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Purpose of review

Young women with systemic lupus erythematosus have
strikingly high rates of coronary heart disease. Current
knowledge indicates that atherosclerosis is an active
inflammatory and immune-mediated process. Therefore, the
chronic inflammation and immune dysregulation characteristic
of systemic lupus erythematosus undoubtedly contribute to the
accelerated vascular disease seen in these patients. Carefully
considering what is known about atherogenesis in the general
population will provide clues to unraveling the complexity of
why systemic lupus erythematosus and atherosclerosis are
linked so frequently.

Recent findings

Inflammation is involved in all aspects of atherogenesis from
the initial endothelial “response to injury,” to foam cell
formation leading to the atherosclerotic lesion, to the rupture of
the “vulnerable” fibrous cap, resulting in the acute coronary
syndrome and potentially in death. The authors review how
factors commonly seen in systemic lupus erythematosus or
inherent to the underlying disease mechanism may contribute
to each of the stages of atherogenesis.

Summary

Our focus on the causes of vascular disease in systemic lupus
erythematosus must now include nontraditional risk factors
such as immune and inflammatory mediators. With the advent
of noninvasive screening tools for atherosclerosis, we are
better equipped to measure subclinical vascular disease and
associated risk factors, including immune and inflammatory
mediators. When considering strategies for preventing
premature cardiovascular disease in systemic lupus
erythematosus, modifying immune and inflammatory risk
factors will likely become a major component of the program in
addition to modifying the current traditional risk factors.
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Systemic lupus erythematosus (SLE) is a prototypic in-
flammatory disease that targets the vascular system. Vas-
cular manifestations typically associated with SLLE span a
broad range, including vasculitis, vasculopathy, vaso-
spasm, and thromboembolism. However, since new and
improved therapies have extended the lives of many lu-
pus patients, another serious vascular complication has
emerged: premature atherosclerotic vascular disease.
This threat is particularly troublesome among young fe-
male patients with lupus who would otherwise be pro-
tected from such a problem. In fact, there is a 50-fold
increased risk of myocardial infarction among women
with lupus age 35 to 44 years [1].

Epidemiologic studies have evaluated risk factors asso-
ciated with cardiovascular events in patients with lupus.
Not surprisingly, traditional cardiovascular risk factors
such as hypertension, smoking, diabetes, and dyslipid-
emia are important. However, the increased risk of coro-
nary heart disease in lupus patients cannot be fully ac-
counted for by these traditional factors: The underlying
disease and/or its treatment also play a role [2].

The establishment of inflammation as a key factor in
atherogenesis [3,4®¢] provides potential clues to the un-
derlying mechanisms of atherosclerosis in a chronic in-
flammatory vascular disease such as SLLE. In this review
we explore the prevailing thoughts on how the immuno-
logic and inflammatory processes inherent to the patho-
genesis of SLE may also contribute to atherosclerotic
vascular disease.

The vascular biology of atherogenesis

Historically, atherosclerosis has been viewed as the stor-
age and accumulation of lipids in the arterial wall that
eventually leads to stenosis of the vessel, culminating in
an acute coronary event. However, we now understand
that an acute coronary event is more often caused by
rupture of a nonstenotic, vulnerable atherosclerotic
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plaque [5]. The formation, progression, and rupture of
the plaque is now viewed as a process related directly to
inflammation. Under normal circumstances, the vascular
endothelium does not bind leukocytes well. However,
injury to the endothelium causing inflammation results
in expression of adhesion molecules that facilitate bind-
ing of monocytes and T cells to the arterial wall (Fig.
1A). Proinflammatory cytokines such as monocyte che-
moattractant protein-1 and a family of T-cell chemoat-
tractants then stimulate these cells to migrate into the
intima where they cause local inflammation. Monocytes
then differentiate into macrophages, and macrophage
colony-stimulating factor induces them to express scav-
enger receptors. These scavenger receptors bind and fa-
cilitate the uptake of oxidized low-density lipoprotein
(ox-LDL) or otherwise modified LDL by macrophages,
resulting in the formation of lipid-laden foam cells,
which form the basis of the fatty streak (Fig. 1B). T cells
produce inflammatory mediators that stimulate macro-
phages, endothelial cells, and smooth muscle cells.
These cells in turn produce fibrogenic mediators that
eventually lead to the formation of an elaborate collag-
enous extracellular matrix, or fibrous cap, surrounding
the advanced lesion. Inflammation also plays a role in
rupture of the plaque and formation of the thrombus
(Fig. 1C). Continued activation of macrophages in the
lesion eventually results in production of collagenases
that enhance breakdown of collagen in the extracellular
matrix, making it vulnerable to rupture. In addition, col-
lagen synthesis by smooth muscle cells is impaired by
the release of interferon vy from activated T cells in the
plaque, thus interfering with restructuring of the fibrous
cap. Once the plaque ruptures, macrophages contribute
to thrombus formation by producing the strongly proco-
agulant tissue factor in response to inflammatory media-
tors. Interaction of blood components with tissue factor
promotes coagulation and recruitment of platelets, ulti-
mately resulting in the formation of a thrombus. Thus,
inflammatory mechanisms have been implicated in all
stages of atherogenesis from initiation and promotion of
lesion development to physical disruption of the plaque
and thrombus formation.

Atherogenesis and systemic

lupus erythematosus

In the following sections we consider how factors com-
monly seen in SLE or inherent to the underlying mecha-
nism of disease may contribute to each of the stages of
atherogenesis described earlier.

Endothelial injury and leukocyte recruitment

In the “response-to-injury” hypothesis of atherosclerosis
[3], endothelial cell dysfunction can result from various
sources of injury, including shear stress, immune com-
plexes, and other toxins such as homocysteine, all of
which are also relevant to SLE (Fig. 1A). Such injury
results in the upregulation of adhesion molecules on the

endothelial surface, increased permeability, and subse-
quent trapping of inflammatory cells at the site of acti-
vation. Factors commonly seen in SLE may contribute to
endothelial injury and recruitment of inflammatory cells.

Immune complexes

In a recent population-based, prospective study of 257
healthy Swedish men, the level of circulating immune
complexes at age 50 years predicted incident myocardial
infarction over a 20-year follow-up, independent of con-
ventional risk factors or the presence of antibodies to
cardiolipin [6]. The composition of the circulating im-
mune complexes was not determined. There is some
evidence to suggest that the circulating immune com-
plexes seen in myocardial infarction may contain anti-
bodies to ox-LLDL, B2-glycoprotein 1, phospholipids, or
viral particles. Immune complexes that fix C1q may also
contribute to the formation of atherosclerotic lesions [7].
When these complexes bind to Clq receptors on endo-
thelial cells, they trigger the expression of vascular cell
adhesion molecule-1, which participates in the recruit-
ment of monocytes/macrophages and T" cells to the en-
dothelial surface, one of the earliest events in lesion for-
mation. Clqg-fixing immune complexes may also
contribute to atherosclerosis by interfering with choles-
terol homeostasis in the arterial wall. Cholesterol is me-
tabolized to 27-hydroxycholesterol by the P450 enzyme,
cholesterol 27-hydroxylase, present in arterial endotheli-
al cells and macrophages. The more soluble cholesterol
metabolite (27-hydroxycholesterol) facilitates transport
out of the arterial wall and into the liver. There are other
potential beneficial effects of 27-hydroxycholesterol, in-
cluding downregulation of cell surface LDL receptors
resulting in diminished receptor-mediated uptake of
LDL [8], and suppression of smooth muscle cell prolif-
eration [9], key steps in the formation of the atheroscle-
rotic plaque. Immune complexes can have an inhibitory
effect on cholesterol 27-hydroxylase, thus diminishing
the levels of the antiatherogenic 27-hydroxycholesterol.
One might speculate that the chronic immune com-
plex formation characteristic of lupus might contribute to
the atherogenic potential of these patients, although this
possibility has not been studied specifically in this
population.

Complement activation

Complement activation, a process common to nearly all
physiologic and pathophysiologic inflammatory pro-
cesses, has surprisingly not been studied extensively in
atherogenesis. However, there are some data to suggest
that complement plays several roles in the development
of vascular disease. Complement activation products
have been shown to contribute to the progression of vas-
cular lesions in atherosclerosis, vasoconstriction of coro-
nary arteries, and ischemia/reperfusion injury after myo-
cardial infarction [10]. In addition, immunohistochemical
studies of human atherosclerotic lesions have revealed
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deposits of both early and late complement components
within the vessel wall. Furthermore, RNA analysis indi-
cates that complement genes are expressed locally in
plaques [11]. C5b-9 complex has been identified in fi-
brous plaques and in the deeper part of the intima, where
it appears to colocalize with modified LLDL,, a reportedly
potent activator of complement [12-14]. In a recent
study by Buono ¢ /. [15®] comparing C3-deficient mice
and control mice, maturation of atherosclerotic lesions

Figure 1. Inflammation in atherosclerosis and formation of
vulnerable plaque
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homocysteine levels could not discriminate lovastatin ef-
ficacy among the participants with low to normal LDL
cholesterol levels, the group currently outside treatment
guidelines for statin therapy in primary prevention of
cardiac events [25¢]. In one group of SLE patients, ho-
mocysteine was found to be elevated and was associated
with a 3.7-fold increased risk of arterial thrombosis [26].
Methotrexate, an antagonist of folate metabolism that
can cause clevated plasma homocysteine levels [27], is
used in SLE patients as a steroid-sparing agent for treat-
ment of inflammatory arthritis or recurrent serositis.
Other causes for hyperhomocystinemia in SLE may in-
clude the high prevalence of renal disease and dietary-
and/or treatment-related factors. Although therapy to re-
duce homocysteine levels is relatively benign and in-
cludes folic acid and B vitamin supplementation, the
value of this treatment in preventing cardiovascular dis-
ease Is uncertain.

CD40-CD40 ligand interactions

In SLE, the interaction between CD40 ligand (CD40L)
on T cells and CD40 on B cells is involved in the pro-
duction of pathogenic autoantibodies [28,29]. Under nor-
mal circumstances the immune system allows only tran-
sient expression of CD40L. However, patients with SLE
express abnormally high levels of CD40L, and the over-
all number of CD40L-positive cells is increased [28].
Furthermore, in patients with lupus nephritis, CD40 ex-
pression is upregulated on endothelial cells. CD40 liga-
tion of endothelial cells can induce vascular cell adhesion
molecule-1, intercellular adhesion molecule-1, and E-
selectin [30], adhesion molecules important in facilitat-
ing vascular inflammation both in SLE and in athero-
sclerosis. Work during the past several years has revealed
other roles for CD40L and CD40. Macrophages, smooth
muscle cells, and activated platelets express CD40L, a
molecule previously held to be limited to activated T’
cells [31,32,33¢]. CD40 ligation can induce tissue factor
in macrophages, which is crucial in rendering plaques
thrombogenic [34], and can activate caspase-1, which is
involved in maturing cytokines to their active form, and
in inducing apoptosis [35]. Antibody neutralization of
CD40 signaling in atherosclerosis-prone mice reduced
arterial levels of vascular cell adhesion molecule-1 and
the surface area and thickness of atheromas [36]. In stud-
ies extending to humans, healthy women with high lev-
els of soluble CD40L had a higher incidence of cardio-

vascular events [37].

Humanized anti-CD40L antibody therapy has been
tested for the treatment of lupus. Ironically, in one trial
sponsored by Biogen, Inc (Cambridge, Massachusetts).
[38], there appeared to be a potential enhancement of
thromboembolic complications when applied to lupus;
however, in another trial in lupus using a different hu-
manized anti-CD40L antibody (IDEC Pharmaceuticals,
San Diego, California), the agent was safe and well tol-

erated [39]. It is unclear how these initial studies will
influence further trials examining the role of these
monoclonal antibodies in primary and secondary cardio-
vascular disease prevention.

C-reactive protein

Inflammation at the site of endothelial injury is a neces-
sary step in the formation of the foam cell and fibrous
plaque. During the past decade, C-reactive protein
(CRP), an acute-phase protein measured by high-
sensitivity immunoassays, has been the most widely
studied inflammatory marker in predicting cardiovascu-
lar risks. CRP is synthesized mainly in the liver in re-
sponse to interleukin-6. There is sufficient evidence to
suggest that CRP is more than just a reflection of an
inflammatory response, but an active player in athero-
genesis. Studies have shown that, iz vitro, CRP activates
the complement system [40]; induces endothelial pro-
duction of monocyte chemoattractant protein-1; upregu-
lates intercellular adhesion molecule-1, vascular cell ad-
hesion molecule-1, and E-selectin [41,42]; mediates
macrophage uptake of LDL [43]; and increases mono-
cyte production of tissue factor [44].

Prospective epidemiologic studies have demonstrated
that high levels of CRP predict coronary events in
healthy individuals, patients with stable or unstable an-
gina, or in those with prevalent coronary artery dis-
ease [45-49].

Prior studies have failed to establish an association be-
tween CRP and subclinical atherosclerosis, defined by
carotid plaque and intima—media thickness (measured by
B-mode ultrasound), and coronary and aortic calcification
(measured by electron beam tomography), after adjust-
ing for traditional cardiovascular risk factors and other
markers of inflammation. These findings have led to the
speculation that elevated CRP levels may reflect an in-
creased tendency for plaque rupture rather than athero-
sclerotic burden [50-53]. However, a recent, large popu-
lation-based study in the offspring cohort of the
Framingham Heart Study described a strong association
of elevated CRP levels with measures of carotid athero-
sclerosis in women but not in men after adjustment for
traditional cardiovascular risk factors [54]. Similarly, in
the Rotterdam Study, investigators using noninvasive
techniques found that CRP predicted progression of ath-
erosclerosis at various sites in the arterial tree [55¢]. Fur-
thermore, both coronary calcification, a surrogate marker
of coronary atherosclerosis, and CRP appear to be
complementary in predicting cardiovascular risk and car-
diac death [56e].

Many trials have demonstrated the clinical benefit of
statin therapy in the primary and secondary prevention
of coronary artery disease. Studies have documented
that, in addition to lowering LLDL cholesterol, statin
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therapy has antiinflammatory effects. In patients with
angiographically diagnosed coronary artery disease, those
not on statin therapy and with elevated CRP (top quar-
tile) had a 2.3-fold increase in cardiac death independent
of LDL levels [57¢].

How CRP and inflammation tie into the excessive coro-
nary disease seen in SLE is uncertain. It is important to
remember that in most previous studies, CRP levels con-
sidered in the “normal” range were associated with in-
creased risk of cardiovascular disease. How this risk
might change in individuals with significantly higher
CRP levels, like those with rheumatoid arthritis and less
frequently with SLLE, is unknown. However, considering
that CRP is thought to facilitate many of the inflamma-
tory processes leading to plaque formation and rupture, it
is reasonable to speculate that higher levels may lead to
greater risk.

Foam cell formation and progression to the

fibrous plaque

Low-density lipoprotein is taken up by endothelial cells
via LDL receptors that recognize a domain of the apo-
lipoprotein B component of the molecule (Fig. 1B). This
process is influenced by the circulating levels of LDL
and by the functional integrity of the receptors, which is
in part influenced by feedback control via intracellular
cholesterol levels, as well as genetic factors. LDL be-
comes susceptible to oxidation when it is trapped in the
arterial wall, and this oxidative modification is believed
to drive atherogenesis [58]. Significant modification of
the LDL particle results in oxidative fragments that bind
to scavenger receptors expressed on macrophages and
smooth muscle cells. Although uptake of the proinflam-
matory ox-LLDL particles by the macrophages may serve
initially as a protective function, progressive accumula-
tion ultimately leads to development of foam cells within
the arterial wall. Several steps along this pathway may be
influenced positively or negatively by immunologic fac-
tors related to lupus.

Elevated circulating lipid levels, specifically LDL, may
promote endothelial cell uptake. Abnormal lipid profiles,
commonly seen in patients with SLE, may arise via sev-
eral mechanisms. For example, long-term corticosteroid
therapy for active SLE is known to increase total cho-
lesterol, triglycerides, and apolipoprotein B, and to pro-
mote an abnormal distribution of high-density lipopro-
tein subclasses (increase in high-density lipoprotein-3
and decrease in high-density lipoprotein-2) [59,60]. Ne-
phrotic syndrome, commonly associated with lupus ne-
phritis, can cause increased serum lipoprotein (a) and
cholesterol [61,62]. In addition, several studies have re-
ported higher serum lipoprotein (a) levels in patients
with SLE [63-65]. Serum lipoprotein (a) is a cholesterol-
rich lipoprotein accepted as an independent risk factor
for cardiovascular discase.
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Impaired lipoprotein lipase activity, an enzyme respon-
sible for the catabolism of chylomicrons, may be respon-
sible for elevated triglyceride levels in patients with SLE
[66]. Autoantibodies to lipoprotein lipase that inhibit its
enzymatic activity were found in 47% of 105 SLE pa-
tients [67¢], a finding that may in part explain the dys-
lipidemia commonly seen in SLE.

Feedback control of LDL receptors may also be influ-
enced by SLE-related mechanisms. As we discussed pre-
viously, complement-fixing immune complexes inhibit
the enzyme responsible for formation of 27-hydroxy-
cholesterol in the arterial wall. This inhibition results in
a loss of the 27-hydroxycholesterol downregulatory ef-
fects on surface LDL receptors, leading to increased re-
ceptor-mediated uptake of LDL.

Low-density lipoprotein uptake into macrophages is de-
pendent on the modification of LDL to ox-LLDL, which
may be influenced by genetic factors. Paraoxonase
(PON) is a serum esterase synthesized by the liver that
provides a relatively protective role in the risk of athero-
sclerosis. Iz vitro studies indicate that high-density lipo-
protein-associated PONT1 inhibits LLDL oxidation and
can destroy biologically active lipids in ox-LLDL [68-70].
Low PON activity is associated with coronary heart dis-
ease risk [71]. Three PON genes, PON1, PON2, and
PON3, are linked on chromosome 7. Common genetic
variation in the PON1 gene has been associated with the
ability to oxidize LDL as well as coronary heart dis-
ease risk [71].

Interestingly, in a preliminary study of 217 lupus pa-
tients followed at the University of Pittsburgh Medical
Center, a higher frequency of aPLs was associated with
PONI1 polymorphism (PON1/codon 192 R allele; Kam-
boh, Personal communication, 2003). Current studies are
underway to examine further the relation between
PON1 genetic variation, PON activity, the oxidative po-
tential of LDL, and the presence of aPLs in lupus pa-
tients.

The autoantigenic nature of ox-LLDL may also contrib-
ute to its enhanced uptake by macrophages and to the
local inflammatory response. A number of investigators
have demonstrated a high frequency of antibodies to ox-
LDL in patients with lupus and a strong correlation be-
tween antibodies to ox-LLDL and antiphospholipid anti-
bodies (aPLs), common in SLE [72-75]. This may in
part be explained by observations that aPLs recognize
ox-LDL in complex with B2-glycoprotein-1 [76,77] and
that binding of antibodies to ox-LLDL—B2-glycoprotein
complexes increases LDL uptake into macrophages, fa-
cilitating formation of the foam cell and fatty streak [78].

Like ox-LDL and B2-glycoprotein-1, infectious agents
may act as potential autoantigens at the site of plaque
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formation, facilitating the local inflammatory and im-
mune response [79,80]. The potential mechanisms of in-
fection-induced atherosclerosis remain speculative. Al-
though there is no convincing evidence that infectious
agents cause atherosclerosis, they may aggravate preex-
isting lesions by several mechanisms. Host defense, the
innate immune response, to extravascular infection can
be initiated when lipopolysaccharides on pathogens or
endotoxins bind to toll-like receptors, key components
of pathogen-associated molecular pattern recognition
machinery, on endothelial cells [81]. Ligation of these
receptors induces the expression of inflammatory media-
tors such as leukocyte adhesion molecules, inducible ni-
tric oxide synthase-2, endothelin, and interleukin-1
[82¢,83¢]. Observational evidence to support the role of
remote infections in coronary heart disease is the emer-
gence of chronic oral infections such as periodontitis as
an independent risk factor for atherosclerotic events [84].
However, conflicting data from other observational and
prospective studies appear to weaken the seroepidemio-
logic link between infection and atherosclerosis [85-87].
Although direct infection of vascular endothelial cells by
Chlamydia pneumoniae and cytomegalovirus has been con-
firmed by the presence of these pathogens in atheroscle-
rotic plaques, this observation alone does not determine
causation [88].

Although the evidence is circumstantial, infectious
agents have gained increasing attention as potential con-
tributors to the development of SLE. They may initiate
or flare SLE by disturbing immunoregulation, causing
tissue damage and leading to the release of autoantigens,
or by eliciting a specific immune response by molecular
mimicry. Of particular interest is Epstein—Barr virus
[89,90]. Although infection has not been examined in
association with atherosclerosis in lupus, it is interesting
to speculate that viral factors may play a role in the pre-
mature atherosclerosis seen in this population.

Vulnerable plaque and plaque rupture

T'he vulnerability of an atherosclerotic plaque to become
unstable or rupture is largely determined by three major
factors (Fig. 1C): a large central core of extracellular lip-
ids, a thin overlying fibrous cap, and a pronounced infil-
trate of inflammatory cells [91,92]. Macrophages and T
cells are the dominant cells at the immediate site of
rupture or erosion. There is a thinning of the smooth
muscle cell layer, likely the result of the release of di-
gestive enzymes (metalloproteinases) by tissue-invading
macro-phages [93].

Lupus is a disease characterized by the presence of many
proinflammatory cytokines that likely facilitate the in-
flammatory process and increase plaque instability.
CD40-CD40L interaction, which is upregulated in SLE,
induces macrophages to synthesize and secrete matrix

metalloproteases, which weaken the fibrous cap and fa-
cilitate plaque rupture [34]. In addition, CD40-CD40L
interaction can promote thrombosis by inducing macro-
phages to secrete procoagulatory tissue factor [34]. Par-
ticularly relevant to SLE, aPLs provide an additional
clotting risk.

Conclusion

Parallels between the inflammatory and immune-
mediated mechanisms of both atherogenesis and SLLE
may provide clues to understanding premature vascular
disease in these patients. SLE-related factors are likely
involved in all stages of atherogenesis from formation of
the atherosclerotic lesion to its rupture, as well as in the
thrombotic event itself. Processes critical to the patho-
genesis of SLLE, such as immune complex formation and
complement activation, are involved in endothelial in-
jury and local inflammation, influence LDL uptake by
regulating cholesterol metabolism, and affect the func-
tional integrity (compliance) of the vessel, thereby pro-
moting an atherogenic milieu. The upregulated CD40-
CD40L interactions in SLLE potentially influence many
processes, ranging from promoting inflammatory pro-
cesses to contributing to thrombus formation. Other
links between SLLE and atherosclerosis involve sources
of injury to the endothelium, such as homocysteine, and
contributions to local inflammation and plaque vulner-
ability by the effects of chronic viral infections. CRP, an
acute-phase reactant commonly measured in inflamma-
tory autoimmune diseases such as rheumatoid arthritis
and SLE, is now known not to be an innocent bystander
but an active participant. CRP activates complement,
increases the inflammatory response, enhances uptake of
LDL into macrophages, and induces monocyte produc-
tion of tissue factor, leading to plaque formation and
thrombosis. The enhancement of macrophage uptake of
ox-LLDL by antiphospholipid antibodies recognizing ox-
LDL—-B2-glycoprotein-1 complexes illustrates how the
propensity of autoantibodies in SLE may influence vari-
ous atherogenic processes. Furthermore, macrophage up-
take of LDL, may be modulated by hyperlipidemia as
well as genetic factors related to SLE. Given the striking
similarities between processes inherent to SLE and ath-
erogenesis, it is interesting to speculate that treatment
strategies directed toward specific immune dysregulation
in SLE will be beneficial in preventing premature vas-
cular disease in this population.
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