fig. 7A), and only ox-LDL-specific IgG Ab decreased in the
12 wk group (Fig. 7B). In our depletion (intervention) study, total
lg, IgG, and 1gM levels and 1gG and [gM Abs to ox-LDL remained
unchanged (Fig. 7C, 7D). The data suggest that atherosclerosis was
ameliorated by B cell depletion irrespective of Ab levels. The
observations are consistent with the resistance of long-lived plasma
cells that do not express CD20 (23) to B cell depletion with anti-
CD20 Ab (24). After B2 B cell transfer into TKO mice, Igs and ox-
LDL-specific Abs, absent in TKO mice, were detectable at low
levels of 3-16% of immunocompetent ApoE ™'~ mice (Fig. 84, 8B).
g production by B cells in the absence of T cell help has been
reported in T cell-deficient (25) and immunode ficient (26) mice.

INF-w« expression is increased in atherosclerotic lesions in
TKO mice transferred with conventional B2 B lymphocytes

As B cells produce a broad range of pro- and anti-inflammatory
cytokines (27, 28), we next examined atherosclerotic lesions, aug-
mented by B2 B cell transfer into lymphocyte-deficient TKO mice,
for cytokines by RT-PCR. We found elevated levels of TNF-a but
not of [FN-y, IL-2, IL-4, and IL-12 (Fig. 8C). To account for dif-
ferences in lesion sizes, we expressed TNF-ao levels relative to
F4/80, a macrophage marker (Fig. 8D). TNF-a, expressed as
aproportion of macrophages, was increased but was not statistically
significant (Fig. 8E).

Discussion

In the current study, we have shown that B cell depletion by anti-
CD20 Ab not only prevents the development of atherosclerosis but
also ameliorates established atherosclerosis. Contrary to the widely
held view that B cells are protective (4, 5), our observations dem-
onstrate that B cells can have a damaging role in atherosclerosis.
We identifiecd conventional B2 B cells as a proatherogenic B cell
population because transfer of these B2 B cells into lymphocyte-
depleted ApoE™'" mice or to B cell-deficient ApoE™'~
potently augmented atherosclerosis development. These B2 B

mice

cells comprise the majority of circulating B cells and reside in
lymphoid follicles in lymph nodes and in the spleen, where they
are also known as follicular B cells. Augmented atherosclerosis
development following transfer of B2 B cells into TKO mice to-
tally lacking in Rag2-dependent T cells, B cells, NKT cells, and
vye-dependent NK cells demonstrates that these conventional B2
B cells can directly promote atherosclerosis development entirely
on their own in the complete absence of all other lymphocyte
populations. Augmented atherosclerosis development following
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FIGURE 7. Igs and ox-LDL-specific Abs in B cell depletion studies. A
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12 wk. A, Total Ig, IgG, and [gM. White bars, control mice injected with
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ox-LDL-specific IgG and IgM Abs. White bars, control mice injected with
control (2B8) Ab; gray bars, test mice injected with test (18B12) Ab; bar
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LDL-specific [gM (n = 9 in each group). Data are mean values = SEM. C
and D, Igs and ox-LDL-specific Abs levels in depletion (intervention)
study. ApoE™’" mice were fed a HFD for 6 wk, after which they were
treated with anti-CD20 Ab while maintained on a HFD for a further 4 wk.
C, Total Ig, IgG, and IgM: legend as in A. D, ox-LDL-specific [gG and
IgM Abs; legend as in B (n = 9 in each group). Data are mean values *
SEM. #p << 0.05; ##p << 0.01.

transfer of B2 B cells into ApoE ™"~ pMT ™'~ mice deficient only
in B cells indicates that B2 B cells can also augment atheroscle-
rosis development in the presence of all other lymphocyte pop-
ulations. B2 B cells transfer into Apa)L*'_’r_ deficient only in B cells
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increased lesion size by >300%, whereas transfer into ApoE ™"~
mice deficient in all lymphocyte populations increased lesion size
by 72%. The findings suggest that proatherogenic B2 B cells can
act in concert with other proatherogenic lymphocyte populations
to augment atherosclerosis development.

B cells are considered to have important roles in immunity by
producing Abs. However, emerging evidence shows that B cells can
influence immune responses without Ab involvement. For instance,
in MRL/lpr mice, whereas B cell deficiency generated by Jh muta-
tion prevented lupus nephritis (29), mice expressing a mutant
transgene that prevented lgG secretion developed discase (30).
With initial anti-CD20 treatment, plasma lgs were unaffected at 4
wk of HFD, but declined at 8 and 12 wk of HFD in subclass [gG
but not IgM levels. These findings may reflect the relative re-
sistance of IgM-producing B1 B cells to anti-CD20 Ab depletion
(20). In contrast, plasma lgs and ox-LDL-specific Abs were
largely unaffected by anti-CD20 treatment in established athero-
sclerosis. This may reflect the failure of anti-CD20 Ab treatment
to deplete Ab-producing plasma cells (23, 24). The data suggest
that atherosclerosis was ameliorated by B cell depletion irre-
spective of Ab levels. TKO mice did not show any detectable
plasma lgs and ox-LDL—specific Abs, but those that received con-
ventional B2 B cells were found to have very low plasma lgs and
[gM Ab to ox-LDL compared with immunocompetent ApoE ™'~

T
TKO-B2 cells

mice. The presence of circulating [gs in the absence of T cell help
1s consistent with reports of lg production by B cells from T cell-
deficient (25) and immunodeficient mouse models (26). The sig-
nificance, if any, for atherosclerosis of these low-level Abs gen-
erated without T cell help remains unknown.

In addition to Ab production, conventional B2 B cells produce
a broad range of pro- and anti-inflammatory cytokines (27, 28).
Significant increase in expression of TNF-a was detected in ath-
erosclerotic lesions of TKO mice transferred with conventional B2
B cells. This finding was not significant when TNF-a expression
levels were expressed relative to a macrophage marker, F4/80.
Although a macrophage origin for TNF-a cannot be excluded,
TNF-ee 1s also produced by B lymphocytes (31, 32). It enhances
B cell locomotion and migration (32) and is found in lesions in the
vicinity of B lymphocytes (3). This finding suggests that B2 B cells
may have augmented inflammation in a cytokine-dependent man-
ner to promote atherosclerosis.

Although Ag presentation to proatherogenic CD4* T cells by
conventional B2 B cells can conceivably activate these T cells and
further augment atherosclerosis, the notable finding in our study is
that B2 B cells can promote atherosclerosis in the complete ab-
sence of T cells in the lymphocyte-deficient TKO mice. Our
findings in these lymphocyte-deficient mice indicate that B cells
can promote atherosclerosis in the absence of Ag presentation to
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T cells. These findings are consistent with the suggestion that
B cells may be important in the rate-limiting step in the genesis of
autoimmune reactions (33). We suggest that our findings are likely to
have relevance for other inflammatory diseases in which B cells have
a role. Our identification of a proatherogenic role for B2 B cells
provides a therapeutic target for attenuating lesion development/

progression in hyperlipidemic subjects and other subjects suscepti-

ble to atherosclerosis-related cardiovascular complications.
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Chapter 3: Bla B Lymphocytes Are Atheroprotective ly
Secreting Natural IgM That Increases IgM Deposits ad

Reduces Necrotic Cores in Atherosclerotic Lesions

3.1 Short Introduction

The role of Bla B cells in atherosclerosis hasheain defined. Splenectomy has been
shown to aggravate atherosclerosis and other studigicate that splenectomy
abolishes the Bla B cell population. Here, | hasedusplenectomised ApSEnice to
define the role of Bla B cells in atherosclerosibave also used slgMmice to
determine the mechanism by which Bla cells affdatrasclerosis. Splenectomy was
first performed to deplete peritoneal Bla cellSApoE" mice. In comparison to
sham-operated ApdE mice, ApoE™ mice that underwent splenectomy developed
significantly larger atherosclerotic lesions. Rekadty, the reconstitution of Bla B
cells by adoptive transfer in splenectomised Apatice not only ameliorated the
aggravation of atherosclerosis caused by splengctarh also markedly suppressed
the development of atherosclerosis. However, theptake transfer of Bla cells
deficient in secretory IgM (slgM) did not exhibihy modulatory effect. Further
studies indicated that the atheroprotective fumctid Bla cells may be associated
with increased IgM deposition in the atheroscleroglague with concomitant
decrease in plague apoptotic cells and region®ofosis. As such, it is reasonable to
deduce that Bla cells restrict the developmenttloérasclerosis by producing IgM
antibodies that facilitate the clearance of apaptotlls, thereby curtailing necrotic

inflammation in atherosclerotic plaques. Circ Rxl1; 109(8):830-40.
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Bla B Lymphocytes Are Atheroprotective by Secreting
Natural IgM That Increases IgM Deposits and Reduces
Necrotic Cores in Atherosclerotic Lesions

Tin Kyaw,* Christopher Tay,* Surendran Krishnamurthi,* Peter Kanellakis, Alex Agrotis,
Peter Tipping.t Alex Bobik, Ban-Hock Toh¥

Rationale: Aggravated atherosclerosis in B lymphocyte-deficient chimeric mice and reduced atherosclerosis after
transfer of unfractionated spleen B lymphocytes into splenectomized mice have led to the widely held notion that
B lymphocytes are atheroprotective. However, Blymphocytes can be pathogenic, bhecause their depletion by
anti-CD20 antibody ameliorated atherosclerosis, and transfer of B2 lymphocytes aggravated atherosclerosis. These
observations raise the question of the identity of the atheroprotective B-lymphocyte population.

Objective: The purpose of the study was to identify an atheroprotective B-lymphocyte subset and mechanisms by which

they confer atheroprotection.

Methods and Results: Splenectomy of apolipoprotein E-deficient mice selectively reduced peritoneal Bla lympho-
cytes, plasma IgM, and oxidized low-density lipoprotein IgM levels and lesion IgM deposits. These reductions were
accompanied by increased oil red O-stained atherosclerotic lesions and increased necrotic cores, oxidized low-density
lipoproteins, and apoptotic cells in lesions. Plasma lipids, body weight, collagen, and smooth muscle content were
unaffected. Transfer of Bla lymphocytes into splenectomized mice increased peritoneal Bla lymphocytes; restored
plasma IgM, oxidized low-density lipoprotein IgM levels, and lesion IgM deposits; and potently attenuated
atherosclerotic lesions, with reduced lesion necrotic cores, oxidized low-density lipoprotein, and apoptaotic cells. In
contrast, transfer of Bla lymphocytes that cannot secrete IgM failed to protect against atherosclerosis development in
splenectomized mice despite reconstitution in the peritoneum.

Conclusions: Bla lymphocytes are an atheroprotective B-lymphocyte population. Our data suggest that natural IgM
secreted by these lymphocytes offers protection by depositing IgM in atherosclerotic lesions, which reduces the

necrotic cores of lesions. (Circ Res. 2011;109:830-840.)

Key Words: B-lymphocytes m apoptosis m inflammation m immunoglobulin M m splenectomy

Atherosclerosis is an inflammatory disease of arteries initi-
ated by lipid entry into the arterial intima. Despite intro-
duction of lipid-lowering statins, it remains the major cause of
cardiovascular deaths related to heart attacks and strokes. There
is therefore a pressing need to precisely understand the role of
leukocytes in the inflammatory infiltrate in atherosclerosis that
can be exploited to develop novel antiinflammatory therapies.
The presence of B lymphocytes in the inflammatory infiltrate
in humans!? and in mice? has led to a search for their role in
atherosclerosis. Earlier studies led to a widely held notion that
B lymphocytes are protective.* This conclusion is based primar-
ily on 2 principal reports. The first was that adoptive transfer of

large numbers of unfractionated spleen B lymphocytes reduced
splenectomy-aggravated atherosclerosis.> The next was the re-
port of aggravated atherosclerosis in low-density lipoprotein
receptor—deficient (LDL-R™) mice rendered B lymphocyte
deficient by bone marrow transplantation from mice deficient in
the p-chain of immunoglobulin into irradiated recipients.® How-
ever, our recent observation’ and that of Ait-Oufella et al® that
depletion of B lymphocytes by anti-CD20 antibody ameliorated
atherosclerosis indicate that B lymphocytes can be proathero-
genic. Furthermore, we identified conventional B2 lymphocytes
as a proatherogenic B-lymphocyte population, because transfer
of this population to lymphocyte-deficient or B lymphocyte—
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Non-standard Abbreviations and Acronyms

MDA malondialdehyde
slgM—'=  secretory lgM-deficient
SX splenectomy

deficient apolipoprotein E—deficient (ApoE™") mice aggra-
vated atherosclerosis.” These observations raise the question of
the identity of the protective B-lymphocyte population in
atherosclerosis.

In a search for an atheroprotective B-lymphocyte subset, we
were guided by reports that splenectomy is associated with
augmented atherosclerosis in humans and in experimental ani-
mals. In a 19-year follow-up of World War II veterans with
trauma-induced splenectomy, a high incidence of acute myocar-
dial infarction was reported compared with those without sple-
nectomy.® In animal studies, splenectomized mice, rats, and
rabbits showed significantly increased atherosclerotic lesions
compared with sham-operated controls.510.11

The report that Bla lymphocytes are depleted in splenecto-
mized or asplenic mice!? suggests that the aggravated athero-
sclerosis in splenectomized mice® may be the consequence of the
loss of peritoneal Bla lymphocytes. Because Bla lymphocytes
procuce the majority of natural IgM.'* and IgM has been shown
to protect against atherosclerosis,'# diminished B la lymphocytes
and B la-produced natural IgM antibodies are rational explana-
tions for aggravated atherosclerosis in splenectomized mice.
Therefore, we hypothesized that Bla lymphocytes, unlike B2
lymphocytes, are an atheroprotective B-lymphocyte subset.

To test this hypothesis, we revisited the splenectomy-
aggravated atherosclerosis experiments. We confirmed that sple-
nectomy reduced peritoneal Bla lymphocytes and at the same
time aggravated atherosclerosis in ApoE ™~ mice. Furthermore,
we found that adoptive transfer of Bla lymphocytes repopulated
Bla lymphocytes in the peritoneum and potently attenuated
atherosclerosis aggravated by splenectomy. We have also dem-
onstrated that IgM produced by B la lymphocytes is required for
their atheroprotective action.

Methods

Animals

All animal procedures and protocols were approved by the Animal
Ethics Committee of the Alfred Medical, Research. and Education
Precinel, Prahran, Melbourne, Australia. All male mice were bred on a
CS7BL/6 background. ApoE™'~ and C57BL/6 mice were [rom the
Precinct Animal Centre. Alfred Medical. Research. and Education
Precinct. Ly5.1 mice were from the Waller and Eliza Hall Institute.
Melbourne. Australia. Secretory IgM-deficient (sIlgM ™) mice gener-
ated by Jianzhu Chen, Massachusetts Institute of Technology. were
supplied by Troy Randall. University of Rochester.

ApoE™'™ mice were subjected to either splenectomy or sham
operation and fed a high-fat diet with 21% fat and 0.15% cholesterol
(Specialty Feeds. Glen Forrest. Western Australia) for 8 weeks. At
the end of experiments. mice were killed and peritoneal fluids
collected for differential cell analysis by flow cytometry: aortic
roots were frozen in OCT embedding medium. and plasma was
kept in a —80°C freezer.
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Figure 1. Schematic of peritoneal Bia and spleen B2 lympho-
cyte isolation and assessment by flow cytometry. A, Peritoneal
cells from donor mice were fluorochrome-labeled with anti-CD22
and anti-CD5 antibodies and sorted by BD FACSAria. Lympho-
cytes gated on forward scatter (FSC) and side scatter (SSC; left)
were examined for CD22* CD5* coexpression (right). B, In some
experiments, CD3~ CD19* CD5*" CD11b™ peritoneal Bia lympho-
cytes were sorted by BD FACSAria. Peritoneal lymphocytes were
gated (upper left panel), and CD3~ B1a lymphocytes were iso-
lated (upper right panel) and sequentially sorted for CD19* CD5™"
coexpression (lower left panel) and CD19+CD11b* coexpression
(lower right panel). C, Using AutoMACS and a B lymphocyte iso-
lation kit (Miltenyi Biotech) that contained a cocktail of anti-CD43,
anti-CD4, and anti-Ter119 antibodies, activated B2 and B1 lym-
phocytes and non-B lymphocytes were positively removed and
naive B2 lymphocytes negatively sorted. Purity of naive CD22*
and CD5™ B2 lymphocytes was confirmed. All experimental
groups that included transfer experiments with WT and slgh "~
Bia lymphocytes were performed in 1 experiment.

T

Cell Isolation

Peritoneal fluid and/or spleens were collected from donor mice.” CDI197"
CD5" orCDI19" CD5™ peritoneal Bla B lymphocytes were isolated by
FACSAria (BD Biosciences. San Jose, CA; Figures 1A and 1B), and
splenic B2 B lymphocytes were magnetically purified by AutoMACS
(Miltenyi Biotec. Auburn. CA: Figure 1C). Cell viability by the Trypan
blue exclusion method was =>95%.

Flow Cytometry

Peritoneal B- and non-B-lymphocyte populations were analyzed with
fluorochrome-conjugated antibodies (BD Pharmingen, San Diego, CA)
on a BD FACSCanto 11 (BD Biosciences) as described previously.”
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Histological Lesion Analysis at Aortic Roots
Atherosclerotic lesion sizes were assessed with oil red O and collagen
content with picrosirius red as described previously.” To analyze
necrotic core areas, aortic root atherosclerotic lesions were stained with
hematoxylin and eosin.'?

Immunohistochemical Analysis at Aortic Roots
Macrophages, smooth muscles. and oxidized low-density lipoprotein
(oxLDL) at aortic root atherosclerotic lesions were assessed by immu-
nohistochemical analyses as described previously.” Apoptotic cells were
identified by terminal dUTP nick end-labeling (TUNEL).

Enzyme-Linked Immunosorbent Assay

Plasma [gG and IgM levels were assessed at 4 and 8 weeks after
splenectomy as described previously.” A modified ELISA protocol
adapted from Caliguiri et al® was used to measure anti-
malondialdehyde-oxidized (MDA)-LDL IgM antibody with human
LDL maodified and assessed by spectrophotometry as described
previously.'®

Lipid Profiles

Plasma lipids (total cholesterol, high-density lipoprotein cholesterol.
very-low-density lipoprotein/LDL cholesterol, and triglycerides) were
measured by a standard commercial enzymatic assay as described
previously.”

Statistical Analysis
GraphPad Prism 4 software was used for statistical analyses. Results are
presented as mean® SEM. One-way ANOVA with Newman-Keuls post
hoc test was used for comparisons of multiple groups of =3. A 2-tailed
unpaired Student f test was used for comparison of 2 groups. A |-tailed
unpaired Student 7 test was used for confirmatory transfer experiments,
with Bla lymphaocytes selected for CD197CD5™ expression and for
Ly5.1 expression. P<<(105 was considered significant.

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Results

Splenectomy Selectively Decreases Peritoneal Bla
Lymphocytes Without Affecting Other Lymphocyte
Populations, Body Weight, or Plasma Lipids

Because splenectomy has been reported to reduce peritoneal Bla
lymphocytes in the C57BL/6 mouse,'? we investigated whether
splenectomy causes a similar Bla lymphocyte reduction in the
ApoE7f7 mouse. Splenectomy depleted CD22" CD5" Bla
lymphocytes in the peritoneal cavity by 68% compared with
sham-operated mice (Figures 2A and 2B). B2 and other lym-
phocytes in the peritoneal cavity (Figures 2B and 2C) were
unatfected.

Increased plasma lipids are important initiating factors in the
early stage of atherosclerosis. We questioned whether splenec-
tomy has an effect on these lipids in the ApoE™'~ mouse. Both
body weight (Figure 2D) and lipid profile (Figure 2E) imposed
by an 8-week high-fat diet were unaffected by splenectomy,
because they were similar to the body weight (mean*+SEM
26.81+1.11 g) and lipid profile (mean*SEM: total cholesterol
21.8%£1.73 mmol/L, high-density lipoprotein cholesterol
4.12%20.26 mmol/L, very-low-density lipoprotein/LDL choles-
terol 17.34+1.42 mmol/L, triglycerides 3.02+0.25 mmol/L) of
ApoE™"" mice fed a high-fat diet for 8 weeks.

Splenectomy Increases Atherosclerotic Lesions but
Does Not Increase Lesion Smooth Muscle and
Collagen Content

In agreement with previous reports,>1%.1117 splenectomized mice
exhibited a 35% increase in oil red O-—stained atherosclerotic

lesions (Figure 3A) and a 49% increase in CD68" macrophage
accumulation (Figure 3B) compared with sham-operated mice;
however, macrophage accumulation expressed as a percentage
of total atherosclerotic lesion area was unaffected by splenec-
tomy (Figure 3C). We next examined smooth muscle and
collagen content in atherosclerotic lesion to determine whether
splenectomy alters plaque stability, Smooth muscle and collagen
content stained by e-actin smooth muscle antibody and picro-
sirius red, respectively, were unaffected (Figures 3C and 3D).

Adoptive Transfer of Bla Lymphocytes
Reconstitutes the Peritoneal Compartment

Given that splenectomy reduced peritoneal Bla lymphocytes,
we first set out to ascertain whether adoptive transfer of Bla
lymphocytes to splenectomized mice would reconstitute the
peritoneal compartment. We isolated CD22* CD5" Bla lym-
phocytes (purity >96%: Figure 1A) from the peritoneum of
C57BL/6 mice. Because peritoneal B 1a lymphocytes require the
spleen for survival, and splenectomy reduced their numbers after
1 week and sustained this reduction up to 3 weeks,!? we
transferred 10° peritoneal Bla lymphocytes at weeks 1, 4, and 7
after splenectomy to maintain a pool of replenished peritoneal
Bla lymphocytes. We controlled the experiment with transfers
of the same numbers of spleen B2 lymphocytes (purity =>98%;
Figure 1C) and PBS in a similar manner. Transfer of Bla lympho-
cytes, but not B2 lymphocytes or PBS, reconstituted peritoneal
Bla lymphocytes by approximately 67% compared with sham-
operated mice and increased this population by approximately
90% compared with splenectomized mice (Figure 2A).

Transfer of Bla but Not B2 Lymphocytes Potently
Reduces Atherosclerosis Aggravated by Splenectomy
Next, we examined atherosclerotic lesions at the aortic root to
determine whether adoptively transferred Bla lymphocytes can
influence the augmented atherosclerosis in splenectomized mice.
After assessment of atherosclerotic lesion size by lipid accumu-
lation with oil red O stain, transfer of Bla lymphocytes was
shown to potently decrease atherosclerotic lesions by =~=70%
compared with sham-operated mice and by =80% compared
with splenectomized mice (Figure 3A). Similarly, CD68" mac-
rophage accumulation was also markedly decreased by =60%
compared with sham-operated mice and by =75% compared
with splenectomized mice (Figure 3B), although CD68" mac-
rophage accumulation expressed as a percentage of total athero-
sclerotic lesion area was unaftected by splenectomy (Figure 3C).
There were no differences in body weights and plasma lipids
among the experimental groups (Figures 2D and 2E).

The Vast Majority (>98%) of CD22* CD5™
Peritoneal Bla Lymphocytes Are CD19*CD5™"

We used anti-CD22 and anti-CD35 antibodies to isolate perito-
neal Bla lymphocytes. Because CD22 has been reported to be
expressed on murine T cells,'®* we compared the phenotype of
peritoneal Bla lymphocytes isolated with CD22% CD5" anti-
bodies to those isolated with CD19% CD5™ antibodies (Figure
4A). The vast majority (>98%) of CD22% CD5" peritoneal
B lymphocytes expressed CD19 antigen but not CD3, whereas
95% of CD19" CD5" peritoneal B lymphocytes expressed
CD22. Both populations expressed CD11b but not CD23.
Furthermore, adoptive transfer to splenectomized mice of peri-
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Figure 2. Splenectomy selectively reduces peritoneal Bia lymphocytes without affecting other peritoneal lymphocytes, body weight,
or plasma lipids. Splenectomized (SX) mice reduced peritoneal B1a lymphocytes (A, B) without affecting peritoneal B2 lymphocytes (B) or
other non-B lymphocytes (C). Transfer of WT Bla and slgM-deficient Bla lymphocytes, but not B2 lymphocytes or saline, increased peritoneal
B1ia lymphocytes (A). D and E, Splenectomy and adoptive transfers did not affect body weight or lipid profiles. Graphs present mean=SEM
values (n=7-8). *"P<0.001, "P<0.01, "P<0.05, 1-way ANOVA with Newman-Keuls post hoc test (A, C-E) and 2-tailed unpaired t test (B).
SX-WTB1a indicates splenectomy with WT B1a transfer; SX-WTB2, splenactomy with WT B2 transfer; SX-PBS, splenectomy with PBS trans-
fer; SX-slgM~'~B1a, splenectomy with sigM-deficient Bla transfer; HDL, high-density lipoprotein; VLDL, very-low-density lipoprotein; KO,

knockout; and cho, cholesterol.

toneal B la lymphocytes isolated by anti-CD19, anti-CD3, anti-
CD5, and anti-CD11b antibodies gave very similar results
(Figure 4B) to those observed with transfer of CD22" CD5™ Bla
lymphocytes (Figure 3A). To assess the contribution of donor
Bla lymphocytes to reconstitution of this population, we isolated
peritoneal CD3~ CD19" CD5" CDI1b™ Bla lymphocytes from
allelic Ly5.1 mice for transfer to splenectomized mice (n=3).
Assessment of donor Ly5.1" cells in the Bla lymphocyte
population at the end of an 8§-week high-fat diet showed that they
constituted 47.0=8.0% (mean=SEM) of this population (Figure
4C). These findings are consistent with the percentage increase
in this population after transfer of Bla cells to splenectomized
mice compared with their percentage in splenectomized mice
(Figure 2A).

IgM in Plasma and Lesions Is Reduced by
Splenectomy and Markedly Increased by Transfer
of Bla Lymphocytes

Because the majority of circulating natural IgM antibodies
are constitutively produced by Bla lymphocytes throughout
life.!* and these antibodies react to oxLDL, we examined
whether IgM and oxLDL-specific IgM antibody produced by
Bla lymphocytes are selectively affected by splenectomy.
Plasma levels of IgM assessed at 4 and 8 weeks after
splenectomy were decreased by 45% in splenectomized mice
compared with sham-operated mice (Figures 5B and 3D).
Plasma IgM levels of ApoE mice fed a high-fat diet for 8
weeks and normal C57Bl/6 mice (mean*SEM 0.82*0.14
0D**) were almost identical to those of sham-operated mice.
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Figure 3. Splenectomy increases atherosclerosis development in ApoE~'~ mice. At the end of an 8-week high-fat diet, splenectomized
(8X) mice showed (A) increased oil red O-stained atherosclerctic lesions and (B) CD68-stained macrophage areas. However, macrophage (B),
lesion smooth muscle (C), and collagen content (D) expressed by lesion size were unaffected by splenectomy. Transfer of WT Bia lymphocytes but
not slgM—"~ B1a lymphocytes, B2 lymphocytes, or saline decreased postsplenectomy aggravated atherosclerotic lesions and macrophage content
(A, B). Graphs present mean+SEM values (h=7-8). **P<0.001, *P<0.01, *P<0.05, 1-way ANOVA with Newman-Keauls post hoc test (A, B) and
2-tailed unpaired t test (C, D). Bars, 100 um in A, B, and D and 200 pm in C. SX-WTB1a indicates splenectomy with WT Bia transfer; SX-WTB2,
splenectomy with WT B2 transfer; SX-PBS, splenectomy with PBS transfer; SX-slgM B1a, splenectomy with slgM-deficient Bia transfer.
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In contrast, plasma levels of IgG were unaffected (Figure
5A). Splenectomized mice also showed decreased IgM
plasma level against MDA-LDL compared with sham-
operated mice (Figure 5C).

Next, we determined whether adoptively transferred Bla
lymphocytes can restore [gM and oxLDL-specific IgM levels
decreased by splenectomy. Plasma levels of IgM assessed at 4
and 8 weeks after splenectomy increased by 68% in splenecto-
mized mice into which Bla lymphocytes had been transferred,
to levels that were almost the same as in sham-operated mice
(Figures 5B and 5d). Plasma IgM levels from splenectomized
mice into which B2 lymphocytes or PBS had been transferred
did not show any difference compared with splenectomized
mice (Figure 5B). Transfer of Bla lymphocytes also restored
plasma MDA-LDIL—specific IgM levels decreased by splenec-

deficient B1a transfer.

tomy (Figure 5C). Plasma levels of IgG were unatfected in all
mice in the transfer experiments (Figure 5A).

Natural IgM antibodies, abundant in the circulation, can
also be found in the subintimal space of atherosclerotic
lesions.'? Our demonstration of a direct correlation between
plasma IgM level and Bla lymphocytes led us to examine
atherosclerotic lesions for IgM deposits. [gM deposits in
atherosclerotic lesions were decreased by 58% after splenec-
tomy (Figure 6). After transfer of Bla lymphocytes to
splenectomized mice, lesion IgM deposits were increased by
>100% compared with splenectomized mice, to a level
similar to that in sham-operated mice. In contrast, splenecto-
mized mice into which B2 lymphocytes or PBS had been
transferred exhibited similar percentages of areas of lesion
IgM deposits as splenectomized mice (Figure 6).
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Figure 5. Plasma IgM and MDA-oxLDL-IgM antibodies are reduced by splenectomy and reversed by transfer of WT but not slgM-
deficient peritoneal B1a lymphocytes. Plasma IgM (A) but not plasma IgG (B) and MDL-oxLDL IgM (C) antibodies were reduced by sple-
nectomy, whereas transfer of WT but not slgM-deficient Bla lymphocytes increased plasma IgM and MDA-oxLDL IgM almost to levels in
sham-operated mice. Transfer of WT-B2 lymphocyte and PBS did not affect plasma IgM levels or MDA-oxLDL-IgM antibodies. Plasma g
levels were reduced at 4 weeks after splenectomy and remained at this decreased level at 8 weeks. D, WT B1a lymphocytes restored
plasma IgM levels. Graphs present mean+SEM values (n=7-8 in panels A-C and n=3-4 in panel D). "P<0.01, "P<0.05, 1-way ANOVA
with Newman-Keuls post hoc test (A-C) and 1-tailed unpaired f test (D). SX-WTB1a indicates splenectomy with WT B1a transfer; SX-WTB2,
splenectomy with WT B2 transfer; SX-PBS, splenectomy with PBS transfer; SX-slgM/B1a, splenectomy with slgM-deficient B1a transfer.

Bla Lymphocytes That Cannot Secrete IgM Fail to
Reduce Atherosclerosis Augmented by Splenectomy
and Do Not Increase Plasma or Lesion IgM Despite
Reconstitution of the Peritoneal Compartment

The observation that splenectomy-aggravated atherosclerosis is
accompanied by decreased plasma and lesion IgM whereas
reduction of atherosclerosis by transfer of Bla lymphocytes is
accompanied by elevated plasma and lesion IgM suggests that
Bla-derived IgM is atheroprotective. To test this hypothesis, we
isolated peritoneal Bla lymphocytes from sigM ™'~ donor mice,
which cannot secrete IghM.2? and transferred these lymphocytes
into splenectomized mice. Despite reconstitution of the perito-
neal compartment (Figure 2A), atherosclerotic lesions of sple-
nectomized mice given slgM ™~ Bla lymphocytes did not
change compared with lesions of splenectomized mice assessed
by lipid and macrophage accumulation (Figures 3A and 3B).

To further assess the role of IgM in atherosclerosis. we
determined the levels of IgM in the circulation and in athero-
sclerotic lesions of splenectomized mice into which slgM ™~
Bla lymphocytes had been transferred. As expected, the levels
of plasma IgM and oxL.DL-specific IgM antibody in these mice
were decreased to levels similar to splenectomized mice (Figures
5B and 5c¢) without affecting plasma IgG (Figure 5A). Further-
more, the transferred slgM ™~ Bla lymphocytes also failed to
increase IgM deposits in lesions, which contrasted with the
effects of transterred wild-type (WT) Bla lymphocytes (Figure 6).

Necrotic Cores in Atherosclerotic Lesion Are
Increased by Splenectomy and Reduced by
Transfer of Bla Lymphocytes

We next examined atherosclerotic lesions for necrotic cores,
because it has been suggested that a major function of natural
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Figure 6. Lesion IgM deposits are
decreased by splenectomy and restored
by transfer of WT but not slgM-deficient
B1ia lymphocytes. Immunohistochemical
analysis showed that IgM deposits
decreased by splenectomy were increased
by transfer of WT but not slgM-deficient
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IgM is to clear apoptotic cells?! by binding to oxidation-specific
epitopes.'” We assessed the size of the necrotic core identified as
acellular areas after hematoxylin-and-eosin staining of athero-
sclerotic lesions.!s Necrotic core areas in atherosclerotic lesions
increased by 19% after splenectomy and decreased by 14% with
the transfer of Bla lymphocytes. In contrast, sleM ™'~ Bla

Bia lymphocytes. Transfer of B2 lympho-
cytes or PBS did not affect lesion IgM
deposits. Graphs present mean+SEM val-
ues (n=7-8). *"P=0.001, **P<0.01, 1-way
ANOVA with Newman-Keuls post hoc test.
Bar, 200 pm. SX-WTB1a indicates splenec-
tomy with WT Bia transfer; SX-WTB2,
splenectomy with WT B2 transfer; SX-PBS,
splenectomy with PBS transfer; SX-slgh/
B1a, splenectomy with slgM-deficient Bla
transfer.

lymphocytes failed to decrease the necrotic core area augmented
by splenectomy (Figure 7A).

Given that approximately 30% of natural IgM antibodies
bind to oxidation-specific epitopes.2? we next examined
atherosclerotic lesions for oxLDL using an antibody to
MDA-LDL. OxLDL in lesions was increased by splenec-
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Figure 7. Atherosclerotic necrotic core
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increased by splenectomy and reduced
by transfer of Bia lymphocytes. A,
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splenectomy and decreased by transfer of
WT B1ia lymphocytes. Graphs present
mean+SEM (n=7-8). **P<0.001;
“P<0.01; *P=0.05, 1-way ANOVA with
Newman-Keuls post hoc test. Bars,

200 pm. SX-WTB1a indicates splenectomy
with WT B1a transfer; SX-WTB2, splenec-
tomy with WT B2 transfer; SX-PBS, sple-
nectomy with PBS transfer; SX-slgM/B1a,
splenectomy with slgM-deficient Bla
transfer.
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Figure 8. Apoptotic cells are increased by splenectomy and reduced by transfer of Bia lymphocytes. TUNEL-positive cells, expressed
relative to atherosclerotic lesion size assessed by cil red O, were increased in splenectomized mice and decreased by transfer of WT Bla
lymphocytes but not B2 lymphocytes or PBS. Graphs present mean=SEM (n=10). “P<0.05, “*P<0.01, 1-way ANOVA with Newman-Keuls
post hoc test. Bar, 200 um. SX-WTB1a indicates splenectomy with WT Bia transfer; SX-WTB2, splenectomy with WT B2 transfer; SX-PBS,
splenectomy with PBS transfer; SX-slgM/B1a, splenectomy with slgM-deficient B1a transfer.

tomy and decreased by transfer of WT Bla lymphocytes
(Figure 7B).

Next, we assessed TUNEL-positive apoptotic cells in athero-
sclerotic lesions, because natural IgM antibodies are responsible
for apoptotic cell clearance in chronic inflammation.'# Apoptotic
cells were increased in splenectomized mice and decreased by
transter of WT Bla lymphocytes (Figure 8).

Discussion

B1 lymphocytes differ from B2 lymphocytes in origin, distribu-
tion, surface markers, and function. Whereas conventional B2
lymphocytes have important roles in adaptive immunity, Bl
lymphocytes have key roles in innate immunity. B1 lympho-
cytes are self-replenishing, long-lived B lymphocytes that reside
mainly in serosal cavities, such as in the peritoneum and the
pleura. They are a minor B-lymphocyte population in the
circulation and in the spleen?*24 and comprise Bla (CD11b*,
CD5%) and B1b (CD11b*, CD57) subsets. Bla lymphocytes
are implicated in first-line defense against bacterial and viral
infections.>* They respond rapidly and strongly to pathogen-
derived products such as phosphorylcholine but poorly to
receptor-mediated activation.'*232¢ Bla lymphocytes rarely en-
ter germinal centers to undergo affinity maturation and are thus
highly restricted in their ability to produce high-affinity antibod-
ies. Instead. in humans and mice, they produce low-atfinity,
polyreactive IgM antibodies throughout life. These are called
“natural antibodies™ because their levels in germ-free mice are
virtually identical to those of mice housed in conventional
facilities.2” Thus, natural antibodies are generated in the absence
of external antigenic stimulation and are selected presumably by
endogenous ligands.?® These antibodies are produced mainly, if
not exclusively, by Bla lymphocytes and constitute most, if not
all, circulating IgM.13

Our observation that splenectomy depleted peritoneal Bla
lymphocytes and augmented atherosclerosis, assessed by oil red
O-stained lipid accumulation, without affecting body weight

and hypercholesterolemia provides a direct relationship between
peritoneal Bla lymphocytes and atherosclerosis. Macrophage
accumulation assessed by CD68-stained areas was also in-
creased by splenectomy and decreased by WT but not by
slgM-deficient peritoneal Bla lymphocytes. However, the per-
centage of CD68 " macrophage content expressed in relation to
total lesion area remained unchanged. which suggests little if any
effect on lesion composition. The observation that splenectomy
did not affect collagen or smooth muscle content of atheroscle-
rotic lesions further supports the notion that splenectomy-
induced depletion of Bla lymphocytes did not affect lesion
composition or plaque stability. Atherosclerosis aggravated by
splenectomy-induced Bla lymphocyte depletion coupled with
reduction of the aggravated atherosclerosis by repletion of the
B la lymphocyte population by adoptive transfer provides com-
pelling evidence for an atheroprotective role for Bla lympho-
cytes. Reconstitution of peritoneal Bla lymphocytes should have
reduced atherosclerosis to the level in sham-operated mice.
Instead, the transferred Bla lymphocytes reduced atherosclerotic
lesions to a level far below that in sham-operated mice. These
results highlight the potency of the Bla lymphocytes in sup-
pressing atherosclerosis development.

The present results implicate natural IgM antibodies produced
by Bla lymphocytes and deposited in atherosclerotic lesions in
mediating protection against lesion development. Thus, we
showed that plasma IgM and lesion IgM deposits were de-
creased on depletion of peritoneal Bla lymphocytes after sple-
nectomy, without affecting plasma IgG. Only the adoptive
transfer of B la lymphocytes, and not B2 lymphocytes, reversed
plasma and lesion IgM, with 67% reconstitution in the peritoneal
cavity compared with sham-operated mice. The observation that
transter of Bla lymphocytes that cannot secrete IgM failed to
increase plasma and lesion IgM and to attenuate atherosclerosis
despite reconstitution of the peritoneal compartment confirms
the key role played by natural IgM produced by Bla lympho-
cytes in protection against atherosclerosis development. Our
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findings are consistent with Bla lymphocytes being responsible
for generating the majority of natural IgM"'* and with the report
that genetically manipulated asplenic mice and splenectomized
mice did not produce plasma [gM.'? Transter of fetal liver cells.
not bone marrow cells, from both Hox11 ™~ or C57BL/6 donors
regenerated peritoneal Bla lymphocytes.!? These regenerated
Bla lymphocytes produced IgM antibodies against streptococcal
polysaccharides regardless of the immunization route, in contrast
to splenectomized, asplenic mice and irradiated Rag-2~'~ mice
transferred with bone marrow that failed to produce these
antibodies.!?

Circulating IgM antibodies comprise Bla-produced natural
IgM and B2-produced antigen-specific IgM. The former is
generated in the absence of antigen stimulation, whereas the
latter requires antigen stimulation. Both natural and antigen-
specific IgM antibodies are required for optimal protection
against microbial antigens. Natural IgMs play an important role
in initial defense, whereas antigen-specific [gMs act together
with natural IgMs to enhance IgG responses in late immune
responses.”? Our finding that splenectomy decreased both natu-
ral IgM antibodies and IgM antibodies specific to oxLLDL is
consistent with selective depletion of Bla lymphocytes by
splenectomy.!2 The observation that transter of WT B1la but not
s[gM-deficient Bla lymphocytes rescued postsplenectomy ag-
gravated atherosclerosis indicates that natural IgM produced by
Bla lymphocytes protects against atherosclerosis development.

The present data suggest possible mechanisms by which
natural IgMs produced by Bla lymphocytes and deposited in
atherosclerotic lesions mediate atheroprotection. The finding
that atherosclerotic lesions aggravated by splenectomy-induced
Bla lymphocyte depletion are accompanied by reduced IgM
deposits in lesions and increased necrotic core, oxLDL, and
apoptotic cells in lesions suggests that IgM deposited in lesions
plays a role in clearing apoptotic cells and proinflammatory
oxLDL. This suggestion is further supported by the finding that
transfer of WT Bla lymphocytes to splenectomized mice is
accompanied by increased IgM deposits in lesions and decreased
necrotic core, oxLDL, and apoptotic cells. Failure of transferred
sIgM '~ Bla lymphocytes to increase lesion IgM and reduce
necrotic cores is consistent with this suggestion. Together, the
present data support a scavenger role for natural IgM in clearing
apoptotic cell debris and oxLDL %32 IgM has been suggested to
bind to apoptotic cells*! through oxidation-specific epitopes,'®-3*
resulting in clearance of apoptotic cells and cellular debris from
atherosclerotic lesions. Approximately 30% of these IgM bind to
model oxidation-specific epitopes and to atherosclerotic le-
sions.20 Natural IgM also blocks oxLLDL uptake by macro-
phages, preventing foam cell formation,2233.3+

[gM antibodies assessed at 4 and 8 weeks after splenectomy
showed that the WT Bla-transferred group had approximately
the same IgM level as the sham-operated group. The significant
and persistently lower plasma IgM level as a result of
splenectomy-induced depletion of natural IgM-antibody—pro-
ducing Bla lymphocytes is consistent with the short half-life of
IgM (2 days).? Transfer of WT Bla lymphocytes reconstituted
the peritoneal compartment and restored plasma IgM level to
almost the same level as in sham-operated mice. In contrast,
transfer of IgM-deficient Bla lymphocytes failed to increase
plasma IgM level despite reconstitution of peritoneal Bla

lymphocytes. Enhanced reconstitution by peritoneal slgM ™'~
Bla lymphocytes may reflect homeostatic expansion in an
slgM-deficient environment.

Identification of [gM-secreting B1la lymphocytes as an athero-
protective B-lymphocyte subset coupled with our previous
identification of B2 lymphocytes as an atherogenic population
highlights the opposing roles played by these B-lymphocyte
subsets in atherosclerosis. We previously reported that transfer
of B2 lymphocytes to lymphocyte-deficient mice aggravated
atherosclerosis; however, transfer of B2 lymphocytes did not
aggravate atherosclerosis in splenectomized mice. This outcome
is probably because the transferred naive B2 lymphocytes
(3107 cells) comprise only a small fraction of the host’s total
reservoir of B2 lymphocytes.

Our findings have therapeutic implications. They indicate that
a rational approach in B lymphocyte—depletion therapy for
inflammatory diseases™ including atherosclerosis should be
directed toward selective depletion of damaging B lymphocytes
while sparing protective B lymphocytes such as Bla lympho-
cytes. The findings also suggest that therapeutic strategies
directed toward expansion of atheroprotective Bla lymphocytes
can be exploited to attenuate atherosclerosis development and
progression. Our findings lend credence to the search for a
protective vaccine in atherosclerosis.3?
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Novelty and Significance

What Is Known?

* B lymphocytes have been reported to reduce atherosclerosis, but the
specific subset that exerts this effect has not been identified
previously.

¢ Depletion of B lymphocytes by anti-CD20 antibody decreased athero-
sclerosis, whereas adoptive transfer studies identified B2 lympho-
cytes as a damaging B-lymphocyte subset.

® Splenectomy aggravated atherosclerosis and depleted B1a B lympho-
cytes, whereas IgM was atheroprotective.

What New Information Does This Article Contribute?

o Peritoneal Bla lymphocytes are an atheroprotective B-cell subset.

® B1a lymphocytes protect against atherosclerosis development by pro-
ducing natural IgM that circulates in the blood and is deposited in
atherosclerotic lesions.

* |gM deposits in atherosclerotic lesions remove dead cells from lesions.

B lymphocytes have been reported to be atheroprotective.
However, B lymphocytes are heterogeneous, and although the
B2 subset has been identified as atherogenic, the identity of the

atheroprotective B-lymphocyte subset remains unknown. Here,
we have identified IgM-producing Bia lymphocytes as an
atheroprotective B-lymphocyte subset based on the following
salient observations: (1) Bla depletion by splenectomy aggra-
vated atherosclerosis, accompanied by reduced plasma and
lesion IgM and increased dead cells in lesions; (2) B1a repletion
by their fransfer to splenectomized mice reduced atherosclero-
sis, increased plasma and lesion IgM, and reduced dead cells in
lesions; (3) transfer of Bla lymphocytes, which cannot produce
IgM, failed to protect against atherosclerosis. Our data provide
the novel concept that Bia lymphocytes are atheroprotective by
producing natural IgM antibodies deposited in atherosclerotic
lesions that remove dead cells from lesions. This process
explains the exaggerated atherosclerosis after splenectomy and
an atheroprotective role of IgM. The significance of this new
knowledge lies not only in providing a better insight into the role
of B-lymphocyte subsets in atherosclerosis, but also in its
potential clinical translation. Our findings suggest that therapeu-
tic strategies directed toward amelioration of atherosclerosis
should be directed toward deletion of damaging B2 lymphocytes
and/or expansion of protective Bla lymphocytes.
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Supplemental Materials
Splenectomy

In splenectomy experiments, spleens of 6-8 week-old ApoE”™ mice were removed surgically under aseptic
conditions. Briefly, under anesthesia with an intraperitoneal injection of ketamine (80 mg/kg) and
xylazine (16 mg/kg), a 10-mm left flank incision was made to expose the spleen and the whole spleen was
removed using diathermy. The peritoneum and skin were closed separately using 2-0 monofilament suture
after checking for any hemorrhage in the abdominal cavity. Upon subcutaneous injection of Atipamezole
HCI (antisedan 100mg/kg). mice were placed in 37°C recovery chambers before they were returned to
their cages. Sham-operation was performed according to the splenectomy procedure but without
removing the spleen. For transfer experiments, purified 10° Bla lymphocytes were intravenously
transferred via the tail vein.

Cell isolation

Peritoneal fluid and/or spleens were collected from donor mice' . After lysing red blood cells and
preparing single cell suspensions, peritoneal Bla lymphocytes were isolated by FACS Aria (BD
Biosciences) using anti-CD?22 and anti-CDS5 antibodies (BD Pharmingen) (Fig. 1 a). In some experiments,
anti-CD3, anti-CD19, anti-CD5 and anti-CD11b antibodies (BD Pharmigen) were used to isolate
peritoneal Bla lymphocytes (Fig. 1 b). Spleen B2 lymphocytes were sorted magnetically by negative
selection using a B lymphocyte isolation kit (Miltenyi Biotec) (Fig. 1 c¢). Purity of cells was checked by
anti-CD22/anti-CD19 and anti-CD3 antibodies (BD Pharmingen) on FACS Aria (BD Biosciences) or
FACS Cantos II (BD Biosciences). Cell viability checked by trypan blue exclusion method was >95%. To
assess the contribution of donor Bla lymphocytes to the reconstitution of this population, peritoneal CD3"
CD19” CD5" CD11b™ Bla lymphocytes were also isolated from allelic Ly5.1 mice, and transferred to
splenectomised mice. Bla lymphocytes isolated from these mice at the end of the 8 week experiment were
then assessed for LyS.1” donor cells in this population.

Flow cytometry

B and non-B lymphocyte populations in peritoneal fluid were analyzed using fluorochrome-conjugated
antibodies (BD Pharmingen) on BD FACSCanto IT (BD Biosciences) as described’.

Histological lesion analysis at aortic roots

The heart and proximal aorta were dissected from mice, embedded in OCT compound (Tissue-teck) and
frozen at -80°C. Frozen sections (6um) were cut from the aortic sinus, defined as the region where the
valve or valve cusps first become visible to where the left and right coronary arteries branch off’. The
aortic sinus was evaluated because this region of the aorta is particularly susceptible to development of
atherosclerosis in mice fed a HFD’. Atherosclerotic lesion sizes were assessed using oil red-O and
collagen content using picrosirius red as previously described’. To analyse necrotic core areas, aortic root
atherosclerotic lesions were stained with hematoxylin and eosin (H&E) stain. Acellular (non-stained)
areas were measured by Optimas software and expressed as a percentage of lesion areas’.

Immunohistochemical analysis

Immunohistochemical analyses were performed at aortic root atherosclerotic lesions as described'. Rat
anti-mouse CD68 antibody (Serotec, Raleigh, NC), rabbit anti-a-actin smooth muscle antibody (Abcam,
Cambridge, UK) and mouse anti-MDA- oxidized low-density lipoproteins (oxLLDL) antibody (Abcam,
Cambridge, UK) were used to detect macrophages, smooth muscles, and oxLLDL in atherosclerotic
lesions.
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Some sections were used to identify apoptotic cells using terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) system and alkaline phosphatase [in-situ cell death detection kit-AP assay
(Roche)] according to the manufacturer’s instruction.

Detection of plasma IgG and IgM

Plasma levels of IgG and IgM were measured by enzyme linked immunosorbent assay (ELISA) as
described’. In time-course analysis, IgM levels were assessed at 4 and 8 weeks after splenectomy.

Dilution factors used for sample preparation were 10° for plasma IgG and 10* for IgM. To determine
plasma immunoglobulins titers using ELISA, 50 ul of anti-mouse immunoglobulin (1ug/ml) was used to
coat 96-well ELISA plates overnight at 4°C. After blocking with 1% bovine serum albumin, duplicate
samples of 50 pl of plasma (diluted 1:105 for total Ig and IgG and 1:104 for IgM) was added into ELISA
plates for 2 hours at room temperature. Respective secondary anti-mouse antibodies conjugated with
horseradish peroxidase were added into the wells, followed by addition of TMB substrate for colour
development. The OD at 450 nm was read by ELISA reader.

Measurement of anti—malondialdehyde(MDA)-LDL IgM antibody

Modification of human LDL (Calbiochem, Darmstadt, Germany) was carried out and assessed by
spectrophotometer as described*. A modified ELISA protocol adapted from Caliguiri et al.” was used to
measure anti-MDA-LDL IgM antibody. Briefly, MDA-LDL and native LDL were used to coat 96-well
ELISA plates at 50ul of 10 pug/ml overnight at 4°C. Duplicate samples of 50 ul mouse plasma diluted
1:80, 1:320 and 1:1280 were added into the ELISA plates for 1 hour at 37°C after blocking with 1% BSA,
followed by addition of 1:10,000 diluted anti-mouse IgM (BD Pharmingen) antibody conjugated with
HRP. Color was developed by addition of TMB solution. Plates were read at 450 nm wavelength. MDA-
LDL—specific IgM antibody was determined by subtracting the native LDL OD from the oxLLDL OD.

Lipid profiles

Plasma lipids (total cholesterol, HDL-cholesterol, VLDL/LDL-cholesterol and triglycerides) were
measured by a standard commercial enzymatic assay using a Beckman Coulter LX20PRO Analyser, with
reagents and calibrators supplied by Beckman Coulter Diagnostics Australia as described’.

Statistical analysis

GraphPad Prism 4 software was used for statistical analyses. Results are presented as mean £ SEM. One-
way ANOVA with Newman-Keul post-hoc test was used for comparisons of multiple groups of >3. Two-
tailed unpaired student t-test was used for comparison of 2 groups. One-tailed unpaired student t-test was
used for confirmatory transfer experiments with Bla lymphocytes selected for CD19'CDS" expression and
for congenic Ly35.1 expression. P values were considered significant at P<<0.05.
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Chapter 4: Depletion of B2 but Not Bla B Cells in BFF
Receptor-Deficient ApoE™ Mice Attenuates Atherosclerosis

by Potently Ameliorating Arterial Inflammation

4.1 Short Introduction

In earlier studies, | demonstrated that B2 B calesatherogenic but their contribution
to atherosclerosis in immune intact mice was natueted. Here, | used BAFF-R-
deficient ApoE™ mice to specifically assess the role of B2 B cellthe development
of atherosclerosis. ApdEmice that were genetically deficient in the reoegor B-
cell activating factor (BAFF-R) provided additiorafidence of the differential roles
of Bla and B2 B cells in atherosclerosis. BAFF iBgand of the tumor necrosis
factor superfamily. The association of BAFF and BAR is crucial for the survival
and maintenance of B2 cells but not Bla B ceIIsoIA’fBAFF-R"‘ mice showed
diminished B2 but normal Bla B cell populationsdded, the concept of anti-
atherogenic Bla B cells and pro-atherogenic B2 I& agas reinforced by ApoE
BAFF-R” mice displaying smaller atherosclerotic plaquesgared to ApoE mice
after eight weeks of high fat diet. Furthermoreg teduction in atherosclerosis was
accompanied by lower expression of the proinflanomyatarkers - TNE, IL-1(3 and
MCP-1 in the aorta. These results indicate that &ills may accentuate
atherosclerosis by enhancing local plaque inflanonat PLoS One. 2012;

7(1):e29371.
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Potently Ameliorating Arterial Inflammation

Tin Kyaw'?*, Christopher Tay'?, Hamid Hosseini'?, Peter Kanellakis', Tahlia Gadowski', Fabeinne
MacKay?, Peter Tipping? Alex Bobik'?, Ban-Hock Toh?*”

1Vascular Biclogy and Atherosclerosis Laboratory, Baker IDI Heart and Diabetes Institute, Victoria, Australia, 2 Centre for Inflammatory Diseases, Department of Medicine,
Southern Clinical School, Faculty of Medicine, Nursing and Health Sciences, Monash University, Victoria, Australia, 3 Department of Immunology, Central Clinical School,

Faculty of Medicine, Nursing and Health Sciences, Monash University, Victoria, Australia

Abstract

We have recently identified conventional B2 cells as atherogenic and B1a cells as atheroprotective in hypercholesterolemic
ApoE ™~ mice. Here, we examined the development of atherosclerosis in BAFF-R deficient ApoE™'~ mice because B2 cells
but not B1a cells are selectively depleted in BAFF-R deficient mice. We fed BAFF-R '~ ApoE ’ (BaffR.ApoE DKO) and BAFF-
RY*ApoE /~ (ApoE KO) mice a high fat diet (HFD) for 8-weeks. B2 cells were significantly reduced by 82%, 81%, 94%, 72% in
blood, peritoneal fluid, spleen and peripheral lymph nodes respectively; while Bla cells and non-B lymphocytes were
unaffected. Aortic atherosclerotic lesions assessed by oil red-O stained-lipid accumulation and CD68+ macrophage
accumulation were decreased by 44% and 50% respectively. B cells were absent in atherosclerotic lesions of BaffR.ApoE DKO
mice as were IgG1 and IgG2a immunoglobulins produced by B2 cells, despite low but measurable numbers of B2 cells and
IgG1 and IlgG2a immunoglobulin concentrations in plasma. Plasma IgM and IgM deposits in atherosclerotic lesions were also
reduced. BAFF-R deficiency in ApoE™’~ mice was also associated with a reduced expression of VCAM-1 and fewer
macrophages, dendritic cells, CD4+ and CD8+ T cell infiltrates and PCNA+ cells in lesions. The expression of proinflammatory
cytokines, TNF-a, IL1-B and proinflammatory chemokine MCP-1 was also reduced. Body weight and plasma cholesterols
were unaffected in BaffR.ApoE DKO mice. Our data indicate that B2 cells are important contributors to the development of
atherosclerosis and that targeting the BAFF-R to specifically reduce atherogenic B2 cell numbers while preserving
atheroprotective B1a cell numbers may be a potential therapeutic strategy to reduce atherosclerosis by potently reducing

arterial inflammation.
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Introduction

Atherosclerosis is a chronic inflammatory disease of large
arteries initiated by lipid entry. Despite the therapeutic application
of lipid-lowering statins; atherosclerosis-related vascular disease
remains the major cause of mortality from heart attacks and
strokes. New therapies to attenuate the chronic inflammation in
atherosclerosis are therefore urgently sought that can be combined
with current lipid-control medicatdons and healthy life-style
adaptation [1,2]. B cells together with other immune cells are
implicated in the pathogenesis and progression of atherosclerosis.
Previous studies have suggested that these B cells are atheropro-
tective [3,4]. However, in a major paradigm shift, we and Ait-
Oufella et al have reported that these B cells can be pathogenic
because their depletion by ant-CD20 monoclonal antibody
ameliorated atherosclerosis in ;\an_’l_ and TLDLR™/™ mice

[5,6]. In adoptive wansfer experiments we have identified

conventional B2 B cells as an atherogenic B cell subset and
peritoneal Bla B cells as an atheroprotective B cell subset in
atherosclerosis  [5,7]. Consequentially, we have proposed a
potential therapeutic strategy for atherosclerosis based on selective
depletion of atherogenic B2 B cells without depleting atheropro-
tective peritoneal Bla B cells [8].

B-cell activating factor (BAFT), also known as BlyS, TALL-1,
ZINF4 and THANK, is a member of the TNF superfamily
(TNFSF13B) that is produced by myeloid cells, non-lymphoid cells
and epithelial cells [9]. BAFF is required for maturation and
survival of B2 cells [10]. Its biological activities are mediated by
three receptors, BAFF-receptor (BAFF-R; TNFRSF13C), trans-
membrane activator-calcium modulator and cyclophilin ligand
interactor (TACI; TNFRSF15B) and B-cell maturation antigen
(BCMA; TNFRSF17) [11]. While TACI and BCMA can also
interact with the BAFF homologue, a proliferation-inducing ligand

(APRIL; TNISF13), BAFT-R is expressed by all mature B cells
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and only binds BAFF to initdate signaling that is crucial for B cell
development and survival [12].

Mice with genetically disrupted BAFF-R gene and spontaneous
mutation in the BAFF-R gene show a significant reduction in
mature B2 cells without affecting Bla B cells [13,14]. Therefore
BAFT-R has properties that are suitable for therapeutic targeting
in atherosclerosis. Here, we have examined the role of BAFF-R in
atherosclerosis using ApoE ’ mice deficient in BAFF-R. We
report that atherosclerosis and arterial inflammation is markedly
reduced in hypercholesterolemic BAFF-R deficient ApoE ™"~
mice.

Results

Generation and characteristics of BAFF-R-deficient
ApoE ’~ mouse

We generated BAFF-R ™'~ ApoE™" " (BaffR ApoE DKO) mice
by crossing C37B1/6 BAFF-R ™'~ mice with atherosclerosis-prone
C57BI/6 ApoE™"" (4poE KO) mice. Genotypes of BaffRApoE
DKO and ApoE KO mice were verified by PCR (Figure 1 A).
BaffRApoEl DKO and Apofl KO mice were fed a high fat diet
(HFD) containing 21% fat and 0.15% cholesterol (Specialty Feed,
Western Australia) for eight weeks to study the role of BAFF-R in
atherosclerosis.

Genes encoding BAFF-R disrupted by spontaneous mutation
[13] or gene-targeted depletion [14] showed a decrease in mature
B cells. To confirm similar effects in the BaffR.Apolf DKO mice,
CD22+ B cell population was analyzed in different tssues at the
end of 8-week HFD period. We found that B cells were
significantly reduced in peripheral blood, peritoneal cavity, spleen
and lymph node by 82% (p<<0.01), 81% (p<<0.001), 94%
(p<0.001) and 72% (p<<0.01) respectively in BAFF-R-deficient
ApoE™’" mice (Figure 1 B).

Although BAFF-R is necessary for maturation of B cells from
transitional B cells to follicular B cells and Marginal Zone B cells,
BAFT-R deletion has either no or minimal effects on the B1 B cell
linage [13,14]. In accordance with the literature, peritoneal
CD22+ CD5+ Bla cell population was not affected by depletion of
BAFF-R gene in ApoE™"" mice (p>0.05; Figure 1 C and D).
FACS analysis of splenic cells showed that non-B cell populations,
including CD4+CD254 Foxp3 regulatory T cells were unaffected
in BAFF-R-deficient ApoE ™'~ mice (p>>0.05; Table 1), consistent
with a previous report [14].

Hypercholesterolemia is an initiating factor in the pathogenesis
of atherosclerosis. Plasma lipid analysis showed that there was no
difference in plasma total cholesterol, HDL-cholesterol, VLDL/
LDL-cholesterol and triglycerides between BAFF-R-deficient and

competent ApoE’ mice fed a HFD for eight weeks (p=>0.05;
Table 2). Similarly, BAFF-R depletion did not affect the body
weight in ApoE " mice (p>0.05; Table 2).

BaffR.ApoE DKO mice exhibit reduced atherosclerosis

Next, we asked if the deficiency in BAIT-R influences the
development  of
ApoE ™" mice. Assessment of atherosclerotic lesions after
feeding mice a HFD by oil red-O stained lipid accumulation
showed that BaffR.Apol DKO mice had a significant ~44%
reduction in aortic atherosclerosis compared to ApoFf KO mice
(p<<0.01; Figure 2 A). We found that a similar ~50%
reduction in atherosclerosis as assessed by CD68-stained
macrophage accumulation in BaffR.Apoll DKO mice (p<<0.05;
Figure 2 B).

atherosclerosis  in  hypercholesterolemic

Lack of B cells and immunoglobulins G in atherosclerotic
lesions of BaffR.ApoE DKO mice

We next determined whether B cell numbers were reduced in
lesions of BaffR.Apofs DKO mice using anti-CD22 immunohis-
tochemistry. In marked contrast to 4peff KO mice, there was no
accumulation of B cells in atherosclerotic lesions in BaffR.Apof
DKO mice (p<<0.001; Figure 3 A). As IgG1 and IgG2a are
produced by B2 cells, we also assessed their accumulation in
lesions. Again, in contrast to lesions of Apefs KO mice, those of
BaffR ApoE2 DKO mice did not contain detectable quantities of
these two immunoglobulins (p<<0.001 and p<<0.05 respectively;
Figure 3 B and C), confirming the marked differences in B cell
accumulation between Apolf KO and BaffR. Apofs DKO mice. To
ensure that the reductions in lesion IgG1 and [gG2a were the
consequence of markedly different B cell numbers in lesions of
the two groups of mice, we also assessed circulating levels of
IgG1 and IgG2a. As expected, ELISA results revealed that the
plasma levels of IgG1 and IgG2a were decreased by 65% and
82% as the result of BAFF-R gene disruption (both p<<0.01;
Figure 3 E).

BAFF-R deficiency reduced plasma IgM and IgM deposits
in lesions

ELISA results revealed that levels of plasma [gM in BaffR.Apol
DKO mice were significantly decreased to about ~80% of plasma
IgM levels of Aan_/_ mice (p<<0.001; Figure 3 E). Significant
reductions of plasma IgM prompted us to investigate whether IgM
deposits were also altered in atherosclerotic lesions of BAFF-R ™"~
ApoE™"" mice. Indeed, we found that IgM deposits in
atherosclerotic lesion were also decreased to 60% in BaffR.Apol
DKO mice compared to ApoE™"~ mice (p<<0.01; Figure 3 D).

Decreased T cells and PCNA-positive cells in lesions of
BaffR.ApoE DKO mice

Next we asked if there were any reductions in T cells and
PCNA-positive cells in lesions of BaffRApol DKO mice that
could account for the reductions in lesion size. CD4+ and CD
8+ T cells as well as PCNA+ cells are cellular markers of
inflammatory responses and active proliferative activity in
atherosclerosis [15-17]. Using CD4, CD8 and PCNA-specific
antibodies, we found that CD4+ T cells and proliferating PCNA+
cells were reduced by 69% (p<<0.05) and 76% (p<<0.05)
respectively in lesions of the BaffR.Apokl DKO mice compared
to Apofs KO mice. In addition CD8+ T cell numbers were
reduced by 49% (p<<0.05; Figure 4).

Reductions in VCAM-1 expression and dendritic cells in
lesions of BAFF-R 7~ ApoE / mice

We carried out immunohistochemical assays to determine
whether expression of VCAM-1 in atherosclerotic lesions was
alfected by BAFT-R gene disruption. VCAM-1 regulates the
migration of leukocytes, including monocyte infilration into
developing lesions [18] and promotes the differentation of
monocytes into macrophages and dendritic cells to sites of
inflammation [19]. Data analysis indicated that expression of
lesional VCAM-1 in BAFF-R-deficient mice showed a ~79%
compared to  BAFF-R-competent mice (p<<0.001;
Figure 5 A). We also found that CD1le+ immature dendritic
cells and CD83+ mature dendritic cells were reduced by 54%
(p=<<0.05) and 68% (p=<<0.001) in BaffR.ApoFs DKO mice compared
to Apof KO mice (Figure 5 B and C).

decrease
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Figure 1. BAFF-R deficiency attenuates selectively conventional B2 cells, not peritoneal B1a cells. (A) PCR analysis of BAFF-R gene
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Table 1. Non-B lymphocyte populations in spleen (x10°).

Non-B cells ApoE KO BaffR.ApoE DKO
Spleen  CD4+ T cells 17.13+2.86 18.97+3.15

CD8+ T cells 13.91+233 19.42+3.29

NK cells 1.44+0.09 1.02+0.11

NKT cells 1.00+0.04 0.8+0.13

Regulatory T cells 2.67+0.42 2314004

At the end of 8 week HFD, spleen cells are analyzed for non-B lymphocyte
populations (n=9-11 mice).
doi:10.1371/journal pone.0029371.1001

Decreased inflammatory cytokines and MCP-1 expression
in lesions of BaffRApoE DKO mice

IFN-v expression by CD4+ T cells is reduced by anti-CD20 B
cell depletion in atherosclerotic mice [6]. To determine whether
IFN-y and other proinflammatory cytokines and chemokines were
also reduced in BAFF-receptor deficient mice, we performed real-
tume PCR analysis using mRNA extracted from aorta containing
atherosclerotic aortic arches. We found that expression of mRNA
encoding the proinflammatory cytokines TNF-o and IL1- as well
as monocyte attractant MCP-1 were decreased to 57%, 77% and
51% respectively in BaffR Apoll DKO mice (All p<<0.05; Figure 6).
The expression level of IFN-y was reduced by 24%, but it was not
statstically significant (Figure 6).

Discussion

In this study, we have provided evidence that the attenuation of
atherosclerosis and decreased inflammatory responses in athero-
sclerotic lesions in BaffR.ApoFf DKO mice is linked to a reduced B2
cell population. In accordance with our previous reports [5,7], the
development of atherosclerosis is potently ameliorated in an
environment where atherogenic B2 cells but not atheroprotective
Bla cells are reduced, as occurs in BAFF-R-deficient ApoE ™"~
mice.

The vast majority of conventional B2 B cells express BAFF-R
which 1s essential for BAFT mediated maturation as well as their
survival. Our data demonstrate that B2 cells are major regulators
of atherosclerosis development. These findings are consistent with
our previous observation that the adoptive transfer of B2 but not
Bla cells to either lymphocyte deficient or B cell deficient mice
aggravates atherosclerosis [5]. We suggest that targeting B2 cells
via the BAFLF receptor that spares Bla cells may be more
therapeutically eflicacious than B cell depletion strategies using

Table 2. Factors contributing in atherosclerosis
pathogenesis.

ApoE KO BaffR.ApoE DKO
Bodyweight 30.92+0.59 2897 +1.06
Total cholesterol 19.85-2.03 18.56+1.74
HDL cholesterol 354033 295+0.27
VLDULDL cholesterol 1535+1.77 13424125
Triglycerides 267+058 421+1.00

At the end of 8 week HFD, body weight and plasma lipids were analyzed (see
text) (n=9-11 mice).
doi:10.1371/journal pone.0029371.1002

monoclonal antibody to CD20 that depletes both B2 as well as Bla
cells [5,6].

BAFF-R gene defect is associated with a strong, but not
complete, reduction of mature B cells, sparing the Bla cell in both
spontaneous mutation and knockout mice [13,14]. B cells
contribute to the production of immunoglobulins, particularly
subclass IgG type. IgG constitutes about 75% of immunoglobulins
in the circulation and is the major Ig class generated in adaptive
immune responses. Our finding of reduced circulating immuno-
globulin IgG1 and IgG2a in mature B cell-depleted BaffR ApoE
DKO mice 1s consistent with the inability of immature transitional
B cells to efliciently differentiate into mature B cells [13,14].

IgG  deposits are reported in both human and animal
atherosclerotic lesions [20-22]. The origin of IgG is vet to be
determined. It could arise from B cells and plasma cells in the
intimal or adventital layer and/or the circulating IgG pool
[21,22]. In our study, both IgG1l and IgG2a detected n both
intimal and medial layers in BAFF-R-competent ApoE™"~ mice
were almost undetectable in BAFF-R-deficient ApoE™"" mice,
despite reduced but stll easily detectable, levels of these [gGs in the
creulation. Concurrently CD22+ B cells in atherosclerotic lesions
were reduced to almost none in BAFF-R deficient ApoE ™"~
mice. Taken together, it is likely that lesion IgG deposits found in
BAFF-R-competent ApoE™"" mice are mostly derived from B cell
and/or plasma cells located in the intimal or adventitial layers.
Plasma IgM levels at the end of the 8 week-HFD were also
decreased in BaffR.Apoll DKO mice consistent with a previous
report [14] and with the suggestion that BAFF-R also has a role in
germinal centre responses and in g class-switch DNA recombi-
nation [14,25,24]. The reduction in IgM deposits that we observed
in atherosclerotic lesions may be a consequence of the reduced
levels of circulating IgM. The residual levels of IgM deposits in
atherosclerotic lesions may represent natural IgM produced by
peritoneal Bla cells as we have previously reported [7].

Accelerated local inflammation responsible for progression of
atherosclerosis and its complications is mediated by atherogenic
cells as well as proinflammatory proteins in atherosclerotic lesions
[25]. Immune cells such as monocytes, macrophages, dendritic
cells and lymphocytes migrate into atherosclerotic lesions, to
contribute to inflammation by interacting with other proinflam-
matory immune cells [16-19]. Activated immune cells secrete a
range of pro-inflammatory cytokines to intensify the inflammatory
process locally. These cytokines promote both their own
production and the production of other cytokines and can also
target the cells that produce them as well as neighboring cells to
promote inflammation [26]. Thus, proinflammatory cytokines
produced by macrophages, dendritic cells, CD4+ and CD8+ T
cells promote the development and progression of atherosclerosis
as positive regulators.

VCAM-1 is an adhesion molecule required for recruitment of
lymphocytes and monocytes from the circulation into atheroscle-
rotic lesions [18,27-31]. Monocytes recruited into atherosclerotic
lesions further differentiate into macrophages and dendritic cells
[32]. Our results suggest that the recruitment and retention of
proinflammatory macrophages, dendritic cells and CD4 and CD8
T cells in atherosclerotic lesions are decreased due to low
expression of VCAM-1 in BgffR.ApoE DKO mice.

Macrophages are major proinflammatory cells in the patho-
genesis of atherosclerosis. They appear early in the atherosclerotic
lesion to drive the inflammatory process in atherosclerotic lesions.
We suggest that the reduced accumulation of macrophages
contributes to the attenuated inflammatory responses that result
in decreased atherosclerosis. It is also likely that the decreased
accumulation of T cells, contributes to the reduced arterial
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Figure 2. Deficiency of BAFF-R attenuates atherosclerosis. After feeding a HFD for eight weeks, BaffR.ApoE DKO showed decreased
atherosclerosis at aortic sinus as assessed by (A) oil-red O stained lipid accumulation and (B) CD68+ macrophage accumulation compared to ApoE
KO. Open bar=ApoE KO; Black bar = BaffR.ApoE DKO; n=9-11 mice; scale bar =100 um; * p<0.05, *: p<0.01.

doi:10.1371/journal.pone.0029371.g002

inflammation. CD8+ T cells are important not only in
recruitment, differentiation and activation of macrophages in the
early stage of inflammatory responses, but also in maintenance of
subsequent inflammatory responses [33]. The reduction of CD4 T
cells in atherosclerotic lesions may be attributed at least in part to
BAFT-R providing co-stimulatory signals [34] that augment Thl
inflammatory responses [35]. CDd4+ T cells can activate
macrophages to produce pro-inflammatory cytokines such as
TNF-o, IL1-B, MCP-1 [36].

Our findings also clearly show that selective deficiency of B2 but
not Bla cells is accompanied by reduction in the lesions of, the
proinflammatory cytokines TNF-o, IL1-p and MCP-1 [16-18,25
31,33,36]. We have also previously reported reduced TNTF-o in
atherosclerotic lesions that accompany the reduced atherosclerosis
following B cell depletion by ant-CD20 monoclonal antibody
treatment [5]. The reduction in TNF-o appears to be the
consequence of depletion of B2 cells as these cells are known to
he significant producers of TNF-a [34,37]. Expression of IFN-y
showed a wrend in reduction in BgffR-Apels DKO mice, but the
result was not statistically significant. As TNTF-o has been reported
to upregulate VCAM-1 expression [38], the reduced VCAM-1
expression is likely the result of reduced TNF-o expression. In
turn, the reduced VCAM-1 and MCP-1 expression in lesions may
likely contribute, at least in part, to the reduced numbers of pro-
inflammatory macrophages, dendritic cells, CD4 T cells and CD8§
T cells in the lesions directly and to the reduced proinflammatory
cytokines produced by these cells indirectly. Given that B2 cells
have been ascribed antigen-presenting functions, it is likely that the
depletion in B2 cells directly contributes to the reduced entry of
CD4 and CD8 T cells into the lesions.

In addition to pro-inflammatory cytokines, actively proliferating
cells are an indicator for progression of advanced atherosclerosis.
In early and progressing atherosclerotic plaques, intimal macro-
phages are principal proliferative cells constituting about 50% of
cell proliferation as assessed by the proliferative cell nuclear
antigen antibody [15] whilst three dominant PCNA+ cell types

found in advanced plaques are macrophages, vascular endothelial
cells and smooth muscle cells. The reduced PCNA+ cells in intimal
atherosclerotic lesion in BgffRApoE DKO mice suggest less
proliferative activity in atherosclerotic lesions.

Control of inflammation comes to the forefront in the future
management of atherosclerosis. In a meta-analysis of studies on
the relationship between methotrexate and cardiovascular disease,
methotrexate was associated with a lower risk for CVD patients
with chronic inflammatory diseases, suggesting that direct
treatment of inflammation will reduce cardiovascular events
[39]. Currently the use of BAFT antagonists to target B cells to
modulate immune responses in autoimmune diseases 1s being
trialled and shows promising results in animal and human studies
[9,40-43].

Given that we have provided compelling evidence that BAFF-R
deficiency is associated with potent reduction in inflammation in
atherosclerotic lesions, we suggest that targeting the BAFF-R has
potential for therapeutic application in the management of
patients with atherosclerotic vascular disease.

Materials and Methods

Animals

C57Bl/6 mice deficient in both BAFF-R and ApoE genes were
generated from crossing BAFF-R ™/ mice (from Klaus Rajewsky
of the Harvard Medical School) and ApoE™"" mice (from the
Jackson Laboratory). Experimental mice (6-8 week- old male
mice] were fed a high fat diet containing 21% fat and 0.15%
cholesterol (Specialty Feeds, Western Australia) for eight weeks.

Ethics statement

All animal experiments approved by the Alfred Medical
Research and Education Precinet (AMREP) animal ethic
committee (E/0708/2008/B) were carried out at the Precinct
Animal Centre, AMREP.
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Figure 3. BAFF-R deficiency responsible for loss of B2 cells affects loss of B cells and IgG deposits in atherosclerotic lesion and
attenuates plasma IgG levels. (A) CD22+ B cells and (B-D) immunoglobulins deposits (IgG1, IgG2a and IgM) found in the atherosclerotic lesion of
ApoE KO mice were not detected in BaffR.ApoE DKO mice. (E)The plasma IgG1, IgG2a and IgM levels are also significantly decreased in BaffR.ApoE
DKO but to a lesser extent than in lesions. Open bar=ApoE KO; Black bar=BaffR.ApoE DKO; n=9-11 mice; scale bar=100 pm; **: p<<0.01,

e p=0.001.
doi:10.1371/journal.pone.0029371.g003

PCR-genotyping of BAFF-R and ApoE genes

Genomic DNAs were extracted from tail samples using DNeasy
blood and ussue kit (Qiagen, Germany). PCR application was
carried out with 50 ng of genomic DNA in a single reaction vessel
containing 20 mM Tris-HC1 pH 8.4, 50 mM KCI, 1.5 mM
MgCls, 0.2 mM dNTP, 0.2 uM of each primer and .2 unit of
Taq DNA polymerase (Invitrogen). PCR conditon was as follow:

initial denaturation step of 5 minutes at 95°C, 35 cyeles of
10 seconds at 95°C, 30 seconds at 60°C and 30 seconds at 72°C
and final amplification step of 5 minutes of 72°C. Primers used
were Apoli-Com 5'-GCC TAG CCG AGG GAG AGC CG-3;
ApoE-WT 5'- TGT GAC TTG GGA GCT CTG CAG C-3';
ApoE-KO 5'- GCC GCC CCG ACT GCA TCT-3'; BAFF-R-
Com 5'-TTC TTT GAG CGG AGG CCA GG-3'; BAFF-R-WT

108



CD4

CD8

PCNA

400

&
E 300
=
I 200 -
[11]
&
g 100 - o
+
0_
120
_—
%‘mo-
5,80-
g 60
3 40 b
g 201
T
0-
400
—
o~
E 300 -
=
2 500 -
]
Q
o 100 4
a *
0-

Figure 4. T cell infiltrates and cellular proliferative activity are decreased in atherosclerotic lesions of BaffRApof DKO. (A and B) T
cell infiltrates as assessed by anti-CD4 and anti-CD8 antibodies and (C) cellular proliferative activity as assessed by PCNA antibody were reduced by
deficiency of BAFF-R. Open bar = ApoE KO; Black bar = BaffRApoE DKO; n=9-11 mice; scale bar=100 um; *: p=<<0.05, **: p<<0.01.

doi:10.1371/journal.pone.0029371.9g004

5-CTG AGG GAG ACC TGG AGT TG-3" and BAFF-R-KO
5-ATG GGC CAC TCA AGA TGA TCT G-3" (Genework,
Australia). PCR products were visualized on ethidium-stained
1.5% TAL agarose gel electrophoresis and digitally recorded.

Lymphocyte analysis

Lymphocytes were analyzed using flow cytometry as described
[5]. Flurochrome-labeled antibodies (all from BD Biosciences
unless otherwise stated) used were anti-CD22 (PE-Cat# 555584 ),
ant-CD5  (APC-Cat# 550035), ant-CD25 (APC-Cy7-Cat##
557658), anti-CD4 (Pacific Blue-Cat## MCD0428, Caltag Labo-
ratories), anti-CD8 (PerCP-Cat# 553036), andi-TCR-p (FITC-
Catdft  11-396185, eBioscience), ant-NK1.1 (PE-Cy7-Cat#
552878) and anu-foxp3 (PE-Catdf 12-5773-82, eBioscicence).
For surface markers, single cell suspension was stained with
multiple antibodies at 4°C for 30 minutes, washed away
unbounded antibodies and suspended in PBS with 1% FCS. For
regulatory T cells, anti-CD4 and ani-CD25 stained cells were
fixed, permeabilized and further stained with anti-foxp3 antibody.
FACS Cantoll (BD Biosciences) was used to collect data from
different flurochrome-labeled cells. FACSDiva sofiware (BD
Biosciences) was used to analyze the data.

Assessment of atherosclerosis
To assess the atherosclerosis, the aortic roots embedded in
OCT media were sectioned at 6 p thickness and stained with

Oil Red O (Sigma) to visualize lipid accumulation in aortic
intima as previously described by us [5]. Immunohistological
staining was also carried with ant-CD68 antibody (Cat#
MAC1957, Serotec) to assess macrophage accumulation in the
atherosclerotic lesions [5]. The lesion assessments were carried
out by quantifying the Oil Red O stained lipid accumulation
and CD68+ macrophage accumulation by Optimas software

[5].

Lesion cellular content analysis

Immunohistochemical staining was performed on aortic root
sections. Anti-mouse antibodies targeting CD4 (Cat# 550280, BD
Pharmigen), CD8 (Cat## 550281 BD Pharmigen), CD22 (Catd#
553382, BD Pharmigen), CD83 (Cat# 14-0831, eBioscience),
CDl1le (Catg# 14-0114, eBioscience), VCAM-1 (Cat# 550547,
BD Pharmigen), PCNA (Cat## ah2426, Abcam), IgM (Catg
550588, BD Pharmigen), IgG1 (Cat# 559626, BD Pharmigen)
and IgG2a (553391, BD Pharmigen) were used in primary
antibody incubation, followed by horse radish peroxidase-
conjugated secondary antibody for DAB substrate. All slides were
counter stained with H&E stain. Areas staining by CDllc,
VCAM, IgM, IgGl and lgG2a antibodies were quantified by
Optimas software whilst cells stained with CD22, CD4 and CD8,
CD83 and PCNA were counted under light microscopy [5,44].
Both positive areas and positive cells were corrected to total lesion
areas as quantified by Optima software.
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doi:10.1371/journal.pone.0029371.g005

Plasma lipid analysis
Determination of plasma cholesterol and triglycerides was done
using Beckman Coulter LX20PRO analyzer according to

manufacturer’s instructions.
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Figure 6. Real-time PCR analysis of proinflammatory cytokines.
RNAs extracted from aortic arches were analysed for proinflammatory
cytokines, TNF-», IL1-f, MCP-1 and IFN-y. BaffR.Apof DKO showed
reduced expression of proinflammatory cytokines in aortic arches
compared to ApoE KO. Open bar = ApoE KO; Black bar = BaffR.ApoE DKO;
n=9-11 mice; *: p<<0.05.

doi:10.1371/journal.pone.0029371.9g006

Immunoglobulin analysis

Plasma immunoglobulin IgG1 and IgG2a were measured by
enzyme linked immnosorbent assay (ELISA). Nunc Maxisorp 96-
well ELISA plates were coated with 50 pl of 2 mg/ml goat ant-
mouse Ig antibody (Cat# 1010-01, Southern Biotech) overnight at
4°C. After additon of 50 pl of plasma diluted at 107, the plates
were incubated for 1 hour at room temperature. Secondary
antibody incubation was done for 1 hour at room temperature
with HRP-conjugated goat ant-mouse IgGl (Catgé 1070-05,
Southern Biotech) and IgG2a (Cat#f 1080-05, Southern Biotech)
antibodies for respective antibody measurement. TMB substrate
was used for color development. After stopping the reaction, optic
density was measured at 450 nm wave length using ELISA reader.
Plasma IgM was measured using rabbit polyclonal ant-mouse Ig
antibody (Cat Z0259, Dako) as coating antigen and HRP-
conjugated goat anti-mouse [gM (Cat GM-90P, ICL) as detection
antibody as previously described [7].

Real-time analysis of different mRNA

Aortas containing aortic arch and thoracic aorta were
immediately frozen in liquid nitrogen. According to manufactur-
er’s instructions, total RINA were extracted from aortas using
RNeasy fibrous tissue mini kit (QQiagen, Germany). RNA integrity
and quantity were determined using MuliNA electrophoresis
system (Shimadzu, Japan). One-step real-ime PCR was carried
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out with QuantuFast SYBR Green RT-PCR kit (Qiagen,
Germany) on 7500 Tast Real-Time PCR system (Applied
Biosystem). The target gene expression levels were analyzed using
comparative cycle threshold method [45] with 185 rRNA primers
(Applied Biosystems). The primers used were as follows: IFN-y
sense (S) 5'-AAG TTT GAG GTC AAC AAC CCA C-3', IFN-y
antisense (AS) 5'-GCT GGC AGA ATT ATT CTT ATT GGG-
3'; TNF-o (S) 5'- TCT CAG CCT CTT CTC ATT CCT-3,
TNF-2 (AS) 5'- ACT TGG TGG TTT GCT ACG AC-3"; MCP-
1 (8) 5'-CTC AGC CAG ATG CAG TTA ACG-3', MCP-1 (AS)
5'-GGG TCA ACT TCA CAT TCA AAG G-3'; ILI-B (S) 5'-
CCA CCT CAA TGG ACA GAA TCT CAA-3', ILI-p (8)
GTC GTT GCT TGG TTC TCC TTG T-3'.

.r]P
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Chapter 5: Tumor necrosis factor a produced by
conventional B2 lymphocytes promotes atherosclerasi

development in hyperlipidaemic ApoE-/- mice

5.1 Short Introduction

As mentioned before, the adoptive transfer of B2eBs into lymphocyte-deficient
ApoE"Rag?yc” mice resulted in increased atherosclerosis. Thigasts that B2
cells can promote atherosclerosis independently afell help and IgG antibody
production. The present study examined whetherd2 promote atherosclerosis by
producing inflammatory cytokines such as T\&nd IFN. The assessment of spleen
B2 cells in ApoE" mice fed a high fat diet showed that 18.4% exmesENF. and
2.7% expressed IFN A similar result was obtained in the atherosdleraorta. Next,
adoptive transfers of B2 cells from wildtype, T&F or IFNy” mice into ApoE"
Rag2yc” mice were carried out. At the end of 8 weeks Highdiet, significant
increases in atherosclerosis were recorded fowtlietype B2 and IFN"' B2 groups
but not for the TNE" B2 group in comparison to the control group thiat dot
receive any cells. This was affirmed by the adaptiansfer of wild type B2, IFN"

B2 and TN B2 cells into B cell-deficient ApoEuMT mice. As such, B2 cells can
promote atherosclerosis in a TiHependent manner. The data also suggest that
TNFa-expressing B2 cells may promote atherosclerosis ebhancing plaque
inflammation, increasing the recruitment of macragds into atherosclerotic plaques
and inducing apoptosis in plaque cells. This stisdgurrently under revision for re-

submission to the journ@lirculation.
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Abstract

B2 cells are atherogenic but their mechanisms wdaare not known. While there is
increasing recognition of cytokine production by B2lls as key regulators of
immunity, the role of cytokines produced by B calisatherosclerosis is also not
known. To determine the role of TMFand IFN derived from B2 cells in
atherosclerosis development, we compared the agopansfer of B2 cells isolated
from wildtype (WT) mice, with the transfer of B2llsefrom TNFa- or IFNy-deficient
mice into lymphocyte-deficient (Raggc” ApoE") mice. After 8 weeks high fat diet,
mice that had received TNFleficient B2 cells failed to augment atheroscleros
compared to those that had received @sEfficient (WT or IFN-deficient) B2 cells.
All transfer groups had comparable body weight lgnid levels. Transferred B2 cells
were detected in the spleen as well as in athenagad lesions of the recipient mice.
Within atherosclerotic lesions, mice that receivédFa-deficient B2 cells exhibited
reduced TNE expression, reduced macrophage accumulation, eddMCP1 and
IL1B expression, fewer apoptotic cells including aptptmacrophages and smaller
necrotic cores. Transfer of B2 cells from WT or #tieficient donors, but not B2
cells from TNFR-deficient donors, into B cell-deficientMT-ApoE” mice also
showed increased lipid and macrophage accumulanohincreased apoptosis and
necrotic cores in lesions. Our data indicate théfd derived from B2 cells increases
arterial TNF. expression to promote inflammation, apoptosis dadelopment of
necrotic cores that are characteristic featurametable rupture-prone atherosclerotic

plaques.

Key words: atherosclerosis, inflammation, apoptosis, B2s¢8INFo
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Introduction

Atherosclerosis is a chronic inflammatory diseatéamge and medium arteries. It
begins with a net influx of LDL-cholesterol into ehvascular wall. Overtime,
oxidation of LDL occurs and immune responses aggéred against oxidized LDL
within the intimal layer, resulting in the growtt atherosclerotic lesionsAdvanced
unstable atherosclerotic lesions are charactebyeshhanced inflammation, abundant
apoptotic cells and large necrotic cdrda the event that a lesion ruptures, thrombotic
occlusion of coronary and cerebral arteries camucthese may culminate in heart

attack and stroke which are the leading cause®babmortality.

Early studies on the role of B cells suggested they are atheroprotective because
the transfer of unfractionated spleen B cells abnaled splenectomy-aggravated
atherosclerosts However we and Ait-Oufella et al reported that®l depletion by
monoclonal antibody to CD20 ameliorated atherossisrin ApoE” mice and LDLR
" mice fed a high fat diet (HFD)®> These findings are consistent with the
amelioration of human and experimental autoimmuiseases by CD20-targeted B

cell depletion and strongly suggest that B cells loa atherogenic

We previously identified conventional B2 cells dee tatherogenic B cell subset
because the transfer of B2, not Bla cells, int@lB and lymphocyte-deficient ApoE
" mice augmented atherosclerdsi/e confirmed the atherogenicity of B2 cells by
further demonstrating reduced atherosclerosis inE{pmice that were genetically

deficient in the B-cell activating factor recep{@AFF-R)Y. ApoE BAFF-R” mice

are selectively deficient in B2 céli€ but not Bla cells. BAFF is a member of the
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tumor necrosis factor superfamily and its assammatvith BAFF-R is crucial for B2
cell developmefit Similar findings were reported in chimeric BAFFeRficient
LDLR™ mice. Furthermore, we recently reported that treatnoétpoE’ mice with
monoclonal antibody to BAFF-R also reduced athdenssis’. The conundrum of an
atheroprotective B cell population reported by @uli et af was resolved by our
findings of an atheroprotective B cell subset tatmatural IgM-secreting Bla celts
12 Since then, we have reviewed the opposing rofeattierogenic B2 cells and

atheroprotective Bla celfs

The aforementioned studies firmly establish B2scal an atherogenic B cell subset.
However, their mechanisms of action are not kndytokines produced by activated
B cells have been ascribed important roles in egihgninflammatiof* *> Of note,
pivotal roles have been assigned to B2-derived dr'ifid IFN'** Moreover, we
previously reported that the expression of tNKas increased in atherosclerotic
lesions following B2 cell transfer into lymphocydeficient micé and reduced in
lesions of BAFF-R-deficieitmice and BAFF-R antibody treated nfiteCD22 B
cells and TNk have been reported in atherosclerotic lesionsypéitholesterolemic
ApoE" mice'’. In humans, TN& gene transcription is highly and rapidly induced i
B cells that are activated through their antigeceptor®. A later study found that
TNFa expression occurred in memory but not naive Bsdelautoimmune diseasés
To date, our knowledge on the roles of T\&nd IFN in atherosclerosis is restricted
to studies on the effects of global genetic deficieand blockade of TNE® #* and
IFNy**#% The cellular sources of these atherogenic cy&skimave not hitherto been

identified.
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Here we show that TNFbut not IFN produced by B2 cells is a key cytokine that
promotes atherosclerosis development and thahitioaso in the absence of all other
lymphocyte populations. Our findings indicate thalFa-producing B2 cells promote
atherosclerosis by increasing macrophage recruttmecreasing MCP1 and 151
expression and increasing apoptosis and necrotiescm atherosclerotic lesions.
Hence, it is likely that B2-derived TNFenhances the development of unstable and

rupture-prone atherosclerotic lesins
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Materials and Methods

Animals and B2 cell transfer protocol

Lymphocyte-deficient ApoE mice (ApoE Rag2yc’), B cell-deficient ApoE mice
(LMT-ApoE™), TNFe” and IFN"" mice were maintained at Animal Facilities,
Monash Medical Centre, Australia. ApbEnice were maintained at Precinct Animal
Centre, Alfred Medical, Research and EducationiRcgcAustralia. All mice were on
C57BI/6 background. Mice were allowed ad libitumcess to water and HFD
comprising of 21% fat and 0.15% cholesterol (Spggckeeds, Glen Forrest, Western
Australia). B2 cells (5x10cells) isolated from donor spleens were transteiméo 6-

8 week old male mice via tail vein injection at theginning of 8 week HFD.
Recipient mice were killed at the end of experimemnimal procedures were

approved by institutional Animal Ethics Committee.

B2 cell isolation
B2 cells were isolated using magnetic B cell isolatkit (Miltenyi Biotech) as

described

Flow Cytometry

The following fluorochrome-conjugated anti-mouséilardies were used: anti-CD19
(V450; Clone 1D3 BD Bioscience), anti-CD22 (PE;n#oCy 34.1 BD Biosciences)
and anti-CD5 (APC; Clone 53-7.3 BD Biosciences)rti&ocells were isolated and
prepared as descriti@d?® Briefly, aortas were perfused with PBS contain2@gnM
EDTA and separated from adipose tissue. Dissedradsawere digested in a cocktail

of enzymes namely 125U/ml collagenase XlI, 60U/malbsonidase I-s, 60U/ml
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DNase | and 450U/ml Collagenase I. After 1 houmbation at 3%C, aortas were
mashed through a Wt cell-strainer to prepare single cells suspensidostic cells
were pelleted by centrifugation and resuspende€ehi@S buffer (PBS with 0.5% FCS
and 20mM EDTA). FACS analysis of lymphocyte popiglas in the aorta and spleen

was performed as descritfed

Quantification of Atherosclerosis
Atherosclerosis was assessed by total lesion @il red-O (ORO)-stained lipid

accumulation as described

Quantification of necrotic core area in atherosclatic lesions
Necrotic core areas defined as acellular areasemakoxylin and eosin stained

atherosclerotic lesions were analyzed as described

Immunohistochemical staining

Anti-CD68 (Clone FA-11, AbD Serotec), anti-MCP1 @& polyclonal, Abcam) and
anti-IL1B (Rabbit polyclonal, Abcam) antibodies were usedrtmunostain lesions in
aortic roots as describ¥d Apoptotic cells were identified by terminal dUTick

end-labeling (TUNEL assay kit, Roche) as described

Immunofluorescence staining

To investigate the presence of transferred B2 celigen aortic roots were stained
with anti-CD19 (FITC; Clone 1D3 BD Bioscience). 8ens counterstained with 4/,
6-diamidino-2-phenylindole (DAPI) were observed end Olympus BX61

fluorescence microscope and images captured usigcFympus camera.
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In co-localization experiments, frozen aortic r@ections were stained by TUNEL
assay kit (Roche) for apoptotic cells and by aridié8 (Clone FA-11, AbD Serotec)
for macrophages. Secondary goat anti-rat antibajyugated with Alexa-Flour 546
(Molecular Probes) was used to detect CD6&lIs in red. TUNEL-positive nuclei
were detected by green fluorescence. Nuclei weoateostained with DAPI (blue).
Images were scanned using Carl Zeiss Laser Scafystgm LSM 510 and analyzed

using Zeiss LSM imaging software.

Plasma lipids

Plasma lipids were determined as described béfore

Real-time PCR analysis

Total RNA from aortic arch and thoracic aorta wagated and one-step real-time
PCR carried out as descrilfeBrimers were

IL1B (S) 5-CCACCTCAATGGACAGAATCTCAA-3

IL1B (AS) 5-GTCGTTGCTTGGTTCTCCTTGT-3’

VCAML1 (S) 5-AGAACCCAGACAGACAGTCC-3’

VCAML1 (AS) 5-GGATCTTCAGGGAATGAGTAGAC-3

TNFa (S) 5-TCTCAGCCTCTTCTCATTCCT-3’

TNFa (AS) 5-ACTTGGTGGTTTGCTACGAC-3’

IFNy (S) 5-AAGTTTGAGGTCAACAACCCAC-3'

IFNy (AS) 5-GCTGGCAGAATTATTCTTATTGGG-3'.

122



Statistical analysis

Comparisons between groups expressed as mean & performed by Student-t
test or Mann-Whitney U test, depending on whetlega dvere normally distributed,

as assessed by Kolmogorov-Smirnov test. For maltg@mparisons, results were
analyzed using one way analysis of variance (ANOWAth Dunnett’s post-test for

data with normal distribution or Kruskal Wallis tegith Dunns post-test for data that

is not normal. P <0.05 was considered significant.

Results

High fat diet-fed ApoE™ mice have increased expression of Til@nd IFNy in B2
cells

TNFo and IFN are highly potent inflammatory cytokines. Seves@ldies have
shown that TNE and IFNy produced by B2 cells are involved in the stimwlatbf
immune responses against infectfdn$® Hence, we measured the expression of
TNFa and IFN in B2 cells during the development of atherosdesran ApoE™ mice.

We found that 18.4% of B2 cells expressed &NR ApoE" mice fed a HFD
compared to 16.5% in ApdEmice and 13.7% in wild type (WT) mice on chow diet
(Figure 1A). The degree of TNFexpression in B2 cells was significantly higher in
ApoE” (HFD) mice compared to ApdEand WT mice, as measured by mean

fluorescence intensity (Figure 1B).

The expression of IFNin B2 cells was considerably lower. We found tbaty
2.67% of B2 cells expressed Iffh ApoE"™ (HFD) mice, 0.67% in ApoE mice and

1.07% in WT mice (Figure 1C). The mean expressibriFdly in B2 cells was
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markedly higher in ApoE (HFD) mice compared to ApdEand WT mice (Figure

1D).

Besides, we carried out FACS analysis of aortiésdedbm ApoE" (HFD) mice and
found that 16.7% of aortic B2 cells expressed @Mmile only 0.8% expressed IFN
(Figure 1E). This is consistent with a recent fngdiof human aortic B cells

expressing TN& but not IFN in the atherosclerotic aofta

B2 cells can promote atherosclerosis in a T-indedent but TNFz-dependent
manner

To determine the roles of TNRand IFN produced by B2 cells in the development of
atherosclerosis, we adoptively transferred WT Bisag B2 cells deficient in TN

or IFNy into lymphocyte-deficient ApoERag2yc” mice. At the end of 8 weeks
HFD, WT B2 and IFN" B2 cells had markedly increased atherosclerosis. |
comparison to the PBS control group, total intinesion area and ORO-stained lipid
area of lesions were increased by 134% (p=0.002)9486 (p=0.017) in the WT B2
group and by 169% (p=0.002) and 133% (p=0.006) ha tFNy"‘ B2 group
respectively (Figure 2A). In striking contrast, TNF B2 cells failed to promote

atherosclerosis (Figure 2A).

To determine the atherogenic effect of B2-derivedFd on the entire aorta, we
performed en face staining of aorta and found #tlaérosclerosis was increased by
197% (p=0.008) in ApoERag2yc” mice that received WT B2 cells compared to

control mice. As expected, TNFE B2 cells failed to augment atherosclerosis in the
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aorta (Figure 2B). There was no significant diffexe in body weight (Figure 2D) and

plasma lipid levels (Figure 2E) among all groups.

B2-derived TNFe promotes arterial inflammation

TNFa is known to be a strong inducer of inflammatioar FNFa to potently promote
atherosclerosis in a lymphocyte-free environmeng kelieve that TNFa may
synergize with other inflammatory cytokines. Oneclsucytokine that closely
associates with TNFa is IL-3b *% Many studies have shown that TiNEcts in
concert with ILB to promote inflammation in diseases including edbelerosis and

post-myocardial infarctiofy *3

We first measured the expression of TNFa in theomedy immunohistochemical
staining. Eight weeks after WT B2 or II'FN B2 cells were transferred into ApGE
Rag2yc” mice, the level of TN& in atherosclerotic lesions was about 531%
(p=0.009) and 427% (p=0.019) higher compared tdarobmespectively. However,
there was no significant increase following thensfar of TNR™ B2 cells (Figure
3A). A similar result was obtained for the mMRNA esgsion of TNk in the aorta.
Using total RNA extracted from the aorta, our assesit showed that aortic THMF
MRNA expression was increased by 104% (p=0.003)74846 (p=0.019) respectively
in ApoE"Rag2yc’ mice that received WT B2 cells and HNB2 cells, but not in
mice that received TNF~ B2 cells, compared to control mice that receive®SP

(Figure 3B).

We next measured the expression of fiLib the lesion and found that it was

significantly increased by 148% (p<0.001) and 12@#40.001) in the WT B2 and
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IFNy"' B2 transfer groups respectively, but not in theF&N B2 transfer group,
compared to the control group (Figure 3C). Agaihis twas reflected in our
measurement of aortic IB1 mMRNA expression which was increased by 109%
(p=0.045) and 170% (p=0.007) respectively in micat received WT B2 cells and
IFNy”™ B2 cells, but not in mice that received T&lFB2 cells, compared to control

mice (Figure 3D).

There was no significant difference in arterial mRNxpression of IFN in all

groups. VCAM-1 expression was also unaffectedligr@ups (data not shown).

B2-derived TNFx promotes intimal accumulation of macrophages

Given that the degree of inflammation in atherastie lesions is related to
macrophage content in lesions, we measured theradation of CD68 macrophages
in lesions by immunohistochemical staining. We fbuhat the transfer of WT B2
cells and IFN” B2 cells, but not TN&™ B2 cells, into ApoERag2 yc” mice
markedly increased the build up of macrophagekeriritima by 139% (p=0.022) and

153% (p=0.037) respectively compared to PBS trar{Eigure 4A).

This prompted us to assess another inflammatorgkow, MCP1, which is mainly
responsible for the recruitment of macrophages lagions*. We found that the
expression of MCP1 relative to lesion area wasiogmtly higher in mice with WT
B2 cells or IFN™ B2 cells (100%; p=0.015 and 130%; p=0.014 respeistj, but not
in mice with TNF™ B2 cells, compared to control mice (Figure 4B).isTmay
explain the reduction in intimal macrophage accuatioh in ApoE"RagZ"yc"' mice

that received TN& ™ B2 cells compared to ApdlRag2yc’™ mice that received WT
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B2 cells and is consistent with studies that resmzbid role for TNFa in stimulating

MCP1 expression in vascular céfls

TNFa produced by B2 cells increases apoptotic cell nemsband necrotic areas in
atherosclerotic plagues

Besides acting as a proinflammatory cytokine, &N¢an induce apoptotic cell
deatli® 3" and inhibit phagocytosis of apoptotic cells by rophages, a process
known as efferocytosi% *° To determine whether B2-derived TélRffects the
number of apoptotic cells in atherosclerotic lesiowe carried out TUNEL assay to
identify apoptotic cells in the atherosclerotic quia. Our results indicated that the
percentage of TUNEL-positive plaque cells relatieetotal plaque cells was 63%
(p<0.001) and 53% (p=0.002) lower in ApoRag2 yc’” mice that received TNF"
B2 cells compared to those that received WT B2scalhd IFN” B2 cells
respectively (Figure 5A). In addition, necrotiaglie areas, measured as acellular
regions in H&E stained lesions, were also lower 226 (p=0.008) and 20%
(p=0.008) in the TN&" B2 group compared to the WT B2 and {FNB2 groups
respectively (Figure 5B). Collectively, the dataggests that B2-derived TNF
increases the number of apoptotic cells and siz@eafotic cores in developing
lesions. Our findings are consistent with the repgbat TNFe-deficiency not only

results in less advanced plaques but also lessilapgoptosis and necrosis in AJoE

mice®®.

B2-derived TNFx may target macrophages in lesions for apoptosis
We examined whether macrophages are apoptotictsagjeB2-derived TNE in

atherosclerotic lesions. We carried out double imofluorescence staining to detect
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CD68-postive macrophages and TUNEL-positive apaptoells. We found that
atherosclerotic plaques of ApbRag2yc” mice that received WT B2 cells
contained CD68Tunel’ apoptotic macrophages (Figure 6A). However, theese
less CD68Tunel cells observed in mice with TNF B2 cells (Figure 6B). Apoptotic
macrophages may not only contribute to the totalalation of apoptotic cells but
also result in inefficient efferocytosis. In timggcondary necrosis is likely to become

prevalent and larger necrotic cores develop inragiwerotic lesiors.

TNFa-deficient B2 cells do not promote atherosclerogisB cell-deficient uMT-
ApoE-/- mice

To determine whether TNFproduced by B2 cells also augment atherosclelasis
mice deficient only in B cells, we adoptively trégrsed WT B2 cells or B2 cells
deficient in TNFt or IFNy into B cell-deficient ApoEpMT mice. After 8 weeks of
HFD, WT B2 cells and IFN" B2 cells were found to have markedly increased
atherosclerosis in ApdftMT mice. The assessment of lesions in the aortiossi
showed that the transfers of WT B2 cells and WZNBZ cells augmented
atherosclerosis by 87% (p=0.003) and 119% (p<0.@€dpectively, as measured by
total lesion area, and by 85% (p=0.008) and 144%0.(J01) respectively, as
measured by ORO-stained lipid area of lesions, evatpto PBS control transfer
(Figure 7A). In contrast, the transfer of T&F B2 cells failed to augment
atherosclerosis (Figure 7A). A similar result wdstained for CD68 macrophage
accumulation (Figure 7B). All B2 recipient groupadhcomparable reconstitution of
B2 cells in the spleen (Figure 7C). Body weighig(lfe 7D) and plasma lipid levels
(Figure 7E) did not differ significantly in all gups. Furthermore, the number of

apoptotic cells (Figure 7F) and size of necroticeso(Figure 7G) were markedly
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increased by TN&sufficient B2 cells (WT and IFN") but not TNF-deficient B2

cells.

Adoptively transferred B2 cells traffick to the athosclerotic lesions of ApoE-/-
Rag2-/yc-/- mice and ApoE-MT mice

To determine whether adoptively transferred B2scélbme to the atherosclerotic
lesions, we carried out immunofluorescence staitindetect CD19cells in lesions.
Adoptively transferred WT B2 cells, TNFH- B2 cells and IFN-/- B2 cells were
found in atherosclerotic lesions of the respectieeipient ApoE Rag2 yc’” mice
(Figure 8A). We further confirmed the specificity Bdoptively transferring B2 cells
from Ly5.1 congenic mice into B cell-deficient ApSEMT mice. Indeed,
CD19'Ly5.1" B2 cells were localized in the atherosclerotiddesof ApoE uMT
mice (Figure 8B). Similarly, CDTOWT B2 cells, TNFf-/- B2 cells and IFN-/- B2
cells were present in the lesions of the respecteient Apol’:"pMT mice (Figure
8C). Our observation is consistent with reportsBofcells in human and mouse
atherosclerotic lesions ** and other reports of adoptively transferred B2Iscel
trafficking to the site of lesions in mité® Hence, it is likely that TNFa-producing

B2 cells elicit atherogenic responses directly imifesions.
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Discussion

In the present study, wild type B2 cells markedhcreased atherosclerosis in
lymphocyte-deficient ApoERag2 yc” mice and in B cell-deficient ApdMT
mice. These findings are consistent with our presiceport In striking contrast,
TNFa-deficient but not IFN- deficient B2 cells failed to augment atherosdesan
ApoE"Rag2"yc” as well as in ApoEuMT mice. Our findings indicate that TNF
but not IFN produced by B2 cells is essential for B2 cellptomote atherosclerosis.
The results from lymphocyte-deficient ApbRag2yc’™ mice suggest that the TNF
mediated atherogenic response of B2 cells can aod@pendently of T-dependent
antibody production and of all other lymphocyte plapions. Our findings are
consistent with the notion that cytokine-produciBgcells are key regulators of
immunity***® %2 Previous studies have shown a role for &NiFatherogenesis given
that their inhibition or the absence of their recep reduces atherosclerd8is®*’

Our findings identify TNk-producing B2 cells as key atherogenic cells.

Following the adoptive transfer of B2 cells intodk Rag2 yc’ mice, we found that
the transferred B2 cells not only trafficked to #@een but also to atherosclerotic
lesions at the end of 8 weeks HFD. These findiags consistent with previous
reports of detecting adoptively transferred B cellthe lymphoid organs and aorta of
recipient mic& ?* *® Moreover, our observations suggest that B2 gaisist for at

least eight weeks in lymphocyte-deficient and B-deficient ApoE" mice.

Despite the low proportion of B2 cells identified riecipient mice at the end of our

experiments, the transfer of WT but not TdN@reficient B2 cells significantly
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augmented arterial TMFMRNA and protein in lesions. As TRs predominantly
produced by macrophad@swe propose that B2-derived ThFnay contribute to
total TNFu production by macrophages, the largest cell ctugstt in atherosclerotic
lesions. This is supported by reports of TNRducing macrophages to produce even
more TNF through a positive feedback 1685~ Our findings are in agreement with
the report in humans that significant amounts ofF&Ns produced by activated
memory B2 cells and, as a result, enhances paticalognmune responses in
autoimmunity®. In addition, TNR gene transcription is one of the earliest events
activated in human B cells that are stimulatedughotheir antigen receptors or CD40
and interleukin-Z. Hence, our data is in line with B2 cells as a &ejular source of

TNFa that augments TNFexpression in atherosclerotic lesiois™

The site-specific inflammatory role of B2-derivellFa in atherosclerotic lesions is
supported by the reduction in lesion macrophag@&raatation and the reduction in
IL1p and MCP1 expression in lesions after adoptivesfeanof TNF™ B2 cells
compared to transfer of WT B2 cells into Apd&ag2yc’ mice. TNF is known to
stimulate MCP1 production in a variety of cell tgpmcluding macrophages and
endothelial cells in the vasculatéite®® MCP1 is a key chemotactic factor for
macrophage recruitment into atherosclerotic lesfon§he increase in MCP1
expression likely brought about increased macrophaccumulation in lesions of
mice with WT B2 cells. Conversely, mice with TiF B2 cells did not exhibit

increased MCP1 expression and macrophage accuaruiatiesions.

The increased arterial and lesion pLéxpression in mice with WT B2 cells but not in

mice with TNFe” B2 cells may be explained by the role of TNiR upregulating
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IL1B expression in macrophag&s®. Consequently, ILA can induce macrophages to
produce more ILf and even TN&>>". IL1p has also been shown to synergize with
TNFa to promote inflammation by elevating TNF-recep®expression. This can
result in enhanced cell sensitivity to the pathiagffects of TNk 2. A more direct
atherogenic response of Iiland TNF: pertains to their involvement in enhancing
foam cell formation through the inhibition of lipichtabolism in macrophag@sin
addition to promoting inflammation, II81and TNF are alleged to combine in
rendering cells vulnerable to TNF-related apoptosisicing ligand (TRAIL)-induced
apoptosi®. This could be a reason behind the increase inrlespoptotic cells in

mice with WT B2 cells but not TNE B2 cells.

There is substantial evidence of TiNFpromoting apoptosis in atherosclerotic
lesiong®*” . The accumulation of apoptotic cells is a halknaf advanced unstable,
rupture-prone atherosclerotic lesions in hurfian® and mic&. Due to the
impairment of efferocytosis in advanced lesiongreased secondary necrosis can
transpire and become domin¥nfThe resultant expansion of necrotic cores is also
characteristic feature of unstable pladu@e lower number of lesion apoptotic cells
in mice that were given TNF" B2 cells compared to those that were given WT B2
cells indicates a role for TNFproduced by B2 cells in exerting cell death by
apoptosis in atherosclerotic lesions. Several studiave claimed that TNFis
cytotoxic to a variety of cell lines in vittdand induces macrophage apoptosis by
inhibiting NF«B and through caspase-dependent and independemvaai® '
These may be the reasons behind the increasednpeessf TUNELCDG6S'
macrophages in lesions of mice transferred with BZTcells compared to mice with

TNFa™ B2 cells. TN mainly induces apoptosis by binding to TNF recegtt
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Efferocytosis is the process whereby professiomal mon-professional phagocytes
engulf and dispose apoptotic cé&llsMacrophages are the predominant phagocytes
within atherosclerotic lesions. Hence, it is parantahat they remain functional and
conduct efferocytosis efficiently to contain apa$o and necrosis in lesions.
However, this may not be the case when macrophalgesiselves, are targeted for
apoptosis as suggested above. Furthermore, a nesgeort showed that TNFcould
inhibit the efferocytic function of macrophad®&sThis was particularly pervasive
when the macrophages were exposed to oxidants#athmatory factors — a classic

environment in advanced atherosclerotic plaques.

Together, our data suggest that B2-derived dNffomotes the development of
vulnerable, rupture-prone atherosclerotic plaquiésis conceivable that TNk

producing B2 cells share a similar role with cytatoCD8 T cells to form unstable
atherosclerotic lesions, given that we have alstenty reported CD8 T cells

enhancing apoptosis in lesiGhs

Accelerated atherosclerosis is associated with irantane diseases such as
rheumatoid arthritis and systemic lupus erythemetoinflammatory cytokines are
deemed to be the culprits behind the enhancemeathefosclerosis in autoimmune
patientd’. Our results corroborate studies that claim @N#rgeted and B cell-

depletion therapies reduce cardiovascular risksaiients with rheumatoid arthritfs

72

In summary, our study demonstrates that @fdFoducing B2 cells augment the

development of atherosclerosis. They may do solibitieg multiple effects which
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result in increased recruitment of macrophages legmns, increased expression of

other inflammatory cytokines (IlfLl and MCP1) in lesions and accumulation of

apoptotic cells and expansion of necrotic coresnature lesions. These findings

provide novel insights into the atherogenic behagiol NFo-producing B2 cells that

can facilitate future therapeutic design.

References

10.

11.

Hansson GK, Hermansson A. The immune system tliwerasclerosis.Nature
immunology 2011;12:204-212

Finn AV, Nakano M, Narula J, Kolodgie FD, VirmarR. Concept of
vulnerable/unstable plaquéArteriosclerosis, thrombosis, and vascular biology
2010;30:1282-1292

Caligiuri G, Nicoletti A, Poirier B, Hansson GHKProtective immunity against
atherosclerosis carried by b cells of hyperchotefgenic mice. The Journal of
clinical investigation 2002;109:745-753

Kyaw T, Tay C, Khan A, Dumouchel V, Cao A, Tokghry M, Dunn R, Agrotis A,
Tipping P, Bobik A, Toh BH. Conventional b2 b cdipletion ameliorates whereas
its adoptive transfer aggravates atheroscleroslsurnal of immunology
2010;185:4410-4419

Ait-Oufella H, Herbin O, Bouaziz JD, Binder Qyttenhove C, Laurans L, Taleb S,
Van Vre E, Esposito B, Vilar J, Sirvent J, Van &ni¢ Tedgui A, Tedder TF, Mallat
Z. B cell depletion reduces the development ofraigeerosis in micelhe Journal of
experimental medicin010;207:1579-1587

Townsend MJ, Monroe JG, Chan AC. B-cell targdiedapies in human autoimmune
diseases: An updated perspectimemunological reviews2010;237:264-283

Kyaw T, Tay C, Hosseini H, Kanellakis P, GadomEkMacKay F, Tipping P, Bobik
A, Toh BH. Depletion of b2 but not bla b cells iafforeceptor-deficient apoe mice
attenuates atherosclerosis by potently amelioradingrial inflammationPloS one
2012;7:€29371

Mackay F, Schneider P. Cracking the baff codature reviews. Immunology
2009;9:491-502

Sage AP, Tsiantoulas D, Baker L, Harrison J, thtasL, Murphy D, Loinard C,
Binder CJ, Mallat Z. Baff receptor deficiency redacthe development of
atherosclerosis in mice--brief reporArteriosclerosis, thrombosis, and vascular
biology. 2012;32:1573-1576

Kyaw T, Cui P, Tay C, Kanellakis P, Hosseini lH) E, Rolink AG, Tipping P,
Bobik A, Toh BH. Baff receptor mab treatment ameltes development and
progression of atherosclerosis in hyperlipidemicoegp-) mice. PloS one
2013;8:60430

Kyaw T, Tay C, Krishnamurthi S, Kanellakis Ryrétis A, Tipping P, Bobik A, Toh
BH. Bla b lymphocytes are atheroprotective by dewyenatural igm that increases

134



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

igm deposits and reduces necrotic cores in athlerasic lesions. Circulation
research 2011;109:830-840

Kyaw T, Tipping P, Bobik A, Toh BH. Protectivele of natural igm-producing bla
cells in atherosclerosi$rends in cardiovascular medicin2012;22:48-53

Kyaw T, Tipping P, Toh BH, Bobik A. Current wrdtanding of the role of b cell
subsets and intimal and adventitial b cells in @beaerosis.Current opinion in
lipidology. 2011;22:373-379

Lund FE. Cytokine-producing b lymphocytes-kegulators of immunityCurr Opin
Immunol 2008;20:332-338

Pistoia V. Production of cytokines by humaneliscin health and diseaseamunol
Today 1997;18:343-350

Vaughan AT, Roghanian A, Cragg MS. B cells-t®m@sof the immunoversént J
Biochem Cell Biol2011;43:280-285

Zhou X, Hansson GK. Detection of b cells andirffammatory cytokines in
atherosclerotic plaques of hypercholesterolaemigliggprotein e knockout mice.
Scandinavian journal of immunolog}999;50:25-30

Boussiotis VA, Nadler LM, Strominger JL, Goldf&E. Tumor necrosis factor alpha
is an autocrine growth factor for normal human bsc®roceedings of the National
Academy of Sciences of the United States of Amd9&4;91:7007-7011

Duddy M, Niino M, Adatia F, Hebert S, FreednmdnAtkins H, Kim HJ, Bar-Or A.
Distinct effector cytokine profiles of memory andive human b cell subsets and
implication in multiple sclerosislournal of immunology2007;178:6092-6099
Canault M, Peiretti F, Poggi M, Mueller C, KoppBonardo B, Bastelica D, Nicolay
A, Alessi MC, Nalbone G. Progression of atherosdir in apoe-deficient mice that
express distinct molecular forms of tnf-alphdhe Journal of pathology
2008;214:574-583

Wollin M, Abele S, Bruns H, Weyand M, Kalden, Bhsminger SM, Spriewald BM.
Inhibition of tnf-alpha reduces transplant artetlesosis in a murine aortic transplant
model. Transpl Int 2009;22:342-349

Gupta S, Pablo AM, Jiang X, Wang N, Tall ARhfadler C. Ifn-gamma potentiates
atherosclerosis in apoe knock-out micehe Journal of clinical investigation
1997;99:2752-2761

Whitman SC, Ravisankar P, Elam H, DaughertyEfogenous interferon-gamma
enhances atherosclerosis in apolipoprotein e-/-emihe American journal of
pathology 2000;157:1819-1824

Koga M, Kai H, Yasukawa H, Yamamoto T, Kawaigto S, Kusaba K, Kai M,
Egashira K, Kataoka Y, Imaizumi T. Inhibition ofggression and stabilization of
plagues by postnatal interferon-gamma function litar in apoe-knockout mice.
Circulation research2007;101:348-356

Butcher MJ, Herre M, Ley K, Galkina E. Flow aytetry analysis of immune cells
within murine aortas] Vis Exp 2011

Galkina E, Kadl A, Sanders J, Varughese D, rSBlaoek 1J, Ley K. Lymphocyte
recruitment into the aortic wall before and duroieyvelopment of atherosclerosis is
partially I-selectin dependent.Exp Med2006;203:1273-1282

Menard LC, Minns LA, Darche S, Mielcarz DW, Feau DM, Roos D, Dzierszinski
F, Kasper LH, Buzoni-Gatel D. B cells amplify ifrigma production by t cells via a
tnf-alpha-mediated mechanisthimmunol 2007;179:4857-4866

Ganapamo F, Dennis VA, Philipp MT. Cd19(+) €gdfoduce ifn-gamma in mice
infected with borrelia burgdorferfeur J Immunal 2001;31:3460-3468

Hamze M, Desmetz C, Berthe ML, Roger P, BodlleBrancherau P, Picard E,
Guzman C, Tolza C, Guglielmi P. Characterizationregident b cells of vascular
walls in human atherosclerotic patientdmmunol 2013;191:3006-3016

Moore PE, Lahiri T, Laporte JD, Church T, P&astRA, Jr., Shore SA. Selected
contribution: Synergism between tnf-alpha and ldta in airway smooth muscle

135



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

cells: Implications for beta-adrenergic responsds=nJ Appl Physiol (1985)
2001;91:1467-1474

Wankowicz Z, Megyeri P, Issekutz A. Synergysstn tumour necrosis factor alpha
and interleukin-1 in the induction of polymorphotaar leukocyte migration during
inflammation.J Leukoc Bial 1988;43:349-356

Zhou C, Pridgen B, King N, Xu J, Breslow JL.pdyglycemic ins2akitaldlr(-)/(-)
mice show severely elevated lipid levels and ineedaatherosclerosis: A model of
type 1 diabetic macrovascular diseabkipid Res2011;52:1483-1493

Turner NA, Mughal RS, Warburton P, O'Regan Bzal| SG, Porter KE. Mechanism
of tnfalpha-induced il-lalpha, il-lbeta and il-6 peassion in human cardiac
fibroblasts: Effects of statins and thiazolidinets.Cardiovasc Res2007;76:81-90
Gu L, Okada Y, Clinton SK, Gerard C, Sukhova, Giby P, Rollins BJ. Absence of
monocyte chemoattractant protein-1 reduces atheroses in low density
lipoprotein receptor-deficient micklol Cell. 1998;2:275-281

Murao K, Ohyama T, Imachi H, Ishida T, Cao WiN&mihira H, Sato M, Wong NC,
Takahara J. Tnf-alpha stimulation of mcp-1 expsss mediated by the akt/pkb
signal transduction pathway in vascular endothetells. Biochem Biophys Res
Commun2000;276:791-796

Rath PC, Aggarwal BB. Tnf-induced signaling apoptosis.J Clin Immunal
1999;19:350-364

Micheau O, Tschopp J. Induction of tnf receptonediated apoptosis via two
sequential signaling complexézell. 2003;114:181-190

Thorp E, Subramanian M, Tabas I. The role atnopghages and dendritic cells in the
clearance of apoptotic cells in advanced atherosgike European journal of
immunology 2011;41:2515-2518

McPhillips K, Janssen WJ, Ghosh M, Byrne A, daarS, Remigio L, Bratton DL,
Kang JL, Henson P. Tnf-alpha inhibits macrophagareince of apoptotic cells via
cytosolic phospholipase a2 and oxidant-dependenthamésms. Journal of
immunology 2007;178:8117-8126

Tabas I. Consequences and therapeutic implicatof macrophage apoptosis in
atherosclerosis: The importance of lesion stage amadgocytic -efficiency.
Arteriosclerosis, thrombosis, and vascular biolog§05;25:2255-2264

Burioni R, Canducci F, Saita D, Perotti M, Mamd, De Marco D, Clementi N,
Chieffo A, Denaro M, Cianflone D, Manfredi AA, Cattho A, Maseri A, Clementi
M. Antigen-driven evolution of b lymphocytes in corary atherosclerotic plaquek.
Immunol 2009;183:2537-2544

Leon B, Ballesteros-Tato A, Misra RS, Wojciemkki W, Lund FE. Unraveling
effector functions of b cells during infection: Thdden world beyond antibody
production.nfectious disorders drug target8012;12:213-221

Branen L, Hovgaard L, Nitulescu M, BengtssomNHsson J, Jovinge S. Inhibition of
tumor necrosis factor-alpha reduces atheroscleriosiapolipoprotein e knockout
mice.Arteriosclerosis, thrombosis, and vascular biolog904;24:2137-2142
Xanthoulea S, Thelen M, Pottgens C, Gijbels Mitgens E, de Winther MP.
Absence of p55 tnf receptor reduces atherosclertsis has no major effect on
angiotensin ii induced aneurysms in Idl receptofficckent mice. PloS one
2009;4:e6113

Boesten LS, Zadelaar AS, van Nieuwkoop A, GdjiddJ, de Winther MP, Havekes
LM, van Vlijmen BJ. Tumor necrosis factor-alpha mpates atherosclerotic lesion
progression in apoe*3-leiden transgenic micardiovasc Re2005;66:179-185

Ohta H, Wada H, Niwa T, Kirii H, lwamoto N, kuH, Saito K, Sekikawa K,
Seishima M. Disruption of tumor necrosis factorkap gene diminishes the
development of atherosclerosis in apoe-deficiemernditherosclerosis2005;180:11-
17

Canault M, Peiretti F, Mueller C, Kopp F, MogenP, Rihs S, Portugal H, Juhan-
Vague |, Nalbone G. Exclusive expression of tramabrane tnf-alpha in mice

136



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

reduces the inflammatory response in early lipicides of aortic sinus.
Atherosclerosis2004;172:211-218

Roth R, Mamula MJ. Trafficking of adoptivelyatisferred b lymphocytes in b-
lymphocyte-deficient micel Exp Biol 1997;200:2057-2062

Trinchieri G. Regulation of tumor necrosis €actproduction by monocyte-
macrophages and lymphocytésmunol Res1991;10:89-103

Mace KF, Ehrke MJ, Hori K, Maccubbin DL, Mihiéh Role of tumor necrosis factor
in macrophage activation and tumoricidal activ®ancer Res1988;48:5427-5432
Heidenreich S, Weyers M, Gong JH, Sprenger &in W, Gemsa D. Potentiation of
lymphokine-induced macrophage activation by tumecrasis factor-alphalournal
of immunology1988;140:1511-1518

Ciesielski CJ, Andreakos E, Foxwell BM, FeldmaiM. Tnfalpha-induced
macrophage chemokine secretion is more dependenf-kappab expression than
lipopolysaccharides-induced macrophage chemokineetien. European journal of
immunology 2002;32:2037-2045

Danis VA, Kulesz AJ, Nelson DS, Brooks PM. Gyte regulation of human
monocyte interleukin-1 (il-1) production in vitrtBnhancement of il-1 production by
interferon (ifn) gamma, tumour necrosis factor-alpit+2 and il-1, and inhibition by
ifn-alpha.Clinical and experimental immunolog}©90;80:435-443

Shingu M, Nobunaga M, Ezaki I, Yoshioka K. Rabmant human il-1 beta and tnf-
alpha stimulate production of il-1 alpha and il€tdby vascular smooth muscle cells
and il-1 alpha by vascular endothelial cdllée sciences1991;49:241-246

Dinarello CA, Cannon JG, Wolff SM, Bernheim HBeutler B, Cerami A, Figari IS,
Palladino MA, Jr., O'Connor JV. Tumor necrosis dagtachectin) is an endogenous
pyrogen and induces production of interleukin The Journal of experimental
medicine 1986;163:1433-1450

Ledesma E, Martinez |, Cordova Y, RodriguezaSEls Monroy A, Mora L, Soto I,
Ramos G, Weiss B, Santiago Osorio E. Interleukivefa (il-1beta) induces tumor
necrosis factor alpha (tnf-alpha) expression onsaomyeloid multipotent cell line
32d cl3 and inhibits their proliferatio@ytokine 2004;26:66-72

Ikejima T, Okusawa S, Ghezzi P, van der Meetr Diarello CA. Interleukin-1
induces tumor necrosis factor (tnf) in human pegipgh blood mononuclear cells in
vitro and a circulating tnf-like activity in rabbitThe Journal of infectious diseases
1990;162:215-223

Saperstein S, Chen L, Oakes D, Pryhuber G,elstdin J. ll-1beta augments tnf-
alpha-mediated inflammatory responses from lunghepal cells. J Interferon
Cytokine Res2009;29:273-284

Persson J, Nilsson J, Lindholm MW. Interleukbeta and tumour necrosis factor-
alpha impede neutral lipid turnover in macrophagaewed foam cells.BMC
Immunol 2008;9:70

Mezosi E, Wang SH, Utsugi S, Bajnok L, Bretz Eauger PG, Thompson NW,
Baker JR, Jr. Interleukin-1beta and tumor necrfaitor (tnf)-alpha sensitize human
thyroid epithelial cells to tnf-related apoptogishicing ligand-induced apoptosis
through increases in procaspase-7 and bid, anddtien-regulation of p44/42
mitogen-activated protein kinase activilyClin Endocrinol Metab2004;89:250-257
Bjorkerud S, Bjorkerud B. Apoptosis is abundantiuman atherosclerotic lesions,
especially in inflammatory cells (macrophages anelis), and may contribute to the
accumulation of gruel and plaque instabildyn J Pathal 1996;149:367-380

Geng YJ, Libby P. Evidence for apoptosis in axed human atheroma.
Colocalization with interleukin-1 beta-convertingnzgme. Am J Pathal
1995;147:251-266

Tabas |. Apoptosis and efferocytosis in mousalets of atherosclerosi€urrent
drug targets 2007;8:1288-1296

Silva MT. Secondary necrosis: The natural acutocof the complete apoptotic
program.FEBS letters2010;584:4491-4499

137



65.

66.

67.

68.

69.

70.

71.

72.

Williamson BD, Carswell EA, Rubin BY, PrendesgaS, Old LJ. Human tumor
necrosis factor produced by human b-cell lines:eggistic cytotoxic interaction with
human interferonProceedings of the National Academy of SciencefefUnited
States of America 983;80:5397-5401

Liu H, Ma Y, Pagliari LJ, Periman H, Yu C, L, Pope RM. Tnf-alpha-induced
apoptosis of macrophages following inhibition ofkafppa b: A central role for
disruption of mitochondrialournal of immunology2004;172:1907-1915

Tran TM, Temkin V, Shi B, Pagliari L, Daniel Berran C, Pope RM. Tnfalpha-
induced macrophage death via caspase-dependentinglegpendent pathways.
Apoptosis2009;14:320-332

Kleemann R, Zadelaar S, Kooistra T. Cytokinesd aatherosclerosis: A
comprehensive review of studies in miGardiovasc Re2008;79:360-376

Kyaw T, Winship A, Tay C, Kanellakis P, Hosseila Cao A, Li P, Tipping P, Bobik
A, Toh BH. Cytotoxic and proinflammatory cd8+ t Iphocytes promote
development of vulnerable atherosclerotic plaques dpoe-deficient mice.
Circulation. 2013;127:1028-1039

Shoenfeld Y, Gerli R, Doria A, Matsuura E, @GeriMM, Ronda N, Jara LJ, Abu-
Shakra M, Meroni PL, Sherer Y. Accelerated athdewssis in autoimmune
rheumatic disease€irculation. 2005;112:3337-3347

Greenberg JD, Furer V, Farkouh ME. Cardiovascséfety of biologic therapies for
the treatment of rdNat Rev Rheumata?012;8:13-21

Novikova DS, Popkova TV, Nasonov EL. The effettanti-b-cell therapy on the
development of atherosclerosis in patients witlunhatoid arthritisCurr Pharm Des
2012;18:1512-1518

138



Wild type

ApoE-/-

13.7%

16.5%

ApoE-/- (HFD)

18.4%

TNFa—

Wild type

o
(=]
(=]

[=2]

(=1

(=]
1

Mean Fluorescence Intensity
[\~ =
(=] o
(=] (=]

=]
1

1.07%

ApoE-/- (HFD)

2.67%

CD19—

[+1]

o

o
]

400 4

200 4

Mean Fluorescence Intensity

—
pd
Tl
(@]

e
]
: 16.7%

139

Figure 1



Figure 1 High fat diet fed ApoE mice have increased expression of TNFand
IFNy in B2 cells.

Spleen cells were obtained from wild type mice, Bpanice and ApoE mice fed a
high fat diet (HFD). Spleen cells were stimulatethva cocktail of PMA, ionomycin,
brefeldin A and monensin for 5-6 hours. Cells wanbsequently stained for surface
CD19 and for intracellular TNEand IFN. (A) Representative FACS plots show
gated CD19 TNFa" cells. Figures indicate the percentage of CDdIs that express
TNFa. (B) Mean fluorescence intensity of ThFexpression in CDI9cells was
significantly higher in ApoE mice after HFD(C) Representative FACS plots show
gated CD19IFNy " cells. Figures indicate the percentage of CDdls that express
IFNy. (D) Mean fluorescence intensity of IFNexpression in CDI9cells was
significantly higher in ApoE mice after HFD. Data represent (m¢S&EM) and n=8-

9 per group. *P<0.05.(E) Aortic cells were obtained from ApdEmice after HFD.
Cells were stimulated and stained for CD19, &Ndhd IFN as described above.
Representative FACS plots show gated CDIBFo" cells and CD19IFNy * cells.
Figures indicate the percentage of CD1&ells that express TNFand IFN

respectively.
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Figure 2
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Figure 2 Wild type B2 and IFNy” B2, but not TNFa” B2 cells, augment
atherosclerosis in lymphocyte-deficient Rag2yc”ApoE " mice. B2 cells from WT,
TNFa™” and IFN/" mice were adoptively transferred into lymphocyédiclent ApoE
" mice. Control mice were given vehicle-PBS. Aftew8eks HFD, the development
of atherosclerosis was assessed in the aortic.qlAuRepresentative microimages
show that mice with TNé&sufficient (WT or IFN,r"‘) B2 cells, but not TNé&-deficient
(TNFa™) B2 cells, have markedly increased for total irtitesion area and Oil Red
O-stained lipid accumulation in atherosclerotiadas (n=7-10 per group) Original
magnification X 60(B) En face ORO staining of aorta show that WT B2sceilt not
TNFa™ B2 cells significantly increased atherosclerokistghout the aorta (n=5 per
group). €) Comparable levels of WT B2, TNF B2 and IFN™ B2 cells were found
in the spleen.) Body weight and ) plasma lipid levels were not significantly

affected in all groups. Data represent (mesieM). * P<0.05 compared to vehicle-

PBS, #P<0.05 compared to WT B2.
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Figure 3
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Figure 3 B2-derived TNFa promotes expression of TNk and IL1p in the
atherosclerotic aorta.

Immunohistochemical peroxidase staining was camigito measure the expression
of TNFo and IL18 in atherosclerotic lesions. Expressior(Af TNFa and(C) IL1 in
atherosclerotic lesions were significantly increage lymphocyte-deficient ApoE
Rag2 yc” mice that received WT B2 cells or IFN B2 cells but not TN&"™ B2
cells. Original magnification X 160. Quantitative&time-PCR was also carried out
to assess arterial mMRNA expression of TN&nd IL1. ApoE Rag2 yc” mice
transferred with WT B2 cells or IFN B2 cells showed increased levelgdBj TNFa
and (D) IL1p aortic mRNA transcripts compared to control migkce that received
TNFo”™ B2 cells did not exhibit increased arterial expies of TNF and IL13. Data
represent (meaSEM) and n=7 per group. P<0.05 compared to vehicle-PBS; #

P<0.05 compared to WT B2.
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Figure 4 B2-derived TNFa promotes inflammation and accumulation of
macrophages in atherosclerotic lesions

(A) Immunohistochemical peroxidase staining was peréointo measure CD68
macrophage content in lesions. ApdEag2 yc’ mice that received WT B2 cells or
IFNy"' B2 cells, but not TN&"™ B2 cells, had significantly higher accumulation of
macrophages in lesions compared to control micerédtzived PBS-vehicle. Original
magnification X 60.(B) MCP1 in atherosclerotic lesion was also assessed b
immuohistochemical staining. Similarly, the expressof MCP1 relatively to lesion
area was significantly increased in mice transtemgh WT B2 cells or IFN"‘ B2
cells but not TNE” B2 cells. Original magnification X 160. Data repeat
(meaxrSEM) and n=7 per group. P<0.05 compared to vehicle-PBS; R<0.05

compared to WT B2.
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Figure 5 Atherosclerotic lesions in mice that receed TNFa-deficient B2 cells
have decreased apoptotic cells and necrotic corg®) Representative microimages
show more TUNEL apoptotic cells in the lesions of mice that reedivINFe-
sufficient (WT and IFN"') B2 cells but not in mice that received TiN#eficient
(TNFa™) B2 cells compared to PBS-vehicle control micB) (Representative
microimages stained with H&E show significantly dar necrotic cores in
atherosclerotic lesions of mice that received @sEfficient (WT and IFN™) B2
cells but not in mice that received TiBeficient (TNF") B2 cells compared to
control mice. Original magnification X 160. Datgpresent (mea5EM) and n=7-10.

* P<0.05 compared to vehicle-PBSP#0.05 compared to WT B2.
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Figure 6 Atherosclerotic lesions in mice that receed TNFo” B2 cells have less
apoptotic macrophages in lesionsAtherosclerotic lesions of lymphocyte-deficient
ApoE"Rag2"yc” mice that receivedd) WT B2 cells andB) TNFo” B2 cells were
stained with anti-CD68 antibody to identify macragks (red) and TUNEL (green) to
identify apoptotic cells. Double immunofluorescerstaining show more apoptotic
macrophages in lesions of mice that received WTcBIls compared to mice that
received TNl B2 cells. Representative images show co-locatinatif apoptotic
cells (TUNEL-positive; GREEN), macrophages (CD6&ipee; RED) and DAPI

(Nucleus; BLUE) n=3 per group.
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Figure 7
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Figure 7 TNFa-deficient B2 cells do not promote atherosclerosign B cell-
deficient pMT ApoE™ mice. B cell-deficient Apol‘:"uMT mice were adoptively
transferred with WT, TN&" or IFNy” B2 cells and fed HFD for 8 weeks.
Development of atherosclerosis was assessed iadfe sinus. ) ORO-stained
atherosclerotic lesions in B cell-deficient Ap’qE\/IT mice that received WT or IFN

" B2 cells showed increased lipid accumulation isides compared to mice that
received TNE” B2 cells or PBS. A similar result was obtained il lesion area.
Original magnification X 60.K) Representative microimages show that compared to
control mice macrophage accumulation in atherostteresions, as assessed by
immunoperoxidase staining with anti-CD68 antibodygs increased in mice that
received WT B2 cells or IFN" B2 cells but not in mice that received ToFB2
cells compared to control mice. Original magnificatX 60. C) Representative dot-
plots from spleen FACS analysis show that CII25 B2 cells were reconstituted at
similar levels, albeit low compared to ApbEnice fed a HFD for 8 weeksD) Body
weight and E) plasma lipid levels were not significantly affedtin all groups.
TNFo-sufficient (WT and IFN) B2 cells but not TNé&deficient (TNF™) B2 cells
increased K) TUNEL® apoptotic cell numbers andG) necrotic cores in
atherosclerotic lesions of ApdEMT mice. Data represent (meg®EM) and n=9-10

per group, *; p<0.05 compared to PBS group, #; @s@ompared to WT B2 group.
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Figure 8 Adoptively transferred B2 cells are foundn the atherosclerotic plagues
of recipient mice. WT, TNFo”" or IFNy"' B2 cells were adoptively transferred into
lymphocyte-deficient ApoERag2yc” mice. After 8 weeks HFD, anti-CD19
immunofluorescence staining was carried out to aletiee transferred B2 cells in
lesions. (A) Representative microimages show CD1@green) B2 cells in
atherosclerotic lesions of the respective recipiemte. Moreover, B2 cells were
isolated from Ly5.1 congenic mice and transferrgd B cell-deficient Apoli_'uMT.
Original magnification X 160(B) After 8 weeks HFD, CDI9(green) Ly5.1 (red)
B2 cells were found in the atherosclerotic lesignmunofluorescence stainin()
Adoptively transferred CDI%(green) WT B2, TNE" B2 and IFN™ B2 cells were
also present in the lesions of the respective i@uipApoE uMT mice. Original
magnification X 160. n=3 per group. |, tunica inéijMM, tunica media; white arrow

indicates CD19B2 cells
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Chapter 6 Integrated discussion and summary

6.1 Discussion and Future Directions

The importance of determining the specific roleBoell subsets in atherosclerosis
cannot be over emphasized. Early studies suggested B cells were
atheroprotective. LDLR mice that were depleted of B cells by bone marrow
transplantation from puMT mice showed increasedratuterosis (Major, Fazio et al.
2002) while the adoptive transfer of unfractionateglenic B cells into
splenectomised ApoEmice markedly reduced atherosclerosis (Calighitoletti et

al. 2002). However, the notion that B cells haveatireroprotective role is only true
to a certain extent. The B cell population considtsultiple B cell subsets which are
phenotypically and functionally distinct. In thisessis, | have shown major differential
roles for Bla and B2 B cells in atherosclerosis.a Bills were found to be
atheroprotective whilst B2 cells were found to kbeeogenic and were major
contributors to the development and progressioatioérosclerosis (Kyaw, Tay et al.
2010, Kyaw, Tay et al. 2011). | have also shown #therosclerosis can be reduced

by selectively depleting B2 cells while sparing BHdls (Kyaw, Tay et al. 2012).

In contrast to the previous paradigm of atheromtote B cells, depletion of B cells
by anti-CD20 antibody treatment suppressed theldpreent of atherosclerosis and
also intervened the progression of atherosclefos&poE" mice (Kyaw, Tay et al.
2010). Treatment with anti-CD20 antibody reducedhbBla and B2 cells. These
results bode well for rituximab as a clinical th@rao remit atherosclerosis. Indeed,
short-term treatment with rituximab reduces rhewidat arthritis-associated
atherosclerosis (Kerekes, Soltesz et al. 2009, @@n&aviola et al. 2013). Further

studies are required to determine the long-termcesdfof rituximab on atherosclerosis.
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One major reason that hinders a large scale clitiied is the difficulty of recruiting
subjects with hypercholesterolemia and various l¢ewé atherosclerosis which are

largely asymptomatic.

Over the years, rituximab has proven well in satetyns. Reactions ranging from
hypotension to fever and rash can be adequateliyradieal without compromising
patient health and therapeutic efficacy (Mease R0U8Bere were initial concerns
about adverse opportunistic infections following thepletion of the entire B cell
population. Fortunately, such cases have rarelyroed (Mease 2008). This is likely
due to the absence of CD20 expression in immatuoeBpcells and antibody-
secreting plasma cells. CD20 is only expressed ftapre-B cell stage to the mature
B cell stage (Townsend, Monroe et al. 2010). laimembrane-spanning protein of
297 amino acids (33 — 35kDa) and is assembledrto Bohomo-tetrameric complex
(~140kDa), which is deemed to serve as a calciumdaid for the influx of
extracellular calcium during the activation of BllsgEinfeld, Brown et al. 1988,
Bubien, Zhou et al. 1993, Polyak, Li et al. 20@8y.preserving pro-B cells and long-
lived plasma cells, mature B cells can reconstitptst-treatment and humoral
responses remain competent as shown by the nomtibbdy levels in rituximab-
treated patients (Tsokos 2004). Once bound to CBR&imab instigates cell-death
by one of four possible actions. These are antilmependent cellular cytotoxicity
(ADCC), complement-dependent lysis (CDL), survivatimuli blockade and
apoptosis (Tsokos 2004). The extent of these afimety depend on the population of
B cells that is targeted. For instance, unlike Qwbne B cells in the lymphoid

organs, B cells in the peripheral blood are mosesptible to ADCC (Tsokos 2004).
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Nevertheless, caution is still needed when treapiagents with rituximab. Recent
studies have shown that rituximab may increasdikieéhood of infections, such as
hepatitis B andPneumocystipneumonia, which can result in serious complicetio
(Gea-Banacloche 2010). This may preclude the useritnikimab to treat
atherosclerosis and highlights the possibility @kstively depleting B2 cells but not
Bla cells which are the first line of defense aghainfections. Moreover, rituximab
may not be suitable for patients who are alreadgtatins, given that statins alter the
conformation of CD20, potentially reducing the @bibf rituximab to deplete B cells

effectively (Winiarska, Bil et al. 2008).

A strategy that selectively targets atherogeniceBsas highly desired. The key is to
avoid perturbing atheroprotective B cells and othdrsets of B cells. In doing so, the
effectiveness of therapeutic B cell depletion ipewted to increase significantly. |
assessed the roles of the two main subsets of B, acehmely Bla cells and
conventional B2 cells. This approach was adoptedigim of the atheroprotective
effects of natural IgM, a principal product of Béells, and the pathogenic effects of
B2 cells reported in other immune disorders suchrh@simatoid arthritis. Indeed,
atherosclerosis was increased in lymphocyte-defickpoE Rag2 yc”™ mice that
received adoptive transfer of B2 cells but not jpo& Rag2 yc”™ mice that received
Bla cells (Kyaw, Tay et al. 2010). A similar outac®mvas obtained in B cell-deficient
ApoE"uMT mice, confirming an atherogenic role for B2 se(Kyaw, Tay et al.
2010). Of note, the results in ApbRag2yc” mice suggest that B2 cells can
promote atherosclerosis independently of other lymegtes and their trademark of
producing IgG antibodies. The localisation of adagy transferred B2 cells in

atherosclerotic lesions proposes that B2 cells exayt atherogenic responses locally
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within lesions. These findings are crucial for daihg therapies against a specific

function or subpopulation of B2 cells that is atganic.

While Bla cells do not aggravate atherosclerosis, possible that these cells protect
against atherosclerosis. The splenectomised Apotdel is an ideal platform to
ascertain whether Bla cells protect against athlEnasis. Splenectomised Ap6E
mice have reduced peritoneal Bla cells and exhibieased atherosclerosis (Kyaw,
Tay et al. 2011). Remarkably, the partial reconstih of Bla cells not only repressed
the aggravation of atherosclerosis caused by spiiemy but also suppressed the
development of atherosclerosis almost entirely (iCyday et al. 2011). However,
these effects did not occur in mice that were giBd@a cells deficient in secretory
IgM. On further investigation, the lesions of mittet received wild type Bla cells
were found to have increased IgM deposition, deg@aoxLDL accumulation,
decreased apoptotic cell numbers and decreasedticecores (Kyaw, Tay et al.
2011). It is conceivable that natural IgM antibadperform multiple atheroprotective
roles simultaneously which render them highly pbtarsuppressing atherosclerosis.
They may do so directly within atherosclerotic des by facilitating the disposal of
oxLDL antigens and apoptotic cells and systemictilpugh the activation of Th2
responses. Studies have shown that the Th2 cy®kinke-5 and IL-33 stimulate Bla
cells to secrete oxLDL-specific IgM and reduce atkelerosis (Binder, Hartvigsen et
al. 2004, Miller, Xu et al. 2008). As such, Blalee@hay have a vital relationship with
Th2 cells in modulating the development of atheleyssis which is mainly driven by
Thl responses. IL-5 and IL-33 are certainly potntherapeutic candidates for
expanding atheroprotective Bla cells. Future studigght to examine the possibility

of reversing established atherosclerosis by adtemig these cytokines or their
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agonists. Studies are also required to determimedle of IL-10-producing Bla cells
in atherosclerosis. These cells were found to nadduihe activity of macrophages
and dampen inflammation (Popi, Lopes et al. 20Bénce, it is likely that Bla cells

suppress atherosclerosis by producing IL-10 intamtdto natural IgM.

Bla cells are known to migrate from the peritoraaality to inflammatory sites. They
respond mainly to the chemokines CXCL12 and CXC{B&abanian, Foussat et al.
2002). The responsiveness of Bla cells to CXCLI2@XCL13 is regulated by their
autocrine production of IL-10 (Balabanian, Fousdadl. 2002). Of interest, CXCL12
and CXCL13 are highly expressed in atherosclenpiticjues and are believed to be
important in stabilizing established plagues (Snaé#bn, Halvorsen et al. 2012,
Akhtar, Gremse et al. 2013). On this account, B&liscmay be mobilised by
chemotactic signals to infiltrate atherosclero@sions to deposit atheroprotective
IgM. In this event, the local complement system mmediate the activity of Bla cells
in lesions. This is conceived from reports of pdxéa production of natural IgM
antibodies by Bla cells deficient in complementepgors 1 and 2 (CD21/CD35)
(Fleming, Shea-Donohue et al. 2002, Reid, Woodceickl. 2002, Carroll 2004).
Furthermore, the complement protein, C1q, has leeiicated in the selection and
maintenance of Bla cells and anti-apoptotic natigidl. Mice deficient in C1q have
a compensatory increase in Bla cells and IgM adifisoagainst antigens that are
sequestered intracellularly in healthy cells bytesed on dying cells (Ferry, Potter et
al. 2007). The binding of C1q to IgM forms complsxbat are essential for efficient
clearance of apoptotic cells. Absence of either Gd¢gM results in the build up of
apoptotic cells (Ferry, Potter et al. 2007). Apdtigteells that are not efferocytosed

are likely to become necrotic. The uncontrolleckégge of intracellular material from
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necrotic cells enhances inflammation and resulthénenlargement of necrotic cores
in atherosclerotic lesions which eventually becamstable. Hence, it is reasonable to
postulate that the abundance of apoptotic cells & Bla cells to traffick to the site

of lesions. This could spell a direct role for Bdadls in regulating inflammation and

efferocytosis within atherosclerotic lesions. Thagy return to the peritoneal cavity
upon secreting IgM and after apoptotic cells subsmdlesions. This pathway can be
exploited therapeutically to hamper the growth e¥e@loping lesions and maintain the

stability of established lesions to prevent theomfrrupture.

Human Bla cells have yet to be clearly charactérite mice, CD19CD5 CD11b
cells are identified as Bla cells. They vary inirthexpression of certain surface
molecules as they migrate from one location to laeotFor instance, Bla cells cease
to express CD5, CD11b and CR3 after they exit thigtgneal cavity (Fagarasan S
2002, Kawahara, Ohdan et al. 2003). This poseskledge to track the movement of
Bla cells in vivo. One potential solution is to aastitute B cell-deficient mice with
fluorescent-labelled or congenic / transgenic BaléscThis could provide additional
insights into the dynamics of Bla cells in regulgtinflammatory processes. The
expression of CD5 is believed to be a good indicatb Bla responses. CD5
negatively regulates the activation of Bla cellskéB, Carey et al. 1996). Upon
binding to cognate antigens, the B cell receptosoaates with CD5 which
subsequently induces apoptosis. In the absenc®bf Bowever, activated Bla cells
expand and secrete increased amounts of IgM amibdBikah, Carey et al. 1996,
Berland and Wortis 2002). Taken together, it ishhigplausible that atheroprotective

Bla cells are stimulated within inflamed lesionsevéhthere is a high presence of
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oxLDL antigens and apoptotic cells rather thanhe peritoneal cavity where CD5

expression is turned on.

To validate the atheroprotective role of Bla cafigl atherogenic role of B2 cells in a
more physiologically relevant model, the developtr@ratherosclerosis was assessed
in ApoE” mice that lacked B cell activating factor receplBAFF-R). The BAFF :
BAFF-R signalling system is crucial for the suntied mature B2 cells but not Bla
cells (Sasaki, Casola et al. 2004). With the selectduction of only B2 cells, ApoE
"BAFF-R’" mice displayed smaller atherosclerotic lesionsmanmad to control ApoE

" mice (Kyaw, Tay et al. 2012). A similar result watstained in a separate study that
examined BAFF-R deficiency in LDLRmice (Sage, Tsiantoulas et al. 2012). These
findings strongly assert that B2 cells are athemagelmportantly, the reduction in
atherosclerosis was accompanied by reduced inflailmmin the lesions of ApoE
BAFF-R” mice. Future studies can consider expanding atussiting Bla cells in
ApoEBAFF-R” mice to further inhibit the development of atheterosis. This may
encourage the design of combined therapies to wepiherogenic B2 cells and
expand atheroprotective Bla cells. Meanwhile, mattention can be placed on
blocking BAFF : BAFF-R interaction. This strateggshrecently gained traction with
our report of reduced mature B2 cells and attemuateerosclerosis in ApdEmice

treated with anti-BAFF-R antibody (Kyaw, Cui et aD13), a viable alternative to

rituximab.

BAFF is a member of a larger family of cytokinesotum as the B Lymphocyte
Stimulator (BLyS). The BLyS system is mainly consed of two ligands — BAFF

and A Proliferation-inducing Ligand (APRIL) and der receptors — BAFF-R,
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Transmembrane Activator and Calcium modulator ayadophylin ligand Interactor

(TACI) and B cell maturation antigen (BCMA) (Tang\gryant et al. 2006, Vital and
Emery 2008). In humans, BLyS receptors are diffeaéyp expressed among the B
cell subsets. Early-stage transitional and naived&® only express BAFF-R. TACI

and BCMA are mainly found on memory B2 cells andyeplasmablasts whereas
terminally differentiated plasma cells do not exsré8LyS receptors. Furthermore,
BAFF signals are only crucial for the survival mgt activation of human B2 cells

(Vital and Emery 2008).

BAFF binds strongest to BAFF-R amongst all the pemes while APRIL primarily
binds to TACI and BCMA (Vital and Emery 2008). Thiess, BAFF : BAFF-R is
known to be the most critical for the maturationB¥ cells. It also appears that the
effect of BAFF on B2 cells is dependent on itsdall source. For example, BAFF
produced by CD40L- and IENstimulated dendritic cells is particularly impartdor

the induction of isotype switching in activated 8&ls (Vital and Emery 2008). This
may provide opportunities to specifically nullifiye relevant atherogenic responses of
B2 cells as opposed to depleting B2 cells. BAFEeidainly a door to many potential
therapies. More work is required to uncover thectiams of APRIL, TACI and

BCMA which are still largely undefined.

Several BLyS-based therapies are currently undeggdinical trials for the treatment
of autoimmune disorders. Atacicept, otherwise kn@asnT ACI-Immunoglobulin, has
shown promising results against rheumatoid arthnii a phase 1 trial. It is a
humanised antibody that binds to BAFF and APRIL asdlces mature B cell and

immunoglobulin levels in the lymphoid organs anddal (Tak, Thurlings et al. 2008).
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Other anti-BLyS agents include Belimumab, whiclamsanti-BAFF antibody, and a
soluble decoy receptor for BAFF (Vital and Emery02D If successful, these

treatments can be emulated to combat atherosderosi

Although there is compelling evidence of B2 cellaying an atherogenic role, the
atherogenic action of B2 cells is not known. Acaogdto earlier findings, B2 cells
can exacerbate the development of atherosclerosithe absence of all other
lymphocytes (Kyaw, Tay et al. 2010). This suggehkts at least one atherogenic
action of B2 cells is independent of T cells andlejpendent of IgG antibody
production. Hence, one viable mode of action byewtgenic B2 cells is the
production of cytokines. Cytokine-producing B celse important regulators of
immunity. They do not account for the absolute am®wf cytokines secreted in vivo
but are believed to have significant influence kysely interacting with the major
cytokine producers, such as macrophages and ThI'ladcells, through paracrine
and autocrine manners (Lund 2008). Upon activaé@hc¢ells can become specialised
in releasing either pro-inflammatory cytokines ottianflammatory cytokines. The

earlier is more likely to occur for atherogenic &lls.

The failure of TNF-deficient B2 cells, but not TNFsufficient B2 cells, to
exacerbate atherosclerosis suggests that the gradlwf TNFox by B2 cells has an
atherogenic effect. Moreover, this was demonstratedhe lymphocyte-deficient
ApoE"Rag2"yc” model. This underscores the high potency of @gFoducing B2
cells in promoting the development of atherosclsresthout help from T cells and
other lymphocytes. For this to occur, there isrammgased likelihood that resident B2

cells in the aorta inflict atherogenic effects dihg on developing lesions by releasing
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TNFa. This is supported by a significant percentageartic B2 cells that express
TNFa in mice and humans (Hamze, Desmetz et al. 20133%. plausible that B2-
derived TN complements the activities of other inflammatorytokines and
perhaps those of its own to amplify atherogeneliss has been reported in other

inflammatory settings (Paludan 2000, Dorner 2006).

One cytokine that is commonly found to synergizethwiTNFa to promote
inflammation is IL-B (Andersen, Larsen et al. 2000, Sutton, Breretoal.e2006,
Pugazhenthi, Zhang et al. 2013). IB-t5 a member of the IL-1 family and is mainly
produced by macrophages. The secretion ofiletly occurs upon stimulation by
inflammatory signals (Vicenova, Vopalensky et @09). Like TNF, IL-1p has
been shown to be highly atherogenic. Aiﬂ'oﬁice deficient in IL-B were reported to
have significantly reduced atherosclerosis (Kifliwa et al. 2003). IL-g can
promote atherosclerosis in several ways. Increagnfigmmation within lesions
(Nicklin, Hughes et al. 2000), inducing the expressof adhesion molecules for
recruitment of immune cells into lesions (Kirii,Wwa et al. 2003) and diminishing the
stability of lesions (Shah, Falk et al. 1995) aoene examples of IL{¥mediated
atherogenic responses. This presents a possib&rggyetween B2-derived TNF

and IL-18 in promoting the development of atherosclerosis.

The increase in MCP-1 expression as well as numbapoptotic cells in the lesions
of mice with TNFu-sufficient B2 cells, but not TNEdeficient B2 cells, may be well
due to the combined effects of TiBENnd IL-13. As a consequence, there is increased
accumulation of macrophages and formation of nexamres in lesions. This could

explain the potent atherogenic effect of TdNsroducing B2 cells in spite of them not
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present in abundance in atherosclerotic lesionthitnregard, B2-derived TNFmay
be a chief stimulator that ignites a chain of abgenic responses. Unless TiNF
producing B2 cells express a distinct phenotypé¢ ¢ha be targeted to reduce their
presence in the aorta or atherosclerotic lesiomsework is required to identify the
mechanisms that antagonise the atherogenicity efld®ed TNk and the manner
which atherogenic B2 cells are activated to prodiiéo. Strategies to impede the
traffic of B2 cells to the site of lesions, perhdpsblocking specific chemokines or

chemokine receptors, may also be of significance.

In summary, Bla cells and B2 cells have oppositgsrim atherosclerosis. Bla cells
are atheroprotective while B2 cells are atherogeBic coincidence, both cell types
can act T-independently in their respective rolg%a cells spontaneously produce
natural IgM antibodies that stem the developmemeafrotic cores in lesions. On the
other hand, B2 cells promote inflammation in lesiam a TNFi-dependent fashion

without help from other lymphocytes and indepenigeoitigG antibody production.
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