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Abstract

Cardiovascular disease, including atherosclerosis and atherosclerosis-associated complications, is
an increasing cause of morbidity and mortality in HIV patients in the post-antiretroviral therapy
era. HIV alone accelerates atherosclerosis. Antiretroviral therapy, HIV-associated comorbidities,
such as dyslipidemia, drug abuse, opportunistic infections, and lifestyle, are risk factors for HIV-
associated atherosclerosis. However, our current understanding of HIV-associated atherogenesis is
very limited and largely obtained from clinical observation. There is a pressing need to
experimentally unravel the missing link between HIV and atherosclerosis. Understanding these
mechanisms will help to better develop and design novel therapeutic interventions for the
treatment of HIV-associated cardiovascular disease. HIV mainly infects T cells and macrophages
resulting in the induction of oxidative and endoplasmic reticulem stress, the formation of the
inflammasome, and the dysregulation of autophagy. These mechanisms may contribute to HIV-
associated atherogenesis. In this review, we will summarize our current understanding and propose
potential mechanisms of HIV-associated atherosclerosis.
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INTRODUCTION

The current spectrum of human immunodeficiency virus (HIV) infections has dramatically
shifted after the advent of effective antiretroviral therapy (ART). Although ART has
successfully suppressed plasma viremia in HIV-infected (HIV*) patients, it is not sufficient
to eradicate HIV. Despite a monumental investment in vaccine development, there have been
no effective vaccines to date. With the persistence of the virus and the dramatically increased
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life expectancy of HIV* patients stabilized on ART, the new challenge is the treatment of
HIV-associated comorbidities, including HIV-associated neurocognitive disorders and
cardiovascular disease (CVD) ().

Atherosclerosis-associated CVD, including myocardial infarction (MI) and stroke, is
currently one of the leading causes of mortality among HIV* patients (2-6). There is
emerging evidence to indicate that HIV infection and subsequent inflammatory processes in
humans accelerate atherogenesis. The study of simian immunodeficiency virus (SIV)
infection in primates displays a similar pattern of accelerated atherogenesis, and thus serves
as an important model system for HIV pathogenesis. However, the mechanisms for HIV- or
SIV-induced atherogenesis remain unclear. HIV-associated atherogenesis may be further
complicated by ART, drug abuse, other HIVV-associated comorbidities (dyslipidemia,
opportunistic infections [Ols], and renal disease), and traditional atherosclerosis risk factors
(lifestyle, smoking, and so on) (2). In patients on ART, HIV infection not only mediates
immune cell activation and endothelial dysfunction, but also activates an array of cellular
pathways, such as inflammasome formation/caspase-1 activation, autophagy, oxidative stress
(0S), and endoplasmic reticulum (ER) stress. These mechanisms have an established
contribution in the development of traditional atherosclerosis. However, our understanding
of the pathogenic roles of HIV infection, immune cell activation, and the cellular and
molecular mechanisms underlying HIV-associated atherogenesis is very limited and largely
obtained from clinical observation. In this review, we will summarize the current
understanding of HIV-associated atherosclerosis, its complications, and its associated risk
factors. Then, we will discuss the potential mechanisms underlying HIV-associated
atherosclerosis and the use of animal models to further dissect its pathogenesis.

HIV INFECTION INCREASES ATHEROSCLEROSIS-ASSOCIATED CVD IN
THE ART ERA

CVD among HIV* patients has drastically changed with the advent of ART. Early in the
HIV epidemic, the predominant presentations of HIV-associated CVD were dilated
cardiomyopathy, pericardial disease, pulmonary hypertension, HI\-associated malignancies,
and Ols. Since the onset of ART, HIV™* patients are increasingly at risk for more common
cardiovascular complications associated with atherosclerosis, including M, stroke, and heart
failure (2-6).

The use of ART has increased the survival of HIV* patients to close to that of the general
population. Although fewer HIV* patients are dying of AIDS-related complications, the
prevalence of non-AlDS-related comorbidities, including atherosclerosis-associated CVD,
remains increased compared with HIVV™ controls. CVD is the second leading cause of non-
AIDS-related mortality in the United States and third in Europe among HIV* patients (6).
Data suggest that HIV* patients have a higher prevalence of traditional risk factors,
including hypertension, diabetes, and dyslipidemia (7). There is extensive evidence to
suggest that even when controlled for these traditional cardiovascular risk factors, HIV*
patients are still at a higher (1.5- to 3-fold) risk of developing CVD (8,9).
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Two landmark clinical trials have provided valuable information in regard to ART and its
timing of ART in HIV infection as they relate to CVD: the SMART (Strategies for
Management of Antiretroviral Therapy) and START (Strategic Timing of Antiretroviral
Treatment) studies (10). The SMART study showed that consistent use of ART in
individuals with CD4* cell counts below 350/l resulted in a decrease in AlDS-related
adverse events and in CVD events (11). For those deferring or interrupting treatment, there
was a 70% increased hazard of CVD events, suggesting the need for continuous ART in
preventing HIV-associated chronic inflammation and mitigating CVD risk (11). In the
START study, a 40% reduction in AIDS-related events was observed when ART was given
immediately; however, this did not prevent CVD events (12). Although both SMART and
START support the notion that ART on the basis of stricter CD4™* thresholds will likely
result in decreased CVD rates, ART is not sufficient to prevent CVD risk in HIV™* patients.
Data from the VACS (Veterans Aging Cohort Study) cohort showed that HIV* patients were
at a higher risk of acute Ml (hazard ratio, 1.48), even after adjustment for Framingham risk
factors, comorbid conditions, and drug use (8). Thus, non-ART interventions are needed to
decrease CVD risk among HIV* populations and to improve immune function.

HIV* individuals known as “elite controllers,” that is, those who have undetectable plasma
viral loads without ART, have increased coronary atherosclerosis and high immune
activation, including elevated plasma soluble CD163 (sCD163) (13). In another cohort,
HIV* elite controllers had a higher median carotid intima-media thickness (CIMT) than that
observed in uninfected subjects, even after adjustment for traditional cardiovascular risk
factors (14). These studies reinforce the role of inflammation, and not ART or virus, as the
key mediator of HIV-associated CVD.

HIGH-RISK PLAQUE FEATURES IN HIV CVD

The presence of noncalcified plaques detected by coronary computed tomography
angiography (CCTA) in the general population is associated with higher rates of acute
coronary syndrome when compared with mixed and calcified plaques (15-17). These
noncalcified plaques in HIV* patients represent an early stage of atherosclerosis, and are
more prone to rupture and thrombus formation compared with calcified plaques, likely
leading to HIV-associated acute coronary syndrome (15). In well-controlled HIV* patients,
studies show a higher prevalence of subclinical coronary atherosclerosis (16,17) and greater
burden of coronary atherosclerotic plaque, particularly noncalcified inflammatory plaques,
in HIV* young men than in HIV~ individuals with similar cardiovascular risk factors (16).
Imaging studies using CCTA have shown that HIV* men have 59.0% prevalence of coronary
atherosclerosis compared with 34.4% in non-HIV-infected (HIVV™) control subjects(16,18).
In addition to HIV* men, HIV* women had significantly higher percentages of segments
with noncalcified plaques (74% vs. 23%) compared with female HIV- controls (19).

The presence of high-risk plaques is substantially associated with increased immune
activation, more so than other risk factors. Plague more prone to rupture have a necrotic core
with an overlying thin fibrous cap and numerous macrophages (15). There is an increased
prevalence of vulnerable plaque features (low attenuation, positively remodeled and spotty
calcification) among young HIV* patients compared with HIVV™ controls. HIV* patients had
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greater low-attenuation plaque (22.8% vs. 7.3%), positively-remodeled plaque (49.5% vs.
31.7%), and high-risk 3-feature plaque (7.9% vs. 0%)(18). A meta-analysis study showed an
association between noncalcified coronary artery plaques and reduced CD4 cell count in
HIV* patients, supporting the notion of systemic inflammatory dysregulation in HIV*
patients contributing to CVD (15). This evidence indicates that systemic inflammation and
immune activation in HIV infection contributes to the accelerated atherogenesis seen in
HIV* patients.

HIV-ASSOCIATED ATHEROSCLEROSIS BIOMARKERS

Biomarkers also support the contribution of inflammation and immune activation in HIV
CVD. Before ART, clinical studies found that the severity of HI\-associated atherosclerosis
correlates with decreased CD4 levels (20,21). Countless studies have also looked for
biomarkers, including those involved in the activation of monocytes/macrophages, T cells,
endothelial cells, platelets, immune cell senescence, and microbial translocation (Table 1).
As evident in Table 1, there is conflicting evidence of correlations between these biomarkers
and HIV-associated atherosclerosis. This may be due, in part, to several factors, including
differences in cohort size, patient status, lifestyle, ART, comorbidities, and measurement
assays.

A number of studies have demonstrated that activated monocytes and plasma macrophage-
specific markers are correlated to HIV CVD. For example, plasma-soluble CD163
(sCD163), a monocyte/macrophage-specific activation marker, correlated with the presence
of noncalcified plaque in a cohort of young HIV* men (22). Female HIV* patients also had
elevated inflammatory markers, with increased plasma sCD163 and CXCL10, as well as
CD14*CD16* inflammatory monocytes (19). Fluorodeoxyglucose (18F) positron emission
tomography (18F-FDG-PET) imaging showed increased arterial inflammation among HIV*
patients matched for traditional coronary risk factors (23). Plasma sCD163 correlated

with 18F-FDG-PET imaging data showing increased presence of inflammatory macrophages
in the ascending aorta of HIV-infected individuals, whereas C-reactive protein (CRP) and
interleukin (IL)-6 did not (23).

In the SMART study, nonspecific immune markers (IL-6, CRP, and D-dimer) were
associated with an increased risk of CVD, independent of other CVD risk factors (24). 1L-6
and D-dimer were strongly related to all-cause mortality, and suggest that interrupting ART
may increase inflammation and further increase the risk of cardiovascular death (25,26).

In summary, clinical evidence shows that even in the presence of ART, there is extensive
atherosclerosis-associated CVD driven by HIV-associated immune activation and
inflammation, which contribute to the unique pathophysiology of HIV-associated CVD.
However, the exact cellular and molecular mechanisms are unknown, and may be further
complicated by comorbidities and behavioral risk factors.

CONTRIBUTIONS OF RISK FACTORS AND COMORSBIDITIES

Atherosclerosis-associated CVD in HIV* patients is complicated not only by an increase in
traditional cardiovascular risk factors, such as dyslipidemia and smoking, but also by side
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effects of ART. Primary HIV infection is associated with dyslipidemia, as measured by an
increase in serum triglycerides and a decrease in the percentage of cholesterol (27), and
further complicated by metabolic alterations introduced by ART. In the D:A:D (Data
collection on adverse effects of Anti-HIV Drugs) study, the presence of dyslipidemia was
45.9% (27). Additionally, the ART regimen can be tailored to the patient’s CVD risk.

Behavioral risk factors, including illicit drug use and tobacco smoking, are more common in
the HIV* population and compound the risk of CVD (28). Hepatitis C virus (HCV) infection
in the general population is associated with higher prevalence of atherosclerosis, and
coinfection in HIV* patients is associated with an even higher frequency of atherosclerotic
plaques, stroke, and M1 (29). However when risk factors are taken into account using the
Framingham Risk scores and a new risk prediction algorithm, the atherosclerotic
cardiovascular disease (ASCVD) risk algorithm, the CVD risk in HIV* patients is
underestimated (30). There is a need to understand how HIV infection contributes to the
development of atherosclerosis and to determine how overlying risk factors may accelerate
this process. This knowledge will aid in the development of personalized medicine for
atherosclerosis and atherosclerotic complications in HIV* patients.

UNDERLYING CELLULAR MECHANISMS

Our current knowledge of HIV-associated atherogenesis has been gained almost exclusively
through clinical studies, with few mechanistic experimental studies. As such, our knowledge
and understanding of HIV atherosclerosis is limited by what is known of traditional (non-
HIV) atherosclerosis. Atherosclerosis is a chronic inflammatory condition in which immune
and nonimmune mechanisms induce endothelial dysfunction, the first step in atherogenesis.
In turn, endothelial dysfunction induces the expression of prothrombotic and
proinflammatory cytokines and adhesion molecules that further propagate the inflammatory
response, attracting monocytes and T-cells. Once in the intima, macrophages phagocytize
oxidized low-density lipoproteins (oxLDL), leading to foam cell formation and eventually
formation of plagues, the hallmark of atherosclerosis. Finally, the rupture of advanced
plaques leads to stroke, MI, and thrombaosis (Central Illustration, A).

A major link in HIV-associated atherosclerosis likely centers on the macrophage and its
critical role in the inflammatory process and plaque formation (31). Although T cells are the
major cellular reservoir for HIV infection, monocytes and macrophages also support HIV
replication, and these cells remain chronically infected. HIV infection persists in patients on
stable ART and the virus remains in a latent state in T cells and monocyte/macrophages,
where it integrates into the host genome, only to reemerge when ART is discontinued (32).
Even in the latent state, where viral loads are low or undetectable in the blood, potent viral
regulatory proteins, including Tat, Nef, and others, are produced in T cells and monocytes at
low levels, and can alter their function (31,33).

Biomarker studies, as discussed earlier, have provided important insights into the cellular
mechanisms underlying HIV-associated atherogenesis. We have summarized these studies
with regard to the correlation of cellular markers to the development of HIV-associated CVD
(Table 1). These studies reach a consensus that highlights the importance of immune cell
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activation and inflammation, primarily via monocyte/macrophage activation, in the
pathogenesis of HIV-associated atherogenesis. These studies support the hypothesis that the
key underlying cellular mechanism appears to be chronic macrophage-mediated
inflammation (34-38). From these clinical biomarker studies, there has been little focus on
smooth muscle cells (SMC), endothelial cells, or platelet activation, and few correlations to
HIV CVD identified. However, a few studies with large cohorts have found a significant
correlation between CVD and activation of endothelial cells and platelets. It is important to
not overlook their atherogenic roles when elucidating the mechanism (11,39,40).

MACROPHAGES AND FOAM CELLS

T CELLS

The migration and adhesion of monocytes to the subendothelial space and the scavenging of
oxLDL, leading to the transformation into foam cells, are critical steps in atherogenesis (41).
Chemokines and their receptors are important in driving macrophage migration into the
vasculature. Inhibition of their activity (e.g., CCL2, CX3CR1, and CCR5) led to a
remarkable reduction in atherogenesis, and atherosclerotic lesion size was highly correlated
to the number of circulating monocytes. This indicates that these chemokines and adhesion
molecules account for almost all of the monocyte migration and accumulation in
atherosclerotic arteries, and highlights the importance of macrophage migration in
atherogenesis (42,43). During HIV infection, chemokines are elevated and may play a role
in the recruitment of monocytes to the vasculature, thereby facilitating HIV-associated
atherogenesis (44—47). The atherogenic roles of monocytes/macrophages prompted the field
to dissect the direct effects of HIV infection on macrophage cholesterol metabolism and
HIV-associated atherosclerosis. HIV Nef protein, affects normal function of the ATP-binding
cassette transporter A1 (ABCAL1), impairing cholesterol efflux from infected macrophages
(48). This impairment results in the accumulation of lipids and transformation of the
macrophages into foam cells in vitro and in vivo (48). Conversely, the efflux capacity from
ABCA1** macrophages was increased in serum obtained from ART-treated subjects during
acute infection (48). The significant relationship between reduction in viral load and
increased cholesterol efflux capacity was independent of changes in high-density
lipoprotein, CD4* T cells, and activation markers. These results suggest that HIV infection
dampens monocyte cholesterol metabolism and accelerates foam cell formation, which may
be further influenced, or even improved by ART. Interestingly, HIV single-stranded RNAs
induced foam cell formation in macrophages in a dose-dependent manner via binding to
TLRS8 in vitro (49). This finding helps to explain why HIV-accelerated atherogenesis is
increased, even in well-controlled patients and elite controllers.

In HIV* patients with viral suppression, percentages of activated T cells (CD38* HLA™
DR™) were still 2-fold higher compared with HIV~ controls (50,51). Even HIV elite
controllers have abnormally high T cell activation levels, which may contribute to
progressive CD4" T cell loss, even without measurable viremia (52). Chronic immune
activation might contribute to the initiation of endothelial activation and subsequent
atherogenesis (53), and these markers of T-cell activation are correlated with atherosclerosis
in several studies (50-56). In atherosclerosis, T cells are recruited along with macrophages
into the endothelium. However, they are far less abundant in the plaques (57). In the plaques,
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T cells produce proatherogenic mediators that contribute to lesion growth and exacerbate
atherogenesis (57).

The immune cell activation in the periphery or lymph nodes (LNs) may not be reflective of
cardiovascular inflammation. A recent study demonstrated that arterial inflammation in
HIV* patients, as measured by 18F-FDG PET, correlated with CRP, IL-6, and CD14*CD16*
monocytes, markers of immune activation, whereas LN inflammation correlated with
measures of HIV disease activity (58). Another recent report showed discordant effects of
newly-initiated ART in treatment-naive HIV* patients, which restored peripheral immune
function, but did not reduce arterial inflammation (59). Together, these results indicate that
the pathogenesis of HIV-associated vascular inflammation may be different from peripheral
blood or LN inflammation. They highlight the importance of further dissecting HIV-
mediated immune activation and inflammation, specifically in the vasculature.

Clinical correlation studies stress the importance of monocyte/macrophages, T cells, and
inflammatory pathways in HIV-associated atherogenesis. The exact mechanism(s) of HIV-
associated atherogenesis has not been established and requires further investigation.

POTENTIAL MOLECULAR MECHANISMS

Our understanding of the molecular mechanisms underlying HIV-associated atherosclerosis
is less extensive than that of cellular mechanisms. In HIV™* patients, even those on ART, the
interaction of HIV with host immune cells and endothelial cells can trigger several
molecular events, including increased OS, ER stress, inflammasome formation, and
dysregulation of autophagy (Central Illustration, B). These cellular mechanisms have an
established role in traditional atherogenesis. Therefore, we will focus on the potential role of
these molecular mechanisms in the development of HIV-associated atherogenesis.

OXIDATIVE STRESS

Reactive oxygen species (ROS) are highly-reactive molecules produced during normal
oxidation/reduction reactions in cellular processes, such as oxidative metabolism,
degradation of macromolecules and their substrates, and protein folding in the ER (60).
Major sources of ROS are produced by the electron transport chain, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase enzymes (61), or by the cytochrome P450 system
(60). Because ROS are abundant and produced regularly, eukaryotic cells have developed
mechanisms of neutralization, repair, and inhibition of production. Neutralization or
scavenging of ROS occurs through multiple mechanisms, including small-molecule
antioxidants such as glutathione, NADPH reductase enzymes, superoxide dismutases, and
heme oxygenases (60,61). However, ROS can become pathological when their production is
increased or the antioxidant capacity of the cell is decreased.

ROS play a significant role in the development of atherosclerosis. NAPDH oxidases are
highly concentrated in phagocytic cells, including macrophages, where they play a critical
role in the host defense of ingested pathogens (62). NADPH oxidase is also expressed in
endothelial cells and SMCs (63,64). Under hyperlipidemic conditions, NADPH oxidases are
up-regulated, and are critical in the formation of oxLDL in both mice and humans (65). The
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atherogenic role of the NADPH oxidase enzyme family members has been extensively
studied using apolipoprotein E null (Apo£~") mice (65). In these studies, they have a
critical role in endothelial cell and SMC proliferation (63) and macrophage migration (64).

Both in vitro and in vivo models of HIV infection, as well as primary patient samples, show
increased ROS and induced OS (66). ROS levels and its effects (e.g., oxLDL and oxidized
nucleic acids) are higher in treatment-naive patients compared with those controlled on ART
(67). Increased ROS results from both increased production and decreased antioxidant
capacity (68). HIV* patients with increased OS due to mutations affecting antioxidant
capacity have an increased HIV plasma viral load, decreased CD4* T cell counts, and
increased cytotoxicity (69). Many of the HIV proteins, including Nef, increase ROS
generation, causing endothelial dysfunction (70). HCV coinfection increases the levels of
OS in HIV* patients (71). Numerous reports also showed that specific ART regimens
increased ROS production, mediating endothelial dysfunction, for which mitochondrial-
targeted antioxidants and antioxidant treatment are protective (72). These results indicate
that increased chronic OS resulting from HIV infection or ART mediates endothelial
dysfunction and increases oxLDL production. However, whether the increased ROS
production and its intracellular effects, including ER stress, as discussed in the following
section, contribute to HIV-associated immune cell activation and atherogenesis still requires
further investigation.

ER STRESS

The ER is the site of lipid and protein synthesis and modification, protein folding and
maturation, and transport of assembled proteins (1). The ER also functions in calcium
regulation and intracellular redox potential. Perturbations in these functions all result in ER
stress. ER stress activates the signaling cascade called the unfolded protein response (UPR).
The UPR is sensed and initiated by 3 proteins: inositol requiring 1 (IRE1); activating
transcription factor 6 (ATF6); and protein kinase RNA-like ER kinase (PERK). Activation of
these stress sensors results in compensatory mechanisms to relieve the ER stress, including
inhibition of protein translation, induction of chaperone molecules, and increased ER
biogenesis (73). With prolonged ER stress activation or induction of other cell stress
signaling pathways, such as OS, apoptosis can ensue.

The atherogenic roles of ER stress and ER-induced apoptosis have been extensively
investigated (1,73). Activation of the UPR occurs at all stages of atherosclerotic lesion
formation, suggesting that ER stress contributes to multiple steps of atherogenesis (74).
Blood flow-induced sheer stress induces ER stress in endothelial cells and endothelial cell
dysfunction (75). In SMCs, prolonged stress and apoptosis can result in decreased collagen
production and fibrous cap formation, resulting in plaque instability and rupture (76). The
ER is the site of cholesterol-induced cytotoxicity in macrophages, and ER stress can induce
macrophage apoptosis (77). OXxLDL can induce ER stress in animal models of
atherosclerosis (78). Inhibition of ER stress or deletion of ER stress genes in mouse models
of atherosclerosis protected mice against atherosclerosis (79). ER stress also occurs in
advanced human plaques (80). As made evident here, ER stress: 1) increases endothelial
activation; 2) increases foam cell formation; 3) increases apoptosis in macrophages,
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contributing to formation of the necrotic lipid core; and 4) decreases SMC proliferation and
collagen production, resulting in plaque instability.

Increased ROS, together with the release of soluble cellular and host factors following HIV
infection, results in induction of the ER stress response, leading to apoptosis in the
vasculature (81). HIV also triggers ER stress through its interaction with host genes,
resulting in an imbalance of ER calcium homeostasis (1). Several HIV proteins are known to
contribute to calcium imbalance in endothelial cells and can trigger apoptosis through ER
stress, thereby leading to endothelial dysfunction (81). Consistently, HIV Tat-mediated
induction of human endothelial cell apoptosis involves ER stress and mitochondrial
dysfunction. The HIV envelope protein, gp120, induces type 1 programmed cell death
through ER stress using the IRE1la, JNK and AP-1 pathways (33). HIV ART induces ER
stress, increases the synthesis of inflammatory cytokines, including tumor necrosis factor
alpha (TNF-a) and IL-6, significantly increases apoptosis, and promotes foam cell
formation in macrophages (82). The integrase inhibitor raltegravir can prevent the HIV
protease inhibitor-induced inflammatory response and foam cell formation by inhibiting ER
stress, suggesting that incorporation of raltegravir may reduce the ER stress-induced CVD
associated with current ART (83).

NLRP3 INFLAMMASOME ACTIVATION

Inflammasome activation is part of the highly-conserved innate immune system’s response
to harmful stimuli, including pathogens such as HIV, cell debris, and irritants. In response to
these signals, the immune system initiates production of inflammatory cytokines.
Overactivation of the inflammasome contributes to autoimmune diseases and chronic
inflammatory diseases, including atherosclerosis (84). Inflammasome formation is
dependent upon the recognition of pathogen-associated molecular patterns (PAMPS) or
danger-associated molecular patterns (DAMPS) by pattern recognition receptors (PRR), such
as Toll-like receptors (TLRs), NOD-like receptors (NLRs), or absent in melanoma 2 (AIM)-
like receptors (ALRs). In response to these signals, NLRs or ALRs oligomerize to form the
inflammasome complex. This inflammasome complex then recruits and activates the
zymogen pro-caspase-1, which further activates pro-IL-1p and pro-IL-18, leading to
generation of the active cytokines, IL-1p and IL-18, and subsequent inflammatory cascades
(Central Illustration, B). IL-1p plays a pivotal role in driving inflammation by binding to its
receptor and inducing more proinflammatory cytokines, including TNF-a (85).

The NLRP3 inflammasome is activated by danger signals involved in atherogenesis,
including oxLDL and cholesterol crystals (86). Extensive clinical and experimental evidence
has documented that inflammasome formation/caspase-1 activation plays a crucial role in
the initiation and progression of atherosclerosis, including rupture of advanced plaques (87).

Activated levels of caspase-1 increase rapidly during early HIV infection. In those patients
with a high CD4 count, caspase-1 levels decreased immediately, and in patients with a low
CD4 count, caspase-1 levels remained elevated after 1 year of HIV infection (88). This
process may be independent of the viral envelope (89) and increased by HIV-associated
comorbidities (2). Furthermore, NLRP3 inflammasome activation in HI\-infected T cells
contributes to the pathogenesis of T cell depletion and activation in HIV* patients (90). A
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few studies have shown that monocyte/macrophage inflammasome formation may directly
promote HIV-associated atherogenesis. HIV infection activates danger signaling cascades in
infected immune and endothelial cells, which trigger inflammasome formation. HIV
infection mediates the activation of the NLRP3 inflammasome in human macrophages,
leading to release of bioactive IL-1p and IL-18 via TLR8-mediated mechanisms in vitro
(85,89). IL-1p further induces its own production and the synthesis and expression of other
HIV CVD-associated cytokines, such as IL-6 (24,25,91). In SIV-infected rhesus macaques
on a high fat/high cholesterol diet, plasma IL-18 levels significantly correlated with
atherosclerotic plaque area (92). In the plaques of these animals, 1L-18 specifically
colocalized with CD68* macrophages, and not CD3* T cells (92). These results suggest that
the role of NLRP3 inflammasome activation may differ depending on the cell type involved.
The atherogenic role of NLRP3 inflammasome activation in HIV infection has not been
directly explored. Understanding the mechanism of the inflammasome complex and its
contribution to HIV atherosclerosis will help justify ongoing clinical trials targeting this
pathway.

AUTOPHAGY INHIBITION

Autophagy is the programmed and controlled clearance of aggregated toxic proteins and
degradation of damaged organelles through fusion with lysosomes in promotion of cell
survival (87). Autophagy interacts with the 3 previously-mentioned molecular mechanisms
in response to pathogens including HIV. This autophagic effect also includes responses to
inflammasome activation signaling pathways, and reduces OS and ER stress (87,93). There
are 3 forms of autophagy, classified according to their differences in physiological function
and patterns of delivery to the lysosome (94). However, these forms all use the same 3 stages
wherein autophagy is first initiated, then the damaged protein or organelles are sectioned off
in a membrane-bound autophagosome, and finally the autophagosome fuses with the
lysosome to aid in degradation and recycling. Autophagy contributes to the development of
many diseases, including inflammatory diseases, neurodegeneration, and CVD (95). Studies
on the role of autophagy in inflammation support an anti-inflammatory role through the
specific capture and degradation of activated inflammasome complexes and cytokines (93).
Basal levels of autophagy vary among different cell types, and may also be preferentially
regulated through alternative signaling mechanisms (96).

In regard to atherosclerosis, autophagy plays an important role in protecting cells from OS,
reducing apoptosis, and enhancing plaque stability (97). Autophagic mechanisms protect
endothelial cells from oxLDL-induced cytotoxicity, and prevent the formation of foam cells
in vessel walls (98). Autophagy also protects against apoptosis of endothelial cells and
SMCs (99,100). Deficiency of autophagy increases necrosis in atherosclerotic plaques,
increasing susceptibility to destabilization and rupture in the low-density lipoprotein (LDL)
receptor— deficient (LDLR™") mouse model of atherosclerosis (101).

Autophagy is a crucial catabolic process for cell survival in response to different stressors
(87,93,98). In HIV infection, it provides a protective role for infected immune cells to
reduce the increased oxidative and ER stress. Depending on the cell type, the role of
autophagy can differ from contributing to loss of T cells to activation of macrophages (102).
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In dendritic cells, autophagy activation impairs the response of the immune system, and even
enhances infection of CD4* T cells (103). In macrophages, the induction of autophagy is
increased; however, maturation of the cycle is clearly inhibited (104), which can contribute
to persistent immune activation. The molecular mechanism of autophagy and how it
contributes to HIV-associated atherosclerosis can vary depending on the cell type involved.
The inhibition of autophagy in macrophages during HIV infection could be a major driving
force of HIV-associated atherosclerosis. There is a well-established role of autophagy in
HIV infection; however, its exact contribution to HIV-mediated atherosclerosis has not yet
been fully explored.

In summary, there is substantial evidence for each of these pathways (OS, ER stress,
inflammasome formation, and autophagy) in atherosclerosis and HIV infection alone
(Central Illustration, B), but the role that each of these molecular mechanisms play in HIV-
mediated atherosclerosis is currently unclear. HIV infection in combination with ART and
comorbidities induces OS, leading to ER stress and increased production of UPR, which can
lead to inflammasome formation. HIV infection directly activates the inflammasome,
mediating the release of inflammatory cytokines, such as IL-1f and IL-18, thus leading to
the initiation and progression of atherosclerosis. HIV then inhibits autophagy, further
amplifying the stress effects. Further evaluation of these underlying molecular mechanisms
should consider that HIV-associated vascular inflammation may be different from HIV-
mediated LN inflammation. Animal models are critical for evaluating the roles of each of
these mechanisms in HIV-associated atherosclerosis, and the subsequent effects that HIV-
associated comorbidities or treatment may have on these mechanisms.

IN VIVO MODELS TO DISSECT HIV-ASSOCIATED ATHEROSCLEROSIS

Animal models of CVD yield important insights into the underlying pathology and provide a
model for testing pharmacological treatments. Mice are resistant to the development of
atherosclerosis, and therefore an atherogenic background is needed to accelerate
atherogenesis. Two hypercholesterolemic models have been extensively used to study
atherogenesis: ApoE~~and LDLR™~ mice (105,106). The primary advantages of mouse
models are ease of genetic manipulation and a reasonable time frame for the development of
atherogenesis. ApoE~~and LDLR™~ mice models have helped us better understand the
atherogenesis for the last 2 decades. As discussed earlier in the section on cellular
mechanisms, the atherogenic roles of CCL2, CX3CR1, and CCR5, as well as the roles of
monocyte activation and homing/migration to the vasculature have been examined using the
ApoE~~and LDLR™~ models (42,43). Although these models have been used to examine
the effect of ART (105,106), few studies have directly investigated the pathogenesis of HIV-
associated atherosclerosis. The mechanism of monocyte activation and vascular homing in
HIV-1-associated atherosclerosis can be tested in HIV animal models using chemokine
inhibitors, such as maraviroc (CCR5 inhibitor) and centitricor (CCR2 and CCRS5 inhibitor).
Development of HIV mouse models in an atherogenic background is needed for further
elucidating these mechanisms. A number of rodent models have been developed in the past 2
decades to study HIV-associated pathogenesis, including HIV-associated neurocognitive
disorder (107-111).
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THE TG26 MOUSE, A HIV TRANSGENIC MOUSE

The HIV Tg26 transgenic mouse was originally generated in the FVB genetic background
by using a construct containing the genome of HIV NL4-3 with a deletion of 3.1 kb
spanning the C-terminus of the Gag and the N-terminus of the Po/genes (107). Although
these mice have no productive HIV replication, low-level expression of viral transcripts and
proteins has been detected in various tissues before disease onset (107,112). Hemizygous
Tg26 mice on the FVB/N background develop many clinical features of HIV infection,
including nephropathy, inflammation, B cell lymphomas, cutaneous papillomas,
cardiomyopathy, and muscle wasting (112). Using this model, a recent report showed that
HIV promotes NLRP3 inflammasome complex activation in HIV-associated nephropathy
(113). Tg26 mice on the FVB/N background have impaired aortic endothelial function,
increased CIMT, and increased arterial stiffness, although they do not develop any plaque in
the aorta (114). Studies have been hampered by early lethality of the Tg26 mice on the
FVB/N background, but crossing the mice onto the C57BL/6J (B6) background eliminates
the renal disease and improves their survival (115,116). Indeed, 7g26 on an ApoE™"~
background ( 7926/ApoE ") demonstrated the development of an accelerated atherosclerosis
phenotype (116). This mouse model now provides a valuable tool for studying the
mechanisms of HIV-associated atherosclerosis.

HIV SINGLE-PROTEIN TRANSGENIC MOUSE MODELS

To explore the cardiac effect of Tat in vivo, a transgenic line was developed that specifically
expressed Tat in murine cardiac myocytes (108). Targeted myocardial transgenic expression
of HIV Tat caused cardiomyopathy and mitochondrial damage (108), resulting in
bradycardia, depressed systolic and diastolic function, and blunted adrenergic
responsiveness (109). To characterize the in vivo effects of Nef on lipid metabolism, Nef
transgenic mice were generated (110). These mice had increased levels of neutral lipids in
the liver and aorta, but no atherosclerotic plaques in the aorta. These results provide direct
evidence that Nef promotes cholesterol deposition in tissues (110), which may contribute to
HIV-associated atherogenesis. Gp120 transgenic mice have been extensively used for
investigating the pathogenesis of HIV-associated neurocognitive disorder. This model has
never been examined for its utility in dissecting the pathogenesis of HIV-associated
atherogenesis.

HIV-INFECTED MOUSE MODEL

The use of mouse models for HIV pathogenesis has been hampered by the inability of HIV
to replicate in rodent cells. This limitation has been overcome in recent years with the
establishment of several humanized mouse models with circulating human lymphocytes that
support infection with HIV (111). These mice, such as the humanized NOD-SCID-Gamma
receptor knockout mouse model (huNSG) or bone-liver-thymus mouse model (BLT), have
been shown to maintain persistent HIV infection over several months, with viral loads
detectable in peripheral blood. Animals can be treated with ART to reduce viral loads, which
can be reversed upon removal of ART. But this model cannot be introduced to an ApoE™~ or
LDLR™ background, which is required for the induction of atherosclerosis.
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SIV MONKEY MODEL

The SIV-infected macaque model has been informative when dissecting HIV cardiac
pathology. SIV infection induces changes in monocyte subset populations and phenotypes
(117). The elevated CD14*CD16* inflammatory monocytes are likely key to the initiation
and progression of atherosclerosis, including homing to the vasculature and differentiation
into foam cells. As in HIV-infected patients, both inflammatory markers, sCD14 and D-
dimer, are elevated in SIV-infected rhesus macaques. A recent study using antibiotic and
anti-inflammatory therapy to lower microbial translation and affect systemic inflammation
showed decreases in these immune markers of inflammation and hypercoagulation,
potentially influencing CVD (118). SIV-infected rhesus monkeys on an atherogenic diet
develop a spectrum of cardiac lesions similar to those seen in HIV* patients (119).
Myocardial macrophage populations are seen in SIV-infected macaques with cardiomyocyte
degeneration or necrosis. Results using SIV-infected rhesus macaques showed more than
one-half of the animals had cardiac pathology in ventricular tissues, including macrophage
infiltration and myocardial degeneration. The extent of fibrosis correlated with the presence
of CD163* M2 alternatively-activated macrophages in ventricle tissue (120), suggesting that
macrophage accumulation drives cardiac pathology with SIV infection. Although SIV-
infected rhesus macaques have macrophage infiltration, myocardial degeneration, and
necrosis in the heart tissue, rhesus monkeys rarely develop atherosclerosis in the absence of
an atherogenic diet. One recent report in macaques infected with SIV or simian-human
immunodeficiency virus, but not on an atherogenic diet, demonstrated early atherosclerotic
changes, including increased vascular inflammation, endothelial dysfunction. and leukocyte
adhesion to the descending thoracic aorta (121). Early studies demonstrated that SIV-
infected macaques fed an atherogenic diet showed a more rapid disease progression,
resulting in an increased risk of SIV-related death (122). The baseline plasma IL-18 level
after 6 months of the high-fat diet was predictive of atherosclerotic lesion progression
(92,122). However, due to the expensive cost of maintenance, extreme difficulty of genetic
manipulation, and long time frame for monitoring atherogenesis in SIV-infected monkeys, it
is still very difficult to apply the SIV monkey model to teasing out pathogenesis, except
possibly for preclinical testing of highly promising therapeutic approaches.

CLINICAL TRIALS OF HIV-ASSOCIATED ATHEROSCLEROSIS

Data presented in this review support the role of HIV-mediated inflammation as a causative
agent of HIV-associated atherosclerosis. More recent studies have focused on therapies that
reduce immune activation, as well as cholesterol, which may be of benefit, particularly for
HIV* individuals because the CVD is driven by traditional and inflammatory factors
(3,123). Statins, which are both lipid-lowering and anti-inflammatory, were used in the
INTREPID (HIV+ Patients and Treatment with Pitavastatin vs Pravastatin for Dyslipidemia)
and the current REPRIEVE (Randomized Trial to Prevent Vascular Events in HIV) trial.
Data from INTREPID have shown that pitavastatin was superior to pravastatin in LDL
reduction after 12 weeks of therapy in HIV* individuals with dyslipidemia (124). The
REPRIEVE trial is ongoing, and recruiting HIVV* patients between 40 and 75 years of age
who are taking an antiretroviral regimen, who have no known CVD or substantial kidney or
liver disease, and have a CD4™ cell count higher than 100/ul (125). HIV™ patients (6,500)

JAm Coll Cardiol. Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kearns et al.

Page 14

will be randomized to daily pitavastatin or a placebo for an average of 4 years. The primary
endpoint is the prevention of major adverse cardiovascular events, including CVD-related
mortality, MI, stroke, unstable angina, peripheral artery disease, and cardiac
revascularization. A substudy including 800 patients will investigate the mechanism of
pitavastatin in reducing inflammation, immune activation, and high-risk plaque using CCTA
and biomarker analyses. A pilot study by Hsue et al. (126) will examine the impact of I1L-1
inhibition on systemic inflammation, T cell activation, and vascular inflammation among
treated and suppressed HIV* patients. This study is promising, as IL-1 is up-regulated
during inflammasome activation in both atherosclerosis and HIV infection.

Recent trials (127) indicate that rosuvastatin decreases oxLDL levels early after initiation
and is associated with decreased monocyte activation (3,123). This early improvement in
oxLDL is linked with improved CIMT, a measurement for atherosclerotic plaque in treated
HIV infection (3,123). There has been a report of a positive effect of rosuvastatin in
reducing LDL levels without a substantial modification of activated T cells and levels of
CRP, a general immune marker (128). However, this study did not examine monocytes or
macrophage immune markers. Future study is needed to determine whether HIV* patients
with higher levels of inflammation or monocyte activation and lower LDL have greater
cardiovascular benefit from statin therapy, which will be addressed by the REPRIEVE trial.
Together, these clinical trial studies with ART, lipid lowering, and anti-inflammatory
approaches will shed light on the role of HIV infection, dyslipidemia, and inflammation in
HIV-associated atherogenesis. It is also conceivable that new clinical trials targeting chronic
immune activation and inflammation induced by HIV infection for well-controlled HIV*
patients with specific risk factors will emerge in the near future.

CONCLUSIONS AND FUTURE DIRECTIONS

HIV-associated atherosclerosis and its complications are a significant human health burden
for which the pathogenesis remains elusive. The distinct pathological features of HIV-
induced atherosclerosis are noncalcified and inflammatory plaques that are more vulnerable
to rupture, resulting in MI and stroke. The atherogenic role of immune cell activation and
inflammation in HIV infection has been recognized. The immune events of atherosclerosis
are complicated in HIV* patients by ART, lifestyle risk factors, and comorbidities. HIV
infection, whether productive or latent, mediates an array of molecular signaling pathways,
including inflammasome activation, autophagy inhibition, and induction of oxidative and ER
stress, all of which have an established pathogenic role in atherosclerosis. The contribution
of these pathways to immune cell activation and inflammation in the vasculature, leading to
the initiation, progression, and rupture of atherosclerosis, still requires further investigation.
Development of appropriate mouse models for examining HIV-associated atherosclerosis
will be a key step to tease out the specific cellular and molecular mechanisms underlying the
pathogenesis. Introduction of HIVV mouse models to atherogenic backgrounds, such as
ApoE~~and LDLR™", together with our targeted immune cell ablation tool (129,130) may
be very useful for understanding HIV-associated atherogenesis. The SIV monkey model is
important for testing mechanism-targeted therapeutic approaches, before establishing
clinical trials. These combined approaches will aid in understanding the pathogenesis of
HIV-associated atherogenesis and developing better therapeutic and preventative strategies.
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ABBREVIATIONS AND ACRONYMS

ART antiretroviral therapy
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ER endoplasmic reticulum

HIV human immunodeficiency virus

HIV* human immunodeficiency virus-infected
MI myocardial infarction

oS oxidative stress

oxLDL oxidized low-density lipoprotein

ROS reactive oxygen species

SIv simian immunodeficiency virus
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A. Cellular Players in HIV-Associated Atherosclerosis
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B. Molecular Mechanisms in HIV-Infected Macrophage Contributing to Atherogenesis

Central lllustration. Cellular and Molecular Mechanisms of HIV Atherogenesis
(A) Cellular players in the initiation, progression, and plaque rupture of HIV-associated

atherosclerosis. 1) HIV enhances the inflammatory environment, causing an increase in
atherogenic monocytes, HLA-DR*CD38* T cells, cytokines, and chemokines. 2) The
increase in atherogenic monocytes and chemokines increases monocyte migration into the
vasculature. 3) HIV increases foam cell formation. 4) HIV decreases smooth muscle cell
proliferation and increases endothelial and foam cell apoptosis, making the plaque more
vulnerable to rupture. (B) Molecular mechanisms in an HIV-infected macrophage
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contributing to atherogenesis: 1) increased OS; 2) increased ER stress; 3) increased
inflammasome activation and cytokine production; 4) decreased autophagy. These molecular
mechanisms amplify each other and are further complicated by ART and HIV risk factors
and comorbidities. ART = antiretroviral therapy; CRP = C-reactive protein; ER =
endoplasmic reticulum; HCV = hepatitis C virus; HIV = human immunodeficiency virus; IL
= interleukin; LDL = low-density lipoprotein; NADPH = nicotinamide adenine dinucleotide
phosphate; OS = oxidative stress; oxLDL= oxidized low-density lipoprotein; PRR =
pathogen recognition receptor; ROS = reactive oxygen species; TNF = tumor necrosis factor;
VCAM-1 = vascular cell adhesion molecule-1.
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