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The Biology of Atherosclerosis: General
Paradigms and Distinct Pathogenic Mechanisms
Among HIV-Infected Patients
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Complications of atherosclerosis, including myocardial infarction and stroke, are the leading cause of death and
disability worldwide. Recent data strongly implicate cardiovascular death as a contributor to mortality among
patients with human immunodeficiency virus (HIV) infection, with evidence suggesting increased incidence of
atherosclerosis among these patients. Therefore, greater understanding of atherosclerotic mechanisms and how
these responses may be similar or distinct in HIV-infected patients is needed. Key concepts in atherosclerosis are
reviewed, including the evidence that inflammation and abnormal metabolism are major drivers of
atherosclerosis, and connected to the current literature regarding atherosclerosis in the context of HIV.

Atherosclerosis—the leading cause of death worldwide—
has received much attention as to its origins, mech-
anisms, treatment, and distinct patterns in specific
populations [1]. The fact that our perspective on
atherosclerosis has undergone extensive evolution
may surprise those outside this field. A century ago,
atherosclerosis was considered a degenerative disease of
the elderly, not one that cut so deeply into life expec-
tancy or its quality [2, 3]. Since then, over time,
multiple fundamental shifts in perspective have oc-
curred, each of which has broadened our understanding
of the atherosclerotic process (Figure 1).

The role of thrombosis, including platelet action
and coagulation forces, is important in atherosclerotic
complications because myocardial infarction (MI) is an
event caused by acute plaque rupture and not a gradual
loss of the arterial lumen [4]. Specific roles for the cellular
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components of the arterial wall—namely, endothelial
cells (ECs) [5] and vascular smooth muscle cells
(VSMCs) [6]—have come into play. Pathologic studies
have revealed that atherosclerosis begins early, in young
adulthood if not sooner, even if clinical complica-
tions are decades away [7]. The success, and confu-
sion, around the impact of various cholesterol- and
lipid-modulating medications on cardiovascular events
has continued to force attention on the relationship
between lipid metabolism and atherosclerosis. A central
modern tenet of atherosclerosis is that of inflam-
mation as a key driver in the process, a realization that
made the biology of monocytes, macrophages, B cells,
and T cells relevant to clinical issues such as MI [8].
The global epidemic of obesity and diabetes has cou-
pled with the demonstration of increased cardiovas-
cular risk in these metabolic problems to draw attention
to how processes such as adipogenesis and insulin sensi-
tivity may contribute to cardiovascular disease [9, 10].
The knowledge that individuals infected with human
immunodeficiency virus (HIV) have an increased inci-
dence of atherosclerosis and its complications adds
this subgroup of individuals to the list of those in
whom the nature of atherosclerosis has become rel-
evant. Indeed, each of the new insights into athero-
sclerosis noted above, as well as others, may bear
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Figure 1. Stages in the development of atherosclerotic lesions. The normal muscular artery and the cell changes that occur during disease progression
to thrombosis are shown. A, Normal artery, which contains 3 layers. The inner layer, the tunica intima, is lined by a monolayer of endothelial cells that is
in contact with blood overlying a basement membrane. The human intima contains resident smooth muscle cells (SMCs). The middle layer, or tunica
media, contains SMCs embedded in a complex extracellular matrix. Arteries affected by obstructive atherosclerosis generally have the structure of
muscular arteries. The adventitia, the outer layer of arteries, contains mast cells, nerve endings, and microvessels. B, Initial steps of atherosclerosis,
including adhesion of blood leukocytes to the activated endothelial monolayer, directed migration of the bound leukocytes into the intima, maturation of
monocytes (the most numerous of the leukocytes recruited) into macrophages, and their uptake of lipid, yielding foam cells. C, Lesion progression, which
involves the migration of SMCs from the media to the intima, the proliferation of resident intimal SMCs and media-derived SMCs, and the heightened
synthesis of extracellular matrix macromolecules such as collagen, elastin, and proteoglycans. Plaque macrophages and SMCs can die in advancing
lesions, some by apoptosis. Extracellular lipid derived from dead and dying cells can accumulate in the central region of a plague, often denoted as the
lipid or necratic core. Advancing plaques also contain cholesterol crystals and microvessels. [, Thrombosis, the ultimate complication of atheroscleraosis,
which often complicates a physical disruption of the atherosclerotic plaque. Shown is a fracture of the plaque's fibrous cap, which has enabled blood
coagulation components to come into contact with tissue factors in the plaque's interior, triggering the thrombus that extends into the vessel lumen,
where it can impede blood flow. Modified from Figure 1 of Libby et al [1]. Reprinted with permission of Nature Publishing Group.
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particular relevance to patients infected with HIV. In this
review, we provide an overview of current concepts in ath-
erosclerosis, with a focus on more recent findings, before
considering how these issues influence atherosclerosis and its
complications in the context of HIV.

THE VESSEL WALL IN ATHEROSCLEROSIS

More antiquated notions of atherosclerosis envisioned a pipe
in which plaque buildup ultimately led to the cessation of
blood flow and ischemic infarction of the distal tissue. In
fact, although atherosclerosis does progress through the
well-established phases of fatty streaks to more complex

plaque, in its latter stages, the atherosclerotic lesion moves
abluminally, preserving the lumen and blood flow [11, 12].
In many ways, the process of atherosclerosis can be un-
derstood as a classic response to injury, with the insulting
forces in this case being cardiovascular risk factors such as
elevated cholesterol levels, smoking, diabetes, and hyper-
tension. The endothelium is the first interface between risk
factors and mediators that appear in the circulation and
organismal responses. We now understand the endothelium
to be a biologically active organ that plays a key role in
atherosclerosis [5]. For example, ECs are a source of nitric
oxide, which has many effects including vasomotor function.
A critical first step in atherogenesis is activation of ECs in
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response to injurious factors and inflammatory mediators
that alter the Teflon-like properties of ECs through their
expression of chemoattractant cytokines, known as chemo-
kines, and their induction of adhesion molecules, such as
vascular cell adhesion molecule 1 (VCAM-1) [13]. Chemo-
kines such as monocyte chemoattractant protein 1 (MCP-1)
have been strongly linked to atherosclerosis. Through these
and other steps, ECs help recruit and foster the entry of
inflammatory cells such as monocytes into the arterial wall.
Once in the wall, monocytes differentiate into macrophages
as they engage in steps involved in wound healing, ingesting
low-density lipoproteins (LDLs), which may have become
oxidized, as well as cellular debris. VSMCs present in the
arterial media can migrate to the subintimal space, pro-
liferate, and engage in forming a fibrous cap. This process
essentially seals off the plaque, and its highly thrombotic
nature, from the circulation [1]. Signaling between macro-
phages and T cells can promote release of matrix-degrading
enzymes known as matrix metalloproteinases (MMPs), an-
other response to injury that in other settings of wound
healing is essential but in this context may be maladaptive.
MMPs can degrade the fibrous cap, resulting in plaque de-
stabilization, rupture, and acute MI, events more likely to
happen when the cap is thinner [8]. Superficial erosion of the
endothelium is another mechanism through which these
processes may occur [14].

INFLAMMATION IN ATHEROSCLEROSIS

Even this brief synopsis makes clear the importance of in-
flammation in atherosclerosis. The evidence for this extends
from autopsy studies, which showed inflammatory cells such
as macrophages and T cells to be among the most prevalent
cell types in the shoulder regions of ruptured lesions, to in
vitro studies in which proatherosclerotic forces induce path-
ogenic responses in ECs and VSMCs, to population studies
suggesting that measures of inflammatory responses, from
white blood cell counts to levels of C-reactive protein (CRP),
predict cardiovascular risk [1]. Indeed, studies suggest that
CRP level predicts cardiovascular events independent of other
risk factors and to an extent similar to that of elevated LDL
levels [15]. How to best integrate CRP measurements into
clinical practice remains under debate and may well be ad-
dressed in the next iteration of the National Cholesterol Edu-
cation Program’s Adult Treatment Panel guidelines, expected
to be released soon.

Monocyte differentiation into macrophages, an essential
step in atherosclerosis, is driven by various forces, including
the presence of oxidized LDL, and specific mediators, such as
macrophage colony-stimulating factor [16]. Macrophage
uptake of oxidized LDL promotes their further evolution
into foam cells. Dendritic cells are also part of this process [17].

T cells are particularly important players in atherosclerosis
even if they are present in lower numbers than are macro-
phages, whereas B cells and mast cells are also players in these
processes [8]. As such, it becomes apparent that both innate
and adaptive immunity are integral in the origins and natural
history of atherosclerosis and its complications.

Innate immune responses in atherosclerosis involve both
ECs and macrophages, with activation of pattern recognition
receptors that control important cellular responses [18].
Oxidized LDL uptake can induce expression of proximal
potent proinflammatory mediators such as nuclear factor
kB (NF-kB), activator protein 1, and interferon regulatory
factor 1. Toll-like receptors (TLRs) are pattern recognition
receptors implicated in many aspects of atherosclerosis, with
myeloid differentiation primary response gene 88 being es-
pecially important as a mediator in distal effects exerted by
the TLR family. Activation of these pathways can promote
inflammation and atherosclerosis [19].

Adaptive immunity is also relevant to atherosclerosis, with
data indicating that antigen presentation is part of the pro-
cess [20]. Mouse studies demonstrate that deficiency in ei-
ther T cells or B cells, as well as specific mediators from such
cells, is associated with less atherosclerosis. An extensive body
of literature continues to evolve in regard to how specific
aspects of T-cell biology comes into play in atherosclerotic
complications [21]. T cells expressing CD4 are commonly
found in plaque, as are CD8-expressing cells, although to
a lesser extent [22]. The aff T-cell antigen receptor is also
abundantly expressed in plaque T cells. T-helper type 1 cells
and their products such as interferon y (IFN-y) can promote
atherosclerosis, as do multiple other interleukin factors.
Details of these T-cell mechanisms continue to be worked
out and suggest a very complex network of inflammatory cell
responses involved in atherosclerosis.

One more recent advance in this area has been the
recognition that some inflammatory cells may play a pro-
tective role, limiting inflammation and atherosclerosis.
This concept of inflammatory cell heterogeneity forces
reappraisal of existing data regarding inflammation and
atherosclerosis. For example, regulatory T cells have been
suggested to decrease atherosclerosis, perhaps through re-
lease of cytokines such as transforming growth factor p and
interleukin 10 [22]. Likewise, monocytes have also been
subclassified into proinflammatory/proatherosclerotic (M1)
type versus the more atheroprotective (M2) type [23]. Ly-6
is a family of glycoproteins expressed by cells of the hema-
topoietic lineage, and Ly-6¢ is one of 7 known serotypes.
Proinflammatory monocytes having higher levels of Ly-6¢
may correlate with increased release of proinflammatory
cytokines.
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METABOLIC DRIVERS OF INFLAMMATION AND
ATHEROSCLEROSIS

Interestingly, many of these same core mechanisms of in-
flammation have also been implicated in adipose tissue,
whether through changes in adipocytes and their release of
inflammatory mediators and modulators, or through evi-
dence that inflammatory cells take residence in adipose tis-
sue where they can exert systemic effects [24, 25]. These
observations seem especially germane given the increased
risk found in individuals with diabetes and even prediabetes
and the increasing prevalence of both adiposity and diabetes
and its presence in increasingly younger segments of the
population.

Obesity involves expansion of adipocytes and their storage
of triglycerides, which contain high-energy-yielding fatty
acids [26]. Fatty acid trafficking, for example through the
fatty acid transporter CD36, could modify cellular responses
[27, 28]. Extensive data suggest that different depots of fat
may have distinct biologic properties, with visceral fat sug-
gested as being more associated with diabetes and athero-
sclerosis [29]. Other lines of evidence argue that the real
issue is increased adiposity, with deposition of triglycerides/
lipids in liver, as in nonalcoholic steatohepatitis, or in skel-
etal muscle, causing the cascade of responses associated with
cardiovascular disease [29, 30]. Regardless of these findings,
increased adiposity is closely associated with a constellation
of abnormalities that increase inflammation and atherosclerosis.
Specific mediators released by adipocytes can be identified as
contributing to all the key aspects of cardiometabolic dis-
ease. At the same time, inflammatory cells are present in
adipose tissue and bear hallmarks of central inflammatory
responses such as NF-kB activation. Given the extent to
which adipose tissue is vascularized, inflammatory cells
present in fat would have ready access to the circulation and
the potential for systemic effects.

CARDIOVASCULAR DISEASE IN HIV-INFECTED
PATIENTS

Increased incidence of cardiovascular disease may occur in
HIV-infected patients through a number of the mechanisms
outlined above [31, 32]. Infection has been raised as a po-
tential contributor to many chronic illnesses, including
atherosclerosis, which may be a result of a generalized in-
crease in inflammatory pathways. Given the specific cellular
players involved in atherosclerosis discussed above and the
unique effects of HIV on the immune system, it is plausible
to consider that HIV infection itself could either directly or
indirectly promote atherosclerosis via monocyte or T-cell
activation. Similarly, the concomitant infections experienced
by HIV-infected patients, including cytomegalovirus (CMV)

infection and others, could also promote atherosclerosis, as
reviewed by Hsue et al in this supplement. Alternatively,
changes associated with HIV infection could alter risk factors
and mediators that then promote atherosclerosis. For ex-
ample, cytokine dysregulation associated with HIV infection
has been shown to contribute to dyslipidemia. In addition,
therapies to treat HIV infection could influence atheroscle-
rosis by altering vascular function and metabolism, for exam-
ple, by promoting insulin resistance, impaired fibrinolysis,
dyslipidemia, platelet dysfunction, and visceral fat accumu-
lation. As the HIV-infected individuals live longer and be-
come progressively older, these various issues become even
more relevant.

Early coronary atherosclerosis has been reported in young
HIV-infected patients [33, 34]. Both traditional and non-
traditional cardiovascular risk factors likely contribute to
increased cardiovascular disease in the HIV-infected patient
population, and these processes may impact on different
aspects of the atherosclerotic process. (For a review of
potential effects of dyslipidemia, insulin resistance, and
abdominal adiposity in HIV infection and contributions to
cardiovascular risk, see Stanley et al in this supplement.)
For example, Lo and colleagues [35, 36] have demonstra-
ted that traditional risk factors contribute to calcified
plaque, whereas as nontraditional factors, including mono-
cyte and macrophage activation, are associated with non-
calcifed plaque, which may be more vulnerable and prone
to rupture.

POTENTIAL EFFECTS OF ANTIRETROVIRAL
THERAPY AND TREATMENT INTERRUPTION
ON THE ATHEROSCLEROTIC PROCESS

Antiretroviral medications may contribute to atherosclerotic
heart disease development in patients with HIV infection. In
the Data Collection on Adverse Events of Anti-HIV Drugs
(D:A:D) study that included 23 437 HIV-infected patients,
the adjusted relative rate of MI was 1.16 per year of exposure
to combination antiretroviral therapy (95% confidence in-
terval [CI], 1.09-1.23 MIs per year) [37]. In this study, the
investigators also found that higher total serum cholesterol
and triglyceride levels and presence of diabetes were associ-
ated with increased incidence of MI. The D:A:D study fur-
ther showed increased MI rates in patients treated with
protease inhibitors [37, 38]. Protease inhibitors may cause
atherosclerosis through dyslipidemia or possibly through
foam cell formation because HIV protease inhibitors can
upregulate scavenger receptor CD36 in LDL receptor null
mice and increase CD36-dependent cholesteryl ester accumu-
lation in macrophages [39]. Protease inhibitors have also been
associated with increased plasminogen activator inhibitor 1
levels and increased fibrinogen levels [40].

Biology of Atherosclerosis in HIV e JID 2012:205 (Suppl 3) e S371



On the other hand, HIV drug treatment interruption has
also been associated with increased cardiovascular event
rates. In the Strategies for Management of Anti-Retroviral
Therapy (SMART) trial, patients in the drug conservation
group showed a trend of increased cardiovascular events
compared with those in the viral suppression group, with
a hazard ratio of 1.57 (95% CI, 1.00-2.46; P = .05) [41, 42].
Patients in the drug conservation group had a reduction in
total cholesterol, LDL cholesterol, high-density lipoprotein
(HDL) cholesterol, and triglyceride levels after treatment
interruption, and the ratio of total cholesterol to HDL
cholesterol increased unfavorably. Data from the SMART
trial suggest that activation of inflammatory and coagulation
pathways induced by HIV infection may be further worsened
by treatment interruption and thus further increase the risk
of death among HIV-infected patients [43].

HISTOPATHOLOGIC STUDIES IN HIV
INFECTION

Autopsy studies in young patients with HIV infection showed
thickening of the intima composed of VSMCs, macrophages,
and rare lymphocytes in all cases; 60% of these cases had
atherosclerosis with the pattern of coronary lesions involving
all vessels circumferentially without any healthy space, with
a pattern resembling the accelerated atherosclerosis associated
with cardiac transplant recipients [34].

Micheletti et al [44] also examined histopathology of coro-
nary arteries of young to middle-aged HIV-infected patients
who had died of advanced AIDS and found evidence of coro-
nary luminal narrowing, calcification, and high plaque lipid
content in a high proportion of the HIV-infected patients.
These histopathologic studies strongly support a connection
between HIV infection and atherosclerosis.

HIV INFECTION, VIRAL PROTEINS, AND
ATHEROSCLEROSIS

HIV infection in itself may cause detrimental changes in the
vascular endothelium. For example, HIV viral load has been
found to be associated with endothelial dysfunction [45, 46].
Wolf et al [47] found markers of endothelial activation, inclu-
ding soluble VCAM-1, soluble Intercellular Adhesion Molecule 1,
and von Willebrand factor, to be higher in untreated HIV-
infected patients than in healthy control patients in the Swiss
HIV Cohort Study. Levels of these endothelial activation
markers decreased with antiretroviral therapy, and soluble
VCAM-1 and von Willebrand factor levels correlated with
viral load in this study.

HIV-1 Tat protein can cause endothelial dysfunction in
porcine coronary arteries [48]. HIV-1 Tat can also promote

the secretion of the chemokine MCP-1, thus promoting
migration of monocytes into the vascular intima [49, 50].
HIV-infected patients with the MCP-1 2518G allele are at
increased risk for atherosclerosis [51]. The MCP-1 2518G
allele has also been associated with severity of coronary ar-
tery disease in patients without HIV infection [52]. Circu-
lating MCP-1 levels have also been associated with increased
coronary atherosclerosis seen on coronary computed tomo-
graphy (CT) angiography in HIV-infected men [35]. In addi-
tion, HIV Nef protein has been demonstrated to impair efflux of
cholesterol from macrophages by downregulating adenosine
triphosphate binding cassette transporter Al, and therefore in-
creasing the promotion of foam cell formation [53].

ATHEROSCLEROSIS AND HIV INFECTION ARE
INFLAMMATORY DISEASES INVOLVING THE
IMMUNE SYSTEM

Inflammatory and immunologic factors may contribute to
increased cardiovascular disease in the population of HIV-
infected individuals. CRP has been found to be associated
with increased acute MI risk in HIV-infected patients [54].
Furthermore, several studies have also demonstrated that
acute MI rates are related to low CD4 cell counts [55, 56].
Recently, HIV-associated T-cell activation has also been
found to be associated with subclinical carotid atheroscle-
rosis, as Kaplan et al [57] demonstrated that HIV-associated
T-cell activation and senescence are related to subclinical
carotid atherosclerosis using T-cell phenotyping and carotid
ultrasound in 115 HIV-infected women in the Women’s
Interagency HIV study.

Because atherosclerosis is an inflammatory process in
which monocytes, T cells, B cells, and their associated me-
diators play key roles, as reviewed elsewhere [4, 58, 59], the
state of chronic immune activation experienced by HIV-
infected patients likely predisposes them to atherosclerosis
development. Tilton et al [60] demonstrated that HIV-infected
patients, regardless of antiretroviral therapy status, had elevated
spontaneous production of monocyte inflammatory cytokines
tumor necrosis factor o, interleukin 1B, and interleukin 6
compared with uninfected control participants.

Concomitant infections in the HIV-infected patient could
also contribute to inflammation and atherosclerosis. For
example, CMV infection may play a possible role in ath-
erogenesis [61].
HIV-infected patients to have higher levels of CRP, higher
levels of CD4 and CD8 T-cell activation, and higher CMV-
specific T-cell response, and that CMV-specific T-cell res-

Hsue et al [62] have previously shown

ponse (measured by expression of IFN-y after exposure to
CMV pp65 peptide antigens) was independently related to
higher carotid intima-media thickness in patients with HIV
infection.
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SUBCLINICAL CORONARY ATHEROSCLEROSIS
AND SOLUBLE CD163, A MONOCYTE/
MACROPHAGE-SPECIFIC ACTIVATION
MARKER, IN HIV-INFECTED PATIENTS

With the use of coronary CT angiography, patients with
HIV infection were reported to have a higher prevalence of
subclinical coronary atherosclerosis and greater burden of
coronary atherosclerotic plaque, particularly noncalcified
plaque, than were HIV-seronegative subjects with similar
cardiovascular risk factors, even those patients with low
Framingham risk score and no symptoms of cardiovascular
disease [35]. In this study, coronary plaques in the HIV-infected
patients were more likely to be noncalcified rather than calcified
plaque lesions. Plaques with inflammatory, necrotic, lipid-rich
cores are more vulnerable to rupture, are typically noncalcified,
and have low attenuation on CT imaging [63, 64].

CD163 is a scavenger receptor expressed on the surface of
macrophages and monocytes specifically [65]. Soluble CD163
is the proteolytic cleavage product shed by activated mono-
cytes/macrophages. Soluble CD163 was recently shown to be
a marker of HIV disease activity in early infected and chro-
nically infected patients [66] and was demonstrated to be
positively associated with noncalcified coronary plaque bur-
den, independent of traditional cardiovascular risk factors,
among asymptomatic men with chronic HIV infection and
even among those with low or undetectable levels of HIV
RNA [36]. Levels of soluble CD163 have also been shown to
be elevated in non-HIV-infected patients with coronary artery
disease [67]. Thus, the activation of monocytes and macro-
phages in HIV infection might contribute to the formation
of vulnerable atherosclerotic plaques.

PLATELET FUNCTION IN HIV INFECTION

Because coronary arterial thrombosis, important in acute Mls, is
mediated by platelets, abnormalities in platelet function may
potentially play a role in the pathogenesis of increased cardiac
events in patients living with HIV infection. Satchell et al [68]
measured levels of time-dependent platelet aggregation in re-
sponse to platelet agonists in 20 HIV-infected individuals and
20 age- and sex-matched HIV-negative individuals and found
significant differences in platelet responses between the 2
groups, suggesting possible defects in platelet reactivity in
patients with HIV infection. More studies are needed to
further study platelet function in HIV-infected patients and
the possible role of HIV in acute thrombotic events.

CONCLUSIONS

Cardiovascular disease is an emerging cause of death among
HIV-infected patients. Multiple potential mechanisms exist

by which HIV infection and its therapy may contribute to the
development of atherosclerotic disease, including known
traditional cardiovascular risk factors as well as inflam-
matory and immunologic mechanisms. Given the rapid and
ongoing evolution of our thinking about atherosclerosis
and its complications in the general population, the need to
understand how these issues relate to atherosclerosis in pa-
tients with HIV infection is apparent. Such insights will no
doubt guide therapy in the future.
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