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Abstract

Both the chronic development of atherosclerotic lesions and the acute changes in lesion phenotype
that lead to clinical cardiovascular events are significantly influenced by the innate and adaptive
immune responses to lipoprotein deposition and oxidation in the arterial wall. The rapid pace of
discovery of mechanisms of immunologic recognition, effector functions, and regulation has
significantly influenced the study of atherosclerosis, and our new knowledge is beginning to affect
how we treat this ubiquitous disease. In this review, we discuss recent advances in our
understanding of how innate and adaptive immunity contribute to atherosclerosis, as well as
therapeutic opportunities that arise from this knowledge.
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INTRODUCTION

Atherosclerosis is a leading cause of morbidity and mortality worldwide. Despite the
widespread use of statins to lower plasma cholesterol, the burden of cardiovascular disease
(CVD) that results from atherosclerosis is likely to increase due to the persistence of risk
factors such as smoking and sedentary lifestyle, as well as increasing obesity, metabolic
syndrome, and diabetes. There have been remarkable advances in our understanding of the
cellular and molecular events in the pathogenesis of atherosclerosis that hold the promise of
translation into therapies directed at these newly discovered targets. The most significant of
these advances is the accumulating knowledge of how the immune system contributes to
chronic atherosclerotic lesion development and how immune responses promote
destabilization of established arterial lesions resulting in acute catastrophic clinical events.
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The concept that the pathogenesis of atherosclerosis involves inflammatory reactions to
intimal deposition of lipoprotein is well established and has been thoroughly described in
many excellent recent reviews, including one in this journal (1). The relationship between
inflammation and immune responses has been clarified by advances in our understanding of
innate and adaptive immunology. Innate immune responses are initiated by the body’s
recognition of signature molecules that are associated with danger to the organism. These
molecules are either of microbial origin [i.e., pathogen-associated molecular patterns
(PAMPs)] or self-molecules that should not be expressed or accessible to the immune
system unless there is cell injury or death [i.e., damage-associated molecular patterns
(DAMPs)]. DAMPs may be molecules that are normally sequestered within cells and
released in response to injury, such as heat shock proteins (HSPs) or high-mobility group
protein 1, or they may represent newly generated, “altered-self-molecules,” for example,
those created by various nonenzymatic chemical modifications, such as the formation of
AGEs (advanced glycation end products). Various soluble circulating proteins and cell-
surface or intercellular receptors [pattern recognition receptors (PRRs)] recognize DAMPs
and PAMPs. Following recognition, these receptors simulate responses that are usually
protective, such as killing of microbes or stimulating cleanup and repair of dead tissue. The
primary response induced by PRR engagement of PAMPs or DAMPs is inflammation.
Often, innate inflammatory responses damage the host, especially when the stimuli are
persistent, excessive, or resistant to eradication. Given the nature of the risk factors for
atherosclerosis, persistent and sometime excessive stimulation of the innate immune system
may be present within the arterial walls of susceptible patients.

Adaptive immune responses can be induced by almost any type of molecular structure (i.e.,
antigen) when it is recognized, in the right context, by receptors on lymphocytes [membrane
immunoglobulins (Igs) on B cells, T cell receptors (TCRs) on T cells]. The somatic DNA
recombination mechanisms that form the functional genes encoding Igs in B cells and TCRs
generate a tremendous diversity of clonally distributed receptor specificities. In response to
antigen recognition, in combination with costimulatory signals induced by innate immune
responses, lymphocytes proliferate and differentiate into effector cells that help eradicate
infection. Many of these functions, such as effector B cell secretion of antibodies that
activate the complement system, are proinflammatory or engage cell-activating Ig Fc
receptors on phagocytes. Effector T cells secrete cytokines and express surface proteins that
enhance the inflammatory functions of endothelial cells (ECs) and phagocytes. Thus,
inflammation—often mediated by the same molecules used in innate responses—is an
important way in which the adaptive immune system protects us from infection.

Persistent adaptive responses can also cause tissue damage and disease by promoting
inflammation, especially when the inciting antigens are resistant to eradication or there are
intrinsic defects in the regulation of lymphocytes. Importantly, unlike the innate immune
system, the adaptive immune system has a built-in potential to randomly produce antigen
receptors that recognize normal or abnormally modified self-molecules as well as harmless
foreign molecules. We rely on various tolerance mechanisms to prevent the survival or
activation of the T cells that bear these receptors, but these mechanisms may fail, leading to
chronic inflammatory and autoimmune disease.
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On the basis of our current understanding, it is reasonable to state that inflammation is
always triggered by innate and/or adaptive immune responses to either damaged self- or
foreign stimuli. Furthermore, initiation of adaptive immune responses usually requires prior
innate responses. Therefore, a thorough understanding of atherosclerosis demands more
knowledge about how innate and adaptive immunity operate systemically and locally within
the arterial walls of people at risk of atherosclerosis. In this review, we briefly summarize
older literature but focus more on recently reported evidence from various basic and clinical
research studies that have added to our understanding of immune mechanisms in
atherogenesis. The discussion is organized into sections on innate immunity, adaptive
immunity, and a synthesis on translational opportunities and challenges. Note that much of
the research in this field has relied on low-density lipoprotein receptor-deficient (Ldir =) or
apolipoprotein E (ApoE)-deficient (Apoe™~) mice in which atherosclerotic lesions develop
because high plasma cholesterol levels can be sustained. The degree to which data from
mouse studies accurately describe human vascular disease is largely unknown, and a major
challenge in this field is to acquire more and better human data. Because of space
constraints, we are unable to discuss or cite many excellent relevant papers, for which we
apologize in advance.

INNATE IMMUNE RESPONSES THAT ARE RELEVANT TO
ATHEROSCLEROSIS

A central challenge in atherosclerosis research is the identification of disease-specific
PAMPs or DAMPs that provoke innate immune responses in the arterial wall, which in turn
promote lesion formation. The traditional view is that the immune system has evolved
mainly for protection against infections; therefore, it is plausible that antimicrobial
immunity, either toward a specific organism or in aggregate, may contribute to the chronic
development of atherosclerosis. However, there is little evidence that infections are the
primary inducers of proatherogenic innate responses. This important concept has been the
subject of many studies, as recently reviewed elsewhere (2). An attractive alternative
hypothesis is that it is recognition of DAMPSs that triggers innate immune mechanisms in
atherogenesis. In this context, there is considerable evidence that an immune response to
bacterial HSPs can subsequently cross-react with HSPs expressed on the surface of ECs
injured in the context of atherogenesis, resulting in inflammatory responses (3). Similarly,
immune responses to cholesterol crystals in lesions cause inflammatory responses (4).
Although these immunological processes may indeed contribute to disease progression, they
may be considered secondary, similar to those of other infectious agents, as mentioned
above.

Among the many potential endogenous DAMPSs that can trigger innate immune responses in
atherogenesis, most evidence has focused on products resulting from oxidative reactions,
and in particular, lipid peroxidation, as having primary importance. Although elaborate and
complex antioxidative mechanisms to reduce oxidized “bystander” molecules to their
normal states have evolved, if these mechanisms fail, innate immunity seems to have
evolved multiple mechanisms to mediate removal of these oxidatively modified molecules,
cells, and debris that, if not sequestered and removed, would be proinflammatory and
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immunogenic. There is now considerable evidence that a major mechanism by which
recognition of oxidation-damaged molecular complexes occurs involves the detection of
oxidation-specific epitopes (OSEs), which constitute common motifs of oxidative damage
and are ligands for a common set of innate PRRs. Thus, host-derived OSEs are an important
class of DAMPs and constitute a major target of innate immunity (reviewed in Reference 5).
Because OSEs are created whenever LDL is oxidized (OxLDL) and whenever cells undergo
apoptosis and/or death (6)— processes that are central to atherogenesis— they become
major disease-specific antigens that engage innate immunity in atherosclerosis. Furthermore,
because many OSEs share molecular identity and/or mimicry with epitopes on microbes,
there is a link between innate responses to microbial PAMPs and endogenous DAMPs of
oxidative origin (5, 7).

OSEs that are prominently expressed on apoptotic cells and cellular debris are
proinflammatory and immunogenic if not removed (6). Macrophage PRRs, such as the
macrophage scavenger receptors (SRs) CD36 and SR-A [which recognize OSES on
apoptotic cell surfaces such as oxidized phospholipids (OxPLs) and malondialdehyde
(MDA)-modified structures, respectively] are intimately involved in the process of apoptotic
cell removal (5, 8, 9). Both the IgM natural antibody (NAb) E06 and C-reactive protein
(CRP) (10) recognize OxPL and can further participate in such cell removal. Understanding
that OSEs form a family of DAMPs recognized by innate PRRs gives rise to a conceptual
framework that helps explain why innate immunity is so heavily involved in the
pathophysiology of atherosclerosis. Although the usefulness of inhibiting lipid peroxidation
in humans remains to be demonstrated, there is widespread acceptance of the importance of
oxidation of LDL in atherogenesis (11, 12). Although the original concept that OSES on
OXLDL constituted the ligands leading to enhanced and unregulated uptake by macrophage
SRs propelled the oxidation hypothesis to the forefront, it is now apparent that the OSEs are
proinflammatory and immunogenic and therefore that, as a class, they are among the most
important primary candidate antigens driving immunological responses in atherogenesis.
Undoubtedly, there are other major classes of DAMPs that are important innate antigens in
atherosclerosis. In the discussion below, we review the roles of various innate PRRs and
effectors in atherosclerosis, focusing on OXLDL and OSEs as important DAMPs recognized
by these PRRs.

Oxidized Low-Density Lipoprotein and Oxidation-Specific Epitopes

Many lines of evidence suggest that LDL undergoes oxidation in vivo, particularly under
conditions of hyperlipidemia and when retained in the vascular wall, as recently reviewed
(12). The precise mechanisms that are responsible for formation of OxLDL in vivo are likely
to be complex and to consist of both enzymatic and nonenzymatic processes (13). LDL
oxidized by exposure to copper in vitro is a widely used model of extensively oxidized LDL
and generates various oxidized lipids and oxidized lipid—protein adducts, including OxPL, in
which the sn-2 polyunsaturated fatty acid undergoes lipid peroxidation, leading to
decomposition products such as MDA. In turn, both OxPL and MDA form covalent adducts
with proteins, including ApoB of LDL. ApoB also undergoes direct oxidative attack. Other
oxidatively modified lipids, such as oxidized cholesterol esters (OxCEs) also form.
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Importantly, LDL eluted from plaques in hypercholesterolemic rabbits or humans possess
nearly all of the characteristics of in vitro-prepared OXLDL (14).

So-called minimally oxidized LDL (mmLDL) has a lower content (and different types) of
OSEs. OxLDL contains abundant truncated aldehydes, ketones, and carboxy! products of
advanced PUFA oxidation, whereas mmLDL contains predominantly early lipid
peroxidation products of PL and CE formed by 15-lipoxygenase (15-L0O), an intracellular
enzyme found in all vascular cells under inflammatory conditions (15). Human 15-LO and
mouse 12/15-LO have been proposed to play a major role in in vivo LDL oxidation and the
development of human and experimental murine atherosclerosis, as reviewed in Reference
16. Accumulation of CE hydroperoxides has been documented in human atherosclerotic
lesions and in the lesions of Apoe™~ and Ldir~~ mice fed a high-fat diet (15, 17). Analyses
of the lipids of mmLDL revealed the presence of polyoxygenated OXCEs in which the
cholesterol moiety was not oxidized but the arachidonate acyl chain was (15). Such OXCEs
have numerous proinflammatory effects on macrophages that are mediated by TLR4
signaling (5), as described below.

Macrophage Scavenger Receptors

Macrophage SRs are so named because they bind and internalize extensively oxidized LDL
but not native LDL (18) or mmLDL. SRs are PRRs and include CD36, SR-Al and SR-A2,
SR-BI, MARCO, LOX-1, PSOX, and others (19). Remarkably, although all were originally
identified (and so named) for their ability to bind OSEs as found on OXLDL, they also bind
a wide variety of different ligands, including many microbial pathogens (PAMPs). CD36
and SR-A have the highest affinity for OXLDL and acetylated LDL, respectively, and are
responsible for up to 90% of their uptake by macrophages in vitro, although in vivo other
SRs may play important roles as well (reviewed in Reference 19).

The phosphocholine (PC) headgroup of OxPLs in OXLDL is a major ligand mediating
binding to CD36 and SR-BL1. In contrast, the PC of nonoxidized PL is not recognized.
POVPC [1-palmitoyl-2-(5"-oxovaleroyl)-sn-glycero-3-phosphocholine] is an example of an
OxPL that binds to CD36. CD36 recognizes the PC on both free POVPC and POVPC
covalently linked to ApoB. Furthermore, POVPC linked to bovine serum albumin (BSA)
competes with the binding of OxLDL to CD36, as does the IgM NAb E06, which binds
specifically to the same PC moiety, as described below. Importantly, cells undergoing
apoptosis contain an increased content of such OxPL, and their binding and uptake by
macrophages can be inhibited entirely by OxLDL, POVPC-BSA, and E06 (9). Thus, the PC
of OxLDL and of apoptotic cells is a DAMP recognized by macrophage SRs.

OxPL also contains other oxidized moieties that are recognized by CD36, including moieties
on the sn-2 side chain of both PC and phosphatidylserine-containing PL, that are sufficient
ligands to mediate binding of both OxLDL and apoptotic cells to CD36 (20). Binding of
both the PC headgroup and the oxidized side-chain moieties of OxPL to different sites on
CD36 probably lead to cooperative high-affinity binding of OXLDL and apoptotic cells to
CD36. SR-A can bind to both OXLDL and acetylated LDL, but at different molecular sites
(21). These data, which illustrate that innate PRRs can bind to multiple OSEs and that some
OSEs even have two moieties that serve as DAMPs, suggest that the ability to clear OSEs is
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evolutionarily important. SR-A also binds MDA epitopes, as occurs on OxLDL, MDA-LDL,
and apoptotic cells (reviewed in Reference 5).

The role of individual SRs in atherogenesis in vivo is unclear. CD36 and SR-A mediate
high-affinity uptake and appear to account for up to 90% of the uptake of OXLDL in vitro in
short experiments in culture; these findings suggest that targeted deletion of these receptors
in mice should reduce atherogenesis. Such reduction in atherogenesis has been observed in
some experimental studies, but not others, for reasons that are not apparent (reviewed in
References 22 and 23). However, note that there are multiple SRs that can mediate uptake of
OXxLDL, and in vivo genetic targeting of one or more SRs may lead to upregulation of
others. Furthermore, even the deletion of a high-affinity receptor mediating OXLDL uptake
may not prevent foam cell formation, given that slower rates of OXLDL uptake mediated by
less-efficient SRs may still cause the same net cholesterol accumulation (although it may
take a longer period of time).

Toll-Like Receptors

Toll-like receptors (TLRs) are an important class of innate PRRs that are widely expressed
on many cell types, recognize both PAMPs and DAMPs, and initiate complex signal
transduction pathways that mediate strong inflammatory responses. Many published studies
have addressed TLRs and their ligands in atherosclerosis (reviewed in Reference 24). TLRs
are expressed by ECs, macrophages, dendritic cells (DCs), lymphocytes, and vascular
smooth muscle cells, all of which are implicated in atherosclerotic lesion development.
Genetic deficiency in the adaptor protein MyD88, which is required for signaling by most
TLRs, or a lack-of-function mutation of the adaptor protein TRIF, which is required for
TLR3 and TLR4 signaling, protected atherosclerosisprone mice from developing lesions
(24, 25).

Studies performed with TLR-deficient atherosclerosis-prone mice, however, have revealed
complexities related to the various roles of TLRs in promoting inflammation, protecting
against infections, and inducing regulatory mechanisms. Non-bone marrow-restricted
deficiency of TLR2 in Ldir”~ mice reduced atherosclerosis, indicating that there is an
endogenous proatherogenic TLR2 ligand in the hypercholesterolemic animals; an exogenous
TLR2 ligand that binds to bone marrow-derived cells increased atherosclerosis (24).
Deficiency of TLR4 or TLR2 in Apoe™'~ mice reduced aortic intimal lipid accumulation and
blocked increased expression of interleukin (IL)-1a and monocyte chemotactic protein
(MCP)-1 messenger RNA (mMRNA) (26). In contrast, TLR4 deficiency leads to markedly
enhanced lesion development and increased lesional effector infiltration in Apoe™~ mice
infected with the periodontal pathogen Porphyromonas gingivalis (27).

In addition to the possibility that microbial PAMPs may contribute to atherosclerosis by
activating TLRs on arterial wall cells, there is evidence that endogenous OSEs found in
atherosclerotic lesions can activate both TLR4 and TLR2 in complex ways that often depend
on cooperativity between multiple PRRs. For example, OxPL found on OxLDL or on
lipoprotein a [Lp(a)] can mediate apoptosis in ER-stressed macrophages through a
mechanism requiring both CD36 and TLR2 (28). Other studies suggest that OxLDL
activation of CD36 occurs via engagement of the TLR4/TLR6 heterodimer, but not at the
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cell surface, in endosomes (29). OxPLs also activate TLR2 on macrophages in a signaling
pathway mediated by Nrf2, which causes a unique phenotype characterized by decreased
phagocytosis and chemotactic activity (30). Furthermore, OxPLs activate TLRs on ECs. For
example, OxPLs bind membrane CD14 and an as-yet-unidentified
glycosylphosphatidylinositol-anchored receptor, leading to activation of ECs via TLR4 (31).
However, OxPLs impair lipopolysaccharide (LPS) activation of TLR4 by binding to soluble
CD14 and LPS-binding protein (LBP) and thus compete for LPS recognition (32, 33). To
date, most studies have actually utilized mixtures of various PC-containing OxPLs. Future
studies with specific OxPLs may help determine the exact interactions between the various
OxPLs and TLRs and their coreceptors.

Other OSEs are also ligands for TLRs. mmLDL derived by the action of 15-LO on LDL
binds to CD14 and activates macrophages via TLR4/MD-2 (5). A subsequent study showed
that OXCE, made by exposure of cholesterol arachidonate to 15-L0O, is responsible for many
(but not all) TLR4-dependent proinflammatory and proatherogenic macrophage responses to
mmLDL, including enhanced macrophage phagocytosis; this process led to enhanced uptake
of both OXLDL and native LDL (15). Because the presence of such OxCEs has been
demonstrated in both murine and human atherosclerotic lesions, these OSEs, like those of
OxPL and MDA, are probably important antigens activating innate responses. Furthermore,
activation of TLR4 via OXCE leads to a downstream signaling pathway mediated by Syk,
which differs fundamentally from the pathway that is initiated when LPS activates TLR4
signaling. Because of the signaling differences between LPS- and OxCE-induced activation
of TLR4, costimulation of macrophages by these two ligands give rise to cooperative
effects, leading to greater activation than is achieved by either stimulus alone (34). The
cooperative macrophage activation with low levels of both mmLDL (OxCE) and LPS may
be relevant to the increased risk of acute CVD events in patients with atherosclerosis that is
complicated by chronic infections, obesity, type 2 diabetes, and other conditions associated
with subclinical endotoxemia.

Soluble Pattern Recognition Receptors

Many cell-surface PRRs, such as CD14, MD-2, LOX-1, and CD36, also exist in a soluble
form. Although their exact functions are unknown, some soluble PRRs can activate their
signaling counterparts, but when present at higher concentrations and when bound to
different ligands, they are inhibitory, as has been suggested for OXPL bound to soluble
CD14 (35).

Other circulating PRRs include LBP, various lectins, pentraxins, and complement proteins.
The short acute-phase pentraxin CRP is now widely used as biomarker of inflammation and
as an important risk factor for CVD. However, CRP was initially identified as the protein in
the C fraction of plasma that bound Streptococcus pneumoniae; it binds the PC moiety on
the cell wall polysaccharide of the microbe and mediates enhanced clearance of this and
other PC-containing pathogens. CRP similarly binds to the PC moiety of OXPL on OxLDL
or on apoptotic cells, but it does not bind to the PC of nonoxidized PLs (10). Furthermore,
CRP is colocalized in atherosclerotic lesions with the PC of OxPL, presumably on OxLDL
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and apoptotic cells (10). Thus, this PRR recognizes the PC of OxPL, as do CD36 and SR-B1
and, as described below, the IgM NAb EQ6.

In analogy to the role of CRP in binding the PC of OxPL, complement factor H (CFH), a
primary inhibitor of the alternative pathway of complement activation, binds the OSE MDA.
CFH is the major plasma protein that binds MDA-modified protein (36). A study of its
binding properties revealed that the H402 polymorphism, which is strongly associated with
age-related macular degeneration (AMD), nearly abolished the ability of CFH to bind MDA.
Injection of MDA-modified protein into the eyes of mice was proinflammatory, but the
coinjection of CFH blocked the response. This observation suggests that the inability of
H402 to bind MDA mediates inflammation in AMD (36). It will be interesting to determine
whether CFH plays a similar role in other inflammatory diseases, such as atherosclerosis.
Thus, one may consider CFH to be a PRR-recognizing MDA, in analogy to CRP binding to
the PC of OxPL.

Natural Antibodies

NAbs can be considered part of the humoral arm of innate immunity. In mice, a primoridial
subset of B cells, namely B-1 cells, secrete NAbs, which are predominantly IgM and IgA.
NADbs are present at birth or shortly thereafter and are also present in gnotobiotic mice
maintained in a completely sterile environment. Most, if not all, IgM in plasma of uninfected
mice are of B-1 cell origin, and antigen exposure later in life can cause the expansion of B-1
cell clones, leading to increased IgM levels in plasma. B-1 cells have restricted use of

Vy/ VL genes that are minimally edited, are considered to be of germ-line origin, and are of
limited diversity. Because they are conserved by natural selection, NAbs presumably have
advantageous properties that maintain homeostasis, such as their crucial role in immediate
host defense against PAMPs and DAMPs.

Evidence supporting an atheroprotective role of NAbs is that sigM =/~ Ldlr~~ mice, which
cannot secrete IgM, develop significantly greater atherosclerosis than do Ldlr~~ controls
(37). Splenectomy enhances atherosclerosis in Apoe™~ mice, and whole B cell transfer into
such mice is atheroprotective (38). More recently, investigators showed that B-1 cells, but
not B-2 cells, conferred this protection and that transfer of B-1 cells unable to secrete IgM
lost the protective capacity; in other words, the IgM were atheroprotective (39). In human
populations, OXLDL-specific IgM titers are inversely associated with CVD, at least in
univariate analyses (40). All these findings are consistent with an important role for IgM
NADbs in limiting atherosclerotic disease.

Consistent with the concept that OSEs are a major target of innate immunity, 20-30% of all
IgM in plasma of mice and in newborn human cord blood bind to OSEs (8). The
prototypical IgM NAb EQ6 illustrates well the potential atheroprotective properties of a NAb
to an OSE (reviewed in Reference 5). E06, selected for its ability to bind to OXLDL, was
cloned from a panel of hybridomas from cholesterol-fed Apoe™~ mice. E06 bound to the PC
of OxPL, which is present on OxLDL but also on apoptotic cells. EO6 can block the uptake
of OXLDL by macrophage SRs CD3 and SR-B1, and it can similarly inhibit the uptake of
apoptotic cells; for instance, the PC moiety is a ligand that binds to CD36 and SR-B1. E06 is
100% homologous to the previously cloned, germ-line-encoded NAb T15, an IgA clone that
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had been studied more than 30 years earlier because it binds to PC (not as part of a PL) that
is covalently linked to the cell wall polysaccharide of pathogens and confers optimal
protection to mice from lethal infection with S pneumoniae. The original T15-1gA and E06-
IgM NADbs displayed identical binding properties (41). Thus, E06 displays the known ability
of a NADb to bind to both an endogenous DAMP and an exogenous PAMP. These seminal
studies demonstrate molecular (and immunological) identity between the PC of OxPL
present on OxLDL and apoptotic cells, on the one hand, and the PC moiety present on
pathogens, on the other hand. As mentioned above, E06 can inhibit OXLDL uptake by
macrophages; this observation suggests that E06 is atheroprotective. Indeed, immunization
of cholesterol-fed Ldlr~~ mice with heat-killed S. pneumoniae markedly increased E06
titers in plasma, which in turn led to atheroprotection (7).

Approximately 20% to 30% of all IgM derived from B-1 cell clones bind to OSEs (8).
Among these, there is a high prevalence of IgM to MDA and the complex structural adducts
that are generated when MDA is added to proteins. Remarkably, there is a high prevalence
of IgM to MDA-LDL even in wildtype C57BL/6 mice, as well as in healthy adult humans
(42). Recently, a distinct population that represents the human B-1 cell equivalent
(CD20*CD27*CD43*CD707) was identified (43). These cells spontaneously secrete IgM,
stimulate T cells, express tonic intracellular signaling, and express B cell receptors with
typical binding for two specificities, including binding to the classic PC antigen. The
prevalence of B-1 cells in cord blood is ~2-5% of all B cells— nearly twice as great as in
adults. Furthermore, newborn human umbilical cord blood has a similarly high titer of

MDA -specific IgM, which binds apoptotic cells and atheroscleratic tissues (8). Because IgM
does not cross the placenta, cord-blood IgM antibodies are thought to represent the human
equivalent of innate NAbs in mice. These data suggest that OSEs are an important target of
innate NAbs in humans, as they are in mice.

Because human B-1 cells, like B-2 cells, express CD20, they may also be targeted and
depleted with anti-CD20 monoclonal antibodies that are currently used to treat autoimmune
diseases; this treatment could be unfavorable for CVD. It will be important to monitor IgM
titers and CVVD parameters in patients who are chronically treated with this therapy. Figure 1
illustrates the concept that OSEs are an important target of multiple innate immune PRRs
and uses PC as a representative OSE.

The NLPR3 Inflammasome

IL-1B, a principal innate immune system cytokine that is most abundantly produced by
activated macrophages, is expressed in atherosclerotic lesions and is implicated in lesion
inflammation by many in vitro and in vivo studies (reviewed in Reference 44). IL-1f
deficiency in Apoe™~ reduces lesion development (45). Recent studies suggest that
cholesterol crystals emerge at the earliest time points of diet-induced atherogenesis,
concurrently with the appearance of immune cells in the subendothelial space (4). Indeed,
lipid peroxidation promotes the formation of crystalline structures of free cholesterol (46). In
atherosclerotic lesions, cholesterol crystals are found not only outside cells but inside
macrophages, and they activate the intracellular PRR NLRP3 (cryopyrin), the critical
component in caspase-1-mediated production of active IL-1 (4, 47). Indeed, cholesterol
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crystals induced 1L-1p secretion by wild-type but not NIrp3~/~ macrophages.
Transplantation of NIrp3~~ or 11-17/~ bone marrow into Ldir~~ mice significantly reduced
diet-induced atherosclerosis in one model (4), but another study found that NLRP3
deficiency did not influence atherogenesis in Apoe™~ mice (48).

VASCULAR ANTIGEN-PRESENTING CELLS: THE BRIDGE BETWEEN
INNATE AND ADAPTIVE IMMUNE RESPONSES IN ATHEROSCLEROSIS

Antigen-presenting cells (APCs) are essential to adaptive immune responses because they
engulf and process protein antigens and present them in association with MHC complexes
on the cell surface for recognition by T cells. DCs are the most important APCs for the
activation of ndive T cells, whereas DCs, macrophages, and B cells all function as APCs for
effector and memory T cells that were previously differentiated from activated ndive T cells.
DCs constitutively populate most tissues of the body in which—Dby virtue of their rich
repertoire of PRRs, their long dendrite-like cytoplasmic processes, and their robust
phagocytic and endocytic activity—they function as efficient sentinels of PAMPs and
DAMPs. After innate immune simulation, DCs migrate from tissues into draining lymphoid
tissues, where they may interact with recirculating néive T cells. Thus, DCs probably
encounter antigens from arterial walls and are involved in activation of T cells specific for
these antigens.

There is a well-established and evolving literature on resident vascular APCs in normal and
atherosclerotic arteries. The presence of class || MHC-expressing macrophages within the
intima of early human atherosclerotic lesions was described in the early 1990s (49).
Subsequently, cells with morphology and markers consistent with DCs (CD1a, s100) were
described in normal arteries, and these cells were more abundant in early lesions (50, 51).
Morphologic and immunohistochemical studies using more specific DC markers have
confirmed the existence of human and mouse vascular DCs and have demonstrated their
topological proximity with lesional T cells (52, 53). DCs within atherosclerotic lesions take
up cholesterol and (presumably) cholesterol-containing lipoproteins, and such lipid-loaded
DCs remain capable of antigen presentation (54). Two photon microscopy studies of
explanted mouse aortas show that atherosclerotic lesion resident CD11c* APCs can activate
effector T cells (55). To date, there is no definitive evidence that DC migration from arteries
to lymphoid tissues is required for initiation of proatherogenic T cell responses; indeed, such
artery-to-lymph node migration may not be required to activate ndive T cells by antigens
such as OXLDL, given that such OSEs can also be generated in extravascular sites.

ADAPTIVE IMMUNE RESPONSES THAT ARE RELEVANT TO
ATHEROSCLEROSIS

In humans, the evidence that adaptive immune responses contribute to the development and
complications of atherosclerotic lesions is restricted to correlative data from analyses of
blood from CVD patients and to examinations of atherosclerotic lesions removed surgically
or at autopsy. Specific serum biomarkers of adaptive humoral immune responses that
correlate with atherosclerotic disease include levels of antibodies that are specific for HSP60
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or HSP65 (reviewed in Reference 56) and for OXLDL (reviewed in References 40 and 57).
Many studies have found correlations between various subsets of T cells in the blood of
patients with acute coronary syndrome (ACS), discussed below. The strikingly elevated risk
of atherosclerotic disease in patients with systemic autoimmune diseases, especially
systemic lupus erythematosus and rheumatoid arthritis (58), also supports the hypothesis
that adaptive immune responses promote atherosclerosis, although in both of these diseases,
systemic inflammation mediated by innate immune cytokines [e.g., tumor necrosis factor
(TNF) or type | interferons (IFNs)] may be the downstream culprits in promoting vascular
disease.

During the past 20 years, genetically manipulated mice have been used to test whether
various components of adaptive immunity affect atherosclerotic lesion development and
phenotype. The impact of a complete absence of adaptive immunity on atherosclerosis was
examined by use of atherosclerosis-prone Ldir~~ or Apoe™~ mice crossed with Ragl ™",
Rag2~"~, or SCID mice, each of which lacked both T and B lymphocytes. In the presence of
very high cholesterol levels, lesion progression was not affected by the absence of
lymphocytes, suggesting that adaptive immunity has little impact on atherogenesis in the
context of overwhelming hypercholesterolemia, perhaps because macrophages can be
activated by OxLDL alone. With more moderate degrees of hypercholesterolemia,
atherogenesis was retarded, suggesting that overall, adaptive immunity was proatherogenic
(59-61). However, this approach eliminates both proinflammatory and protective effects of
T cells, B cells, and antibodies; therefore, more selective genetic manipulations of must be
performed to address the contributions of individual components of adaptive immunity to
atherosclerosis. The following discussion concentrates more on recent advances and is
divided into three major parts focusing on T cells, B cells and the antibodies they produce,
and regulatory mechanisms of adaptive immunity. Figure 2 summarizes the influence of
different subsets of lymphocytes on atherosclerosis.

T Lymphocytes: General Considerations

Activated CD4* and CD8* T cells were first identified in early- and late-stage human
atheromata in the 1980s by immunohistochemistry (62, 63). T cells were also identified in
early lesions in cholesterol-fed rats (64). These observations stimulated investigators to
explore how T cells could influence lesion development and stability. Atherosclerotic
lesions in Ldir = and Apoe™~ mice also contain T lymphocytes (65, 66), and targeted gene
deletions in these mouse lines have demonstrated that T lymphocytes do have a profound
impact on lesion development and phenotype. T cells can theoretically influence
atherosclerosis disease in two general ways: (a) by performing effector functions locally
within the arterial wall that affect vascular wall cells and other leukocytes and (b) by
stimulating T cell-dependent B cell responses within lymphoid organs that produce
circulating antibodies, which may promote or inhibit inflammatory events in arterial walls.
Many of the putative driving antigens, discussed below, can be present systemically in
dyslipidemic individuals; thus, lymphocyte activation may take place within any lymph
node or spleen. Studies have found evidence of systemic T cell activation in the spleens of
hypercholesterolemic mice (67) and in the blood of patients with ACS or stable angina (68).
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T Cell Antigens

It is likely that several different antigens drive T cell responses in atherosclerotic lesions, but
definitive identification of any of these antigens remains elusive. The most frequently
studied putative T cell antigens in atherosclerosis are those found in OXLDL (69) and native
LDL (70). These LDL-associated antigens are most likely to be peptides derived from
apolipoprotein B 100 (ApoB-100), the major protein component of LDL particles. Another
protein that has been implicated in atherosclerosis is HSP60 (3). In both cases, the relevant
MHC-binding peptide epitopes of these proteins that stimulate proatherogenic T cells are not
known. T cell responses to native ApoB-100 or HSP60, which correlates with
atherosclerotic disease, indicate a loss of tolerance to these self-antigens, perhaps because
these same molecules can stimulate innate immune responses that activate DCs (56, 71).
ApoB-100 is covalently modified during LDL oxidation in atherosclerotic plaques, which
may generate new OSEs to which individuals are not tolerant and/or break tolerance to
native peptides of ApoB. Note that other antigens have been implicated in atherosclerosis;
they include those made by infectious organisms such as Chlamydia pneumoniae,
Helicobacter pylori, Porphyromonas gingivalis, herpes virus, and human immunodeficiency
virus (2).

CD4* Helper T Cell Subsets

Since the simultaneous presence of CD4* T cells and IFN-y gene expression in
atherosclerotic lesions was first reported (72, 73), many studies have addressed the effector
phenotype of lesional T cells, which is crucial to how the T cells may affect lesion growth
and stability. Distinct helper T (Ty) cell subsets, defined largely by the cytokines they
produce, differentiate from naive CD4* T cells in response to antigen, costimulators, and
cytokines. The three most-studied Ty cell subsets are Ty1, which secretes IFN-y; T2,
which secretes IL-4, IL-5, and 11-13; and TH17, which secretes IL-17 (A and F) and IL-22.
Although populations of Ty cells that arise during an immune response may express
different mixtures of cytokines and may not neatly fall into one of these subsets, chronic or
repeated antigen exposure often results in the emergence of a dominant polarized Ty subset,
which may be responsible for manifestations of disease. If one or another Ty, cell subset has
a dominant effect in driving plaque inflammation, either early or late in disease, then a
therapeutic opportunity exists to block the cytokines produced by that subset or to block the
cytokines or other factors that drive the differentiation of that subset.

Ample evidence indicates that Tyl cells and IFN-y enhance atherosclerotic lesion
development and contribute to lesion rupture. As mentioned above, the identification of
IFN-y protein and mRNA in human lesions (72, 74), as well as the expression of IFN-y by
T cells cloned from human plaques (74), supports the hypothesis that Ty1 cells play an
important role in atherosclerosis. This concept was further validated by mouse studies in
which genetic ablation of IFN-y or IFN-y receptor expression significantly reduced lesion
development in Ldir~~ mice (75, 76) but administration of exogenous IFN-y enhanced
lesion development (77). The lineage-defining transcription factor T-bet is essential for Tl
differentiation, and T-bet deficiency in Ldlr~~ mice reduces atherosclerotic lesion formation
(78).
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IL-12 is the most clearly established cytokine that drives Tyl differentiation from néive T
cells, and several studies have implicated this cytokine in the promotion of lesion
development and instability. Treatment of Apoe™~ with injections of IL-12 enhanced early
lesion development (79). IL-12p40-deficient Apoe™'~ mice had significantly reduced aortic
lesion development (80), but this finding could also reflect a lack of IL-23, which is required
for maximal TH17 cell responses and shares the same p40 subunit found in IL-12.
Conversely, a meta-analysis of studies of anti-p40-treated psoriasis patients showed greater
risk of major cardiovascular events (81), but again, this observation could reflect changes in
either Tyl or TH17 cell differentiation.

IL-18 is an innate immune cytokine that enhances IFN-y production by T cells and NK cells
and also promotes Ty1 differentiation. Active IL-18, like IL-1p, is produced by NLRP3
inflammasome-mediated cleavage of an inactive pro-1L-18 precursor; therefore, NLRP3
inflammasome activation by intracellular cholesterol crystals generates IL-18. Most of the
available data indicate that IL-18 is proatherogenic. IL-18 and its receptor are expressed by
arterial wall cells (82) and in atherosclerotic plaques (83). Several clinical studies have
shown that serum IL-18 levels predict risk of CVD (84). IL-18 gene polymorphisms are
reported to affect circulating 1L-18 levels and clinical manifestations of coronary artery
disease (85), although the impact of these polymorphisms on mortality is unknown (86).
Most published studies performed on IL-18-deficient or IL-18-treated atherosclerosisprone
mice demonstrated that 1L-18 promotes lesion development and lesional inflammation and
that these effects depend on IFN-y (87, 88).

IFN-+y exerts various biological effects that are predicted to either promote lesion
development or destabilize established lesions. These effects include induction of adhesion
molecule and chemokine expression by ECs, stimulation of proinflammatory cytokine and
chemokine secretion by macrophages, production of reactive oxygen species and matrix
metalloproteinases by macrophages, inhibition of cholesterol efflux from foam cells, and
inhibition of collagen synthesis by vascular smooth muscle cells (89).

There are limited and inconsistent data on the influence of T2 cells or the cytokines they
produce (IL-4, IL-5, or IL-13) on both human and mouse atherosclerotic disease. Most
reports that showed the presence of IFN-y and IFN-y-expressing T cells in atherosclerotic
lesions in both mice and humans (discussed above) found no T2 cytokines. In Ldir 7~ mice
that lack the Ty1-driving transcription factor T-bet, there are enhanced systemic T2
responses and decreased lesion development (78). However, some reports suggest that T2
cells or IL-4 may be associated with advanced atherosclerosis in Apoe ~/~ mice (73).
Furthermore, reduced lesion development was reported in IL-4-deficient Ldir '~ mice and
Apoe™~ mice (80, 90).

TH17 cells were discovered approximately 20 years after Tyl and T2 cells were first
described,; this discovery led to a reassessment of the phenotype of Ty cells involved in
various immune/inflammatory diseases in both mice and humans. Ty17 cells and 1L-17 play
critical roles in protective immunity and immunopathology (reviewed in Reference 91), but
their impact on atherosclerosis remains unclear. Although the expression of IL-17A proteins
and mRNA in human lesions has been documented (92, 93), correlations between the
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amount of lesional and blood IL-17 and plaque stability and clinical disease are limited, and
no clear message has emerged. Significantly, the ratio of IFN-y-expressing Ty cells to
IL-17-expressing T cells extracted from human coronary arteries was approximately 10:1,
and many T cells expressing both IL-17 and IFN-y were present (94). These findings
suggest that T417 cells may be rare in these lesions, although they may be readily detectable
only following activation with their cognate antigens.

Several studies using Apoe™’~ or Ldlr~~ mice support a proinflammatory and proatherogenic
role for Ty17 cells and/or IL-17. Blockade of IL-17 and global genetic IL-17A deficiency
reduced lesion size, macrophage content, reactive oxygen species, and the expression of
various inflammatory cytokines (95-97). In contrast, other studies indicate that IL-17 is
atheroprotective. For example, IL-17 administration reduced lesion formation and
inflammation (92, 98), whereas IL-17 gene deletion accelerated unstable plaque
development (98).

The inconsistencies in the available data concerning the role of Ty17 cells probably reflect
complex and still poorly understood relationships between Tyl and TH17 responses. An
explanation for an atheroprotective effect is that 1L-17 blocks differentiation of
proatherogenic TH1 cells (92, 99). However, in mouse disease models and in humans, both
TH17 and Tyl cells contribute to pathogenesis of the same autoimmune diseases, and it has
become evident that these subsets are plastic, that they can redifferentiate from one to the
other, and that dual IL-17- and IFN-y producing T cells are frequently present. An
interesting possibility that may explain contradictory data on Ty17/IL-17 responses in
atherosclerosis relates to the status of microbial flora in the gut. Enteric bacterial flora can
profoundly influence the propensity of mice to mount T17 responses to autoantigens (100);
therefore, differences in the gut flora in different animal facilities or patient populations may
influence the contribution of Ty17 cells to atherosclerosis. Regardless of the differing
preclinical data of the impact of IL-17, as anti-1L-17A therapy for psoriasis nears clinical
use (101), the opportunity will soon arise to study the impact of IL-17A blockade on clinical
manifestations of atherosclerosis.

Cytotoxic T Lymphocytes

CD8* cytotoxic T lymphocytes (CTLs) are largely ap TCR-expressing, class | MHC-
restricted T cells that recognize peptides derived from cytosolic antigens. CTLs directly kill
antigen-expressing target cells via a perforin/granzyme B-dependent mechanism, and they
also secrete IFN-vy that activates macrophages. These cells are a mainstay of defense against
viruses and intracellular bacteria and fungi, and they contribute to the pathology of many
autoimmune diseases and allograft rejection. Although they are usually less abundant than
CD4" cells, CD8* cells may constitute up to half of the T cells in mature human lesions
(102). In most studies of Apoe™~ or Ldlr = lesions, very few CD8" T cells are found.
However, when certain immunoregulatory molecules are deficient or blocked, CD8* T cells
are abundant (103-105). CTL deficiency in Apoe™~ mice, which arises because of deletions
of Cd8 or Tapl genes, does not appear to affect lesion development (106, 107). However, a
recent report shows that depletion of CD8* T cells in Apoe™~ mice reduced atherosclerotic
lesion development, lesional inflammation, and cell death and that perforin/granzyme B-
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mediated cytotoxicity was key to the proatherogenic effect of transferred CD8* T cells
(108). Overall, the data on CD8™ T cells in atherosclerosis indicate that this arm of cell-
mediated immunity is activated in the context of hypercholesterolemia and within lesions,
and although it may not contribute to early lesion development in mice or humans, CTLs
can promote plaque inflammation and instability. The nature of the peptide antigens that
CTLs recognize in atherosclerotic patients is an open question.

Unusual T Cell Subsets

Invariant natural killer T (iNKT) cells are largely ap TCR-expressing T cells that have
limited diversity because of invariant use of a-chain V and J genes and restricted use of p-
chain V genes. These cells recognize glycolipid antigen presented by MHC-like CD1d
molecules. iNKT cells behave as innate effectors, producing abundant inflammatory
cytokines (including IFN-y and IL-4) upon activation without the need for clonal expansion
and differentiation (109). iINKT cells may also express Fas ligand and perforin and exert
cytotoxic effects on other cells. These cells are relatively more abundant in mouse than
human immune systems, but they have been implicated as proinflammatory effectors in both
human and mouse diseases. Almost all studies inter-rogating the role of iNKT cells in
Ldir~~ or Apoe™~ mice have indicated a proatherogenic role, as reviewed in Reference 110.
The relevance of iINKT cells in human atherosclerosis is supported only by limited data,
including the finding of these cells (111) and CD1 (112) in human plaques.

CD4*CD28™! T cells are cytotoxic and IFN-y-expressing effector T cells that are
infrequently found in healthy young people but increasingly present with age and in the
setting of chronic inflammatory diseases (113). These cells express ap TCRs and Killer Ig-
like receptors that recognize self MHC molecules. They secrete inflammatory cytokines and
have cytotoxic capability. Several studies have correlated increased numbers of these cells in
lesions and blood of patients with ACS. A significant fraction of these cells in ACS patients
appear to be of a single clone (114), and many recognize HSP60, a putative atherosclerosis-
associated autoantigen, in a class Il MHC-restricted manner (115).

B Cells and Adaptive Immune Antibody Responses

The humoral arm of adaptive immunity is mediated by B-2 (or follicular B) cells. These
cells respond to antigens in a T cell-dependent manner by undergoing isotype switching and
affinity maturation, ultimately differentiating into antibody-secreting B cells and long-lived
plasma cells that produce high-affinity 1gG, IgA, and IgE antibodies. Ample data indicate
that B-2 cells respond to atherosclerosis-associated antigens, but assessing their impact on
atherogenesis is complicated by the need to assess the impact of the antibodies they secrete
versus a potential direct effect of the B cells themselves. With respect to antibodies, OSE-
specific IgG molecules are detectable in the blood of healthy individuals and in the blood
and lesions of atherosclerosis patients and animal models with atheroscleratic disease (5,
57). In mice, the titers of OXLDL-specific IgG molecules correlate well with lesion
progression and regression (116), but such titers in humans are more variable, probably
because of greater variability in patient populations and in disease history. Nevertheless, in
univariate analyses, there is generally a positive correlation of OxLDL-specific 1gG levels
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with clinical manifestations of CVD (40, 57). Whether or not the titers of such 1gG
molecules are sufficient to modify CVD, or are only biomarkers of disease, remains unclear.

In animal models, raising the titers of 1gG to OSEs by (for example) immunization with
homologous MDA-LDL is atheroprotective (117). Additional studies have confirmed that
elevations of OSE-specific 1gG in atherosclerosis-prone mice, by various methods, reduces
lesion formation (5, 118, 119). Even Fab fragments or single-chain variable fragments of
anti-OxLDL antibodies, which cannot engage Fc receptors or complement, can protect
against atherosclerosis (120). That these OXLDL-specific antibodies inhibit the uptake of
OxLDL by macrophages in culture may explain their atheroprotective properties. Overall,
these findings suggest that there may be therapeutic value in raising the titers of at least
some OSE-specific antibodies. Doing so could be accomplished by passive immunization
and/or by active immunization with OSE antigens that raise titers to OSEs of OxLDL.

Other data suggest that B cells are athero-protective through antibody-independent
mechanisms. For example, Ldir /= bone marrow chimeras with B cell-deficient marrow
developed more atherosclerosis than did control chimeras (121) and showed evidence of
reduced Ty cell activation. A recent study showed that 1d3- and CCR6-dependent homing of
B-2 cells to aortic adventitia protected Apoe™~ mice against intimal macrophage
accumulation in early lesion formation (122). In contrast, other recent mouse studies support
a proatherogenic role of B-2 cells. Anti-CD20 antibodies deplete mouse B-2 cells but not
peritoneal B-1 cells; these antibodies reduced atherosclerosis in Ldlr~ and Apoe™~ models,
which depended in part on altered DC and T cell activation (99, 123). Apoe™~ or Ldlr~~
mice with B cell-activating factor receptor (BAFF-R) deficiency have a selective reduction
in B-2 cells, but not B-1 cells, and reduced IgG titers. These BAFF-R-deficient mice have
smaller and less inflamed atherosclerotic lesions than those of control mice (124, 125);
again, this finding implicates a proatherogenic role for B-2 cells. Because both anti-CD20
and anti-BAFF antibodies are approved drugs for autoimmune diseases, it will be important
to monitor treated patients for the impact of these interventions on CVD status.

Antibodies engage effector and regulatory mechanisms by the binding of their Fc regions to
isotype-specific Fc receptors expressed on different cell types or to complement proteins.
The impact of some Fc receptors on atherosclerosis has been studied in mice. Deficiency of
CD16 (FcyRIII) (126) or the common y chain of activating Fcy receptors reduced
atherosclerosis (127), whereas deficiency of the inhibitory FcyRIIb receptor had the
opposite effect (128, 129). Deficiency of the IgE receptor Fc R1a protected against
atherosclerotic lesion growth and inflammation in Apoe™~ mice (130). There is evidence
that complement activation occurs in murine and human atherosclerotic lesions, but the
significance of antibody-dependent complement activation on atherosclerosis has not been
established (reviewed in Reference 131).

REGULATION OF PROATHEROGENIC ADAPTIVE IMMUNE RESPONSES

One can consider atherosclerosis a disease in which there is inadequate regulation of
adaptive immune responses to normal or altered components of lipoproteins that accumulate
in lymphoid organs and in the arterial intima of humans. In this section, we focus mainly on
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three interrelated mechanisms of adaptive immune regulation that have been explored in the
context of atherosclerosis, namely costimulatory molecules, coinhibitory molecules, and
regulatory T cells. These mechanisms are best understood in the context of T cell responses,
but they are also relevant to B cell responses.

T Cell Costimulatory and Coinhibitory Pathways

T cell costimulators are membrane proteins expressed on APCs that bind to receptorson T
cells concurrently with antigen recognition; they are required for the activation of ndive T
cells and their differentiation into effectors. Costimulatory blockade is an effective therapy
for the treatment of T cell-driven autoimmune disease and, therefore, may be beneficial in
inhibiting T cell responses that promote lesion growth or destabilization. The most
thoroughly studied costimulatory molecules and receptors are those in the B7/CD28
families. Ligand/receptor pairs of the TNF/TNF receptor superfamilies (TNFSFs/TNFRSFs)
also costimulate T cells, and their role is more likelyto enhance activation of effector T cells.
The influence of costimulation on atherosclerosis has recently been reviewed (132, 133). A
proatherogenic role of the CD80 (B7-1)/CD86 (B7-2) costimulators, which bind CD28 on T
cells, is supported by findings of reduced lesion development and reduced
hypercholesterolemia-dependent priming of HSP60-reactive T cells in CD80/CD86-
deficient Ldlr = mice (67). Moreover, lesion formation is reduced in postinjury or
homocysteine-mediated mouse models of accelerated atherosclerosis when the mice are
treated with the CD80/CD86 blocking agent cytotoxic T lymphocyte antigen 4 (CTLA-4) Ig
(134, 135). Gene-deletion and antibody-blocking studies have also demonstrated a
proatherogenic influence of the TNFSF costimulatory protein OX40 ligand, which binds the
TNFRSF receptor OX40 on T cells (136, 137). CD40 ligand (CD154) is a TN-FSF protein
expressed on activated T cells that binds to the TNFRSF protein CD40 on several cell types,
including B cells, macrophages, and ECs. CD40 ligand/CDA40 interactions are not strictly
costimulatory, but they are critical for T cell-dependent B cell responses and for T cell
activation of DCs and macrophages, including upregulation of costimulatory molecules.
Antibody blockade or genetic deficiencies of the CD40 ligand/CD40 pathway significantly
reduce murine atherosclerosis (138-140). The development of therapeutics targeting this
pathway has been complicated by the fact that both CD40 and CD40 ligand are expressed on
many different cell types, including platelets (reviewed in Reference 141).

T cell activation can be negatively regulated by proteins expressed on APCs that bind to
signaling receptors on T cells concurrently with antigen recognition. These so-called
coinhibitory pathways are required to maintain tolerance to self-antigens and to
physiologically downregulate immune responses to foreign antigens. One well-studied
coinhibitory pathway involves PD-1 (PDCD1 or CD279), which is a CD28 family protein
expressed on activated T cells that binds to PD-L1 (B7H1, CD274) or PD-L2 (B7-DC,
CD273) and engages protein tyrosine phosphatases to counteract kinases activated by
antigen recognition and costimulation. Both PD-L1 and PD-L2 are expressed on DCs, but
PD-L1 is also expressed on a wide variety of cytokine-activated cells, including ECs, and
many tumors. Therapeutic targeting of coinhibitory pathways has been developed to
enhance immunity to tumors and viral infections. Genetic deletion of PD-1 or PD-L1 and
PD-L2, or antibody blockade of this pathway, enhances atherosclerotic lesion development

Annu Rev Pathol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyiny vd-HIN

Witztum and Lichtman Page 18

and plaque T cell numbers in Ldlr~~ mice (104, 105). Furthermore, T cell and DC
expression of PD-1 and PD-L1 is decreased in coronary artery disease patients relative to
healthy controls (142). These findings highlight the potential CVD risk of blockade of the
PD-1/PD-L1 pathway and the therapeutic opportunities of engaging the pathway with
agonist reagents.

Regulatory T Cells

Regulatory T cells (Tregs) play an important role in atherogenesis, and their biology has
recently been reviewed (143). Tregs include various subsets of T lymphocytes whose major
functions are to inhibit immune responses, rather than to provide protective immunity
against pathogens. The best-defined subsets of Tregs are aBTCR*CD4*CD25MNCD127'0
cells that also express the transcription factor FoxP3. Other molecules expressed by Tregs
that have important functional roles are the CD28 family coinhibitory receptor CTLA-4,
which binds CD80 and CD86, and the secreted cytokines transforming growth factor (TGF)-
B and IL-10. Human and mouse mutations in FoxP3 reveal that Tregs are required to prevent
lethal systemic autoimmune disease. FoxP3* Tregs include thymic Tregs (tTregs), which
develop in the thymus and constitute the majority of circulating Tregs in human blood, and
peripheral Tregs (pTregs), which arise from naive CD4* T cells in secondary lymphoid
tissues during immune responses. Other subsets of Tregs, including CD8* Tregs, have been
characterized, although their overall contributions to immune regulation are not well
understood. The targets of suppression of Tregs include naive and effector CD4* and CD8™*
T cells, DCs, macrophages, and ECs. The mechanisms by which Tregs suppress immune
responses include CD25-mediated competitive binding of IL-2 to deprive effector T cells of
this growth factor; CTLA-4-mediated competitive binding and perhaps removal of B7-1 and
B7-2 on APCs; and suppressive actions of IL-10, IL-35, IL-9, and TGF-p on APCsand T
cells.

In humans, an atheroprotective role of Tregs is supported by circumstantial evidence,
including the presence of Tregs within human arterial lesions and changes in the numbers of
circulating Tregs that correlate with changes in disease activity and/or with effective
therapy. Low numbers of CD4*FoxP3* T cells have been identified in human
atherosclerotic plaques at all stages of development (144). Increased numbers of
FoxP3*CD3* T cells were found in carotid plaques from symptomatic patients compared
with plaques from asymptomatic patients (145), although the ratio of these putative Tregs to
effector T cells was not determined. The enumeration of circulating FoxP3*CD4™ T cells is
the low-hanging fruit in studying the status of Tregs in human diseases, but this approach
may have limited value in studying the status of Treg function within lymphoid tissues or in
atherosclerotic plaques. One study reported decreased numbers of Tregs in patients with
ACS (146), whereas another reported that numbers of blood Tregs do not correlate with the
severity or extent of carotid or coronary atherosclerosis (147).

Numbers of Tregs in plaques or in the blood of CVD patients appear to decrease in response
to various therapeutic interventions, including drug-eluting stent placement (148) and statin
therapy (149). Overall, the data suggest that increasingly abundant Tregs may be a feasible
goal for pharmacologic immuno modulation of patients who are at risk of complications of
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unstable plaques. The effects of statins on Treg development and function are particularly
interesting, given the enormous number of patients taking these drugs and the well-
documented pleiotropic anti-inflammatory effects of statins, independent of their
cholesterol-lowering properties (150).

Studies in which Tregs have been depleted, induced, or transferred offer support for an
atheroprotective role for Tregs in mouse models of atherosclerosis. Often, these studies
show that the changes in numbers of Tregs in aortic lesions are the inverse of changes in
numbers of total T cells and macrophages (151). When Tregs are depleted in Apoe™~ mice
by anti-CD25 monoclonal antibody treatment, lesion development increases (152). Impaired
Treg development or function in bone marrow chimeric Ldir~~ mice with hematopoietic
deficiency of the CD28 or ICOS (inducible T cell costimulator) costimulatory pathways also
enhances the development of lesions (152, 153), which can be prevented by Treg transfer
(152). Other gene deletions in Apoe™~ or Ldrl~/~ mice, such as deletions of the genes
encoding the FcR-y chain (154), CCL17 (155), and leptin (156), simultaneously reduce
atherosclerosis and increase the number of Tregs. In aggregate, published studies show that
the number of Tregs is subject to multiple pathways of regulation and suggest that drugs that
target these regulatory pathways can be used to favorably increase the ratio of Tregs to
effector T cells in atherosclerotic lesions.

Various strategies have been used to systemically increase Treg in mice and assess the
influence on atherosclerosis. Because IL-2 is an essential factor for Treg differentiation and
survival, the idea that IL-2 could be used as a drug for autoimmune disease has already been
explored. Delivery of IL-2 into lesions in Apoe™~ mice via an IL-2/antifibronectin antibody
reversed lesion growth and increased the number of Tregs (157). Furthermore, injection of
complexes of IL-2 and anti-IL-2 antibody, a preparation known to enhance IL-2 binding to
the IL-2 receptor, into Ldir /= and Apoe™~ mice potently expanded the number of Tregs,
suppressed early lesion growth, and stabilized established lesions (158, 159). Oral
administration of an anti-CD3 antibody to Apoe™~ mice increased systemic and lesional
Tregs and reduced the development of atherosclerotic lesions (160).

The mechanisms by which Tregs protect against lesion progression and why they ultimately
fail require further study. Decreased Treg-to-T effector ratios in mouse aortas during
prolonged hypercholesterolemia correlates with enhanced lesion development and
inflammatory content (161), which probably reflects diminishing Treg suppression of T
effector responses. The finding that T cell-specific expression of a dominant-negative TGF-
B receptor causes enhanced lesion development and inflammation in Apoe™~ mice (162) is
consistent with the importance of Treg-derived TGF-p suppression of effector T cells in
lesions. Tregs may also suppress innate responses in the plaque, such as EC or macrophage
activation by TLR ligands or cytokines. IL-10, which is produced by Tregs and inhibits
macrophage activation, has marked atheroprotective functions (163). Interestingly, MyD88
deficiency in DCs causes decreased Treg response and enhanced atherosclerosis in Apoe™~
mice (164). The mechanism for the increased atherosclerosis in this model appears to be
reduced Treg/TGF-B suppression of MCP-1 expression, which gives rise to increased
inflammatory macrophage accumulation.
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IMMUNOTHERAPY FOR ATHEROSCLEROSIS

Approaches to Induce Immune Tolerance to Atherosclerosis Antigens

The holy grail in the fields of autoimmunity and transplant immunology is to achieve
longterm specific adaptive immune tolerance to the relevant self- or allogeneic antigens that
incite the pathological immune responses, which would avoid nonspecific
immunosuppression. This concept has been embraced by investigators studying
atherosclerosis. The most frequently reported approaches have included subcutaneous
injection of putatively tolerizing preparations of antigens, delivery of antigens via nasal or
oral mucosa, and adoptive therapy with antigen-pulsed DCs that have been subjected to
tolerizing treatments in vitro. Subcutaneous immunizations that are reported to reduce
atherosclerosis in mice include HSP65 in alum adjuvant (165); ApoB-100-derived peptides
without adjuvant (166); and ApoB-100 peptide conjugated to various substances, such as
cationized BSA (167). In these and other reports, there appeared to be increases in systemic
numbers of Tregs in the treated mice.

With the intention of inducing mucosal tolerance to atherosclerosis-relevant antigens,
investigators have treated hypercholesterolemic mice with intranasal ApoB-100 fusion
protein (169), oral OXLDL (170), or oral HSP60 or HSP60-peptides (170). In each case they
found reduced lesion development and evidence for increased numbers of Tregs. Transfer of
IL-10-treated ApoB-100-loaded DCs into Apoe™~ mice reduced atherosclerosis (171), and
this effect correlated with increased antigen-specific suppressor activity of spleen CD4*
cells in the treated mice. Clearly, better information about the actual antigen specificity of
proatherogenic effector T cells and antibodies will be required to refine and optimize
tolerance-induction protocols.

Treating Lesion Inflammation

After decades of accumulating scientific evidence, we have entered a period of clinical trials
that are designed to directly test the efficacy of anti-inflammatory therapy for the prevention
of atherosclerosis-related morbidities and mortality. The JUPITER trial may be considered a
seminal example of these trials because it tested whether healthy individuals with elevated
high-sensitivity CRP (hsCRP; a systemic biomarker of inflammation) but with normal LDL
cholesterol levels (i.e., 107 mg dI~1) would benefit from statin treatment. The results
indicated that statin treatment did reduce risk in this population (172), and the most
significant decrease was observed in subjects with the greatest reduction in both LDL and
hsCRP levels (173). Thus, the findings of the JUPITER trial are consistent with the concept
that the beneficial effects of statins are due to both the cholesterol-lowering effect and an
anti-inflammatory effect of statins (174). Recall that cholesterol lowering itself is anti-
inflammatory (175) and can be considered antigen reduction.

Two currently active clinical trials are designed to directly test whether anti-inflammatory
drugs reduce the risk of cardiovascular events without lowering cholesterol. In the CANTOS
(Canakinumab Anti-Inflammatory Thrombosis Outcomes Study), long-term anti-1L-1f
antibody therapy is compared with placebo in stable post-myocardial infarction patients with
persistently elevated hsCRP (44). In the Cardiovascular Inflammation Reduction Trial
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(CIRT), low-dose methotrexate treatment is compared with placebo in stable post-
myocardial infarction patients with type 2 diabetes (176). In both cases, the end points are
recurrent myocardial infarction, stroke, and cardiovascular death.

Various anti-inflammatory drugs have been widely used for the treatment of autoimmune
diseases that are associated with enhanced risk of atherosclerosis-related comorbidities;
these diseases include rheumatoid arthritis, systemic lupus erythematosus, and psoriasis
(Table 1). Relatively few studies have addressed whether a particular drug effectively
reduces CVD risk in such patients. An example is the treatment of RA patients with
methotrexate, which reduces CVD risk (177). This dearth of studies is one of the rationales
for CIRT. TNF antagonists have been used for RA and irritable bowel disease for up to 10
years, but these drugs apparently aggravate heart failure (178), and there are no conclusive
data that they reduce elevated CVD risk. Biologic drugs targeting IL-17 or the 1L-17
receptor are now being tested in clinical trials for the treatment of psoriasis, but no
conclusions can yet be made about their effect on CVD risk.
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10.

SUMMARY POINTS

Inflammation contributes to all stages of atherosclerotic lesion development,
ranging from early recruitment of monocytes into the neointima of a fatty streak
to the destabilization of mature lesions leading to rupture and arterial
thrombosis.

The innate immune system, which has evolved to respond to molecular patterns
that are typical of microbial pathogens or damaged tissue, drives inflammatory
responses that promote lesion development.

Oxidation-specific epitopes (OSEs) of lipoproteins (and apoptotic cells) are
recognized by innate system PRRs and by T and B cells, thereby stimulating
both proatherogenic and atheroprotective immune responses.

Adaptive immune responses, which are mediated by T and B lymphocytes, drive
inflammatory processes within developing lesions but also generate regulatory
cells and antibodies with atheroprotective properties.

CD4* Ty cells with an IFN-y-producing Tyl phenotype are the most
consistently implicated T cell subset in promoting atherosclerotic lesion
development and plaque instability. However, the impact of IL-17-producing
Tnl7 cells remains unresolved.

Circulating 1gG antibodies to OSEs of LDL and to HSP60 correlate with CVD
activity, but their effect on atherosclerosis remains unclear. IgM NADbs specific
for OSEs have atheroprotective activity in both in vitro assays and mouse
models.

Innate B-1 cells, which produce IgM NADbs that are specific for OSEs, are
atheroprotective, whereas some data indicate that B-2 cells exert proatherogenic
effects on T cells, independently of Ig secretion.

Regulatory mechanisms restrain proatherogenic immune responses and lesion
development, including regulatory T cells, coinhibitory molecules, and anti-
inflammatory cytokines.

The strategy of therapeutic targeting of innate and adaptive immune responses
to treat atherosclerotic disease has progressed to the clinical trial arena; anti-
inflammatory drugs (methotrexate), anticytokine antibodies (anti-IL-1), and
cholesterol-lowering drugs (statins) are being used in patients with
inflammatory risk factors but normal cholesterol.

The expanding use of immune modulatory drugs, such as antagonists of
cytokines or costimulatory molecules, to treat chronic immune and
inflammatory diseases provides the opportunity to further interrogate the role of
innate and adaptive immune mechanisms in human atherosclerosis.
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Figure 1.
Summary of oxidation-specific epitopes (OSESs) as major antigens of innate immunity.

Oxidation-induced changes in normal self-molecules generate OSEs that are recognized as
damage-associated molecular patterns (DAMPS) by the innate immune system. OSEs are
also found on apoptotic cells and on microbes (or molecular mimics), where they serve as
pathogen-associated molecular patterns (PAMPs). Oxidation of low-density lipoprotein
(LDL), which occurs in atherosclerotic lesions, generates several OSEs, such as exposed
phosphaocholine (PC), malondialdehyde (MDA), oxidized cardiolipin (OxCL), and 4-
hydroxynonenal (4HNE). These DAMPs are recognized by various pattern recognition
receptors (PRRs) of the innate immune system. For example, PC on OxLDL, apoptotic cells,
and Streptococcus pneumoniae is recognized by the innate immunoglobulin M (IgM) natural
antibody (NAb) E06, the scavenger receptors (SRs) CD36 and SR-B1, and the pentraxin C-
reactive protein (CRP). MDA is recognized by the NAbs E014 and NA17, SR-A, and
complement factor H (CFH). An MDA mimic recognized by E014 is found on group A
Sreptococcus. These OSEs and others are present in atherosclerotic lesions and act as major
antigens stimulating innate and adaptive responses that affect the progression of vascular
disease.

Annu Rev Pathol. Author manuscript; available in PMC 2015 January 01.



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

1duosnue Joyiny vd-HIN

Witztum and Lichtman

Page 34

Major
Precursor Effector functional Immune Rolein
cell cell molecules reactions atherosclerosis
Monocytic Proatherogenic;
IFN-y inflammation; enhance lesion growth,
CD154 macrophage inflammation,
activation plaque instability
Mast cell, eosinophil
IL-4 activation; IgE Unknown; mast cells
IL-5 production; alternative  and IgE proatherogenic
IL-13 macrophage in mice
activation
IL-17A Neutrophilic, Unknown; conflicting
IL-17F monocytic reports in mice; relatively
IL-22 inflammation rare in human lesions
CTLA-4 Suppression of Atheroprotective;
TGF-B immune reduced in mature and
IL-10 responses unstable lesions
. Proatherogenic;
Perforin enhance lesion growth
Granzyme Cytotoxicity and inflammation; less
Mo IFN-y frequent in lesions
aive +
CDB* T il " than CD4™ effectors
W _____________________________________________________________
¢ Memory= ) o B cells may enhance
B-2cell Antigen neutralization,  proatherogenic T cell
—74 IgG, IgA, Ig  FcR-dependent responses; some secreted
LS - leukocyte, o IgGs are atheroprotective,
B-2 follicular :::'I‘a complement activation byt overall unknown
B cell -
. L Natural IgM antibodies
IgM Antigen neutralization, specific for OSEs are

Figure 2.

complement activation

atheroprotective

Lymphocyte effector cells and their role in atherosclerosis. CD4* helper T (Ty) cells
differentiate from naive CD4* T cells in response to antigen presentation by dendritic cells
(DCs) and include TH1, TH2, and TH17 subsets defined by the cytokines they produce.
Likewise, cytotoxic T lymphocytes (CTLs) are derived from antigen-stimulated naive CD8*
T cell precursors. The evidence from mouse models has clearly established that Tyl cells
exert proatherogenic effects, but the impact of T417 or T2 cells is not clear. CTLs, which
kill antigen-bearing target cells and secrete interferon (IFN)-vy, contribute to lesion growth
and inflammation. CD4" regulatory T cells (Tregs), which may be derived from naive T
cells in peripheral lymphoid tissues or develop in thymus, have a profound protective effect
against lesion growth and inflammation. B-2 cells that recognize proteins or protein-linked
antigens receive help from follicular helper T cells (Tgy) and differentiate into memory B
cells or long-lived plasma cells that secreting high-affinity, isotype-switched antibodies. B-2
cells, but not the antibodies they produce, may promote proatherogenic T cell responses.
The overall impact of immunoglobulin G (IgG) secreted by B-2 cells is unknown, although
some 1gG antibodies to oxidation-specific epitopes (OSESs) provide atheroprotection. In
contrast, innate B-1 cells secrete IgM natural antibodies, which overall appear to be
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atheroprotective. Abbreviations: CTLA, cytotoxic T lymphocyte antigen; IL, interleukin;
TGF, transforming growth factor.
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Table 1
Selected potentially beneficial therapeuticsfor immune or inflammatory diseasesin

atherosclerosis

Page 36

Drug or method

Current or proposed use

Relevance toimmuneresponsesin atherosclerosis

Statins

Cholesterol lowering to prevent C\VD

Reduce the generation of atheroantigens; direct
anti-inflammatory effects independent of cholesterol
lowering

Methotrexate (low dose)

Approved for rheumatologic diseases,
IBD, psoriasis; clinical trial ongoing
for CVvD

Inhibits purine metabolism, which impairs T cell activation;
RA patients have elevated risk of CVD

Anti-1L-18 Clinical trial ongoing for CVD IL-1p is made in atherosclerotic lesions; cholesterol crystals
activate the inflammasome, which leads to IL-1@ secretion
Anti-IL-17 Clinical trials for psoriasis IL-17 may be proatherogenic; psoriasis patients have elevated

risk for CVD

Anti-p40 (IL-12/1L-23)

Approved for psoriasis

IL-12 is required for Ty 1 differentiation, and Ty1 cells are
proatherogenic; I1L-23 is required for Ty17 differentiation,
and IL-17 may be proatherogenic; psoriasis patients have
elevated risk of CVD

BAFF inhibitor

Approved for SLE

BAFF is required for B-2 B cell responses, and B-2 B cells may
be proatherogenic; SLE patients have elevated risk of CVD

Anti-CD20

Approved for RA and B cell lymphomas

Depletes B-2 B but not B-1 B cells in mice, and B-2 B cells
may be proatherogenic; B-1 cells are protective, and a newly
identified human B-1 B cell subset expresses CD20

CTLA-4 g

Approved for RA and renal transplant
rejection

Blocks T cell costimulation by B7-1 and B7-2, and these
costimulatory molecules enhance proatherogenic T cell
responses

Abb mations:jBAFF, bJ~cll—activating factor; CTLA, cytotoxic T lymphocyte antigen; CVD, cardiovascular disease; IBD, inflammatory bowel
disease; Ig, immunoglobulin; IL, interleukin; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.
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