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ABSTRACT

Combination antiretroviral therapy (cART)-treated people living with human
immunodeficiency virus (HIV) (PLWH) face an increased risk of atherosclerosis
associated cardiovascular disease (ASCVD) even after controlling for traditional and
non-traditional risk factors (Freiberg et al. 2013). Persistent HIV-associated immune
activation (monocyte and T-cell activation) is believed to contribute to heightened
complications of ASCVD including, myocardial infarction (MI), and stroke in PLWH
(Hsue et al. 2009; Kearns et al. 2017). Specifically, systemic immune activation
predisposes PLWH to arterial inflammation (characterized by increased arterial
macrophage infiltration), and accelerated atherogenesis (Lo et al. 2010; Burdo, Lo, et al.
2011; Fitch et al. 2013; Subramanian et al. 2012; Tawakol et al. 2016). Accelerated
atherogenesis has even been noted among elite controllers, or PLWH who maintain
undetectable virus levels in the absence of cART (Pereyra et al. 2012), suggesting that the
process occurs independent of cART effects. Despite recent advances in our
understanding of HIV-associated cardiovascular disease (CVD), little is known about the
mechanisms through which HIV infection mediates monocyte/macrophage activation in
such a way as to engender accelerated atherogenesis.
Caspase-1 is part of the highly conserved innate immune system’s response to
pathogens including HIV, as well as danger signals such as cell debris, and irritants. In
response to these signals, caspase-1 activation initiates the production of inflammatory
cytokines interleukin-1beta (IL-1β) and interleukin-18 (IL-18). Over activation of this
pathway contributes to autoimmune diseases and chronic inflammatory diseases

ii

including atherosclerosis (Strowig et al. 2012). We hypothesize that HIV accelerates
atherosclerosis and vascular-associated neurocognitive disorders and this increase in
vascular disease is potentially driven by increased caspase-1 activation in myeloid cells.
To test this hypothesis we first generated a novel mouse model of HIV accelerated
atherosclerosis by crossing the HIV Tg26+/- mouse to the atherosclerotic background,
ApoE-/-, to generate Tg26+/-/ApoE-/- mice. Tg26+/-/ApoE-/- mice had increased
atherosclerosis compared to ApoE-/- controls experimentally showing that HIV integration
alone is sufficient to accelerate atherogenesis. Increased inflammatory pathway
activation, as indicated by an increase in the serum kynurenine to tryptophan ratio, and
serum IL-6 levels in these mice, in the absence of metabolic changes, suggests a strong
indication for the inflammatory hypothesis of CVD driving the accelerated
atherosclerosis in HIV infection.
We demonstrated the importance of caspase-1 activation in HIV ASCVD through
clinical examination of a well-characterized cohort of 153 PLWH and 67 non-HIVinfected controls. In this cohort caspase-1 pathway activation is increased in sera of
PLWH on cART and those with increased subclinical coronary atherosclerosis. Caspase1 pathway activation as determined by serum IL-18 levels positively correlated with
monocyte/macrophage markers in this cohort. Using autopsy derived atherosclerotic
aortas from PLWH and non-HIV-infected controls, we further confirmed the relationship
between caspase-1 pathway activation and monocyte activation. In the plaques caspase1+ cells positively correlated with plaque CD163+ macrophages but not media CD163+
macrophages or CD68+ macrophages in the plaque or media.
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To measure the dynamics of caspase-1 pathway activation over the course of
infection and in response to cART we used a well-defined SIV rhesus macaque model.
From this study we were able to show that cART is sufficient to suppress caspase-1
pathway activation in the circulation but not in tissue compartments. Thus further
prompting use of the novel mouse model to measure caspase-1 activation in monocytes
and atherosclerotic vessels. To this end we revealed that caspase-1 activation increases in
inflammatory monocytes over the course of an atherogenic diet in Tg26+/-/ApoE-/- mice,
and as well as in atherosclerotic vessels of Tg26+/-/ApoE-/- mice. These data strongly
indicate that HIV insertion and expression alone is sufficient to accelerate atherosclerosis.
Caspase-1 activation and monocyte/macrophage activation and is a driving force in HIV
ASCVD. Since cART is not sufficient to prevent HIV ASCVD further therapeutics
targeting caspase-1 pathway activation and inflammation are needed to prevent against
the increased morbidity and mortality from CVD in PLWH.
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CHAPTER 1
HUMAN IMMUNODEFICIENCY VIRUS ASSOCIATED CVD SINCE THE
INTRODUCTION OF cART

The current spectrum of human immunodeficiency virus (HIV) infection has
dramatically shifted since the use of effective combination antiretroviral therapy (cART).
Although cART has successfully suppressed plasma viremia in patients living with HIV
(PLWH), 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 life expectancy of PLWH stabilized on cART,
the new challenge is the treatment of HIV-associated comorbidities, including HIV
associated neurocognitive disorders (HAND) and cardiovascular disease (CVD)
(Shrestha et al. 2014).
HIV infection increases atherosclerotic CVD in the cART era
Atherosclerotic CVD (ASCVD), and its complications including myocardial
infarction (MI) and stroke, is currently a leading cause of mortality among PLWH
(Vachiat et al. 2017; Gili et al. 2016; D'Ascenzo, Quadri, et al. 2015; D'Ascenzo et al.
2012; Smith et al. 2014). There is emerging evidence to indicate that HIV infection and
the subsequent inflammatory processes in humans accelerate atherogenesis. However, the
exact mechanisms for HIV atherogenesis remain unclear. HIV atherogenesis may be
further complicated by cART, drug abuse, other HIV-associated comorbidities
(dyslipidemia, opportunistic infections (OI) and renal disease), and traditional
atherosclerotic risk factors (lifestyle, smoking, etc.) (Vachiat et al. 2017). In PLWH on
cART, HIV infection not only mediates immune cell activation and endothelial
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dysfunction, but also activates an array of cellular pathways including inflammasome
formation/caspase-1 activation, autophagy, oxidative stress, and endoplasmic reticulum
(ER) stress (Kearns et al. 2017). 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 atherogenesis is very limited and largely obtained from
clinical observation.
Early in the HIV epidemic, the predominant presentations of HIV CVD were
dilated cardiomyopathy, pericardial disease, and pulmonary hypertension. Since the
introduction of cART, PLWH are increasingly at risk for more common cardiovascular
complications associated with atherosclerosis (MI, stroke and heart failure) (Vachiat et al.
2017; Gili et al. 2016; D'Ascenzo, Quadri, et al. 2015; D'Ascenzo et al. 2012; Smith et al.
2014). The use of cART has increased the survival of PLWH to close to that of the
general population. Although fewer PLWH are dying from AIDS and AIDS-related
complications, the prevalence of non-AIDS-related comorbidities, including ASCVD,
remains increased compared to non-HIV-infected controls (Vachiat et al. 2017; Gili et al.
2016; D'Ascenzo, Quadri, et al. 2015; D'Ascenzo et al. 2012; Smith et al. 2014). CVD is
the 2nd leading cause of non-AIDS related mortality in the US and 3rd in Europe in PLWH
(Smith et al. 2014). Data suggest that PLWH have a higher prevalence of traditional risk
factors including greater incidence of hypertension, diabetes and dyslipidemia (Triant et
al. 2007). There is extensive evidence to suggest that even when controlled for these
traditional cardiovascular risk factors PLWH are still at a higher (1.5-3 fold) risk of
developing CVD (Freiberg et al. 2013; Zanni et al. 2014).
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Two landmark clinical trials have provided valuable information in regards to
cART and timing of cART in HIV infection as it relates to CVD; the SMART (Strategies
for Management of Antiretroviral Therapy) study (Strategies for Management of
Antiretroviral Therapy Study et al. 2006) and START (Strategic Timing of Antiretroviral
Treatment) study (Siedner 2016; Group et al. 2015). The SMART study showed that
consistent use of cART in individuals with CD4+ T-cell counts below 350cells/µL blood
resulted in a decrease in AIDS-related adverse events and in CVD events (Strategies for
Management of Antiretroviral Therapy Study et al. 2006). For those deferring or
interrupting treatment, there was a 70% increased hazard of CVD events, suggesting the
need for continuous cART in preventing HIV-associated chronic inflammation and
mitigating CVD risk (Strategies for Management of Antiretroviral Therapy Study et al.
2006). In the START study, a 40% reduction in AIDS-related events was observed when
cART was given immediately; however, this did not prevent CVD events (Group et al.
2015; Siedner 2016). Although both SMART and START support the notion that cART
based on stricter CD4+ thresholds will likely result in decreased CVD rates, cART alone
is not sufficient to prevent CVD risk in PLWH. Data from the Veterans Aging Cohort
Study (VACS) cohort showed PLWH were at a higher risk of acute MI (1.48) even after
adjustment for Framingham risk factors, comorbid conditions and drug use (Freiberg et
al. 2013). Thus, adjunctive therapies along with cART are needed to decrease CVD risk
in PLWH and to improve immune function.
Elite controllers who have undetectable plasma viral loads without cART, have
increased coronary atherosclerosis and high immune activation, including elevated
plasma soluble CD163 (sCD163) compared to non-HIV-infected controls and chronically
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infected PLWH (Pereyra et al. 2012). In another cohort elite controllers had a higher
median carotid intima media thickness (CIMT) than that observed in non-HIV-infected
subjects, even after adjustment for traditional cardiovascular risk factors (Hsue et al.
2009). These studies reinforce the role of chronic HIV infection and inflammation, in the
absence of cART and viral load, as the key mediators of HIV-associated CVD. However,
the atherogenic role of chronic HIV infection remains to be experimentally established.
High-risk plaque features in HIV ASCVD
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 (ACS) when compared to mixed and calcified plaques (D'Ascenzo,
Cerrato, et al. 2015; Lo et al. 2010; Post et al. 2014). Noncalcified inflammatory plaques
represent an early stage of atherosclerosis more prone to rupture and thrombus formation
than calcified ones, which are more likely to cause HIV-associated ACS (D'Ascenzo,
Cerrato, et al. 2015). In well-controlled PLWH, there was a higher prevalence of
subclinical coronary atherosclerosis (Lo et al. 2010; Post et al. 2014) and a greater burden
of coronary noncalcified inflammatory plaques compared to non-HIV-infected
individuals with similar cardiovascular risk factors (Lo et al. 2010). Imaging studies
using CCTA have shown that male PLWH have 59.0% prevalence of coronary
atherosclerosis compared to 34.4% in non-HIV-infected control subjects (Lo et al. 2010;
Zanni et al. 2013). In a parallel study, female PLWH had significantly higher percentages
of segments with noncalcified plaques (74% vs. 23%) compared to non-HIV-infected
females (Fitch et al. 2013).
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The presence of high-risk plaques is substantially associated with increased
immune activation including sCD163, more so than other risk factors (C-reactive protein
(CRP) and interleukin-6 (IL-6)). High-risk plaques more prone to rupture show a thin-cap
fibroatheroma, necrotic core and numerous macrophages (D'Ascenzo, Cerrato, et al.
2015). There is an increased prevalence of these vulnerable plaque features in young
PLWH compared to non-HIV-infected controls. PLWH had greater low attenuation
plaque (22.8 vs. 7.3%), positively remodeled plaque (49.5 vs. 31.7%) and high-risk 3feature plaque (7.9% vs. 0%) (Zanni et al. 2013). A meta-analysis study showed an
association between non-calcified coronary artery plaques and reduced CD4+ cell count
in PLWH supporting the notion of systemic inflammatory dysregulation in PLWH
contributing to ASCVD (D'Ascenzo, Cerrato, et al. 2015). This evidence indicates that
systemic inflammation and immune activation in HIV infection contributes to the
accelerated atherogenesis seen in PLWH.
Biomarker studies of HIV-associated atherosclerosis
Biomarker studies also support the contribution of inflammation and immune
activation in HIV ASCVD. Before cART, clinical studies found that the severity of HIVassociated atherosclerosis correlated with decreased CD4+ T cell levels (Silverberg et al.
2014; Longenecker and Triant 2014). Countless studies examined biomarkers 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, cART, comorbidities, and measurement assays.
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A number of studies have demonstrated activated monocytes and plasma
macrophage-specific markers correlate with HIV ASCVD. For example, plasma sCD163,
a monocyte/macrophage specific activation marker, correlated with the presence of
noncalcified plaque in a cohort of young male PLWH (Burdo, Lo, et al. 2011). Female
PLWH also had elevated inflammatory markers with increased plasma sCD163 and C-XC chemokine ligand 10 (CXCL10) as well as CD14+CD16+ inflammatory monocytes
(Fitch et al. 2013). 18 fluorine-2-deoxy-D-glucose positron emission tomography (18FFDG-PET) imaging showed increased arterial inflammation among PLWH (Subramanian
et al. 2012). Plasma sCD163 correlated with 18F-FDG-PET imaging data showing
increased presence of inflammatory macrophages in the ascending aorta of PLWH while
CRP and IL-6 did not (Subramanian et al. 2012). In the SMART study, non-specific
immune markers (IL-6, CRP and D-dimer) were associated with an increased risk of
CVD independent of other CVD risk factors (Duprez et al. 2012). IL-6 and D-dimer were
strongly related to all-cause mortality and suggests that interrupting cART may increase
inflammation and further increase the risk of cardiovascular death (Hsu et al. 2016;
Kuller et al. 2008).
Biomarker studies have provided important insights into the cellular mechanisms
underlying HIV ASCVD. We have summarized these studies with regards to correlation
of cellular markers with the development of HIV-associated CVD (Table 1). These
studies reach a consensus that highlights the importance of immune cell 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

7

(Ipp and Zemlin 2013; Kelesidis et al. 2012; Shaked et al. 2014; Siedner et al. 2016;
Alcaide et al. 2013). From these clinical biomarker studies, there has been little focus on
smooth muscle cells, endothelial cells, or platelet activation and few correlations to HIV
CVD identified. However, few studies with large cohorts have found a significant
correlation between activation of endothelial cells and platelets and CVD. It is important
to not overlook their atherogenic roles when elucidating the mechanism (Ford et al. 2010;
Strategies for Management of Antiretroviral Therapy Study et al. 2006; Ross et al. 2009).
Extensive clinical evidence shows that even in the presence of cART, there is
increased ASCVD driven by HIV-associated immune activation and inflammation. The
inflammation and ASCVD may be further complicated by comorbidities and behavioral
risk factors.
Contributions of risk factors and comorbidities
ASCVD in PLWH is complicated not only by an increase in traditional
cardiovascular risk factors such as dyslipidemia and smoking, but also by side effects of
cART. Primary HIV infection is associated with dyslipidemia as measured by an increase
in serum triglycerides and a decrease in cholesterol (Friis-Moller et al. 2003) and further
complicated by metabolic alterations introduced by cART. In the Data collection on
adverse effects of Anti-HIV Drugs (D:A:D) study, the presence of dyslipidemia was
45.9% (Friis-Moller et al. 2003). Additionally, the cART regimen can be tailored to the
patient’s CVD risk.
Behavioral risk factors, including illicit drug use and tobacco smoking, are more
common in PLWH and compound the risk of CVD (Beltran et al. 2015). Hepatitis C
virus (HCV) infection in the general population is associated with higher prevalence of
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atherosclerosis, and co-infection in PLWH is associated with an even higher frequency of
atherosclerotic plaques, stroke and MI (Sosner et al. 2012). However when risk factors
are taken into account using the Framingham Risk scores and a new risk prediction
algorithm, the CVD risk in PLWH is underestimated (Shahbaz et al. 2015),
demonstrating a need to experimentally determine if and how chronic HIV infection
accelerates atherosclerosis. Once we understand how HIV infection contributes to
atherogenesis we can determine how overlying risk factors may accelerate this process.
This knowledge will aid in the development of personalized medicine for atherosclerosis
and its complications in PLWH.
Underlying potential 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 non-immune mechanisms induce endothelial
dysfunction, the first step in atherogenesis. In turn, endothelial dysfunction induces the
expression of pro-thrombotic and pro-inflammatory cytokines and adhesion molecules
that further propagate the inflammatory response, attracting monocytes and T-cells. Once
in the intima, macrophages phagocytize oxidized lipids leading to foam cell formation,
and eventually formation of plaques, the hallmark of atherosclerosis. Finally, the rupture
of advanced plaques leads to stroke, MI, and thrombosis (Figure 1A).
A major link in HIV ASCVD likely centers on the macrophage and it’s critical
role in both the inflammatory process and plaque formation (Crowe et al. 2010). While
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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 PLWH on stable cART 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
cART is discontinued (Klatt et al. 2013). 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
(Crowe et al. 2010; Shah and Kumar 2016).
Macrophages and foam cells
The migration and adhesion of monocytes to the sub-endothelial space and the
scavenging of oxidized lipid particles (oxLDL) leading to the transformation into foam
cells are critical steps in atherogenesis (Westhorpe et al. 2014). Inhibition of the
chemockines, CCL2, CX3CR1 and CCR5, led to a remarkable reduction in atherogenesis
(Hamon et al. 2017; Combadiere et al. 2008). During HIV infection, chemokines are
elevated and may play a role in the recruitment of monocytes to the vasculature
facilitating HIV ASCVD (Chow et al. 2016; McKibben et al. 2015; Zungsontiporn et al.
2016; Barbour et al. 2014). The atherogenic roles of monocyte/macrophages prompted
the field to dissect the direct effects of HIV infection on macrophage cholesterol
metabolism and HIV ASCVD. HIV protein Nef, affects normal function of the ATPbinding cassette transporter A1 (ABCA1) impairing cholesterol efflux from infected
macrophages (Pushkarsky et al. 2017). This impairment results in the accumulation of
lipids and transformation of the macrophages into foam cells in vitro and in vivo
(Pushkarsky et al. 2017). Conversely, the efflux capacity from ABCA1(+/+)
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macrophages was increased in serum obtained from cART-treated subjects during acute
infection (Pushkarsky et al. 2017). The significant relationship between reduction in viral
load and increased cholesterol efflux capacity was independent of changes in highdensity lipoprotein (HDL), CD4+ T-cells, and activation markers. These results suggest
that HIV infection can dampen monocyte cholesterol metabolism and accelerates foam
cell formation, which may be further impacted, or even improved by cART.
Interestingly, HIV single stranded RNAs (ssRNAs) induced foam cell formation in
macrophages in a dose-dependent manner via binding to TLR8 in vitro (Bernard et al.
2014). Although these findings highlight the critical role of HIV mediated
monocyte/macrophage activation and foam cell formation in atherogenesis, their role and
potential molecular mechanism are still unclear.
The immune cell activation in the periphery or lymph nodes may not be reflective
of cardiovascular inflammation. A recent study demonstrated that arterial inflammation
in PLWH, as measured by 18F-FDG-PET, correlated with CRP, IL-6 and CD14+CD16+
monocytes, markers of immune activation, while lymph node inflammation correlated
with measures of HIV disease activity (Tawakol et al. 2016). Another recent report
showed that newly initiated cART in treatment-naive PLWH had discordant effects by
restoring peripheral immune function but not reducing arterial inflammation (Zanni et al.
2016). Together, these results indicate that the pathogenesis of HIV vascular
inflammation may be different from peripheral blood or lymph node. They highlight the
importance of further dissecting potential mechanisms of HIV-mediated immune
activation and inflammation, specifically in the vasculature.
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Figure 1: 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; and 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 contributing to
atherogenesis: 1) increased oxidative stress; 2) increased ER stress; 3) increased inflammasome
activation and cytokine production; and 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; HIV= human immunodeficiency virus; IL=
interleukin; LDL = low-density lipoprotein; NADPH= nicotinamide adenine dinucleotide phosphate; oxLDL=
oxidized low-density lipoprotein; PRR= pathogen recognition receptor; ROS= reactive oxygen species;
TNF= tumor necrosis factor; VCAM= vascular cell adhesion molecule.

Role of caspase-1 activation in HIV ASCVD
Our understanding of the molecular mechanisms underlying HIV ASCVD is less
extensive than that of cellular mechanisms. In PLWH, even those on cART, the
interaction of HIV with host immune cells and endothelial cells can trigger several
molecular events including increased oxidative stress, ER stress, inflammasome
formation, and dysregulation of autophagy (Figure 1B). These cellular mechanisms have
an established role in traditional atherogenesis. The potential role of these molecular
mechanisms in the development of HIV ASCVD remain to be elucidated.
Caspase-1 pathway activation
Inflammasome formation 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. Over activation of the inflammasome contributes to autoimmune diseases and
chronic inflammatory diseases including atherosclerosis (Strowig et al. 2012).
Inflammasome formation is dependent upon the recognition of pathogen-associated
molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) by
13

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.
Specifically, the NLRP3 inflammasome complex then recruits and activates the zymogen
pro-caspase-1, which further activates pro-interleukin-1beta (pro-IL-1β) and prointerleukin-18 (pro-IL-18) leading to generation of the active cytokines, IL-1β and IL-18,
and subsequent inflammatory cascades (Figure 1B). IL-1β plays a pivotal role in driving
inflammation by binding to its receptor and inducing more proinflammatory cytokines
including tumor necrosis factor-alpha (TNF-α) (Guo et al. 2014).
The caspase-1 pathway is activated by danger signals involved in atherogenesis
including oxLDL and cholesterol crystals (Guo, Callaway, and Ting 2015). 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 (Cai et al. 2016).
Activated levels of caspase-1 increase rapidly during early HIV infection. In
PLWH with a high CD4 count, caspase-1 levels decreased immediately and in patients
with a low CD4 count, caspase-1 levels remained elevated after one year of HIV
infection (Song et al. 2015). This process may be independent of the viral envelope
(Hernandez, Latz, and Urcuqui-Inchima 2014) and increased by HIV-associated
comorbidities (Vachiat et al. 2017). Further, caspase-1 activation in HIV-infected T-cells
contributes to the pathogenesis of T-cell depletion and activation in PLWH (Doitsh et al.
2014). Few studies have shown that monocyte/macrophage caspase-1 activation may be
involved in HIV atherogenesis (Table 1). HIV infection activates danger-signaling
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cascades in infected immune and endothelial cells, which triggers inflammasome
formation. HIV infection mediates the activation of the NLRP3 inflammasome in human
macrophages and microglia leading to release of bioactive IL-1β and IL-18 (Hernandez,
Latz, and Urcuqui-Inchima 2014; Guo et al. 2014; Chivero et al. 2017). IL-1β further
induces its own production and the synthesis and expression of other CVD associated
cytokines such as IL-6 (Duprez et al. 2012; Ridker 2016; Hsu et al. 2016). In simian
immunodeficiency virus (SIV)-infected and uninfected rhesus macaques on a high
fat/high cholesterol diet, plasma IL-18 levels significantly correlated with atherosclerotic
plaque area (Yearley et al. 2009). In the plaques of these animals, IL-18 specifically colocalized with CD68+ macrophages and not CD3+ T-cells (Yearley et al. 2009). The role
of NLRP3 inflammasome activation may be different depending on the cell type
involved. The atherogenic role of caspase-1 activation in HIV infection has not been
directly explored. Understanding the mechanism of caspase-1 activation and its
contribution to HIV atherosclerosis will help justify ongoing clinical trials targeting this
pathway.
To experimentally determine, and further elucidate potential mechanisms of HIV
ASCVD animal models are critical. After developing an animal model we will not only
be able to determine how HIV infection contributes to ASCVD, but how the other risk
factors in PLWH may compound this risk.
In vivo models to dissect out mechanisms of HIV CVD
A number of rodent and large animal models have been developed to study HIVassociated pathogenesis, including HAND, in the last two decades (Kopp et al. 1992;
Raidel et al. 2002; Fang et al. 2009; Pushkarsky et al. 2016; Denton and Garcia 2009).
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Animal models used in this manuscript are the Tg26 transgenic mice and the SIV rhesus
macaque model.
Tg26 mice, an HIV transgenic mouse
The HIV Tg26 transgenic mouse was originally generated in FVB genetic
background by using a construct containing the genome of HIV NL4-3 with a deletion of
a 3.1 kb spanning the C-terminal of the Gag and the N-terminal of the Pol genes (Kopp et
al. 1992). Although these mice have no productive HIV replication, low-level expression
of viral transcripts and proteins have been detected in various tissues prior to disease
onset (Curreli et al. 2013; Kopp et al. 1992). The 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 (Curreli et al. 2013). Using this model, a recent report showed that HIV promotes
NLRP3 inflammasome complex activation in HIV-associated nephropathy (HIVAN)
(Haque et al. 2016). 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 (Hansen et al. 2013). 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
(Mallipattu et al. 2013).
SIV Rhesus Macaque model
The SIV-infected macaque model has been informative when dissecting HIV
cardiac pathology. SIV infection induces changes in monocyte subset populations and
phenotypes (Kim et al. 2010). The elevated CD14+CD16+ inflammatory monocytes are
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likely key to the initiation and progression of atherosclerosis, including homing to the
vasculature and differentiation into foam cells. As in HIV infected patients, inflammatory
markers, soluble CD14 (sCD14) and D-dimer, are elevated in SIV-infected rhesus
macaques (Burdo et al. 2010). A recent study using antibiotic and anti-inflammatory
therapy to lower microbial translation and impact systemic inflammation showed
decrease in these immune markers of inflammation and hypercoagulation potentially
impacting CVD (Pandrea et al. 2016). Myocardial macrophage populations are seen in
SIV-infected macaques with cardiomyocyte degeneration or necrosis. Results using SIVinfected rhesus macaques showed more than half of the animals had cardiac pathology in
ventricular tissues, including macrophage infiltration and myocardial degeneration. The
extent of fibrosis correlated with presence of CD163+ M2 alternatively activated
macrophages in ventricle tissue (Walker et al. 2014), 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 macaques rarely develop atherosclerosis in the absence of an
atherogenic diet. One recent report in macaques infected with SIV or SHIV, but not on an
atherogenic diet demonstrated early atherosclerotic changes including increased vascular
inflammation, endothelial dysfunction and leukocyte adhesion to the descending thoracic
aorta (Panigrahi et al. 2016). However, due to expensive cost of maintenance, extreme
difficulty of genetic manipulation, and long timeframe for monitoring atherogenesis in
SIV-infected rhesus macaques, it is very difficult to apply the SIV rhesus macaque model
for teasing out pathogenesis.
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Hypothesis and Specific Aims
HIV ASCVD and its complications are a significant human health burden whose
pathogenesis remains elusive. The distinct pathologic 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 PLWH by cART, lifestyle risk factors and
comorbidities. HIV infection, whether productive or latent, mediates an array of
molecular signaling pathways, including caspase-1 activation, which have an established
pathogenic role in atherosclerosis, but the exact role in HIV ASCVD remains unknown.
The contribution of caspase-1 activation 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 crucial for understanding the specific cellular and
molecular mechanisms underlying the pathogenesis.
Introduction of HIV mouse models to atherogenic backgrounds can be very useful
to understand HIV-associated atherogenesis. The SIV rhesus macaque model is important
for confirming mechanisms and testing 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. Therefore, the primary hypothesis to be explored is that HIV
accelerates atherosclerosis and vascular-associated neurocognitive disorders and is
associated with increased caspase-1 activation in myeloid cells. To this end I proposed
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three specific aims (Figure 2): 1) To generate a mouse model to determine experimentally
if HIV accelerates atherosclerosis and if HIV ASCVD is associated with caspase-1
activation 2) To examine the clinical relevance of caspase-1 activation HIV ASCVD
using human samples from PLWH and lastly 3) to determine how caspase-1 activation
changes over the course of infection, and if it responds to cART using an SIV rhesus
macaque model. In addition to this hypothesis and aims we proposed to further examine
if the presence of CVD accelerates the progression of CNS neuropathology and
subsequent neurological dysfunction through caspase-1 dependent activation in HIV
infection.

Figure 2: Overall hypothesis and specific aims. Diagram demonstrating the multi-model approach of
+/-/Tg26 ApoE mice, HIV-1 infected patients samples and an SIV model of HIV infection to evaluate
caspase-1 activation in macrophages in HIV-associated atherosclerosis.
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CHAPTER 2
GENERATION OF A NOVEL MOUSE MODEL FOR HIV ASSOCIATED
ATHEROSCLEROSIS
Introduction
In order to examine the potential cellular and molecular mechanisms of HIV
ASCVD, there is a need to generate a suitable small animal to represent the disease of
HIV ASCVD. 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 an atherogenic background is needed to
accelerate atherogenesis. Two hypercholesterolemic models have been extensively used
to study atherogenesis: apolipoprotein E deficient (ApoE-/-) and low-density lipoprotein
receptor knock out (LDLR-/-) mice (Guo et al. 2009; Caulk et al. 2015). The primary
advantages of mouse models are the ease of genetic manipulation and the reasonable time
frame for the development of atherogenesis. ApoE-/- and LDLR-/- mice models have been
used to understand the atherogenesis for the last two decades. As discussed above the
atherogenic roles of CCL2, CX3CR1, CCR5 as well as monocyte activation and
homing/migration to vasculature have been examined using ApoE-/- and LDLR-/- models
(Hamon et al. 2017; Combadiere et al. 2008). While these models have been used to
examine the effect of cART (Guo et al. 2009; Caulk et al. 2015), little studies have
directly investigated the pathogenesis of HIV ASCVD. The mechanism of monocyte
activation and vascular homing in HIV-associated atherosclerosis can be tested in HIV
animal models using chemokine inhibitors such as Maraviroc (CCR5 inhibitor) and
Cenicriviroc (CCR2 and CCR5 inhibitor). Development of an HIV mouse model in an
atherogenic background is needed for further elucidating these mechanisms.
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To determine if persistent and chronic HIV infection is sufficient to accelerate
atherogenesis and to explore the mechanism underlying HIV atherosclerosis
experimentally, we generated a novel mouse model. To develop this model of HIV
atherosclerosis we took advantage of the HIV Tg26 transgenic mouse model. The Tg26
mouse is one of three HIV transgenic lines originally generated on an FVB background
using a noninfectious HIV-1 DNA construct with a deletion of a 3kb region of the
gag/pol genes (pNL4-3Δgag/pol) (Gharavi et al. 2004; Dickie et al. 1991). HIV Tg26+/transgenic mice are hemizygous for the transgene encoding the NL4-3 HIV-1 genome.
The HIV genome is expressed under the control of the native HIV 5' and 3' LTR
regulatory sequences stably integrated into the mouse genome within locus C2 of
chromosome 8 (Gharavi et al. 2004) with 10 tandem head-to-tail copies (Kopp et al.
1992; Gharavi et al. 2004). Tg26 mice are a well-characterized line (Kopp et al. 1992)
without viral replication. Although Tg26 mice have no productive viral replication, lowlevel expression of viral transcripts and proteins have been detected in various tissues
(Dickie et al. 1991; Curreli et al. 2013; Kopp et al. 1992) leading to HIV-associated
comorbidities including HIVAN (Kopp et al. 1992; Raij et al. 2016; Haque et al. 2016;
Mallipattu et al. 2013), B-cell lymphomas (Carroll et al. 2016) and cardiac dysfunction
(Cheung et al. 2015). HIVAN and early lethality in Tg26 FVB mice precluded their use
in studying HIV atherosclerosis. Therefore to develop a model of HIV-associated
atherosclerosis we first crossed Tg26+/- to the C57BL/6 (B6) genetic background seven
times to correct for the renal failure and early (Mallipattu et al. 2013). As mentioned,
mice are resistant to the development of atherosclerosis and both an atherogenic
background and atherogenic diet are needed to accelerate the atherosclerosis in mice
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(Getz and Reardon 2012; Daugherty et al. 2017; Wu et al. 2009; Liu, Wu, et al. 2014).
Therefore, the Tg26+/- B6 mouse was then introduced to ApoE-/- atherogenic background
to generate Tg26+/-/ApoE-/- mice.
Materials and Methods
Generation of the mouse model of HIV-associated atherosclerosis
Animal studies were approved by the Institutional Animal Care and Use Committee from
Lewis Katz School of Medicine of Temple University. HIV Tg26+/- transgenic mice were
kindly provided to us by Dr. Paul Klotman (Kopp et al. 1992). Littermate Tg26+/-/ApoE-/and ApoE-/- mice were used for experiments from pups obtained by crossing Tg26+//ApoE-/- with ApoE-/- mice. Genotyping by tail prep and PCR were performed for
determining HIV transgene in these mice with specific primer pairs (Forward: 5' TCC
AGT TTG GAA AGG ACC AG 3', Reverse: 5' TTG CCA CAC AAT CAT CAC CT 3')
as previously described (Curreli et al. 2013).
Characterization of the plaques in the mice
Tg26+/-/ApoE-/- and ApoE-/- mice at 8 weeks old were fed with atherogenic diet
(D12108C; Research Diets Inc.) containing 20.1% saturated fat, 1.37% cholesterol, and
0% sodium cholate for 8 weeks (Wu et al. 2009). Mice were sacrificed by CO2
asphyxiation, blood was centrifuged at 2,000 xg for 10 min in 4°C and serum was stored
at -80°C for measuring lipid profile, blood urea nitrogen (BUN) and cytokine levels.
Aortas were fixed with 4% paraformaldehyde stained with oil red-O and quantified for
plaque staining from the aortic arch to the iliac bifurcation as previously described (Wu et
al. 2009). The percentage of en face plaque was recorded by two independent
investigators in a blinded fashion with respect to the origin of the coded samples.
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Measurement of the lipid profile and BUN levels
Serum cholesterol and triglyceride profiles as well as BUN levels were
determined by biochemistry analyzer (Department of Laboratory Medicine, NIH) as
described (Feng et al. 2016) .
Analysis of chemokine and cytokine levels in serum of the mice
Cytokine and chemokine levels were measured in plasma using suspension array
technology in multiplex using a MilliPlex kit for mouse TNF-α, IL-6, M-CSF, and IFN-γ
(Millipore Corp, St Charles, MO) according to manufacturers instructions. Minimal
detectable levels were as follows: TNF-α (2.3 pg/mL), IL-6 (1.1 pg/mL), M-CSF
(3.5pg/mL) and IFN-γ (1.1 pg/mL). Samples were read using Luminex 200 equipment
(Luminex Corporation, Austin, TX). Protein marker analysis was performed using
MilliPlex Analyst Software (Millipore/Vigene Tech, ver. 3.5.5).
Plasma Kynurenine and Tryptophan concentration
Tg26+/-/ApoE-/- and ApoE-/- mice on HFD were used for analysis of IDO pathway
metabolites. 10% blood volume (100uL for 20g mouse) was collected every two weeks in
accordance with Temple university IACUC accordance for safe blood draw. Plasma
concentrations of kynurenine and tryptophan (Rocky Mountain Diagnostics, Colorado
Springs, CO, USA) were quantified by ELISA according to the manufactures’ directions.
Statistical analysis
All statistical analyses were performed using Prism Software. To compare values
obtained from three or more groups, one-factor analysis of variance (ANOVA) was used.
The difference between the two groups was examined with an unpaired two-tailed T-test
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unless noted as unpaired one-tailed T-test. Experimental results are shown as the mean ±
SEM. A p-value of <0.05 was considered significant for all tests performed.
Results
Increased atherosclerosis in Tg26+/-/ApoE-/- mice on a HFD for 8 weeks
We found that both Tg26+/-/ApoE-/- and Tg26+/- mice express high levels of HIV
transcripts in multiple immune tissues normally infected with HIV (Figure 3). There was
no significant difference at the HIV transcript level in the tissues the Tg26+/- or Tg26+//ApoE-/- mice, (Figure 3) suggesting that the atherogenic background does not alter HIV
transcription.

Figure 3: No difference in HIV transcript levels in multiple
+/-/+/immune tissues from Tg26 /ApoE and Tg26
mice. To
-/determine if ApoE background effects HIV transcript levels qRTPCR analysis of HIV mRNA expression represented as mean +
SEM in multiple tissues of 8 week old mice (n=3). Fold changes
were normalized to heart HIV transcript levels. BM: bone marrow.
P>0.05. Levels between all tissues were compared using one-way
ANOVA. Specific immune tissues were compared by unpaired two+/-/+/tailed T-test of Tg26 /ApoE levels vs. Tg26 transcript levels.
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Figure 4: Tg26 /ApoE mice develop accelerated atherosclerosis. (A) Representative images of
-/+/-/atherosclerosis of en face aorta with oil red O staining in ApoE and Tg26 /ApoE mice on a HFD for
8 weeks. (B) Lesion area of 8 week HFD en face analysis reported as a percentage of the area
+/-/-/stained with oil red O staining per total aortic area (Tg26 /ApoE 13.01 + 1.6% vs. ApoE 8.959 +
-/1.1%, P<0.05). (C) Representative images of aortic root plaque with oil red O staining in ApoE and
+/-/Tg26 /ApoE mice on a HFD for 8 weeks. (D) Quantification of aortic root plaques as a percentage
+/-/-/of the aortic sinus area (Tg26 /ApoE 51.56 + 1.8% vs. ApoE
42.92 + 3.3%, P<0.05). (E)
Atherosclerotic analysis of en face aorta with oil red O staining in the mice showing no gender
+/-/differences. Tg26 /ApoE male mice (n=9) show significantly more en face aortic atherosclerotic
-/plaque compared to ApoE males (n=10) (12.86 + 1.34 % vs. 9.05 + 1.13 %, P<0.05). Similarly
+/-/Tg26 /ApoE female mice (n=12) show significantly more en face aortic atherosclerotic plaque
-/compared to ApoE females (n=10) (13.66 + 1.56% vs. 9.12 + 1.01 %, P<0.05). (F) Atherosclerotic
+/-/-/+/analysis of en face aorta with oil red O staining comparing Tg26 /ApoE , ApoE , B6 and Tg26 mice
demonstrating the necessity of atherosclerotic background. Data analyzed by unpaired two-tailed Ttest *P<0.05, or **P < 0.01.

To investigate whether Tg26+/-/ApoE-/- mice have accelerated atherogenesis, we
fed Tg26+/-/ApoE-/- and littermate ApoE-/- mice a HFD for 8 weeks. We document that
Tg26+/-/ApoE-/- mice on HFD developed significantly more atherosclerotic plaques by en
face (Figure 4A & 4B, 13.01 + 1.6% vs. 8.959 + 1.1%, P<0.05) and aortic root analysis
(Figure 4C & 4D, 51.56 + 1.8% vs. 42.92 + 3.3%, P<0.05) compared to ApoE-/- mice.
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To study any gender effect on plaque development, two cohorts of experimental
mice fed with a HFD were examined (Figure 4E). Both male and female Tg26+/-/ApoE-/mice had more severe atherosclerosis by en face aorta analysis compared to littermate
controls (Figure 4E). To demonstrate the necessity of the atherogenic background we
examined plaque formation in Tg26+/- and wild type mice and found no plaque formation
(Figure 4F).

Figure 5: Plaque characterization in mice fed 8 week HFD. (A) Representative images of
-/+/-/trichrome staining in ApoE and Tg26 /ApoE mice on a HFD for 8 weeks. (B) Significant increase
in collagen content analyzed by trichrome staining reported as a percentage of the total plaque area
+/-/-/in Tg26 /ApoE 15.32 + 3.0% vs. ApoE
8.15 + 1.73%, P<0.05. (C) Representative CD68
macrophage staining in aortic root plaques. (D) 8 week HFD quantification of CD68 macrophage
+/-/staining as a percentage of the plaque area. No significance in Tg26 /ApoE (33.89 + 2.99%)
-/CD68+ staining in aortic root vs. ApoE mice (34.41 +3.08%). (E) Representative CD163+
macrophage in aortic root plaque from mice on 8 week HFD (F) Trending CD163+ macrophage
+/-/increase in Tg26 /ApoE aortic root plaques (13.57 +3.08 CD163+ macrophages) compared to
-/ApoE plaques (8.35 +1.44 CD163+ macrophages). G) Gender analysis demonstrating the trend in
+/-/significant increased in CD163+ macrophages are in female Tg26 /ApoE mice (16.77 +4.05
-/CD163+ macrophages) compared to ApoE mice (8.65 +2.40 CD163+ macrophages) but not
males (7.17 +1.01 CD163+ macrophages vs. 7.90 +1.09 CD163+ macrophages). All graphs
reported as mean + SEM. Analyzed by two-tailed unpaired T-Test.
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Interestingly, we also found that atherosclerotic lesions in Tg26+/-/ApoE-/- have
increased collagen deposition (Figure 5A and 5B 15.32 + 3.0% vs. 8.15 + 1.73%, P<0.05)
consistent with a recent study that showed potential proteins implicated HIV ASCVD
were involved in myocardial fibrosis/collagen formation and monocyte chemoattraction
and changed with statin treatment (Defilippi et al. 2018). However, no difference in
CD68+ macrophage content was found (Figure 5C and 5D). Although not significant,
Tg26+/-/ApoE-/- mice had a trend towards increased CD163+ macrophages in the plaque
(Figure 5E), that were specific to Tg26+/-/ApoE-/- females (Figure 5F, but not to males
(Figure 5).
Tg26+/-/ApoE-/- mice fed with HFD had normal renal function measured by the
levels of blood urea nitrogen (BUN) and creatinine (Figure 6A) without any early
lethality. Confirming that backcrossing to the B6 background corrects the renal failure
and early lethality seen in FVB Tg26 mice, and the HFD does not alter this (Dickie et al.
1991; Kopp et al. 1992; Raij et al. 2016; Haque et al. 2016). There were no significant
differences in serum cholesterol (Figure 6B), triglycerides (Figure 6C), and body weight
(Figure 6D), between Tg26+/-/ApoE-/- and ApoE-/- mice on HFD.

Figure 6: No significant difference in serum blood urea nitrogen (BUN), cholesterol and
+/-/-/triglycerides as well as the body weight between Tg26 /ApoE and ApoE on HFD. (A) BUN
+/measured from serum of 8 week HFD mice reported in (mg/dL) no significant difference between Tg26
-/-//ApoE (26.33 +1.04mg/dL) and ApoE mice (29.82 +1.39mg/dL). (B) No difference in serum
+/-/-/cholesterol reported in mg/dL between Tg26 /ApoE (1101 +45.29 mg/dL) and ApoE mice (1233
+/-/+118.8 mg/dL) on 8 week HFD. (C) Triglycerides measured in serum from Tg26 /ApoE (138.7 +8.80
-/+/-/mg/dL) and ApoE mice (139.3 +18.29 mg/dL) on 8 week HFD. (D) Weight (g) of Tg26 /ApoE (24.24
-/+0.73g) and ApoE mice (25.11 +1.10g) after 8 weeks HFD.
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Increased atherosclerosis in Tg26+/-/ApoE-/- mice on a normal chow diet for 8 months
Consistently, to further examine and strengthen the validity of this model we
examined mice fed a normal chow for 8 months. We observed that Tg26+/-/ApoE-/- mice
on a normal chow diet for 8 months still have greater atherogenesis compared to ApoE-/mice (Figure 7A, 7.12 + 3.5 vs. 4.26 +0.96, P<0.05).

+/-

-/-

Figure 7: Increased atherosclerosis in Tg26 /ApoE mice fed 8mo normal chow. (A) Representative
+/-/en face aorta analysis from 8 months of normal chow. (B) Increased en face aortic plaque in Tg26 /ApoE
-/7.12 + 3.5% vs. ApoE 4.26 +0.96% (1 tailed t-test P<0.05). All graphs reported as mean + SEM. *P <
-/0.05, vs ApoE . (C) BUN measured from serum of 8 month normal chow mice reported in mg/dL. No
+/-/-/significant difference between Tg26 /ApoE (33.71 +2.78mg/dL) and ApoE mice (31.33 +1.60mg/dL).
+/-/(D) No difference in serum cholesterol reported in mg/dL between Tg26 /ApoE (488.3 +47.57mg/dL) and
-/ApoE mice (492.2 +38.03mg/dL) on 8 month normal chow (E) Triglycerides measured in serum from
+/-/-/Tg26 /ApoE (191.7 +27.51mg/dL) and ApoE mice(198.7 +24.40mg/dL) on 8 month normal chow
+/-/-/showing no significant difference. (F) Weight (g) of Tg26 /ApoE (27.46 +0.95g) and ApoE mice (29.07
+0.86g)after 8 months normal chow showing no significant difference. All graphs reported as mean + SEM.
Analyzed by two-tailed unpaired T-Test.

Tg26+/-/ApoE-/- mice fed with normal chow had normal renal function measured
by the levels of BUN and creatinine (Figure 7C) without any early lethality. There were
no significant differences in serum cholesterol (Figure 7D), triglycerides (Figure 7E) and
body weight (Figure 7F), between Tg26+/-/ApoE-/- and ApoE-/- mice at 8 months of normal
chow. Overall, we have created a novel model, Tg26+/-/ApoE-/- mice, that for the first
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time show that HIV expression accelerates ASCVD in vivo. There were no metabolic
alterations detected that would influence the development of atherosclerosis in these
mice, allowing their use for further examination of the possible role of inflammation in
HIV ASCVD.
Increased inflammation in in Tg26+/-/ApoE-/- mice
Indoleamine-2,3-dioxygenase (IDO) enzyme is the rate-limiting step in
tryptophan catabolism whose activity is determined by the kynurenine/tryptophan ratio
(KTR). Activation of the inducible form of IDO primarily occurs in macrophages and
dendritic cells (Song et al. 2017; Polyzos and Ketelhuth 2015). Inducible IDO in
macrophages is activated by multiple cytokines including TNF-α, IL-6, and interferongamma (IFN-γ) (Baumgartner, Forteza, and Ketelhuth 2017; Velasquez and Rappaport
2016). Thus, elevated KTR in plasma is a biomarker of inflammation (Elovainio et al.
2011; Song et al. 2017; Niinisalo et al. 2010; Pedersen et al. 2015). Tryptophan
catabolism correlates with the development of CVD, but whether this activation is
pathogenic or cardioprotective remains unclear. IDO activity is an early marker of CIMT
(Pawlak, Mysliwiec, and Pawlak 2010; Song et al. 2017) and has been observed in
myeloid cells within plaques (Niinisalo et al. 2010; Oksala et al. 2009; Wirleitner et al.
2003). The KTR is also increased in HIV infection (Favre et al. 2010) and is often
incompletely controlled in virally suppressed PLWH on cART as well as elite controllers
(Jenabian et al. 2013). Interestingly, a recent clinical study found that KTR correlates
with the atherosclerotic disease risk among PLWH and predicts the development of HIVassociated atherosclerosis (Siedner et al. 2016; Qi et al. 2018). These results indicate that
the KTR may serve as a biomarker for HIV-associated atherosclerosis and possibly
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contributes to atherogenesis in HIV-infection. To evaluate our novel mouse model of
HIV atherosclerosis and to investigate the relevance of inflammation in this model, we
measured IDO pathway metabolites and pathway-related cytokines in Tg26+/-/ApoE-/mice over the course of 8 weeks HFD.
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-/-

Figure 8: IDO activity progressively increases in Tg26 /ApoE feed over course of 8 weeks HFD.
+/-/-/Littermate Tg26 /ApoE and ApoE mice were fed a HFD for 8 weeks starting at 8 weeks of age.
Serum was collected at 0,2,4,6 and 8 weeks on the high fat diet for measurement of Kynurenine and
Tryptophan concentrations and determination of KTR for analysis of IDO activity (Supplemental figure 1).
(A) Significant effect of genotype (P<0.0001), time (P<0.0001) and interaction (P=0.050) of serum
Kynurenine levels as measured by Two-way ANOVA. No significant difference in Kynurenine levels until
+/-/-/4 weeks HFD (Tg26 /ApoE = 66.20umol/L vs. ApoE = 64.462 umol/L; P<0.05) which continued at 6
+/-/-/weeks HFD(Tg26 /ApoE = 67.86 umol/L vs. ApoE = 64.94 umol/L; P<0.001) and 8 weeks HFD
+/-/-/(Tg26 /ApoE = 67.27 umol/L vs. ApoE = 65.52 umol/L; P<0.05) as analyzed by Bonferroni post hoc.
+/-/-/(B) Serum tryptophan concentration (umol/L) measured in Tg26 /ApoE and ApoE mice over course of
8 week HFD. No significant difference in genotype (P=0.14) or interaction (P=0.21), but significant
difference in tryptophan over time (P<0.0001) as measured by Two-way ANOVA. (C) IDO activity as
measured by the ratio of Kynurenine/Tryptophan over the course of 8 week HFD. Significant effect of
genotype (P<0.01) and time (P<0.0001) but no significant interaction (P=0.15) as measured by Two-way
+/-/ANOVA. Significant increase in IDO activity as measured by KTR in Tg26 /ApoE mice at 8 weeks HFD
+/-/-/(Tg26 /ApoE = 0.4226 vs. ApoE = 0.3446; P<0.05) as analyzed by Bonferroni post hoc. *P<0.05,
**P<0.01, ***P<0.001. All data represented as mean + SEM

IDO pathway activation in HIV Tg26+/-/ApoE-/- mice
Kynurenine, tryptophan and the KTR were measured in Tg26+/-/ApoE-/- and
littermate ApoE-/- mice on a HFD at 0, 2, 4, 6 and 8 weeks by ELISA (Figure 8).
Consistently, we found that either serum kynurenine or IDO activity (KTR) was
progressively increased in both ApoE-/- and Tg26+/-/ApoE-/- mice on a HFD (Figure 8A
and 8C). Atherogenesis in the aorta of ApoE-/- mice has been previously described to
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progress from monocyte adhesion to endothelial cells starting at 0-1 week, to foam cell
formation (2-3 weeks), intermediate lesion (3-4 weeks) and lastly fibrous plaque
formation (5-6 weeks) (Nakashima et al. 1994). At baseline there was no difference
between the kynurenine, tryptophan or the KTR in Tg26+/-/ApoE-/- mice compared to
ApoE-/- controls (Figure 8). However after 4 weeks on a HFD through 8 weeks Tg26+//ApoE-/- mice had significantly higher kynurenine levels (Figure 8A) resulting in an
elevated KTR compared to ApoE-/- controls by 8 weeks HFD (Figure 8C). Thus, HFD
induces KTR in this model and a progressive increase in kynurenine levels and IDO
activity positively correlates with the progression of plaque development (Figure 8). In
Tg26+/-/ApoE-/- mice kynurenine levels and IDO activity are significantly increased
validating our model as a representation of HIV ASCVD in PLWH, and strengthening the
inflammatory hypothesis for atherosclerosis in PLWH.
Tg26+/-/ApoE-/- mice have elevated serum IL-6, TNF-α and M-CSF
To explore the potential mechanism underlying increased IDO activation in HIVassociated atherogenesis, we measured the serum levels of TNF-α, IL-6, IFNγ, and
macrophage colony stimulating factor (M-CSF). These cytokines were selected for their
orchestration in innate and adaptive immune responses in all stages of atherogenesis.
Specifically, IFN-γ TNF-α and IL-6 induce IDO activation in macrophages and dendritic
cells modulating the immune responses in atherosclerosis (Baumgartner, Forteza, and
Ketelhuth 2017; Velasquez and Rappaport 2016) and HIV-infection(Keating, Jacobs, and
Norris 2012; Gorenec et al. 2016). The levels of these cytokines were measured in serum
from Tg26+/-/ApoE-/- and ApoE-/- mice after HFD for 8 weeks. Tg26+/-/ApoE-/- had
significantly higher levels of circulating IL-6 compared to ApoE-/- mice (Figure 9). There
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was a trend for an increase in TNF-α and M-CSF (Figure 9). Together, these results
indicate that TNF-α and IL-6 may contribute to accelerated atherogenesis in Tg26+//ApoE-/- through modulating IDO activity.

+/-

-/-

Figure 9: Elevated serum cytokines in Tg26 /ApoE after 8 weeks on a HFD. Serum
was collected from mice on HFD for 8 weeks for measurement of IFN-γ, IL-6, M-CSF, and
+/-/-/TNF-α. (A) Serum IFN-γ (pg/mL) in Tg26 /ApoE and ApoE mice with no significant
+/-/difference. (B) Significant increase in serum IL-6 (pg/mL) in Tg26 /ApoE mice (128.9 +
-/36.41 pg/mL) vs. ApoE mice (46.35 + 9.50 pg/mL; P<0.05). (C) Trending increase in serum
+/-/-/M-CSF in Tg26 /ApoE mice (37.39 + 11.67 pg/mL) vs. ApoE mice (22.08 + 3.163 pg/mL;
+/-/P=0.06). (D) Trending increase in serum TNF- α in Tg26 /ApoE mice (19.73 + 3.60 pg/mL)
-/vs. ApoE mice (12.17 + 2.99 pg/mL; P=0.13). *P<0.05. Data analyzed by two tailed T-test
with ROUT for outlier removal. All data represented as mean + SEM.

Discussion
The Tg26+/-/ApoE-/- mice for the first time demonstrate that non-replicating HIV
expression from HIV integration in the genome is sufficient to accelerate atherosclerosis.
Extensive clinical evidence suggests that well controlled HIV infection with or without
cART (e.g. PLWH or elite controllers) accelerates atherogenesis (Pereyra et al. 2012;
Hsue et al. 2009). In these patients, viral loads are low or undetectable in the peripheral
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blood and the virus remains in a latent state in immune cells (Klatt et al. 2013). These
results suggest that even without viral replication, the persistence of HIV transcripts or
low levels of viral proteins can continue to cause HIV comorbidities, including ASCVD.
However, no studies to date have demonstrated that chronic HIV infection alone without
confounding factors (HIVAN, diabetes, etc.) is sufficient to accelerate atherosclerosis.
Tg26+/-ApoE-/- mice have low levels of HIV transcripts with low or undetectable viral
proteins and no active viral replication. Here, we show that Tg26+/-/ApoE-/- mice on B6
genetic background develop an accelerated atherosclerosis under both HFD and normal
chow conditions. There was no significant difference in the levels of cholesterol and
triglycerides, or body weight between Tg26+/-/ApoE-/- and ApoE-/- mice on HFD or normal
chow, thus not to influence the difference in ASCVD observed.
PLWH with low Framingham risk scores and subclinical ASCVD have a unique
phenotype of increased inflammatory noncalcified plaques as seen by CCTA (Burdo, Lo,
et al. 2011; Lo et al. 2010). Clinical biomarker studies indicate that macrophage
activation contributes to HIV ASCVD (Tawakol et al. 2017; Burdo, Lo, et al. 2011; Hsu
et al. 2016; Longenecker, Funderburg, et al. 2013; Longenecker, Jiang, et al. 2013;
Kearns et al. 2017). In Tg26+/-/ApoE-/- mice there was a trend towards an increase in
CD163+ macrophages in aortic root plaques, with no significant difference in CD68+
macrophages. This suggests that CD163+ macrophages may play a role in inflammatory
aortic plaques in Tg26+/-/ApoE-/- mice. Future studies will explore compounding factors in
HIV infection such as LPS and gut barrier breakdown that could further amplify this
inflammatory plaque phenotype as seen in PLWH. Future studies should also examine
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monocyte expansion from the bone marrow and macrophage infiltration in the
vasculature in these mice.
The HIV Tg26+/-/ApoE-/- mice have an increase in serum kynurenine and KTR
that is associated with plaque progression and elevation of serum IL-6, TNF-α and MCSF. This finding is consistent with clinical observations where elevated IDO activity
predicts a higher likelihood of atherosclerosis (Song et al. 2017; Polyzos and Ketelhuth
2015; Mangge et al. 2014) and HIV-ASCVD (Siedner et al. 2016) despite virologic
control on cART. Increased IDO pathway activation occurs in PLWH including those on
cART and elite controllers (Favre et al. 2010; Jenabian et al. 2013). In correlation to these
findings IDO activity is increased after 4 weeks on a HFD in Tg26+/-/ApoE-/- mice and
continues through 8 weeks as compared to ApoE-/- controls. This time point correlates to
plaque development in ApoE-/- mice where a HFD of at least 3-4 weeks is required for the
development of visible aortic plaques (Nakashima et al. 1994). The increased IDO
activity in these Tg26+/-/ApoE-/- mice may result from HIV-mediated macrophage
activation and foam cell formation since macrophage foam cell formation is a hallmark of
atherosclerotic plaques (Wu et al. 2009) and macrophages are a major source of IDO
(Song et al. 2017; Polyzos and Ketelhuth 2015).
Overall we show that Tg26+/-/ApoE-/- mice serve as a novel model of HIV
ASCVD, and prove for the first time that non-replicating HIV insertion is sufficient to
accelerate atherogenesis. This mouse model also has an increased inflammatory
environment for plaque development that mimics the inflammation observed in PLWH,
allowing it to be used for further determination of mechanisms of HIV ASCVD.
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CHAPTER 3
EVALUATION OF CASPASE-1 ACTIVATION IN HIV+ PATIENT SAMPLES
Introduction
In completion of the second aim, to determine the clinical relevance of capase-1
activation in HIV ASCVD, caspase-1 pathway activation was measured in human sera
from PLWH and non-HIV-infected controls. Clinical findings, and results from the
experimental mouse model developed in the previous chapter show that chronic HIV
infection alone significantly contributes to the pathogenesis of HIV ASCVD (Pereyra et
al. 2012; Hsue et al. 2009). Although cART changes the spectrum of HIV CVD, it is not
sufficient to prevent ASCVD (Strategies for Management of Antiretroviral Therapy
Study et al. 2006). Treatment strategies for HIV ASCVD still largely follow those for
traditional CVD. Therapeutic strategies targeting HIV-mediated vascular inflammation
and immune responses remain to be developed (Kearns et al. 2017). Therefore,
understanding the specific mechanisms of HIV-associated ASCVD will help to better
design and develop novel therapeutic interventions for treatment and prevention.
The potential role for monocyte/macrophage activation and caspase-1 pathway
activation in HIV ASCVD was analyzed using human samples. Myeloid cells are
important as both a reservoir for active viral replication and for viral persistence (Burdo,
Lackner, and Williams 2013; Porcheray et al. 2006). Biomarker studies indicate
monocytes/macrophages are main players in HIV-associated comorbidities (Table 1)
(Kearns et al. 2017; Hasegawa et al. 2009; Burdo, Lackner, and Williams 2013; Crowe et
al. 2010). CD163, a macrophage-specific scavenger receptor, is shed during immune
activation as sCD163. Plasma sCD163 levels correlate with noncalcified plaques in HIVassociated CVD (Burdo, Lackner, and Williams 2013; Royal et al. 2016; Subramanian et
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al. 2012; Bryant et al. 2017; Fourman et al. 2018; Fitch et al. 2013; Burdo, Lentz, et al.
2011). sCD163, is a predictor of both overall morbidity and mortality in HIV disease, as
well as an indicator of CVD (Sandler et al. 2011; Tenorio et al. 2014; Kelesidis et al.
2012). In PLWH on cART, HIV infection not only activates immune cells, but also
triggers an array of molecular pathways, including NLRP3 inflammasome-mediated
caspase-1 activation (Kearns et al. 2017; Chivero et al. 2017; Walsh et al. 2014;
Hernandez, Latz, and Urcuqui-Inchima 2014; Guo et al. 2014). However, the
mechanisms underlying HIV-immune cell activation require further investigation.
HIV-induced caspase-1 activation is a potential molecular link between
monocyte/macrophage activation and HIV-associated atherogenesis (Kearns et al. 2017).
Increased caspase-1 activation, namely through inflammasome formation in immune
cells, has been documented in different stages of HIV infection (Song et al. 2015). With
HIV

infection,

caspase-1

activation

releases

IL-1β

and

IL-18

from

monocytes/macrophages (Guo et al. 2014; Chattergoon et al. 2014; Hernandez, Latz, and
Urcuqui-Inchima 2014).
There is substantial evidence for caspase-1 pathway activation in traditional
atherosclerosis. Components of the caspase-1 activation pathway are upregulated in
atherosclerotic lesions of patients (Galea et al. 1996; Gerdes et al. 2002; Zheng et al.
2013; Paramel Varghese et al. 2016; Shi et al. 2015). Using animal models of
atherosclerosis, knocking out components of this pathway improved plaque formation
(Kirii et al. 2003; Elhage et al. 2003; Usui et al. 2012; Gage et al. 2012). At a molecular
level, important molecules in atherogenesis (i.e. oxLDL and cholesterol crystals) activate
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the inflammasome pathway in macrophages (Duewell et al. 2010; Liu, Yin, et al. 2014;
Jiang et al. 2012).
We used a previously recruited patient cohort of PLWH and non-HIV-infected
controls, as well as autopsy-derived specimens of aorta from PLWH and non-HIVinfected controls with aortic plaques, to show that caspase-1 activation is associated with
monocyte/macrophage activation in the development of HIV ASCVD. We investigated
whether the downstream products of caspase-1 activation, IL-18 and IL-1β, were
increased in PLWH on cART compared to non-HIV-infected controls and if the increased
cytokines were associated with plaque phenotypes and known cardiovascular
inflammatory markers. To take this analysis one step further we obtained tissue banked
aortic specimens from PLWH and non-infected controls to complete a detailed
pathological study comparing the plaques to explore the potential role of caspase-1
activation and macrophage activation in HIV ASCVD.
Materials and Methods
Study Participants
One hundred fifty three men and women with HIV infection were prospectively recruited
from HIV clinics and community health care centers in the greater Boston area. Sixtyseven HIV-seronegative control men and women were simultaneously prospectively
recruited from the same communities. Neither group was recruited on the basis of the
presence of heart disease, and in fact, history or symptoms of heart disease were similarly
exclusionary for both groups. Other than HIV disease, inclusion and exclusion criteria
were identical for both groups. Participants aged 18–58 years without prior history of
cardiac disease or symptoms suggestive of cardiac disease were recruited. HIV-infected
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and control participants with known renal disease or creatinine levels >1.5 mg/dL or
estimated creatinine clearance <70 mL/min were excluded to minimize risk of contrast
nephropathy. HIV-infected participants receiving cART at the time of the study were
required to have been receiving stable therapy for >3 months. All participants provided
informed consent. This study was approved by the institutional review boards of
Massachusetts General Hospital and Massachusetts Institute of Technology. We have
continued to expand this cohort and now report novel data not previously published on
caspase-1 pathway activation (Lo et al. 2010; Fitch et al. 2013; Burdo, Lo, et al. 2011).
Study Procedures and Assessment of Cardiovascular Risk Factors
Data on sociodemographic factors, cardiovascular risk factors, medical history, family
history, behavior (including smoking), use of medications were obtained. Diagnosis of
diabetes mellitus was based on clinical history or laboratory assessments meeting
American Diabetes Association criteria for diabetes mellitus. Cardiac multidetector row
CT and CT angiography imaging were performed using a 64-slice CT scanner (Sensation
64; Siemens Medical Solutions) as previously described (Lo et al. 2010; Fitch et al. 2013;
Burdo, Lo, et al. 2011). Assessment of coronary atherosclerotic plaque burden was
determined by a consensus reading between 2 investigators, including a cardiologist and
a radiologist with significant experience in the interpretation of cardiac CTs. The
presence of any coronary atherosclerotic plaque, whether calcified or noncalcified, was
determined as previously described (Lo et al. 2010; Fitch et al. 2013; Burdo, Lo, et al.
2011).
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Inflammatory, Metabolic, Biochemical, and Immunologic Parameters
Plasma sCD163, MCP-1, IL-6, sCD14, CXCL10 and CRP were quantified by enzymelinked immunosorbent assay (ELISA) as previously described (Lo et al. 2010; Fitch et al.
2013; Burdo, Lo, et al. 2011). Human IL-1β and IL-18 ELISA kits were purchased from
R&D Systems. The levels of IL-18 and IL-1β were determined according to the
manufacturer’s instructions. The levels of IL-1β were below the limit of detection (0.125
pg/ml). All participants fasted at least 12 hours before blood draws. Total cholesterol,
high- and low-density lipoprotein, triglycerides, glucose, and creatinine levels were
determined using standard techniques. CD4+ T cell counts were assessed by flow
cytometry. HIV RNA levels were determined by ultrasensitive reverse-transcription
polymerase chain reaction (RT-PCR; Roche Amplicor Monitor; lower limit of detection,
50 copies/mL). HIV testing was performed by ELISA (Abbott), and results were
confirmed by western blot.
Autopsy aortas from HIV+ and HIV- subjects
Aortas from HIV- (n=8) and HIV+ (n=9) subjects were obtained from the Manhattan
HIV Brain Bank (MHBB), member of the National NeuroAIDS Tissue Consortium
(NNTC). Both HIV+ and HIV- subjects were selected on the basis of having severe
systemic atherosclerotic disease, as assessed by gross examination of the aorta and its
major branches at the time of autopsy. In the majority of cases, sections of ascending
aorta from the thoracic cavity were obtained. Tissues were fixed in formalin, and
routinely processed for paraffin embedding and sectioning at 4 microns. Sections were
stained with hematoxylin and eosin, Verhoeff elastin stain, and Masson's trichrome for
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light microscopic analysis. Immunohistochemistry was performed using primary
antibodies to recognize CD163 (Serotech 1:250), CD68 (Dako 1:400) and Caspase-1
(Abcam 1:50). Slides were washed and incubated with isotype-specific, HRP-conjugated
secondary antibody (Dako). Cell type and expression was visualized using the 3,3′Diaminobenzidine (DAB) substrate system, counterstained with hematoxylin. Slides were
dehydrated, cleared, and mounted for microscopy. Slides were imaged using a BZ-X700
Keyence Microscope at 200X magnification. Images were quantified for plaque area,
media area, plaque cell count, media cell count, and intimal-media thickness.
Results
Baseline characteristics of PLWH and non-HIV-infected controls
We investigated whether the downstream products of caspase-1 activation, IL-18
and IL-1β, were increased in PLWH compared to non-HIV-infected controls and if the
cytokine levels were associated with plaque phenotypes. This cross-sectional study used a
cohort of well-characterized PLWH (n=153) and non-HIV-infected controls (n=67)
controls with no past history of CVD and low Framingham risk scores. Demographic and
clinical characteristics of the subjects are displayed in Table 2. Age, sex, race, body mass
index (BMI), diabetes, and smoking did not differ significantly between groups.
Compared with non-HIV-infected subjects, PLWH exhibited elevated triglycerides (139
+ 113 mg/dL vs. 104 + 62 mg/dL, P=0.004) but still within the normal range, were more
often on statin therapy (13% vs. 3%, P=0.02) and had significantly larger numbers of
noncalcified coronary atherosclerotic plaque segments (0.97 + 1.5 vs. 0.45 + 1.2,
P=0.009), in line with our previous published findings (Lo et al. 2010; Fitch et al. 2013;
Burdo, Lo, et al. 2011).
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Non-HIV-infected
controls (n=67)

PLWH
(n=153)

p-value

45.9 ±6.9
41 (61.2)

46.9 ±6.9
103(67.3)

0.34
0.38
0.35

3(4.5)
34 (50.7)
22 (32.8)
2(3.0)
4(6.0)
2(3.0)
5.65 ±0.55
38.8
117 ±15
76 ±10

1(0.65)
78 (51.0)
52(34.0)
4(2.6)
16(10.5)
2(1.3)
5.51 ±0.78
41.1
119 ±13
76 ±9
14.1 ±6.30
558 ±292
49 [47, 49]
96.1

Demographics
Age (years)
Gender, male (%)
Race n (%)
Asian
White
Black/African American
American Indian
Hispanic
More than one race
Hemoglobin A1c (%)
Active smoker (%)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Length since diagnosis of HIV (years)
3
CD4+ cell count (cells/m )
Viral load (copies/mL), median [IOR]
Currently on cART (%)
Undetectable Viral load (%)
2
BMI (kg/m )
Total cholesterol (mg/dL)
LDL (mg/dL)
HDL (mg/dL)
Triglycerides (mg/dL)
Current statin use (%)
Calcium score
Total coronary segments with plaque
Coronary segments with calcified
plaque
Coronary segments with non-calcified
plaque
Log serum IL-18 (log pg/mL)

0.14
0.71
0.36
0.94

27.7 ±4.84
179 ±35
107±31
52±14
104 ±62
3
30.8 ±80.21
1.38 ±2.25

83.3
26.7 ±5.1
182 ±42
103±33
52 ±18
139 ±113
13
25.52 ±73.4
1.87 ±2.68

0.17
0.61
0.42
0.97
0.004
0.02
0.65
0.16

0.31 ±0.8

0.20 ±0.7

0.35

0.45 ±1.2

0.97 ±1.5

0.009

5.29 ±0.51

5.59 ±0.48

<0.0001

Table 2: Baseline Characteristics of PLWH and Non-HIV-infected controls. Variables with a normal
distribution were expressed as mean ± standard deviation, whereas those not normally distributed were
denoted as median [interquartile range]. A value of p < 0.05 was used to designate statistical significance.
Abbreviations: cART, combined antiretroviral therapy; BMI, body mass index; BP, blood pressure; HDL,
high-density lipoprotein cholesterol; HIV, human immunodeficiency virus; LDL, low-density lipoprotein
cholesterol; PLWH, people living with HIV.
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Figure 10: Circulating IL-18 levels increased in PLWH and in patients with plaque. Serum from PLWH
(n=153) and non-HIV-infected controls (n=67) was examined for IL-18 and IL-1β. (A) Log serum IL-18 was
significantly elevated in the PLWH compared to non-HIV-infected controls (5.59 + 0.48 log pg/mL vs. 5.29
+ 0.51log pg/mL, P<0.0001). (B) Log serum IL-18 was significantly elevated in all subjects with plaque
compared to those without plaque (5.58 + 0.50 log pg/mL vs. 5.42 + 0.49 log pg/mL, P=0.02). IL-1β levels
were below the limit of detection (data not shown). Data reported as mean + SD and were analyzed by
two-tailed unpaired t-test were a P value < 0.05 was significant.

Circulating IL-18 levels by HIV status and plaque status and relationship to
inflammatory biomarkers
Serum from the PLWH and non-HIV-infected controls was examined for IL-18
and IL-1β. Log serum IL-18 was significantly elevated in the PLWH compared to nonHIV-infected (Fig. 10A; 5.59 + 0.48 log pg/mL vs. 5.29 + 0.51 log pg/mL, P<0.0001).
Log serum IL-18 was significantly elevated in the all subjects with plaque compared to
those without plaque (Fig. 10B; 5.58 + 0.50 log pg/mL vs. 5.42 + 0.49 log pg/mL,
P=0.02). IL-1β levels were below the limit of detection in all patients (0.125 pg/mL). Of
significance, elevated log IL-18 levels correlated with total number of segments with
plaque (r= 0.15, P=0.03) and number of segments with non-calcified vulnerable plaques
(r=0.14, P=0.04), but not number of segments with calcified plaque (r=0.002, P=0.98)
(Table 3). Serum IL-18 levels were analyzed for potential correlations with inflammatory
markers important in HIV ASCVD, including sCD163, monocyte chemoattractant
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protein-1 (MCP-1), lippopolysaccride (LPS), sCD14, CXCL10 and traditional risk
markers IL-6 and CRP. Log IL-18 positively correlated with plasma sCD163 (r=0.51,
P<.0001), MCP-1 (r=0.22, P=0.001), CXCL10 (r=0.64, P<0.0001), LPS (r=0.20,
P=0.005), but not with sCD14, IL-6 or CRP (Table 3).

Table 3: Correlation between LogIL-18 and coronary plaque types and inflammatory markers.
Cardiac computed tomography (CT) imaging was performed with a 64-slice CT scanner or 64-slice
dual-source CT scanner, as previously described (Lo et al. 2010; Fitch et al. 2013; Burdo, Lo, et al.
2011). Parameters including total number of subclinical coronary artery plaque segments, number of
calcified and noncalcified coronary plaque segments were assessed using previously described
analytic techniques (Lo et al. 2010; Fitch et al. 2013; Burdo, Lo, et al. 2011). Immune and
inflammatory biomarkers: sCD163, soluble CD163; MCP-1, monocyte chemoattractant protein-1; LPS,
lipopolysaccharide; sCD14, soluble CD14; Il-6, interleukin-6; CRP, C-reactive protein were assessed
as previously described (Lo et al. 2010; Fitch et al. 2013; Burdo, Lo, et al. 2011). Pearson correlation
analyses were performed to assess relationships between log IL-18 and inflammatory biomarkers or
number of segments with different coronary plaque types. Statistical significance = p < 0.05 .

Analysis of monocytes/macrophages and caspase-1 in human plaques
There are currently no detailed pathological studies comparing systemic
atherosclerotic plaques of PLWH and non-HIV-infected controls. HIV- (n=8) and HIV+
(n=9) aortas with severe atherosclerosis as determined by gross inspection at the time of
autopsy were obtained from the MHBB member of the NNTC. The sections were
characterized for the extent of atherosclerotic plaque, and immunohistochemical stains
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were completed to examine macrophage populations CD163 (M2-macrophages), CD68
(resident pan macrophage) and caspase-1 (Table 4). There were no significant differences
between the two groups with regard to plaque morphology or the extent of plaque area
within the sections; 6 samples (4 HIV+ and 2 HIV-) had microscopic evidence of
mineralization, and 6 (4 HIV- and 2 HIV+) had large lipid cores (in contrast to small lipid
pools or intermediate histologies). We found no significant difference in plaque or media
levels of CD163 or CD68 (Table 4), and similarly, no difference between caspase-1+
cells in the plaques. Of importance caspase-1 levels positively correlated to plaque
CD163+ macrophages, but not media CD163+ macrophages or CD68+ macrophages in
the plaques or media (Figure 11; r=0.6, P= 0.02). The results obtained from these two
human cohort studies link caspase-1 pathway activation to monocyte/macrophage
activation for the first time and indicate its role in HIV atherogenesis warrants further
investigation.

Figure 11: The number of caspase-1+ cells and CD163+ macrophages correlate in tissue banked
aortic plaques. Immunohistochemical analyses of tissue banked aortas from HIV- (n=8) and HIV+ (n=9)
specimens were performed for CD163 (M2-macrophage) and caspase-1. (A) Representative images of
CD163+ macrophage and caspase-1+ cells in aortic plaques. (B) The numbers of caspase-1+ and
CD163+ macrophages positively correlated in plaque (r=0.6, P= 0.02). Correlation was determined using
Spearman non-parametric analysis.
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HIV- aorta
(n=8)

HIV+ aorta
(n=9)

p-value

70.5 ±5.5
50(4)

58.0 ±2.5
44.4(4)

NS
NS
NS

25 (2)
50 (4)
25(2)

0
55.5(5)
44.4(4)

1524.4 ±73.1
37.8 ±3.9
62.2 ±3.9

1597.7 ±117.3
35.9 ±5.0
64.1 ±5.0

0.64
0.57
0.57

176.7 ±45.8
140.3 ±40.9
167.6 ±40.3

136.9 ±10.5
89.3 ±27.5
146.0 ±36.7

0.49
0.44
0.76

13.3 ±2.7
19.5 ±9.0

19.1 ±4.7
13.2 ±3.5

0.49
0.88

Patient Demographics
Age (years)
Gender, male (%)
Race n (%)
White
Black/African American
Hispanic
Aortic Pathology
Average Intima-Media Thickness (um)
Average Plaque Area (%)
Average Media Area (%)
2
Plaque Cell Count (cells/mm )
CD68+ macrophages
*CD163+ macrophages
Caspase-1+ cells
2

Media Cell Count (cells/mm )
CD68+ macrophages
CD163+ macrophages

Table 4: Tissue banked aortic samples from NNTC. Demographic data presented as %(n). Pathological
data presented as mean +SEM. *The absence of group differences in CD163 was also confirmed by
analysis of the percentage of intimal area expressing CD163. Cell counts in plaque were validated by
correlation to the percentage intimal area expressing CD163.

Discussion
PLWH have increased inflammatory noncalcified plaques that clinical biomarker
studies indicate a contribution of macrophage activation to their development (Burdo, Lo,
et al. 2011; Lo et al. 2010; Tawakol et al. 2017; Hsu et al. 2016; Longenecker,
Funderburg, et al. 2013; Longenecker, Jiang, et al. 2013; Kearns et al. 2017). In these
data, for the first time using PLWH, we demonstrate the importance of the capase-1
inflammatory pathway in HIV ASCVD. In our clinical cohort, serum IL-18, a
downstream product of caspase-1 activation, was elevated in PLWH with subclinical
atherosclerosis (Figure 10). Serum IL-18 correlated with total coronary plaque segments
and the number of non-calcified inflammatory coronary plaque segments in all patients
with plaque. IL-18 levels in this cohort also significantly correlated to macrophage
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inflammatory markers including sCD163, which we have previously shown to correlate
to aortic and coronary inflammation (Subramanian et al. 2012; Burdo, Lo, et al. 2011).
These clinical data goes further with regard to macrophage activation by
documenting for the first time that caspase-1+ cells are found in tissue banked aortic
plaques, and that caspase-1+ cells positively correlate with plaque CD163+ macrophages,
but not CD68+ macrophages. However, the association of caspase-1+ cells and
atherosclerotic plaque may not be unique to HIV; in our tissue study, we focused on
samples (both HIV+ and HIV-) with extensive systemic atherosclerosis, and
unsurprisingly, found no quantitative differences in the extent of plaque-associated
inflammatory indices (Table 4). In prior vascular imaging studies, while cART-treated
PLWH had increased vascular wall inflammation in contrast to demographically and
Framingham risk matched non-HIV-infected controls, they appeared similar to non-HIVinfected individuals with known atherosclerotic disease (Subramanian et al. 2012).
Although a prior study had reported elevated CD163 levels in HIV+ tissue banked aortic
samples when contrasted to HIV- tissues, they did not examine if there was a difference
in the extent of atherosclerotic plaque in the samples analyzed (Zanni et al. 2017). Here,
we controlled for the extent of plaque analyzed within samples with high disease burden.
These findings are also similar to histologic analyses of arteries from the Circle of Willis,
where intimal CD68+ populations correlated with the extent of intracranial
atherosclerosis, but not HIV status (Gutierrez et al. 2016).
These clinical data for the first time indicate that caspase-1 activation is increased
in PLWH with ASCVD, and correlates to macrophage activation. However in the aortic
tissue samples we did not see a difference in caspase-1+ cells between non-HIV-infected
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controls and PLWH. As mentioned this could be due to the severity of the plaque that we
selected for. However to know if caspase-1 activation is playing a role in HIV ASCVD it
would be pertinent to examine its activation in the context of HIV infection and how it
responds to cART in the periphery as well as tissues. This will be necessary to determine
if caspase-1 activity is still increased in the aorta after cART.
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CHAPTER 4
EXAMINING CASPASE-1 ACTIVATION IN RESPONSE TO cART IN THE
CIRCULATION AND TISSUE COMPARTMENTS
Introduction
The course of HIV infection has changed dramatically since the introduction of
cART. The life expectancy of PLWH is approaching that of the general population, but
chronic HIV infection now has its own spectrum of comorbidities that cART is not able
to prevent (Lohse et al. 2007; Kearns et al. 2017; Effros et al. 2008; Alcaide et al. 2013).
Since cART is not sufficient for preventing or treating these comorbidities, a better
understanding of residual immune activation with cART can aid in designing novel
therapeutics.
The results present and the previous data discussed here indicate a critical role of
the caspase-1 pathway in the pathogenesis of HIV and SIV infection. However, the
relationship of caspase-1 and peripheral immune cell activation during the course of HIV
infection, and its response to cART has not been extensively investigated. This study
provides a preliminary examination of the role of caspase-1 in driving persistent
inflammation in the context of cART and contributing to the pathogenesis of HIVassociated comorbidities.
In this study, we measured active caspase-1 and its downstream cytokines IL-1β
and IL-18 in the plasma over the course of SIV infection, in the presence of cART, and in
hematopoietic and lymphoid tissues at necropsy. We used a well characterized nonhuman
primate model of SIVmac251 infection with subsequent CD8+ T cell depletion to
accelerate disease (Burdo et al. 2010; Walker et al. 2014; Williams and Burdo 2012;
Lakritz, Bodair, et al. 2015; Lakritz, Robinson, et al. 2015), enabling the study of the
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relationship between viral replication, immune cell activation and cytokine responses in a
controlled experimental setting. Implementation of a contemporary cART regimen
elucidated the relationship of caspase-1 activation to markers of monocyte/macrophage
activation with successful viral suppression. Understanding persistent immune activation
with cART is necessary for determining the underlying mechanism of comorbidities.
Materials and Methods
Animals used in the study and Ethical Statement
Sixteen male, Indian rhesus macaques (Macaca mulatta) were used in this study
(Table 5). Three rhesus macaques (A01-A03, SIV-) served as uninfected controls. Seven
animals (A04-A10, SIV+) were inoculated intravenously with SIVmac251 viral swarm
(5ng p27; Tulane National Primate Research Center’s (TNPRC; Covington, LA) Viral
Core) and subsequently CD8-depleted through administration of 10 mg/kg of anti-CD8
antibody subcutaneously at six days post-infection (dpi) and 5 mg/kg of antibody
intravenously at eight and twelve dpi (Nonhuman Primate Reagent Resource). The SIV+
animals were sacrificed according to humane endpoints consistent with the
recommendations of the American Veterinary Medical Association (AVMA) Guidelines
for the Euthanasia of Animals. The development of simian AIDS was determined postmortem

by

the

presence

pneumonia, Mycobacterium

of Pneumocystis

avium-associated

carinii-associated

granulomatous

enteritis,

interstitial
hepatitis,

lymphadenitis, and/or adenovirus infection of surface enterocytes in both small and large
intestines. Six animals (A11-A16, SIV+ART) were not only SIV-infected and CD8
depleted, but also received a triple cART regimen of Raltegravir (22mg/kg oral twice
daily, Merck), Tenofovir (30mg/kg subcutaneous once daily, Gilead), and Emtricitabine
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(10mg/kg subcutaneous once daily, Gilead) at 21 dpi until the timed sacrificed at 118-120
dpi. Animals were anesthetized with ketamine–HCL and euthanized by intravenous
pentobarbital overdose. Animals used in the study were housed at the TNPRC. All
animals used in this study were handled in strict accordance with American Association
for Accreditation of Laboratory Animal Care with the approval of the Institutional
Animal Care and Use Committee of Tulane University.
Enzyme-linked Immunosorbent Assay
EDTA plasma from SIV+ and SIV+ART animals at pre-infection, 21 dpi, and
necropsy were used for quantification of cytokines using enzyme-linked immunosorbent
assays (ELISA). ELISAs used in the study were sCD14, total IL-18, caspase-1, high
sensitivity IL-1β (all R&D Systems) and sCD163 (Trillium/IQ Products). All ELISAs
were performed in accordance with the manufacturer’s instructions and quantified using
Gen5 (Biotek). Appropriate standard curve and controls were used in all ELISAs and all
samples were tested in duplicate with a CV less than 25% for all values.
Flow Cytometry
Flow cytometric analyses were performed with 100µl aliquots of EDTAcoagulated whole blood. Erythrocytes were lysed using ImmunoPrep Reagent System
(Beckman Coulter), washed twice with PBS containing 2 % FBS, and then incubated for
15 min at room temperature with fluorochrome-conjugated surface antibodies. Flow
antibody panels were designed to identify cell populations and quantify surface
expression. Samples were acquired on a BD FACS Aria (BD Biosciences) and analyzed
with Tree Star Flow Jo version 9.6. Monocyte populations were represented as percent of
the total monocyte number, while CD4+ T-cells were represented in absolute number.

50

Western Blot
Tissue samples from SIV-, SIV+ and SIV+ART animals were prepared using
mechanical homogenization of the tissues into a lysis buffer containing 6M Urea, 0.025%
SDS, and 5 mM beta-mercaptoethanol. Some tissues were extracted from OCT blocks
using Trizol (Invitrogen) according to the manufacturer’s protocol. Protein assays were
performed using Bradford reagent (BioRad). Proteins were resolved on SDSpolyacrylamide gels using Bio-Rad’s western blotting system. The blots were probed
with anti-IL-18 (Millipore; 1:1000), anti-caspase-1 (Santa Cruz, clone D3; 1:1000), antiphosphorylated Serine 536 NF-κB p65 (Cell Signaling; 1:1000), anti-NF-κB p65 (Cell
Signaling; 1:1000) and anti-actin (Sigma; 1:5000). After three washes with PBS
and 0.5% Tween 20 (PBST), the blots were probed with appropriate secondary antibodies
and washed in PBST. The signals were detected using ODYSSEY® CLx Imaging system
(LI-COR, Inc.). Protein band intensities were quantified using Image Studio Software and
normalized against corresponding actin signals.
Statistical Analysis
All statistical analyses were performed using Prism Software. A non-parametric,
repeat-measures ANOVA was used to compare changes in plasma marker concentrations
at multiple time points, and a Kruskal-Wallis ANOVA was used in comparing different
groups of the same analysis. If the ANOVA was significant (p<0.05), groups were
compared post-hoc using a non-parametric Mann-Whitney U test or a non-parametric
paired Wilcoxon t test. A non-parametric Mann-Whitney U test was used to detect
variation between two groups. Non-parametric Spearman correlation was used for all
correlations. A p value of <0.05 was considered significant for all tests performed.
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Table 5: Viral, drug, and zoological information of animals used in the study.

Results
Caspase-1 pathway activation in the circulation during the course of SIV infection with
and without cART.
The contribution of HIV-mediated caspase-1 activation and pro-inflammatory
cytokines IL-1β and IL-18 to chronic inflammation in HIV comorbidities remains
elusive. To determine the dynamics of the caspase-1 pathway in the circulation during
SIV infection, the concentration of active caspase-1, IL-18, and IL-1β in plasma were
measured at pre-infection, 21 dpi (before cART initiation), and necropsy (Figure 12A-C).
No significant difference was found in caspase-1, IL-18, or IL-1β between the SIV+ and
SIV+ART animals before cART initiation. Plasma caspase-1 significantly increased over
the course of infection, with dramatic increase from pre-infection to 21 dpi and 21 dpi to
necropsy (Figure 12D). Plasma concentration of IL-18 significantly increased over the
course of infection, with an increase from pre-infection to 21 dpi and 21 dpi to necropsy
(Figure 12E). No significant changes were seen in IL-1β levels during infection (Figure
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12F). The lack of detectable changes in IL-1β may be due in part to the short half-life of
IL-1β (Kudo et al. 1990).
Within the SIV+ART animals, plasma caspase-1 exhibited a significant spike
between pre-infection and 21 dpi, which was significantly decreased with the initiation of
cART by comparison of necropsy to peak viral infection (21dpi) (Figure 12G). IL-18
levels in plasma were increased at 21 dpi and subsequently significantly decrease with
cART (Figure 12H). No significant difference was found between necropsy and preinfection demonstrating cART’s ability to restore plasma immune activation if caspase-1
and IL-18 to uninfected levels, at least acutely. There were no significant differences
among levels of IL-1β at any time points (Figure 12I). To demonstrate effective
dampening of the caspase-1 pathway with cART, the percent change of caspase-1, IL-18
and IL-1β levels from necropsy to 21 dpi were compared. Caspase-1 (Figure 12J) and IL18 (Figure 12K) had a significantly greater percent change in SIV+ animals compared to
SIV+ART animals. There was a trend in the percent change of IL-1β from 21 dpi to
necropsy between the two groups (Figure 12L, P=0.1). Together, these data demonstrate
an increase in caspase-1 pathway components in the circulation over the course of SIV
infection, which was reversed by the administration of cART.
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Figure 12: Caspase-1 pathway activation in plasma over the course of SIV infection with and
without cART. Plasma caspase-1 (A, D, G), IL-18 (B, E, H), and IL-1β (C, F, I) were measured at preinfection (Pre), 21 days post-infection (21 dpi), and at necropsy (necropsy) from 7 SIV-infected
(denoted SIV+, black) and 6 SIV-infected ART-treated (denoted SIV + ART, red) rhesus macaques.
The means and the standard error of the means (SEM) are shown. ART treatment was initiated
following a pre-treatment blood draw on 21 dpi (A–C). Longitudinal analysis of plasma markers is
shown for each animal, SIV+ and SIV + ART (D–I). (D) Plasma caspase-1 in SIV+ monkeys (n = 7)
was significantly increased during the course of SIV infection (ANOVA P < 0.001). Caspase-1 was
elevated at 21 dpi (P < 0.05) and necropsy (P < 0.05) compared to pre-infection levels. (E) Plasma IL18 in SIV+ monkeys (n = 7) was significantly increased during the course of SIV infection
(ANOVA P < 0.01), with significant difference between pre-infection and 21 dpi (P < 0.05) and 21 dpi
and necropsy (P < 0.01). (F) Plasma IL-1β in SIV+ monkeys (n = 7) trended toward an increase during
the course of SIV infection. (G) Plasma caspase-1 in SIV + ART animals (n = 6) was significantly
altered during the course of SIV infection and treatment (ANOVA P < 0.01). Caspase-1 was elevated
at 21 dpi (P < 0.05) compared to pre-infection level and significantly decreased with ART, compared
by necropsy to 21 dpi (P < 0.05). (H) Plasma IL-18 in SIV + ART animals (n = 6) was significantly
altered during the course of SIV infection and treatment (ANOVA P < 0.01) and was significantly
decrease from 21 dpi to necropsy after ART (P < 0.01). (I) Plasma IL-1β in SIV + ART animals (n = 6)
was not significantly altered during the course of SIV infection or with treatment. The percent change
(mean and SEM) in caspase-1 (J), IL-18 (K), and IL-1β (L) levels from 21 dpi to necropsy was
calculated in SIV+ and SIV + ART animals. (J) There was a significant difference in the percent
change of caspase-1 in the SIV+ (49.8%) compared to the SIV + ART (− 48.8%) animals
(P < 0.05). (K) There was a significant difference in the percent change of IL-18 in the SIV+ (231.1%)
compared to the SIV + ART (− 66.1%) animals (P < 0.01). (L) There was a trend in the difference in
percent change of IL-1β from 21 dpi to necropsy between the two groups (SIV+ 202.6%, SIV + ART
−5.4%; P = 0.1). Longitudinal concentration of caspase-1 pathway activation markers was compared
using a repeated-measures, non-parametric ANOVA and, if significant (P < 0.05), Wilcoxon nonparametric paired post-hoc analysis was used to determine significant difference between the groups.
The percent change was compared using a Mann-Whitney, two-tailed t-test. (*P < 0.05; **P < 0.01;
***P < 0.001)
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Caspase-1 pathway activation correlates to monocyte activation and immune cell
populations in the circulation of SIV+ animals.
Monocytes and macrophages are important reservoirs of virus and contribute to
many comorbidities (Chivero et al. 2017; Burdo, Lackner, and Williams 2013; Kearns et
al. 2017). We examined the correlation of caspase-1 pathway with monocyte activation
markers, monocyte inflammatory subpopulations, and CD4+ T-cells during SIV
infection. Plasma caspase-1, IL-18 and IL-1β levels at pre-infection, 21 dpi and necropsy
in SIV+ animals were correlated to sCD14, sCD163, CD14+CD16+ monocytes, and
CD4+ T-cells (Figure 13). We showed that caspase-1 levels positively correlated with
plasma sCD14 (Figure 13A), sCD163 (Figure 13B), and the percent of CD14+CD16+
inflammatory monocytes (Figure 13C), but negatively correlated with the absolute
number of CD4+ T-cells/uL of blood (Figure 13D). Similarly, plasma IL-18 positively
correlated to both plasma sCD14 (Figure 13E) and sCD163 (Figure 13F). There was a
trend for IL-18 to correlate to the percent of CD14+CD16+ monocytes (Figure 13G). IL18 negatively correlated to the absolute number of CD4+ T-cells (Figure 13H). No
correlation was found between IL-1β and any soluble markers of monocyte activation,
monocytes or T-cells. These results show an interaction between caspase-1 pathway
propagation and monocyte activation, implying a pro-inflammatory effect of caspase-1
and IL-18 on peripheral immune cells. Interestingly, the negative association between
CD4+ T cell counts and components of the caspase pathway, may suggest CD4+ T-cells
as a source of soluble caspase-1 and IL-18 in plasma through pyroptosis (Doitsh et al.
2014).
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Figure 13. Caspase-1 pathway activation correlates to monocyte activation and immune cell
populations. Plasma caspase-1 (A-D) and IL-18 (E-H) were correlated to plasma sCD14 (A,E),
+
+
plasma sCD163 (B,F), the percent of CD14 CD16 monocytes (MC) (C,G), and the absolute number
of CD4+ T cells (D,H) at pre-infection, 21 dpi, and necropsy in SIV+ animals. Caspase-1 levels
positively correlated with sCD14 (A: P = 0.0099; R = 0.55) and sCD163 (B: P = 0.033; R = 0.47),
+
+
+
CD14 CD16 monocytes (C: P = 0.04; R = 0.49). Caspase-1 and the absolute number of CD4 T cells
negatively correlated (D: P = 0.019; R = −0.68). IL-18 positively correlated to both sCD14
(E: P = 0.002; R = 0.72) and sCD163 (F: P = 0.008; R = 0.56). IL-18 trended toward correlation to the
+
+
+
percent of CD14 CD16 monocytes (G). IL-18 and the absolute number of CD4 T cells negatively
correlated (H: P = 0.028; R = − 0.64). All correlations were compared by non-parametric Spearman
correlation
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*
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*
**
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ns
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Table 6: ART-treatment decreases caspase-1 pathway activation and inflammatory markers in
circulation
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cART decreases caspase-1 pathway activation and inflammatory markers in the
circulation.
SIV-associated caspase-1 pathway and immune activation response to cART was
evaluated. To evaluate the effects of cART, plasma markers of the caspase-1 pathway
and immune cell activation were compared among pre-infection, SIV+ and SIV+ART at
necropsy (Table 6). Plasma caspase-1 was significantly different amongst pre-infection,
necropsy of SIV+ and necropsy of SIV+ART animals. Caspase-1 was significantly
higher at necropsy in SIV+ animals compared to pre-infection and necropsy in SIV+ART
animals (Table 6, P<0.01, P<0.05, respectively). Similarly, the plasma concentration of
IL-18 significantly differed between the three groups, with significantly higher IL-18 at
necropsy in SIV+ animals compared to levels at pre-infection and at necropsy of
SIV+ART animals (P<0.001, P<0.01). There was no significant difference in IL-1β
amongst the three groups, most likely because of the short half-life of IL-1β. Plasma
sCD14 and sCD163 levels were significantly different among the three time points, with
significantly greater sCD14 and sCD163 at necropsy of SIV+ animals compared to preinfection (P<0.05, P<0.01, respectively). Plasma sCD14 trended towards lower
concentrations in cART-treated animals (Table 6; P=0.07), and sCD163 showed a
significantly lower concentration in SIV+ART animals compared to SIV+ animals at
necropsy (P<0.05). The percent of inflammatory CD14+CD16+ monocytes exhibited the
same trends of increase at necropsy in SIV+ animals and reduction with cART, although
not significant (Table 6 P=0.07). Lastly, there was a significant decrease in the number
of CD4+ T-cells/uL of blood in SIV+ animals and a return to uninfected levels in the
SIV+ART animals. These results demonstrate resolved inflammation in the circulation
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with the implementation of cART, as measured by the decreased caspase-1 pathway,
decreased immune activation markers, and recovery of immune cell populations.

Figure 14: Caspase-1 pathway activation persists in lymph node despite ART. Tissue lysates
from axillary lymph nodes were analyzed by western blot for caspase-1 (a–c) and IL-18 (d, e). a Blots
were visualized for pro-caspase-1 (50 kD), active caspase-1 (25 kD), and β-actin. β-actin was used for
a loading control and all samples were normalized to β-actin. b The ratio of active caspase to procaspase was compared between groups. There was a significant difference between groups (ANOVA
< 0.05). Caspase-1 activation significantly increased in the lymph node following SIV infection
(P < 0.05). Although ART decreased caspase-1 activation, it was still not significantly different from
SIV infection. c Pro-caspase-1 and caspase-1 were not significant between groups. d Blots were
visualized for pro-IL-18 (24 kD), active IL-18 (18 kD), and β-actin. β-actin was used for a loading
control and all samples were normalized to β-actin. e There was a significant difference among the
levels of active IL-18 in lymph nodes from SIV−, SIV+, and SIV+ART animals (ANOVA P < 0.05).
Active IL-18 was significantly increased in the lymph node with SIV infection compared to SIV−
(P < 0.05). Additionally, after ART IL-18 remained elevated compared to SIV− controls (P < 0.05).
Groups were compared using a non-parametric Kruskal-Wallis ANOVA and, if significant (P < 0.05), a
non-parametric Mann-Whitney post hoc comparison was used. (*P < 0.05)
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cART partially attenuates increase in caspase-1 pathway activation in SIV infection in
immune tissues.
Previous studies have indicated that cART suppresses inflammation in the
circulation, but immune activation may persist in certain tissues in PLWH (Tawakol et al.
2016; Zanni et al. 2016). Therefore, we further investigated how cART affects SIVassociated caspase-1 pathway activation in the lymph node, spleen and thymus. Necropsy
tissue lysates from axillary lymph nodes from SIV-, SIV+, and SIV+ART animals were
analyzed by western blot for caspase-1 and IL-18. Western blots visualized active
caspase-1 (25kD) and pro-caspase-1 (50kD) to determine the ratio of active caspase-1 to
pro-caspase-1 (Figure 14A). The normalized ratio of active caspase-1 to pro-caspase-1
was significantly different between SIV-, SIV+, and SIV+ART animals, with a
significantly increased ratio in the SIV+ animals compared to SIV- animals (Figure 14B).
There was no significant difference between the SIV+ and SIV+ART groups, suggesting
the increased activation of caspase-1 during SIV infection was not completely restored
with cART. There was no significant difference in active caspase-1 or pro-caspase-1
among the groups (Figure 14C). Tissue lysates were also analyzed for IL-18 expression
to confirm the downstream signaling of the caspase-1 pathway. Blots were analyzed for
both pro-IL-18 (25kD) and active IL-18 (18kD), as previously reported (Shamaa et al.
2015) (Figure 14D). Active IL-18 expression in the axillary lymph nodes was
significantly increased in both SIV+ and SIV+ART groups compared to the uninfected
controls (Figure 14E). Interestingly, although cART significantly decreased caspase-1
activation and IL-18 level in the circulation, cART treatment did not decrease IL-18
levels in the lymph nodes. The persistent immune activation in lymph nodes was also
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seen in the thymus and spleen (Figure 15 and 16). This persistent production of
inflammatory mediators in peripheral tissues may be sufficient to drive the residual
immune activation seen in PLWH.

Figure 15: cART-treatment attenuates increase in caspase-1 in SIV infection in thymus. Tissue
lysates from thymus of SIV-, SIV+ and SIV+ ART macaques were analyzed by western blot. Blots were
visualized for pro-caspase-1 and active caspase-1 (A). The densities of pro-caspase (B), active
caspase-1 (C), and ratio of active caspase-1 to pro-caspase (D) were compared between SIV- (white),
SIV+ (black) and SIV+ ART (red) groups. Both pro-caspase-1 and active caspase-1 were normalized
against b-actin. (B) Pro-caspase was significantly different among SIV-, SIV+ and SIV+ART animals
(ANOVA P<0.05), with a trend in increased pro-caspase between SIV-/SIV+ART and SIV+/SIV+ART in
post-hoc analysis (P=0.057, P=0.057 respectively). (C) Active capsase-1 was significant among SIV-,
SIV+ and SIV+ART groups (ANOVA P<0.05), showing a trend in increased active caspase-1 between
SIV- and SIV+ and decreased active caspase-1 between SIV+ and SIV+ART (P=0.057, P=0.057
respectively). (D) The ratio of active to pro-caspase-1 was significantly different among SIV-, SIV+, and
SIV+ ART groups (ANOVA, P<0.001). There was a significant decrease in the ratio between SIV+ and
SIV+ART animals and a trend towards an increased ratio between SIV- and SIV+ animals (P<0.05,
P=0.057 respectively). Statistical comparison between SIV-, SIV+, and SIV+ART groups was
determined by Kruskall-Wallis ANOVA. If ANOVA had P<0.05, a post-hoc Mann-Whitney T test was
used to compare individual groups. (*P<0.05, ***P<0.001)

The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling pathway is an important upstream priming signal for activating caspase-1,
possibly playing a crucial role for caspase-1 activation in the lymph nodes (Hoseini et al.
2018). HIV infection can trigger immune cell NLRP3 inflammasome formation, caspase1 activation and NF-κB signaling (DeLuca et al. 1999; Mayne et al. 1998; Chivero et al.
2017; Fiume et al. 2012; Shah et al. 2011; Liu, Wu, et al. 2014; Olivetta et al. 2003;
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Varin et al. 2003). NF-κB signaling is a priming event leading the transcriptional upregulation of NLRP3 inflammasome, pro-IL-1β and pro-IL-18. The levels of total NF-κB
(p65) and activated NF-κB (p-p65) were quantitated by western blot in lymph nodes from
SIV-, SIV+ and SIV+ART animals (Figure 17A). Both lymph nodes from SIV+ and
SIV+ART rhesus macaques had a significant increase in the ratio of p-p65/p65 compared
to SIV- controls (Figure 17B). The level of p65 was not significantly different between
the three groups (Figure 17C). The level of p-p65 was significantly elevated in lymph
nodes of both SIV+ and SIV+ART animals compared to SIV- controls (Figure 17D). The
increase in p-p65 in SIV infection and unresolved increase of p-p65 with cART further
supports the persistent immune activation in lymphoid tissues.

Figure 16: cART-treatment attenuates increase in caspase-1 in SIV infection in spleen. Tissue lysates
from spleen of SIV-, SIV+ and SIV+ART animals were analyzed by western blot. Blots were visualized for
pro-caspase-1 and active caspase-1 (A). The densities of pro-caspase (B), active caspase-1 (C), and the
ratio of active caspase-1 to pro-caspase (D) were compared between SIV- (white), SIV+ (black) and SIV+
ART (red) groups. (B) Pro-caspase was significantly different among SIV-, SIV+ and SIV+ART animals
(ANOVA, P<0.001). Pro-caspase was significantly increased between SIV-and SIV+ animals and significantly
decreased between SIV+ and SIV+ART animals (P<0.05, P<0.01, respectively). (C) The comparison of
active caspase-1 was significant among the three groups, but showed no post-hoc significance with individual
comparisons (ANOVA, P<0.05). (D) There was no significant difference in the ratio of active to pro-caspase
between SIV-, SIV+ and SIV+ART animals. Statistical comparison between SIV-, SIV+, and SIV+ART
animals was determined by Kruskall-Wallis ANOVA. If ANOVA had P<0.05, a post-hoc Mann-Whitney T test
was used to compare individual groups. (*P<0.05, **P<0.01, ***P<0.001)
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Figure 17: NF-κB pathway activation in lymph node despite cART. Tissue lysates from axillary lymph
nodes were analyzed by western blot for NF-κB molecules (a–d). a Blots were visualized for total NF-κB
(p65), phosphorylated NF-κB (Ser536)(p-p65), and β-actin in lymph nodes of SIV−, SIV+, and SIV + ART
animals. β-actin was used for a loading control and all samples were normalized to β-actin. b There was a
significant difference in the ratio of p-p65/p65 among the three groups (P = 0.05). Both lymph nodes from
SIV+ and SIV + ART rhesus macaques had a significant increase in the ratio of p-p65/p65 compared to
SIV− controls (ANOVA < 0.05; P < 0.05). c There was a trend for a difference in p65 among the three
groups (P = 0.05). d There was a significant difference in the level of p-p65 among the three groups
(P = 0.05). Both lymph nodes from SIV+ and SIV + ART rhesus macaques had a significant increase in pp65 levels compared to SIV− controls (ANOVA < 0.05; P < 0.05). Groups were compared using a nonparametric Kruskal-Wallis ANOVA and, if significant (P < 0.05), a non-parametric Mann-Whitney post-hoc
comparison was used. (*P < 0.05).

Discussion
Clinical evidence indicates that although cART is able to suppress inflammation
in the circulation, immune activation and inflammation may persist in certain tissues
(Pereyra et al. 2012; Fitch et al. 2013; Tawakol et al. 2016; Zanni et al. 2016). In the
context of viral suppression, the molecular mechanisms of persistent HIV-immune
activation that contributes to comorbidities remains largely unknown (Kearns et al.
2017). In this aim, we explored a possible mechanism for HIV-associated immune
activation and its response to cART in the circulation and immune tissues of SIV-infected
rhesus macaques. First, a significant increase in the activation of the caspase-1 pathway
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was detected in plasma at 21 dpi, with a continued increase at necropsy. Initiation of
cART after peak viremia at 21 dpi in SIV-infected animals significantly decreased
caspase-1 and IL-18 in the circulation. Markers of immune activation were also
decreased in the plasma after early cART, supporting findings of the START study of
early ART initiation in PLWH showing decreased immune activation and inflammation
(Group et al. 2015; Siedner 2016). Similarly, early intervention with cART in PLWH
returned heightened plasma sCD163 levels to levels of uninfected patients (Burdo, Lentz,
et al. 2011); however, in chronically infected PLWH, sCD163 levels remained elevated
despite cART (Burdo, Lentz, et al. 2011). Our results clearly document that peripheral
caspase-1 is contributory to chronic inflammation and disease progression, but is
modulated by cART.
The prevalence of HIV comorbidities, with the advent of suppressed viral load, is
now a primary focus for disease management. Disease severity in many HIV-associated
comorbidities have been associated with specific markers of monocyte/macrophage
activation (Kearns et al. 2017). Although caspase-1 pathway activation is longestablished

in

HIV,

involvement

of

the

caspase-1

cascade

in

peripheral

monocyte/macrophage immune activation has never been examined (Hernandez, Latz,
and Urcuqui-Inchima 2014; Guo et al. 2014; Burdo, Lo, et al. 2011; Yearley et al. 2009;
Burdo, Lentz, et al. 2011; Barouch et al. 2016; Lederer et al. 2009). These data along
with the previous chapter implicate caspase-1 activation as a potential driving mechanism
in monocyte/macrophage activation, thereby contributing to these comorbidities. Positive
correlations to monocyte activation markers and inflammatory CD14+CD16+ monocyte
expansion suggest this population may be responsible. Further studies are needed to
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specifically identify the involvement of caspase-1 and its downstream products not only
in modulating monocyte expansion and activation in the periphery but also tissue-specific
macrophage activity and polarization. Recently discovered, inflammasome activation, the
upstream activator of caspase-1, was increased in monocytes from PLWH (Ahmad et al.
2017). Whether caspase-1 activation is required for monocytes/macrophage activation,
leading to these comorbidities, remains unclear. The observed negative correlation of
caspase-1 activation to T-cell counts further signifies pyroptosis as the main cause of Tcell depletion in HIV (Doitsh et al. 2014). Pyroptosis of T-cells, and subsequent release
of caspase-1, could be a significant source of the increased caspase-1 measured in
circulation. The negative association could result from HIV-mediated CD4 T-cell
depletion, providing a significant enhancement of immune activation. Further
experiments will be needed to determine the possible involvement of the capsase-1
pathways in causality of HIV comorbidities. Associations of the caspase-1 pathway to
immune cell populations, specifically T-cells and macrophages, only begins to shed light
on the systemic changes involved in initiating and sustaining chronic immune activation
in virally suppressed patients’ development of HIV-associated comorbidities.
Notably, caspase-1 pathway activation is different in the tissue compartments
compared to the circulation. In the lymph node and spleen, there was significantly greater
active caspase-1 in SIV+ animals compared to uninfected controls; however, cART
intervention was not able to return to pre-infection levels. Tissue immune activation
might persist despite adequate suppression of viremia in the circulation as a result of
caspase-1 and is effector cytokines, supporting the possible contribution to the
pathogenesis of HIV-associated comorbidities. Further, in PLWH, cART is unable to
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adequately suppress immune activation in tissue compartments (Zanni et al. 2016),
suggesting a need for additional therapeutics to target comorbidities directly. Here, we
provide evidence that cART is successful in acutely decreasing caspase-1 inflammation
in the circulation, but caspase-1 activation persists in tissue compartments. As the life
expectancy of PLWH increases, there is an ever-increasing demand to investigate these
mechanisms of these chronic comorbidities and develop novel therapeutics for this
population.
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CHAPTER 5
ROLE OF CASPASE-1 ACTIVATION IN OUR NEW MODEL OF HIV
ACCELERATED ATHEROSCLEROSIS
Introduction
In this thesis, we have demonstrated that 1) HIV accelerates atherosclerosis in our
new mouse model, 2) caspase-1 pathway activation is increased in HIV infection and
correlates with noncalcified inflammatory plaques and monocyte activation and 3) cART
is not sufficient to suppress caspase-1 activation in tissue compartments even though it
returns to baseline in the circulation. Therefore, we now aim to further confirm the
validity of our animal model by evaluating caspase-1 pathway activation as well as take
this one step further to evaluate its atherogenic role in HIV ASCVD. To this end we
measured caspase-1 activation in peripheral monocytes over the course of 8 weeks HFD.
At the end of the 8 weeks HFD caspase-1 activation was measured in the atherosclerotic
aorta by western blot.
Materials and Methods
Animal treatment and characterization of atherosclerotic lesions
Animal studies were approved by the Animal Care and Use Committee from Lewis Katz
School of Medicine of Temple University. We used Tg26+/-/ApoE-/- mice generated as
discussed above. To accelerate atherosclerosis, 8 week-old Tg26+/-/ApoE-/- and littermate
ApoE-/- mice were fed with HFD (D12108C; Research Diets Inc) containing 20.1%
saturated fat, 1.37% cholesterol, and 0% sodium cholate for 8 weeks. At the end of
experiments, mice were sacrificed by CO2 asphyxiation and serum was prepared and
stored at −80°C.
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Measurements of caspase-1 activity
Caspase-1 activity in monocytes was determined by APO LOGIX kit (Cell Tech.
Mountain View, CA). The kit contains a carboxyfluorescein (FAM)-labeled caspase-1
inhibitor fluoromethyl ketone (FMK) (FAM-YVAD-FMK), which irreversibly binds to
active caspase-1. All procedures were performed following the manufacturer’s
instructions. Tg26+/-/ApoE-/- and ApoE-/- mice on HFD were used for analysis of caspase1 activity. 10% blood volume (100uL for 20g mouse) was collected every two weeks in
accordance with Temple University Lewis Katz School of Medicine IACUC accordance
for safe blood draw. After red blood cells were lysed, PBMCs were first stained with
monocytes markers including PE-Cy7 anti-mouse CD11b, APC anti-mouse Ly6G and
eFlour450 anti-mouse Ly6C (eBioscience, San Diego, CA) for 30min at room
temperature. After washing with PBS, cells were then incubated with caspase-1 inhibitor
FAM-YVAD-FMK at 37°C for 1 h, followed by washing with 1x washing buffer
provided in the kit. LSRII flow cytometer was used to determine caspase-1 activity in
CD11b+Ly6G-Ly6c+ monocytes. Data were collected using DIVA and analyzed with the
FlowJo software (Tree Star, Ashland, OR).
Protein extraction and Western Blot analysis
Total protein from cultured cells or mice aorta were extracted by M-PER Protein
Extraction Reagent (Pierce, Rockford, IL) containing protease and phosphatase inhibitors
according to the manufacturer’s instructions. Protein concentration was determined with
a bicinchoninic acid assay (Pierce, Rockford, IL). Protein (30-50ug) was loaded and
separated on 10% SDS-PAGE gels, transferred onto polyvinylidene difluoride (PVDF)
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membranes (Bio-Rad, Wattford, UK), and blocked with 5% non-fat milk in Tris-buffered
saline solution containing 0.1% Tween-20 (TBST) for 1 h. Membranes were then
incubated with the primary antibodies against caspase-1 (Santa Cruz 1:500) and β-actin
(Abcam, 1:1000) overnight at 4 °C, followed by corresponding fluorescent-conjugated
secondary antibody for 1 h at room temperature. After washing with TBST, the signals
were visualized using ODYSSEY® CLx Imaging system (LI-COR, Inc.). Band densities
were quantified using Image J Studio Software.
Macrophage foam cell formation
Mouse peritoneal macrophages were isolated and cultured in Dulbecco's modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) 3 days after i.p. injection of
3% thioglycollate broth medium. After being washed with PBS, cells were seeded at
1x106 cells/ml in 6-well plate and allowed to adhere to the substrate by culturing them for
2-4h at 37°C. Nonadherent cells were removed by gently washing with warm PBS. To
induce foam cell formation, adherent macrophages were treated with 100 µg/ml oxidized
low density lipoprotein (oxLDL, Alfa Aesar, Haverhill, MA) for 24h. Cells were stained
with 0.4 % Oil Red O and quantified for percent of foam cell formation as previously
described(Wu et al. 2009).
Enzyme-linked Immunosorbent Assay
Mouse IL-1β, IL-18 ELISA kits were purchased from R&D Systems. The levels of
cytokines were determined according to the manufacturer’s instructions. IL-1β procedure
was modified with orbital shaking to decrease the lower detection limit of the kit to 2.35
pg/mL as previously described(Abbracchio et al. 2009). Macrophage cell culture
supernatants isolated following 24-hour exposure to HIV (see cell culture below) were
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used for quantification of cytokines using ELISA. All ELISAs were performed in
accordance with the manufacturer’s instructions and quantified using Gen5 (Biotek).
Appropriate standard curve and controls were used in all ELISAs and all samples were
tested in duplicate with a CV less than 25% for all values.
Monocyte cell culture
Peripheral blood samples were obtained from healthy donors. PBMCs were
isolated by Ficoll-hypaque (1.077) gradient centrifugation. Monocytes were separated
from other cells by adhesion to 12 well tissue culture plate overnight at 37C and 5% CO2.
Wells were washed with PBS and differentiated to macrophages in RPMI containing 10%
FBS and 50ng/mL M-CSF for 7-10 days. After differentiation cells were treated with
5ng/mL HIV virus ADA-M. Cells were infected by spinoculation for 2h, at 25C, 2700
RPMI in 12 well plate with 0.5ml of inocula per well (Opti-MEM + polybrene 8ug/ml +
virus). After spinoculation, cells were incubated for 2h at 37C and 5% CO2. After a total
of 4 h (2hr spinoculation and 2hr incubation) cells were washed 3x with 1 ml of PBS and
fresh medium containing M-CSF was added. Cells were then incubated for 24 hrs when
cell supernatant was removed for analysis by ELISA.
Statistical analysis
All statistical analyses were performed using Prism Software. The difference between the
two groups was examined with an unpaired two-tailed T-test unless noted as unpaired
one-tailed T-test. Experimental results are shown as the mean ± SEM. A p-value of <0.05
was considered significant for all tests performed.
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Results
Increased caspase-1 activation in inflammatory MC of Tg26+/-/ApoE-/- mice
To explore HIV-mediated immune activation in atherogenesis, we measured caspase1 activation throughout the course of the HFD in inflammatory monocytes and the vasculature
of Tg26+/-/ApoE-/- mice. There was no significant difference in caspase-1 activation in
circulating monocytes between the groups at baseline, but by 6 weeks on a HFD Tg26+//ApoE-/- mice had significantly higher caspase-1 activation in CD11b+/Ly6C+ monocytes
(inflammatory monocytes) than ApoE-/- mice (Figure 18F). No significant difference in
caspase-1 activation was found at any other time point measured.

+/-

-/-

Figure 18. Expression of HIV increases caspase-1 activity in inflammatory MC in Tg26 /ApoE
+/-/-/mice. PBMCs from Tg26 /ApoE and littermate ApoE were collected and stained with anti-CD11b, Ly6G, -Ly6C mouse Abs and FAM-FLICA-Caspase-1 Ab, and analyzed by flow cytometry. A-E.
+
Representative flow cytometry depicting CD11b monocyte (MC) caspase-1 activity. (A) Single cells gated
according to the forward scatter(FSC)-A and FSC-H. (B) White Blood Cells (WBCs) were then selected
according to the FSC-A and side scatter (SSC)-A. (C) Neutrophils were gated out by selecting SSC-H low
+
+
and CD11b+ cells and Ly6G low and CD11b+ cells. (D) Inflammatory MC were identified as CD11b Ly6C
high MCs. (E) Representative histograms depicting caspase-1 activity as a percentage of total cells in
+
+
-/+/-/CD11b Ly6C MC from ApoE and Tg26 /ApoE mice respectively. (F) Two experiments with significant
+/-/-/increased MC caspase-1 activity in Tg26 /ApoE compared to ApoE after 6 weeks on a HFD (38.40 +
10.05 vs. 20.70 +2.40%caspase-1+ cells, P<0.05 and 19.5 +0.98 vs. 16.18 +0.71%caspase-1+ cells,
p<0.05 respectively). Analyzed by two-tailed unpaired T-Test, *P<0.05.
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Figure 19. HIV increases caspase-1 activity in the vasculature of Tg26 /ApoE mice. A. Western
blot of pro-caspase-1, active caspase-1 p20, and pro-IL-1β in atherosclerotic aortic arch from mice on a
HFD for 8 weeks. (B) Significant increase in the activation of caspase-1 as measured by the ratio of
+/-/-/caspase-1 p20 to pro-caspase-1 in Tg26 /ApoE mice (0.93 +0.06) compared to in ApoE mice (0.35
+0.24). (C) A trend towards significantly higher pro-caspase-1 protein expression in the vasculature of
+/-/-/Tg26 /ApoE
mice (1.21 +0.30) compared to in ApoE mice (0.46 +0.20). (D) A trend towards
+/-/significantly higher active caspase-1 p20 protein expression in Tg26 /ApoE mice (1.17 +0.36) compared
-/to in ApoE mice (0.26 +0.23). (E &F) Serum IL-1β and IL-18 levels measured in mice on HFD for 8 weeks
+/-/using R&D systems ELISA. (E) Significant increase in serum IL-1β in Tg26 /ApoE
mice (20.74
-/+4.19pg/mL) compared to in ApoE mice (5.86 +1.19pg/mL) measured by ELISA with orbital shaking to
decrease the lower detection limit of the kit to 2.35 pg/mL. (F) A trend towards a significant increase in
+/-/-/serum IL-18 in in Tg26 /ApoE
mice (584.4 +74.91pg/mL) compared to ApoE mice (421.7
+46.07pg/mL). Data depicted as mean + SEM of values in the detectable range. Analyzed by two-tailed
unpaired T-Test, *P<0.05, ** P<0.01.

Increased caspase-1 activation in the vasculature of Tg26+/-/ApoE-/- mice
Further, to measure caspase-1 activation in the vasculature, aortas were dissected from
these Tg26+/-/ApoE-/- mice after 8 weeks HFD. Pro caspase-1, active caspase-1 (caspase-1
p20) and caspase-1 activation as determined by the ratio of caspase-1 p20/pro caspase-1
were measured by western blot (Figure 19). Tg26+/-/ApoE-/- mice had a significantly
increased caspase-1 activation as determined by the ratio of caspase-1 p20 to pro-caspase1 in atherosclerotic aortas as measured by western blot (Fig. 19A & 19B, 0.93 + 0.06 vs.
0.35 + 0.24, P<0.05). Although there was a trend, no significant difference was detected in
pro caspase-1 levels of these mice. Consistent with these results, and further
demonstrating increased caspase-1 activation, in serum from 8 week HFD mice, IL-1β

71

(20.74 + 4.19 pg/mL vs. 5.86 + 1.19 pg/mL, P<0.01) and IL-18 (Fig. 5E, 584.4 + 74.91
pg/mL vs. 421.7 + 46.07 pg/mL, P=0.07) were significantly elevated in Tg26+/-/ApoE-/mice compared to ApoE-/- mice.
Increased foam cell formation in Tg26+/-/ApoE-/- macrophages
Stimulated peritoneal macrophages were dissected from the abdomen of Tg26+/-/ApoE-/and ApoE-/- mice. Macrophages were then treated with 100ug/mL ox LDL to stimulated
foam cell formation for 24 hours. Following incubation with ox LDL macrophages were
stained with oil red O and quantifies for percentage of foam cells formed. Ex vivo
macrophages from Tg26+/-/ApoE-/- mice had increased foam cell formation compared to
ApoE-/- macrophages and are a possible source of the elevated caspase-1 activation in
Tg26+/-/ApoE-/- aortas (Figure 20).
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Figure 20. HIV in Tg26 /ApoE mice increases foam cell formation ex vivo. (A) Peritoneal Mϕ from
+/-/-/Tg26 /ApoE and ApoE mice treated with 100 ug/ml of oxLDL for 24 hours. Cells stained Oil Red O
quantified for percent of foam cell formation. (B) Quantification of foam cell formation showing a
+/-/-/significant increase percentage of foam cells from Tg26 ApoE mice (70.03 +3.60) vs ApoE (47.11
+6.43) Analyzed by two-tailed unpaired T-Test, *P<0.05 (n=3).

Caspase-1 increases in human primary macrophages after exposure to HIV
To determine if caspase-1 activation occurs in human macrophages following
HIV infection, primary human macrophages were treated with a CCR5-tropic virus
ADA-M (5ng/mL) for 24 hours. Cell supernatants were analyzed for caspase-1 and IL-1β
levels. Caspase-1 levels were significantly higher in the supernatant from ADA-M72

treated macrophages compared to macrophages not exposed to virus (Figure 21A,
P<0.001). After exposure to HIV, IL-1β levels increased above the level of detection
(0.125 pg/mL) compared to untreated cells, where IL-1β remained below the detection
limit (Figure 21B). These results reaffirm previous findings showing an increase in
caspase-1 activation in monocytes/macrophages after HIV infection in vitro (Barouch et
al. 2016; Hernandez, Latz, and Urcuqui-Inchima 2014).

Figure 21. Caspase-1 increases in macrophages after only 24 h from exposure to HIV.
(A,B)Primary human macrophages were treated with CCR5 virus ADA-M (5 ng/mL virus) for 24 h
and then cell supernatant was analyzed for caspase-1 activation (A) and IL-1β levels
(B). a Caspase-1 levels were significantly higher in ADA-M-treated macrophages compared to
macrophages
not
exposed
to
virus
(No
TX:
56.62 ± 2.0 pg/mL
vs.
ADA-M
113.2 ± 3.9 pg/mL, P < 0.001, n = 3). Comparison between virus-treated and untreated cells was
done using an unpaired t test. (B) After exposure to HIV, IL-1β levels increased above the level of
detection (0.174 ± 0.04 pg/mL) compared to untreated cells, where IL-1β was below the detection
limit(0.125 pg/mL). IL-1β was unable to be statistically compared due to levels falling below
detection. (***P < 0.001, N.D=not detectable).

Discussion
In Tg26+/-/ApoE-/- mice, the findings from the previous chapters were extended by
providing evidence that caspase-1 activation contributes to monocyte/macrophage
activation and aortic atherogenesis where significantly higher caspase-1 activation is
found in inflammatory monocytes and vasculature compared to ApoE-/- monocytes and
vasculature. As seen in PLWH, Tg26+/-/ApoE-/- also exhibit elevated serum cytokines
including IL-18 and IL-1β. However, it is important to note that the source of the
elevated serum cytokines was not extensively examined, although the increased caspase-
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1 activity in monocytes is contributory, the contribution of caspase-1 activation in T-cells
was not explored.
A critical step in atherogenesis is inflammatory monocyte infiltration into the
vasculature and foam cell formation (Moore, Sheedy, and Fisher 2013). Therefore, it is
likely that the elevated caspase-1 activation in circulating inflammatory monocytes at 6
weeks on a HFD would contribute to increased monocyte migration into the vasculature.
Secondly, macrophages make up a majority of the cells in the plaque. Therefore although
the source of the caspase-1 activation in the vessel from the western blot is unknown it is
likely that caspase-1 activation in monocytes/macrophages in contributory. The
development and use of this mouse model indicate that chronic and persistent HIV
expression in mice activates the caspase-1 pathway in the circulation and vasculature
leading to monocyte/macrophage activation and accelerated HIV atherogenesis.

74

CHAPTER 6
HIV ASSOCIATED NEUROCOGNITIVE DISORDER IN A MOUSE MODEL
HAND in the era of cART
Although cART has resulted in a dramatic decline in the rate of death from AIDS
in PLWH, HIV-associated neurocognitive dysfunction (HAND) continues to develop in
20-50% of the treated population (Heaton et al. 2010). HAND refers to a spectrum of
neurocognitive impairment that ranges from asymptomatic neurocognitive impairment
(ANI), and mild neurocognitive disorder (MND), to the most severe form, HIVassociated dementia (HAD) (Antinori et al. 2007). In these individuals, HAND tends to
manifest as deficits in executive function, learning, and memory, significantly reducing
the quality of life (Heaton et al. 2011). Due to the presentation of HAND, it is diagnosed
using neuropsychological testing and functional status assessments (Antinori et al. 2007).
Although cART has been successful in decreasing the most severe form of HAND, HIVassociated dementia (HAD), the percentage of patients with any degree of neurocognitive
impairment remains similar to levels before cART (Heaton et al. 2010; Saylor et al.
2016). Now ANI accounts for approximately 70% of patients with HAND (Heaton et al.
2010). It is important to not discount ANI, because even though patients are
asymptomatic, they are more likely to progress to more severe forms than those
neurocognitively normal at baseline (Grant et al. 2014). Although cART has dramatically
improved the life expectancy of PLWH, as PLWH age, risk factors for HAND increase.
CVD is a risk factor for neurocognitive disorders, and vascular dementia is the
second leading cause of dementia in the general population (O'Brien and Thomas 2015).
Since PLWH have increased CVD this may be compounding the effects of persistent
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HIV in the CNS. In multiple cohort studies, CVD was strongly associated with lower
cognitive performance in PLWH (McCutchan et al. 2012; Becker et al. 2009; Fabbiani et
al. 2013). HCV infection (Vivithanaporn et al. 2012), substance abuse (Weber et al.
2013), and lower cognitive reserve (Becker et al. 2015) are risk factors for HAND in
PLWH. Previous studies have shown that the most significant predictors of intracranial
large artery atherosclerosis in PLWH were diabetes, lower nadir CD4+T-cell count and
higher CD4+ T-cell count at death (Gutierrez et al. 2015). Independent of HIV status,
macrophage infiltration into the intima is associated with cases of intracranial large artery
atherosclerosis (Gutierrez et al. 2016). These data highly suggest a role for immune
reconstitution and inflammation in HIV vascular disease and HAND.
The exact mechanisms behind the neurocognitive impairment, however, remain
unknown. Biomarker studies indicate that individuals who develop HAND have
increased markers of inflammation compared to cognitively normal PLWH (Lyons et al.
2011; Burdo et al. 2013; Kamat et al. 2012). HIV can enter the brain within days after
initial infection thus activating and infecting innate immune cells in the brain, including
perivascular macrophages and microglia (Williams et al. 2001; Bell 1998). These viral
reservoir cells in the brain are possible sources of the increased inflammation driving
pathogenesis. Interestingly, a possible mechanism in inflammation maybe common to
HAND and CVD. Markers of increased caspase-1 pathway activation have been detected
in microglia in the brains of PLWH (Walsh et al. 2014). HIV-1 proteins, Tat and Vpr, can
activate the NLRP3 inflammasome in microglia leading to the production and secretion
of the proinflammatory cytokines IL-1β and IL-18 (Mamik et al. 2017; Chivero et al.
2017). Therefore, we hypothesize that the presence of CVD accelerates the progression of
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CNS neuropathology and subsequent neurological dysfunction through caspase-1
dependent activation in HIV infection. To test this working hypothesis, we measured
protein expression of caspase-1 and IL-1β in brains of Tg26+/-/ApoE-/- mice and ApoE-/controls by western blot after 8 weeks HFD, or 8 months normal chow. The associated
neurocognitive dysfunction was evaluated by performing novel object recognition (NOR)
to asses for learning and memory deficits (Antunes and Biala 2012).
Materials and Methods
Animal treatment and characterization of atherosclerotic lesions
Animal studies were approved by the Animal Care and Use Committee from Lewis Katz
School of Medicine of Temple University. We used Tg26+/-/ApoE-/- mice generated as
discussed above. To accelerate atherosclerosis, 8 week-old Tg26+/-/ApoE-/- and littermate
ApoE-/- mice were fed with HFD (D12108C; Research Diets Inc) containing 20.1%
saturated fat, 1.37% cholesterol, and 0% sodium cholate for 8 weeks, or a normal chow
diet for 8 months. At the end of experiments, mice were sacrificed by CO2 asphyxiation
and brains were flash frozen and stored at −80°C for analysis by western blot.
Novel Object Recognition Behavioral Testing
Mice were habituated for 10 min for 2 consecutive days in an empty novel object
recognition arena consisting of a plexiglass box surrounded by a brown curtain on all four
sides. On object testing day mice were placed in the novel object recognition arena
containing two identical objects for 10 min. Mice were placed in the opposite corner of
the objects with their back to them to prevent any bias. Following the exposure period,
mice were placed back into their home cage for an hour. The mice were then returned to
the arena in which one of the previously exposed (familiar) objects was replaced by a
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novel object and were recorded for 5 min while they explored the two objects. Time spent
exploring each object was scored using ANY-maze software, and the discrimination
index was calculated as (time spent exploring novel object−time spent exploring familiar
object)/total time exploring objects. Reaction index was calculated as time spent
exploring novel object/total time exploring objects. Testing for affinity towards the novel
object was repeated on day 5 after the exposure session. Mice were then fed a high fat
diet for 8 weeks. After 8 weeks the same exposure and testing periods were conducted on
day 1 and day 5.
Protein extraction and Western blot analysis
Total protein from mouse brains were extracted by M-PER Protein Extraction Reagent
(Pierce, Rockford, IL) containing protease and phosphatase inhibitors according to the
manufacturer’s instructions. M-PER Protein Extraction Reagent was added to
homogenized brains from experimental mice. Protein concentration was determined with
a bicinchoninic acid assay (Pierce, Rockford, IL). 30-50ug protein was loaded and
separated on 10% SDS-PAGE gels, transferred onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad, Wattford, UK), and blocked with 5% non-fat milk in Tris-buffered
saline solution containing 0.1% Tween-20 (TBST) for 1 h. Membranes were then
incubated with the primary antibodies against caspase-1 (Santa Cruz), IL-1β and β-actin
overnight at 4 °C, followed by corresponding fluorescent-conjugated secondary antibody
for 1 h at room temperature. After washing with TBST, the signals were visualized using
ODYSSEY® CLx Imaging system (LI-COR, Inc.). Band densities were quantified using
Image J Studio Software.
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Results
No behavioral changes between Tg26+/-/ApoE-/- and littermate ApoE-/- mice before and
after HFD
To measure phenotypic behavioral differences between Tg26+/-/ApoE-/- and
littermate ApoE-/- mice NOR was conducted before and after HFD. No significant
difference was detected between baseline learning and memory in Tg26+/-/ApoE-/- and
ApoE-/- mice in either short or long term retention as measured by novelty at day 1 or day
5 before HFD (Figure 22 A-D). Mice were then fed a HFD for 8 weeks, which we have
previously shown to cause extensive atherosclerotic plaques. Following HFD NOR still
showed no significant difference between learning and memory in Tg26+/-/ApoE-/- and
ApoE-/- mice in either short or long term retention as measured by novelty at day 1 or day
5 (Figure 22 E-H).

Figure 22: No learning and memory deficits as measured by novel object recognition between
+/-/-/Tg26 /ApoE and ApoE mice before and after HFD. (A) Pre HFD reaction index on day 1, 1 hour
+/-/-/after exposure period, for Tg26 /ApoE and ApoE mice. (B) Pre HFD discrimination index on day 1,
+/-/-/1 hour after exposure period for Tg26 /ApoE and ApoE mice. (C) Pre HFD reaction index on day 5
+/-/-/after exposure period, for Tg26 /ApoE and ApoE mice. (D) Pre HFD discrimination index on day 5
+/-/-/after exposure period for Tg26 /ApoE and ApoE mice. (E) Post HFD reaction index on day 1, 1
+/-/-/hour after exposure period, for Tg26 /ApoE and ApoE mice. (F) Post HFD discrimination index on
+/-/-/day 1, 1 hour after exposure period for Tg26 /ApoE and ApoE mice. (G) Post HFD reaction index
+/-/-/on day 5 after exposure period, for Tg26 /ApoE and ApoE mice. (H) Post HFD discrimination index
+/-/-/on day 5 after exposure period for Tg26 /ApoE and ApoE mice.
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Elevated pro caspase-1 protein in the brains of Tg26+/-/ApoE-/- compared to
ApoE-/- mice after 8 weeks on a HFD
Protein extractions from brain homogenates from Tg26+/-/ApoE-/- and ApoE-/mice were analyzed for caspase-1 pathway activation after 8 weeks on a HFD. Pro
caspase-1, active caspase-1 (caspase-1 p20), caspase-1 activation as determined by the
ratio of caspase-1 p20/pro caspase-1, and pro IL-1β were measured by western blot.
Tg26+/-/ApoE-/- mice had significantly more pro casapse-1 protein levels in brain
homogenates compared to ApoE-/- mice (Figure 23B). No significant differences were
measured in caspase-1 p20 protein levels, IL-1β levels or in the levels of caspase-1
activation (caspase-1 p20/pro-caspase-1) (Figure 23C-E).

+/-

-/-

Figure 23: HIV increases pro caspase-1 protein levels brain from Tg26 /ApoE mice fed HFD
for 8 weeks. (A) Pro caspase-1, active caspase-1 (caspase-1 p20), and pro IL-1b as measured by
+/-/western blot. (B) Increased pro caspase-1 levels in Tg26 /ApoE brains after 8 weeks on HFD. (C)
+/-/-/No significant difference in caspase-1 p20 protein levels between Tg26 /ApoE and ApoE mice.
+/-/-/(D) No significant difference in caspase-1 activation between Tg26 /ApoE and ApoE mice. (E) No
+/-/-/significant difference in IL-1b protein levels between Tg26 /ApoE and ApoE mice.
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No significant difference in caspase-1 pathway proteins in the brains of Tg26+//ApoE-/- compared to ApoE-/- mice after 8 months on normal chow
Protein extractions from brain homogenates from Tg26+/-/ApoE-/- and ApoE-/mice were analyzed for caspase-1 pathway activation after 8 months normal chow. Pro
caspase-1, active caspase-1 (caspase-1 p20), caspase-1 activation as determined by the
ratio of caspase-1 p20/pro caspase-1, and pro IL-1β were measured by western blot
(Figure 24A). Tg26+/-/ApoE-/- mice had no significant difference in pro casapse-1 protein
levels in brain homogenates compared to ApoE-/- mice, unlike the findings at 8 weeks
HFD (Figure 24B). No significant difference was measured in active caspase-1 (caspase1 p20) protein levels, IL-1β levels or in the levels of caspase-1 activation.

Figure 24: No difference in brain caspase-1 levels after 8 months on a normal chow. (A) Pro
caspase-1, active caspase-1 (caspase-1 p20), and pro IL-1β as measured by western blot. (B) No
+/-/difference in pro caspase-1 levels in Tg26 /ApoE
brains after 8 months normal chow. (C) No
+/-/-/significant difference in caspase-1 p20 protein levels between Tg26 /ApoE and ApoE mice. (D)
+/-/-/No significant difference in caspase-1 activation between Tg26 /ApoE and ApoE mice. (E) No
+/-/-/significant difference in IL-1b protein levels between Tg26 /ApoE and ApoE mice.
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Discussion
Although cART has decreased the severity of HAND in PLWH it continues to
develop in 20-50% of the treated population (Heaton et al. 2010). Of note to this study
CVD increases the risk of developing HAND. Therefore, we aimed to determine if the
presence of CVD accelerates the progression CNS neuropathology and subsequent
neurological dysfunction through the same caspase-1 dependent activation in our Tg26+//ApoE-/- mouse model. Although disappointing we did not determine any significant
difference in learning and memory in Tg26+/-/ApoE-/- mice and ApoE-/- mice before and
after a HFD. This might be due to the low sensitivity of the NOR test. Perhaps a
behavioral difference would be measured if a move sensitive test that required significant
training such as the Barnes maze or Morris water maze were used.
Inflammasome activation, can be a common link between neurological and
comorbid CVD (Velasquez and Rappaport 2016). HIV proteins have been shown to
activate caspase-1 in microglia leading to behavioral deficits in animal models (Mamik et
al. 2017; Chivero et al. 2017; Zeinolabediny et al. 2017). Therefore, although we did not
see any behavioral alterations in these mice we examined caspase-activation. Although
there was an increase in pro caspase-1 at 8 weeks on the HFD in brain homogenates,
there was no difference in any other caspase-1 pathway proteins measured after either 8
weeks HFD or 8 months normal chow. Since pro caspase-1 levels were up regulated it is
potentially due to increased transcription, driven by transcription factors such as NF-κB.
Potential factors influencing the lack of caspase-1 activation in the brain as shown by
others, is the low levels of HIV mRNA in this model (data not shown). Previous studies
used treatment that showed a dose dependent increase in inflammasome and caspase-1
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activation with increasing levels of HIV proteins (Chivero et al. 2017). The
atherosclerosis and inflammation in the 8 week HFD is more significant than that after 8
months of a normal chow possibly explaining the difference between these two time
points.
Certainly more experiments are needed to fully characterize the learning and
memory deficits in these mice before and after a HFD. Further characterization is needed
to determine in caspase-1 pathway activation may drive inflammation in the CNS of
these animals. Although these results are underwhelming this animal model may be a less
severe model of HAND and therefore potentially serve as a more appropriate model for
treating this disease in the cART era.
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CHAPTER 7
CONCLUSIONS AND TRANSLATIONAL SIGNIFICANCE
Significance to the scientific community
In pursuit of this thesis a novel mouse model of HIV ASCVD, Tg26+/-/ApoE-/-,
was created that for the first time experimentally showed that HIV integration alone is
sufficient to accelerate atherogenesis. The importance of caspase-1 activation in HIV
ASCVD was shown through clinical examination of a well-characterized cohort of 153
PLWH and 67 non-HIV-infected controls. In this cohort caspase-1 pathway activation is
increased in sera of PLWH on cART and those with increased subclinical coronary
atherosclerosis. This increase in caspase-1 pathway activation correlated with
monocyte/macrophage inflammatory markers, and noncalcified inflammatory plaques.
Using autopsy derived atherosclerotic aortas from PLWH and non-HIV-infected controls,
we further confirmed the relationship between caspase-1 pathway activation and
monocytes. In the plaques caspase-1+ cells positively correlated with plaque CD163+
macrophages but not media CD163+ macrophages or CD68+ macrophages in the plaque
or media. This prompted use of an in vivo model, the SIV rhesus macaque, to measure the
dynamics of caspase-1 pathway activation over the course of infection and in response to
cART. From this study we were able to show that cART is sufficient to suppress caspase1 pathway activation in the circulation but not in tissue compartments. Thus further
prompting use the novel mouse model to measure caspase-1 activation in monocytes and
atherosclerotic vessels. To this end we revealed that caspase-1 activation increases in
inflammatory monocytes over the course of an atherogenic diet in Tg26+/-/ApoE-/- mice,
and as well as in atherosclerotic vessels of Tg26+/-/ApoE-/- mice by 8 weeks of a HFD.
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Figure 25: Pictorial representation of scientific accomplishments in thesis.

Questions that remain to be addressed
The mechanism explored primarily focused on monocytes/macrophages and their
correlation to, as well as a potential source of caspase-1 activation and cytokine
production. Therefore it still remains to be determined if T-cells contributed to the
increased levels of IL-1β and IL-18 cytokines in the serum on PLWH and Tg26+/-/ApoE-/mice. Although we show caspase-1 is activated it would be necessary to show is
inhibition of this pathway improves or prevents atherogenesis. It has not yet been
determined what are the upstream mechanisms of caspase-1 activation. How exactly does
latent or virally suppressed HIV still activate this pathway, and is this a possible target for
therapeutic intervention.
Translational significance in treatment of CVD in PLWH
These data presented in this background support the role of HIV-mediated
inflammation as a causative agent of HIV ASCVD. Since cART is not sufficient to
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prevent against HIV ASCVD more recent studies examine therapies that reduce immune
activation as well as cholesterol in PLWH (Gili et al. 2016; Banach et al. 2016). Statins,
which are both lipid lowering and anti-inflammatory were used in the INTREPID (HIVInfected Patients and Treatment with Pitavastatin vs Pravastatin for Dyslipidemia) and
the current REPRIEVE (Randomized Trial to Prevent Vascular Events in HIV) trial.
Future study is needed to determine whether PLWH 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 cART, 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 PLWH with
specific risk factors will emerge in the nearly future.
The Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTOS)
was a randomized double blinded study of non-HIV patients that demonstrated a lowered
incidence of MI after treatment with a monoclonal antibody against IL-1β
(Canakinumab) (Ridker et al. 2017). CANTOS supported the inflammatory hypothesis of
ASCVD, and was primarily based off the atherogenic role of caspase-1 activation. The
inflammatory hypothesis may be stronger in PLWH as there is a greater association with
ASCVD and inflammatory markers, an abundance of inflammatory non-calcified plaques
and arterial inflammation in HIV. A recent clinical pilot study in PLWH treated with
Canakinumab showed a substantial reduction in vascular inflammation, bone marrow
metabolic activity, and peripheral inflammatory markers (sCD163, hsCRP and IL-
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6)(Hsue et al. 2017). This study shows that the validity of a potent anti-inflammatory
strategy to reduce atherosclerotic inflammation in HIV and the potential importance of
targeting other components of the caspase-1 pathway. This animal model can now be
used to determine the atherogenic role of caspase-1 pathway activation in HIV infection,
and the exact upstream and downstream mechanisms of HIV ASCVD. Further studies
can examine combination therapeutic strategies targeting macrophage activation and
caspase-1 activity in HIV ASCVD.
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