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HIV-associated comorbidities including neurological disorders (HAND) and 

cardiovascular diseases (CVD) persist in people living with HIV (PLWH) regardless of 

adherence to antiretroviral therapies (ART). The development of these comorbidities 

correlates with increased monocyte/macrophages activation and accumulation. Studies 

report that the development of CVD and HAND are connected in PLWH, but few studies 

have examined the roles that monocyte/macrophages activation have in their co-

development. We first asked how frequently CD8+ T lymphocyte depleted, SIV-infected 

rhesus macaques with AIDS co-developed cardiac pathology and SIV encephalitis (SIVE) 

compared to animals that developed  CVD or SIVE alone, and animals with no significant 

cardiac pathology (NSF) and SIV with no encephalitis (SIVnoE) (Chapter 2). We sought 

to determine whether animals with concomitant CVD and SIVE had more monocyte 

activation, cardiac macrophages accumulation, and productively infected SIV-RNA+ and 

SIV- gp41+ cells in the heart and brain compared to animals with CVD or SIVE alone, and 

animals with NSF and SIVnoE. We found that animals with AIDS co-developed CVD and 

SIVE more frequently than animals developed CVD or SIVE alone, and NSF and SIVnoE. 

Animals with CVD and SIVE had increased biomarkers of monocyte activation, cardiac 



macrophages inflammation, and productively infected macrophages in the brain. We found 

that the quantity of SIV-RNA+ cells in the heart was sparse compared to the brain. When 

detected, cardiac SIV-RNA+ cells are CD68+ and CD206+ cardiac macrophages. Levels 

of plasma soluble CD163 (sCD163) correlated with plasma galectin-3 (Gal-3), galectin-9, 

and interleukin-18 (IL-18), more so than plasma viral load. We then assessed cardiac 

tissues from PWLH with HIV encephalitis (HIVE) and HIV no encephalitis (HIVnoE). 

We found  that PLWH with HIVE had  more cardiac inflammation and fibrosis than PLWH 

with HIVnoE.  These findings indicate that CVD and HAND pathogenesis are connected, 

and that the level of myeloid cell activation correlates with the development and severity 

of concomitant CVD and HAND. The findings from this study  emphasize the importance 

that macrophages accumulation has in developing AIDS-related comorbidities. Our 

findings highlight the importance of targeting monocyte/macrophages activation and 

accumulation in future HIV therapies. 

The persistence of CVD in the post-ART era suggests that ART successfully inhibits AIDS 

pathogenesis and HIV replication, but fails to block monocyte activation and macrophages 

accumulation correlated with CVD pathogenesis. We hypothesize that the optimal 

therapeutic approach for HIV- infection includes blocking AIDS pathogenesis and viral 

replication, and inhibiting monocyte/macrophages activation. Methylglyoxal-bis-

guanylhydrazone (MGBG) is a polyamine biosynthesis inhibitor selectively taken up by 

monocytes and macrophages. MGBG treatment blocks monocyte/macrophages activation 

in vitro, AIDS pathogenesis, and decreases inflammation in cardiac and brain tissues of 

SIV-infected rhesus macaques. We asked whether animals treated with ART and adjunct 



MGBG (ART+MGBG) had an additive decrease in monocyte activation and turnover, 

cardiac macrophages inflammation and collagen deposition compared to animals on ART, 

and untreated animals (Chapter 3). We found that animals on ART+MGBG had lower 

percentages of cardiac collagen deposition than animals on ART. Animals on ART, and 

ART+MGBG did not develop AIDS,  and had decreased cardiac inflammation and 

collagen, and monocyte activation and turnover compared to untreated animals. Finally, 

we identified two populations of Gal-3 expressing (Gal-3+) cells in the heart, CD163+ Gal-

3+ cardiac macrophages and CD163- Gal-3+ cells. Animals on ART, and ART+MGBG 

had decreased numbers of CD163+ Gal-3+ cardiac macrophages compared to untreated 

animals. All animals had similar numbers of CD163- Gal-3+ cells, and low frequencies of 

SIV-RNA+ cardiac macrophages regardless of treatment.  These data suggests that 

blocking AIDS pathogenesis with ART, and ART+MGBG correlates with decreased 

monocyte activation and cardiac inflammation and collagen deposition. Overall, we did 

not find an additive effect in animals on ART+MGBG compared to animals on ART. Our 

findings show how targeting monocyte/macrophages activation with ART+MGBG blocks 

AIDS pathogenesis and decreases cardiac macrophages inflammation. This study 

demonstrates the advantages of therapeutic strategies blocking myeloid cell activation in 

conjunction with ART.  
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1.0 Introduction 

1.1 Epidemiology and clinical progression of HIV- infection 

Human immunodeficiency virus (HIV-) infection is a leading cause of disease globally 

with approximately 37.7 million people living with HIV (PLWH). HIV-infection is 

characterized by the depletion of CD4+ T lymphocytes in the blood and gut, and the 

infection of cells co-expressing CD4 and chemokine receptors C-C motif chemokine 

Receptor 5 (CCR5) or C-X-C motif chemokine Receptor 4 (CXCR4) including, monocytes 

and macrophages[9, 10]. In the pre- antiretroviral therapy (ART) era, the progression of HIV-

infection is best characterized in three phases: acute infection (0- 12 weeks), asymptomatic 

infection (1-7 years), and finally, acquired immunodeficiency syndrome (AIDS) (> 7 

years)[8] (Figure 1.1).  During the acute phase of HIV-infection, plasma viral load increases 

drastically (105 – 106 HIV-RNA copies per mL), concurrent with CD4+ T lymphocyte 

depletion in the blood and gastrointestinal tract (>500 cells/mm3). During the 

asymptomatic stage, HIV-1 specific CD8+ T cells decrease plasma viremia by 101 - 102 

viral copies per mL, while HIV-mediated destruction of naïve CD4+ T cells continues [11]. 

The development of AIDS is characterized by a further decrease in CD4+ T lymphocytes 

(<200 cells/mm3), the presence of opportunistic infections (e.g. mycobacterium 

tuberculosis, candida albicans, Epstein-Barr virus, etc.), and the development of diseases 

including AIDS lymphomas, Kaposi sarcoma, cardiovascular diseases (CVD),  and HIV 

encephalopathy (HIVE) in the central nervous system (CNS)[8, 12]. During the development 

of AIDS, high levels of circulating lipopolysaccharides (LPS) indicate bacterial infection 

and microbial translocation from the intestinal lumen to the blood [13-16]. LPS increases as 

a result of HIV-mediated disruption of CD4+ T cells and development of a leaky gut, and 
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correlates with increased CD14+ monocyte  and CD8+ T cell activation, and AIDS 

pathogenesis [15, 16]. In summary, AIDS pathogenesis is driven by the depletion of CD4+ T 

cells, innate and adaptive responses to viral replication, microbial translocation from the 

gut, opportunistic infections, and increased levels of myeloid cell activation in the blood, 

tissues, and cerebrospinal fluid (CSF) [15, 17, 18]. These findings indicate that the suppression 

of viral replication, reconstitution of CD4+ cells in the blood and gut, and abrogation of 

immune activation are key to blocking AIDS pathogenesis.  

Figure 1.1. Clinical progression of HIV-1 infection pre-ART (left) and post-ART (right). In the pre-
ART era, levels of plasma HIV-RNA follow a biphasic pattern, increasing during the acute phase 
of HIV- infection, decreasing during the asymptomatic phase, and increasing terminally with the 
development of AIDS. Numbers of CD4+ T lymphocytes in the blood and gut are gradually 
depleted with the development of AIDS. The initiation of ART decreases plasma viral load to 
undetectable levels, recovers CD4+ T cells in the blood and gut, and blocks AIDS pathogenesis[8]. 
Adapted from Maartens et al. (2014). 
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1.2 HIV life cycle, tropism, and genome 

HIV-1 is an enveloped retrovirus with a capsid containing two copies of an RNA 

genome (approximately 9.2 kilobase pairs), and retroviral enzymes. The HIV-1 genome 

encodes structural Gag (matrix, capsid, and nucleocapsid), enzymatic Pol (protease, 

reverse transcriptase, and integrase), envelop Env (surface gp120 and transmembrane gp41 

glycoproteins), accessory (Vif, Vpr, Vpu, and Nef), and regulatory (Tat and Rev) 

proteins[19]. HIV-1 infection begins with the attachment of HIV-1 envelope gp120 to 

susceptible target cells by binding the primary CD4 receptor and CCR5 or CXCR4 

coreceptors. Conformational changes in HIV-1 gp41 facilitates irreversible virus-host 

membrane fusion [20]. Viral reverse transcription (RT) begins with the dissociation of the 

HIV capsid in the host cell’s cytoplasm, continues with trafficking and import of the HIV-

1 core into the nucleus, and subsequent completion of RT via HIV-1 reverse transcriptase 

[21-23]. The integration of HIV-DNA into the host genomes of CD4+ T cells and 

macrophages are facilitated by viral integrase and leads to the formation of the HIV 

provirus [24]. Establishment of the HIV provirus, and proviral transcription are mediated by 

viral hijacking of the host cell’s RNA polymerase II, and export of viral mRNA from the 

nucleus to the cytosol [19, 25]. Following the translation of HIV-1 structural and accessory 

proteins, nascent viral proteins traffic to the virion assembly site at the host’s plasma 

membrane, Gag proteins are assembled into immature viral particles, and viral budding 

and dissemination of immature viral progeny from the host plasma membrane occurs. HIV-

1 accessory proteins facilitate the modification and progression of HIV-infection 

throughout the viral replication cycle. Maturation of viral progeny occurs outside of the 

initial host, and involves cleavage of the Gag-Pol polyprotein by HIV-protease[19].  
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1.3 HIV-associated comorbidities persist despite virus suppression with ART. 

ART regimens suppress viral replication, block AIDS pathogenesis, and decrease 

the burden of AIDS mortality and morbidity by almost 50% compared to ART naïve 

PLWH [26]. The primary function of ART is the inhibition of HIV-replication by blocking 

a combination of viral entry, RT, HIV-DNA integration, and virion maturation (Figure 

1.2). Standard ART regimens are composed of  a combination of two to three drugs 

including: non-nucleoside reverse transcriptase inhibitors, nucleoside reverse transcriptase 

inhibitors, protease inhibitors, and integrase inhibitors. Within two weeks of ART 

initiation, plasma viral suppression is achieved, with plasma viral load decreasing to low 

or undetectable levels (< 50 copies/ mL), and blood CD4+ cell counts recovering (>500 

CD4+ cells/uL) [27]. Adherence to ART has substantially increased the life expectancy of 

PLWH to levels near the average expectancy observed in HIV-uninfected individuals. The 

introduction of ART has transformed HIV-infection from an acute disease to a manageable, 

chronic disease [28, 29]. The most impactful factors affecting life expectancy in PLWH on 

ART include CD4+ T cell count, early HIV diagnosis, time of ART initiation post-

infection, and lifelong adherence to ART [28, 30, 31]. Concurrent with the suppression of 

plasma HIV-RNA and the reconstitution of CD4+ T cells completely in the blood and 

partially in the gut, ART treatment also decreases biomarkers of immune activation 

compared to ART naïve PLWH. Despite adherence to ART, biomarkers of monocyte and 

macrophages activation in the blood and tissues remain elevated, and the continued 

presence of circulating LPS and latently infected cells correlates with increased risk of 
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mortality and non-AIDS comorbidities including CVD, and HIV-associated 

neurocognitive disorders (HAND) [16, 31-33].  

The prevalence of CVD and HAND in the post-ART era indicates that ART 

successfully blocks plasma virus and AIDS pathogenesis, but fails to inhibit myeloid cell 

activation and clear latent viral reservoirs associated with the development of non-AIDS 

comorbidities[27, 33, 34]. When ART is interrupted,  plasma virus rebounds, immune 

activation increases, and the process of productive infection and viral dissemination in 

Figure 1.2. Diagram of the stages of HIV-1 replication and the antiretroviral drugs that target 
and block HIV (white boxes). HIV-1 infection begins by binding the primary CD4 receptor and 
CCR5 or CXCR4 co-receptors. Viral RT begins with the dissociation of the HIV capsid in the host 
cell’s cytoplasm, trafficking and importation of the HIV-1 core into the nucleus, and completion 
of RT via HIV-1 reverse transcriptase. Subsequent trafficking of nascent viral mRNA and proteins 
to the host cell membrane, and viral budding and release of progeny into the extracellular space 
completes the replication cycle. ART regimens include non-nucleoside reverse 
transcriptase inhibitors, nucleoside reverse transcriptase inhibitors, protease inhibitors, 
and integrase inhibitors[8]. ART inhibits HIV-replication by blocking a combination of viral entry, 
RT, HIV-DNA integration, and virion maturation. Adapted from Maartens et al. (2014). 
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tissues repeats [31, 35]. Rebounding plasma virus is driven by the reactivation of latently 

infected, SIV-DNA+ macrophages in gut and CNS tissues [9, 36, 37]. Using molecular clock 

analysis, Andrade et al. (2020) demonstrated that following ART interruption, 

recrudescent HIV in the blood is CD14+ macrophages-tropic, suggesting that recrudescent 

HIV is macrophage-derived and linked to continued myeloid cell activation[38]. Latently 

infected SIV-DNA+ CD4+ T cells and macrophages in the CNS harbor replication 

competent virus in SIV-infected nonhuman primates on ART [4, 36, 39], suggesting that ART 

has poor penetrance in tissues and macrophages, and fails to clear the latent viral reservoir. 

In summary, ART effectively blocks AIDS pathogenesis, suppresses plasma viral load, and 

prolongs the lifespans of PLWH, but fails to block myeloid cell activation and 

accumulation and clear tissue viral reservoirs[40]. For those reasons, the development of a 

functional cure for HIV-infection must block HIV replication, myeloid cell activation and 

accumulation, and prevent the establishment of latently infected viral reservoirs in tissues. 

1.4 CD8+ T lymphocyte-depletion in nonhuman primates produces a model of rapid 

neuroAIDS pathogenesis. 

SIV-infection in rhesus macaques follows a similar route of progression to HIV-

infection in humans[41, 42]. The extended duration of time for SIV-infected macaques to 

develop AIDS, the varied frequencies of AIDS and SIVE pathogenesis, and the difficulty 

in obtaining post-mortem human tissues make it difficult for research into AIDS 

pathogenesis and AIDS-related comorbidities to progress. In rhesus macaque models of 

SIV-infection, AIDS pathogenesis can take up to 1-3 years to progress, and only a low 

percentage (approximately 25%) of animals develop SIVE encephalitis (SIVE) [43].  
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Nonhuman primate models of rapid AIDS and SIVE progression provide a model suitable 

for developing strategies to treat AIDS-related malignancies. Additional advantages of 

nonhuman primate models of rapid AIDS pathogenesis include, control of the viral clone 

or swarm used, control over the time and duration of SIV-inoculation, and control over the 

composition and usage of ART and/or additional therapies.  

The two established models of inducing rapid neuroAIDS pathogenesis in 

nonhuman primates include the administration of lymphocyte-depleting antibodies, 

CD4R1 (CD4+ T lymphocyte-depleting antibody)[44] or cM-T807 (CD8+ T lymphocyte-

depleting antibody)[43]. Both models result in increased levels of plasma SIV-RNA , 

monocyte activation and expansion, and accumulation of productively infected SIV-RNA+ 

macrophages [6, 44-46] . CD8+ T lymphocyte-depleted, SIV-infected macaques develop high 

plasma viral load, rapid AIDS pathogenesis (3-4 months), and have a higher incidence of 

SIVE compared to their non-depleted counterparts [42, 47]. To achieve severe AIDS and 

SIVE pathogenesis, animals are inoculated with the viral swarm, SIVmac251. The 

SIVmac251 swarm is a macrophage-tropic strain of SIV originally isolated from the rhesus 

macaque, Mm251-79, following inoculation with lymphocytic lymphoma tissue[48, 49]. 

Macaques inoculated with SIVmac251 have increased SIV viral loads in the blood and 

CSF, depleted CD4+ T cells in the blood, SIV-p17+ CNS macrophages accumulation, and 

develop SIVE[42, 50, 51]. Models of rapid AIDS pathogenesis provide a method for studying 

the dynamics of SIV- infection, myeloid cell activation, and AIDS/ SIVE pathogenesis in 

a timely manner.  
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1.5 Monocytes are a heterogenous population of mononuclear phagocytes. 

Monocytes are mononuclear phagocytes that comprise 5-10% of the peripheral 

blood mononuclear cell population, and are derived from bone marrow precursors. Under 

healthy conditions, monocytes remain in circulation for a period of days before migrating 

to tissues and differentiating to macrophages where they maintain a steady state and tissue 

homeostasis[52, 53]. Broadly, monocyte functions include cytokine production, antigen 

presentation, and replenishment of tissue macrophages populations following injury[54]. In 

humans, monocytes are a heterogenous population in which monocyte subsets and 

functions are defined by the expression of the cell surface-markers CD14, LPS receptor, 

and CD16, FcγIII receptor[55]. Monocyte subsets are classified as classical (CD14+ CD16-

), intermediate (CD14+ CD16+), and nonclassical (CD14- CD16+), with each subset 

demonstrating unique sets of gene expression profiles in the contexts of health and 

disease[55, 56]. In healthy individuals, classical monocytes express genes enriched for 

promoting tissue repair, angiogenesis, wound healing, and coagulation. Intermediate 

monocytes have potent antigen presentation capacities and express genes for α- and β- 

chains of the major histocompatibility complex class II (MHC II). Nonclassical monocytes 

are associated with immune surveillance and express genes associated with cytoskeleton 

remodeling and phagocytosis[56].  
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1.6 Monocyte activation correlates with AIDS pathogenesis. 

Chronic monocyte and macrophages activation are key determinants of AIDS 

pathogenesis, and predicts disease progression better than plasma viral load[57]. The 

majority subset of CD14+ CD16- monocytes observed in the healthy, HIV- uninfected 

population  shifts to an expansion of CD14+ CD16+ and CD14- CD16+ monocyte subsets 

with HIV-/SIV- infection [58]. CD14+ CD16+ monocyte expansion correlates with the 

development of AIDS, CVD, and HAND [59-61]. CD14+ CD16+ monocytes are susceptible 

to productive HIV- and SIV- infection, and traffic to sites of inflammation and the CNS, 

where they are involved in further dissemination of virus [35, 62-64].  

Figure 1.3. Gating schematic for BrdU+ monocytes in the blood isolated from SIV-infected, 
CD8+ T lymphocyte-depleted rhesus macaques (top). Increased percentages of BrdU+ 
monocytes (> 10-15%) early with infection (8 and 27 days’ post infection) and 
terminally correlates with rapid progression to AIDS and SIVE (bottom)[7]. Adapted from 
Burdo et al. (2010). 
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During untreated infection, rapid increases in the levels of inflammatory cytokines 

including monocyte chemoattractant protein-1 (MCP-1), soluble CD14 (sCD14), 

interferons alpha and gamma (IFNα and IFN-γ), and sCD163; CD14+ CD16+ and CD14- 

CD16+ monocyte activation and expansion; and 5-bromo-2’-deoxyuridine positive 

(BrdU+) monocyte turnover correlates with AIDS pathogenesis [7, 65-71]. BrdU is a 

thymidine analog incorporated into DNA during the S-phase, and is used to monitor 

monocyte kinetics from the bone marrow into the blood. Early and terminal proliferation 

of BrdU+ monocytes above 10-15%, is predictive of increased rates and severities of AIDS 

and SIVE pathogenesis (Figure 1.3)  [7, 71]. At the transcriptomic level, Nowlin et al. 

(2018), demonstrated that early in SIV-infection, the monocyte transcriptional profile 

skews towards an upregulation of genes associated with interferon stimulation, monocyte 

trafficking, anti-viral responses[66]. This suggests that early after initial viral infection, 

changes in monocyte turnover, and increased CD14+ CD16+ monocyte activation function 

as important determinants of HIV-replication and AIDS progression and severity. With 

ART, the amount of productively infected monocytes and biomarkers of inflammation are 

decreased; with ART initiation following early HIV-diagnosis having a more potent 

inhibitory effect on immune activation than ART initiation later with HIV-diagnosis (> 1 

year) (Figure 1.4)  [1, 35]. This suggests that early inhibition of viral replication correlates 

with a stronger decrease in biomarkers of monocyte activation, viral infection, and 

improved overall survival.  
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1.7 HAND persists in the post-ART  era and correlates with myeloid cell activation. 

HAND is a spectrum of disorders encompassing asymptomatic neurocognitive 

impairment (ANI), mild neurocognitive disorder (MND), and  HIV associated dementia 

(HAD). HAND’s clinical manifestations include behavioral, motor, and neurocognitive 

deficits, and increases mortality in PLWH [10, 30]. In the pre-ART era, PLWH had an 

estimated 16% risk of developing HAD, the most severe form of HAND [67].  ART 

administration has greatly reduced HAND-associated mortality and morbidity [12, 72]. In the 

post-ART era, the development of the more severe forms of HAND, HAD and HIVE, have 

decreased to less than 5% amongst PLWH. Despite plasma virus suppression and declining 

frequencies of HIVE and HAD in the post-ART era, milder forms of HAND persist in 50% 

Figure 1.4. Plasma sCD163 levels in chronically (> 1 year) and acutely (<1 year) infected 
PLWH, pre-ART and 3 months post-ART[1]. ART initiation decreases sCD163 early with HIV-
infection to levels similar to the HIV-uninfected population.  ART initiation does not decrease 
sCD163 to HIV-uninfected level in chronically infected PLWH. Adapted from Burdo et al. 
(2011). 
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of ART treated PLWH [72]. Though the mechanisms of neuronal injury and death in PLWH 

with HAND are not well understood, high levels of HIV-RNA in the blood and CSF, low 

CD4+ T lymphocyte nadir, irreversible neurologic injury, and increased myeloid cell 

activation consistently correlate with HAND pathogenesis[10, 39, 73-75].  

Using a model of SIV neuroAIDS, magnetic resonance spectroscopy data reveals 

that neuronal injury is inversely correlated with plasma SIV-replication, and CD14+ 

CD16+ and CD14- CD16+ monocytes expansion [43]. In the CSF, biomarkers correlated 

with monocyte activation and neuroinflammation including sCD14, MCP-1, IFNƴ, soluble 

TNF receptor II (sTNFR-II), neopterin, neurofilament light chain (NFL), and S100 

calcium-binding protein B (S100B), are increased in PLWH[18, 75-77].  Together, these 

findings suggest that HIV-associated neuronal injury is linked to SIV-replication and 

increased monocyte activation. The introduction of ART has decreased biomarkers of 

myeloid cell activation and neuroinflammation in the CSF[78], however the persistence of 

HAND in PLWH on ART suggests that inflammatory biomarkers in the CSF do not 

completely represent levels of myeloid cell activation in the CNS[17]. Studies assessing 

SIV-infected macaques treated with ART  show that decreased viral loads in the blood and 

CSF and CD14+ CD16+ monocyte activation are inversely correlated with improved 

biomarkers of neuronal function [79]. Indeed, Burdo et al. (2014) found that levels of 

sCD163 in the plasma are more accurately correlated with neurological impairment in 

PLWH on ART than sCD163 in the CSF[74].  
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Galectin-9 is a carbohydrate-binding protein expressed and secreted by activated 

macrophages, that correlates with chronic inflammation and AIDS pathogenesis in PLWH 

[80-83]. Elahi et al. (2012) found that during HIV-infection, increased binding between 

galectin-9 and T-cell immunoglobulin and mucin-domain containing-3 (Tim3) correlates 

with decreased CD4+ T cell susceptibility to HIV-infection [84]. Recently, levels of plasma 

and CSF galectin-9 have been assessed for their utility as biomarkers of HAND and AIDS 

pathogenesis. Increased levels of galectin-9 in the blood correlates with acute HIV-

infection[83, 85], plasma HIV viral load, and AIDS pathogenesis[81], while galectin-9 in the 

CSF correlates with neurocognitive impairment in PLWH [86]. Plasma galectin-9 remains 

elevated in PLWH on ART compared to the HIV-uninfected population and correlates with 

high risks of morbidity and HAND [81, 83, 85, 86]. These findings suggest that decreasing 

levels of galectin-9 in the blood and CSF may correlate with decreased macrophages 

activation and non-AIDS comorbidities.   

HIV-/ SIV- infection of the CNS occurs during the acute phase of infection, and is 

correlated with increased CD14+ CD16+ monocyte activation and trafficking[64, 67], and 

CD206+[87] and CD163+ perivascular macrophages accumulation [88].  SIV-RNA is 

detected in the CNS during the acute phase, as early as 4 days’ post-infection [89], remains 

dormant during the asymptomatic phase, and re-emerges  terminally with AIDS [90]. The 

process by which monocyte- and macrophage- associated virus enters the CNS, is coined 

the Trojan Horse model. In this model, HIV-/ SIV- infected CD14+ CD16+ monocytes 

traffic past the blood brain barrier and enter the CNS via gradients of the migratory 

chemokine, monocyte chemoattractant protein-1 (MCP-1)/ C-C motif chemokine ligand 2 
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(CCL2) [63, 64]. Once in the CNS, virally infected “Trojan Horse” CD14+ CD16+ monocytes 

seed the brain with virus. HIV-/ SIV- seeding of the CNS also occurs via  the accumulation 

of infected CD163+ macrophages in the perivascular cuffs of the CNS[88, 91-94]. During the 

acute phase, from 12 to 14 days’ post infection, increased CD16+ CD68+ macrophages are 

observed in the choroid plexus and perivascular spaces of the CNS [88, 95]. CNS 

macrophages accumulation correlates with increased biomarkers of neuroinflammation in 

the CSF and blood, and with productively infected SIV-RNA+ macrophages in the 

brain[90].  

Post-mortem analyses of HIVE and SIVE lesions in CNS cortical tissues reveal that 

productively infected, CD163+ perivascular macrophages and multinucleated giant cells 

(MNGCs) make up the bulk of encephalitic lesions [6, 95]. Using intracisternal injections of 

fluorescently-labeled Dextrans early (20 days’ post-infection) and terminally, Nowlin et 

al. (2015) examined the cellular composition of SIVE lesions and found that lesions consist 

of early infiltrating CD163+ perivascular macrophages (Dextran-FITC+), and late arriving 

SIV-p28+ CD163+ perivascular macrophages terminally (Dextra-AF647+)[6] (Figure 1.5). 

The MAC387 antibody recognizes myeloid related protein 14 (MRP14), and calprotectin, 

a heterodimer of MRP8/MRP14. MAC387+ macrophage accumulation in the CNS 

differentiates SIV-infected macaques that rapidly developed SIVE from chronically 

infected animals with little or no pathology[96]. Soulas et al. (2011) found BrdU+ 

MAC387+ CNS macrophages in SIVE lesions and in the brains of PLWH with AIDS and 

chronic disease[97]. MAC387+ CNS macrophages were also BrdU+, suggesting that 

MAC387+ macrophages represent a subset of early infiltrating CNS macrophages. 
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Combined, these findings reveal that early and terminal infiltrations of productively 

infected CD163+ macrophages and BrdU+ MAC387+ macrophages into the CNS 

correlates with SIVE pathogenesis.  

1.8 Excessive monocyte and macrophages activation drives the development of CVD 

in PLWH. 

HIV-associated CVD encompasses a range of disorders including dilated 

cardiomyopathy, pericarditis, hypertension, coagulopathy, and vascular and coronary 

diseases [98-100]. In the pre-ART era, approximately 10-40% of PLWH were predicted to 

develop CVD [101]. During acute HIV-infection, increased levels of surrogate biomarkers 

of myocardial dysfunction and damage in the blood, N-terminal prohormone of brain 

Figure 1.5. SIVE lesions contain CD163+ perivascular macrophages (Dextran-FITC+, 
green) that traffic to the CNS early and productively infected SIVp28+ CD163+ 
perivascular macrophages (Dextran-AF647+, red) that traffic to the CNS terminally 
[6]. Macrophages activation and accumulation occur early and terminally in SIV-
infection and correlates with the severity of SIVE pathogenesis. Adapted from Nowlin et al. 
(2015). 
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natriuretic peptide (NT-proBNP) and cardiac troponin T, correlates with subclinical, 

inflammatory cardiomyopathy [102], suggesting that the conditions needed to develop CVD 

in PLWH occurs early with infection. Traditional assessments for predicting CVD risk in 

the uninfected population such as the  Framingham risk factors which include cigarette 

smoking, high blood pressure, and total cholesterol;  plus levels of plasma D-dimer and C-

reactive protein,  do not consistently predict the risk of developing CVD in PLWH 

regardless of ART[103-106] (Figure 1.6).  This suggests that additional factors independent 

of lifestyle decisions and related to myeloid cell activation correlate with the development 

of CVD in PLWH. Despite decreased mortality and morbidity with ART, PLWH have a 

1.5 - 2-fold increased risk of adverse cardiac events including myocardial infarction and 

cardiomyopathy compared to the age-matched, HIV-uninfected population [34, 103, 107, 108]. 

Studies measuring myocardial function with cardiac magnetic resonance imaging in both 

ART naïve and ART treated PLWH, reveals significant decreases in left ventricular 

ejection fraction, increased left ventricular mass and fibrosis, and an overall increased risk 

of adverse cardiac events with HIV, that are not present in the HIV-uninfected 

population[109-112],  suggesting that chronic inflammatory conditions within the 

cardiovascular system are not targeted by ART and correlate with  increased cardiac 

morbidity and mortality.  

 Excessive CD14+ CD16+ monocyte and macrophages activation are key to the 

development of atherosclerosis, myocardial fibrosis, heart failure, and cardiac pathogenesis 

in the HIV- uninfected population and PLWH[113-118]. Under healthy conditions, 

macrophages in the heart maintain cardiac homeostasis and function as key regulators of 
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fibrosis via their interactions with collagen-producing myofibroblasts, secretion of 

profibrotic mediators including transforming growth factor beta (TGF-β), antigen 

presentation, and immune surveillance [53, 119]. Cardiac collagen is necessary for wound-

healing and tissue-remodeling however, excessive cardiac collagen deposition results in 

cardiac fibrosis, a pathological response to repeated tissue damage and inflammation 

resulting in increased cardiac muscle stiffness, left ventricular dysfunction, and eventually, 

CVD [119]. In the vasculature, cholesterol metabolism is mediated in-part by macrophages 

uptake of oxidized low-density lipids within the arterial intima. Adherence to unhealthy 

lifestyle habits including a high cholesterol diet, smoking, and lack of exercise leads to the 

development of atherosclerosis[113]. Atherosclerosis is characterized by the accumulation 

of foam cells, lipid-laden macrophages, in the arterial intima that develop as fatty streaks 

along the endothelium obstructing blood flow to tissues[120]. Together, monocytes and 

macrophages function as key regulators of cardiovascular homeostasis under healthy 

conditions, and CVD pathogenesis with disease.  

Figure 1.6. Overview of CVDs in PLWH during the pre-ART and post-ART eras. Future 
treatments for HIV-associated CVD must eradicate HIV infection, inhibit AIDS pathogenesis, 
and block myeloid cell activation driving chronic inflammation [3-5]. Adapted from Hsue et al. 
(2019). 
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The conditions that lead to CVD in the post-ART era are driven by CD68+, 

CD163+, CD206+, and MAC387+ cardiac macrophages inflammation and fibrosis in 

PLWH and SIV-infected rhesus macaques [46, 121-124].  PLWH have higher levels of chronic 

inflammatory risk factors including, immune activation, viral replication, vascular and 

endothelial dysfunction, and dyslipidemia that serve as more reliable predictors of CVD 

compared to the HIV- uninfected population [109, 125-127]. Additionally, increased CD14+ 

CD16+ and CD14- CD16+ monocyte activation and accumulation in the arterial intima 

correlates with the development of atherosclerosis in PLWH [128-130]. Studies in nonhuman 

primate models of SIV- infection suggests that there are little to no SIV-RNA+ cells in the 

heart regardless of the presence of cardiac pathology and ART treatment, suggesting that 

productive infection in cardiac tissues has little impact on the rate of cardiac pathogenesis 

[2, 46, 131, 132]. When detected, cardiac SIV-RNA+ cells are co-localized to CD68+ CD206+ 

macrophages, suggesting that cardiac macrophages accumulation, not viral infection in the 

heart, correlates with cardiac pathogenesis [133]. CVD persistence in the post-ART era 

indicates that mechanisms of cardiac damage are multifactorial and are correlated with 

monocyte and macrophages activation more so than plasma  and cardiac viral load.   

 Galectin-3 is a β-galactoside binding lectin expressed by activated macrophages, 

and associated with binding extracellular matrix proteins including laminin and 

fibronectin[134]. In the HIV- uninfected population, increased levels of plasma galectin-3 

and myocardial galectin-3 expression correlates with cardiovascular inflammation, cardiac 

fibrosis, and heart failure [135-139]. Recent data among PLWH on ART, suggest that plasma 
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galectin-3 is inversely correlated with the development of noncalcified coronary plaque[114,

140, 141], suggesting that plasma galectin-3 may be a biomarker of cardiac macrophages 

activation and CVD in PLWH. Though studies regarding galectin-3’s association with 

CVD in PLWH are limited, increased plasma and myocardial galectin-3 are possibly 

correlated with cardiac pathogenesis in SIV-infected animals. Identifying biomarkers of 

myeloid cell activation that reliably correlate with CVD in PLWH could lead to the 

discovery of potential targets driving CVD pathogenesis. Increased biomarkers of 

monocyte and macrophages activation in the blood including sCD14, sCD163, IL-18, and 

CCL2, correlate with the development of stable, calcified plaque; rupture prone, 

noncalcified plaque; and cardiac inflammation in PLWH and SIV-infected macaques[129, 

142-147]. These data suggest that targeting and blocking factors correlated with monocyte

and macrophages activation could decrease the rate and severity of CVD in PLWH. 

Figure 1.7. SIV-infected animals treated with methylglyoxal-bis guanylhydrazone (MGBG) had 
less severe cardiac inflammation and fibrosis compared to placebo controls[2]. Decreased cardiac 
macrophages inflammation correlates with cardiac collagen. Adapted from Walker et al. (2014). 
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1.9 Blocking myeloid cell activation decreases SIV-associated CVD and SIVE. 

The persistence of comorbidities in the post-ART era, and their correlation to 

myeloid cell activation, suggests that the targeted inhibition of monocyte and macrophages 

activation will decrease the rate and severity of HIV- related comobidities. Campbell et al. 

(2011) demonstrated that SIV-infected macaques treated with the tetracycline antibiotic, 

Minocycline, had decreased CD14+ CD16+ and CD14- CD16+ monocytes activation and 

improved biomarkers of neuronal protection, suggesting that blocking monocyte activation 

correlates with improved CNS health [148]. Blocking monocyte and macrophages traffic 

with early (0 days’ post-infection) and late (28 days’ post-infection) anti-α4 antibody 

treatments, improved biomarkers of CNS protection, decreased macrophages inflammation 

in the heart and CNS, and limited the amount of SIV-p28+ and SIV-DNA+ cells in the 

CNS [132, 149]. These findings show that blocking monocyte and macrophages traffic to the 

CNS and heart correlates with decreased cardiac and CNS pathology. Recent data suggests 

that the polyamine biosynthesis inhibitor MGBG, is selectively taken up by monocytes and 

macrophages, decreases CD16 expression and BrdU incorporation, and blocks HIV 

infection in monocytes in vitro [150, 151]. Further, CD8+ T lymphocyte-depleted, SIV-

infected macaques treated with an oral formulation of MGBG did not develop AIDS or 

SIVE, had decreased CD14+ CD16+ monocyte activation, and macrophages inflammation 

in the heart and CNS[2, 152] (Figure 1.7). Together, these findings indicate that targeting 

monocyte and macrophages activation and accumulation correlates with decreased 

incidence and severity of SIV-associated comorbidities.  For that reason, it is likely that 

the optimal therapeutic approach for HIV-infection involves the suppression of plasma 
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virus, inhibition of AIDS pathogenesis, and the targeted inhibition of myeloid cell 

activation .   

1.10 Summary of studies in this thesis. 

Biomarkers of monocyte and macrophages activation and accumulation correlates 

with the development of HIV-associated comorbidities in PLWH [7, 71, 87, 153].  We first 

asked how frequently SIV-infected macaques with AIDS developed concomitant CVD and 

SIVE compared to animals that developed CVD or SIVE alone, and no cardiac pathology 

(NSF) and SIV with no encephalitis (SIVnoE) (Chapter 2). We then asked whether animals 

with CVD and SIVE had more cardiac macrophages inflammation, CD14+ CD16+ 

monocyte activation, levels of plasma galectin-3, galectin-9, IL-18, and sCD163, and 

infected SIV-DNA+, SIV-RNA+, and SIV-gp41+ cells in brain and heart tissues compared 

to animals with CVD or SIVE alone, and NSF and SIVnoE animals. We found that 

concomitant CVD and SIVE developed more frequently in animals with AIDS than CVD 

or SIVE alone, and NSF and SIVnoE. We found that animals with CVD and SIVE had 

more cardiac inflammation and fibrosis, productively infected CNS macrophages, and 

early and terminal biomarkers of monocyte activation compared to animals with CVD or 

SIVE alone, and NSF and SIVnoE animals. We found that early (8 and 19 days’ post 

infection) and terminal increases in CD14+ CD16+ monocytes correlated with the 

percentage of cardiac collagen deposition. We found little to no SIV-DNA+, SIV-RNA+, 

and SIV-gp41+ cells in the heart regardless of pathology.  We also report that cardiac SIV-

RNA+ cells are CD68+ CD206+ macrophages. We show that plasma galectin-3, galectin-

9, and IL-18 correlated with plasma sCD163 but not with plasma viral load. We also show 
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that cardiac macrophages inflammation and fibrosis are increased in PLWH with HIVE 

compared to PLWH with HIVnoE. Our findings show that monocyte activation and 

macrophages accumulation, not productive viral infection in the heart, drives the 

development and severity of concomitant CVD and SIVE. 

Despite viral suppression and AIDS inhibition with ART, increased CD14+ CD16+ 

monocyte activation and macrophages inflammation persist[1, 32, 114, 129], suggesting that 

ART alone is not sufficient for blocking myeloid cell activation associated with the 

development of comorbidities in PLWH. Previously, we and others demonstrated that 

targeting myeloid cell activation and accumulation correlates with the inhibition of AIDS, 

blocks SIV-infection, and decreases cardiac and CNS inflammation[2, 132, 149, 152]. We 

hypothesized that SIV-infected macaques treated with ART and adjunctive MGBG would 

block viral replication, AIDS pathogenesis, and monocyte and macrophage activation 

compared to animals on ART alone, or with no treatment. We asked whether SIV-infected 

macaques on ART plus adjunctive MGBG (ART+MGBG) had an additive decrease in 

cardiac macrophages inflammation, cardiac collagen, and biomarkers of monocyte 

activation and turnover in blood compared to animals on ART (Chapter 3). We found that 

animals on ART+MGBG had more of a decrease in cardiac collagen deposition than 

animals on ART. We also found that animals on ART, and ART+MGBG had decreased 

cardiac macrophages inflammation and collagen,  levels of plasma galectin-3, galectin-9, 

IL-18, and sCD163, CD14+ CD16+ monocyte activation, and BrdU+ monocyte turnover, 

compared to untreated animals. Consistent with previous findings [2, 132], we found a 

positive correlation between the numbers of cardiac macrophages and collagen deposition 
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in all of the animals examined. We did not find a correlation between decreased cardiac 

inflammation and collagen based on ART, and ART+MGBG treatments. We also 

identified two populations of galectin-3 expressing cells (Gal-3+) in cardiac tissues: 

CD163+ Gal-3+ macrophages and CD163- Gal-3+ cells. We report that animals on ART, 

and ART+MGBG had fewer CD163+ Gal-3+ cardiac macrophages compared to untreated 

animals. There were similar levels of cardiac SIV-RNA+ macrophages and CD163- Gal-

3+ cells, in all animals regardless of treatments. Our findings emphasize the importance of 

targeting monocyte and macrophages activation to block CVD pathogenesis.  

1.11 Novel findings in this thesis 

1.11.1 Chapter 2 

1. Animals with AIDS develop concomitant CVD and SIVE more frequently than

CVD or SIVE alone, and NSF and SIVnoE.

2. Animals with CVD and SIVE had more cardiac inflammation and fibrosis, and

biomarkers of monocyte activation compared to animals with CVD or SIVE alone,

and NSF and SIVnoE.

3. Animals with CVD and SIVE had more CD14+ CD16+ monocyte activation early

with infection (8 and 19 dpi) and terminally compared to animals with CVD or

SIVE alone, and NSF and SIVnoE.

4. Early (8 and 19 dpi) and terminal numbers of CD14+ CD16+ monocyte correlates

with cardiac fibrosis in all animals examined.

5. There are more productively infected SIV-RNA+ and SIV-gp41+ cells in the CNS

than in the hearts of all animals examined, regardless of pathology.
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6. Despite their low abundance in the heart, cardiac SIV-RNA+ cells are CD68+ and

CD206+ cardiac macrophages.

7. Animals with CVD and SIVE had more CNS SIV-RNA+ and CNS SIV-gp41+

cells compared to animals with CVD or SIVE alone, and NSF and SIVnoE.

8. There are little to no cardiac SIV-DNA+, cardiac SIV-RNA+ and cardiac SIV-

gp41+ cells in all of the animals regardless of pathology.

9. PLWH that have HIVE have increased cardiac macrophages inflammation and

fibrosis compared to PLWH with HIVnoE.

1.11.2 Chapter 3 

1. There was an additive decrease in the percentage of cardiac collagen deposition in

animals on ART+MGBG compared to animals on ART.

2. Animals on ART, and ART+MGBG, and untreated animals had similar frequencies

of cardiac histopathology (inflammation, fibrosis, and cardiomyocyte

degeneration).

3. Biomarkers of monocyte activation, BrdU+ monocyte turnover, SIV-RNA+

cardiac macrophages, cardiac macrophages inflammation and fibrosis  were

decreased in animals on ART, and ART+MGBG compared to untreated animals.

4. Two populations of Gal-3+ cells (CD163+ Gal-3+ macrophages and CD163- Gal-

3+ cells) were identified in the cardiac tissues of SIV-infected rhesus macaques.
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Figure 1. Gasson Hall, Boston College. Photo by Lee Pellegrini 
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2.1 Abstract 

Despite effective antiretroviral therapy, HIV co-morbidities remain where central nervous 

system (CNS) neurocognitive disorders and cardiovascular disease (CVD)-pathology that 

are linked with myeloid activation are most prevalent.  Comorbidities such as 

neurocognitive dysfunction and cardiovascular disease (CVD) remain prevalent among 

people living with HIV. We sought to investigate if cardiac pathology (inflammation, 

fibrosis, cardiomyocyte damage) and CNS pathology (encephalitis) develop together 

during simian immunodeficiency virus (SIV) infection and if their co-development is 

linked with monocyte/macrophage activation. We used a cohort of SIV-infected rhesus 

macaques with rapid AIDS and demonstrated that SIV encephalitis (SIVE) and CVD 

pathology occur together more frequently than SIVE or CVD pathology alone. Their co-

development correlated more strongly with activated myeloid cells, increased numbers of 

CD14+ CD16+ monocytes, plasma CD163 and interleukin-18 (IL-18) than did SIVE or 

CVD pathology alone, or no pathology.  Animals with both SIVE and CVD pathology had 

greater numbers of cardiac macrophages and increased collagen and 

monocyte/macrophage accumulation, which were better correlates of CVD-pathology than 

SIV-RNA. Animals with SIVE alone had higher levels of activated macrophage 

biomarkers and cardiac macrophage accumulation than SIVnoE animals. These 

observations were confirmed in HIV infected individuals with HIV encephalitis (HIVE) 

that had greater numbers of cardiac macrophages and fibrosis than HIV-infected controls 

without HIVE. These results underscore the notion that CNS and CVD pathologies 

frequently occur together in HIV and SIV infection, and demonstrate an unmet need for 

adjunctive therapies targeting macrophages. 
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2.2 Introduction 

HIV-associated comorbidities affect 20-50% of people living with HIV (PLWH) 

despite effective antiretroviral therapy (ART) [108, 154-158]. Of these, cardiovascular diseases 

(CVD) and HIV-associated neurocognitive disorders (HAND) are the most prevalent and 

are likely linked, although this has not been thoroughly documented [159-163]. Traditional 

biomarkers of CVD are insufficient for predicting CVD risk in HIV-infected individuals 

on ART, highlighting the necessity to further investigate the etiologies of HIV-associated 

CVD pathogenesis [108, 155, 164, 165]. Anecdotally, it appears that the incidence of cardiac and 

central nervous system (CNS) pathologies, and of CVD and neurocognitive dysfunction 

among HIV-uninfected individuals often are concomitant and are linked; likely through 

systemic inflammation and cardiovascular risk factors [166-173]. Importantly, both are 

associated with increased monocyte/macrophage activation and accumulation in tissues [10, 

73, 174-176]. The development of pre-ART HIV encephalitis (HIVE) among HIV-infected 

adults and children is associated with myocardial dysfunction, underscoring the possible 

connection between cardiac and CNS pathogenesis with HIV-infection [177-179]. 

Central to CVD and CNS pathologies in PLWH and SIV-infected monkeys is 

myeloid cell activation. This has been demonstrated in many ways, including elevated 

plasma soluble CD14 (sCD14) and CD163 (sCD163), increased numbers of activated 

CD14+ CD16+ monocytes, and the accumulation of CD163+, CD206+, and MAC387+ 

macrophages [2, 58, 66, 121, 129, 153, 180-182]. Monocyte/macrophage activation and accumulation 

in the CNS also are correlated with neuroinflammation, encephalitis, and HAND with HIV 

and SIV infection [6, 10, 43, 58, 66, 74, 87, 95, 97, 181, 183, 184]. Whether such cardiac inflammation 
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and fibrosis, and HAND/HIVE and SIV encephalitis (SIVE) pathogenesis co-occur and 

correlate with higher levels of monocyte and macrophage activation have not been 

thoroughly addressed. We and others have shown that blocking monocyte traffic or 

inhibiting macrophage activation experimentally in SIV-infected macaques reduces 

cardiac inflammation and CNS pathology, highlighting the importance of monocytes and 

macrophages in the pathogenesis of both SIV comorbidities [132, 148, 149]. Plasma galectin-3 

and -9, are β-galactoside- binding lectins secreted, in part, by activated macrophages [139, 

185] and correlate with HIV comorbidities [137, 186]. Galectin-3 correlates with myocardial

fibrosis and cardiac inflammation in HIV-uninfected and HIV-infected cohorts, and plasma 

and cerebrospinal fluid (CSF) galectin-9 correlates with acute HIV-1 infection and HAND 

[83, 85, 86, 139, 140, 187-189]. Plasma interleukin-18 (IL-18) is an inflammatory cytokine associated 

with macrophage activation and pyroptosis, plasma viral load, atherosclerosis, and CVD 

in symptomatic, HIV-infected patients and SIV-infected monkeys [145, 147, 190, 191]. In 

addition, sCD163 made solely by myeloid cells correlates with CVD and non-calcified 

plaque, HAND, and plasma virus in HIV-infected individuals on or off ART and SIV-

infected monkeys [70, 74, 153, 180]. 

In this study, we asked whether SIV infected animals with AIDS co-developed 

CVD and SIVE, and whether animals that co-developed CVD pathology and SIVE had 

more monocyte and macrophage activation than animals with CVD pathology alone or 

SIVE alone, and animals with no significant cardiac pathology and SIV with no 

encephalitis (SIVnoE). Twenty-three CD8+ T lymphocyte-depleted, SIV-infected 

macaques with AIDS were examined for the prevalence of cardiac fibrosis, inflammation, 
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and cardiomyocyte degeneration, and SIVE. We assessed the numbers of cardiac 

macrophages, cardiac collagen, monocyte activation, productive infection in the heart and 

CNS, and plasma sCD163, IL-18, and galectin-3 and -9. Corollary, translational studies 

were done in PLWH with and without HAND, where significantly increased numbers of 

cardiac macrophages were found in HAND versus non HAND individuals. 
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2.3 Materials and Methods 

2.3.1 Animals, SIV-infection, and CD8+ T-lymphocyte depletion 

Twenty-three rhesus macaques were utilized in this study. Five were housed at Harvard 

University’s New England Primate Research Center (NEPRC) and eighteen were housed 

at Tulane University’s Tulane National Primate Research Center (TNPRC) in accordance 

with standards of the American Association for Accreditation of Laboratory Animal Care. 

This was a retrospective study using all male Rhesus macaques (Macaca mulatta). Animals 

were experimentally infected intravenously (i.v) by inoculation with bolus of SIVmac251 

viral swarm (20 ng of SIV p28) provided by Ronald Desrosiers, over a 5 minute time-

period.  Animals were adults (3.6-12.6 years old).  Animals with the Mamu B*08 and B*17 

alleles were excluded.   Blood samples were taken prior to, on the day of infection, and 

weekly thereafter. Animals underwent CD8+ T-lymphocyte depletion for rapid AIDS and 

consistent SIVE. CD8+ T-lymphocyte depletion was achieved with subcutaneous 

administration of human anti-CD8 antibody, cM-T807 (10 mg/kg) at day 6 post-infection, 

and i.v. administration (5 mg/kg) on days 8 and 12 post-infection. Simian AIDS was 

determined postmortem by the presence of opportunistic infections, tumors, and the 

development of SIV giant cell pneumonia, cytomegalovirus pneumonia, SIVE with giant 

cells, pneumocystis jirovecii, or lymphoma. With the presence of AIDS, animals were 

anesthetized with ketamine-HCl and euthanized with i.v. pentobarbital overdose and 

exsanguinated. 



32 

2.3.2 Plasma viral load 

Plasma SIV-RNA was quantified using real-time PCR, as previously describe[41, 192, 193]. 

Five hundred µL of EDTA plasma was collected and SIV virions were pelleted by 

centrifugation at 20,000 g for 1 hour. The PCR assay targets conserved sequences of SIV-

gag. The threshold sensitivity was 100 copy Eq/mL, with an average inter-assay coefficient 

variation of less than 25%.  The CT cut off for SIV DNA is 39-40 cycles. 

2.3.3 Assessment of inflammation and fibrosis in cardiac tissues and CNS SIVE 

Following exsanguination, a standard necropsy was performed and lymph nodes and 

parenchymal organs including heart and brain, were fixed in 10% neutral buffered 

formalin. Tissues were paraffin embedded, sectioned at 5µm, and stained with hematoxylin 

and eosin. Sections of cardiac (left ventricle) and central nervous system (CNS) cortical 

tissues were analyzed blindly by a veterinary pathologist. Ten randomly selected images 

of cardiac and CNS cortical tissues were taken using an Olympus BX43 Light Microscopy 

(Evident, Tokyo, Japan) at 400x fields and graded subjectively and blindly by an ACVP 

certified Veterinary Pathologist, and categorized based on the degree of cardiac 

inflammation, cardiac fibrosis, and cardiomyocyte degeneration as having: A) no 

significant findings (NSF), B) mild, C) moderate, or D) severe pathology. SIVE was 

diagnosed based on the presence of MNGCs, accumulation of perivascular macrophages, 

and productive SIV infection [7, 194-196]. 
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2.3.4 Single-label immunohistochemistry of cardiac tissues 

Sections of formalin-fixed, paraffin-embedded cardiac tissues were 

immunohistochemically assessed for numbers of macrophages and CD3+ T-lymphocytes, 

as previously described [132]. Macrophages were identified using monoclonal antibodies 

against CD163 (clone EdHu-1, Serotec; Oxford, UK), CD68 (clone KP1, Dako; Glostrup, 

Denmark), Myeloid/Histiocyte Antigen (clone MAC387, Dako), and CD206 (clone 

685645, R&D Systems; Minneapolis, MN); T-lymphocytes were identified using a 

polyclonal antibody against CD3 (Agilent- cat A0452, Dako, Santa Clara, CA). Data are 

presented as the mean positive number of cells/mm2 from 20 non-overlapping fields of 

view plus or minus the standard error of the mean (SEM). SIV-productively infected cells 

in cardiac and CNS cortical tissues were immunohistochemically stained for SIV-gp41+ 

cells (clone: KK41, NIH AIDS Reagent Program; Germantown, MD). Quantitation of SIV-

gp41+ cells/mm2 was achieved by counting SIV-gp41+ cells from 20 random, non-

overlapping images of brain and cardiac sections at 400x total magnification using the 

Zeiss Axio Imager.M1 microscope and AxioVision (Version 4.8, Zeiss; Oberkochen, 

Germany). 

2.3.5 Measurement of myocardial fibrosis 

Cardiac collagen deposition was measured using a modified Massons Trichrome stain, as 

previously described [132]. Tissue sections were imaged using a Zeiss Axio Imager M1 

microscope with Plan-Apochromat x20/0.8 Korr objectives. The percent collagen per total 

tissue area was determined using ImageJ Analysis software from 20 non-overlapping 200x 
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microscopic fields (field area= 0.148mm2) and data are presented as the percent collagen 

per total tissue area plus or minus the SEM. 

2.3.6 Immunohistochemical analysis of samples from the Manhattan HIV Brain Bank 

cohort 

Sections of cardiac tissues were examined post-mortem, from n=22 individuals from the 

Manhattan HIV Brain Bank (MHBB) cohort. All HIV infected individuals were ART naïve 

and matched with regard to age, race, and sex. All individuals examined were male. Eleven 

patients had HIV no encephalitis (HIVnoE) and eleven patients had HIV encephalitis 

(HIVE). HIVnoE patients had an average age of 44.7 ± 1.15 years, and HIVE patients had 

an average age of 43.5 ± 1.27 years.  Four patients were white, ten were Hispanic, and eight 

were black. Nine HIVnoE patients, and ten HIVE patients had CD4+ T cell counts < 200 

cells. Single-label immunohistochemistry was performed on formalin-fixed, paraffin-

embedded sections of cardiac tissues. Macrophages were identified with monoclonal 

antibodies against CD68 (KP1, Bio-RaD), CD163 (EDHU, Bio-Rad), CD206 

(MMR/CD206, RD Systems), and Myeloid/Histiocyte Antigen MAC387 (MAC387, Bio-

Rad) cardiac macrophages. Cardiac T-lymphocytes were identified using the polyclonal 

antibody against CD3. Data are presented as the mean number of positive cells/mm2 from 

20 non-overlapping 200x fields of view plus or minus the SEM. Cardiac collagen 

deposition was measured using a modified Massons Trichrome stain. Tissue sections were 

imaged using a Zeiss Axio Imager M1 microscope with Plan-Apochromat x20/0.8 Korr 

objectives. The percent collagen per total tissue area was determined using ImageJ 

Analysis software from 20 non-overlapping 200x microscopic fields (field area = 
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0.148mm2) and data are presented as the percent collagen per total tissue area plus or minus 

the SEM. 

2.3.7 SIV-RNA and SIV-DNA detection using RNAscope and DNAscope 

SIV-RNA was detected in situ using the RNAscope ® 2.5 HD Assay-Red (Advanced Cell 

Diagnostics [ACD]; Newark, CA) on formalin-fixed, paraffin-embedded, 5-µm thick 

sections of three CNS cortical and one cardiac tissue per animal, as previously described 

[197]. Sections were deparaffinized in xylenes and 100% ethanol and air dried. Antigen 

retrieval with boiling citrate buffer for 15 min and protease digestion at 40oC for 30 min 

was performed [197]. SIV-RNA-specific probes targeting SIVmac239 envelope (ACD), 

RNAscope® positive control Mmu-PPIB (ACD) or RNAscope® negative control DapB 

(ACD) were applied to sections. Quantitation of SIV-RNA+ cells/mm2 in the CNS and 

heart were achieved by counting and averaging the numbers of SIV-RNA+ cells from 20 

random, non-overlapping images taken from three CNS cortical sections and one cardiac 

section, respectively, at 400x total magnification using the Zeiss Axio Imager.M1 

microscope and AxioVision. SIV-DNA was detected in situ using an SIV-DNA sense 

probe (ACD) for RNAscope® Assay on one cardiac section per animal. DNAscope was 

performed, as previously described [176, 198]. To reduce non-specific signal, heart tissues 

were pre-treated with 2N HCL for 30 min at room temperature. Following DNAscope, 

cardiac sections were scanned and digitized with Aperio CS2 Scanscope. SIV-DNA+ 

cells/mm2 were quantified using a positive pixel count algorithm in Aperio’s Spectrum Plus 

analysis program (version 9.1, Aperio ePathology Solutions, Leica Biosystems; Wetzlar, 

Germany), as previously described [199]. 
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2.3.8 Plasma biomarker ELISAs 

Plasma IL-18 (R & D Systems; Minneapolis, MN), galectin-3 (R & D Systems), galectin-

9 (R & D Systems) and soluble CD163 (sCD163) (IQ Products; Groningen, Netherlands) 

concentrations were analyzed with ELISAs according to the manufacturer’s protocol. 

Concentrations of galectin-3 and galectin-9 were measured using BioTek Powerwave 340 

(BioTek; Winooski, VT) at a wavelength of 450 nm and a correction wavelength of 540 

nm. Concentrations of plasma galectin-3 and -9, and sCD163 were presented as ng/mL. 

Concentrations of plasma IL-18 were presented as pg/mL. 

2.3.9 Flow cytometry 

Flow cytometric analysis was conducted on 100 µl aliquots of whole blood collected in 

EDTA-coated tubes. Blood samples were taken at 0, 8, 19 days post infection (dpi) and 

terminally. Samples from animals housed at the NERPC were shipped and analyzed the 

same day and samples from animals at the TNPRC were shipped overnight. Erythrocyte 

lysis was performed (ImmunoPrep Reagent System, Beckman Coulter; Brea, CA), 

followed by 2 washes with PBS, and incubation with fluorochrome-conjugated antibodies 

including anti-CD14-APC (clone: M5E2, BD Pharmingen; San Diego, CA), anti-CD16-

PE (clone: 3G8, BD Pharmingen) anti-HLA-DR-PerCP-Cy5.5 (clone: L243, BD 

Pharmingen). All samples were fixed in 2% paraformaldehyde and results were acquired 

on a BD FACS Aria (BD Biosciences; San Jose, CA) and analyzed with Tree Star Flow Jo 

version 8.7. Monocytes were first selected based on size and granularity (FSC vs SSC) 
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followed by selection of HLA-DR+ CD14+ cells. From this acquisition gate the percentage 

of monocyte subsets expressing CD14 and/or CD16 could be determined. The absolute 

number of peripheral blood monocytes for each animal was calculated by multiplying the 

total white blood cell count by the total percentage of monocytes determined by flow 

cytometry.  

2.3.10 Statistical analysis 

Statistical analyses were done using Prism version 10 software (GraphPad Software, Inc.; San 

Diego, CA). Comparisons between animals with CVD and SIVE, animals with CVD or 

SIVE alone, and NSF and SIVnoE animals were made using a one-way analysis of variance 

(ANOVA) with Dunn’s multiple comparisons. Comparisons between CVD only and NSF 

only, and SIVE only and SIVnoE only animals were made using a non-parametric Mann-

Whitney t-test. A Spearman rank test was used for all correlations. Statistical significance 

was accepted at p< 0.05. 

2.3.11 Study approval 

Animals were housed at Harvard University’s New England Regional Primate Research 

Center (NEPRC) or Tulane University’s National Primate Center (TNPRC) and handled in 

strict accordance with Harvard University’s and Tulane University’s National Primate 

Research Center Institutional Animal Care and Use Committee (IACUC). Animal IACUC 

approval from NEPRC and TNPRC was granted for all procedures: The NERPC protocol 

number for this study was 04420 and the animal welfare assurance number was A3431-01. 
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The TNRPC the protocol number is 3497 and the animal welfare assurance number is 

A4499-01. All human cardiac tissues from the Manhattan HIV Brain Bank cohort were 

obtained and examined with the written informed consent of all individuals prior to 

participation in this study.  These were de-identified post mortem tissue specimens and 

were therefore IRB exempt. 
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2.4 Results 

2.4.1 A greater number of animals with AIDS co-develop CVD pathology and SIVE 

than CVD pathology or SIVE alone.  

Of twenty-three animals sacrificed with AIDS defining criteria (weight loss, intractable 

diarrhea, recurrent secondary infections) (Table 2.1), based on histopathology, 10 (43.5%) 

co-developed CVD pathology (macrophage accumulation, collagen deposition, 

cardiomyocyte degeneration) and SIVE [SIV-RNA, macrophage accumulation, multi-

nucleated giant cells (MNGC)], 6 (26.1%) had CVD pathology or SIVE alone, and 7 

(30.4%) had no significant histopathological findings (NSF) and SIV no encephalitis 

(SIVnoE). Of the sixteen animals with AIDS defining histopathology (Table 2.1), 10 

(62.5%) co-developed CVD pathology and SIVE, and 6 (37.5%) had CVD pathology or 

SIVE alone (Table 1). There were greater percentages of animals with a) cardiomyocyte 

degeneration [NSF and SIVnoE (0/7), CVD-pathology or SIVE alone (1/6) and CVD 

pathology and SIVE (5/10)]; b) degree of cardiac fibrosis [NSF or SIVnoE (0/7), CVD-

pathology or SIVE alone (3/6; 1 severe), CVD pathology and SIVE (6/10; 2 severe)]; and 

c) cardiac inflammation [NSF and SIVnoE (0/7), CVD pathology or SIVE (3/6, 1 mild)

and CVD pathology and SIVE (9/10; moderate-to-severe)] in animals that co-developed 

CVD pathology and SIVE. There were no significant differences in the average survival 

days post infection (dpi) among animals with CVD and SIVE (104.8 ± 9.4 dpi), CVD or 

SIVE alone (99.8 ± 10.9 dpi), and NSF and SIVnoE (168.6 ± 47.2 dpi) nor in age or weight 

among CVD pathology and SIVE (7.7 ± 0.9 years, 10 ± 0.8 kg), CVD pathology or SIVE 

alone (6.9 ± 0.7 years, 8.6 ± 1.6 kg), and NSF and SIVnoE (5.7 ± 1.5 years, 7.3 ± 1.2 kg) 

(Supplementary Table 2.1). 
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2.4.2 Animals with CVD pathology and SIVE had greater numbers of cardiac 

macrophages than animals with NSF and SIVnoE.  

Animals with CVD and SIVE had increased numbers of CD68+ (2.5-fold), CD163+ (2.7-

fold), CD206+ (2.5-fold), and MAC387+ (1.8-fold) cardiac macrophages, compared to 

animals with NSF and SIVnoE (one-way Kruskal-Wallis ANOVA, p<0.05, with Dunn’s 

multiple comparisons) (Table 2.2). There were similar numbers of cardiac CD163+, 

CD206+, CD68+, and MAC387+ macrophages in animals with CVD and SIVE compared 

to animals with CVD or SIVE alone, and similar numbers of cardiac CD3+ T lymphocytes 

(Table 2.2).  

2.4.3 Animals with CVD pathology and SIVE had greater cardiac collagen deposition 

than animals with NSF and SIVnoE.   

Animals with both CVD and SIVE (2.5-fold; 20 ± 1.5%), and CVD or SIVE alone (1.9-

fold; 15.4 ± 2.1%) had similar areas of collagen deposition, but greater percent of collagen 

deposition than animals with NSF and SIVnoE (7.9 ± 0.5%) (one-way Kruskal-Wallis 

ANOVA, p<0.05, with Dunn’s multiple comparisons) (Figure 2.1). There were no 

correlations between the numbers of cardiac macrophages and percent area of cardiac 

collagen deposition in any of the groups. 



41 

2.4.4 Animals with SIVE alone had greater cardiac inflammation and collagen 

deposition than animals with SIVnoE.   

Animals with SIVE alone had greater numbers of CD68+ (1.9-fold), CD163+ (2.1-fold), 

CD206+ (2.4-fold), and MAC387+ (1.9-fold) cardiac macrophages compared to animals 

with SIVnoE alone (Mann-Whitney t-test, p<0.05) (Supplementary Table 2.2A). SIVE 

alone animals had more cardiac collagen deposition (1.8-fold) than SIVnoE animals 

(Mann-Whitney t-test, p<0.01) (Supplementary Table 2.2B). There were no significant 

differences between the numbers of cardiac CD3+ T lymphocytes in these groups. 

2.4.5 Animals with both CVD and SIVE had more SIV-RNA+ and SIV-gp41+ cells in 

the CNS and heart than animals with CVD or SIVE alone, and NSF and SIVnoE 

animals.  

Overall, we found a greater number of SIV-RNA+ cells (3.8-fold) (Mann-Whitney t-

test, p<0.05) and SIV-gp41+ cells (8.2-fold) in the CNS compared to the cardiac tissues 

in all animals. Animals with CVD pathology and SIVE had a greater number of SIV-RNA

+ (3.6-fold) and SIV-gp41+ cells (8.7-fold) in the CNS compared to the heart. Animals 

with CVD and SIVE had a trend of increased numbers of CNS SIV-RNA+ cells (3.8-fold), 

CNS SIV-gp41+ cells (1.7-fold), cardiac SIV-RNA+ (2.7-fold), cardiac SIV-gp41+ cells 

(3.6-fold) than animals with CVD or SIVE alone (Table 2.3).  All cardiac SIV-RNA+ 

cells were CD68+ and CD206+ macrophages not CD3+ T lymphocytes (Figure 2.2).  
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2.4.6 Animals with SIVE alone had increased numbers of CNS SIV-RNA+ 

macrophages compared to SIVnoE animals.  

Animals with SIVE alone had increased numbers of CNS SIV-RNA+ cells (18.4-fold), and 

but similar, low numbers of cardiac SIV-RNA+ cells and SIV-gp41+ cells, and CNS SIV-

gp41+ cells compared to animals with SIVnoE alone (Mann-Whitney t-test p<0.01) 

(Supplementary Table 2.3). Animals with CVD-pathology alone had similar numbers of 

CNS SIV-RNA+ cells, cardiac SIV-RNA+ cells, and CNS SIV-gp41+ cells compared to 

NSF animals (Supplementary Table 2.3). 

2.4.7 Animals with CVD-pathology and SIVE have greater numbers of CD14+ CD16+ 

monocytes compared to NSF and SIVnoE animals. 

Animals with CVD and SIVE had increased numbers of CD14+ CD16+ monocytes early 

[8 dpi (81.3 ± 13.4 CD14+ CD16+ monocytes; 2.8-fold) and 19 dpi (104.8 ± 23.6 CD14+ 

CD16+ monocytes; 3.1-fold)] and terminally (223.6 ± 63.1 CD14+ CD16+ monocytes; 

5.9-fold) compared to animals with NSF and SIVnoE (29.5 ± 5.1, 34 ± 11.7, and 37.8 ± 

3.1 CD14+ CD16+ monocytes, respectively) (one-way Kruskal-Wallis ANOVA, *p<0.05, 

with Dunn’s multiple comparisons) (Figure 2.3A). Animals with CVD and SIVE had 

similar numbers of CD14+ CD16+ monocytes early (8 dpi; 1.3-fold) and a trend of 

increased CD14+ CD16+ monocytes terminally (2.9-fold) compared to CVD-pathology or 

SIVE alone animals (62.5 ± 15.9 and 78.1 ± 18.6 respectively) (Figure 2.3A). There was 

a correlation between the numbers of CD14+ CD16+ monocytes early (8 dpi; r= 0.70, 

p<0.01 and 19 dpi; r= 0.57, p<0.05) and terminally (r= 0.61, p<0.05) with cardiac collagen 

deposition (Spearman’s correlation, p<0.05) (Figure 2.3B-D).  
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2.4.8 Animals with CVD and SIVE had increased plasma biomarkers associated with 

monocyte and macrophage activation.  

Animals with CVD and SIVE had increased plasma sCD163 (2.9-fold) and IL-18 (2.4-

fold), compared to animals with CVD or SIVE alone, and NSF and SIVnoE animals (one-

way Kruskal-Wallis ANOVA, *p<0.05, with Dunn’s multiple comparisons) (Table 2.4), 

and similar levels of galectin-3 (1.2-fold) and galectin-9 (1.5-fold) compared to animals 

with CVD or SIVE alone, and NSF and SIVnoE animals (Table 2.4). Plasma sCD163 

positively correlated with galectin-3 (r= 0.74, p<0.05) and IL-18 (r= 0.93, p<0.001), and 

trended to correlate with galectin-9 (r= 0.67, p= 0.06). Consistent with previous studies in 

HIV infected individuals [82, 83], there was a positive correlation between plasma galectin-

9 and plasma viral load (r= 0.76, p<0.01) (Spearman’s correlation, p<0.05) (Figure 2.4) 

but there were no significant correlations between plasma virus and galectin-3, IL-18, and 

sCD163. Animals with CVD-pathology alone had a trend of increased plasma sCD163 

(2.2-fold) and similar levels of IL-18, galectin-3, and galectin-9 compared to NSF animals 

(Mann-Whitney t-test p<0.05) (Table 2.5). SIVE alone animals had greater plasma IL-18 

(4.4-fold), galectin-3 (2-fold), and galectin-9 (2.1-fold) levels, and a trend of increased 

sCD163 (2.1-fold) compared to animals SIVnoE animals (Table 2.5).  

2.4.9 HIV-infected individuals with HIVE have greater cardiac inflammation and 

fibrosis than HIVnoE individuals. 

We next sought to determine whether HIV-infected individuals with HIVE (n =11) had 

increased cardiac inflammation and fibrosis over that seen in HIV infected individuals 

without encephalitis (HIVnoE) (n =11) (Table 2.6). In age-, race- and sex-matched 
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individuals, we found that the HIVE group had greater numbers of CD68+ (1.7-fold, 

200.62 ± 12.41 cells), CD163+ (1.5-fold, 254.29 ± 8.05 cells), and MAC387+ (1.7-fold, 

78.52 ± 4.94 cells) cardiac macrophages compared to individuals with HIVnoE (120.49 ± 

8.44 CD68+ macrophage, 173.42 ± 7.55 CD163+ macrophage, and 46.58 ± 4.29 

MAC387+ macrophage) (Mann-Whitney t test, p<0.05) (Figure 2.5A-C). There were 

similar numbers of cardiac CD3+ T lymphocytes in individuals with HIVE (28.15 ± 6.97 

cells) compared to individuals with HIVnoE (22.11 ± 5.39 cells) (Figure 2.5D). 

Additionally, there was a higher percentage of cardiac collagen deposition (1.8-fold, 29.87 

± 1.63%) in the HIVE group compared to the HIVnoE group (17.06 ± 1.26%) (Mann-

Whitney t test, p<0.05) (Figure 2.5E). These data are similar to the results we find in SIV 

infected monkeys, supporting the translational nature of the monkey data. 
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2.5 Tables and Figures 

Table 2.1. CVD pathology and SIVE develop together more frequently than does CVD 

pathology or SIVE alone. Twenty-three SIV-infected, CD8+ T-lymphocyte depleted 

rhesus macaques were used in this study, all of which were sacrificed with AIDS. Sections 

of left ventricular tissue (cardiac tissue) were examined blindly by a veterinary pathologist 

and the presence and severity of cardiac inflammation, cardiac fibrosis and cardiomyocyte 

degeneration was determined. Animals were scored with no significant findings (NSF), 

mild, moderate, or severe CVD pathology. Ten animals were found to have NSF, and 13 

animals were found to have CVD pathology. SIVE was diagnosed postmortem and based 
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on the presence of SIV virus in the CNS and MNGC. Thirteen animals had SIVE and ten 

animals had SIVnoE. Animals were grouped by the presence of CVD and SIVE together 

(CVD and SIVE, n = 10), one of either CVD or SIVE alone (n = 6), or NSF and SIVnoE 

(n =7).  



47 

Table 2.2. Animals with CVD pathology and SIVE had increased numbers of cardiac 

macrophages compared to animals with CVD pathology or SIVE alone, and NSF and 

SIVnoE animals. Animals were grouped based on the development of both CVD and 

SIVE (n=8), CVD or SIVE alone (n=5), or NSF and SIVnoE (n=7). Sections of cardiac 

tissue were stained immunohistochemically with antibodies recognizing CD163+, CD68+, 

MAC387+, or CD206+ macrophages (A-D) and CD3+ T-lymphocytes (E). Twenty 

random, non-overlapping images were sampled at 200x fields of view and the average 

number of cells/mm
2
 were expressed as plus or minus the SEM. P-values were calculated 

using a one-way Kruskal-Wallis ANOVA, *p< 0.05, with Dunn’s multiple comparisons 

(*p<0.05, **p<0.01, ***p<0.001). 
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Table 2.3. Animals with CVD pathology and SIVE had more productively infected 

cells in the CNS compared to animals with CVD-pathology or SIVE alone, and NSF 

and SIVnoE animals. Animals were grouped based on the development of both CVD and 

SIVE, CVD or SIVE alone, and NSF and SIVnoE. The average number of SIV-DNA+ cells 

in the heart and, SIV-RNA+ and SIV-gp41+ cells in CNS cortical and cardiac tissues were 

reported.  One section of left ventricle and three sections of CNS cortical from SIV-infected 

macaques (n=10) were assessed for SIV-RNA+ cells/mm2. Measurements of CNS SIV-

RNA+ cells/mm2 were determined by averaging counts from three CNS cortical sections. 

One section of CNS cortical and cardiac tissues (n=13) were assessed for SIV-gp41+ 

cells/mm2 plus or minus SEM. Twenty, random, non-overlapping 400x fields of view were 

sampled for each section per animal and the average number of SIV-gp41+ cells/mm2 were 

determined. P-values were calculated using a one-way Kruskal-Wallis ANOVA, *p< 0.05, 

with Dunn’s multiple comparisons. NS, no statistical significance (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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Table 2.4. Plasma biomarkers associated with myeloid cell activation are increased in 

SIV infected animals with CVD-pathology and SIVE. Terminal plasma sCD163, IL-18, 

galectin-3 and galectin-9 were measured in animals with NSF and SIVnoE, CVD or SIVE 

alone, and CVD and SIVE. ELISAs were performed according to the manufacturer’s 

protocol. P-values were calculated using a one-way Kruskal-Wallis ANOVA, *p< 0.05, 

with Dunn’s multiple comparisons.  (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Table 2.5. Animals with SIVE alone had more plasma sCD163, IL-18, and galectin-3 

and -9 than animals with SIVnoE. Terminal plasma sCD163, IL-18, galectin-3 and 

galectin-9 were measured in animals with SIVnoE or SIVE alone., and NSF or CVD alone. 

P-values were calculated using non-parametric Mann-Whitney T-tests with significance

accepted at p< 0.05. NSF, no significant findings. CVD-pathology, cardiovascular 

pathology. SIVnoE, SIV with no encephalitis. SIVE, SIVE encephalitis (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 
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Table 2.6. Patients from the Manhattan HIV Brain Bank (MHBB) were examined for 

the prevalence of HIVE. Twenty-two HIV infected males from the MHBB were assessed. 

Eleven individuals had HIV with no encephalitis (HIVnoE) and an average age of 44.7± 

1.15 years. Nine HIVnoE individuals had a CD4+ T lymphocyte count <200 cells. Eleven 

individuals have HIV encephalitis (HIVE) and an average age of 43.5± 1.27 years. Ten 

HIVE individuals had a CD4+ T lymphocyte count <200 cells. Each individual with HIVE 

was matched in sex, race, and age to an individual with HIVnoE.  
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Figure 2.1. Animals with CVD-pathology and SIVE had a greater percentage of area 

of cardiac collagen deposition than animals with CVD-pathology or SIVE alone, and 

NSF and SIVnoE animals. Left ventricle sections from animals grouped as having NSF 

and SIVnoE (n=7, circles), CVD or SIVE alone (n= 5, squares) and CVD and SIVE (n=8, 

triangles) were assessed for cardiac collagen deposition using a Massons trichrome stain. 

Fibrosis was determined as the percentage of collagen per total tissue area and was 

quantified for each animal using ImageJ Analysis software (non-parametric, one-way 

ANOVA, Dunn’s multiple comparisons (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 2.2. CD68+ and CD206+ cardiac macrophages are SIV-RNA+ in SIV infected 

monkeys. Sections of left ventricle were stained immunohistochemically for CD68+ and 

CD206+ macrophages. Cardiac SIV-RNA was detected using RNAscope in situ 

hybridization. Images were digitally merged using Aperio’s Specturm Plus analysis 

program.  
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Figure 2.3.  Animals with CVD and SIVE  had increased numbers of CD14+ CD16+ 

monocytes  early and terminally compared to animals with CVD or SIVE alone, and 

NSF and SIVnoE animals. (A). Absolute numbers of CD14+ CD16+ monocytes, as 

determined by flow cytometry and CBC, were assessed early (8 dpi and 19 dpi) and 

terminally in animals with NSF and SIVnoE (n=4, circle), CVD or SIVE alone (n= 5, 

square and CVD and SIVE (n=8, triangle). The pre-infection baseline was 19.38 CD14+ 

CD16+ monocytes (one-way ANOVA, post-hoc, non-parametric, Mann-Whitney t-test, * 

p<0.05 (B-D). The absolute numbers of CD14+ CD16+ monocytes at  early infection (8 

dpi and 19 dpi) and terminally from animals with NSF and SIVnoE (n=4, circle), CVD or 

SIVE alone (n= 5, square), and CVD and SIVE (n= 8, triangle) positively correlated with 

the percent cardiac collagen per tissue area (non-parametric, Spearman’s correlation, p< 

0.05) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 2.4. Plasma sCD163 correlates with galectins- 3 and -9, and IL-18 in SIV-

infected monkeys. (A-C). Spearman’s correlation was  used to assess the relationship 

between terminal levels of plasma galectins -3 and -9, and IL-18, and terminal plasma 

sCD163. (D-G). Spearman’s correlation was used to assess the relationship between 

terminal levels of plasma galectins-3 and -9, IL-18, and sCD163, and plasma viral load. 

Data generated here, were from n=23 animals.  P-values accepted at Spearman’s p< 0.05. 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 2.5. Individuals with HIVE had greater numbers of cardiac macrophages and 

collagen deposition than HIVnoE individuals. (A-D). Increased CD68+, CD163+, and 

MAC387+ cardiac macrophages in individuals with HIVE. Trend of increased numbers of 

cardiac CD3+ T lymphocytes regardless of HIVE. Sections of cardiac tissue were stained 

immunohistochemically with antibodies recognizing CD68+, CD163+, or MAC387+ 

macrophages, and CD3+ T-lymphocytes. Twenty random, non-overlapping images were 

sampled at 200x fields of view, and the data was expressed as the average number of 

cells/mm2 plus or minus the SEM. Increased cardiac collagen deposition in individuals with 

HIVE. Cardiac collagen deposition was assessed using a Masson’s trichrome stain. 
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Fibrosis was determined as the percentage of cardiac collagen per total tissue area and was 

quantified by using ImageJ Analysis software with twenty random, non-overlapping 

images sampled at 200x fields of view. Cardiac tissues were supplied by the Manhattan 

HIV Brain Bank. Data was presented as the average percentage of collagen plus or minus 

the SEM. P-values were calculated using a nonparametric, Mann-Whitney t test, HIVnoE 

(circles); HIV with no encephalitis. HIVE (squares); HIV encephalitis (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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2.6 Supplementary Tables 

Supplementary Table 2.1. Characteristics of the rhesus macaques examined in this 

study. Twenty-three  SIV-infected, CD8+ T-lymphocyte depleted rhesus macaques were 

used in this study, all of which were sacrificed with AIDS. Sections of left ventricular tissue 

(cardiac tissue) were examined blindly by a veterinary pathologist and the presence and 

severity of cardiac histopathology was scored as no significant cardiac pathology (findings) 

(NSF) or cardiac pathology was present (CVD). SIV encephalitis (SIVE) was diagnosed 

postmortem and based on the presence of SIV virus in the CNS and MNGC. All animals 

were males and were euthanized following the development of simian AIDS.  
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Supplementary Table 2.2. Animals with SIVE alone had greater numbers of cardiac 

macrophages and cardiac collagen deposition compared to animals with SIVnoE. (A). 

Animals were grouped based on SIVnoE alone (n=10) and SIVE alone (n=10). Sections of 

cardiac tissue from all animals were stained immunohistochemically with antibodies 

recognizing CD163+, CD68+, MAC387+, or CD206+ macrophages and CD3+ T-

lymphocytes. Twenty random, non-overlapping images were sampled at 200x fields and 

the average number of cells/mm
2
 were calculated and expressed as plus or minus the SEM. 

(B).  Left ventricle sections were assessed for cardiac collagen deposition using a Massons 

trichrome stain. The percentage of collagen per total tissue area was averaged from 20 non-

overlapping 200x fields of view and expressed as the average plus or minus the standard 

error of the mean. Fibrosis, determined as the percentage of collagen per total tissue area, 

was quantified for each animal using ImageJ Analysis software. P-values were calculated 

using a non-parametric, Mann-Whitney t-tests with significance accepted at p<0.05.  
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Supplementary Table 2.3. Animals with SIVE alone had greater numbers of SIV-

RNA+ and SIV-gp41+ cells in the CNS. Animals were grouped based on the development 

of CVD and no significant findings (NSF) in cardiac tissues, or SIVE alone and SIVnoE. 

The average number of cardiac SIV-DNA+ cells, SIV-RNA+ and SIV-gp41+ cells in CNS 

cortical and cardiac tissues were reported plus or minus the SEM.  One section of left 

ventricle was assessed for cardiac SIV-DNA+ cells in animals with CVD (n=4) compared 

to NSF (n=3), and in animals with SIVE (n=5) compared to SIVnoE (n=2). One section of 

left ventricle was assessed for cardiac SIV-RNA+ cells in animals with CVD (n=6) 

compared to NSF (n=3), and in animals with SIVE (n=5) compared to SIVnoE (n= 4). 

Three sections of CNS cortical tissues were assessed for CNS SIV-RNA+ cells in animals 

with SIVE (n=7) compared to SIVnoE (n=4), and in animals with CVD (n=8) compared to 

NSF animals (n=3). One section of left ventricle was assessed for cardiac SIV-gp41+ cells 

and were compared between animals with CVD (n=8) and animals with NSF (n=4), and 

between animals with SIVE (n=7) and animals with SIVnoE (n=5). One section of CNS 

cortical tissue was assessed for CNS SIV-gp41+ cells and were compared in animals with 

SIVE (n= 8) versus SIVnoE (n =5), and in animals with CVD (n=9) versus NSF (n=4). P-
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values were calculated using a nonparametric, Mann-Whitney t-test, p< 0.05, (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 
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2.7 Conclusion- Discussion 

Monocyte and macrophage activation and accumulation in the heart or the CNS are 

consistently correlated with the development of CVD and CVD pathology, HAND and 

HIVE, and SIVE [45, 61, 73, 114, 200]. Less is known or reported about the frequency that CVD, 

CVD pathology, HIVE and HAND with AIDS in humans and animal models, and in 

PLWH [177-179], or whether co-development is associated with increased monocyte 

activation, macrophage accumulation, or HIV and SIV infection. Here, we find that 

animals with AIDS co-developed CVD pathology and SIVE more frequently than CVD 

pathology or SIVE alone, and individuals with HIVE have increased numbers of cardiac 

macrophages and fibrosis compared to age- and sex-matched non-HIVE controls. We 

report that animals that co-developed CVD-pathology and SIVE have higher numbers of 

CD14+ CD16+ monocytes, and plasma sCD163, IL-18, and galectin-3 and -9, and cardiac 

macrophage accumulation/collagen deposition than animals with CVD or SIVE alone, and 

NSF and SIVnoE animals. These observations support the notion of increased monocyte 

activation and cardiac macrophage accumulation with the co-development of cardiac 

inflammation and fibrosis and SIVE, and underscore the translational findings in the 

monkey studies with those in HIV infected individuals. 

Macrophages are key regulators of fibrogenesis through their interactions with 

myofibroblasts, wound healing responses, and production of profibrotic factors like 

galectin-3, osteopontin, and transforming growth factor- beta (TGF-β) [53, 119, 201, 202]. We 

and others have previously shown that CD163+ and CD206+ cardiac macrophage 

accumulation and monocyte activation correlates with cardiac inflammation and fibrosis 
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with HIV and SIV infection [46, 121, 122, 124]. Similarly, CD163+ and CD206+ perivascular 

macrophages and 5-bromo-2’-deoxyuridine-labeled (BrdU+) MAC387+ macrophage 

accumulation in the CNS are major components of HIVE and SIVE lesions [6, 87, 95, 97]. 

These observations are consistent with the notion that macrophage accumulation in the 

heart and CNS correlate with cardiac and SIVE pathogenesis. Our findings extend those 

observations to suggest that higher levels of monocyte activation, biomarkers of myeloid 

cell activation in plasma, and macrophage accumulation in the heart correlate with the co-

development of cardiac inflammation and fibrosis and SIVE. We have previously shown, 

by blocking macrophage accumulation with the anti-alpha-4 integrin antibody [132, 149], the 

polyamine biosynthesis inhibitor methylglyoxal-bis-guanylhydrazone (MGBG) [2] or 

minocycline [148] correlates with decreased cardiac and CNS inflammation, cardiac fibrosis 

and tissue histopathology further supporting the role that macrophage accumulation has in 

the development of CVD alone and SIVE alone [2]. Here, we report that animals with CVD 

and SIVE had more CD68+, CD163+, CD206+, and MAC387+ cardiac macrophages, and 

cardiac collagen deposition than animals with CVD or SIVE alone, demonstrating that 

concomitant CVD-pathology and SIVE correlates with higher levels of cardiac 

macrophage activation, plasma markers of myeloid activation and cardiac fibrosis than 

CVD-pathology or SIVE alone. We report that animals with CVD alone had more cardiac 

macrophages and collagen deposition than animals with NSF alone, consistent with 

previous reports [46, 53, 203]. We demonstrate parallel observations in an HIVE cohort 

compared to age- and sex-matched controls with HIV infection without HIVE, that have 

increased cardiac macrophages and collagen. Increased cardiac collagen deposition is 

linked to cardiac macrophage accumulation, although we did not find a statistically 
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significant correlation between macrophage accumulation and percent collagen in the 

CVD-pathology and SIVE groups. It is possible that we did not find a correlation between 

the numbers of cardiac macrophages and cardiac collagen in this study due in part to the 

CD8+ T lymphocyte-depletion model of rapid AIDS. SIV infected macaques with CD8+ 

T lymphocyte-depletion are more likely to develop AIDS and SIVE and CVD-pathology 

within 3-4 months, as opposed to 1-3 years, but do not develop chronic cardiovascular 

diseases [42, 51]. Indeed, Shannon et al. (2000) found that acutely infected rhesus macaques 

did not develop contractile dysfunction and cardiac pathology when compared to 

chronically infected macaques [204], suggesting that rapid AIDS pathogenesis in macaques 

does not consistently result in severe cardiomyopathy. We found that animals with SIVE 

alone had a greater number of cardiac macrophages and collagen deposition than animals 

with SIVnoE alone, and we found higher numbers of cardiac macrophages and fibrosis in 

individuals with HIVE, than age and sex matched HIV infected controls without HIVE. 

Overall, these findings suggest that increased cardiac macrophage accumulation and 

fibrosis correlate with HIVE in HIV infected individuals and SIVE in SIV infected 

macaques. Kuroda et al. (2019), demonstrated that CD163+ and CD206+ cardiac 

macrophages are the most abundant cardiac macrophage subsets in uninfected rhesus 

macaques with severe cardiac inflammation [205]. We report that CD163+ and CD206+ 

cardiac macrophage subsets are the most abundant cardiac in SIV infected macaques with 

AIDS. We found that animals with CVD-pathology and SIVE have higher numbers of 

CD163+ and CD206+ cardiac macrophages than animals with NSF and SIVnoE, indicating 

that CD163+ and CD206+ cardiac macrophage subsets are correlated with the severity of 

CVD and SIVE pathologies. Similarly, we find that CD163+ cardiac macrophages are the 
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most abundant cardiac macrophage subset in HIV infected individuals with HIVE, 

suggesting that CD163+ cardiac macrophage accumulation is associated with HIVE 

pathogenesis.  

We found that higher numbers of activated CD14+ CD16+ monocytes occur with 

the co-development of CVD pathology and SIVE. The CD14+ CD16+ monocyte subset 

normally comprises 5-10% of the total monocyte population, but their expansion with SIV 

infection and AIDS correlates with the development of CVD-pathology alone, or SIVE 

alone [45, 54, 58, 60, 206]. Moreover, animals with CVD and SIVE had greater numbers and 

percentages of CD14+ CD16+ monocytes early in infection and terminally compared to 

CVD or SIVE alone animals, and animals with NSF and SIVnoE, suggesting that CD14+ 

CD16+ monocyte activation is a biomarker of AIDS pathogenesis and concomitant CVD 

pathology and SIVE similar to CVD with HIV and HAND in humans [61, 143, 207, 208]. Prior 

reports have shown that CD14+ CD16+ monocytes are increased/associated  with HAND 

alone [59], and CVD-pathology alone [182, 209].  These blood monocytes are thought to be a 

mature subset of activated monocytes [60, 210] that are persistently activated and are more 

susceptible to HIV and SIV infection [63, 211]. Indeed, early infection and trafficking of C-

C chemokine receptor 2 (CCR2)-positive CD14+ CD16+ monocytes into the CNS 

correlates with the development of HIVE and SIVE [47, 211, 212]. Further, increased CD14+ 

CD16+ monocyte activation correlates with cardiovascular and cerebrovascular 

inflammation in HIV infected individuals on ART, suggesting that monocyte activation 

persists despite ART and is linked to the development of CVD and vasculopathy with 

infection [129, 209, 213]. Here, we show that numbers of CD14+ CD16+ monocytes early and 
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terminally also correlate with the percentage of cardiac collagen deposition in all animals 

with AIDS, indicating that increased CD14+ CD16+ monocytes correlate with cardiac 

fibrogenesis. Together our findings suggest that the development of concomitant CVD-

pathology and SIVE with AIDS is correlated with increased levels of CD14+ CD16+ 

monocyte activation, and plasma biomarkers of monocyte activation. 

We find that animals with concomitant CVD pathology and SIVE had more SIV-

RNA+ and SIV-gp41+ cells in the CNS and heart than animals with CVD-pathology or 

SIVE alone, and NSF and SIVnoE animals. We note that in all SIV infected monkeys with 

AIDS, there are far fewer SIV-RNA+ and SIV-gp41+ cells in the heart than the CNS 

suggesting that macrophage accumulation more so than SIV-RNA+ and SIV-gp41+ cells, 

are linked to the co-development of CVD pathology and SIVE. This remains the case when 

plasma virus is undetectable with ART because both CVD-pathology, and HAND persists 

in the post-ART era, and correlates with markers of monocyte/macrophage activation like 

plasma sCD163 and sCD14, IL-18, galectin -3 and -9 [74, 153, 184, 214]. This is consistent with 

previous studies showing few SIV-RNA+ cells in the heart regardless of the severity of 

cardiac inflammation [46, 123].   Conversely, other studies have shown that myocardial SIV-

RNA correlates with diastolic dysfunction [215, 216]. We found that cardiac SIV-RNA+ cells 

are CD68+CD206+ macrophages and not CD3+ T lymphocytes in all animals, suggesting 

that a small population of macrophage are productively infected in the heart. We found 

little to no SIV-DNA+ latently infected cells in the heart. We postulate that the difference 

of magnitudes in SIV-DNA+, SIV-RNA+, and SIV-gp41+ cells is likely due to the 

sensitivity of the assays used. We and others have previously shown that productively 
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infected, CD14+CD163+ perivascular macrophages and multinucleated giant cells 

(MNGCs) comprise the main population of infected macrophages in the brain and correlate 

with the development of SIVE lesions [6, 45, 92, 95, 206, 217].  Overall, our findings support the 

notion that animals with concomitant CVD-pathology and SIVE have more SIV-RNA+ 

macrophages and SIV-gp41+ productively infected cells in the heart and CNS than animals 

with CVD-pathology or SIVE alone. 

We found higher levels of biomarkers of plasma sCD163 and IL-18 in animals with 

CVD and SIVE compared to animals with CVD or SIVE alone, and animals with NSF and 

SIVnoE consistent with the notion that concomitant CVD and SIVE is correlated with 

higher monocyte/macrophage activation, and numbers of CD14+ CD16+ monocytes. We 

and others have previously reported that increased plasma sCD163 correlates with non-

calcified coronary plaque [153], HAND [74], and all-cause mortality [70] in HIV infected 

individuals on ART, and in SIV infected rhesus macaques [7, 74]. Similarly, plasma IL-18 is 

produced by macrophages and is also increased with atherosclerosis and CVD in HIV 

infected individuals [146, 147, 218], and SIV infected macaques [145]. Increased NLR Family 

Pyrin Domain-Containing 3 (NLRP3) inflammasome activation occurs in macrophages 

with HIV-infection and drives IL-18 and IL-1β production. NLRP3 inflammasome 

activation is correlated with macrophage activation and pyroptosis [219, 220], disease 

progression in gut-associated lymphoid tissues [191], neuroinflammation [221, 222] and 

atherosclerosis in HIV infected individuals [223]. This data, and that of others show higher 

levels of plasma IL-18 in animals that co-developed CVD-pathology and SIVE, suggesting 

that NLRP3 inflammasome activation may drive both cardiac inflammation and SIVE 
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pathogenesis. We also found similar levels of plasma galectin-3 and -9 in all animals 

regardless of pathology. Other studies have shown that plasma galectin-3 is increased with 

HIV-infection [187] and correlates with non-calcified coronary plaque in HIV infected 

individuals [140]; and increased plasma galectin-9 correlates with acute HIV-infection [82, 83,

85], neurocognitive dysfunction [86], and all-cause mortality [81].  We found increased 

galectin-3 and -9 in animals with SIVE alone animals compared to SIVnoE animals. 

Studies in mice show that increased galectin-3 expression in the brain correlates with 

microglia activation and neuroinflammation post-CNS injury [224-227], suggesting that there 

may be a connection between increased galectin-3 and SIVE pathogenesis. We did not find 

increased plasma galectin-3 in animals with CVD alone likely because of the acute nature 

of our rapid AIDS model.  Previous studies have shown that increased plasma galectin-3 

correlates with cardiac inflammation and fibrosis in the uninfected population [134, 138, 228-

231] and may correlate with cardiac pathogenesis in HIV infected individuals [114, 140, 187].

Our findings indicate that plasma galectin-3 and -9, biomarkers of myeloid cell activation, 

are higher in animals with SIVE and may correlate with the severity of AIDS pathologies. 

We also find that plasma sCD163 correlates with plasma galectin-3 and -9, and IL-18 in 

all animals, and plasma galectin-9, but not sCD163, galectin-3, and IL-18, correlates with 

plasma viral load. This is consistent with recent reports showing that plasma galectin-9 

correlates with plasma viral load in HIV infected individuals [82]. Together, these data 

demonstrate that plasma IL-18 and galectin-3 and -9, are better correlated with 

monocyte/macrophage activation than plasma viral load. Our findings are consistent with 

previous data from the Multicenter AIDS Cohort Study (MACS) showing that subclinical 
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atherosclerosis and cognitive dysfunction are correlated with increased biomarkers of 

monocyte/macrophage activation despite plasma HIV suppression with ART [142, 143, 232]. 

The concept of the “heart-brain axis,” in which pathogenesis in the heart and CNS 

are linked, has been discussed in the uninfected population [169, 172, 233], but has not been 

thoroughly studied with HIV- or SIV- infection. In this study, we report that animals with 

AIDS co-developed CVD and SIVE and had higher levels of CD14+ CD16+ monocyte 

activation, plasma biomarkers of myeloid cell activation, cardiac inflammation and 

fibrosis, and SIV-RNA+ and SIV-gp41+ cells in the CNS and heart than animals with CVD 

or SIVE alone, and animals with NSF and SIVnoE. We also show that cardiac SIV-RNA+ 

cells are CD68+ CD206+ cardiac macrophage. Importantly, we show that HIV infected 

individuals with HAND also have more cardiac inflammation and fibrosis than individuals 

with no HAND. This study sheds further light on the importance of monocyte and 

macrophage activation in AIDS pathogenesis, and suggests that the development of future 

therapies in HIV infected individuals should target and inhibit myeloid cell activation in 

the heart and CNS together.  
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3.1 Abstract 

The persistence of cardiovascular diseases (CVD) in the post-ART era suggests that while 

ART successfully  blocks viral replication and AIDS pathogenesis, ART fails to target 

monocyte/macrophages activation correlated with CVD. Methylglyoxal-bis-

guanylhydrazone (MGBG) is a polyamine biosynthesis inhibitor that is selectively taken 

up by monocytes/macrophages, blocks monocyte activation in vitro, and decreases 

macrophages accumulation in SIV-infected macaques. This suggests that a potential 

strategy for decreasing the prevalence of CVD in PLWH includes blocking viral replication 

with ART, and targeting monocyte/ macrophages activation with adjunctive MGBG 

treatment. We asked whether animals on ART and adjunctive MGBG (ART+MGBG) had 

an additive decrease in biomarkers of monocyte activation and turnover, cardiac 

macrophages inflammation, and cardiac collagen deposition compared to animals on ART. 

Using twenty-six CD8+ T lymphocyte-depleted, SIV-infected macaques on ART (n= 9), 

ART+MGBG (n= 10), and untreated controls (n= 7), we assessed the severities of left 

ventricle histopathology (inflammation, fibrosis, and cardiomyocyte degeneration), cardiac 

macrophages inflammation and collagen, SIV-RNA+ cardiac macrophages, and 

biomarkers of monocyte activation and turnover. We found an additive decrease in the 

percentage of cardiac collagen deposition in animals on ART+MGBG compared to animals 

on ART. Animals on ART, and ART+MGBG did not develop AIDS, and had decreased 

cardiac inflammation and collagen,  numbers of cardiac SIV-RNA+ cells, levels of plasma 

galectin-3, galectin-9, IL-18, and sCD163, CD14+ CD16+ monocyte activation, and 

BrdU+ monocyte turnover compared to untreated animals with AIDS. These findings 

demonstrate that decreased cardiac inflammation, collagen deposition, monocyte 
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activation, and BrdU+ monocyte turnover are correlated with the inhibition of AIDS in 

animals on ART, and ART+MGBG. This study emphasizes the importance of developing 

therapeutic approaches targeting myeloid cell activation and accumulation, that can be used 

in conjunction with ART to decrease the prevalence of CVD in PLWH. 
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3.2 Introduction 

 Cardiovascular diseases (CVD) persist in people living with HIV (PLWH) despite 

plasma HIV suppression with durable antiretroviral therapy (ART) [34, 107, 108]. Traditional 

risk factors for assessing CVD development in the uninfected population including the 

Framingham risk score [5, 234, 235], and plasma levels of D-dimer and high-sensitivity C-

reactive protein [106, 236], are insufficient for predicting the risk of developing CVD in 

PLWH. Monocyte and macrophages activation correlates with the development of HIV-

associated comorbidities. Indeed, monocyte activation and macrophage accumulation in 

the heart and vasculature consistently correlate with CVD in PLWH  [130, 142, 237], and 

cardiac pathogenesis in SIV- infected rhesus macaques [46, 124]. Increased percentages of 5-

bromo-2’-deoxyuridine positive (BrdU+) monocytes (> 10-15%) from the bone marrow 

early in SIV- infection and terminally correlates with the severity of AIDS and SIVE 

pathogenesis in rhesus macaques [7, 71]. Activated CD14+ CD16+ monocytes correlate with 

acute coronary disease [238] and atherosclerosis [129, 130] in PLWH. Together, these findings 

suggest that the rates of monocyte activation and extravasation from the bone marrow are 

key factors contributing to morbidity in PLWH in the post-ART era.  

Plasma biomarkers of monocyte and macrophages activation including, sCD163 

[114, 153], sCD14 MCP-1/CCL2 [142], IL-18 [145, 239], and tissue factor  [237, 240], correlates with 

AIDS and CVD pathogenesis in PLWH and SIV- infected macaques. Plasma sCD163 is 

decreased in PLWH on ART, but remains elevated compared to the HIV-uninfected 

population [1], indicating that ART alone does not block monocyte and macrophages 

activation. For this reason, identifying plasma biomarkers that reliably correlate with 
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specific non-AIDS comorbidities (i.e. CVD or HAND), may lead  to the discovery of 

therapeutic targets specific to myeloid cell activation in PLWH.  Recent studies in PLWH 

have focused on the roles of galectins, a family of β-galactoside binding lectins, in the 

development of CVD and HIV-associated neurological disorder (HAND) [81, 86, 140, 241, 242]. 

Plasma galectin-3 and  galectin-9 are secreted by activated macrophages [86, 137, 228, 243], and 

are increased with HIV- infection in PLWH [82, 83, 85, 141, 242]. Plasma galectin-3 correlates 

with non-calcified coronary plaque [140], and galectin-9 correlates with  plasma HIV RNA 

[82, 83, 85], neuroinflammation [86], and all-cause mortality [81]  in PLWH on ART, suggesting 

that plasma galectins are macrophages-related biomarkers linked to CVD and HAND. 

Cardiac macrophages activation is increased with CVD in PLWH [121, 122], and 

cardiac pathogenesis in SIV-infected rhesus macaques [46, 124].  In the heart, activated 

galectin-3 positive (Gal-3+) macrophages correlate with cardiac hypertrophy in HIV- 

uninfected individuals [137]. Galectin-3 deletion in mice correlates with fewer F4/80+ 

cardiac macrophages, cardiac collagen synthesis, increased M2-cardiac macrophage 

polarization, cardiovascular inflammation, and hypertrophy [137, 228, 244], showing that Gal-

3+ macrophages are mediators of CVD development. It is not known if cardiac Gal-3+ 

macrophages accumulation correlates with AIDS and cardiac pathogenesis. Macrophage 

expression of the M2-polarized receptors CD163, hemoglobin-haptoglobin scavenger 

receptor, and CD206, macrophage mannose receptor in gastrointestinal, lung, and central 

nervous system (CNS) tissues occurs with SIV- infection and correlates with AIDS 

pathogenesis [70, 87, 245-248]. In the heart and aorta, single-positive CD163+ and CD206+ 

macrophages accumulation correlates with cardiovascular inflammation and fibrosis [46, 121, 
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122]. The persistence of CVD in PLWH on ART suggests that despite ART-mediated 

inhibition of viral replication and AIDS, high levels of monocyte and macrophage 

activation persist and correlate with cardiac pathogenesis.  

The connection between myeloid cell activation, AIDS, and CVD indicates that a 

potential strategy for blocking AIDS and CVD includes targeting monocyte and 

macrophages activation in conjunction with ART-mediated HIV suppression. PLWH 

treated with ART and adjunctive methotrexate had improved survivability compared to 

PLWH that developed AIDS-related primary CNS lymphoma [249], and decreased CD4+ 

and CD8+ T lymphocyte activation and arterial inflammation compared to PLWH on 

placebo [250-252]. Treatment of macrophages with the antioxidant, dimethyl fumarate 

(DMF), decreases HIV-replication, oxidative stress, and CCL2-mediated monocyte 

trafficking in vitro [253, 254].  Studies in SIV-infected rhesus macaques reveal that treatments 

with the CCR5 antagonist, maraviroc [255], the tetracycline antibiotic, minocycline [148, 256], 

and anti-alpha-4 integrin antibody [132, 257] correlates with decreased SIV- replication in  

blood, lymph node, and CNS tissues, macrophages inflammation in cardiac, CNS, and 

lymph node tissues, monocyte activation, and CNS injury. These findings demonstrate the 

advantages that blocking monocyte and macrophages activation and accumulation have in 

decreasing the prevalences and severities of SIV-associated comorbidities.  

Recently, we have tested methylglyoxal-bis-guanylhydrazone (MGBG), a 

polyamine biosynthesis inhibitor that is selectively taken up by monocytes and 

macrophages, but not T lymphocytes [150].  We and others have found that MGBG treatment 
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downregulates monocyte CD16 expression in vitro and in SIV-infected macaques, and 

blocks HIV-DNA integration in vitro [150, 151]. SIV-infected macaques treated with an oral 

formulation of MGBG have decreased macrophages inflammation in cardiac and CNS 

tissues, and do not develop AIDS[2, 152].  These findings suggest that ART with adjunctive 

MGBG may decrease the prevalence of CVD in PLWH by blocking viral replication and 

myeloid cell activation.  

In this study, we used twenty-six SIV infected, CD8+ T lymphocyte-depleted 

rhesus macaques that were either untreated (n= 7), or treated with ART (n= 9) or 

ART+MGBG (n= 10). We asked whether there was an additive decrease in monocyte 

activation and turnover, cardiac inflammation, and cardiac collagen deposition with 

ART+MGBG animals compared to ART animals. We measured plasma biomarkers of 

monocyte activation, numbers of CD14+ CD16+ monocytes, BrdU+ monocyte turnover, 

numbers of cardiac macrophages, and the percentage of cardiac collagen.   
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3.3 Materials and Methods 

3.3.1 Ethical statement 

All animals assessed in this study were handled in accordance with the American 

Association for Accreditation of Laboratory Animal Care, and with the approval from the 

Institutional Animal Care and Use Committee of Harvard University. All animals were 

housed at the Tulane National Primate Research Center (Covington, Louisiana). The 

development of simian AIDS was determined postmortem by the presence of opportunistic 

infections and tumors, the development of SIV giant cell pneumonia, cytomegalovirus 

pneumonia, SIVE with giant cells, pneumocystis carinii, or lymphoma. All rhesus 

macaques examined were anesthetized with ketamine-HCl and euthanized intravenously 

(i.v.) by pentobarbital overdose and exsanguinated.  

3.3.2 Study design 

Twenty-six rhesus macaques were inoculated i.v. with 1 mL of SIVmac251 viral swarm 

(1.1 ng/mL) provided by Dr. Ron Desroisiers, and prepared by Dr. Xavier Alvarez (Tulane 

National Primate Research Center (TNPRC), Covington, Louisiana, U.S.). CD8+ T 

lymphocytes were depleted with the CD8-depleting antibody, cM-T807, subcutaneously 

(subQ) at 6 days’ post infection (dpi) (10 mg/kg), and i.v. at 8 dpi and 12 dpi (5 mg/kg). 

Seven rhesus macaques were inoculated with SIVmac251, CD8+ T lymphocyte-depleted, 

and remained untreated until euthanasia with the development of simian AIDS. Animals 

on ART were euthanized at 106 dpi (n= 3) and 125 dpi (n= 6). Starting at 21 dpi, nine SIV-

infected, CD8+ T lymphocyte-depleted macaques were placed on an ART regimen 
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consisting of the HIV nucleoside analog reverse transcriptase inhibitors, tenofovir (30 

mg/kg, administered subQ once daily) and emtricitabine (10 mg/kg, administered subQ 

once daily), and the integrase inhibitor, raltegravir (22 mg/kg, administered orally twice 

daily). Prior pharmokinetic analysis determined the daily dosing of oral MGBG (30 mg/kg) 

to be a non-toxic, effective biological concentration of 70 ng/mL of drug in plasma, brain, 

liver and kidney [152]. At 21 dpi, ten animals received the same ART regimen plus, an oral 

formulation of methylglyoxal-bis guanylhydrazone (MGBG, 30 mg/kg; formulated as a 

syrup by Wedgewood Pharmacy, Swedesboro, NJ) until euthanasia at 106 dpi (n= 5), 120 

dpi (n= 3), and 125 dpi (n= 2).  

3.3.3 Cardiac histopathology 

Following euthanasia, animals underwent exsanguination; followed by a full SIV-necropsy 

during which, all major organs were collected and fixed in a 10% neutral-buffered 

formalin, embedded in paraffin, and sectioned at 5 µm. Sections of cardiac left ventricle 

tissue were stained with hematoxylin and eosin (H&E) and graded blindly by a veterinary 

pathologist. Left ventricle tissues were subjectively assessed for the presence and severity 

of cardiac inflammation, cardiac fibrosis, and cardiomyocyte degeneration and were 

graded as having no significant cardiac findings (NSF), minimal, mild, moderate, or severe. 

3.3.4 Immunohistochemistry of cardiac tissues 

Single-label immunohistochemistry was performed on 5 µm thick sections of formalin-

fixed, paraffin embedded cardiac left ventricle. Cardiac macrophages were identified with 
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monoclonal antibodies against CD68 (clone KP1, Dako; Glostrup, Denmark), CD163 

(clone EdHu-1, Serotec; Oxford, UK), CD206 (clone 685645, R&D Systems; Minneapolis, 

MN), and Myeloid/Histiocyte Antigen (clone MAC387, Dako). T-lymphocytes were 

identified using a polyclonal antibody against CD3 (Dako). The secondary antibodies used 

were horseradish peroxidase-conjugated anti-mouse or anti-rabbit (Dako). Chromogenic 

detection of positive cells was achieved with 3,3’-diaminobenzidine tetrahydrochloride 

(DAB) (Dako). The average number of positive cells were determined from a randomly 

selected, 100 tile field of view (area= 3.0 mm2) using a Zeiss Plan-APOCHROMAT 

40x/0.95 Korr on a Zeiss Axio Imager.M1 microscope, and Zen Blue software (Version 

3.2, Zeiss; Oberkochen, Germany). Data are presented as the average number of positive 

cells per mm2 plus or minus the standard error of the mean (SEM). 

Double-label immunohistochemistry was performed on 5 µm thick sections of formalin-

fixed, paraffin embedded cardiac left ventricle using the ImmPRESS Duet Double Staining 

Polymer Kit (VECTOR Laboratories; San Francisco, California, U.S.) according to the 

manufacturer’s protocol. Cardiac macrophages were characterized for galectin-3 

(polyclonal, abcam; Waltham, MA, U.S.) and CD163 (clone 10D6, Leica Biosystems; Deer 

Park, Illinois, U.S.) expression. The average number of positive cells were determined from 

a randomly selected, 100 tile field of view (area= 3.0 mm2) using a Zeiss Plan-

APOCHROMAT 40x/0.95 Korr on a Zeiss Axio Imager.M1 microscope, and Zen Blue 

(Version 3.2, Zeiss). Data are presented as the average number of positive cells per mm2 

plus or minus the SEM. 
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3.3.5 Cardiac collagen 

The percentage of cardiac collagen was determined with the Masson’s Trichrome, Aniline 

Blue stain (NewcomerSupply; Middleton, WI, U.S.) according to the manufacturer’s 

protocol. Collagen and mucin are blue; muscle fibers, cytoplasm, and keratin are red; and 

nuclei are black. Data was acquired from 20 non-overlapping images using a Zeiss Plan-

Apochromat 20x/ 0.8 M27 objective (field area= 0.148 mm2) on a Zeiss Axio Imager.M1 

microscope, and Zen Blue (Version 3.2, Zeiss). The percentage of cardiac collagen 

deposition was analyzed using ImageJ Analysis Software. The amount of cardiac collagen 

was expressed as the average percent of cardiac collagen per tissue area plus or minus the 

SEM. 

3.3.6 In situ hybridization for SIV-RNA 

Cardiac SIV-RNA was detected in situ using the RNAscope ® 2.5 HD Assay-Red kit 

(Advanced Cell Diagnostics [ACD]; Newark, CA, U.S.) on 5 µm thick sections of 

formalin-fixed, paraffin-embedded cardiac left ventricle tissues according to the 

manufacturer’s protocol. Sections were deparaffinized in graded ethanols and xylenes, pre-

treated, then incubated with RNAscope specific probes targeting SIVmac239 (SIVmac239-

RNA no Env; ACD), Mmu-PPIB (positive control; ACD), or DapB (negative control; 

ACD). The number of cardiac SIV-RNA+ cells were determined from a randomly selected, 

100 tile field of view (area= 3.0 mm2) using a Zeiss Plan-APOCHROMAT 40x/0.95 Korr 

on a Zeiss Axio Imager.M1 microscope, and Zen Blue (Version 3.2, Zeiss). Data are 

presented as the average number of positive cells per mm2 plus or minus the SEM. 
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3.3.7 BrdU administration 

To assess the rate of monocyte turnover from the bone marrow, a stock solution (30 

mg/mL) of the thymidine analog 5-bromo-2′-deoxyuridine (BrdU) (Millipore Sigma; 

Burlington, MA, U.S.) was prepared with 1X Dulbecco’s PBS (without Ca+2 and Mg+2), 

U.S.P. grade (Aestus Pharmaceuticals; Durham, NC, U.S.), and heated to 60oC in a water 

bath, as previously described[71, 258]. BrdU was administered via slow bolus i.v. injection 

(60 mg/kg per body weight) throughout the study at 6, 19, 41, and 76 dpi, and terminally. 

3.3.8 Flow cytometry 

Flow cytometric analyses were performed with 100 µl aliquots of EDTA whole blood. 

Erythrocytes were lysed using ImmunoPrep Reagent System (Beckman Coulter; 

Indianapolis, IN, U.S.), washed twice with 2% FBS-PBS, then incubated for 15 minutes at 

room temperature with fluorochrome-conjugated surface antibodies including anti-HLA-

DR-ECD (clone Immu-357; Beckman Coulter), anti-CD16-PE-Cy7 (clone 3G8; BD 

Biosciences; San Diego, CA, U.S.), anti-CD3-APC-Cy7 (clone SP34-2; BD Biosciences), 

anti-CD20-APC-Cy7 (clone 2H7; BioLegend; San Diego, CA, U.S.), and anti-CD14-

Pacific blue (clone M5E2) (BD Biosciences). For intracellular staining, cells were fixed 

and permeabilized with BD Cytofix/Cytoperm™ buffer (BD Biosciences) for 20 mins at 

room temperature. Cells were washed and incubated with BD Cytoperm Plus™ buffer for 

10 mins on ice, then washed and incubated with DNase (30mg) for 1hr at 37°C, washed, 

and stained for intracellular antigen with anti-BrdU-FITC (clone 3D4; BD Biosciences) 
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and anti-Ki-67-PE (clone B56; BD Biosciences) for 20 mins at room temperature. For 

controls, BrdU naïve animals and isotype controls were used. Dead monocytes were gated 

out using LIVE/DEAD Fixable Yellow Dead Cell Stain-AmCyan (ThermoFisher 

Scientific). Samples were acquired on a BD FACS Aria (BD Biosciences) and analyzed 

with Tree Star Flow Jo version 8.7. Monocytes were first selected based on size and 

granularity (FSC vs. SSC), followed by exclusion of doublets (FSC-A vs. FSC-H), then 

selection of CD3- CD20- HLA-DR+ cells. From this acquisition gate, the percentage of 

monocyte subsets expressing CD14 and/or CD16 could be determined. The absolute 

number of peripheral blood monocytes was calculated by multiplying the total white blood 

cell count by the percentage of monocytes determined by flow. 

3.3.9 Plasma biomarkers 

Levels of plasma galectin-3 (R & D Systems; Minneapolis, MN, U.S.), galectin-9 (R & D 

Systems), IL-18 (R & D Systems) and soluble CD163 (sCD163) (IQ Products; Groningen, 

Netherlands) were measured at pre-infection, 7, 20 and 63 dpi, and terminally, by ELISAs 

according to the manufacturer’s protocol. ELISAs were measured using the BioTek 

Powerwave 340 (BioTek; Winooski, VT, U.S.) at a wavelength of 450 nm and a correction 

wavelength of 540 nm. Concentrations of plasma galectin-3, galectin-9 and sCD163 were 

presented as ng/mL. Concentrations of plasma IL-18 were presented as pg/mL. 
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3.3.10 Statistical analyses 

Statistical analyses were performed using Prism v.9.4.1 software (Graphpad Software Inc.; 

San Diego, CA). Average numbers of immune-positive cardiac macrophages, CD3+ T 

lymphocytes, cardiac SIV-RNA+ macrophages, percentages of cardiac collagen and 

BrdU+ monocytes, longitudinal concentrations of plasma biomarkers, and numbers of 

CD14+ CD16+ monocytes, were tested for statistical significance using a one-way analysis 

of variance (ANOVA) with significance accepted at p< 0.05, and post-hoc nonparametric 

Mann-Whiney t tests with significance accepted at p< 0.05.  Non-parametric spearman’s 

rank correlation was performed between the numbers of cardiac macrophages and the 

percentages of cardiac collagen with significance accepted at p< 0.05. 
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3.4 Results 

3.4.1 AIDS was blocked, but cardiac pathology was detected in animals on ART, and 

ART+MGBG. 

We first examined the prevalence and severity of cardiac histopathology in animals on 

ART (n= 8, no cardiac tissue was available for JH68), ART+MGBG (n= 10), and untreated 

animals (n= 7). All untreated animals had AIDS, and six animals developed SIVE (85.7%). 

No animals on ART, and ART+MGBG developed AIDS.  In total, five untreated (71.4%), 

two ART (25%), and seven ART+MGBG (70%) animals had fibrosis, inflammation, or 

cardiomyocyte degeneration in left ventricle tissues.  Two animals on ART [two mild 

(25%)], and seven animals on ART+MGBG [four minimal (40%); three mild (30%)] had 

cardiac inflammation compared to four untreated animals [four mild (57.1%)]. One animal 

on ART+MGBG [one mild (10%)] developed cardiac fibrosis. One animal on ART [one 

mild (12.5%)], three animals on ART+MGBG [two mild (20%); one moderate (10%)], and 

three untreated animals [three mild (42.9%)] had cardiomyocyte degeneration (Table 3.1). 

There were no significant differences in the ages and weights of animals on ART (7.3±0.6 

years; 10.8±0.6 kg), ART+MGBG (7.4±0.5 years; 9.4±0.5 kg), and untreated animals 

(7.0±0.6 years; 9.3±0.9 kg) at necropsy (Supplementary Table 3.1). 

3.4.2 The number of cardiac macrophages are decreased in animals on ART, and 

ART+MGBG. 

Animals on ART, and ART+MGBG had fewer CD68+ (4.1-fold and 5.2-fold), CD163+ 

(2.76-fold and 2.43-fold), CD206+ (3.04-fold and 3.49-fold), and MAC387+ (9.15-fold 
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and 4.51-fold) cardiac macrophages than untreated animals (Table 3.2) (nonparametric 

ANOVA, p< 0.05; post-hoc Mann-Whitney t test, p< 0.05). We found trends of additive 

decreases in the numbers of CD68+ (1.27-fold) and CD206+ (1.15-fold) cardiac 

macrophages, and no differences in MAC387+ and CD163+ cardiac macrophages in 

animals on ART+MGBG compared to animals on ART. There was a trend of decreased 

numbers of cardiac CD3+ T lymphocytes in animals on ART (1.58-fold), and 

ART+MGBG (2.04-fold) compared to untreated animals (Table 3.1). There were fewer 

SIV-RNA+ cardiac macrophages in animals on ART (16.3-fold; 0.16 ± 0.09 cells/mm2), 

and ART+MGBG (5.78-fold; 0.45 ± 0.3 cells/mm2) compared to untreated animals (2.60 

± 0.51 cells/mm2) (Figure 3.1) (non-parametric ANOVA, p< 0.05; non-parametric Mann 

Whitney t test, p< 0.05).  

3.4.3 ART+MGBG animals had less cardiac collagen deposition than animals on 

ART. 

 We found significantly less cardiac collagen in animals on ART (1.55-fold, 11 ± 1.24%), 

and ART+MGBG (3.56-fold, 4.8 ± 0.52%) compared to untreated animals (17.1 ± 2%). 

There was more of a decrease in cardiac collagen in animals on ART+MGBG (2.29-fold) 

compared to animals on ART (Figure 3.2) (non-parametric ANOVA, p< 0.05; post-hoc 

Mann-Whitney t test, p< 0.05). There was a positive correlation between cardiac collagen 

deposition and CD68+ (r= 0.65, p< 0.001) and CD206+ (r= 0.61, p< 0.01) cardiac 

macrophages, and a trend of correlation with CD163+ (r= 0.37, p= 0.07) and MAC387+ 

(r= 0.33, p= 0.11) macrophages (Figure 3.3A-D) (Spearman’s correlation, p< 0.05).  When 

animals were grouped by treatment, there was a positive correlation between cardiac 
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collagen and  the number of CD68+ macrophages (r= 0.86, p< 0.05), and a trend of 

correlation with CD163+ (r= 0.59, p= 0.17) and CD206+ (r= 0.58, p= 0.19) macrophages 

in untreated animals (Figure 3.3E-G) (Spearman’s correlation, p< 0.05). There were no 

significant correlations between the numbers of CD68+, CD163+, and CD206+ 

macrophages, and cardiac collagen in animals on ART, and ART+MGBG. There was no 

significant correlation between the number of MAC387+ cardiac macrophage and  cardiac 

collagen deposition in animals on ART, ART+MGBG, and untreated animals (Figure 

3.3H). 

3.4.4 CD163+ Gal-3+ cardiac macrophages were decreased in animals on ART, and 

ART+MGBG. 

We found two subsets of Gal-3+ positive cells in the heart: CD163+ Gal-3+ and CD163- 

Gal-3+ cells. Numbers of CD163+ Gal-3+ cardiac macrophages were decreased in animals 

on ART (5.6-fold, 1.3 ± 0.2 cells/mm2) and ART+MGBG (2.6-fold, 2.8 ± 1 cells/mm2) 

compared to untreated animals (7.3 ± 1.6 cells/mm2) (Figure 3.4A) (nonparametric 

ANOVA, p< 0.05; post-hoc Mann-Whitney t test, p< 0.05). There were decreased numbers 

of CD163+ Gal-3- cardiac macrophages in animals on ART (5.4-fold, 50.8 ± 18.3 

cells/mm2), and ART+MGBG (4.6-fold, 60.3 ± 12.2 cells/mm2) compared to untreated 

animals (275 ± 32.6 cells/mm2) (Figure 3.4B) (nonparametric ANOVA, p< 0.05; post-hoc 

Mann-Whitney t test, p< 0.05). There were similar numbers of CD163- Gal-3+ cardiac 

cells in all animals regardless of treatment (untreated, 5.7 ± 1.4 cells/mm2; ART, 6.1 ± 2.2 

cells/mm2; and ART+MGBG, 4.8 ± 1.4 cells/mm2) (Figure 3.4C). There were no additive 
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decreases in the numbers of CD163+ Gal-3+  and CD163+ Gal-3- cardiac macrophages in 

animals on ART+MGBG. 

3.4.5 Biomarkers of monocyte and macrophages activation and turnover in the blood 

were decreased in animals on ART, and ART+MGBG. 

Biomarkers associated with monocyte and macrophage activation were decreased in 

animals on ART+MGBG at 63 dpi and terminally [galectin-3 (3.14-fold and 5.98-fold); 

galectin-9 (2.63-fold and 6.76-fold); IL-18 (3-fold and 18.5-fold); sCD163(1.9-fold and 

1.7-fold)] compared to untreated animals (Figure 3.5A-D and Supplementary Table 3.2) 

(nonparametric ANOVA, p< 0.05; post-hoc Mann-Whitney t test, p< 0.05). We also found 

decreased levels of the same plasma biomarkers in animals on ART at 63 dpi [galectin-3 

(2.7 fold); galectin-9(6.78- fold); IL-18 (3.4- fold); and sCD163(2.1- fold)] and terminally 

[galectin-3 (2.67-fold); galectin-9 (11.1-fold); IL-18 (20.8-fold); and sCD163 (2.6-fold)] 

compared to untreated animals (Table 3.5A-D and Supplementary Table 3.2). There was 

a trend of decreased plasma galectin-3 in animals on ART+MGBG at 63 dpi (1.17-fold) 

and terminally (2.24-fold) compared to animals on ART. There were no significant 

differences in any of the plasma biomarkers at 7 dpi and 20 dpi in all animals. There were 

no additive decreases in galectin-9, IL-18 and sCD163 in ART+MGBG animals compared 

to ART. Numbers of CD14+CD16+ monocytes were decreased at 63 dpi and terminally in 

animals on ART (3.27-fold, 45.8 ± 12 cells and 7.9-fold, 17.9 ± 5.1 cells), and 

ART+MGBG (2.27-fold, 66.1 ± 19.7 cells and 5.42-fold, 26.1 ± 8 cells) compared to 

untreated animals (149.9 ± 79.8 cells and 141.4 ± 72 cells) (Figure 3.5E) (nonparametric 

ANOVA, p< 0.05; post-hoc Mann-Whitney t test, p< 0.05). There were no statistically 
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significant differences in the number of CD14+ CD16- monocytes in all animals (data not 

shown). As early as 7 dpi, all of the animals studied had greater than 10% BrdU+ 

monocytes (red line) (17.1 ± 2.5% untreated, 13.3 ± 3.8% ART, and 19.6 ± 5.3% 

ART+MGBG animals). The percentage of BrdU+ monocytes was decreased at 42 dpi and 

terminally in animals on ART (4.1-fold, 6.2 ± 1.9% and 5.15-fold, 6.5 ± 2.3%), and 

ART+MGBG (2-fold, 13.1 ± 6.8% and 5-fold, 9.6 ± 4.6%) compared to untreated animals 

(25.5 ± 2.9% and 33.5 ± 4%) (Figure 3.5F) (nonparametric ANOVA, p< 0.05; 

nonparametric Mann-Whitney t test, p< 0.05). There was no additive decrease in the 

percentage of BrdU+ monocytes in ART+MGBG animals compared to animals on ART.  
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3.5 Figures and Tables 

Table 3.1. ART, and ART+MGBG blocks AIDS, but not the prevalence of cardiac 

histopathology. In total, five untreated (5/7, 71.4%), two ART treated (2/8, 25%), and 

seven ART+MGBG treated (7/10, 70%) animals had some degree of cardiac 

histopathology. All untreated animals had AIDS and six developed SIVE, while no animals 

on ART, and ART+MGBG developed AIDS/SIVE. Six animals on ART+MGBG, two 

animals on ART, and four untreated animals had severe cardiac inflammation. Three 

animals on ART+MGBG, one animal on ART, and three untreated animals had 

cardiomyocyte degeneration. One ART+MGBG animal developed mild cardiac fibrosis. 

Sections of left ventricle from untreated (n= 7), ART treated (n= 8), and ART+MGBG 

treated (n= 10) animals were examined blindly by a veterinary pathologist. Observations 

from one ART cohort animal (JH68) is omitted due to a lack of available cardiac tissue for 

examination. The severity of cardiac inflammation, cardiac fibrosis and cardiomyocyte 

Table 1. ART, and ART+MGBG blocks AIDS, but not the prevalence of cardiac histopathology 
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degeneration were determined, and animals were subjectively scored as having no 

significant cardiac pathology (NSF), mild, moderate, or severe cardiac pathology.  
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Table 3.2. Decreased numbers of cardiac macrophages in animals on ART, and 

ART+MGBG. Numbers of CD68+, CD163+, CD206+, and MAC387+ cardiac 

macrophages are decreased in animals on ART, and ART+MGBG compared to untreated 

animals. There are similar numbers of cardiac CD3+ T lymphocytes in all animals. Sections 

of left ventricle were stained immunohistochemically for CD68+, CD163+, CD206+, and 

MAC387+ cardiac macrophages, and CD3+ T lymphocytes. The average number of cells 

were determined from a randomly selected 100 tile area of tissue (mm2) at 40x objective. 

The number of cells per mm2 are expressed as the mean plus or minus the SEM. P-values 

were determined with the nonparametric, one-way ANOVA, p< 0.05, and post-hoc 

nonparametric Mann- Whitney t test, p< 0.05. 
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Figure 3.1. Decreased numbers of SIV-RNA+ cardiac macrophages in animals on 

ART, and ART+MGBG. Numbers of cardiac SIV-RNA+ macrophages are similar in 

animals on ART, and ART+MGBG. Sections of left ventricle were examined for SIV-

RNA+ cardiac macrophages using RNAscope in situ hybridization. Numbers of cardiac 

SIV-RNA+ macrophages were determined from a randomly selected 100 tile area of 

cardiac tissue (mm2) taken at 40x objective. Significance was determined with the 

nonparametric, one-way ANOVA, p< 0.05, and post-hoc nonparametric Mann- Whitney t 

test, p< 0.05.  
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Figure 3.2. ART+MGBG animals have an additive decrease in cardiac collagen 

deposition. Cardiac collagen is decreased in animals on ART, and ART+MGBG compared 

to untreated animals. Cardiac collagen deposition was determined by staining sections of 

left ventricle with the  Masson’s Trichrome, Aniline blue kit. The percentage of cardiac 

collagen deposition was measured from twenty random, non-overlapping images taken at 

20x objective, and analyzed using ImageJ Analysis software. Significance was determined 

using a non-parametric ANOVA, p< 0.05 and post-hoc nonparametric Mann- Whitney t 

test, p< 0.05. 
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Figure 3.3. Cardiac macrophages numbers are not correlated with cardiac collagen 

deposition in animals on ART, and ART+MGBG. (A-C). There is a positive correlation 

between the percentages of cardiac collagen deposition and numbers of CD68+ and 

CD206+ cardiac macrophages, and a trend of correlation with CD163+ macrophages in all 

animals. (E-G). The percentage of cardiac collagen deposition is positively correlated with 

numbers of CD68+ macrophages, and trends of correlation with CD163+ and CD206+ 

macrophages in untreated animals, but is not correlated with cardiac macrophages in 

animals on ART, and ART+MGBG. (D,H). There is no correlation between cardiac 

collagen deposition and cardiac MAC387+ macrophages. Nonparametric Spearman’s rank 

correlation was used to determine correlations between the cardiac macrophages and 

cardiac collagen deposition in untreated (n= 7), ART treated (n= 8), and ART+MGBG (n= 

10) animals. Statistical significance was accepted at p< 0.05.
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Figure 3.4. Decreased numbers of CD163+ Gal-3+ and CD163+ Gal-3- cardiac 

macrophages in animals on ART, and ART+MGBG. (A-B). Numbers of CD163+ Gal-

3+ and CD163+ Gal-3- cardiac macrophages are decreased in animals on ART, and 

ART+MGBG compared to untreated animals.(C).There are similar numbers of CD163- 

Gal-3+ cells in all animals. Sections of left ventricle were stained immunohistochemically 

with antibodies specific for CD163 and Gal-3. Numbers of cells were determined from a 

randomly selected 100 tile area of tissue (mm2) at 40x objective. The number of cells per 

mm2 are expressed as the mean plus or minus the SEM. P-values were determined with the 

nonparametric, one-way ANOVA, p< 0.05, and post-hoc nonparametric Mann- Whitney t 

test, p< 0.05. 
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Figure 3.5. Decreased biomarkers of monocyte/macrophage activation and monocyte 

turnover in animals on ART, and ART+MGBG. (A-D).  Levels of plasma galectin-3, 

galectin-9, IL-18, and sCD163 increased in all animals prior to treatment (7 and 20 dpi) 

and decreased at 63 dpi and necropsy in animals on ART, and ART+MGBG compared to 

untreated animals. There are no additive decreases in plasma biomarkers in animals on 

ART+MGBG compared to animals on ART. The pre-infection baselines (black dashed 
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line) are as follows: galectin-3 (21 ng/mL); galectin-9 (9.34 ng/mL); IL-18 (143.8 pg/mL); 

and sCD163 (261.5 ng/mL). (E). Numbers of CD14+ CD16+ monocytes increased in all 

animals prior to treatment (7 and 20 dpi) and decreased at 63 dpi and necropsy in animals 

on ART, and ART+MGBG compared to untreated animals. The pre-infection baseline 

(black dashed line) of CD14+ CD16+ monocytes is 33.9 cells. (F). Before treatment, the 

percentage of BrdU+ monocytes in all animals increased above the previously reported 

percentage of BrdU+ monocyte baseline (>10%) associated with predicting rapid AIDS 

development (black dashed line) (Burdo et al., 2010). Percentages of BrdU+ monocytes 

decreased at 42 dpi and necropsy in animals on ART, and ART+MGBG compared to 

untreated animals. There is no additive decrease in the percentage of BrdU+ monocytes in 

animals on ART+MGBG compared to animals on ART. P-values were determined with 

the nonparametric, one-way ANOVA, p< 0.05, and post-hoc nonparametric Mann- 

Whitney t test, p< 0.05. The administration of  ART and ART+MGBG treatments began 

at 21 dpi (blue dashed line). 
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3.6 Supplementary Tables 

Supplementary Table 3.1. Characteristics of AIDS-defining criteria and cardiac 

histopathology in SIV-infected animals. Twenty-six rhesus macaques were inoculated 

with SIVmac251 viral swarm and treated with CD8-depleting antibody at 6, 8 and 12 dpi. 

The administration of ART or ART+MGBG began at 21 dpi. Animal age and weight were 

recorded post-mortem. The development of AIDS was determined post-mortem by the 

presence of opportunistic infections, tumors, or SIVE. Sections of left ventricle were 

graded blindly by a veterinary pathologist. The severity of cardiac inflammation, cardiac 

fibrosis and cardiomyocyte degeneration were determined, and animals were scored as 

having no significant cardiac pathology (NSF), mild, moderate, or severe cardiac 
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pathology. Observations from one ART cohort animal (JH68) is omitted due to a lack of 

available cardiac tissue for examination.  
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Supplementary Table 3.2. Plasma biomarkers of monocyte/macrophage activation 

and BrdU+ monocyte turnover are decreased in animals on ART, and ART+MGBG. 

Levels of plasma galectin-3, galectin-9, IL-18, and sCD163, numbers of CD14+ CD16+ 

monocytes, and percentages of BrdU+ monocytes were increased in all animals at 7 and 

20 dpi. All biomarkers were decreased at 63 dpi and necropsy in animals on ART, and 

ART+MGBG compared to untreated animals. There are no additive decreases in the levels 

of biomarkers tested in animals on ART+MGBG compared to animals on ART. Biomarker 

concentrations are expressed as the mean plus or minus the SEM. P-values were 

determined with the nonparametric, one-way ANOVA, p< 0.05.  
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3.7 Conclusion-Discussion 

CVD persists in PLWH and correlates with increased monocyte activation and 

cardiac macrophages accumulation [103, 107, 109, 126]. Previously, we showed that blocking 

monocyte and macrophages activation with the polyamine biosynthesis inhibitor, MGBG, 

correlated with decreased cardiac inflammation and fibrosis in a rapid AIDS model of SIV- 

infection [2]. In this study, we find that animals on ART, and ART+MGBG do not develop 

AIDS, have lower levels of biomarkers associated with CD14+ CD16+ monocyte 

activation, BrdU+ monocyte turnover, and decreased cardiac inflammation and collagen 

compared to untreated animals. We also find that animals on ART+MGBG have more of 

a decrease in cardiac collagen compared to animals on ART. Consistent with previous 

findings[2, 46], we find that cardiac collagen correlates with the numbers of cardiac CD68+ 

and CD206+ macrophages. However, we do not find a correlation between cardiac 

macrophages and collagen, based on treatments. We report similar levels of gross cardiac 

histopathology, cardiac SIV-RNA+ macrophages, CD3+ T lymphocytes, and CD163- Gal-

3+ cells across all animals examined, regardless of treatment. Our findings indicate that 

decreased monocyte activation, BrdU+ monocyte turnover, and cardiac macrophages 

inflammation correlates with the inhibition of AIDS pathogenesis in animals on ART, and 

ART+MGBG. 

Histopathological analysis of left ventricle tissues reveals that despite the inhibition 

of AIDS pathogenesis,  animals on ART, and ART+MGBG have similar prevalences and 

severities of cardiac inflammation, fibrosis, and cardiomyocyte degermation compared to 

untreated animals. This finding is consistent with a report that ART treatment has little 
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effect on the development of myocardial lesions in SIV-infected macaques [131]. Similar to 

previous observations, all of the untreated animals we assessed developed AIDS, and a 

majority of those animals developed concomitant SIVE and cardiac pathology[133]. With 

CD8+ T lymphocyte-depletion, SIV- infected macaques rapidly develop AIDS/ SIVE 

within 3-4 months compared to 1-3 years in non-depleted animals [51, 259], and do not 

develop chronic cardiomyopathies [204, 260]. Thus, CD8+ T lymphocyte-depletion promotes 

a more acute form of cardiac pathogenesis in SIV- infected rhesus macaques compared to 

studies involving non-depleted, SIV-infected macaques fed with a high-fat diet[145]. This is 

further supported by studies showing that CD8+ T lymphocyte-depleted macaques with 

AIDS have more lymphocytic and immune cell infiltrates and  cardiomyocyte degeneration 

in the heart, but do not develop chronic fibrosis and atherosclerosis [46, 124, 260]. Thus, the 

similar levels of decreased cardiac histopathology in animals on ART, and ART+MGBG 

likely  stem from the acute nature of cardiac pathogenesis that occurs with T lymphocyte-

depletion, and suggests that adjunctive MGBG therapy has little effect on the prevalence 

of cardiac histopathology. 

 

 We and others have shown that increased cardiac macrophages infiltration 

correlates with the  development of AIDS and CVD in PLWH and SIV-infected 

macaques[46, 122-124, 133, 242], suggesting that inhibiting cardiac macrophages activation is a 

potential therapeutic strategy for HIV-associated CVD.  Targeting and inhibiting myeloid 

cell activation and accumulation in SIV-infected macaques correlates with decreased viral 

infection and inflammation in cardiac, CNS and gut tissues [2, 132, 149, 152]. Here, we find 

decreased cardiac macrophages inflammation in animals on ART, and ART+MGBG 
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compared to untreated animals. This is consistent with reports in SIV- infected rhesus 

macaques on ART having decreased hepatic macrophages activation and infiltration 

compared to untreated controls [261]. Consistent with a previous report, we find that 

CD163+ and CD206+ cardiac macrophages are the most abundant cardiac macrophages 

subsets in all animals examined [205]. The accumulation of CD163+ and CD206+ cardiac 

macrophages correlates with arterial inflammation in PLWH [121, 122], and cardiac 

inflammation and fibrosis [46],  pulmonary arterial hypertension and right ventricle systolic 

pressure [262] in SIV-infected macaques. Similar to previous reports, we find  low numbers 

of scattered CD3+ T lymphocytes in all of the animals examined [2, 46, 132]. The lack of 

significant change in the numbers of cardiac CD3+ T lymphocytes in ART+MGBG 

animals suggests that MGBG adjunct therapy specifically targets macrophages, and does 

not affect cardiac lymphocyte accumulation. Cardiac galectin-3 expression is co-localized 

to CD68+ macrophages and Tcf21+ fibroblasts in mice [263], and activated major 

histocompatibility complex II (MHC-II) positive macrophages in rats [137]. Increased 

myocardial galectin-3 mRNA expression correlates with heart failure and cardiomyopathy 

in HIV-uninfected individuals [138, 231], indicating that Gal-3+ cardiac macrophages are key 

actors during CVD development. We next sought to determine whether treatment with 

ART, and ART+MGBG decreased Gal-3+ cardiac  macrophages infiltration compared to 

untreated animals. We identified two Gal-3+ populations of cells in the heart, CD163+ Gal-

3+ macrophages and CD163- Gal-3+ cells. We find that increased CD163+ Gal-3+ cardiac 

macrophages correlate with AIDS pathogenesis in untreated animals. We find fewer 

CD163+ Gal-3+ and CD163+ Gal-3- macrophages in animals on ART, and ART+MGBG 

compared to untreated animals, and find similar numbers of CD163- Gal-3+ cells in all 
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animals regardless of treatment.  Others report that CD163- Gal-3+ cells in the heart 

include endothelial cells and fibroblasts [264, 265], suggesting that CD163- Gal-3+ cells are 

not macrophages. Further investigation is needed to characterize the identity and functions 

of cardiac CD163- Gal-3+ cells in SIV-infected macaques.  These findings suggest that the 

inhibition of AIDS pathogenesis in animals on ART, and ART+MGBG correlates with 

decreased CD163+ Gal-3+ cardiac macrophages accumulation, but does not affect the 

quantity of CD163- Gal-3+ cells in the heart. Our findings show that blocking cardiac 

macrophages accumulation with ART and ART+MGBG correlates with decreased cardiac 

inflammation. 

 

Cardiac magnetic resonance imaging data shows that HIV- infection and AIDS 

pathogenesis are correlated with cardiac fibrosis, myocardial dysfunction, and pericardial 

effusion in PLWH [109, 111, 112]. As mediators of cardiac fibrogenesis, activated cardiac 

macrophages facilitate wound healing and cardiac remodeling following myocardial 

ischemic injury [53, 115, 119, 266]. We find less cardiac collagen in animals on ART, and 

ART+MGBG compared to untreated animals suggesting that decreased cardiac collagen 

deposition correlates with AIDS inhibition. We also find that animals on ART+MGBG 

have less cardiac collagen than animals on ART suggesting that MGBG adjunct therapy 

has an additive effect on collagen formation in the heart.  

 

The presence of different levels of cardiac collagen in animals on ART, 

ART+MGBG, and untreated animals is inconsistent with our observations that the 

prevalence of cardiac fibrosis is similar across all of the animals examined, regardless of 
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treatment. A possible explanation for this discrepancy is the presence of variation in the 

color thresholding analyses performed (per image) to highlight and measure the percent 

area of cardiac collagen deposition. Indeed, we and others have previously shown that 

blocking cardiac macrophages activation and accumulation with MGBG alone, and the 

anti-alpha 4 integrin antibody correlates with decreased cardiac fibrosis in SIV-infected 

macaques [2, 132], emphasizing the importance of macrophages accumulation in driving 

cardiac fibrogenesis. Consistent with previous studies[46, 266], we find a positive correlation 

between the numbers of cardiac macrophages and the percentage of cardiac collagen in all 

animals regardless of treatment. When animals are grouped by treatment, cardiac collagen 

correlates with cardiac macrophages in untreated animals but does not correlate in animals 

on ART, and ART+MGBG, suggesting that cardiac macrophages inflammation and 

collagen are not correlated with treatment.  Despite the lack of correlation, we observe that 

decreases in cardiac collagen track with cardiac macrophages in animals on ART, and 

ART+MGBG.  

 

The accumulation of productively infected macrophages in lung and CNS tissues 

correlates with chronic SIV-infection, HIVE, and SIVE [6, 45, 92, 267, 268], indicating that the 

accumulation of productively infected macrophages drives AIDS pathogenesis. When 

detected, cardiac SIV-RNA+ cells are co-localized to CD68+ CD206+ cardiac 

macrophages[133], and myocardial viral load correlates with diastolic dysfunction in SIV-

infected macaques [215]. Overall, there are few SIV-RNA+ macrophages in the cardiac 

tissues of all animals examined, irrespective of the severity of cardiac pathology and 

treatment [46, 124]. We find fewer SIV-RNA+ productively infected cardiac macrophages in 
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animals on ART, and ART+MGBG compared to untreated animals. This is consistent with 

Annamalai et al.’s (2010) data showing a low viral burden in the cardiac tissues of SIV-

infected animals regardless of ART administration [131]. Treatment with MGBG alone 

inhibits HIV- infection and HIV-DNA integration in monocytes in vitro [150], and blocks 

the development of AIDS and SIVE in SIV-infected macaques[152]. We did not find any 

additive decrease of cardiac SIV-RNA+ macrophages in animals on ART+MGBG 

compared to animals on ART, suggesting that treatment with ART alone is sufficient to 

decrease numbers of productively infected cardiac macrophages.  

 

Recent studies show that levels of myeloid cell activation biomarkers in the blood 

including, galectin-9 and sCD163, correlate with CVD, AIDS pathogenesis, and all-cause 

mortality in PLWH [70, 81, 82, 86, 114, 153]. We report that levels of plasma galectin-3, galectin-

9, IL-18, and sCD163 are increased longitudinally in untreated animals that develop AIDS. 

We find that galectin-3, galectin-9, IL-18, and sCD163 are decreased in animals on ART, 

and ART+MGBG compared to untreated animals, suggesting that blocking monocyte 

activation correlates with the inhibition of AIDS. Our data is consistent with studies 

showing that treatment with ART decreases levels of galectin-9 and sCD163 in PLWH [1, 

85]. Increased plasma galectin-3 correlates with cardiac inflammation and fibrosis in the 

uninfected population [137, 138], and in encephalomyocarditis virus- (ECMV-) infected mice 

[188]. Previous studies show that MGBG downregulates the secretion of the extracellular 

matrix remodeling protein, osteopontin (OPN), in monocytes in vitro [151]. Increased 

plasma OPN and galectin-3 are associated with maladaptive ventricular  remodeling [201, 

202], and dilated cardiomyopathy [269] in the uninfected population. Recent studies suggest 
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that increased plasma galectin-3 in PLWH is correlated with cardiovascular 

inflammation[114, 140, 187]. Our findings suggest that ART-/ ART+MGBG- mediated 

decreases in galectin-3 correlates with the inhibition of AIDS.  Levels of plasma IL-18 

rapidly increase during the acute phase of SIV- infection and correlates with plasma viral 

load in PLWH and SIV- infected macaques [68, 146, 147]. The NLR Family Pyrin Domain 

Containing 3 (NLRP3) inflammasome is a potent innate immune response that results in 

the caspase-1 dependent cleavage and secretion of the proinflammatory cytokines IL-1β 

and IL-18 [270]. NLRP3 inflammasome activation correlates with atherosclerosis [223], 

HAND [222, 271], and acute inflammation and pyroptosis in PLWH regardless of adherence 

to ART [191, 220, 272]. Our findings suggest that decreased IL-18 in animals on ART, and 

ART+MGBG correlates with lower levels of NLRP3 inflammasome activation.  

 

Signaling pathways associated with monocyte chemotaxis, wound healing, 

inflammation, the innate immune response, and cellular death are enriched in  SIV-infected 

rhesus macaques [66, 273] , and in PLWH with CVD and HAND[274, 275]. Activated CD14+ 

CD16+ monocyte expression of inflammatory markers including tissue factor and CCR2 

contribute to the development of atherosclerosis, CVD, and AIDS in PLWH [129, 142, 237, 276]. 

We also find that CD14+ CD16+ monocyte activation increases as untreated animals 

develop AIDS. Previous studies show that CD14+ CD16+ monocytes continue to show 

signs of immune dysregulation of blips of activation despite ART treatment in PLWH[277-

279].  We find decreased numbers of CD14+ CD16+ monocytes in animals on ART, and 

ART+MGBG compared to untreated animals. MGBG treatment decreased CD16 

expression in monocytes in vitro suggesting that MGBG has the capacity to independently 
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decrease CD16 expression and monocyte activation [151]. We did not find an additive 

decrease in activated CD14+ CD16+ monocytes in animals on ART+MGBG.  

 

Increased BrdU+ monocyte turnover (> 10% BrdU+ monocytes) early with 

infection (7 and 19 days’ post infection) and terminally are correlated with the rate and 

severity of SIVE pathogenesis, plasma sCD163, and lung interstitial macrophage apoptosis 

in SIV-infected macaques [7, 91, 246]. Consistent with this, we find that early in infection (7 

dpi), all animals had percentages of BrdU+ monocytes greater than 10%, indicating that all 

animals were likely to rapidly progress to AIDS without antiretroviral intervention. 

Following ART, and ART+MGBG initiation, BrdU+ monocyte turnover decreased until 

necropsy compared to untreated animals. MGBG treatment decreases BrdU incorporation 

in monocytes in vitro, suggesting that MGBG can decrease the rate of monocyte activation 

and extravasation from the bone marrow [151].  We did not find an additive decrease in 

BrdU+ monocyte turnover in animals on ART+MGBG. Our findings suggest that 

decreased BrdU+ monocyte turnover is a result of plasma viral suppression and AIDS 

inhibition in animals on ART, and ART+MGBG.  

 

In this study, we show that animals on ART, and ART+MGBG had decreased 

cardiac inflammation and fibrosis, monocyte activation, and BrdU+ monocyte turnover 

compared to untreated animals with AIDS. We show that the targeted inhibition of myeloid 

cell activation and accumulation correlates with AIDS inhibition and decreased cardiac 

pathology. We also identified a population of Gal-3+ CD163+ cardiac macrophages that 

were decreased with ART, and ART+MGBG treatments. We also show that there are little 



 

109 
 

to no SIV-RNA+ cardiac macrophages in all animals regardless of treatment. Together, our 

data emphasizes the importance of utilizing therapies that block myeloid cell activation 

and accumulation, and can be used in conjunction with ART to decrease the prevalence of 

CVD in PLWH. 
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4.0 Conclusion 

Adherence to ART suppresses plasma virus replication, inhibits AIDS 

pathogenesis, and has ultimately transformed HIV-infection from an acute disease to a 

chronic, manageable condition[27, 28]. Despite adherence to ART, persistent monocyte 

activation and macrophages accumulation drives the development of HIV-associated 

comorbidities such as CVD and HAND in PLWH[30, 73, 129, 242, 280]. These findings indicate 

that ART administration does not block monocyte and macrophages activation sufficiently 

to prevent the development of comorbidities. Multiple studies show that targeting 

monocyte and macrophages activation correlates with decreased inflammation in the heart 

and CNS, prevents viral infection of macrophages, and blocks AIDS pathogenesis[2, 132, 148,

149, 152]. For these reasons, it is likely that the optimal therapeutic approach for HIV- 

infection includes the targeted inhibition of monocyte and macrophages activation and 

accumulation, suppression of viral replication and AIDS pathogenesis. 

In chapter two, we explored the roles that CD14+ CD16+ monocyte activation and 

cardiac macrophages inflammation have in influencing the severity of concomitant cardiac 

and SIVE pathologies in CD8+ T lymphocyte-depleted, SIV-infected rhesus macaques. 

We asked whether animals with AIDS co-developed CVD and SIVE more so than animals 

developed CVD or SIVE alone, and NSF and SIVnoE. We also asked whether animals 

with concomitant CVD and SIVE had more monocyte activation, cardiac inflammation and 

fibrosis, and productively infected cells in the heart and CNS compared to animals with 

CVD or SIVE alone, and NSF and SIVnoE animals. We found that animals with AIDS co-

developed CVD and SIVE more frequently than CVD or SIVE alone, and NSF and 
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SIVnoE. Animals with concomitant CVD and SIVE had increased CD14+ CD16+ 

monocyte activation early and terminally with infection, cardiac macrophages 

inflammation, and cardiac fibrosis. We found a more SIV-RNA+ and SIV-gp41+ cells in 

the CNS compared to the hearts of all animals, suggesting that the heart is not a major site 

of productive SIV- infection. When detected, cardiac SIV-RNA+ cells were CD68+ and 

CD206+ cardiac macrophages. We next sought to determine whether concomitant CVD 

and HIVE were correlated with cardiac macrophages inflammation in PLWH with HIVE 

and HIVnoE. We found that PLWH with HIVE had more cardiac macrophages and fibrosis 

than PLWH with HIVnoE, suggesting that the severity of HAND pathogenesis correlates 

with increased cardiac inflammation. Our findings highlight the importance of monocyte 

and macrophages activation in driving cardiac and CNS pathogenesis, and emphasizes the 

need for therapies targeting myeloid cell activation, which can be used in conjunction with 

ART.  

In chapter three, we sought to determine whether CD8+ T lymphocyte- depleted, 

SIV- infected macaques treated with ART and adjunctive MGBG had an additive decrease 

in cardiac pathology compared to animals on ART alone. We found that animals on 

ART+MGBG had an additive decrease in cardiac collagen deposition compared to animals 

on ART, suggesting that MGBG adjunctive therapy decreases cardiac fibrogenesis. 

Animals on ART, and ART+MGBG did not develop AIDS, and had decreased monocyte 

activation and turnover, cardiac macrophages inflammation, SIV-RNA+ cardiac 

macrophages, and collagen deposition compared to untreated animals with AIDS. We also 

identified two subsets of Gal-3+ cells in the heart: CD163+ Gal-3+ macrophages, and 
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CD163- Gal-3+ cells. We found that animals on ART, and ART+MGBG had fewer 

CD163+ Gal-3+ cardiac macrophages than untreated animals, and similar numbers of 

CD163- Gal-3+ cells. Together, these findings suggest that the inhibition of AIDS 

pathogenesis in animals on ART, and ART+MGBG correlates with decreased myeloid cell 

activation, turnover and accumulation. This study highlights the need for future therapeutic 

approaches to HIV- infection that block the development of AIDS and non-AIDS 

comorbidities via the inhibition of viral replication, and monocyte and macrophages 

activation.  

The studies presented in this thesis highlight the importance of monocyte and 

macrophages activation and accumulation in influencing the development of CVD and 

HIVE/SIVE. Using a rapid AIDS model of SIV-infection, we show that CD14+ CD16+ 

monocyte activation and turnover, and cardiac macrophages accumulation are better 

correlates of AIDS and cardiac pathogenesis than the infiltration of productively infected 

SIV-RNA+ and SIV-gp41+ cells in the heart and CNS. We demonstrate that plasma 

galectin-3 and galectin-9 are promising biomarkers of cardiac and CNS inflammation, and 

AIDS pathogenesis. Levels of galectin-3 and galectin-9 are increased in animals that 

develop AIDS, and are decreased with ART, and ART+MGBG treatments.  We show that 

targeting myeloid cell activation and accumulation correlates with decreased cardiac 

inflammation, and AIDS inhibition. We also show that the heart is not a major site of 

productive or latent SIV infection, further highlighting the significance of targeting and 

blocking cardiac macrophages accumulation. Finally, we demonstrate that MGBG is a 
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promising adjunctive therapy with ART and is a potent and specific inhibitor of myeloid 

cell activation.  
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